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Glioblastoma (GBM) is the most common malignant primary brain tumor with a poor prognosis. The current standard treatment regimen represented by temozolomide/radiotherapy has an average survival time of 14.6 months, while the 5-year survival rate is still less than 5%. New therapeutics are still highly needed to improve the therapeutic outcome of GBM treatment. The blood-brain barrier (BBB) is the main barrier that prevents therapeutic drugs from reaching the brain. Nanotechnologies that enable drug delivery across the BBB hold great promise for the treatment of GBM. This review summarizes various drug delivery systems used to treat glioma and focuses on their approaches for overcoming the BBB to enhance the accumulation of small molecules, protein and gene drugs, etc. in the brain.
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INTRODUCTION
Primary brain tumor or spinal cord tumors are tumors that begin in the brain or spinal cord, brain tumor accounts for 85–90% of all primary tumors that occur on the central nervous system (CNS), which is the 10th main cause of death in the world (Ostrom et al., 2020). The most common malignant brain and other central nervous system tumors are glioblastoma (GBM) derived from astrocytes (14.5% of all tumors). Patients suffering from GBM have a median survival time of only 8 months. At present, the standard of treatment for newly diagnosed GBM is surgery, followed by radiation and oral chemotherapy, and the median survival time can be extended to 14 months. FDA has approved anti-glioma therapy drugs, including temozolomide (Esteller et al., 2000; Hegi et al., 2004), a DNA alkylation reagent, often used with radiotherapy; bevacizumab, a human monoclonal antibody that inhibits vascular endothelial growth factor (VEGF), and the combination with chemotherapy are related to the long-term survival rate of patients (Vredenburgh et al., 2007; Miller et al., 2008). Despite extensive efforts, the overall survival rate is not significantly changed over time (Delgado-Lopez and Corrales-Garcia, 2016). There is an urgent need to develop more innovative therapeutics to advance GBM management.
The treatment of GBM faces numerous challenges (Delgado-Lopez and Corrales-Garcia, 2016; Anjum et al., 2017). The diffuse and infiltration of tumors into healthy tissues limits the feasibility of surgery, also the prognosis of radiotherapy and chemotherapy is poor. GBM has a significant intertumoral and intratumoral genomic heterogeneity, some tumor cells may have good responses to specific therapeutics, while others may have no response at all. The rapid proliferation and drug resistance of tumor cells increase the difficulty of treatment. Most importantly, the blood-brain barrier (BBB), the protective barrier of the central nervous system, limits the delivery of drugs to the brain parenchyma and the sensitivity of the brain to therapeutic effects. Even with the progress of the tumor, the structure and function of BBB are changed after the rupture of the tumor membrane and the deterioration of the tumor. Eventually, BBB is replaced by the blood-brain tumor barrier (BBTB), which hinders the delivery of most anti-tumor drugs (Ningaraj et al., 2002; Zhan and Lu, 2012). About 98% of small molecules and almost all biological macromolecule drugs (such as growth factors, monoclonal antibodies, etc.) cannot enter the central nervous system to exert therapeutic effects (René and Parks, 2021). This directly led to the failure of many drugs in clinical trials.
To circumvent these limitations, researchers have developed various strategies and methods to enhance drug delivery efficiency to the CNS, which mainly include bypassing the BBB, crossing the BBB, and BBB manipulation. A few reviews have summarized the nanotherapeutics for GBM treatment based on the classifications of material types, drug targets, and BBB-penetration mechanisms (Jena et al., 2020; Zhao et al., 2020). In this review, based on the classification of therapeutic molecule types, we summarize recent progress in this field from the perspective of tailor-making nanotherapeutics for GBM treatment. An overview of BBB and drug delivery strategies to the CNS (Figure 1), examples of nanocarriers for drug delivery, such as polymeric nanoparticles, liposomes, dendrimer, nanocapsule, and so on (Figure 2), as well as nanotherapeutics that can be delivered across the BBB/BBTB to effectively treat GBM will be provided (Table 1). At last, perspectives on the future development of nanotherapeutics for GBM management will be also provided.
[image: Figure 1]FIGURE 1 | Structure of the BBB and pathways to cross the BBB.
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TABLE 1 | Examples of nanotherapeutics for GBM treatment.
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BBB consists of brain microvascular endothelial cells (BMECs), which separate the blood in the capillaries from the interstitial fluid (ISF) in the ventricles. There are tight junctions and adhesion junctions formed between adjacent vascular endothelial cells, which effectively block the cracks between BMECs. Under normal circumstances, the effective pore size of BMECs is estimated to be 1.4–1.8 nm, only particles smaller than 1 nm can pass through the pores passively (Sarin, 2010). In addition to the BMECs, the extracellular basement membrane, adjacent pericytes, astrocytes, and microglia are all essential parts of the BBB support system, which form complex and multifunctional “neurovascular unit” (NVU), and also act as a localized immune system (Hawkins and Egleton, 2007; Abbott, 2013). Ions, nutrients, and molecules, which are essential for the regulation of CNS metabolism, are transported by transporters or carriers on the luminal and abluminal membranes for in and out transportation from the brain. At the same time, there are efflux transporters on the lumen and outer membranes, which are mainly from the ATP binding cassette (ABC) transporter family such as P-glycoprotein (P-gp, ABCB1). They can exclude potentially toxic compounds in the circulation, which is also the main reason that potential therapeutic agents failed to penetrate the BBB in history (Qosa et al., 2015). In addition, endothelial cells contain a variety of enzymes, severing as a metabolic barrier to prevent endogenous and exogenous molecules from bypassing the physical barrier imposed by endothelial cells and entering the brain parenchyma to interfere with neuronal function, and inactivate many toxic substances entering the BBB (Zlokovic, 2008). In summary, the function of BBB will seriously affect the efficacy and tolerability of drugs. Understanding the structure and function of BBB can provide theoretical support and ways to overcome BBB and deliver drugs to brain lesions.
Currently, there are three main methods for delivering drugs across BBB to the brain: bypass the blood-brain barrier, cross the blood-brain barrier, or blood-brain barrier manipulation.
Bypassing the Blood-Brain Barrier
Bypassing the blood-brain barrier includes: 1) Intracerebroventricular (ICV) administration, direct injection of high concentration drugs to lateral ventricle through skull penetration (Bennewitz and Saltzman, 2009); 2) Intraparenchymal administration, direct injection of drugs to brain parenchyma by implantation or injection (Mahoney and Saltzman, 1999); 3) Convection-Enhanced Delivery (CED), in which drug solutions are injected through a small diameter catheter that inserted into the parenchyma, and a positive pressure gradient was applied to the solution by an external pump to make it diffuse (Raghavan et al., 2006); 4) Intrathecal administration, where the therapeutic agent is injected into the subarachnoid space of the spinal cord through a lumbar puncture, and then transported to the CNS substance through CSF (Corning, 1885); All of these methods can bypass the blood-brain barrier and achieve the enrichment of drugs in the brain. However, the high cost of surgical instruments, the invasive nature of these technologies, and the risk of infection have limited their application. Therefore, intratympanic administration and intranasal administration (Balin et al., 1986; Hanson and Frey, 2008; Chen et al., 2010) have been developed as non-invasive alternatives to bypass the BBB and can be combined with nanoparticles for drug delivery, which has broader prospects for the treatment of CNS diseases.
Crossing the Blood-Brain Barrier
According to the physiological properties of BBB, therapeutic agents can actively cross the BBB into the CNS in four ways (as shown in Figure 1).
1) Carrier-mediated transport (CMT): BMECs express a variety of solute and nutrient transporters, and their inflow and outflow are driven by electrochemical gradient or concentration gradient. Among them, glucose transporter 1 (GLUT1), monocarboxylate transporter 1 (MCT1), large neutral amino acid transporter 1 (LAT1), cationic amino acid transporter type 1 (CAT1), concentrative nucleoside transporter type 2(CNT2) are some of the most famous transporters (Hawkins and Davis, 2005). Efforts can be made to develop chemically modified drugs or nanocarriers to transporting the drug to the brain by CMT and enhancing brain accumulation and selectivity.
2) Receptor-mediated transcytosis (RMT): Large molecules, such as peptides and proteins, pass across the BBB in the form of receptor-mediated endocytosis through various receptors expressed on BMEC. Up to 20 kinds of receptors that can initiate RMT have been identified, some of the well-researched receptors include Transferrin (TfR), LDL receptor-related protein 1 and 2 (LRP-1, LRP-2), Insulin (InsR), Leptin, Epidermal growth factor, and Tumor necrosis factor (Preston et al., 2014). The existence of these carriers and receptors contributes to the application of drug delivery, where the drug can be developed and designed to achieve maximum brain absorption.
3) Adsorptive-mediated transcytosis: The lumen surface of the BMECs is covered by a sugar coating rich in carbohydrates, which makes the lumen surface of BMECs negatively charged (Herve et al., 2008). Therefore, the cationic substance can cross the BBB through electrostatic interaction with the plasma membrane. And for drug design, cations can be introduced or combined with positively charged substances to enter the brain through the AMT pathway. In addition, vesicles formed during the AMT process have a larger capacity than vesicles formed during the RMT process and can hold larger macromolecules.
4) Cell-mediated transport: In inflammatory and disease states, leukocytes directly migrate through the cytoplasm of endothelial cells and penetrate the BBB without destroying tight junctions, and their transport is greatly increased (Bellettato and Scarpa, 2018). Taking advantage of this, drugs or nanoparticles can be designed to stimulate immune cell uptake or simulate activated immune cells to penetrate directly into the diseased area without the need for immune cell uptake (Eniola and Hammer, 2005; Haney et al., 2011).
Blood-Brain Barrier Manipulation
BBB manipulation mainly involves the opening of tight junctions and the inhibition of efflux pumps. Tight junctions are dynamic complexes of multiple protein components, which can be broken down and reorganized due to various stimuli. External stimuli can be imposed to artificially open tight junctions and facilitate the paracellular delivery of larger compounds (Johnson et al., 2008). External stimuli can be divided into chemical, biological, and physical stimuli, such as hypertonic solutions, ultrasound, and so on. The destruction of BBB must be transient and reversible, otherwise, it may damage the integrity and physiological function of the BBB, leading to the accumulation of potentially harmful substances. In addition, the presence of efflux transporters makes it possible for therapeutic agents to be excreted from the brain even if paracellular transport is increased (Banks, 2016). Therefore, it is important to control the duration of the reversible opening of tight junctions and to ensure that frequent stimulation will not affect the BBB and brain conditions. On the other hand, the presence of efflux proteins on the BBB can prevent many drugs from successfully reaching the brain parenchyma. Anticancer drugs are the first drugs identified as P-gp substrates (Provenzale et al., 2005). To promote treatment, the drug must be chemically modified to prevent it from becoming a P-gp substrate, otherwise P-gp inhibitors must be used. In recent years, it has been demonstrated that the oral bioavailability of efflux pump substrates can be improved by co-administration of efflux pump inhibitors, but it is also necessary to bear the risk of toxicity, accumulation, or off-target (Werle, 2007). The P-gp inhibitor is more suitable for the treatment of acute diseases and can maximize the drug concentration in a relatively short time.
NANOTHERAPY FOR GLIOBLASTOMA TREATMENT
As we mentioned before, the GBM cannot be eliminated by surgery and will recur within a certain period. Radiation therapy may also cause side effects for the powerful beams can potentially damage some surrounding healthy cells. Specifically for patients going through radiation therapy for glioblastoma, they may experience headaches, nausea, vomiting, hearing loss, seizures, and trouble with memory or speech. Under these circumstances, nanotechnologies that enable drug delivery across the BBB hold great promise for the treatment of GBM.
To date, researchers have designed many targeted drug delivery systems with unique targeting and action mechanisms, which can effectively deliver therapeutic drugs across the BBB/BBTB and to the tumor site accurately to achieve a better therapeutic effect. Figure 2 summarizes current nanocarriers commonly used for drug delivery, including polymeric nanoparticles, dendrimer, micelle, liposome/exosome, nanocapsule, gold nanoparticle, cell, and virus. These nanocarriers provide many advantages for drug delivery, such as improved solubility and pharmacokinetics (PK), enhanced efficacy, reduced toxicity, and increased tissue selectivity. In this section, we summarize the nanotechnology-based therapeutic strategies used for GBM treatment, including chemotherapy, gene therapy, protein therapy, phototherapy, and immunotherapy. Examples of nanotherapeutics that can be delivered across the BBB/BBTB to effectively treat GBM are provided in Table 1, wherein the nanocarrier, drug, ligand, target, and pathway used in each nanotherapeutic are detailed.
Chemotherapy
Small molecule chemotherapeutics, such as doxorubicin (DOX), paclitaxel (PTX), cisplatin (CDDP), erlotinib, methotrexate, etc. (He et al., 2016), are the main drugs used for cancer treatment, but the efficiency is often subjected to systemic toxicity and side effects. With the emerging of nanomedicine, loading chemotherapeutic drugs into nanocarriers for targeted delivery and barriers overcoming has become a promising direction of development.
Transferrin receptor 1 (TfR1) and low-density lipoprotein receptor-related protein-1 (LRP1) are expressed on the BBB, and overexpressed on glioma cells, for which nanocarriers can be designed to target these receptors (Ye et al., 2018; Chan et al., 2021) functionalized the LDLR targeting peptide ApoA-I mimetic peptide (L-4F) to the surface of extracellular vehicles (EVS), which promoted the internalization process mediated by membrane receptors, thereby promoting the transportation of loaded drug methotrexate (MTX) to U87 glioma. Sun et al. (2020) synthesized TFR-T12 peptide-modified polyethylene glycol-polylactic acid (PEG-PLA) micelles as a carrier of paclitaxel (PTX), and the accumulation of TFR-T12 modified micelles in the brain was about 2–3 times higher compared to that of unmodified micelles. However, it is worth noting that the accumulation of TFR-T12 peptide-modified micelles in liver tissue is more than that of unmodified micelles, which might be due to the more presence of TFR in the liver tissue. Banstola et al. (2020) coupled Panitumumab to the surface of polyglycolic acid nanoparticles loaded with temozolomide (PmAb-TMZ-PLGA-NPs), where the panitumumab targets the epidermal growth factor receptor (EGFR), which are overexpressed in glioma. Their approach has been shown to improve the tumor-targeting efficiency while exerting the therapeutic effect of the monoclonal antibody, at the same time increasing the tumor internalization of the nanoparticles and the toxic effect of temozolomide. PmAb-TMZ-PLGA-NPs have a more obvious cytotoxic effect in the GBM model (U-87 MG) with high EGFR expression than the low EGFR GBM model (LN229). Exosomes are extracellular microcapsules driven from cells, which can be severed as drug carriers to cross biological barriers in the body. Zhang et al. (2021) loaded DOX into exosomes isolated from bEnd cells. Their in-vitro transwell experiment showed that the penetration rate was about three times higher than that of DOX alone.
In addition, to further improve the efficiency of brain penetration, researchers have combined receptor targeting peptides with cell-penetrating peptides (Zhu et al., 2018; Lakkadwala et al., 2019). Cell-penetrating peptides (CPPs) are short-chain cationic peptides that can be transported across biological membranes and carry cargoes within living cells without destroying the integrity of cell membranes. The maximum tumor accumulation can reach ∼5.79% ID/gram of tissue, which is more than 12 times higher than that of chemotherapy alone (Lakkadwala et al., 2019).
Gene Therapy
Gene therapy is considered to be one of the most promising methods for the treatment of malignant tumors (Liu et al., 2015; Zhang et al., 2015; Meng et al., 2016a; Liu et al., 2019b; Liu et al., 2021a). miRNAs include a new class of small non-coding endogenous RNAs that regulate gene expression by directing their target mRNA degradation or translational inhibition. An attractive feature of using miRNAs as therapeutic agents is that they can target multiple genes and effectively regulate different biological processes in the environment. Small interfering RNA (siRNA) is a non-coding double-stranded RNA molecule that is similar to miRNA, with a short and well-defined structure of usually around 20–24 base pairs. Due to its high specificity, low dose requirements, and relatively simple drug development process, it has inherent advantages and great potential in the treatment of refractory diseases. CRISPR (clustered regularly interspaced short palindromic repeats) is a family of DNA sequences found in the genomes of prokaryotic organisms such as bacteria and archaea. In the presence of Cas9 (a bacterially derived enzyme that snips DNA) and a synthetic guide RNA, CRISPR work as a RNA-guided gene-editing platform to introduce a double-strand break at a specific location within the genome. The delivery of CRISPR/Cas9 and genes is also a novel antitumor strategy to overcome tumor heterogeneity (Liu et al., 2019a; Liu et al., 2021b).
However, there is currently a lack of suitable RNA delivery systems to show good circulatory stability and effective targeted delivery ability, which hinders the therapeutic effect of RNA. Zhang group (Wang et al., 2013; Wang et al., 2015) extracted lipids from the tissues of grapefruit and reassembled them into nanoparticles. They were called grapefruit-derived nanocarriers (GNV), which have a multi-layered flower-like structure that can efficiently deliver a variety of therapeutic agents without causing toxicity, including chemotherapeutics, siRNA, and antibodies. In a recent study, GNV was coated with folic acid to achieve precise targeting of folate receptor-positive GL-26 brain tumors (Zhuang et al., 2016). Since high-affinity folate receptors (FRs) have increased expression levels on many human tumors, the expression levels on non-tumor cells are almost negligible. FA-GNV is loaded with miR17, which displays a therapeutic effect mainly through inducing the production of NK cells by down-regulating the expression of MHC1 on the surface of GL-26 tumor cells. This drug was administered by nasal injection to mice. Twelve hours after nasal injection, DIR labeled GNVs were observed in the brain, mainly in the olfactory bulb, hippocampus, thalamus, and cerebellum, while little fluorescence was detected in the brains of mice injected with PBS or free DIR dye. FA-pGNV/miR17 treatment can increase the number of DX5+NK cells in GL-26 tumors in mice. However, miR17, like other miRNAs, is a pleiotropic miRNA that can target multiple pathways, the contribution of other mechanisms against tumor growth cannot be ruled out.
Recent reports have shown that polymers with guanidine (Gu) groups can easily adhere to siRNA by forming Gu+/PO34− salt bridges. Shi group (Zheng et al., 2019) introduced the Gu+/PO34− salt bridge and hydrophobic interaction into the formulation of polymer nanomedicine at the same time, and the resulting “triple interaction” siRNA nanomedicine showed excellent stability. Nanoparticles are formed by self-assembling of poly(ethylene glycol)-block-poly[(N-(3-methacrylamidopropyl) guanidinium-co-4-(4,4,5,5-tetramthyl-1,3,2-dioxaborolan-2-yl)benzyl acrylate )] (PEG-bP(Gu/Hb))/Ang-poly(ethylene glycol)-block-poly(N-(3-methacryl-amidopropyl) guanidinium) (Ang-PEG-b-PGu) with siRNA, and the introduction of angiopep-2 ligand increased BBB penetration and GBM targeting. When nanoparticles are enriched in the tumor microenvironment with a high ROS level, the hydrophobic phenylboronic acid ester is converted into a hydrophilic counterpart with carboxyl groups, which interferes with electrostatic and hydrogen bond interactions so that siRNA can be effectively released. In an in-situ mice U87 tumor model, active targeting and combined RNAi treatment significantly prolonged the survival time of mice, with a median survival time of 36 days (18 days in the control group). In addition, they also designed a multifunctional nanocapsule containing a single siRNA, which achieved the preparation of small-sized siRNA nanocapsules (∼25.3 nm) and nearly 100% siRNA encapsulation efficiency (Zou et al., 2020).
Protein Therapy
Protein, especially therapeutic antibodies, have shown advantages in controlling primary tumors. Since they cannot cross the BBB, the concentration of monoclonal antibodies that can be delivered to the brain is usually 1,000 times lower than their concentration in the blood (Shah and Betts, 2013). Such a low concentration in the brain cannot meet the required therapeutic level in the tumor lesions and is ineffective for the treatment of brain tumors. In addition, due to their large size in molecules, it is difficult to design a nanocarrier system with high payload capacity without damaging the biological activity.
Nicotinic acetylcholine transporters (NAChRs) and choline transporters (ChTs) are widely expressed in the nervous system and brain capillary endothelial cells, choline, and acetylcholine are actively transported to the brain from the blood circulation. Inspired by the active transport of choline and acetylcholine, Lu group (Han et al., 2019; Wen et al., 2019; Wu et al., 2019a; Xu et al., 2019a; Qin et al., 2020) designed a 2-methacryloyloxyethyl phosphorylcholine (MPC) based polymer system called nanocapsules. MPC is an analog of choline and acetylcholine, which can interact with NAChRs and ChTs in a manner similar to acetylcholine and choline, and can maintain a long-term circulation in the blood by resisting protein adsorption and macrophage phagocytosis (Liu et al., 2012; Long et al., 2016; Li et al., 2019; Wu et al., 2019b). Using MPC as a monomer and combining it with a degradable or non-degradable crosslinking agent, a thin polymer network is grown around a single protein molecule through in-situ free radical polymerization. Under the mediation of nAChRs and ChTs, the nanocapsules can be effectively transported through the blood-brain barrier to reach the brain. Bovine serum albumin (BSA) was used as a model protein to verify its ability to penetrate BBB. The fluorescence images of the main organs of mice after intravenous injection showed that the accumulation of BSA nanocapsules (denoted as n(BSA)) in the brain was 42 times higher than that of native BSA. Immunofluorescence histopathological analysis showed that the nanocapsules effectively penetrated the BBB and were evenly distributed in the extracellular space of neurons 1 day after i.v. of n(BSA). Nimotuzumab (Nimo) targets epidermal growth factor receptor (EGFR) and is in the late stage of a clinical trial of high-grade glioma (Bode et al., 2012). Nimo was selected as a therapeutic agent and combined with the characteristics of high expression of matrix metalloproteinase-2 (MMP-2) in the brain tumor microenvironment. n(Nimo) was synthesized by the polymerization of MPC and MMP-2 responsive peptide crosslinker. Twelve hours after intravenous injection, the concentration of nimotuzumab in mice CSF was 0.084 µg/ml, equivalent to 0.1% of plasma concentration, while n(Nimo) group (0.85 µg/ml) was 10 times higher than that of native nimotuzumab group, which was equivalent to 1.1% of plasma concentration. In order to verify that nanocapsules enter the brain through choline transporter, mice were intraperitoneally injected with gradient choline transporter inhibitor, hemicholinium-3 (HC-3), before administration. The increased dose of HC-3 significantly reduced the fluorescence intensity in the brain of glioma-bearing mice. In orthotopic mice U87-EGFRwt glioma xenograft, the expression level of p-EGFR (activated form of EGFR) in tumor tissues treated with n(Nimo) was significantly lower, which was about 40% of that in mice treated with native nimotuzumab. The percentage of Ki67-positive cells (the main marker of tumor proliferation) also decreased from ∼80 to ∼30%, confirming that n(Nimo) has excellent antitumor effects.
Besides monoclonal antibodies, peptides have been widely used in the prevention, diagnosis, and treatment of tumors and other diseases, for their lower price, easy to mass production, low immunogenicity, and stronger permeability in tissues (Habra et al., 2021). The human mesenchymal-epithelial conversion factor (MET) proto-oncogene is located on chromosome 7q31. More and more researches have shown that MET plays a critical role in the proliferation, survival, migration, invasion, angiogenesis, stem cell characteristics, therapeutic resistance, and recurrence of glioblastomas. The expression of pMET in GBM patients was 28.7 times more than that of the corresponding normal brain tissues (Cheng and Guo, 2019). Wu et al. (2018) coupled the cMBP peptide, a MET target peptide, to the surface of the PAMAM-NH2 G4 dendrimer as a new type of nanoinhibitor. And the positive charges on the nanoinhibitor promote their penetration through BBB by AMT pathway. Compared with the binding affinity of the free peptide (Kd = 3.96 × 10−7 M), the binding affinity of the nanoinhibitor to MET increased by three orders of magnitude, reaching 1.32 × 10−10 M. In mice U87 MG xenograft tumor model, pMET levels decreased by 71.0% at 2 h after intravenous injection of nanoinhibitors, while pMET levels decreased by less than 22.0% after taking free cMBP polypeptide. The results showed that the nanoinhibitor effectively targeted the brain and inhibited the expression of pMET.
Phototherapy
Phototherapy including photodynamic therapy (PDT) and photothermal therapy (PTT), has attracted great interest due to its low invasiveness and fewer side effects compared with traditional cancer treatment methods. PDT uses photosensitizer (PS) to irradiate the tumor cells in aerobic conditions to produce reactive oxygen species (ROS), which can induce apoptosis or necrosis of tumor cells. PTT is based on materials with high photothermal conversion efficiency, which converts energy from light (usually near-infrared) into heat to kill cancer cells (Felsher, 2003; Wu et al., 2020). In 1993, the regulatory authority approved PDT, namely Photofrin (PF), for the first time to treat bladder cancer in specific cases (Celli et al., 2010). However, the effect of PDT is limited by the hypoxic environment in the tumor. Even though PTT does not depend on oxygen, the excessive temperature (>50°C) during PTT may cause inevitable damage to the surrounding normal tissues. Phototherapy has not been accepted as a first-line tumor intervention.
The application of nanoparticles in phototherapy is a big step forward in solving some of these related challenges. Tsai et al. (2018) developed an angiopep-2 coupled upconversion nanoparticle, Ang-IMNPs, which simultaneously carried photothermal/photodynamic sensitizer (IR-780/5,10,15,20-tetrakis(3-hydroxyphenyl) chlorin (mTHPC)), for the synergistic treatment of GBM. In an in situ ALTS1C1 mice brain tumor model, the accumulation of Ang-IMNPs increased significantly at 8 hours after intravenous injection, which was about 2.3 times higher than that of IMNPs. Due to the inherent invasiveness of ALTS1C1 astrocytoma cells in brain tumors, the median survival time is only 8 days in the PBS group, and only 14 days after Ang-IMNP treatment without radiation. After receiving 980/808 nm laser combined irradiation the median survival time extended to 24 days.
Rabies virus is a typical neurotropic virus, and the rabies virus glycoprotein (RVG) enables the virus to enter the CNS in an RMT pathway by binding to the nicotinic acetylcholine receptor (NAChRs). Inspired by it, Lee et al. (2017) simulated the structure and function of the rabies virus and designed silicone coated gold nanorods (RVG-PEG-AuNRs@SiO2). Generally, gold-based nanomaterials (GBNs) have the advantages of good biocompatibility, low immunogenicity, high physiological stability, and controllable size and surface properties (Tu et al., 2021). Four hours after i.v. injection to N2a tumor-bearing mice, 808 nm laser was used to irradiate the tumor site, RVG-PEG-AuNRs@SiO2 significantly inhibited the growth of mouse tumors. 7 days after treatment, the tumor volume of the RVG-PEG-AuNRs@SiO2 group was significantly smaller than that of the PEG-AuNRs@SiO2 group and the saline control group (124.8 ± 147.5, 1,067.4 ± 295.4, and 2,323.2 ± 436.3 mm3, respectively), which showed excellent brain tumor treatment potential. The αVβ3 integrin receptor is also overexpressed in brain tumor vascular endothelial cells and glioblastoma cells. Guo et al. (2018) prepared nanoparticle P1 by copolymerizing electron-rich donor unit alkyl-chain-grafted BDT and electron-deficient receptor unit BBT, and the αVβ3 integrin receptor target RGD peptide was coupled to the surface of the nanoparticle (P1-NP). Under laser irradiation (1,064 nm, 1 W/cm2), the temperature of P1-NP rises rapidly, reaching a plateau of 64.8°C at t = 5 min, and has a photothermal conversion efficiency of 30.1% which showed a great photothermal conversion ability. After P1-RGD-NP plus laser treatment, tumor temperature rose rapidly from 36.8 to 52.8°C, while adjacent normal tissues only rose to 40.5°C with little change. H&E staining showed serious tumor tissue damages and a high cell necrosis rate.
Immunotherapy
The interaction between tumor cells and the immune system is the main determinant of cancer. Immunotherapy, as one of the fastest-growing cancer treatment options, has demonstrated its efficacy on various types of cancers (Sharma et al., 2019). Immune checkpoint inhibitors such as PD-1, PD-L1, and CTLA-4 promote the normal balance of the adaptive immune system to enhance immune activation, FDA has approved the marketing of ipilimumab, pembrolizumab, nivolumab, etc (Preusser et al., 2015). However, malignant glioma is one of the most severely immunosuppressed solid tumors (Pakawat et al., 2018). Currently, there is no FDA-approved immunotherapy for GBM, and several GBM phase 3 immunotherapy clinical trials have failed. The most promising strategy for GBM immunotherapy deems to be a combination of immunotherapy with other types of treatment to overcome the severe immunosuppression of this disease. For example, the combination of chemotherapy [doxorubicin (Kinoh et al., 2020), carmustine (Mathios et al., 2016)], and anti- PD1 therapy can trigger immunogenic cell death (ICD) and enhance immune response. A combination of VEGF and Ang-2 can effectively target the blood vessels and immune cells in the GBM model and reduce immunosuppression (Di Tacchio et al., 2019). Combination with other immune checkpoint inhibitors (Hung et al., 2018) can overcome the up-regulation of other inhibitory checkpoints blocked by a single checkpoint and drug resistance.
Galstyan et al. (2019) covalently linked CTLA-4 and PD-1 antibodies to the poly (β-L-malic acid) (PMLA) backbone (named NICs). NICs can cross the BBB through transferrin receptor (TfR)-mediated transcytosis, thereby delivering antibodies to tumor sites, activating local immune responses, and achieving the purpose of treating brain tumors. The NIC combination therapy has obvious advantages in recruiting CD8+ T cells into tumor tissues, enhancing cytotoxic immune response and systemic immune response. Xu et al. (2019b) found that the photosensitizer chlorin e6 (Ce6) and immunoglobulin G (IgG) inherently bind within the nano-level affinity range. Ce6 and IgG spontaneously assemble in the presence of the pharmaceutical excipient polyvinylpyrrolidone (PVP) and form a nanostructure (about 30 nm), called Chloringlobulin (Chlorin e6 + immunoglobulin G). In their research, the immune checkpoint inhibitor anti-programmed death-ligand 1 (PD-L1) (αPD-L1) was used to prepare αPD-L1 Chloringlobulin, which can combine photodynamic therapy and PD-L1 blockade therapy to the treatment of glioma. After the combination therapy, the infiltration of CD8+ T cells and NK cells in the tumor was enhanced most significantly, the median survival time was prolonged to 32 days (23 days in the PDT single-agent group, 27 days in the αPD-L1 single-agent group), resulting in a long-term memory response. Nanomaterials can improve the efficacy and reduce potential off-target and side effects in immunotherapy, but further efforts are needed to include them in the next generation of immunotherapy. In addition, there is no standardized and effective method to measure immune response, the management of immune-related adverse events in the CNS is still a problem.
In addition, therapy based on cells (Sharma et al., 2020; Wang et al., 2020) (CAR T cell, tumor-associated macrophage) and oncolytic virus 2018; Yoo et al. (2019) provides an innovative idea for the treatment of GBM and bridging the gap between clinical needs and effective treatment. The combination of chemotherapy, radiotherapy, gene therapy, and monoclonal antibody, and so on (Qian et al., 2013; Shi et al., 2013; Qian et al., 2014; Ren et al., 2014; Meng et al., 2016a; Meng et al., 2016b; Qi et al., 2016; Ren et al., 2016; Ashton et al., 2018; Desjardins et al., 2018; Jia et al., 2018; Zhao et al., 2018; Liu et al., 2019a; Qian et al., 2019; Zhan et al., 2020; Qi et al., 2021)can reduce the systemic dosage and related side effects, broaden the treatment window, and rejuvenate some candidate drugs that are on the verge of failure. Certainly, combination therapy is not just a simple combination of several methods, a lot of preclinical researches must be performed to find suitable drugs, medication time points and the treatment sequence. Nonetheless, the combination therapy enriches the human “arms” of anti-cancer, provides doctors with more choices, and brings more hope to patients.
CONCLUSION
Despite that much progress has been made, there is no treatment better than the standard treatment for GBM represented by temozolomide/radiotherapy which has an average survival time of 14.6 months (Mcgranahan et al., 2019) to date. New therapies should effectively overcome the blockage of the BBB, release the loaded therapeutic drugs, and inhibit tumor cells, thus improving the survival and life quality of patients. As a new kind of materials, nanomaterials play an important role in the delivery of various drugs, with the ability of transmission through biological barriers and precise tumor targeting, which provides more opportunities for the creation of advanced therapies for brain tumor treatment. But there are still limitations to the use of nanomaterials, such as the poor stability of liposomes, poor biocompatibility and circulation of inorganic nanoparticles, and biosecurity of viruses and cells. More efforts are still needed to clarify the toxicology, stability, safety, and clearance mechanism to shift the clinical translation of nanotherapeutics for glioma treatment (Chen et al., 2018).
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