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Abstract

:

As the most dangerous tumors, brain tumors are usually treated with surgical removal, radiation therapy, and chemotherapy. However, due to the aggressive growth of gliomas and their resistance to conventional chemoradiotherapy, it is difficult to cure brain tumors by conventional means. In addition, the higher dose requirement of chemotherapeutic drugs caused by the blood–brain barrier (BBB) and the untargeted nature of the drug inevitably leads to low efficacy and systemic toxicity of chemotherapy. In recent years, nanodrug carriers have attracted extensive attention because of their superior drug transport capacity and easy-to-control properties. This review systematically summarizes the major strategies of novel nano-drug delivery systems for the treatment of brain tumors in recent years that cross the BBB and enhance brain targeting, and compares the advantages and disadvantages of several strategies.
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1. Introduction


Brain tumors can be classified into two major classes: primary brain tumors that start in the brain and secondary brain tumors that are generated by the cancer cells that migrated from other parts of the body [1]. Glioma is the most common primary brain tumor, accounting for about 80% of all cases [2,3,4]. The World Health Organization (WTO) classifies gliomas into three categories: astrocytoma, oligoastrocytoma, and oligodendroglioma [5]. Astrocytoma can be further classified into grades I to IV, with grade IV being the most aggressive form of glioblastoma multiforme (GBM) [1,5,6]. Unfortunately, most GBM are aggressive and destructive with a 2-year overall survival rate of 25% after standard treatment [3]. One of the reasons for the poor prognosis of gliomas is the lack of brain tumor-targeted drug delivery systems capable of crossing the blood–brain barrier (BBB) and the blood–brain tumor barrier (BBTB).



The BBB refers to the barrier between plasma and brain cells, consisting of brain capillary walls and glial cells (Figure 1a) [7]. The BBB selectively penetrates ions, nutrients, and small molecules, prevents large molecules and unwanted cells from entering the brain, and contains a very rich efflux pump that discharges toxic substances, metabolites, and other waste out of the brain [2,3]. Tight junctions on the BBB exclude large hydrophilic molecules, such as proteins and peptides, unless they can be transferred via receptor- or adsorption-mediated endocytosis [8]. However, the endothelium/transcytosis activity of the brain endothelium is much lower compared to the peripheral endothelium. It has been reported that 98% of small molecules and 100% of large molecules cannot penetrate across the BBB [9]. Only some gas molecules or tiny, highly lipid-soluble molecules can enter the brain through paracellular pathways [10]. Therefore, the BBB can protect the brain from toxic substances in the blood and is a necessary prerequisite to ensure the normal function of brain neurons [3]. However, these efflux transporters not only protect the brain but also prevent many antitumor drugs from entering the brain through the BBB, thereby reducing the effectiveness of the drugs. In brain tumors, with the development of the tumor, the structure and function of the BBB are damaged to varying degrees, and new blood vessels–the BBTB–are gradually formed [5,10] (Figure 1b). In low-grade gliomas, the BBTB is similar in structure and function to the normal BBB, whereas in high-grade gliomas, increased permeability could be identified on the BBTB [3]. Although some drugs can cross the blood–brain barrier, such as TMZ, paclitaxel, doxorubicin, etc., their efficacy and ability to cross are limited [6] and high dose are often required. A nano-drug delivery system with easily controllable properties such as size, shape, and surface properties is an ideal answer to the BBB issues [11,12]. Through the design of these properties, the pharmacokinetic properties, BBB crossing ability, and brain tumor targeting ability of drug carriers can be controlled to achieve the best therapeutic effect. In this review, we will highlight some strategies to enhance the BBB traversal capability and brain tumor targeting of nanodrug delivery systems, and analyze and discuss the advantages and disadvantages of these strategies.




2. Strategies for Passing through the Blood–Brain Barrier


2.1. Surface Modification for Crossing BBB


There are many transport mechanisms for substances passing through BBB, such as paracellular pathways, receptor-mediated transport, transporter-mediated transport, adsorption-mediated transport, and cell-penetrating peptides, etc. [13,14,15,16,17] (Figure 2). Nano-drug carriers have easily controllable surface properties, and the corresponding BBB crossing ability can be easily controlled through different surface modifications (Figure 3a). In this section, several commonly used surface modification strategies will be introduced according to crossing mechanisms.



2.1.1. BBB Receptor Targeted Ligand


Receptor-mediated endocytosis (RMT) nanodrug delivery systems are one of the most mature brain-targeting strategies with high specificity and selectivity. Some receptors are highly expressed in the blood–brain barrier, brain tumor cells, or related blood vessels, but have low or no expression in normal tissues, such as the transferrin receptor (TRs), scavenger receptors (SRs), insulin receptors (IRs) and lipoprotein receptors (LPRs) [18]. The corresponding ligands can be modified on drug carriers to guide them across the blood–brain barrier, thereby enhancing drug efficacy. Upon the binding of ligands on their corresponding receptors on the BBB, ligands and ligand-decorated molecules/carriers undergo endocytosis via membrane invagination forming intracellular transport vesicles [15].



Related studies have shown that the transferrin receptor (TR) is generally expressed in a variety of normal tissues, but the expression level is low in most tissues, while it is highly expressed in brain capillary endothelial cells forming the BBB [15]. Suma Prabhu et al. engineered superparamagnetic iron oxide nanoparticles (SPION) based polymeric nanocomposites which permeate the BBB by tagging transferrin/polysorbate-80 [4], and Sajini D et al. coupled carbon dots (C-dots) with the targeted ligand transferrin and two anticancer drugs–epirubicin and temozolomide–and constructed a triple coupling system with an average particle size of only up to 3.5 nm [19]. The results of these two studies show that the drug delivery system modified with transferrin ligand has stronger blood–brain barrier permeability and better therapeutic effect than the unmodified system.



Angiogenesis plays an important role in tumor growth, among which vascular endothelial growth factor and angiogenin family are the main angiogenic factors in GBM [20]. Anti-angiogenesis methods that control angiogenesis at various stages can prevent the development of tumors and can be used as a complementary method for cancer treatment. NRP-1, a transmembrane glycoprotein, is a co-receptor for members of the vascular endothelial growth factor (VEGF) family, expressed on neovascular endothelial cells, and plays an important role in promoting tumor angiogenesis [21]. Therefore, targeting the NRP-1 receptor could enhance the permeability of the drug transport system to the BBB at the tumor. Several studies have used tumor homing and penetrating peptide (tLyp-1) or peptide iRGD to modify drug carriers to target NRP-1 receptors and enter the BBB via receptor-mediated endocytosis [14,22]. Lin Zhao et al. designed a bifunctional fusion polypeptide Tat-C-RP7 with both NRP-1 targeting and anti-angiogenic activities, which have an excellent ability to penetrate the BBB and anti-tumor angiogenesis for the treatment of gliomas [23]. In this method, RP7 peptide binds to the overexpression of VEGF receptor on brain tumors to inhibit the phosphorylation of VEGFR2, thereby affecting the VEGFR2 signal pathway and inhibiting tumor angiogenesis. However, several receptors like integrin, folate, transferrin, etc., are also expressed in most tissues, which limits the brain-specific delivery [24]. Therefore, the development of highly specific brain-targeting ligands has attracted more and more attention in recent years. Tao Sun et al. used substance P that can target neurokinin-1(NK-1) receptor which is vastly distributed among the CNS system to connect with drug delivery system to improve brain targeting of drug delivery system [25], and Meenu Vasudevan et al. used TGN peptide with superior brain targeting efficacy as the targeting part and conjugated it to their glycopolymer (SAGC) to produce a hybrid, peptide decorated nanomicelle named “TSAGC” [24].



The shortcomings of receptor-mediated nanodrug delivery systems also limit their clinical applications. First, some receptors are highly expressed in other tissues of the human body, which can cause safety hazards. Second, brain targeting efficiency is reduced due to competition between endogenous substances and targeting ligands. Third, transport efficiency through the BBB is also limited by the poor number and permeability of receptors exposed to brain endothelial cells (BECs).




2.1.2. BBB Transporter Targeted Ligands


A variety of specific transporters has been identified on cerebral vascular endothelial cells, which are expressed at higher-than-normal levels in selective cell types under pathological conditions [26], and help amino acids, carbohydrates, and other nutrients enter brain tissue along a concentration gradient. Under pathological conditions, these specific transporters are expressed at higher-than-normal levels in select cell types. Therefore, we can modify the surface of the nano-drug delivery system with amino acid analogs, carbohydrate analogs, or other substances that can be transported by transporters and cross the blood–brain barrier through the transporter system. Several studies have established GLUT1 as a validated target for the transporter-mediated transcytosis of nanoparticles. Studies have shown that nano-drug delivery systems modified with glucose transporter substrates can cross the BBB through transporter-mediated endocytosis [27]. Hao Wu et al. developed a polymer nano delivery system targeting the BBB through surface maltobionic acid (MA), in which MA is a glucose derivative that can be recognized by GLUT1 and then trigger the GLUT1-mediated BBB/BBTB transcytosis [28]. L-type amino acid transporter 1 (LAT1) is one of the most widely studied transporters for drug delivery across biological barriers [16]. LAT1, which is overexpressed on both the BBB and glioma cells, was selected as a target and modified glutamate-d-α-tocopherol polyethylene glycol 1000 succinate copolymer (Glu-TPGS) in liposomes to enhance the BBB penetration and glioma therapy [29]. Another transporter commonly used to deliver drugs across the BBB is choline transporter. Li et al. chose a choline derivate with high choline transporter affinity as the BBB and glioma dual targeting ligand [30]. The results of in vitro and in vivo experiments showed that the drug delivery system modified with choline bioderivatives could induce more apoptosis of glioma cells compared with the unmodified drug delivery system.



Transporters have certain advantages as targets for drug delivery. The substances they transport are usually small molecules with little immunogenicity [26] and a wide range of selectivity. Therefore, one ligand can target multiple transporters, thereby increasing the transport efficiency. In addition, transporters are highly expressed in tumor sites, and their ligands have certain specificity. The disadvantage of transporters is that their ligand specificity is not particularly high, which may lead to the off-target transport of drugs and cytotoxicity.




2.1.3. Substances That Trigger Adsorption of the BBB


Many brain drug delivery strategies have focused on adsorption-mediated endocytosis (AMT), which is triggered by electrostatic interactions between cationic molecules and anionic microdomains on the cytoplasmic membrane of brain capillary endothelial cells [17]. Therefore, positively charged protein or polypeptide modified nanodrug delivery systems can trigger adsorption mediated endocytosis. Feng Xu et al. prepared cationic bovine serum albumin (CBSA) conjugated nanoparticles ( CBSA-NP) and proved through experiments that they can be effectively absorbed by brain tissue, but did not lead to a general enhanced uptake into all tissues [31]. Recently, various peptides have been used to modify nano drug delivery systems so that drugs can be transported to brain tumors through brain-targeted transport mediated by adsorption. Sushant et al. designed dual functionalized liposomes by modifying their surface with transferrin and a cell penetrating peptide (CPP) for receptor and adsorptive mediated transcytosis, respectively [32]. Similarly, Shi et al. proposed a CPP/Ab bifunctional thermosensitive liposome DDS for the treatment of GBM [33]. Additionally, Neves et al. found and proved that novel peptides derived from dengue virus capsid protein, especially a peptide named peph3, are a very good candidate to be used as a peptide shuttle, taking cargo in and out of the brain [34]. Cationic proteins and antibodies are good brain-targeting agents and have optimized pharmacokinetic characteristics, but their toxicity and immunogenicity are the key problems to be overcome in drug development in the future [17].





2.2. Biomimetic Nano Drug Delivery System to Cheat the BBB


Recently, biomimetic nano-drug delivery systems (DDS) have received extensive attention due to their advantages in drug delivery. Biomimetic DDS, a new type of DDS developed by directly exploiting or imitating complex biological structures and processes, has been studied for the treatment of a variety of diseases [35]. Specifically, the term nano biomimetic drug carrier refers to nano particles extracted from organisms, including cells, cell membranes, extracellular vesicles, virus carriers, and endogenous proteins (Figure 3b). These biological vectors inherit structural and functional complexity from original donors, serving as native substances to reduce undesired immune response and avoid being cleared immediately [36]. Therefore, bionic DDS may have the advantages of penetrating the BBB, good biocompatibility, optimal accumulation in the targeted area, protecting drugs from degradation, and so on [35]. This section will introduce bionic drug carriers according to their different sources.



2.2.1. Cell-Mediated Drug Delivery System


Some endogenous cells have the inherent ability to cross the blood–brain barrier and penetrate tumor sites, so the use of endogenous cell-mediated drug delivery systems is a potential brain-targeting strategy (Figure 2f). Cell-mediated drug delivery systems use specific cells as drug carriers to deliver drugs to target sites [37]. Immunocytes, mononuclear phagocytes (MP: monocytes, macrophages, and dendritic cells), lymphocytes, and neutrophils, as well as stem cells exhibit an intrinsic homing property enabling them to migrate to sites of injury, inflammation, and tumor across the BBB [37,38,39]. Thus, cell mediated drug-delivery targeting systems have received considerable attention for their enhanced therapeutic specificity and efficacy in the treatment of the disease [40]. Cell-mediated drug delivery systems have also received extensive attention and applications in the treatment of brain tumors. Neutrophils are white blood cells that are naturally chemotactic for inflammatory signals and can freely pass through vein walls and body tissues [40]. Xue et al. report the application of NEs that carry paclitaxel (PTX)-loaded liposomes to suppress postoperative glioma recurrence [41]. They used neutrophils as drug carriers to improve the brain targeting of drugs. Dendritic cells (DCs) and macrophages as delivery vehicles can effectively overcome the BBB and other structural and metabolic barriers that impede drug entry into the GBM [40,42]. Based on their previous research, Yu et al. prepared a DC-mediated doxorubicin polyglycerol nano diamond composite (nano DOX) delivery system for inducing an enhanced DC-driven anti GBM immune response [42]. Hao et al. synthesized stem cell-mediated delivery of nanogels loaded with ultrasmall Fe3O4 NPs for enhanced MR imaging of tumors [43].




2.2.2. Cell Membrane Drug Delivery System


Synthetic nanoparticles that coat native cell membranes can be prepared by harvesting intact cell membranes from native cells and coating them on nanoparticle surfaces [44,45]. As a new generation of biomimetic nanoparticles, cell membrane-coated nanoparticles combine the complex biological functions of natural cell membranes with the physicochemical properties of synthetic nanomaterials for more efficient drug delivery [44,45,46]. Membrane-coated nanoparticles (NPs) possess unique properties such as immune escape, long blood circulation time, specific molecular recognition, and cellular targeting [47]. The cell membrane sources used for the synthesis of composite nanoparticles mainly include red blood cells, platelets, white blood cells, cancer cell membranes, and stem cells [48].



Red blood cell membrane-coated nanoparticles (RBCNPs) are widely used in the treatment of brain tumors. RBCNPs often enhance their brain targeting or brain tumor targeting through surface modifications [49,50]. Many cancer cells inherently have self-targeting abilities to adhere to their homologous cells, which is the so-called “homologous adhesion” [48]. In recent years, the application of cancer cell membrane-coated nano drug delivery system in brain tumor treatment has gradually increased due to its excellent brain targeting and brain tumor targeting characteristics. For example, Pasquale et al. designed and prepared an innovative nanoplatform consisting of Dox-loaded BNNTs coated with GBM cell membrane (DoxCM-BNNTs) [51]. Based on the homotypic recognition of GBM cells, the drug delivery system has improved its targeting performance. In addition to using homotypic cell membrane, Wang et al. also proposed a new strategy to construct biomimetic nanocarriers of brain metastatic tumor cell membrane inspired by brain metastatic tumor [52]. This is the first trial to camouflage nanoparticles with brain metastatic tumor cell membranes to traverse the BBB for the therapy of brain tumors.




2.2.3. Extracellular Vesicle Drug Delivery System


Extracellular vehicles (EVs), including exosomes, microvesicles, and apoptotic bodies, are nanosized membrane vesicles derived from most cell types [53,54]. EVs are potent biological vectors capable of transporting functional biomolecules between cells over large intercellular distances [55]. EVs are considered important regulators of crosstalk between neurons, astrocytes, microglia, and oligodendrocytes in both physiological and pathological states of the central nervous system (CNS) [54]. Due to its natural source and functional requirements, EVs have high biocompatibility, high stability, limited immunogenicity, and inherent homing ability [53,54,56]. In addition, EVs have the ability to cross the BBB, and therefore they are highly potential drug transporters for the treatment of brain tumors [54].



Among several EV types, exosomes have received the most attention in recent decades. The small size of exosomes and the native protein and lipid components on the exosome membrane give them a natural cellular uptake capability and can effectively penetrate biological barriers including the BBB [57]. More recently, Niu and colleagues demonstrate a distinct design by synergistically combining natural grapefruit extracellular vehicles (EVs) and doxorubicin (DOX)-loaded heparin-based nanoparticles (DNs) to construct a biomimetic drug delivery system for highly efficient drug delivery in glioma treatment [58]. The biomimetic EV DNS has good brain targeting, brain tumor targeting and drug delivery capabilities, providing a new drug delivery platform for the treatment of brain tumors. Zhu et al. used exosomes produced by endogenous embryonic stem cells as drug carriers. In this study, the anti-GBM effect of ESC-exos is confirmed and then c(RGDyK)-modified and paclitaxel (PTX)-loaded ESC-exos, named cRGD-Exo-PTX, are prepared [59]. Studies have confirmed that ESC-exos also have a certain anti-GBM effect compared with other drug carriers. Therefore, ESC-exos are powerful therapeutic vectors for the treatment of GBM.




2.2.4. Virus Nano Drug Delivery System


Viruses naturally exhibit several characteristics that are of interest for drug delivery due to their intrinsic ability to avoid immune system recognition and enter cells to “deliver” their genes into a host for self-replication [60]. In recent 20 years, viral vectors have been used in gene therapy of brain tumors because of their ability to load genes [61]. However, these viral vectors generally do not have the ability to passively cross the BBB, and often need to bypass the BBB through other routes of administration [62]. In order to solve this problem, drug vectors with artificially designed virus capsid and new sources of virus vectors began to appear.



Adeno-associated virus (AVV) is one of the most promising gene delivery tools for the treatment of brain diseases, because its viral capsid has a high natural affinity with neurons [62,63,64]. AAV-mediated therapeutic agents for diseases of the CNS were initially developed to be used via local injection due to the presence of the BBB [64]. BBB-crossing AAV vectors were developed by manually designing AAV capsids [64]. For example, Matheus et al. used AAV9, a variant of AAV, as the vector encoding the therapeutic gene to achieve the treatment of brain tumors [65]. Unlike AAV, AAV9 can pass through the BBB after intravenous injection [65]. Moreover, plant virus is an attractive chemotherapeutic drug carrier. Since plant viruses are always nonintegrated and non-replicating in mammalian systems, they can provide security advantages [66]. Patricia et al. investigate the use of CPMV for the delivery of MTO to treat GBM, while the CPMV is a plant virus that can be rapidly internalized by BBB cells [64,67].




2.2.5. Protein-Based Drug Delivery System


Proteins and peptides have many biological roles in the brain, such as controlling the internal environment of the brain, including cerebral blood flow, permeability of the BBB to nutrient supply, neurotransmission, neuromodulation, and various roles in the immune system [5], which offers the potential for use as a viable drug carrier for brain-targeted drug delivery systems. In addition, the protein-based drug delivery system also has the advantage of biodegradability, biocompatibility, no or low toxicity, and ease of modification [68,69]. Protein nanocarriers are now drawing great interest as drug delivery systems targeting brain tumors [5]. For example, Heng et al. enhanced brain targeting by adding cations or mannose to the surface of albumin nanoparticles [70] while Lu et al. modified folate on the surface of albumin particles [71]. The biodegradable, nonantigenic, and non-toxic characteristics of human serum albumin (has) make it an ideal candidate for tumor targeting [69,72]. However, since albumin is expressed at very low levels in normal BBB vessels, passage of native albumin is difficult [5], and surface modification methods must be combined to enhance its ability to pass through the BBB. Ferritin and lipoprotein not only have good biocompatibility, immunogenicity, and biodegradability of natural proteins, but also exhibit natural targeting properties that albumin does not have [69]. Luciana et al. demonstrated the possibility of using a ferritin-based drug delivery system to deliver toxic molecules to brain tumors, which relies on the ability of H-ferritin (HFT) to carry multiple metals and cross the blood–brain barrier via an endocytic mechanism [73]. Lin Huang et al. demonstrated that E3 recombinant high-density lipoprotein (ApoE-rHDL) is a highly efficient nanoplatform with blood–brain barrier (BBB) permeability and used it to deliver siRNA to glioblastoma cells for the treatment of brain tumors [74].





2.3. Change the Mode of Administration to Bypass the BBB


Most of the time, the drug and drug carrier are administered orally and intravenously. While tailored nanodrug carriers can gain the ability to target and cross the blood–brain barrier, these drugs need to pass through the systemic circulation, and the drug will always reach other organs, leading to toxicity–especially when patients are severely ill and require large doses [75]. Therefore, by changing the drug delivery strategy, such as the use of local administration, it is possible to bypass the BBB and deliver drugs directly in the brain (Figure 3c).



2.3.1. Local Delivery


The majority of the nanoparticles targeting the brain are administered either intravenously or orally, resulting in some amount of drug reaching other organs and leading to toxicity [75]. Local administration to the GBM has several advantages over systemic administration, such as bypassing the BBB and increasing the bioavailability of the therapeutic agent at the tumor site without causing systemic toxicity [76,77]. Local drug delivery is achieved by injecting a drug or drug carrier into an intracranial inoperable tumor or tumor resection cavity as the chosen drug is delivered using injectable and/or implantable systems and could target infiltrating cells which are not accessible at tumor resection [78]. Biomaterials for local delivery of chemotherapy can be divided into three main categories: implantable polymeric drug delivery devices (e.g., a degradable wafer), hydrogel-based delivery systems, and injectable polymeric-based delivery systems [76,79]. For surgically resected brain tumors, it can be treated by implantable polymer delivery devices and hydrogel delivery systems, but for unresectable malignant brain tumors, the injectable polymer delivery system can only be administered.



Gliadel, a carmustine-filled polymer wafer, is currently the only local delivery device that has been approved by the FDA for use in GBM [76,78,79]. The wafer needs to be surgically implanted and is inherently rigid, so there is a risk of infection and inflammation. The hydrogel drug delivery system has good biocompatibility and mechanical properties and can match the surrounding tissues. They can not only be implanted into the brain through surgery, but also by direct injection into the brain, making it easier to deliver drugs based on the hydrogel delivery system [76]. Bastiancich et al. developed an injectable gel-like nano delivery system consisting of lipid nanocapsules loaded with anticancer prodrug lauroyl-gemcitabine (GemC12-LNC) in order to obtain a sustained and local delivery of this drug in the brain [80]. Studies have shown that the GemC12-LNC hydrogel nanoparticle delivery system is safe and effective in the treatment of GBM. Injectable polymer delivery systems in local drug delivery systems are usually administered by stereotactic injection of injectable polymers into tumors or by convection-enhanced delivery (CED). Limited penetration of drugs in solid tumors is a major cause of poor therapeutic indices of many chemotherapeutic agents [79]. Different from the diffusion-based method mentioned above, CED utilizes a continuous pressure gradient to drive bulk flow of agents which are infused directly into the tumor resection cavity, enabling large distribution of high drug concentrations, while avoiding systemic toxicity [77,81]. Furthermore, CED combined with nano carrier can improve the poor permeability and retention of drugs in tumors caused by injection of free drugs [76]. Singleton et al. invented a novel panobinostat water-soluble nano micelle formulation administered with CED [82]. The local delivery scheme overcomes the disadvantage that panobinostat cannot cross the BBB, gives full play to the efficacy of the drug, and effectively prolongs the survival time of animals with gliomas.




2.3.2. Nose-to-Brain Delivery


Topical administration is generally used when the patient is very ill because it is invasive and inconvenient compared to other modalities. Intranasal administration can bypass the BBB and directly deliver drugs to the brain through the olfactory area or the trigeminal nerve pathway, thereby increasing drug bioavailability and efficiency [83,84,85]. In addition to these advantages, intranasal administration also has the advantages of non-invasiveness, avoidance of systemic toxicity, rapid onset of action, high clearance rate, and so on [84,86]. However, intranasal administration also has some problems, such as limited drug volume (max: 150 μL/nostril), the enzymatic degradation of drugs, limited drug absorption due to mucociliary clearance, and low drug retention at the absorption site [83,84].



The main trend of nose-brain drug delivery systems is to design formulas with increased permeability, low clearance, and high mucus adhesion for nasal brain drug delivery [86]. Edilson Ribeiro de Oliveira junior et al. described a biodegradable and biocompatible polycaprolactone nanoparticle for melatonin (MLT) delivery from nose to brain to treat GBM [87]. In this study, MLT was encapsulated by nano carrier PCL with high encapsulation efficiency, which overcomes the disadvantage of drug degradation in nasal brain administration. Mucociliary clearance is a major obstacle to drug delivery. The use of adhesives and tackifiers is expected to increase the residence time of drugs in the nasal cavity for better absorption [83]. Chitosan is a kind of viscous polymer, which can increase the retention time of drugs at the absorption site and improve the absorption efficiency of drugs. Nat á LIA n. Ferreira et al. designed adhesive nanoparticles (NPS) based on polylactic acid glycolic acid (PLGA) and oligochitosan (OCs) for co-delivering alpha-cyano-4-hydroxycinnamic acid (CHC) and the monoclonal antibody cetuximab (CTX) to the brain [88]. In addition to these targeted strategies, liposome drug delivery system has attracted much attention in nose-brain drug delivery because of its adhesion ability and nasal application potential [89]. In the current research, liposome nanocarriers are considered to have the best biocompatibility and the least toxicity among many nanocarriers [86]. Rohini G et al. designed a stable nanostructured lipid carrier (NLC) loaded with curcumin (CRM) and used nose-brain administration to treat brain tumors [90]. The results showed that after nasal administration of CRM-NLC, the concentration of curcumin in the brain increased significantly, and the cytotoxicity to tumor cell astrocytoma glioblastoma (U373MG) was significantly higher than that of free CRM. This study also indicates that nasal CRM-NLC nano drug delivery system is a promising anti-brain-tumor drug delivery system.





2.4. Destroy the BBB by Physicochemical Methods


Several physical and chemical methods can temporarily disrupt the blood–brain barrier and alter its permeability. Intra-arterial injection of hyperosmotic agents such as mannitol or alkylglycerol can reversibly disrupt the BBB [6]. Relevant research shows that the permeability of the BBB is highly temperature-dependent, allowing significantly increased transport of substances at temperatures above 38–39 °C [91]. Drug-loaded magnetic nanoparticles generate heat in an alternating magnetic field, which can destroy the BBB and increase the ability to pass through the BBB [92]. In addition, the BBB can also be opened temporarily through the combination of focused ultrasound and microbubbles (Figure 3d). Focused ultrasound combined with microbubbles is a commonly used technology, which will be introduced in this section.



Focused Ultrasound Temporarily Destroys the BBB


Focused ultrasound (FUS) can help drugs or drug carriers enter the brain by opening the local BBB briefly and reversibly. Although the application of FUS alone can increase the permeability of the BBB, the ultrasonic intensity required in this case is close to the ablation range of tissue [93]. This may cause damage to brain tissue. FUS combined with microbubbles can open the BBB at low sound intensity, which makes the use of FUS safer. Nathan et al. used FUS with microbubbles to repeatedly interfere with the BBB of the visual cortex and lateral geniculate nucleus of rhesus monkeys [94]. They found that the treatment did not impair the animals’ behavior and vision, and reliably and safely opened the blood–brain barrier without impairing brain tissue function. Moreover, the penetration of the BBB can return to baseline levels within 6–24 h [10,95]. At present, it is considered that the main mechanism of opening the BBB by FUS with microbubble is the cavitation effect produced by FUS sonication. Focused ultrasound (FUS) can cause the expansion of the gaseous microbubbles until they rupture in a process termed inertial cavitation, while lower FUS power levels instead lead to oscillation of the microbubbles, known as stable cavitation [10,95]. Stable cavitation causes microbubbles to oscillate and exert mechanical force on the surrounding vascular wall, which temporarily increases the permeability of the BBB without damaging the surrounding tissue [10,93,95,96]. At present, the technology of FUS combined with magnetic resonance imaging (MRI) is more commonly used, because it can accurately locate the pathological area and achieve more accurate administration.



For the treatment of brain tumors, one of the biggest challenges is the heterogeneity of blood vessels in tumor tissues, which leads to the uneven distribution of drugs [10]. With FUS, it is possible to increase the permeability of the BBB at a given location, overcoming this obstacle. FUS is usually combined with imaging examination to increase the accuracy of administration in which MRI is the most useful form for the diagnosis of GBM [97]. Magnetic resonance imaging guided focused ultrasound (MRgFUS) nanodrug delivery systems generally need to be used in combination with paramagnetic nanoparticles to increase imaging contrast. Daniel et al. investigated a nano drug delivery system using Cisplatin-conjugated gold nanoparticle (GNP-UP-Cis) combined with MRgFUS [98]. The results showed that MRgFUS can increase the permeability of the BBB and the accumulation of drugs in tumor sites, and greatly inhibit the growth of GBM tumors. The combination of MRgFUS and other brain-targeting strategies can further improve the efficiency of drug delivery. Chan et al. loaded FePt nanoparticles and adriamycin into nanobubbles, modified transferrin on the surface of nanobubbles, and combined it with high-intensity focused ultrasound (HIFU) for drug delivery [99]. This study further enhances the accumulation of drugs in tumors by combining focused ultrasound with receptor-mediated brain targeting technology. Wu et al. modified Cu2 − xSe nanoparticles on the surface of hollow mesoporous organic silica nanoparticles through a disulfide bond to construct a new drug-loading system [97].






3. Strategies for Enhanced Brain Tumor Cells Targeting


To reduce the damage of nanomedicines to normal brain function and immune system, the targeting of brain nanodrug delivery systems to brain tumor regions should be enhanced. Currently, brain tumor targeting mainly relies on active targeting strategies, which enhance the accumulation of drugs at tumor sites through passive targeting strategies. Several emerging strategies have recently emerged, such as magnetically targeted nano-drug delivery systems, tumor microenvironment-triggered drug delivery systems, etc. [97,100]. This section will focus on passive targeting, active targeting, and magnetic targeting.



3.1. Passive Targeting


Due to the highly leaky vasculature environment around the tumor, passive targeting systems have been applied to the design of brain cancer-targeting nanomedicines [18]. Passive targeting of brain tumors mainly relies on enhanced permeability and retention (EPR) effects. In the pathological state of brain tumors, the BBB may be disturbed to some extent by edema, swelling, and increased pressure in the brain [6]. Nanoparticles of a certain size or smaller can enter the tumor through the gap between endothelial cells, which is the EPR effect caused by the collapse of blood vessels caused by the formation of solid tumors [5], resulting in a higher accumulation of nanoparticles in brain tumors. The success of the ERP effect prompted researchers to develop nanoparticles with different physicochemical properties, including size, surface charge, surface hydrophilicity, and geometry, in order to enhance the aggregation of drugs [44]. Relevant studies have shown that the nanoparticle size range for ideal EPR effect is 10–200 nm [5,18]. When larger than 200 nm, the particles cannot fully penetrate the tumor vasculature and interstitial space, while when smaller than 10 nm, the kidneys clear them, resulting in the inability of particles to accumulate at the tumor site [5,101]. In addition, the lipophilicity and stability of nanoparticles is also an important factor affecting the ERP effect. Liposomes and polymer nanoparticles are often used to encapsulate drugs to enhance the ERP effect. PEGylation modification is widely used to modify the drug itself or drug carrier to increase the systemic circulation time of nanoparticles, so as to enhance the EPR effect [102]. The biomimetic nano drug loading system also has an enhanced EPR effect because of its long body circulation. While the EPR effect may be in effect for administered nanoparticles, the majority (>95%) of administered nanoparticles are known to accumulate in other organs, in particular the liver, spleen, and lungs [102]. Nano drug delivery systems do not rely on passive targeting strategy alone but are combined with active targeting strategy.




3.2. Active Targeting


Active targeting usually refers to targeting by ligand-receptor-specific interactions between a drug or drug carrier and the target cell [102]. Compared with passive targeting, active targeting is selective for brain tumors and can effectively deliver therapeutic drugs or diagnostic reagents to the lesion site and reduce cytotoxicity [18]. Some receptors are closely related to tumor growth. They are highly expressed in blood vessels near brain tumors or in brain tumor cells, but not expressed or expressed low in other tissues. Therefore, by modifying the corresponding ligands on the surface of drugs or drug carriers, the receptors can guide them to aggregate at brain tumors or enter tumor cells to exert therapeutic effects. In the introduction of brain targeting strategy, this paper also mentioned the receptor-mediated targeting strategy, but these receptors are expressed in the BBB and brain tumors, which increases the brain targeting of drugs; however, they lack the targeting of brain tumors in the brain [103], which may lead to severe neurotoxicity.



In order to solve this problem, receptor-mediated endocytosis with high expression in tumor sites and low expression in the BBB are selected to enter brain tumors, such as NRP-1 receptor [14,22], integrin receptor [59], interleukin receptor, and so on [104]. At present, the development of dual targeted drug delivery system provides a more safe and effective method for brain tumor drug delivery. Dual-targeted drug delivery systems are two ligands that simultaneously modify the surface of the drug delivery system: one modifies the BBB and the other modifies the brain tumor [103] (Figure 4a). Therefore, the dual-targeted drug delivery system can improve drug efficacy and reduce toxicity and side effects to the body. TGN peptide (TGNYKALHPHNG) is selected from the 12-peptide library through phage display in vivo, which has a good brain targeting effect, while RGD peptide has been proved by many studies to have good tissue cell penetration and tumor targeting [22,24,105,106,107]. Shi et al. developed a glioma drug delivery system with iRGD/TGN double modified poly (amidoamine) dendrimer (PAMAM) encapsulated ATO. The experimental results show that iRGD/TGN-PEG-PAMAM-ATO has enhanced BBB penetration and GBM targeting, which effectively improves the efficacy of ATO, prolongs the medium survival time of mice, and reduces the systemic toxicity. This suggests that the dual targeting system is a promising technology in the treatment of glioma.




3.3. Magnetic Targeting


Magnetic targeted drug delivery is a method of using external magnetic field to manipulate magnetic drug carriers in vivo to reach tumor targets [108]. As magnetic targeting depends on the magnetic force between the external magnetic field and nanoparticles, the nano carrier used must be magnetic–that is, magnetic nanoparticles. Magnetic nanoparticles such as iron oxide nanoparticles (IONPs), superparamagnetic iron oxide nanoparticles (SPIONs), and fluorescent magnetic nanoparticles (MNPs) are widely used as diagnostic imaging agents and therapeutic carriers [109]. By coupling magnetic nanoparticles with specific ligands and guiding them by a magnetic targeting system, drugs can be targeted to brain tumor therapy. The magnetic targeting strategy is to expose MNPs to the external magnetic field by applying an external magnetic field to the head tumor after intravenous administration, which increases the movement of MNPs in the systemic circulation to the brain tumor [109,110] (Figure 4b). In recent years, many nano drug delivery systems using magnetic targeting strategy have been developed to treat brain tumors. Cui et al. developed a dual-targeting strategy by a combination of magnetic guidance and transferrin receptor-binding peptide T7-mediated active targeting delivery [111]. This study showed that compared with non-targeted NPs, this strategy increased cell uptake by more than 10 times and brain transmission by more than five times. The experimental results also showed that under the action of a magnetic field, the system improved the drug delivery efficiency, reduced adverse reactions, and improved the survival rate of mice with glioma in situ. Although the external magnetic field can gather the drug carrier near the brain tumor, it is difficult to accurately identify the brain tumor only by magnetic field guidance due to the lack of selectivity. Therefore, Lu et al. developed a dual thermal sensitive magnetic liposome (TML) with a thermal response and magnetic response to recognize the overexpressed epidermal growth factor receptor on the surface of cancer cells by conjugating with cetuximab (CET) [100]. Many studies have shown that the magnetic targeting strategy has the advantages of improving the curative effect, reducing drug dosage, and reducing side effects [100,110,111,112].





4. Conclusions


To date, glioma remains a difficult disease to cure completely because of its aggressiveness and poor prognosis. Chemotherapy is an irreplaceable method for clinical treatment of brain tumors, however, the BBB/BBTB have become the main obstacles. Drug delivery systems based on nanotechnology can effectively improve the drug delivery efficiency and reduce the high toxic side effects caused by conventional chemotherapy. Adding contrast agent in the drug delivery system can also visualize the treatment process of brain tumors, which is helpful to achieve accurate drug delivery. However, due to the drug resistance of glioma cells, drug failure is likely to occur. In addition, some drug delivery systems compete with endogenous substances in the human body, resulting in a low efficiency of drug delivery. At the same time, in order to reduce the toxicity of the drug carrier itself, rapid degradation materials are often used in the design of nanoparticles, which will also lead to the degradation of drugs before they reach the action site. Therefore, the development of multifunctional and multi-targeted nano drug loading systems is the main trend at present. Some gene therapy and antiangiogenic therapy methods can be used as strategies against the drug resistance of glioma. A biomimetic nano drug system has the structural and functional complexity of the original biological donor, has the natural ability to pass through BBB, and has high biocompatibility, which can effectively protect the drug from degradation. It is a promising drug carrier. In addition, a variety of related technologies have been developed to enhance the targeting of brain tumors, such as modifying tumor-targeting ligands on the carrier surface and targeting brain tumors through magnetic fields. Among them, the dual targeting strategy of brain tumors can reduce physical toxicity and increase the accumulation of drugs in tumors, which is a very effective method worth developing. So far, there is still a broad space for the development of nano-drug delivery systems. The combination of multiple strategies and the development of multifunctional nanoparticles provide a more effective therapeutic strategy for the treatment of GBM.







Author Contributions


Conceptualization, B.X. and H.J.; validation, T.X.; resources, H.J., Z.Y.; writing—original draft preparation, Z.Q., L.W., N.M.; writing—review and editing, B.X. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the National Natural Science Foundation of China (Grant number: 32101160), Shenzhen Science and Technology Program (Grant number: GXWD20200830123048001), Foundation of Guangdong Provincial Key Laboratory of Sensor Technology and Biomedical Instrument (Grant number: 2020B1212060077).




Data Availability Statement


This review did not report any data.




Conflicts of Interest


The authors declare that they have no competing interest. All data needed to evaluate the conclusions in the paper are present in the paper.




References


	



Bhowmik, A.; Khan, R.; Ghosh, M.K. Blood brain barrier: A challenge for effectual therapy of brain tumors. Biomed. Res. Int. 2015, 2015, 320941. [Google Scholar] [CrossRef] [PubMed]

	



Reddy, S.; Tatiparti, K.; Sau, S.; Iyer, A.K. Recent advances in nano delivery systems for blood-brain barrier (BBB) penetration and targeting of brain tumors. Drug Discov. Today 2021, 26, 1944–1952. [Google Scholar] [CrossRef] [PubMed]

	



van Tellingen, O.; Yetkin-Arik, B.; de Gooijer, M.C.; Wesseling, P.; Wurdinger, T.; de Vries, H.E. Overcoming the blood-brain tumor barrier for effective glioblastoma treatment. Drug Resist. Updat. 2015, 19, 1–12. [Google Scholar] [CrossRef] [PubMed]

	



Prabhu, S.; Goda, J.S.; Mutalik, S.; Mohanty, B.S.; Chaudhari, P.; Rai, S.; Udupa, N.; Rao, B.S.S. A polymeric temozolomide nanocomposite against orthotopic glioblastoma xenograft: Tumor-specific homing directed by nestin. Nanoscale 2017, 9, 10919–10932. [Google Scholar] [CrossRef] [PubMed]

	



Hwang, H.H.; Lee, D.Y. Protein-Based Drug Delivery in Brain Tumor Therapy. Adv. Exp. Med. Biol. 2020, 1249, 203–221. [Google Scholar] [CrossRef]

	



Sun, C.; Ding, Y.; Zhou, L.; Shi, D.; Sun, L.; Webster, T.J.; Shen, Y. Noninvasive nanoparticle strategies for brain tumor targeting. Nanomedicine 2017, 13, 2605–2621. [Google Scholar] [CrossRef]

	



Brightman, M.W.; Reese, T.S. Junctions between intimately apposed cell membranes in the vertebrate brain. J. Cell Biol. 1969, 40, 648–677. [Google Scholar] [CrossRef]

	



Pardridge, W.M. Blood-brain barrier drug targeting: The future of brain drug development. Mol. Interv. 2003, 3, 90–105, 151. [Google Scholar] [CrossRef]

	



Nam, L.; Coll, C.; Erthal, L.C.S.; de la Torre, C.; Serrano, D.; Martinez-Manez, R.; Santos-Martinez, M.J.; Ruiz-Hernandez, E. Drug Delivery Nanosystems for the Localized Treatment of Glioblastoma Multiforme. Materials 2018, 11, 779. [Google Scholar] [CrossRef]

	



Wu, S.K.; Tsai, C.L.; Huang, Y.; Hynynen, K. Focused Ultrasound and Microbubbles-Mediated Drug Delivery to Brain Tumor. Pharmaceutics 2020, 13, 15. [Google Scholar] [CrossRef]

	



Tsou, Y.H.; Zhang, X.Q.; Zhu, H.; Syed, S.; Xu, X. Drug Delivery to the Brain across the Blood-Brain Barrier Using Nanomaterials. Small 2017, 13, 1801588. [Google Scholar] [CrossRef] [PubMed]

	



Jena, L.; McErlean, E.; McCarthy, H. Delivery across the blood-brain barrier: Nanomedicine for glioblastoma multiforme. Drug Deliv. Transl. Res. 2020, 10, 304–318. [Google Scholar] [CrossRef] [PubMed]

	



Patel, M.M.; Patel, B.M. Crossing the Blood-Brain Barrier: Recent Advances in Drug Delivery to the Brain. CNS Drugs 2017, 31, 109–133. [Google Scholar] [CrossRef] [PubMed]

	



Ag Seleci, D.; Seleci, M.; Stahl, F.; Scheper, T. Tumor homing and penetrating peptide-conjugated niosomes as multi-drug carriers for tumor-targeted drug delivery. RSC Adv. 2017, 7, 33378–33384. [Google Scholar] [CrossRef]

	



Tortorella, S.; Karagiannis, T.C. Transferrin receptor-mediated endocytosis: A useful target for cancer therapy. J. Membr. Biol. 2014, 247, 291–307. [Google Scholar] [CrossRef]

	



Puris, E.; Gynther, M.; Auriola, S.; Huttunen, K.M. L-Type amino acid transporter 1 as a target for drug delivery. Pharm Res 2020, 37, 88. [Google Scholar] [CrossRef]

	



Lu, W. Adsorptive-mediated brain delivery systems. Curr. Pharm. Biotechnol. 2012, 13, 2340–2348. [Google Scholar] [CrossRef]

	



Kang, Y.J.; Cutler, E.G.; Cho, H. Therapeutic nanoplatforms and delivery strategies for neurological disorders. Nano Converg. 2018, 5, 35. [Google Scholar] [CrossRef]

	



Hettiarachchi, S.D.; Graham, R.M.; Mintz, K.J.; Zhou, Y.; Vanni, S.; Peng, Z.; Leblanc, R.M. Triple conjugated carbon dots as a nano-drug delivery model for glioblastoma brain tumors. Nanoscale 2019, 11, 6192–6205. [Google Scholar] [CrossRef]

	



Caffo, M.; Cardali, S.; Fazzari, E.; Barresi, V.; Caruso, G. Nanoparticles drug-delivery systems and antiangiogenic approaches in the treatment of gliomas. Glioma 2018, 1, 183–188. [Google Scholar] [CrossRef]

	



Sulpice, E.; Plouët, J.; Bergé, M.; Allanic, D.; Tobelem, G.; Merkulova-Rainon, T. Neuropilin-1 and neuropilin-2 act as coreceptors, potentiating proangiogenic activity. Blood 2008, 111, 2036–2045. [Google Scholar] [CrossRef] [PubMed]

	



Kuang, J.; Song, W.; Yin, J.; Zeng, X.; Han, S.; Zhao, Y.-P.; Tao, J.; Liu, C.-J.; He, X.-H.; Zhang, X.-Z. iRGD Modified Chemo-immunotherapeutic Nanoparticles for Enhanced Immunotherapy against Glioblastoma. Adv. Funct. Mater. 2018, 28, 1800025. [Google Scholar] [CrossRef]

	



Zhao, L.; Chen, H.; Lu, L.; Zhao, C.; Malichewe, C.V.; Wang, L.; Guo, X.; Zhang, X. Design and screening of a novel neuropilin-1 targeted penetrating peptide for anti-angiogenic therapy in glioma. Life Sci. 2021, 270, 119113. [Google Scholar] [CrossRef] [PubMed]

	



Meenu Vasudevan, S.; Ashwanikumar, N.; Vinod Kumar, G.S. Peptide decorated glycolipid nanomicelles for drug delivery across the blood-brain barrier (BBB). Biomater. Sci. 2019, 7, 4017–4021. [Google Scholar] [CrossRef] [PubMed]

	



Sun, T.; Jiang, X.; Wang, Q.; Chen, Q.; Lu, Y.; Liu, L.; Zhang, Y.; He, X.; Ruan, C.; Zhang, Y.; et al. Substance P Mediated DGLs Complexing with DACHPt for Targeting Therapy of Glioma. ACS Appl. Mater. Interfaces 2017, 9, 34603–34617. [Google Scholar] [CrossRef]

	



Kou, L.; Bhutia, Y.D.; Yao, Q.; He, Z.; Sun, J.; Ganapathy, V. Transporter-Guided Delivery of Nanoparticles to Improve Drug Permeation across Cellular Barriers and Drug Exposure to Selective Cell Types. Front. Pharmacol. 2018, 9, 27. [Google Scholar] [CrossRef]

	



Xie, F.; Yao, N.; Qin, Y.; Zhang, Q.; Chen, H.; Yuan, M.; Tang, J.; Li, X.; Fan, W.; Zhang, Q.; et al. Investigation of glucose-modified liposomes using polyethylene glycols with different chain lengths as the linkers for brain targeting. Int. J. Nanomed. 2012, 7, 163–175. [Google Scholar] [CrossRef]

	



Wu, H.; Lu, H.; Xiao, W.; Yang, J.; Du, H.; Shen, Y.; Qu, H.; Jia, B.; Manna, S.K.; Ramachandran, M.; et al. Sequential Targeting in Crosslinking Nanotheranostics for Tackling the Multibarriers of Brain Tumors. Adv. Mater. 2020, 32, e1903759. [Google Scholar] [CrossRef]

	



Li, L.; Di, X.; Zhang, S.; Kan, Q.; Liu, H.; Lu, T.; Wang, Y.; Fu, Q.; Sun, J.; He, Z. Large amino acid transporter 1 mediated glutamate modified docetaxel-loaded liposomes for glioma targeting. Colloids Surf. B 2016, 141, 260–267. [Google Scholar] [CrossRef]

	



Li, J.; Guo, Y.; Kuang, Y.; An, S.; Ma, H.; Jiang, C. Choline transporter-targeting and co-delivery system for glioma therapy. Biomaterials 2013, 34, 9142–9148. [Google Scholar] [CrossRef]

	



Xu, F.; Lu, W.; Wu, H.; Fan, L.; Gao, X.; Jiang, X. Brain delivery and systemic effect of cationic albumin conjugated PLGA nanoparticles. J. Drug Target. 2009, 17, 423–434. [Google Scholar] [CrossRef] [PubMed]

	



Lakkadwala, S.; Dos Santos Rodrigues, B.; Sun, C.; Singh, J. Biodistribution of TAT or QLPVM coupled to receptor targeted liposomes for delivery of anticancer therapeutics to brain in vitro and in vivo. Nanomedicine 2020, 23, 102112. [Google Scholar] [CrossRef] [PubMed]

	



Shi, D.; Mi, G.; Shen, Y.; Webster, T.J. Glioma-targeted dual functionalized thermosensitive Ferri-liposomes for drug delivery through an in vitro blood-brain barrier. Nanoscale 2019, 11, 15057–15071. [Google Scholar] [CrossRef] [PubMed]

	



Neves, V.; Aires-da-Silva, F.; Morais, M.; Gano, L.; Ribeiro, E.; Pinto, A.; Aguiar, S.; Gaspar, D.; Fernandes, C.; Correia, J.D.G.; et al. Novel Peptides Derived from Dengue Virus Capsid Protein Translocate Reversibly the Blood-Brain Barrier through a Receptor-Free Mechanism. ACS Chem. Biol. 2017, 12, 1257–1268. [Google Scholar] [CrossRef]

	



Chen, Y.X.; Wei, C.X.; Lyu, Y.Q.; Chen, H.Z.; Jiang, G.; Gao, X.L. Biomimetic drug-delivery systems for the management of brain diseases. Biomater. Sci. 2020, 8, 1073–1088. [Google Scholar] [CrossRef]

	



Chen, L.; Hong, W.; Ren, W.; Xu, T.; Qian, Z.; He, Z. Recent progress in targeted delivery vectors based on biomimetic nanoparticles. Signal Transduct. Target. Ther. 2021, 6, 225. [Google Scholar] [CrossRef]

	



Pang, L.; Zhang, C.; Qin, J.; Han, L.; Li, R.; Hong, C.; He, H.; Wang, J. A novel strategy to achieve effective drug delivery: Exploit cells as carrier combined with nanoparticles. Drug Deliv. 2017, 24, 83–91. [Google Scholar] [CrossRef]

	



Batrakova, E.V.; Kabanov, A.V. Cell-mediated drug delivery to the brain. J. Drug Deliv. Sci. Technol. 2013, 23, 419–433. [Google Scholar] [CrossRef]

	



Batrakova, E.V.; Gendelman, H.E.; Kabanov, A.V. Cell-mediated drug delivery. Expert Opin. Drug Deliv. 2011, 8, 415–433. [Google Scholar] [CrossRef]

	



Yu, H.; Yang, Z.; Li, F.; Xu, L.; Sun, Y. Cell-mediated targeting drugs delivery systems. Drug Deliv. 2020, 27, 1425–1437. [Google Scholar] [CrossRef]

	



Xue, J.; Zhao, Z.; Zhang, L.; Xue, L.; Shen, S.; Wen, Y.; Wei, Z.; Wang, L.; Kong, L.; Sun, H.; et al. Neutrophil-mediated anticancer drug delivery for suppression of postoperative malignant glioma recurrence. Nat. Nanotechnol. 2017, 12, 692–700. [Google Scholar] [CrossRef] [PubMed]

	



Li, T.F.; Li, K.; Zhang, Q.; Wang, C.; Yue, Y.; Chen, Z.; Yuan, S.J.; Liu, X.; Wen, Y.; Han, M.; et al. Dendritic cell-mediated delivery of doxorubicin-polyglycerol-nanodiamond composites elicits enhanced anti-cancer immune response in glioblastoma. Biomaterials 2018, 181, 35–52. [Google Scholar] [CrossRef]

	



Hao, X.; Xu, B.; Chen, H.; Wang, X.; Zhang, J.; Guo, R.; Shi, X.; Cao, X. Stem cell-mediated delivery of nanogels loaded with ultrasmall iron oxide nanoparticles for enhanced tumor MR imaging. Nanoscale 2019, 11, 4904–4910. [Google Scholar] [CrossRef]

	



Gao, W.; Zhang, L. Coating nanoparticles with cell membranes for targeted drug delivery. J. Drug Target. 2015, 23, 619–626. [Google Scholar] [CrossRef] [PubMed]

	



Luk, B.T.; Zhang, L. Cell membrane-camouflaged nanoparticles for drug delivery. J. Control Release 2015, 220, 600–607. [Google Scholar] [CrossRef] [PubMed]

	



Chai, Z.; Hu, X.; Lu, W. Cell membrane-coated nanoparticles for tumor-targeted drug delivery. Sci. China Mater. 2017, 60, 504–510. [Google Scholar] [CrossRef]

	



Liu, L.; Bai, X.; Martikainen, M.V.; Karlund, A.; Roponen, M.; Xu, W.; Hu, G.; Tasciotti, E.; Lehto, V.P. Cell membrane coating integrity affects the internalization mechanism of biomimetic nanoparticles. Nat. Commun. 2021, 12, 5726. [Google Scholar] [CrossRef]

	



Sevencan, C.; McCoy, R.S.A.; Ravisankar, P.; Liu, M.; Govindarajan, S.; Zhu, J.; Bay, B.H.; Leong, D.T. Cell Membrane Nanotherapeutics: From Synthesis to Applications Emerging Tools for Personalized Cancer Therapy. Adv. Ther. 2020, 3, 1900201. [Google Scholar] [CrossRef]

	



Chai, Z.; Hu, X.; Wei, X.; Zhan, C.; Lu, L.; Jiang, K.; Su, B.; Ruan, H.; Ran, D.; Fang, R.H.; et al. A facile approach to functionalizing cell membrane-coated nanoparticles with neurotoxin-derived peptide for brain-targeted drug delivery. J. Control Release 2017, 264, 102–111. [Google Scholar] [CrossRef]

	



Chai, Z.; Ran, D.; Lu, L.; Zhan, C.; Ruan, H.; Hu, X.; Xie, C.; Jiang, K.; Li, J.; Zhou, J.; et al. Ligand-Modified Cell Membrane Enables the Targeted Delivery of Drug Nanocrystals to Glioma. ACS Nano 2019, 13, 5591–5601. [Google Scholar] [CrossRef]

	



De Pasquale, D.; Marino, A.; Tapeinos, C.; Pucci, C.; Rocchiccioli, S.; Michelucci, E.; Finamore, F.; McDonnell, L.; Scarpellini, A.; Lauciello, S.; et al. Homotypic targeting and drug delivery in glioblastoma cells through cell membrane-coated boron nitride nanotubes. Mater. Des. 2020, 192, 108742. [Google Scholar] [CrossRef] [PubMed]

	



Wang, C.; Wu, B.; Wu, Y.; Song, X.; Zhang, S.; Liu, Z. Camouflaging Nanoparticles with Brain Metastatic Tumor Cell Membranes: A New Strategy to Traverse Blood–Brain Barrier for Imaging and Therapy of Brain Tumors. Adv. Funct. Mater. 2020, 30, 1909369. [Google Scholar] [CrossRef]

	



Meng, W.; He, C.; Hao, Y.; Wang, L.; Li, L.; Zhu, G. Prospects and challenges of extracellular vesicle-based drug delivery system: Considering cell source. Drug Deliv. 2020, 27, 585–598. [Google Scholar] [CrossRef] [PubMed]

	



Rufino-Ramos, D.; Albuquerque, P.R.; Carmona, V.; Perfeito, R.; Nobre, R.J.; Pereira de Almeida, L. Extracellular vesicles: Novel promising delivery systems for therapy of brain diseases. J. Control Release 2017, 262, 247–258. [Google Scholar] [CrossRef] [PubMed]

	



Armstrong, J.P.K.; Stevens, M.M. Strategic design of extracellular vesicle drug delivery systems. Adv. Drug Deliv. Rev. 2018, 130, 12–16. [Google Scholar] [CrossRef] [PubMed]

	



Shahjin, F.; Chand, S.; Yelamanchili, S.V. Extracellular Vesicles as Drug Delivery Vehicles to the Central Nervous System. J. Neuroimmune Pharmacol. 2020, 15, 443–458. [Google Scholar] [CrossRef]

	



Zheng, M.; Huang, M.; Ma, X.; Chen, H.; Gao, X. Harnessing Exosomes for the Development of Brain Drug Delivery Systems. Bioconjug. Chem. 2019, 30, 994–1005. [Google Scholar] [CrossRef]

	



Niu, W.; Xiao, Q.; Wang, X.; Zhu, J.; Li, J.; Liang, X.; Peng, Y.; Wu, C.; Lu, R.; Pan, Y.; et al. A Biomimetic Drug Delivery System by Integrating Grapefruit Extracellular Vesicles and Doxorubicin-Loaded Heparin-Based Nanoparticles for Glioma Therapy. Nano Lett. 2021, 21, 1484–1492. [Google Scholar] [CrossRef]

	



Zhu, Q.; Ling, X.; Yang, Y.; Zhang, J.; Li, Q.; Niu, X.; Hu, G.; Chen, B.; Li, H.; Wang, Y.; et al. Embryonic Stem Cells-Derived Exosomes Endowed with Targeting Properties as Chemotherapeutics Delivery Vehicles for Glioblastoma Therapy. Adv. Sci. 2019, 6, 1801899. [Google Scholar] [CrossRef]

	



Parodi, A.; Molinaro, R.; Sushnitha, M.; Evangelopoulos, M.; Martinez, J.O.; Arrighetti, N.; Corbo, C.; Tasciotti, E. Bio-inspired engineering of cell- and virus-like nanoparticles for drug delivery. Biomaterials 2017, 147, 155–168. [Google Scholar] [CrossRef]

	



Caffery, B.; Lee, J.S.; Alexander-Bryant, A.A. Vectors for Glioblastoma Gene Therapy: Viral & Non-Viral Delivery Strategies. Nanomaterials 2019, 9, 105. [Google Scholar] [CrossRef] [PubMed]

	



Dong, X. Current Strategies for Brain Drug Delivery. Theranostics 2018, 8, 1481–1493. [Google Scholar] [CrossRef] [PubMed]

	



Zolotukhin, I.; Luo, D.; Gorbatyuk, O.; Hoffman, B.; Warrington, K., Jr.; Herzog, R.; Harrison, J.; Cao, O. Improved Adeno-associated Viral Gene Transfer to Murine Glioma. J. Genet. Syndr. Gene Ther. 2013, 4, 12815. [Google Scholar] [CrossRef] [PubMed]

	



Chen, W.; Yao, S.; Wan, J.; Tian, Y.; Huang, L.; Wang, S.; Akter, F.; Wu, Y.; Yao, Y.; Zhang, X. BBB-crossing adeno-associated virus vector: An excellent gene delivery tool for CNS disease treatment. J. Control Release 2021, 333, 129–138. [Google Scholar] [CrossRef] [PubMed]

	



Crommentuijn, M.H.; Kantar, R.; Noske, D.P.; Vandertop, W.P.; Badr, C.E.; Wurdinger, T.; Maguire, C.A.; Tannous, B.A. Systemically administered AAV9-sTRAIL combats invasive glioblastoma in a patient-derived orthotopic xenograft model. Mol. Ther. Oncolytics 2016, 3, 16017. [Google Scholar] [CrossRef]

	



Czapar, A.E.; Steinmetz, N.F. Plant viruses and bacteriophages for drug delivery in medicine and biotechnology. Curr. Opin. Chem. Biol. 2017, 38, 108–116. [Google Scholar] [CrossRef]

	



Lam, P.; Lin, R.; Steinmetz, N.F. Delivery of mitoxantrone using a plant virus-based nanoparticle for the treatment of glioblastomas. J. Mater. Chem. B 2018, 6, 5888–5895. [Google Scholar] [CrossRef]

	



Gou, Y.; Miao, D.; Zhou, M.; Wang, L.; Zhou, H.; Su, G. Bio-Inspired Protein-Based Nanoformulations for Cancer Theranostics. Front. Pharmacol. 2018, 9, 421. [Google Scholar] [CrossRef]

	



Hong, S.; Choi, D.W.; Kim, H.N.; Park, C.G.; Lee, W.; Park, H.H. Protein-Based Nanoparticles as Drug Delivery Systems. Pharmaceutics 2020, 12, 604. [Google Scholar] [CrossRef]

	



Byeon, H.J.; Thao le, Q.; Lee, S.; Min, S.Y.; Lee, E.S.; Shin, B.S.; Choi, H.G.; Youn, Y.S. Doxorubicin-loaded nanoparticles consisted of cationic- and mannose-modified-albumins for dual-targeting in brain tumors. J. Control Release 2016, 225, 301–313. [Google Scholar] [CrossRef]

	



Lu, L.; Shen, X.; Tao, B.; Lin, C.; Li, K.; Luo, Z.; Cai, K. The nanoparticle-facilitated autophagy inhibition of cancer stem cells for improved chemotherapeutic effects on glioblastomas. J. Mater. Chem. B 2019, 7, 2054–2062. [Google Scholar] [CrossRef] [PubMed]

	



Esim, O.; Hascicek, C. Albumin-based Nanoparticles as Promising Drug Delivery Systems for Cancer Treatment. Curr. Pharm. Anal. 2021, 17, 346–359. [Google Scholar] [CrossRef]

	



Mosca, L.; Falvo, E.; Ceci, P.; Poser, E.; Genovese, I.; Guarguaglini, G.; Colotti, G. Use of Ferritin-Based Metal-Encapsulated Nanocarriers as Anticancer Agents. Appl. Sci. 2017, 7, 101. [Google Scholar] [CrossRef]

	



Huang, J.L.; Jiang, G.; Song, Q.X.; Gu, X.; Hu, M.; Wang, X.L.; Song, H.H.; Chen, L.P.; Lin, Y.Y.; Jiang, D.; et al. Lipoprotein-biomimetic nanostructure enables efficient targeting delivery of siRNA to Ras-activated glioblastoma cells via macropinocytosis. Nat. Commun. 2017, 8, 15144. [Google Scholar] [CrossRef] [PubMed]

	



Saka, R.; Sathe, P.; Khan, W. Brain local delivery strategy. In Brain Targeted Drug Delivery System; Elsevier: Amsterdam, The Netherlands, 2019; pp. 241–286. [Google Scholar] [CrossRef]

	



Alghamdi, M.; Gumbleton, M.; Newland, B. Local delivery to malignant brain tumors: Potential biomaterial-based therapeutic/adjuvant strategies. Biomater. Sci. 2021, 9, 6037–6051. [Google Scholar] [CrossRef]

	



Seo, Y.-E.; Bu, T.; Saltzman, W.M. Nanomaterials for convection-enhanced delivery of agents to treat brain tumors. Curr. Opin. Biomed. Eng. 2017, 4, 1–12. [Google Scholar] [CrossRef]

	



Bastiancich, C.; Bozzato, E.; Henley, I.; Newland, B. Does local drug delivery still hold therapeutic promise for brain cancer? A systematic review. J. Control Release 2021, 337, 296–305. [Google Scholar] [CrossRef]

	



Pashirova, T.N.; Zueva, I.V.; Petrov, K.A.; Lukashenko, S.S.; Nizameev, I.R.; Kulik, N.V.; Voloshina, A.D.; Almasy, L.; Kadirov, M.K.; Masson, P.; et al. Mixed cationic liposomes for brain delivery of drugs by the intranasal route: The acetylcholinesterase reactivator 2-PAM as encapsulated drug model. Colloids Surf. B 2018, 171, 358–367. [Google Scholar] [CrossRef]

	



Bastiancich, C.; Vanvarenberg, K.; Ucakar, B.; Pitorre, M.; Bastiat, G.; Lagarce, F.; Preat, V.; Danhier, F. Lauroyl-gemcitabine-loaded lipid nanocapsule hydrogel for the treatment of glioblastoma. J. Control Release 2016, 225, 283–293. [Google Scholar] [CrossRef]

	



Saucier-Sawyer, J.K.; Seo, Y.E.; Gaudin, A.; Quijano, E.; Song, E.; Sawyer, A.J.; Deng, Y.; Huttner, A.; Saltzman, W.M. Distribution of polymer nanoparticles by convection-enhanced delivery to brain tumors. J. Control Release 2016, 232, 103–112. [Google Scholar] [CrossRef]

	



Singleton, W.G.; Collins, A.M.; Bienemann, A.S.; Killick-Cole, C.L.; Haynes, H.R.; Asby, D.J.; Butts, C.P.; Wyatt, M.J.; Barua, N.U.; Gill, S.S. Convection enhanced delivery of panobinostat (LBH589)-loaded pluronic nano-micelles prolongs survival in the F98 rat glioma model. Int. J. Nanomed. 2017, 12, 1385–1399. [Google Scholar] [CrossRef] [PubMed]

	



Fan, Y.; Chen, M.; Zhang, J.; Maincent, P.; Xia, X.; Wu, W. Updated Progress of Nanocarrier-Based Intranasal Drug Delivery Systems for Treatment of Brain Diseases. Crit. Rev. Ther. Drug Carrier Syst. 2018, 35, 433–467. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, R.; Thakur, A.; Singh, P.; Biswal, S.; Kumar, N.; Jha, C.; Singh, G.; Kaur, C.; Wadhwa, S. Drug delivery through nose: A noninvasive technique for brain targeting. J. Rep. Pharm. Sci. 2020, 9, 168–175. [Google Scholar] [CrossRef]

	



Upadhaya, P.G.; Pulakkat, S.; Patravale, V.B. Nose-to-brain delivery: Exploring newer domains for glioblastoma multiforme management. Drug Deliv. Transl. Res. 2020, 10, 1044–1056. [Google Scholar] [CrossRef] [PubMed]

	



Sabir, F.; Ismail, R.; Csoka, I. Nose-to-brain delivery of antiglioblastoma drugs embedded into lipid nanocarrier systems: Status quo and outlook. Drug Discov. Today 2020, 25, 185–194. [Google Scholar] [CrossRef] [PubMed]

	



de Oliveira Junior, E.R.; Nascimento, T.L.; Salomao, M.A.; da Silva, A.C.G.; Valadares, M.C.; Lima, E.M. Increased Nose-to-Brain Delivery of Melatonin Mediated by Polycaprolactone Nanoparticles for the Treatment of Glioblastoma. Pharm. Res. 2019, 36, 131. [Google Scholar] [CrossRef]

	



Ferreira, N.N.; Granja, S.; Boni, F.I.; Prezotti, F.G.; Ferreira, L.M.B.; Cury, B.S.F.; Reis, R.M.; Baltazar, F.; Gremiao, M.P.D. Modulating chitosan-PLGA nanoparticle properties to design a co-delivery platform for glioblastoma therapy intended for nose-to-brain route. Drug Deliv. Transl. Res. 2020, 10, 1729–1747. [Google Scholar] [CrossRef]

	



Keshari, P.; Sonar, Y.; Mahajan, H. Curcumin loaded TPGS micelles for nose to brain drug delivery: In vitro and in vivo studies. Mater. Technol. 2019, 34, 423–432. [Google Scholar] [CrossRef]

	



Madane, R.G.; Mahajan, H.S. Curcumin-loaded nanostructured lipid carriers (NLCs) for nasal administration: Design, characterization, and in vivo study. Drug Deliv. 2016, 23, 1326–1334. [Google Scholar] [CrossRef]

	



Walter, E.J.; Carraretto, M. The neurological and cognitive consequences of hyperthermia. Crit. Care 2016, 20, 199. [Google Scholar] [CrossRef]

	



Skandalakis, G.P.; Rivera, D.R.; Rizea, C.D.; Bouras, A.; Jesu Raj, J.G.; Bozec, D.; Hadjipanayis, C.G. Hyperthermia treatment advances for brain tumors. Int. J. Hyperth. 2020, 37, 3–19. [Google Scholar] [CrossRef] [PubMed]

	



Munoz, F.; Aurup, C.; Konofagou, E.E.; Ferrera, V.P. Modulation of Brain Function and Behavior by Focused Ultrasound. Curr. Behav. Neurosci. Rep. 2018, 5, 153–164. [Google Scholar] [CrossRef] [PubMed]

	



McDannold, N.; Arvanitis, C.D.; Vykhodtseva, N.; Livingstone, M.S. Temporary disruption of the blood-brain barrier by use of ultrasound and microbubbles: Safety and efficacy evaluation in rhesus macaques. Cancer Res. 2012, 72, 3652–3663. [Google Scholar] [CrossRef] [PubMed]

	



Lamsam, L.; Johnson, E.; Connolly, I.D.; Wintermark, M.; Hayden Gephart, M. A review of potential applications of MR-guided focused ultrasound for targeting brain tumor therapy. Neurosurg. Focus 2018, 44, E10. [Google Scholar] [CrossRef] [PubMed]

	



Meng, Y.; Hynynen, K.; Lipsman, N. Applications of focused ultrasound in the brain: From thermoablation to drug delivery. Nat. Rev. Neurol. 2021, 17, 7–22. [Google Scholar] [CrossRef] [PubMed]

	



Wu, M.; Chen, W.; Chen, Y.; Zhang, H.; Liu, C.; Deng, Z.; Sheng, Z.; Chen, J.; Liu, X.; Yan, F.; et al. Focused Ultrasound-Augmented Delivery of Biodegradable Multifunctional Nanoplatforms for Imaging-Guided Brain Tumor Treatment. Adv. Sci. 2018, 5, 1700474. [Google Scholar] [CrossRef] [PubMed]

	



Coluccia, D.; Figueiredo, C.A.; Wu, M.Y.; Riemenschneider, A.N.; Diaz, R.; Luck, A.; Smith, C.; Das, S.; Ackerley, C.; O’Reilly, M.; et al. Enhancing glioblastoma treatment using cisplatin-gold-nanoparticle conjugates and targeted delivery with magnetic resonance-guided focused ultrasound. Nanomedicine 2018, 14, 1137–1148. [Google Scholar] [CrossRef]

	



Chan, M.H.; Chen, W.; Li, C.H.; Fang, C.Y.; Chang, Y.C.; Wei, D.H.; Liu, R.S.; Hsiao, M. An Advanced In Situ Magnetic Resonance Imaging and Ultrasonic Theranostics Nanocomposite Platform: Crossing the Blood-Brain Barrier and Improving the Suppression of Glioblastoma Using Iron-Platinum Nanoparticles in Nanobubbles. ACS Appl. Mater. Interfaces 2021, 13, 26759–26769. [Google Scholar] [CrossRef] [PubMed]

	



Lu, Y.-J.; Chuang, E.-Y.; Cheng, Y.-H.; Anilkumar, T.S.; Chen, H.-A.; Chen, J.-P. Thermosensitive magnetic liposomes for alternating magnetic field-inducible drug delivery in dual targeted brain tumor chemotherapy. J. Chem. Eng. 2019, 373, 720–733. [Google Scholar] [CrossRef]

	



Kang, H.; Rho, S.; Stiles, W.R.; Hu, S.; Baek, Y.; Hwang, D.W.; Kashiwagi, S.; Kim, M.S.; Choi, H.S. Size-Dependent EPR Effect of Polymeric Nanoparticles on Tumor Targeting. Adv. Healthc. Mater. 2019, 9, e1901223. [Google Scholar] [CrossRef] [PubMed]

	



Bae, Y.H.; Park, K. Targeted drug delivery to tumors: Myths, reality and possibility. J. Control Release 2011, 153, 198–205. [Google Scholar] [CrossRef]

	



Gao, H. Perspectives on Dual Targeting Delivery Systems for Brain Tumors. J. Neuroimmune Pharmacol. 2017, 12, 6–16. [Google Scholar] [CrossRef] [PubMed]

	



Wang, B.; Lv, L.; Wang, Z.; Zhao, Y.; Wu, L.; Fang, X.; Xu, Q.; Xin, H. Nanoparticles functionalized with Pep-1 as potential glioma targeting delivery system via interleukin 13 receptor alpha2-mediated endocytosis. Biomaterials 2014, 35, 5897–5907. [Google Scholar] [CrossRef] [PubMed]

	



Zhong, Y.; Su, T.; Shi, Q.; Feng, Y.; Tao, Z.; Huang, Q.; Li, L.; Hu, L.; Li, S.; Tan, H.; et al. Co-Administration Of iRGD Enhances Tumor-Targeted Delivery And Anti-Tumor Effects Of Paclitaxel-Loaded PLGA Nanoparticles For Colorectal Cancer Treatment. Int. J. Nanomed. 2019, 14, 8543–8560. [Google Scholar] [CrossRef] [PubMed]

	



Yang, J.; Zhang, Q.; Liu, Y.; Zhang, X.; Shan, W.; Ye, S.; Zhou, X.; Ge, Y.; Wang, X.; Ren, L. Nanoparticle-based co-delivery of siRNA and paclitaxel for dual-targeting of glioblastoma. Nanomedicine 2020, 15, 1391–1409. [Google Scholar] [CrossRef] [PubMed]

	



Shi, X.; Ma, R.; Lu, Y.; Cheng, Y.; Fan, X.; Zou, J.; Zheng, H.; Li, F.; Piao, J.G. iRGD and TGN co-modified PAMAM for multi-targeted delivery of ATO to gliomas. Biochem. Biophys. Res. Commun. 2020, 527, 117–123. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.L.; Chen, D.; Shang, P.; Yin, D.C. A review of magnet systems for targeted drug delivery. J. Control Release 2019, 302, 90–104. [Google Scholar] [CrossRef]

	



Gandhi, H.; Sharma, A.K.; Mahant, S.; Kapoor, D.N. Recent advancements in brain tumor targeting using magnetic nanoparticles. Ther. Deliv. 2020, 11, 97–112. [Google Scholar] [CrossRef]

	



Lee, K.; David, A.E.; Zhang, J.; Shin, M.C.; Yang, V.C. Enhanced accumulation of theranostic nanoparticles in brain tumor by external magnetic field mediated in situ clustering of magnetic nanoparticles. J. Ind. Eng. Chem. 2017, 54, 389–397. [Google Scholar] [CrossRef]

	



Cui, Y.; Zhang, M.; Zeng, F.; Jin, H.; Xu, Q.; Huang, Y. Dual-Targeting Magnetic PLGA Nanoparticles for Codelivery of Paclitaxel and Curcumin for Brain Tumor Therapy. ACS Appl. Mater. Interfaces 2016, 8, 32159–32169. [Google Scholar] [CrossRef]

	



Lu, Y.J.; Lin, P.Y.; Huang, P.H.; Kuo, C.Y.; Shalumon, K.T.; Chen, M.Y.; Chen, J.P. Magnetic Graphene Oxide for Dual Targeted Delivery of Doxorubicin and Photothermal Therapy. Nanomaterials 2018, 8, 193. [Google Scholar] [CrossRef] [PubMed]








[image: Cells 11 03761 g001 550] 





Figure 1. Schematic of composition and structure of blood–brain barrier and blood–tumor barrier. 
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Figure 2. Schematic of various mechanisms across the BBB. (a) Adsorption-mediated endocytosis. (b) Water-soluble small molecules pass through the paracellular pathway. (c) Transporter-mediated endocytosis. (d) Receptor-mediated endocytosis. (e) Lipid-soluble small molecules pass through the transcellular pathway. (f) Cell-mediated endocytosis. (g) The tight junction of the BBB at the tumor is destroyed, which can increase the number of small molecules passing through the BBB. 
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Figure 3. Schematic of strategy of nano drug carrier entering the brain. (a) Cross the BBB by surface modification. (i) Schematic of a nanomedicine carrier modified with ligands targeting receptors. (ii) Schematic of a nanomedicine carrier modified with ligands targeting transporters. (iii) Schematic of a nanomedicine carrier modified with cationic. (b) Biomimetic nano delivery system that can cheat the BBB. (i) Schematic of cells that can pass directly through the BBB, shown here as a neutrophil. (ii) Schematic of drug carrier coated with cell membrane. (iii) Schematic of extracellular vesicle drug delivery system. (iv) Schematic of virus nano drug delivery system. (v) Schematic of protein-based drug delivery system (c) Bypass the BBB by an unconventional route of administration. (i) Schematic of local administration mode, which can be realized by injection or surgical implantation. (ii) Schematic of nose-to-brain administration mode. (d) Schematic of temporary destruction of the blood–brain barrier by ultrasound combined with microbubbles. 
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Figure 4. Schematic of strategies to enhance brain tumor targeting. (a) Schematic of magnetic targeting brain tumor strategy. (b) Schematic of active targeting strategy, shown here as double targeting strategy. 
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