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Abstract

:

Brain tumors, especially glioblastoma, remain the most aggressive form of all the cancers because of inefficient diagnosis and profiling. Nanostructures, such as metallic nanostructures, silica nano-vehicles, quantum dots, lipid nanoparticles (NPs) and polymeric NPs, with high specificity have made it possible to permeate the blood–brain barrier (BBB). NPs possess optical, magnetic and photodynamic properties that can be exploited by surface modification, bio composition, contrast agents’ encapsulation and coating by tumor-derived cells. Hence, nanotechnology has brought on a revolution in the field of diagnosis and imaging of brain tumors and cancers. Recently, nanomaterials with biomimetic functions have been introduced to efficiently cross the BBB to be engulfed by deep skin tumors and cancer malignancies for imaging. The review focuses on nanotechnology-based diagnostic and imaging approaches for exploration in brain tumors and cancers. Moreover, the review also summarizes a few strategies to image glioblastoma and cancers by multimodal functional nanocomposites for more precise and accurate clinical diagnosis. Their unique physicochemical attributes, including nanoscale sizes, larger surface area, explicit structural features and ability to encapsulate diverse molecules on their surface, render nanostructured materials as excellent nano-vehicles to cross the blood–brain barrier and convey drug molecules to their target region. This review sheds light on the current progress of various kinds of nanomaterials, such as liposomes, nano-micelles, dendrimers, carbon nanotubes, carbon dots and NPs (gold, silver and zinc oxide NPs), for efficient drug delivery in the treatment and diagnosis of brain cancer.






Keywords:


nanomaterials; nanoparticles; liposomes; blood–brain barrier












1. Introduction


The brain is the most vital and amazing three-pound organ protected within the skull and is responsible for regulating memory, sensitive motor functions and many other processes and is composed of the cerebrum, cerebellum and brain stem as well as four lobes (frontal, parietal, occipital and temporal). The cerebellum is the largest part of the brain, accompanying right and left hemispheres performing higher sensory and motor functions as well as controlling movements; it is accompanied with the cerebrum, functionalized for muscle, posture and movement coordination. However, the cerebellum and cerebrum are connected to the spinal cord via the brain stem, located under the cerebrum. It performs many automatic functions. Moreover, the significant four lobes of the brain are linked with proper propagation of behavioral functions [1]. However, any malfunction in the anatomical structure of the brain and abnormal growth of cells in an uncontrolled manner leads to disruption in the normal functional capabilities of the brain [2]. According to the statistics of the National Brain Tumor Society in 2016, approximately 78,000 people are diagnosed and 16,616 people die from malignant brain tumors in the USA every year [3]. Abnormal growth of mass cells can be static and metastatic, leading to the development of benign and malignant cancers [4]. Brain tumors are associated with increased intracranial pressure, headaches, vomiting, altered consciousness and seizures. Moreover, brain tumors can be further elaborated and classified according to their growth and location in the respective brain cells [5]. The most common site for brain tumor invasion is in brain glial cells [6]. Brain glial cells can be further classified into four grades (grade 1 to grade IV) by the WHO guidelines [7]. Grades I and II are termed as low-grade tumors and grades III and IV are classified as higher-grade tumors [8]. Metastatic brain tumor development is more common in adults than children [9]. Moreover, lung cancer in males and breast cancer in females propagates towards brain tumor metastasis [10]. Etiological causes of brain cancer are still unidentified. Metastatic brain cancer (tumor) treatment requires crucial medication parameters of non-chemotherapeutics, chemotherapeutics, radiation and surgical techniques [11]. Non-chemotherapeutic drugs are preferred to relieve tumor-associated headache and epileptic seizures [12,13]. However, chemotherapeutic drugs help in mitigating tumor mass and edema as well as killing cancer cells [14]. Similarly, radiation therapy can be used to circumvent mass of brain tumors via precise, focused beams that target the tumor while sparing the surrounding brain [15,16,17]. A combination of four drugs (lomustine, temozolomide, procarbazine and vincristine) has been used along with radiation therapy [18]. However, combination of all treatments regarding brain cancer is exceptionally challenging, as the blood–brain barrier (BBB) offers a great barrier towards successful drug delivery into the central nervous system. Furthermore, it is difficult to target for anti-cancer drugs because of its complex anatomical structure and physiology for protection of the central nervous system (CNS). The BBB is a prime factor responsible for maintaining the flow of essential electrolytes and cells between blood and the brain, for maintaining the homeostasis of the CNS and shielding neural cells and tissues from pathogenic toxins and is selective in the uptake of certain drugs via lacking fenestrations for transport of drugs of a large size [19,20]. Regrettably, all the therapeutics designed to target brain cancer are challenging and lack targeted delivery also because of their large size [21,22]. Moreover, the complicated structure of the BBB is attributed to the special brain mitochondrial cells, efflux transporters and tight junctions and results in lowering the bioavailability of chemotherapeutic drugs and narrowing the therapeutic window [23,24,25].



Prognosis of brain cancer can be identified via correct diagnosis and various diagnostic tests for brain cancer, including computed axial tomography (CAT scan/CT) with or without intravenous contrast [26]. However, intraoperative magnetic resonance imaging (MRI) may also be useful during surgery to guide tissue biopsies and tumor removal [27]. Magnetic resonance spectroscopy (MRS) is used to examine the tumor’s chemical profile, and positron emission tomography (PET scan) is helpful in detecting tumor recurrence [28,29]. Diagnosis of brain cancer is challenging due to the huge existence of gaps complementing over-testing, overdiagnosis, overtreatment, non-specificity and the heterogenous nature of brain cancer [30].



Nanomedicine has revolutionized the field of medical diagnostics and treatment [20,31,32] and significantly proved to improve the pharmacological and pharmacokinetic pattern of unstable anti-cancer drugs, helping them in crossing the BBB [33]. Moreover, from previous prestigious research, it is evident that nanoparticles (NPs) are the best strategy to overcome the BBB and efficiently treat brain cancer [34]. NPs have the capability to bypass the BBB as nanocarriers, without disrupting the functionalization of the BBB [35]. Furthermore, NPs help in slow and sustained drug release directly into brain via attaching correct ligands, thus mitigating peripheral toxicities [36]. However, interestingly, the mechanistic approach of NPs in the BBB is because they efficiently open the tight junctions owing to their feasible small size and enable the anti-cancer drug to penetrate the BBB [37]. Moreover, after crossing the BBB, NPs are endocytosed by endothelial cells and release the drug inside the cell [38]. Furthermore, there are very interesting approaches to highlight the performance of NPs via conjugating them with thiolated and preactivated polymers to efficiently inhibit the P-glycoprotein (P-gp) efflux to increase the residence time of the drug [39]. Therefore, in reference to brain cancer, various types of nanomedicines, including liposomes (conventional, long-circulating, active-targeting, stimuli-sensitive and cationic liposomes), pro-drugs, dendrimers, nano-micelles, polymersomes, gold NPs, nanogels, quantum dots and magnetic NPs, were successfully synthesized and characterized for treating brain cancers via conjugating with specified receptors to cross the BBB proficiently (Figure 1) [40,41]. Nanomedicine has also been enormously involved in the detection of brain cancer with higher sensitivity, cost-effectiveness and minimized overdiagnosis and underdiagnosis of cancer [42].



Therefore, the conventional diagnostic approach has been replenished with highly stable, non-toxic self-assembled gadolinium chelates NPs. Gadolinium ions in the chelates have the capability of maximum loading to enhance the imaging effect [43]. Furthermore, gadolinium can be utilized in another way for obtaining more promising results via conjugating them with interleukins, peptides, epidermal growth factor receptors and specified antibodies to enhance the targeting capability and imaging of tumors [44]. Most novel and efficient nano-diagnoses involves the use of gadolinium metallofullerene NPs [45]. Gadolinium metallofullerene NPs have an amino group (–NH3+)-charged cage surface exhibiting excellent 1 H MR relaxivity [46]. Therefore, in brief, it is concluded that designed NPs are more suitable for understanding the regulatory mechanisms of the BBB and show promising delivery as well as diagnosis to overcome the mortality of dreadful brain cancer.



Related to all the information above and continuing the efforts of our research group regarding the synthesis of nanomaterials and investigation about their potential bio applications [47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66,67,68,69,70,71,72,73,74], in the present paper, we reviewed the most recent published papers focused on various nanomaterials applicable in the diagnosis and treatment of brain cancer. Thus, our review-type research highlights the most relevant and newest information, bringing them to the attention of all those interested in the NPs–brain cancer relationship.




2. Nanomaterials for Treatment of Brain Cancer (Brain Tumor)


Rapid progress in nanotechnology for biological applications has a considerable impact on nanomedicine. Nanotechnology facilitates the synthesis and manipulation of materials at a nanoscale, thus assisting in developing emerging tools for the diagnosis, treatment, monitoring and control of biological systems. Nanomaterials are defined as a set of substances with any external dimension at the nanoscale or having an internal or surface structure at the nanoscale, approximately in the size range of 1–100 nm [75]. The application of nanostructured materials for drug delivery to the brain constitutes a prospective approach, as they can easily cross the BBB due to their nano-size and can transport drug molecules to their target region [76]. In relation to potential drug delivery to the brain, various nanomaterials, such as gold NPs, liposomes, dendrimers, carbon nanotubes and micelles, have been inspected. Drugs are efficiently delivered to the brain due to NPs’ ability to overcome/mask the BBB’s restrictive nature to drug molecules. It is of significance that therapeutic substances or drugs can be transported to the brain at substantially lower concentrations compared to the standard doses of free drugs, leading to safe drug administration to achieve therapeutic effectiveness [77]. NPs have more unique physicochemical properties than their corresponding bulk materials, such as a large surface area, high drug loading, feasibility of incorporating both hydrophilic and hydrophobic substances and high stability [78]. Besides composition, the properties of NPs depend on their shape and size. It is important to control their shape and size and minimize aggregation to obtain monodispersed NPs for internalization by cells [79,80]. Some applications of NPs are attributed to their higher surface–mass ratio than other particles, which enables them to bind, absorb or carry other molecules. Moreover, they can be functionalized or manufactured with two or more materials to enhance their physical properties [81].



2.1. Liposomes


Liposomes are spherical vesicles which consist of both biodegradable natural or synthetic phospholipid bilayers and aqueous compartments. These nanospheres are formed spontaneously because of the amphiphilic character of phospholipids [82]. They can be categorized into unilamellar vesicles (ULVs) or multilamellar vesicles (MLVs), based on the synthesis methods and post-formation processing. ULVs (one lipid bilayer, 50–250 nm) enclose a large aqueous core and are suitable to entrap hydrophilic drugs, whereas MLVs (two or more concentric lipid bilayers arranged like an onion skin, 1–5 μm) preferentially encapsulate lipid-soluble drugs. Generally, MLVs have a greater entrapped volume compared to ULVs, while unilamellar liposomes exhibit a much faster release rate than MLVs with two to three lamellar bilayers and a hydrodynamic diameter of 250 nm [83]. They can fuse with tumor cells and enter the extracellular matrix via endocytosis to release drugs [84]. Liposomes can use passive or active mechanisms for targeting the tumor. Though active tumor targeting is not inevitably more effective compared to passive targeting, it is beneficial to target micro metastases, vasculature and blood tumor [85]. Engineering and coating of liposomes with polyethylene glycol (PEG) can improve biocompatibility, water-solubility, targeted drug delivery, controlled release and half-life and reduces toxicity [86]. The surface of the liposome can also be functionalized by incorporating a large number of macromolecules, including antibodies, peptides, aptamers polymers or polysaccharides, to further improve the blood circulation duration and brain-oriented drug delivery (Figure 2). The size of liposomes has a considerable effect on their half-life in blood; smaller-size liposome nanostructures (up to 100 nm) easily penetrate tumors, whereas large-size liposomes display a shorter half-life due to their better recognition by the phagocytic system [84]. In recent years, liposomes have been widely applied as nanocarriers in the treatment of various cancers and neurological disorders.



Lakkadwala et al. [87] formulated and characterized a dual-functionalized liposome-based nanotherapeutic system by surface modification with transferrin (Tf) and peptide-penetratin (Pen) for receptor-mediated transcytosis and increased penetration to cell, respectively (Figure 3).



Two chemotherapeutics (i.e., erlotinib and doxorubicin (DOX)) were then loaded into developed liposomes for enhancing their translocation to invasive glioblastoma tumor via the BBB. Co-delivery of erlotinib and doxorubicin encapsulated Tf-Pen liposomes and displayed substantially improved translocation (~15%) across the BBB, leading to tumor reversion in an in vitro brain tumor prototype. In vitro, hemocompatibility and cytotoxicity assays corroborated outstanding biocompatibility, indicating its suitability for in vivo administration. In contrast to free drugs, the Tf-Pen liposomes loaded with erlotinib and doxorubicin showed 3.3- and ~12-fold increased accumulation in mouse brain, respectively. Furthermore, the nano-liposomal system also demonstrated improvised anti-cancer efficiency by reverting about 90% of tumor in mouse brain without any toxic effects, which showed its high impact on the therapy of individuals associated with glioblastoma.



Polyethylene glycolated (pegylated, PEGylated) vitamin E (D-α-tocopherol polyethylene glycol 1000 succinate or TPGS) has shown great potential to improve the therapeutic attributes of vitamin E and is, thus, extensively used in the drug and food industries. Muthu et al. [88] fabricated TPGS-wrapped liposomes and used them for the encapsulation of docetaxel to develop a drug delivery system for the treatment of a brain tumor. The efficacy of the synthesized nano-liposomal systems was compared with the bare and stealth liposomes (PEG-coated liposomes). A solvent injection technique was used to prepare coumarin-6- or docetaxel-loaded liposomes, then they were characterized, and their cellular uptake and cytotoxicity were assessed using C6 glioma cells. TPGS-coated liposomes exhibited a particle size in the range of 126–191 nm. After 24 h culture with C6 glioma cells, the nude, commercial Taxotere-, PEG- and TPGS-coated liposomes showed an IC50 value of 31.04, 37.04, 7.70 and 5.93 µg/mL, respectively. In comparison to PEG liposomes, the TPGS-capped nanoliposomes presented superior advantages in vitro.



Paclitaxel is a microtubule-directed antitumor drug which displays potent activities against different tumors, including lung, ovarian, brain tumor, etc. [89]. Nevertheless, the efficiency of commercially available paclitaxel preparation towards gliomas is not satisfactory due to the lack of penetration ability to the BBB [90]. Likewise, artemether also exhibits potent cytotoxicity against various kinds of cancer cells by the downregulation of expression of vascular endothelial growth factor (VEGF), hypoxia-inducible factor-1a, matrix metalloproteinase-9 and some associated proteins [91]. Previously, it has been considered a functional nanotherapeutic system to translocate drugs through the BBB, destroy vasculogenic mimicry brain channels and eradicate stem cells in the brain tissue. Using paclitaxel and artemether as the antitumor drug and apoptosis regulating agent, a new type of paclitaxel- and artemether-loaded liposomal system was prepared. The enhanced efficacy of the liposomes was associated with vasculogenic mimicry (VM) channel destruction and apoptosis induction in brain cancer cells by triggering pro-apoptotic proteins and apoptotic enzymes and impeding antiapoptotic protein factors [92].




2.2. Nano-Micelles


Micelles are an exciting class of amphiphilic spherical nanostructures which are produced by the self-aggregation of amphiphilic molecules in water above a particular critical concentration (the so-called critical micelle concentration). Micelles have both hydrophilic and hydrophobic regions. The shell of micelles is surrounded by the hydrophilic region of the molecules, while the hydrophobic region constitutes the cores, where lipophilic bioactives are entrapped [93]. These are promising nanocarriers with considerably high capacities for loading chemotherapeutics which are formulated for targeting site-specific ovarian cancer [94,95]. Micelles (with a size range of 10–100 nm) facilitate significant penetrability and endocytosis by ovarian cancer cells and reduce non-specific targeting of normal cells [96]. In contrast to other drug carriers, nano-micelles are endowed with a set of unique features, such as kinetic and thermodynamic stability, improved biocompatibility, durable plasma circulation, perforation to inflamed tissues and tumors and the capability of incorporating a large number of hydrophobic chemotherapeutics owing to their dynamic structure [93]. Amongst nanocarriers, micelles have attracted significant attention in recent years as a carrier for targeted drug delivery to treat brain cancer. Due to their nano-dimensions, they are not readily recognized and removed by the phagocytic system, and their hydrophilic shells display enhanced permeability and retention effect [97]. Agrawal et al. (2017) [98] speculated the mechanism of docetaxel-loaded bio-adhesive micelles for brain tumor therapy. Given the exceptional bio-adhesive properties, chitosan was merged with transferrin during micelle fabrication to realize the synergistic effects of adsorptive- and receptor-assisted transcytosis via chitosan and transferrin receptor, respectively. This nano-theragnostic approach improved the transport of docetaxel-encapsulated micelles system into C6 glioma cells that substantiated the effectiveness of newly proposed bio-adhesive micelles for brain cancer therapy. The bioavailability of targeted and non-targeted nano-micelles was 4.08- and 2.89-times higher compared to pristine Docel™, respectively, after a treatment of 48 h [98].



Sonali et al. (2016) [99] formulated transferrin-encapsulated docetaxel (DTX)-loaded vitamin E TPGS micelles for the therapy of brain tumor. A solvent casting method was applied to prepare micelles without and with transferrin conjugation. Transferrin was conjugated with the TPGS-COOH carboxyl group by carbodiimide chemistry using N-hydroxy succinimide (NHS) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) in phosphate buffer. The as-synthesized transferrin-conjugated micelles of 520 nm achieved over 80% drug encapsulation efficacy, and drug release was continued for more than 24 h with about 50% drug release. In vivo experimental results corroborated TPGS micelles as a prospective nanocarrier for brain therapy because of their enhanced solubility, permeability and targeted drug delivery, leading to prolonged and improved brain targeting of DTX than that to non-targeted micelle formulations.



In recent years, dual drug-based targeting therapeutic nanomedicines have also been developed for brain treatment. Dual-targeting theragnostic liposomes can efficiently target brain tumor and the blood–brain barrier and augment therapeutic efficiency by a synergistic effect without damaging normal cells. A dual-targeted paclitaxel plus artemether micelle system was constructed to enhance the transportation ratio via the BBB, achieving glioma cell-directed delivery and inhibition of VM formation and impeding the invasiveness of glioma cells. For this purpose, artemisia and paclitaxel were simultaneously incorporated in micelle vesicles as modulating and anti-cancer agents, respectively. The developed dual-targeted paclitaxel/artemether-based micelles exhibited excellent release profiles in the simulated body fluids and remained stable during the entire process of targeted drug delivery to glioma cells. These findings reveal the potential capability of crossing the BBB and enriching drugs inside the glioma microenvironment. The mechanistic analysis demonstrated that this dual system extensively improved the expression of caspase-3 and enhanced apoptosis of U87 cell lines to a certain level [100]. In another study, Niu et al. (2020) [101] developed a dual-targeting DOX-integrated micelle (GF-DOX) for delivering drugs through the BBB to target tumor regions in mice. The results revealed a significantly higher cellular uptake of GF-DOX to mouse brain microvascular endothelial cells (BMVECs) via clathrin- and caveolae-mediated endocytosis. Compared to the control sample, the bioavailability of DOX was profoundly increased (p < 0.05) in the brain using GF-DOX. Due to dual-targeting GF-DOX effects, the survival time of tumor-carrying mice was dramatically more extended than the free control group. It can be inferred that the dual targeting nanotherapeutics could enhance the efficiency of anti-cancer medications, both in vivo and in vitro, in suppressing brain tumor.




2.3. Dendrimers


Dendrimers are a class of well-ordered nanosized hyper-branched polymers. Researchers have developed a wide variety of dendrimers in the last few decades, and the design and preparation of new kinds of dendrimers is continuing [102,103]. Owing to their well-organized three-dimensional architecture and enormous surface functionalities, these hyperbranched polymers are considered as promising drug carriers. Drug molecules can be attached to the surface groups or encapsulated within the interior void of the dendrimers. Due to the presence of a vast number of functional groups on the dendrimer surface, various therapeutic molecules and drugs can be efficiently accommodated by conjugation. They present more excellent properties than other drug delivery systems, such as nanoscopic size, size consistency, large functional groups, fast cell entry, adjustable size, reduced uptake by macrophages, targeted delivery and widespread transport through biological membranes by transcytosis [104]. The biocompatibility characteristic of dendrimer polymers can be improved by surface modification, such as glycosylation, PEGylation, acetylation, and amino acid functionalization, which provides safe therapy to normal cells. To achieve targeted delivery and selectivity of brain tumor cells, the surface of dendrimers can be decorated with targeting ligands that facilitate cancer cell reorganization without affecting the viability of normal cells [105].



Dendritic polymers, i.e., poly (amidoamine) (PAMAM) dendrimer, have gained prodigious importance as robust polymeric nanostructures for the targeted delivery gene and drugs in cancer treatment. Therefore, multiple PAMAM dendrimer-driven nano-theragnostic drug delivery systems have been constructed in recent years to exploit their applicability for brain targeting [106,107]. Liu et al. (2019) [108] fabricated a BBB-penetrating nanocarrier system using the fourth-generation PAMAM dendrimer by integrating angiopep-2 peptide followed by conjugation of another peptide directing epidermal growth factor receptor (EGFR) to augment the glioma-targeting effect after BBB penetration.



Subsequently, doxorubicin (DOX), an antitumor drug, was loaded into the internal voids by non-covalent linkages. The controllable release of incorporated drugs from the dendrimer network in response to the acidic environment of the tumor diminished the toxic effect for normal tissues and cells in vivo and in vitro. Moreover, the conjugation of peptides onto the dendrimer carriers resulted in significant improvement in BBB penetration and improved their antitumor activities after crossing the BBB. In vivo, experimental analysis revealed that the dual functionalization of dendrimer nanocarriers exceptionally enhanced their BBB permeability and the anti-glioma effects of DOX and extended the endurance of the glioma-carrying mice. In another report, the carboxyl activation technique was used to fabricate dendrimer-cationized albumin (dCatAlb). The synthesized dCatAlb polymeric complex was coated on DOX-encapsulated poly lactic-co-glycolic acid (PLGA) NP cores to constitute a new kind of DOX-based hybrid nanotherapeutic formulation (dCatAlb-pDNP). The newly developed dCatAlb-pDNP formulation presented high drug loading capacity, inimitable pH-responsive release profile, reduced hemolysis and increased toxicity in U87MG (human brain glioblastoma cell lines). Elevated caspase-3 gene levels (5.35-fold increase) in U87MG cells revealed that caspase-mediated apoptosis is the primary mechanism associated with potent antitumor activity.



The DOX nano-formulation also exhibited long-term stability, biocompatibility and pronounced trans-epithelial infiltration passage across bEnd.3 cells. Overall, the results manifest significantly improved BBB penetration and superior anti-cancer effects of dCatAlb-pDNP in glioblastoma cells in a safer, biocompatible and sustained manner [109]. These studies corroborate that modified dendrimers are prospective drug delivery nanocarriers that can penetrate the BBB following receptor-assisted transcytosis and reach the glioma region for targeted treatment of brain cancer. Figure 4 shows the simplest method of constructing a ligand-decorated nanoparticle for active, targeted drug delivery in glioma, cross-linked with PEG for improved bioavailability.




2.4. Carbon Nanotubes and Carbon Dots


Carbon nanotubes (CNTs) are cylindrical-shaped nanostructures that have garnered increasing attention from pharmaceutical researchers to deliver therapeutic molecules and drugs because of their special mechanical, electronic and surface properties. The reactivity of the CNT surface facilitates the attachment of guest molecules, which increase the biocompatibility of CNTs. According to the requirements, these novel nanocarriers can be functionalized with polymers, carbohydrates, peptides and organic molecules and mainly applied to cancer therapy and targeting of tumor cells [110]. Harsha et al. (2018) [111] designed and fabricated PEG-linked CNTs conjugated with mangiferin, and the resultant phytochemical-nanotube bioconjugates were examined for protein loading capacity, cytocompatibility and drug release in vitro using U-87 cell lines. At the tumor cell pH, the drug release analysis suggested a spatiotemporal pattern. A significant reduction (1.28-fold) in the IC50 values indicates potent antitumor activity, and the safety of the drug was confirmed by hemolytic assay. Significant apoptotic induction with negligible necrosis by exposure to nano-conjugates was established by flow cytometry analysis. In contrast to pristine mangiferin, the drug-loaded nanoconjugate revealed a four-fold increase in the drug’s bioavailability, representing the capability of functionalized nanocarriers for safer and effective transportation of phyto-therapeutics to brain tumorous cells. A cancer-specified biotin-coated multiwalled carbon nanotube (MWCNT) and a cell-penetrable peptide (namely trans-activator of transcription-polyethylenimine-biotin (known as TAT-PEI-Biotin) encapsulating oxaliplatin (OXA)) which form together TBCNT@OXA was developed for the precise therapy of orthotopic glioma by effective penetration of the BBB. The as-modified dual targeting nano-theragnostic system promoted drug transport via the BBB and substantially enhanced targeted selectivity. In comparison to Biotin CNT (BCNT)@OXA (22.6%) and CNT@OXA (9.4%), the penetrability of TBCNT@OXA (40.4%) was considerably greater, suggesting the pivotal roles of biotin moiety and trans-activating transcriptional activator in the transport of TBCNT@OXA across the BBB [112].



Carbon dots are a new member of carbon nanostructures. These zero-dimensional nanocarriers are biocompatible, non-toxic, spherical and ultra-small particles with a size of less than 10 nm. Tremendous research focus has been directed towards these theragnostic nanoarchitectures owing to their nano size, excellent photoluminescence, good biocompatibility, multipurpose surface properties and high electron-transferring capability. These nanomaterials have emerged as a promising tool for exploitation in targeted drug delivery, biosensing, cellular imaging and many other pharmaceutical and biomedical purposes [113]. C-dots overcome the minimum observability and traceability problem of conventional drug carriers. Particularly, fluorescent carbon dots (CDs) have acquired special consideration as drug nanocarriers due to their low cytotoxicity, modified functionalities, and utmost cargo-carrying capability [114]. Zheng et al. (2014) [115] developed a novel theragnostic nanoplatform by carrying out the condensation reaction between the -COOH group of oxaliplatin and amino groups of fluorescent carbon dots. The as-fabricated system, which couples the attributes of CDs and the antitumor performance of oxaliplatin derivative, was employed for targeted drug delivery. In vitro experimental outcomes revealed that Oxa-C-dots had good biocompatibility along with potent antitumor therapeutic performance. The modified Oxa-C-dots altered the interior microenvironment of malignant cells and were internalized by the endocytosis process. Interestingly, the Oxa distribution could be traced in cancer cells due to the fluorescent properties of C-dots. Based on carbon dots, a triple-conjugated nano-drug delivery system (1.5–1.7 nm) was fabricated for glioblastoma brain cancers by conjugating carbon dots with the targeted ligand, transferrin and two antitumor drugs, temozolomide and epirubicin [116]. The –COOH-functionalized C-dots were covalently coordinated with transferrin and drugs via an amide linkage. The therapeutic performance of this triple-conjugated nano-formulation (C-dots-trans-temo-epi) was compared with free drug preparation, C-dots-drug conjugate with no transferrin and a dual conjugated system containing encapsulation of a single drug along with transferrin glioblastoma brain cancer cell lines. Amongst the transferrin-coated formulations, C-dots-trans-temo-epi showed the highest cytotoxicity to brain tumor cells compared to single and dual conjugated nano-systems. C-DT amplified the cytotoxicity to over 85% in tumor cells, whereas the C-TT and C-ET only reduced it to 8% and 33%, respectively. Figure 5 gives an understanding of the concept of endocytosis for the aim of delivering drugs inside glioma cells by active targeting. Few such examples based on the receptor and surface chemistry modifications are mentioned in the text.




2.5. Gold and Silver NPs


Gold NPs (AuNPs) constitute a fascinating system with novel attributes for diverse theragnostic applications. Desirable features, such as biocompatibility, easy modification into various shapes, sizes and integration with different functional moieties, encourage researchers to focus on their applications for cancer treatment and diagnosis [117]. Like other inorganic nanostructures, AuNPs also exhibit cytotoxicity effects, which are tempted by oxidative stress. AuNPs also possess a set of advanced features, including mono dispersity, adjustable core size, easy fabrication, low toxicity, surface plasmon absorption, large surface area, binding capacity to various biomolecules and light-scattering and diagnostic properties [118]. Therapeutic molecules are loaded onto AuNPs by covalent linkages or electrostatic interactions [119]. Their size versatility is one of the most important characteristics of AuNPs, which facilitates their passage through the body circulation system. Free circulation can be used to direct AuNPs to tumor cells/surfaces [120]. Alle et al. (2020) [121] developed eco-friendly carboxymethyl xanthan gum (CMXG)-coated AuNPs (CMXG@AuNPs) using the microwave irradiation technique. Compared with traditional methods, the use of xanthan gum as a green matrix for AuNP biosynthesis offers many advantages, such as non-toxicity, cost-effectiveness, eco-friendliness and the capability to serve as an effective capping and reducing agent. The exclusive characteristics of xanthan gum led to the quick fabrication of nanosized AuNPs, which can be applied as nanocarriers in drug distribution. Doxorubicin (DOX) was loaded onto these highly crystalline and spherical NPs by electrostatic interactions. Extensive release of the loaded drug was observed in an acidic environment but was found to be insignificant at physiological pH. In contrast to free DOX, the antitumor efficacy of DOX-encapsulated CMXG@AuNPs was 4.6-fold higher. Under acidic conditions, the DOX@CMXG@AuNPs displayed profound cellular uptake compared to the free form of DOX and exhibited excellent pH-dependent drug-releasing and anti-cancer properties. A PEGylated biogenic AuNP-based multifunctional dual nanocarrier system with the capability to deliver folate and transferrin antibody towards glioma cells was designed and fabricated. Curcin, a potent ribosomal inactivating protein was coupled with AuNPs for pH-controlled release of drugs in the acidic milieu of a tumor, thus making it friendly to healthy cells. Curcin showed pronounced therapeutic potency by restricting the proliferative and migratory properties of glioma cells. Potential toxic aspects of curcin were elucidated by mitochondrial destabilization, reactive oxygen species (ROS) production and cytoskeletal disruption. Outstanding photothermal ablation attributes of AuNPs results in the disruption of cancer colonies with high precision [122].



Silver NPs (AgNPs) display broad-spectrum biological properties based on their shape, concentration, size, route of acquaintance and biological target. Interest in the use of AgNPs has recently intensified thanks to their unique physical, chemical and biological attributes as well as their robust anti-cancer and antimicrobial activities [123]. The anti-cancer and antibacterial effects are mainly ascribed to the release of silver particles/ions in cells due to AgNP destabilization, leading to the production of ROS in massive amounts. ROS generation can exert oxidative damage to biological molecules, such as DNA, proteins and lipids, eventually resulting in cell death [124,125]. Salazar-García et al. (2020) [126] elucidated the toxic effects of AgNPs against C6 rat glioma cell lines, which were treated to varying amounts of AgNPs for a period of 24 h. Compared to the control, AgNP exposure reduced the viability of C6 rat glioma cell by 21%. A 24-h treatment with AgNPs elevated the cell populations (40%) in G0/G1 phases, but the total number of cells (60%) was decreased in G2/M stages. Multifunctional nanoplatforms composed of AgNPs and alisertib drug were formulated and connected with a 36-amino-acid-long active targeting peptide, chlorotoxin, that explicitly binds to MMP-2 receptor expressed in brain tumor cells. The therapeutic efficacy of this NP-based system was assessed against glioblastoma multiforme in vivo and in vitro. The biodistribution of NPs in healthy animal models and their influence on tumor mitigation were examined by radiolabeling with 99mTc. Results revealed a significant in vivo tumor reduction by the use of the newly developed silver/alisertib@PNPs–chlorotoxin conjugate [127].




2.6. Zinc Oxide NPs


Besides gold and silver NPs, zinc oxide NPs (ZnO-NPs) are considered inexpensive, highly interesting and attractive inorganic nanomaterials for various applications, such as in solar cells, light emission, piezoelectricity, optics, gas sensing, agriculture, cosmetics, the food industry and as anti-cancer agents [128,129]. These NPs display pronounced catalytic efficacy, biocompatibility, potent adsorption capability and fast electron-transfer kinetics [130,131]. The fabrication of different types of zinc oxide nanostructures, including nanowires, nanotubes, nanorods, nanobridges, nanobelts, nanoribbons and nano-nails, has been developed via hydrothermal synthesis, ultrasonication and thermal evaporation methods [132,133,134]. It has been reported that ZnO nanostructures reach the brain following oral ingestion either by neural transportation or by breaking the BBB. Shim and co-workers (2014) reported that the interaction of ZnO-NPs with brain and plasma led to induction of toxicity effects in the brain and blood. Among a range of various proteins identified on the surface of ZnO-NPs, the presence of apolipoprotein E was found to be main protein associated with the passing of NPs across the BBB to target brain disorders [135].



Reports have demonstrated that ZnO-NPs result in energy depletion and oxidative stress in microglia cells, leading to cell death [136,137]. They have shown toxic effects in the brain cancer cells of mice in contrast with the same-diameter Al2O3, TiO2, CrO3 and Fe3O4 counterparts [138]. Wahab et al. (2011) [139] fabricated a range of highly crystalline zinc oxide nanostructures (ZnO–MFs, ZnO–NPs, ZnO–MSs and ZnO–NSs) under various experimental conditions and assessed their antitumor efficiencies against human brain cancer (U87), normal Human Embryonic Kidney (HEK), and cervical cancer (HeLa) cell lines. Treatment of HeLa and U87 cell lines with ZnO nanostructures caused a substantial inhibition of cell growth and apoptotic death in a dose-dependent manner. The cytotoxicity effects of ZnO-NPs were more pronounced and synergistic at elevated concentrations. Increased NP-induced cell death was also associated with a drastic increase in micronuclei formation in U87 cells that might attributed to interference with the rejoining of DNA strands by these structures. Amongst the fabricated nanostructures, nanosheets and NPs presented the most effective antitumor activities against U87 cells and HeLa cells. In a recent study, the neurotoxicity of ZnO-NPs was observed in brain tissues of mature rats by oral ingestion of 40 and 100 mg/kg for different time periods. As compared to the control, the ingestion of 40 and 100 mg/kg of ZnO-NPs for 24 h did not provoke neurotoxicity. Nevertheless, the longer exposure over seven days induced oxidative stress in brain tissues, which was evidenced by elevated malondialdehyde accompanied by a reduction in antioxidant levels. Moreover, both doses for 7 days led to DNA fragmentation and elevated levels of cytokines, caspase-3, Fas and heat shock protein-70 [140].





3. Nanomaterials for the Diagnosis and Biosensing of Brain Cancer


Nanotechnology not only improves drug delivery to diseases but also holds potential in the accurate imaging of the malignant tissues in the brain. NPs comprising biocompatible materials possess ideal physical properties, such as surface chemistry, topology, morphology, solubility, stability, etc., making them a suitable candidate to be used as image contrast structures [141]. Numerous NPs have been evaluated in the past to improve bio-distribution, accumulation in the target tissues and elimination from body. Their nano-dimension not only prolongs the circulation time but also improves the safety profile, if biocompatible nanomaterials are utilized [142]. Nanodiagnostics attenuate the signaling frequency in brain cancers and tumors as a result of phagocytosis by cells in the brain tumor due to leaky vasculature. NPs have enhanced permeation and retention in tumor-associated cells and macrophages, allowing the sharp imaging of malignant tissues, separating them from normal cells [143]. Interesting approaches are being explored to revolutionize the medical diagnosis of malignant tissues. One such technique is modulating the nanostructure’s tropism by using specific coatings of peptides, bio-conjugates and nucleotides for high-precision sensing of the malignancies [144].



Some of the previously available techniques for visualization and diagnosis of the brain tumors and cancer are optical imaging, photoacoustic (PA) imaging, computed tomography (CT), positron emission tomography (PET) and fluorescence (FL) imaging techniques. Magnetic resonance (MR) imaging can be preoperative to determine the borders of the cancerous tissues and/or intraoperative to define the tumor outline during surgery by simultaneous administration of gadolinium (Gd) chelates. However, Gd has a short half-life and requires frequent administration to maintain the blood levels for effective scanning, which may not be rational. Another non-optical method is the use of intraoperative ultrasound to obtain integrated brain tissue images. However, the technique does not provide adequate information about the detection of small or superficial brain tumors. Neurophotonic technologies, such as Raman spectroscopy, optical coherence tomography, fluorescence spectroscopy and thermal imaging, are the other invasive techniques to acquire data about brain cancers and tumor tissues [145]. Altogether, cancer or tumor delineation is a complicated procedure that needs accurate preoperative imaging and sensitive, pain-free post-imaging for real-time information. Unfortunately, current imaging techniques lack accuracy, sensitivity and specificity. Over the past few years, nanotechnology has gained interest for bioimaging and biosensing (Figure 6). Nanodiagnostics uses nanotechnology in coordination with conventional diagnostic and imaging techniques [31]. The advancement in nanotechnology has made it easier to obtain data with high precision and accuracy without being invasive. One such breakthrough in this field is nanoarrays/nanochips that combine optical, magnetic and electronic properties to create small tools for diagnosis and imaging of brain cancer and tumors [146]. Moreover, multimodal/multifunctional NPs are proving potentially useful in the imaging and sensing of brain cancer and tumor. Numerous strategies have been employed to tailor NPs to work as unique imaging-guided therapeutics. Nanomaterials have been highlighted because of their biocompatibility and biodegradation characteristics. Table 1 highlights the various imaging and diagnosis technologies that are currently being explored with nanotechnology.



3.1. Magnetic NPs


The exclusive properties of magnetic NPs (MNPs) make them promising imaging probes for the diagnosis of cancer. Superparamagnetic iron oxide NPs (SPIONs) and ultra-superparamagnetic iron oxide NPs (USPIONs) are a few examples of MNPs which provide unique properties, such as stability, magnetic susceptibility and physical characteristics for diagnosis and intracellular visualization of brain cancer and tumor [117]. A study reported folic acid (FA)-conjugated bovine serum albumin (BSA)-coated SPIONs for MR imaging of glioma. The biocompatibility profile and cellular uptake of FA-BSA-SPIONs demonstrated excellent results in the glioma U251 cells. Hence, nanomaterials provides a promising platform for target-specific imaging of brain cancer or tumor [164]. A similar study utilized polymeric hybrid MNPs labeled with fluorescent dye to investigate and locate human brain glioblastoma (GBM). Poly lactic-co-glycolic acid (PLGA)-modified SPIONs were labeled with polyethyleneimine (PEI)-conjugated fluorescein isothiocyanate (FITC). The labeled MNPs were endocytosed by human GBM U25 cells at a higher proportion as compared to unlabeled MNPs. The MNPs were an effective vehicle for cellular imaging and simultaneous drug delivery. Moreover, MNPs were found to be biocompatible with normal cells and posed no cytotoxicity [165].



Another interesting finding was a multifunctional nanoprobe, composed of PEGylated USPIONs conjugated with angiopep-2 to target glioblastoma tissues. Angiopep-2 has an affinity for the low-density lipoprotein receptor-related protein, which is overexpressed in glioblastoma. The biocompatibility of the nanoprobes was demonstrated to be high and the nanostructures efficiently imaged intracranial glioblastoma by crossing the BBB, which holds a promising future as a non-invasive diagnostic tool [166].




3.2. Metallic NPs


Diagnostic and therapeutic applications of gold NPs (AuNPs) were used in the past for rheumatological disorders and infections. Numerous ligands and enzymes were decorated on the surface of AuNPs for immuno-analysis and diagnosis of cancer cells. AuNPs have optical properties, such as plasmon resonance, to image the biological disorders. CT, FUS and MR imaging can easily detect AuNPs [167]. MR imaging can detect and monitor cancerous and tumorous tissues by utilizing AuNPs, as they are biocompatible and easily tunable [168].



AuNPs enhance the fluorescence in FL imaging when administered intravenously rather than with direct administration in the tumor tissues. FL imaging gives better visualization by intravenous infusion in glioma [169]. At present, biocompatible templates are being explored together with AuNPs for glioma imaging. New trends have revolutionized CT imaging with simultaneous radionuclide therapy. In one such study, chlorotoxin peptide functionalized AuNPs were synthesized and labeled with radionuclide 131I. The AuNPs demonstrated an X-ray attenuation property and cytocompatibility. The developed nanoprobe was able to cross the BBB in the rat glioma model [170]. Recent studies have demonstrated the use of AuNPs because of good biocompatibility profiles in the in vivo imaging of brain tumors. Different BBB-crossing enhancers can also be attached to the surface of AuNPs. Few such ligands are transferrin, fibroblast growth factors, antibodies and low-density lipoproteins. Attachment of surface ligands improves the imaging of brain cancer or tumors at the subcellular level by multiphoton microscopy and scanning electron microscopy [171]. One study demonstrated surface decorated AuNPs for visualizing GBM at the subcellular level. A small peptide, CBP4, was attached to AuNPs to target CD133 on the tumor cells. Peptide-coated AuNPs exhibited biocompatibility when localized in cytosol, assessed with stimulus-responsive fluorescence [172].



Another sensitive imaging tool for accurate delineation of GBM is the silica-based iron oxide nanocomposite. Near-infrared fluorescent silica-coated NPs with iron oxide cores have high fluorescence in the intraoperative imaging of GBM. Such silica NPs can visualize tumor-associated macrophages in both in vitro and in vivo FL imaging. These NPs have the advantage of being water-dispersible and functioning as multimodal contrast agents [173]. Fluorescent silica NPs coated with glucose and glucose-poly (ethylene glycol) methyl ether amine (Glu-PEG) were designed and tested for their ability to penetrate the BBB. Confocal laser scanning microscopy imaging revealed that the NPs reached the brain tissue, making them as new potentials for BBB penetration for diagnosis [174]. The other efficient cancer theragnostic for glioma was synthesized as a near-infrared nanoprobe. The nanoprobes incorporated organoplatinum (II) metallocycles and the Food and Drug Administration (FDA) approved polymer, Pluronic F127. The novel nanoprobe was photostable and demonstrated real-time monitoring in cancer therapeutics. The nano-system was efficiently internalized in U87MG cells as compared to no internalization in non-cancerous cells [175].




3.3. Quantum Dots


Quantum dots (QDs) are an alluring platform for the imaging of cancers/tumors because of their tunable properties and flexibility to be used with fluorescent characteristics, with large Stokes shifts and narrow emission bands for high-resolution images. Besides, they can be used as dual-modality images for mapping abnormalities in the brain during surgery [176]. Figure 7 demonstrates the salient properties of QDs for better imaging and the mechanism of interaction with the surface receptors of the cell membrane.



PEG-coated QDs based on CdSe/ZnS were explored as novel nanoprobes for glioma imaging. Asparagines-glycine-arginine peptides (NGR) targeting CD13 glycoprotein on tumor cells were integrated into these QDs. These NGR-PEG-QDs were able to target CD13 on glioma tissues and contributed to fluorescence in an in vivo evaluation, which might help in the surgical resection of glioma [177]. Another interesting study explained the use of a hybrid nanomaterial-based imaging probe for glioma. A lipid phase nanobubble was designed and comprised of non-toxic indium phosphide QDs. The nanoprobe highlighted better in vivo and in-situ diagnostic potential devoid of cytotoxicity. Nanobubbles were activated by ultrasound and accumulated in the brain tumor tissues and demonstrated dual characteristics of being imaged by optical and ultrasound imaging techniques [178]. Lately, fluorescence-guided surgery is an emerging field for tumor resection. Based on this concept, a QD-labeled aptamer (QD-Apt) was designed to bind specifically to the surface of the tumor. The A32 aptamer was chosen because of its ability to bind the epidermal growth factor receptor variant III (EGFRvIII), located on the surface of glioma cells. The QD-Apt nanoprobes were non-toxic and imaged tumor tissues in mice bearing EGFRvIII by crossing the BBB [179]. Cadmium-based QDs modified with PEG were investigated for glioma imaging. The QDs were linked with interleukin-13 (IL-13) to enhance their uptake by the glioma stem cells by targeting the 1L13Rα2 surface receptor. Transmission electron microscopy confirmed the uptake of QDs. Moreover, the IL-linked QDs were more distinct than the non-targeted glioma tumors as indicated by flow cytometry. Such QDs may serve as a diagnostic platform for the prognosis of glioma [180]. In another interesting study, novel green fluorescent polysaccharide QDs nano-bioconjugates were developed. The nanostructures of carboxymethylcellulose were functionalized with L-cysteine and poly-L-arginine. Confocal microscopy was performed to investigate the cellular uptake of the nanohybrids. These non-toxic nanoconjugates were very promising for bioimaging in brain cancer [181].



Recently, graphene QDs have gained popularity in the imaging of glioblastoma because of their low cytotoxicity as compared to other QDs. The tunable conductivity of graphene QDs makes them ideal for biosensing. Moreover, the chirality and shape of graphene impart characteristics to the graphene QDs that determine their absorption and photoluminescence. Besides, the sp2 hybridized fraction in the graphene QDs plays an important role in their photoluminescence, which can be controlled by the appropriate mixing of sp2 hybridized fractions of elements along with other components [182]. Enhanced photoluminescence is possible due to gamma irradiation of graphene. Irradiated graphene QDs yield more florescence than non-irradiated graphene structures. Gamma irradiation of graphene QDs is being explored for the photodynamic therapy of the GBM. The methodology works by the localization of oxygen molecules in the cell and photosensitizers, which later convert oxygen to reactive singlet oxygen to cause photo cytotoxicity. A study demonstrated the high photoluminescence and quantum yield of graphene-based QDs to allow imaging of cancer [183]. Another study reported that gamma irradiation of 50 kGy significantly improves bioimaging with sharp imaging capacity in cancer tissues. The UV illumination of the graphene QDs not only generates singlet oxygen but also yields high florescence for the simultaneous therapy and imaging of cancerous tissues [184]. Presently, novel two-dimensional inorganic compounds, MXenes, are being studied in conjugation with QDs. The potential of MXene-based QDs for the photothermal therapy and imaging in the glioma cells is being exploited. The advancement in the QDs theragnostic have made the image guided therapy possible in both the NIR-I and NIR-II bio windows. Altogether, QDs are biodegradable, tunable and biocompatible for in vivo imaging of glioma [185].




3.4. Polymeric Nano Vehicles


Commercially available contrast-enhanced MR imaging in tumor resection is disappointing in different aspects, such as short circulation time, poor BBB penetration and toxicity. Polymers have always been in demand for their biodegradation and biocompatibility profiles. Polymers are being utilized to improve MR imaging in gliomas, designed on the concept of nanotechnology. One recent study explored the potential of red fluorescent carbonized polymer dots with high internalization in glioma cells along with low toxicity, high photostability and long emission/excitation wavelengths. Such nanoprobes help in real-time image-guided surgery efficiently [186]. Similarly, biocompatible and photostable polymeric NPs decorated with cyclo (Arg-Gly-Asp-D-Phe-Lys (mpa)), to actively target integrin on the tumor cells, were designed, with an ability to absorb near-infrared beams for precise PA imaging and spatiotemporal photothermal therapy. The polymeric NPs pictured glioma at 3-mm depth with a high signal to noise ratio. Hence, polymeric NPs were found to be promising in glioma cell imaging by the PA technique [187]. Semiconducting polymers were developed by the fluorination strategy to yield fluorescence in the precise diagnosis of brain tumor. The bright near-infrared-designed polymer dots yielded three-fold enhanced images compared to non-fluorinated counterparts [188]. False-positive and ambiguous images remain the problem with existing imaging techniques. Hence, a robust strategy was exploited to design a polymeric nanostructure attached to an image contrast agent with an intrinsic T1/T2 dual-mode characteristic. Nanostructure coordination polymers demonstrated low toxicity, high stability and dual T1/T2 contrast ability in the murine glioblastoma model when linked to paramagnetic iron moiety. Furthermore, the bio distribution of the polymeric contrast nanostructure was persistent and gave sharp images with dial mode [189].




3.5. Multimodal Imaging with Nanomaterials


At present, multimodal imaging is being explored for a more accurate and promising diagnostic application for imaging brain gliomas. As it is easy to link the diagnostic and therapeutic characteristics together at one platform, nanomaterials offer this property in a very precise way [190]. Dual or multimodal imaging has recently emerged as an effective technique that builds on the concept of active targeting by the use of ligands/markers/aptamers to make imaging sensitive to targeted tissues. Furthermore, external physical targeting modalities, such as PA and MR imaging, may also be incorporated in these diverse multimodal techniques [191].



A theragnostic liposome vehicle was designed that integrated QDs and SPIONs along with cilengitide, a peptide that inhibits angiogenesis in tumor cells, for targeting brain glioma tissue using magnetic guidance. X-ray photon spectroscopy revealed the encapsulation of SPIONs and QDs in liposomes successfully. Cellular uptake of the multimodal nano-vehicles was enhanced under magnetic targeting, which aided in accurate resection of glioma by surgery [192]. In another study, the influence of nanomaterials on the imaging of brain tumors was studied. Near-infrared molecules were encapsulated in the nanostructures together with USPIONs for simultaneous multimodal imaging and photothermal therapy. Nanostructures enhanced fluorescence imaging by PA imaging and magnetic resonance imaging signal by MR imaging. The novel photothermal therapy hybrid contrast nanostructure optimized multimodal imaging in mouse models [193]. Similarly, a dynamic study highlighted the advantage of fluoro-magnetic systems as an emerging diagnostic vehicle for brain cancer. Nanotubes having fluoro-magnetic properties were synthesized as multimodal probes. Self-assembled pH-sensitive nanotubes permitted enhanced magnetic resonance. pH-sensitive chromophore made it easier to map the acidic spatial distribution during the imaging. The multimodal nanocomposites crossed the BBB in animal studies, demonstrating the effective imaging of brain cancer by MR and FL imaging [194]. Peptide-modified SPIONs were synthesized and used to image the GBM using dual-modality, MR and sensitive optical imaging. PEPHC1 peptide was attached to SPIONs to target EGFRvIII in GBM. Nanostructures were found to be biodegradable, non-toxic and tunable for tumor imaging [195]. The boundary between normal cells and glioma cells is very difficult to differentiate precisely. Therefore, a combination of dual imaging can diagnose the tumor margin efficiently. A biomimetic catalase-integrated albumin nanoprobe was designed to amplify phototherapy and imaging. The photo-theragnostic nanoprobe enabled FL and PA imaging together with infrared thermal imaging, which made the differentiation between normal and tumor cells possible [196].




3.6. Extracellular Vesicles (EVs) and Exosomes


Gliomas remain a malignant brain tumor and need reliable and sensitive non-invasive prognosis and diagnosis. Extracellular vesicles (EVs) carry molecular components from their parental cells. EVs are membrane-coated NPs which are released from few cells of the body and are composed of DNA, RNA, lipids and proteins. Additionally, EVs tend to breach the BBB through transcytosis [197]. EVs can be found in the serum of glioma patients and express EGFR protein as an expression of glioma. So, EGFR in EVs can be detected to have an accurate diagnosis of the malignancy of the tumor [198]. Therefore, EV-based diagnostic tools for brain tumors are being explored. Biomimetic nanostructures with EV lipid envelopes might be an effective theragnostic tool for uptake into the tumor cells that need to be still exploited [199].



Similarly, exosomes are well defined nano-size lipid bilayer extracellular vesicles shed by almost all types of cells. These exosomes express coding and non-coding RNAs and lipids that can be used as a non-toxic strong cargo loaded diagnostic tool to cross the BBB [200]. A study focused on SPIONs loaded into glioma-targeted exosomes for imaging. Neuropilin-1-targeted peptide was grafted on exosomes’ membrane. Moreover, the exosomes were loaded with curcumin for their theragnostic property as well. The SPIONs were mediated by magnetic flow and accumulated in the tumor tissues for simultaneous imaging and therapeutic functions [201].




3.7. Mesenchymal Stem Cells Engineered Nano-Based Imaging


Recently, mesenchymal stem cell (MSC) therapy has been a novel exploration in the diagnosis of brain tumors and cancers [202,203]. Various administration routes, including intraventricular, intrathecal, intravenous and intralesional, are being exploited for imaging and diagnosis of brain tissue deformities. However, the administration of contrast agents via carotid arteries is beneficial because of low off-site accumulation, thereby reducing toxicity. Hence, contrast agents can be delivered to the brain efficiently. MSC-based therapies utilize MR and PA imaging to produce signals for quantitative measurements of tumors, most popularly GBM [204].



One study by Yang Qiao et al. demonstrated the use of MSCs with multifunctional SPIOs with gold (SPIO@Au) with a combined ability to be detected by both MR and PA imaging. MSCs labeled with SPIO@Au and unlabeled MSCs were compared in terms of their ability to be imaged using MR and PA imaging after being injected via the internal carotid artery. SPIO@Au MSCs were localized in the tumor, did not exhibit cell differentiation or toxicity and continued payload even after 72 h of injection as compared to unlabeled MSCs [205].



In another study, the intraparenchymal route of administration was exploited. Bicyclo (6.10.0) nonyne (BCN)-conjugated glycol chitosan NPs were designed. These BCN NPs were then loaded with oleic acid-coated SPIOs along with near-infrared fluorescent dye. Later, they were labeled with human MSCs that increased imaging sensitivity in a mouse model and were found to have high labeling efficiencies in vitro and in vivo [206]. Similarly, a stem cell-mediated nanogel was designed and labeled with ultra-small iron oxide NPs for MR imaging of brain tumor. The prepared nanogel enhanced the tumor site accumulation after intravenous injection with significantly enhanced MR signal and strength as compared to the nanogel free of stem cells. The stem cell-based nanogel was a safe, biocompatible and promising vehicle for enhanced MR imaging of tumors [207]. Another robust surveillance was performed of an MSC-based nanocomposite that was developed for glioblastoma. The study was based on the fabrication of long persistent luminescence nanoparticles (LPLNP-PPT-TRAIL). PPT refers to polyetherimide, PEG and trans-activator of transcription, whereas TRAIL is the human tumor necrosis factor-related apoptosis-induced ligand for targeting glioblastoma. Near-infrared luminescence efficiently tracked the tumor tropic migration of engineered MSCs in glioblastoma, making the nano-vehicle a novel target diagnostic tool [208]. MSCs have BBB-infiltrating properties and advancements are taking place for further promising cellular imaging as target vectors. In an interesting finding, placenta-derived MSCs (P-MSCs) were used to monitor the localization of nano-vehicles in glioblastoma stem-like cells. PEG-coated SPIOs were synthesized and labeled with MSCs to improve trafficking in the glioblastoma after intravenous administration. The nanostructures were detected in a mouse model of glioblastoma by MR imaging, making nano-vectors a state-of-the-art theragnostic technique for real-time cellular imaging [209].




3.8. Biomimetic Nanocomposites


Pathophysiological changes hinder paracellular transport across the blood–brain barrier in tumor cells in GBM, which have been infiltrated in normal tissues. In the past, many approaches have been used to diagnose the deeper tumor tissues but none proved promising in the long run [47]. Internalization of nanomaterials into complex tumor microenvironments can be achieved by attaching the surface molecules sensitive to the neo-vasculature of GBM. Furthermore, homotopic targeting by using cancer cell membrane coating is a recent advancement to envision brain tumor cells. The navigation and targeting of tumor by crossing the BBB through biological surface-engineered nanocomposites are, hence, possible. Therefore, the cell membrane can be used as a “tactical shell” to target tumors by multifunctional nanocomposites in cores to achieve multimodal imaging.



A study based on this hypothesis was conducted recently, in which bio-orthogonally labeled brain tumor cell membrane coated nanocomposites were developed to diagnose GBM. Additionally, cRGD, an endothelial integrin receptor-targeting peptide, was attached to the surface of biomimetic nanocomposites to achieve active targeting of tumors. The cRGD-labeled biomimetic contrast NPs localized in tumor tissue and presented real-time guided resection. Cells derived from tumor cells were used as the coat enabled BBB penetration for optimized targeting through multimodal imaging [210]. Owing to good BBB permeation by biomimetic materials, a novel nanocarrier was designed to target glioblastoma. The brain metastatic tumor cell membrane was coated on the nanocarriers and decorated with indocyanine green to facilitate tumor cell imaging and phototherapy. The biomimetic NPs demonstrated good permeation across the BBB and were found to be non-toxic [211]. Similarly, biomimetic proteolipid NPs grafted with indocyanine green were constructed to allow imaging of glioma. The nanostructures allowed glioma cell imaging, tumor cell detection and excellent phototherapy. The NPs were able to permeate across the BBB and glioma cell margins were visualized by near-infrared FL imaging with no significant cytotoxicity [212,213]. Bovine serum albumin fluoride-linked nanocrystals were designed by a simple biomimetic technique and provided complementary T1-T2 imaging in glioma. The biomimetic nanocrystals had a better imaging property than non-biomimetic structures. The T1 property facilitated high resolution between the tissues and T2 modality facilitated the detection of tumors [214].





4. Conclusions


Tumors and cancer of the brain display a complex pathophysiology that is impossible to be observed with conventional imaging technologies. However, the advent of nanotechnology has made it possible to image brain tissues with high resolution and sensitivity by actively targeting the tumor cells. Various NPs have been designed and engineered to penetrate the BBB to perform diagnostic and imaging roles. Nanomaterials have been very promising because of their flexible properties, biocompatibility, safety and biodegradation. The use of nanoparticle probes for in vivo imaging and molecular profiling is a potential prospect in this era with novel discoveries. However, with the latest developments, safety concerns must be addressed before clinical implications. This review delineates the current progress of various kinds of nanomaterials, such as liposomes, nano-micelles, dendrimers, carbon nanotubes, carbon dots and NPs (gold, silver and zinc oxide NPs), for efficient drug delivery in the treatment of brain cancer. The application of nanostructured materials for the delivery of drugs to the brain constitutes a prospective approach, as they can easily cross the BBB due to their nano-size and can transport drug molecules to their target region. It is of significance that therapeutic substances or drugs can be transported to the brain at substantially lower concentrations compared to the standard doses of the free drugs, leading to safe drug administration to achieve therapeutic effectiveness. Nevertheless, special properties, such as biodegradability, biocompatibility, water solubility, durable shelf life and prolonged circulating half-life, should be well characterized before using nanomaterials in medicine. Furthermore, the assessment of toxicity concerns of nanocarriers for clinical application is of supreme importance and must be deliberated carefully.
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Figure 1. Brain cancer treated with novel nanoparticle (NP) therapy. 
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Figure 2. Schematic representation of the main liposomal drugs and targeting agents that improve liposome affinity and selectivity for brain delivery. PEG: polyethylene glycol. 
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Figure 3. Schematic display of dual-functionalized nanocarrier-based therapeutic system for brain tumor. 
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Figure 4. Diagrammatic representation of polyethylene glycolated (PEGylated) nanoparticle for improved blood circulation decorated with ligand (angio-peptide 2), an oligopeptide that has an affinity for the low-density lipoprotein receptor-related protein 1 (LRP1) receptor on brain endothelial cells, allowing targeted drug delivery across the blood–brain barrier in glioma. 
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Figure 5. Schematic illustration of endocytosis by two mechanisms: receptor-mediated endocytosis and endocytosis by surface charge of nanoparticles, in glioma cells. 
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Figure 6. Nanomaterial-based imaging technology for improved diagnosis and surgery. 
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Figure 7. Interaction of quantum dots (QDs) with the membrane receptors and the mechanism of generation of florescence inside the cell for imaging. 
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Table 1. Different technologies utilizing nanostructures as a platform in the diagnosis and imaging of brain cancer/tumors.
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	Imaging Technique
	Selection Parameters Based on Characteristics
	Nanostructures Used
	Ref.





	Surface-enhanced resonance Raman scattering imaging (SERRS)
	High specificity and provides data about the location of biochemical components of cells.
	SERRS NPs with 68Ga comprised of gold core and silica shell
	[147,148]



	Magnetic resonance imaging (MRI)
	Sensitive to changes in the cartilage and bone and provides an elaboration of the anatomical structure of the brain with high soft-tissue contrast.
	Iron oxide NPs’ surface decorated with peptides; gadolinium oxide-based NPs
	[149,150]



	Photoacoustic (PA) imaging
	Acquires molecular data with high resolution in real-time and can be used simultaneously with other imaging techniques.
	Silicon quantum sheets, molybdenum di-sulfide nanosheets conjugated with indocyanine green
	[151,152]



	Fluorescence (FL) imaging
	Non-invasive with low spatial resolution.
	Gold NPs
	[153,154,155]



	Focused ultrasound (FUS)
	Real-time visualization of neural anatomy with 3D contrast-enhanced images.
	Cisplatin gold NP conjugates, mesoporous organo-silica NPs
	[156,157]



	Multimodal imaging
	Possibility to map cell density to understand heterogeneity of the tissues; high sensitivity and specificity.
	SERRS-MSOT*-nanostar with gold core embedded in silica coat functionalized with PEG, SERRS-MRI gold nanoprobes
	[158,159]



	Positron emission tomography (PET)
	Nuclear imaging technique to identify pathophysiological changes in the brain; unlimited penetration.
	Alanine modified gado-fullerene NPs, self-assembled amphiphilic dendrimer nano-system
	[160,161]



	Computed tomography (CT)
	Able to provide electron density differences among tissues to establish diagnosis.
	Transferrin conjugated liposome, Lanthanide NPs
	[162,163]







MSOT: multispectral optoacoustic tomography; NPs: nanoparticles.
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