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The development of nano-basedmaterials for diagnosis enables amore precise

prognosis and results. Inorganic, organic, or hybrid nanoparticles using

nanomaterials, such as quantum dots, extracellular vesicle systems, and

others, with different molecular compositions, have been extensively

explored as a better strategy to overcome the blood-brain barrier and target

brain tissue and tumors. Glioblastoma multiforme (GBM) is the most common

and aggressive primary tumor of the central nervous system, with a short,

established prognosis. The delay in early detection is considered a key challenge

in designing a precise and efficient treatment with the most encouraging

prognosis. Therefore, the present mini-review focuses on discussing distinct

strategies presented recently in the literature regarding nanostructures’ use,

design, and application for GBM diagnosis.

KEYWORDS

diagnosis, glioblastoma multiforme, nanotechnology, biomolecular pathways, EGFR

Nanotechnology applied to brain tumor diagnosis

A cancer diagnosis is commonly confirmed by family history, symptom evaluation,

physical examination, testing by imaging, biomarkers, and biopsy assessment in some

cases (do Nascimento et al., 2020). Conventionally, histopathology, cytology, and imaging

techniques [X-ray, magnetic resonance imaging (MRI), computed tomography (CT),

ultrasound, and endoscopy] detect visible morphological changes in degenerated tissue

(Zhang et al., 2019). Early tumor diagnosis is a crucial factor for an ideal prognosis.

However, there are still many difficulties in differentiating lesions at the beginning of the

advanced stage.

Biomarkers are biological signatures of specific physiological or pathologic cell states

that serve as intelligent tools for a quantitatively estimated risk condition, reflecting

clinical response, progression, prediction, and outcomes (Ganau et al., 2018).

Nanoparticles are an efficient tool associated with biomarkers for detecting cancer in
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the early stages (Smith et al., 2019; do Nascimento et al., 2020).

For malignant glioblastoma multiforme (GBM), the most

common and malignant brain tumor grade IV, early detection

is a fundamental step in establishing better treatment

approaches. Investigating biomarkers and nanostructures for

GBM and improving their specificity remains a challenge.

Regular probes for glioma diagnosis, such as Gd-based

contrasts, are limited due to their restricted and low

penetration into the brain barriers. Brain tumor diagnosis is

also determined by the inability to discriminate between tumor

cells and other normal tissues, with a higher level of redox

changes, leading to a high false-positive diagnosis (Hanif

et al., 2017; Wu et al., 2019).

Nanomaterials exhibit exclusive chemical, physical, and

biological properties, small size, large surface area volume

ratio, and surface-modulated characteristics (Mukhtar et al.,

2020; Hsu et al., 2021). Recently, distinct nanoparticles have

shown excellent results in treating and diagnosing complex and

aggressive diseases, such as brain cancer (Zottel et al., 2019).

Nanoparticles can be easily functionalized with different target

molecules, such as PEG, folic acid (Brandt et al., 2019; Hsu et al.,

2021), and gelatin (Carvalho et al., 2019), for several applications.

Owing to the enhanced permeability and retention (EPR) effect,

which describes the spontaneous accumulation of nanoparticles

in tumor tissues (Yoshikawa et al., 2019), nanobiotechnology

applied to the design of new materials has emerged as a

promising method for the early diagnosis and survival of

patients with GBM (de Paula et al., 2017; Wu et al., 2019;

Zottel et al., 2019).

Inorganic, biological, and hybrid nanoparticles are

widely employed as diagnostic agents (Mukherjee et al.,

2019; Zhang et al., 2019; Yekula et al., 2020).

Nanoparticles overcome the problem of drug transport in

brain tumors. They are used as treatment and diagnostic

agents because of their high affinity for specific binding sites,

acting as target compounds (Zottel et al., 2019; Kirbas

Cilingir et al., 2021). Their transposition into biological

barriers is accomplished by passive and active targeting.

The brain’s passive mechanisms involving nanoparticle

accumulation are attributed to the EPR effect. In these

cases, the poor tumor vasculature promotes abnormalities

and deficiencies in the endothelial cells contributing to

particles <400 nm that extravasates and accumulate in

perivascular spaces (Su and Hu, 2018). On the other hand,

the active nanoparticle accumulation pathway recognizes

specific GBM surface receptors, which will be linked to the

nanoparticle via functionalization and increase their

specificity (Wadajkar et al., 2017).

FIGURE 1
Schematic nano-based materials applied in diagnostic techniques and the main biomarkers involved in developing glioblastoma multiforme
(GBM). Created with BioRender.com.
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Herein, we aimed to elucidate the advances in nanoparticles

applied in nanomedicine and highlight their design and use as

agents for glioblastoma diagnosis. Different nanomaterials that

cross the blood-brain barrier (BBB) through distinct pathways

are explored, as presented in Figure 1, supporting new strategies

with higher sensitivity and specificity for GBM identification and

clinical implications. Nowadays, the most used diagnostic tools

for GBM are biomarkers, liquid biopsy, and bioimages.

Diagnostic biomarkers enable more accurate classification of

the tumor and better information about the prognostic, for

example, the recurrence or progression. There are many

molecular markers under evaluation in the clinical route

(Szopa et al., 2017), and the most relevant of them in patients

with GBM is the epidermal growth factor receptor (EGFR)

(mutation or amplification). Liquid biopsy is used to diagnose

brain tumors, once preventing surgery in the brain to perform a

genetic tumor profile. The component in the liquid biopsy

provides information for prognosis and diagnosis based on

molecular profiling. However, the clinical application of the

technique is still limited (Saenz-Antoñanzas et al., 2019). The

bioimages have been referenced to evaluate GBM progression

because it is a non-invasive and standard protocol for monitoring

the tumor response. Promising results have been observed for

some not yet clinically approved imaging biomarkers. Imaging

biomarkers were highlighted as diagnostic tools for monitoring

the brain tumor due to the response provided by potential

individual patient management (Szopa et al., 2017).

Principal types of nanoparticles for
GBM diagnosis

Many nanoparticles have been developed and evaluated for

therapeutic applications in recent years. For example, organic

nanoparticles, such as polymeric, carbon, or lipid nanoparticles,

are widely applied. Nanoparticles can accumulate in specific

regions due to the EPR effect and act as a drug delivery

system (Zhang et al., 2019). In this way, they increase the

concentration of the drugs and consequently the therapeutic

potential. Furthermore, nanoparticles are studied as potential

diagnostic agents contributing to the early detection of many

diseases. Mainly inorganic nanoparticles, such as quantum dots,

are extensively examined for applications and sensors to detect

cancer biomarkers in blood or liquid biopsies. In this minireview,

we focus on nano-based materials extensively used as diagnostic

agents.

In addition to their well-defined optical, magnetic, electronic,

and fluorescent properties, inorganic nanoparticles exhibit high

chemical, photochemical, and physical stability (Núñez et al.,

2018; Zhou et al., 2020). Conventionally, gadolinium-based

particles, which are contrast agents, are used in MRI

examinations (Barajas et al., 2019). Besides, iron

superparamagnetic iron oxide nanoparticles were recently

approved by the Food and Drug Administration (FDA) as a

magnetic resonance agent (Tapeinos et al., 2019). With advances

in nanoscience, new nanostructured gadolinium-based contrast

gold nanoparticles (Choi et al., 2011; Indrasekara et al., 2013),

distinct iron-based nanoparticles such as lipid and peptide-based

delivery systems, quantum dots (QDs) (Sun et al., 2014; Cabral

Filho et al., 2016), carbon-based nanomaterials (CBNs),

including carbon nanotubes (CNT), graphene oxide (GO), and

graphene quantum dots (GQDs), (Ashrafizadeh et al., 2020;

Kirbas Cilingir et al., 2021), and other types of nanomaterials

have been extensively evaluated to improve the detection of

glioblastomas, especially in the early stages (Kang et al., 2015;

Skripka et al., 2021; Song et al., 2021).

Biological nanoparticles are composed of extracellular

vesicles (EVs), including microvesicles, exosomes, and

apoptotic bodies, isolated from the cell line and used as

biological drug delivery systems (Thomas et al., 2020;

Simionescu et al., 2021). Biological nanoparticles have

essential functions in cells and play a role between cells and

tissues. Through body fluids, exosomes transport biological

molecules, such as nucleic acids, proteins, and lipids (Zottel

et al., 2019). Generally, natural nanoparticles are

approximately 40–120 nm and are internalized via endocytosis

or cellular fusion (Van Niel et al., 2018). EVs have been used to

capture cancer biomarkers to improve the internalization and

recognition processes. Accordingly, they are potential tools for

real-time cancer detection (Zhang et al., 2019; Yong et al., 2019;

He et al., 2021). Although they present low toxicity, biological

nanoparticles are not easy to handle on a large scale but are cost-

effective (Zhang et al., 2019). In addition, the coated nanoparticle

for cancer cells improved targeting due to the homotypic

recognition of GBM cells (De Pasquale et al., 2020). The

concept of homotypic targeting specifically targets to kill GBM

cells in vitro upon the efficient target crossing an in vitro BBB

model. Cancer cell membrane-coated nanoparticles typically

consist of a core with a cancer cell membrane coat that can

carry tumor-specific receptors or antigens for cancer (Jin and

Bhujwalla, 2020). The nanoparticle can be applied as a vehicle to

obtain an image and is investigated for cancer theranostics.

Nanohybrid particles (HNP) are composed of two or more

nanomaterials (~200 nm), usually polysaccharides, biomolecules,

peptides, and fluorescent nanoprobes, such as QDs with high

photochemical and biological stability (Carvalho et al., 2019;

Zhang et al., 2019). HNPs have been extensively employed to

bioimage tumors and perform other functions as optical

intracellular nanosensors. Different approaches are employed

to synthesize these HNPs: 1) top-down, a physical method where

bulk material is used to form the nanostructure; and 2) bottom-

up, a more accessible, eco-friendly process that can control the

physicochemical properties (e.g., shape, size, surface

composition), once NPs are constructed from molecules and/

or atoms. Accordingly, HNPs can perform bioimaging analysis of

the internalization kinetics process, endocytic pathways, and
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intracellular tracking of live brain cancer cells (Carvalho et al.,

2020; An et al., 2021; Lee et al., 2021). Self-assembled

organic−inorganic hybrids are the building blocks that can

create hybrid nanosystems. These promising nanosystems

show favorable nano-bio interfacial properties while retaining

their physical/chemical functionalities. A common approach to

solve this issue is to conjugate hydrophilic polymers. For

example, PEG, polylactide (PLA), poly (lactic-co-glycolic acid)

(PLGA), poly (caprolactone) (PCL), poly-(butylene succinate)

are frequently used in self-assembled nano-bio materials, all of

which have been approved by FDA for specific in vivo biomedical

applications (Li et al., 2018). For instance, the coated manganese

(Mn2+)-doped nanoparticles with multiple layers of

photosensitizer-conjugated polymers have been used in the

nanocomposite for the imaging-guided photodynamic therapy

of tumors. According to Ma and coworkers, prepping

nanoparticles in which oleic acid is stabilized with cisplatin

and Rhodamine B conjugated amphiphilic polymers is

possible. The self-assembled micellar structure reduces adverse

side effects of cisplatin while simultaneously monitoring the

therapeutic process through in vitro and in vivo imaging (Li

et al., 2018). Another example is the bio-nano particles

conjugated using load enzymes on nanomaterials. The

immobilization of enzymes on polymers, inorganic metal

oxide, and hybrid compounds provides potential applications

in medical applications, such as biosensors and chip or

microfluidic sensors (Khan S et al., 2021).

Glioblastoma multiforme

Gliomas are central nervous system tumors that affect

normal stromal (glial) cells, such as astrocytes,

oligodendrocytes, and ependymal cells (Louis et al., 2016;

Finch et al., 2021). The World Health Organization (WHO)

classifies astrocytoma according to progressive histological

features, such as molecular markers, into four grades (I-IV)

(Louis et al., 2016; Weller et al., 2021). Grade IV astrocytoma,

or GBM, is the most aggressive diffuse glioma of the astrocytic l

lineage, with a poor prognosis and high mortality rate (Poon

et al., 2020). Classical treatment includes surgery, radiotherapy,

and chemotherapy, with a median survival rate of 12–15 months

after diagnosis (Oronsky et al., 2021).

Blood-brain barrier

GBM prognosis is also related to the permeability of drug

delivery across the Blood-brain barrier (BBB) (Steeg, 2021). The

BBB is one of the essential protection mechanisms in the central

nervous system (CNS). Once it is composed of a multicellular

structure of endothelial cells that assemble continuous

intercellular tight junctions, limiting paracellular and

transcellular movement (de Paula et al., 2017; Steeg, 2021),

the BBB also protects against pathogens and exogenous

compounds (Kadry et al., 2020). Molecules can cross the BBB

through specific pathways, including endogenous, receptor-

mediated, carrier-mediated, or adsorptive-mediated transport

systems. Therefore, biomolecule interactions and particle size

play a crucial role in each type of transport. Accordingly,

nanomaterials are critical devices for brain medicine

applications. Particles smaller than 4 nm can easily penetrate

the junctions via passive diffusion (Kirbas Cilingir et al., 2021).

As a result, nanomedicine has transformed medical diagnosis

and treatment, an essential strategy for overcoming the BBB and

delivering drug molecules to a specific brain region. Therefore,

nanomaterials that can mediate drug delivery are emerging as an

effective and non-invasive system to treat cerebral diseases. Small

lipophilic molecules less than 400 Da can diffuse passively

through endothelial cells. The penetration of charged

molecules such as cationic nanoparticles depends on

adsorption-mediated endocytosis.

In contrast, delivering large molecules with high

hydrophilicity, such as transferrin, requires an active transport

route (Zhou et al., 2018). One of the negative points of

nanoparticles is their low penetration efficiency through the

BBB because the concentration for som was not high enough

to result in therapeutic effects in the CNS. To solve this problem

and enhance the penetration efficiency of nanoparticles, hybrids,

functionalized, and conjugated nanomaterials with the ligands of

receptors located in the BBB were utilized extensively. For

example, the most favored strategy is using transferrin, taking

advantage of the high affinity between transferrin and its receptor

to assist the nanoparticles in penetrating the BBB (Zhou et al.,

2018).

Biomarkers and molecular diagnosis

Molecular biomarkers used in diagnosis are essential for

predicting and determining the most effective therapy. In this

context, the gene mutant isocitrate dehydrogenase (IDH1), a

metabolic marker with ubiquitous expression in lower-grade

gliomas, can contribute to the diagnosis of tumorigenesis.

IDH1 is also related to a better prognosis due to decreased

NADPH levels, enhancing radio- and chemotherapy

sensitivity (Oronsky et al., 2021). The WHO classified IDH1

gene mutation status, or the lack of mutations, as a biomarker of

poor prognosis, including glioblastoma IDH-wildtype and

glioblastoma IDH-mutant (Louis et al., 2016). The gene

expression and protein profiles of GBM analysis provide a

database for significant GBM biomarkers (Verhaak et al.,

2010; Qi et al., 2020).

Many studies have approached the EGFR pathway in

developing nanoparticle diagnostic tools, as discussed

hereafter. Comprehensive GBM genomic analysis revealed
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TABLE 1 The most important nanoparticles and biomarkers for the diagnosis of GBM.

Class of
nanoparticles

Biomarker Advantage Model Reference

Inorganic Metformin carbon dots (Met-CDs) Fluorescent biomarker/ASCT2
(glutamine transporter)

Met-CDs can cross the BBB and
promote the detection of living
cells in bioimaging studies

In vitro (GBM and HEK-293
cells) and in vivo (wild-type
zebrafish and sea urchin as
animal models)

Kirbas Cilingir
et al. (2021)

Rare Earth nanoparticles (NaNd-
based)

NIR-II fluorescent imaging Coating NaNd-based
nanoparticles improve the
fluorescence by 10-fold; these
nanoparticles combined with
focused ultrasound can enhance
delivery through the BBB

In vitro (U-87 MG and BV-2
cell lines)

Liu et al. (2019)

Er-based lanthanide nanoparticles NIR-II fluorescent imaging Improves energy transfer into
nanoparticles, contributing to a
higher fluorescence of the
potential nanoprobes, which are
better internalized when coated
with a lipid moiety

In vitro and in vivo (U-87 MG
cell line and mouse model)

Ren et al. (2020)

Mn-doped carbon dots MRI and optical imaging Mn-doped CDs lead to enhanced
MR/optical contrast in the glioma
region, allowing the detection of
tiny brain gliomas

Ex vitro (mouse model) Ji et al. (2018)

Nitrogen and boron-doped
graphene quantum dots

NIR-II fluorescent imaging N-B-GQD with prolonged blood
half-life and fluorescent emission
at 1,000 nm favorable for image
detection

Glioma xenograft mouse model Wang et al.
(2019)

Hybrid Polysaccharide-peptide-
quantum dot

Bioimaging GBM cells On-off luminescent switching as
part of the extinction/reduction
effects in the cellular absorption
process

In vitro (U-87 MG cell line) Carvalho et al.
(2020)

Biomimetic liposome-loaded
indocyanine green

Indocyanine green for brain-
tumor-specific imaging

The photothermal effect
suppressed glioma cell
proliferation with no
photothermal damage to normal
brain tissue.

In vitro (C6-Luc, bEnd.3, B16,
U-87 MG, MCF-7, HepG2, and
C6 cells). In vivo (BALB/c nude
mice)

Jia et al. (2019)

The nanocomposite of holo-
transferrin MnO2 with
protoporphyrin

For MRI and treatment of
GBM targeting Transferrin
receptors (TfR)

Transferrin nanocarriers deeply
penetrate the BBB as a high-
efficiency sonodynamic therapy
and achieve sensitive TME-
responsive MR imaging

In vitro (6 and bEnd.3 cells). In
vivo (BALB/c nude and
Kunming mice)

Liang et al.
(2020)

Nanohybrids quantum dots (ZnS-
QDs), carboxymethylcellulose
(CMC), Doxorubicin (DOX)

Nanotheranostic strategy for
GBM cells

Fluorescent nanoprobes for
bioimaging and the killing of
brain cancer cells

In vitro (U-87 MG and healthy
cells HEK 293 T)

Mansur et al.
(2019)

Lipid-coated SPIO nanoparticles
with PD-L1 antibodies to identify
PD-L1 expression or
temozolomide-resistant
glioblastoma by using MRI

PD-L1 expression by magnetic
resonance imaging (MRI)
detection

PD-L1 can be employed for
diagnosis and to predict
immunotherapy expression
responses in temozolomide-
resistant glioblastoma

In vitro (murine GBM cell line
GL261 and TMZ-resistant sub-
line GL261/TMZ-R). In vivo
(C57BL/6JNarl mice)

Lee et al. (2021)

Iron oxide combined with
ferumoxytol and gadolinium

Isocitrate of hydrogenase 1
(IDH-1)

Ferumoxytol and gadolinium-
enhanced MRI can be used as
biomarkers of glioblastoma

In vivo (humans 45 patients
with glioblastoma)

Barajas et al.
(2019)

Superparamagnetic iron oxide
nanoparticles (SPIONs) and
NanoZymes

TfR Colorimetric biosensor for
profiling TfR expression on the
cell surface

In vitro (U-87 MG glioblastoma
and fibroblast cell line)

Weerathunge
et al. (2019)

Transferrin-Decorated Niosomes
with magnetic iron oxide
nanoparticles (MIONs) -quantum
dots (QDs)

TfR Multifunctional nanoscale
systems as an efficient tumor
targeting strategy for high cellular
internalization

In vitro (U-87 MG cell line) Seleci et al.
(2021)

Gadolínium metallofullerenes
functionalized with IL-13 peptides

IL-13 Dual platform to deliver imaging
and therapeutic agent in tumor
cells

In vitro (U-87 MG glioblastoma
and A431 carcinoma cell lines)

Fillmore et al.
(2011)

(Continued on following page)
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TABLE 1 (Continued) The most important nanoparticles and biomarkers for the diagnosis of GBM.

Class of
nanoparticles

Biomarker Advantage Model Reference

Interleukin-13 Amino-Coated
Gadolinium Metallofullerene

IL-13 Enhancing the targeting of GBM
cells and better delivery of the
intravenous drug.

In vitro (U251 glioblastoma cell
line)

Li et al. (2015)

T cells mediated nanoparticles IL-13 Increasing the number of
nanoparticles reaching brain
tumors compared to
nanoparticles alone enhances
specificity to detect and treat
GBM cells.

In vitro (BBMVec cells; U87Luc
cells)

Kim et al.
(2020)

Organic Resveratrol-loaded-liposomes
(RES-L)

Tf-RES-L Increased activation of caspases
when neurosphere cultures were
treated with resveratrol
formulations

In vitro (U-87 MG and LN
18 cell line)

Jhaveri et al.
(2019)

Liposomes nanoparticles TfR Dual functionalized liposomes
with doxorubicin (Dox) and
Erlotinib (Erlo) caused higher
apoptosis in vitro

In vitro (U-87 MG, bEnd.3 and
glial cells)

Lakkadwala
and Singh,
(2019)

Liposomes nanoparticles TfR The 5-FU-loaded dual-
functionalized liposomes with
peptides and transferrin
demonstrated excellent transport
across the brain endothelial
barrier

In vitro (U-87 MG) and brain
endothelial (bEnd.3) cells
monolayer

Cross et al.
(2016)

Biological Serum extracellular vesicle-derived
circular RNAs

circSMARCA5and circHIPK3 Serum extracellular vesicle
derived from circSMARCA5 and
circHIPK3 associated with NLR,
PLR, and LMR as promising
diagnostic biomarkers for GBM

In vitro Stella et al.
(2021)

RNA aptamers (oligonucleotídeos
de RNA)

Integrin a5B1 for
fluorescence GBM

Using the strategy, hybrid SELEX
(protein-SELEX cycles and
recombinant α5β1 protein),
aptamer H02 could differentiate
glioblastoma cell lines

In vitro (U87MG, U373MG,
T98G, LN319, LN229, LN443,
LN18, LNZ308, SF763, and
CHO-B2 cells)

Fechter et al.
(2019)

Long noncoding RNA RNA HOX Transcript
Antisense Intergenic RNA, or
HOTAIR, as a diagnostic and
prognostic biomarker for GBM

HOTAIR levels are higher in
serum from GBM patients
compared with the control

In vitro Tan et al. (2018)

Extracellular vesicles (EVs) Target Syndecan-1 for
Minimally invasive diagnosis
of Glioma

Syndecan-1 (SDC-1) can
discriminate between
glioblastoma multiforme (GBM,
WHO grade IV) and low-grade
glioma with high sensitivity and
specificity

In vivo (cancer patients) Chandran et al.
(2019)

EVs EGFRwt, EGFRvIII, and
protein status for liquid biopsy

EVs containing EGFRvIII mRNA
released from a cancer cell line
can be detected in circulating
biofluids.

In vitro [U87EGFRvIII and
HUVEC cells line and in vivo
(adult nude mice)]

Yekula et al.
(2020)

Small extracellular vesicles (sEVs) CD44 The content of sEVs mirrors the
phenotypic signature of GBM
cells

In vitro (LN18, LN229, and
U118 GBM)

Lane et al.
(2019)

EVs Highly abundant complex
blood proteins. A total of
4,054 proteins were measured
in plasma-EVs, such as IDH-
wt, IDH-mut, and others

Measuring relevant circulating
plasma-EV proteins could
revolutionize the management of
glioma patients

In vitro and ex vivo (plasma-
EVs resampled from patients
with recurrent tumor
progression grouped with more
aggressive glioma samples)

Hallal et al.
(2020)
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complex rearrangements of the EGFR gene signature, considered

a hallmark of GBM (approximately 60% of GBM modifications)

and a central pathway for GBM maintenance and progression

(Brennan et al., 2013; ; Wang et al., 2021). Besides the EGFR

pathway, we highlighted biomarkers widely used as a GBM

diagnostic tool, such as specific biomarkers of GBM stem-like

cells (GSCs) and transferrin (Table 1). In the present mini-

review, we have summarized the main biomarkers using

different nanoparticles focusing on GBM diagnosis, as shown

in Table 1.

EGFR pathway

EGFR is a receptor tyrosine kinase (RTK) on the cell

surface with a high affinity for growth factors, cytokines, or

hormones, consisting of an extracellular, transmembrane

domain and an intracellular cytoplasmic domain. This

receptor plays a relevant role in cellular processes, such as

cell proliferation, differentiation, survival, cell cycle control,

and migration (Talukdar et al., 2020). EGFR overexpression is

commonly correlated with cancers associated with

progression and poor prognosis due to its crucial role in

different processes of cell cycle progression. When

activated, EGFR undergoes dimerization of its intracellular

cytoplasmic domain, which leads to autophosphorylation of

its C-terminal tail, which serves as a docking site for SRC

homology 2 (SH2) domain-containing signaling proteins,

including phosphoinositide 3-kinase (PI3K) and signal

transducers and activators of transcription (STAT)

proteins. The main pathways involved in EGFR activation

include the RAS/mitogen-activated protein kinase (MAPK)/

extracellular signal-regulated kinase (ERK), PI3K/protein

kinase B (PKB/AKT), Janus kinase (JAK)/STAT, and

protein kinase C (PKC) pathways. These pathways simulate

different progression events, such as cell proliferation, growth,

differentiation, apoptosis, and migration (Sibilia et al., 2000;

Hatanpaa et al., 2010; Oprita et al., 2021).

Several nanoparticles have been developed to target the

EGFR pathway for biomarker diagnosis. Mu et al. (2015)

developed a monoclonal antibody conjugated with

superparamagnetic iron oxide nanoparticles to improve

MRI resolution in gliomas. Different genetic

rearrangements have been reported to occur in the EGFR

gene in GBM. A frequently detected point mutation is EGFR

deletion of exons 2-7 (EGFRvIII), which provides a persistent

low-level active state, leading to constitutive kinase activity of

EGFR, potentiating tumor growth, and increasing survival

and invasion in GBM patients (An et al., 2018). This specific

point mutation is an essential biomarker for diagnosis and is

associated with iron oxide for MRI improvements in GBM

(Hadjipanayis et al., 2010). Different nanoparticles target

EGFRvIII; for example, PEGylated QDs aptamer-conjugates

are used to improve GBM fluorescence images (Tang et al.,

2017). Besides EGFRvIII, the interleukin-13 receptor alpha 2

(IL-13Rα2) has also been mentioned as an essential receptor

target for diagnosis and treatment of GBM since it was

identified as one of the downstream targets of EGFRvIII

resulting in the GBM progression (Newman et al., 2017). In

this sense, contrast agents based on gadolinium (Gd) in

conjunction with IL-13 have been developed for better

glioma targeting (Li et al., 2015). Therefore, targets of the

EGFR pathway have been considered essential players in GBM

for diagnostic strategies to associate nanoparticles.

Glioblastoma stem cells

Many studies have reported the presence of GBM stem-

like cells (GSCs) as a GBM biomarker related to poor

prognosis, linking malignant relapse and resistance due to

the generation of progenitor-like responses that cause the

escape of multimodal therapy (Glaser et al., 2017; Hassn

Mesrati et al., 2020). GSCs are also important targets for

improving cancer theranostics (Tang et al., 2021). They can

arise from embryonic stem cell mutations or accumulative

mutations in the downstream progenitor over time,

contributing to the maintenance of GBM tumors (Glaser

et al., 2017). Interestingly, the EGFR signaling pathway is

also involved in stemness regulation, controlling treatment

resistance (Talukdar et al., 2020). Classical biomarkers for

identifying GSCs include CD44, CD15, CD70, Nanog, Sox2,

and Oct4, providing a specific profile for isolation and

identification of the stemness involved in proliferation,

migration, and invasion of GBM. A transmembrane

glycoprotein antigen cell surface has been highlighted as a

potential target for GBM diagnosis CD133 (Tang et al., 2021).

Cho et al. (2017) described small gold-associated peptide

nanoparticles as biomarkers with high and efficient

biocompatible cell targets for CD133, and

immunoliposomes using CD133 antibodies to target GSCs

(Kim et al., 2018), improving sensitivity without losing the

specificity.

Another strategy is the use using of signs heterodimeric

transmembrane adhesion receptors with physiological roles

that activate signal transduction pathways and mediate cell

signals. Integrins are essential, upregulated biomarkers in

GSCs (Su et al., 2020). Integrins trigger the clustering of

enzymes and substrates, inducing cross-phosphorylation of

RTKs, such as in the EGFR pathway (Miklaszewska et al.,

2019). αvβ3 and αvβ5 are classical integrins overexpressed in

glioma (Song et al., 2021). Advances in molecular imaging have

enabled the exploration of self-assembled peptide nanoparticles

targeting αvβ3 integrin for a more precise diagnosis which is

considered an important target for early GBM detection (Rizvi

et al., 2021).
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Transferrin

Transferrin (Tf) is responsible for ferric uptake in the body,

and its surface receptor (TfR) enters the cells via TfR-mediated

endocytosis. TfR-1 is related to tumorigenesis, inducing iron

accumulation in cells by enhancing the progression rate or

glutamate production (Calzolari et al., 2010; Ni et al., 2020).

Among several tumor cells that are iron-dependent for

proliferation, GBM overexpresses TfR, which is less expressed

in noncancerous cells (Luo et al., 2019).

Tf-targeted nanoprobes are tools for molecular imaging

GBM based on TfR activation, indicating a tumorigenic

process and a fluorescent area. As shown in Table 1, distinct

nanomaterials such as gold, magnetic nanoparticles, and

liposomes have been functionalized with Tf to enhance the

specificity of TfR and improve diagnosis. Cabral Filho et al.

(2016) conjugated QDs with Tf and observed specificity to

U87MG (classical GBM cell line) and DBTRG-05MG

(recurrent GBM cell line), suggesting that these inorganic

fluorescent nanoprobes (λexc = 360 nm and λem = 650 nm)

could accurately detect GBM cells. Distinctly, Weerathunge

et al. (2019) conjugated superparamagnetic iron oxide

nanoparticles with a Tf moiety to develop a simple

colorimetric biosensor that can identify U87MG cells.

The BBB penetration mechanism can be classified into active

and passive transport routes. The passive transport indicates

energy-independent processes are simple diffusion. The passive

diffusion of drugs usually occurs in tumor cells via the EPR effect.

In contrast, the active transport routes include the receptor and

adsorption-mediated endocytosis process, both of which require

the hydrolysis of adenosine triphosphate (ATP). Adsorption-

mediated endocytosis is a type of active transport that occurs for

cationic nanoparticles, such as liposomes and gold nanoparticles.

The receptor-mediated endocytosis is another type of active

transport that include the TfR, anti-TRf antibody, and others.

The most common examples of these carriers are the use of TfR

with nanoparticles such as PLGA/PLA coated with polysorbate

80, liposomes, and other nanosystems. The BBB penetration

mechanism of the drug delivery for the brain varies according to

the nanomaterials. However, endocytosis mediated by TfR is one

of the most investigated receptors that facilitate the diagnosis

because signaling significantly improves BBB permeation of

nanomaterials (Zhou et al., 2018).

Bioimaging

Images with high resolution are crucial for early GBM

diagnosis, and CT, positron emission tomography (PET), and

MRI are routine procedures and can be used for in vivo

applications (Oronsky et al., 2021). Conventional contrasts in

these techniques present limitations resulting in a lack of

sensibility. They are polydisperse, accumulate in undesired

tissues, and show lower dispersion and diffusion into the

tissues (Jafari et al., 2018). In the past decades, nanoparticles

designed for cancer monitoring and diagnosis as a size-controlled

material have attracted attention. Besides being biocompatible,

they are homogeneous and easily coated with different and

specific biomolecules, leading to a well-resolved and accurate

diagnosis (Jin et al., 2020). Then, studies are developing

nanotechnology-based diagnostic tools for real-time and cost-

effective cancer diagnosis, advancing their clinical trials and

providing them soon in the medical market (Zhang et al.,

2019). In this context, multimodal imaging has been referred

to as the simultaneous production of signals for more than one

image technique, such as the construction of nanoprobes

associating molecular biology and nanomaterials, increasing

specific tissue imaging (Xie et al., 2021).

Usually, MRIs are employed in the assessment and

recurrence evaluation of tumors, with gadolinium-based

materials as the standard gold contrast owing to their

paramagnetic properties (Wu et al., 2019; Mukhtar et al.,

2020). However, Gd-contrast has a short half-life. Further,

repeated doses are required to enhance the signal for normal

adjacent cells. Indeed, primary 2–3 mm lesions could not be

detected owing to the low-resolution limit and poor MRI

specificity related to other intracranial injuries (Klekner et al.,

2019). Clinical Gd-MRI is needed to evaluate the therapeutic

efficacy after maximal resection of the brain tumor, followed by

chemotherapy. Nevertheless, Gd-based contrasts did not allow

differentiation between progression and pseudo-progression in

recurrent tumors (Taal et al., 2008; Wen et al., 2010; Barajas et al.,

2019).

Designing paramagnetic or Gd-containing nanomaterials is

crucial for improving conventional contrast agents. Barajas et al.

(2019) combined nanoparticles of iron and Gd to enhance the

sharp contrast using different ratios of these paramagnetic to

distinguish between IDH1 mutant patients, clarifying GBM

pseudoprogression. Gd can be functionalized with growth

factors, peptides, and antibodies or encapsulated into

liposomes or nanoemulsions to improve targeting and MRI

imaging resolution (Mukhtar et al., 2020).

To obtain a better contrast, lower attenuation, higher spatial

and temporal resolution, and red and near-infrared (NIR)

spectroscopy has become an appropriate strategy for the

optical imaging of biological tissues. The wavelength range for

near-infrared light is associated with a deeper penetration in

tissues, lower absorption and scattering by biomolecules, and a

region of minimal cell autofluorescence (Li et al., 2017; Liu et al.,

2019; Hettie et al., 2021). Thus, different diagnostic techniques

can be exploited based on photoluminescence, optical coherence

tomography imaging, and photoacoustic for in vitro and in vivo

imaging (Skripka et al., 2021).

Nanoparticles with proper absorption in the infrared window

are used for fluorescence and NIR detection, such as gold

nanoparticles (Choi et al., 2011), Ag and Cu-doped
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nanoparticles, and rare Earth nanomaterials (Liu et al., 2019;

Skripka et al., 2021). QDs demonstrate outstanding chemical and

photochemical stability and a high fluorescence quantum yield in

contrast to NIR detection. Tang et al. (2017) engineered biotin-

aptamer-conjugated streptavidin-PEG-CdSe/ZnS QDs for

in vitro and in vivo fluorescence imaging of gliomas based on

specific EGFRvIII signaling. Besides, plasminogen activator

receptor (uPAR) conjugated with NIR-II nanoprobe has been

reported as a tool for real-time in vivo intraoperative

visualization of GBM (Kurbegovic et al., 2018). Their results

found a well-defined glioma margin with high fluorescence

intensity as a preoperative marker. Among different QDs,

carbon dots have attracted attention owing to their high

biocompatibility and low toxicity, making them suitable for

biomedical applications. Kirbas Cilingir et al. (2021) produced

metformin-derived CDs and observed its multivariate bright

fluorescence ability to cross the BBB and serve as an imaging

agent for brain diseases, including the U87 cell model.

Gold and silver nanoparticles are employed to detect

glioblastoma via surface-enhanced Raman scattering (SERS)

(Indrasekara et al., 2013). Sonodynamic therapy is a novel

promising theranostic for cancer, mainly when employed with

oxygen-content nanomaterials, such as MnOx (Liang et al.,

2020). Using ultrasound and a sonosensitizer that provides

oxygen can solve the primary limitations of photodynamic

therapy. Moreover, ultrasound deep and softly penetrates the

tissues with controllable conditions to avoid targeted normal

tissues and more specific to the tumoral cells (Zhang et al., 2021).

Then, ultrasound imaging is a new alternative with the right

sensitizers for bioimaging glioblastoma diagnostic studies

(Bilmin et al., 2019; Carlos, 2022).

Liquid biopsy

Neuroimaging and biopsy have been extensively explored for

the diagnosis and prognosis of brain cancers. Liquid biopsy (LB)

using plasma or cerebrospinal fluid (CSF) is an easy and

minimally invasive procedure (Ignatiadis et al., 2021). LB is

an alternative to tissue extraction with a high invasiveness

level, limited to a small tumor region, providing information

through body fluids, usually complemented with clinical

diagnosis (Saenz-Antoñanzas et al., 2019). LB enables real-

time tumor monitoring, facilitating the early diagnosis and

effective treatment of brain tumors due to the turnover and

constant release of nucleic acids into circulation. In this context,

DNA and RNA are used to characterize cancer, acting as

biomarkers in LBs and improving the ability to describe the

genomic profile of GBM.

LBs permit the identification of alterations in pathways, and

the sensitivity of these assays depends on tumor volume, size, and

type (Silantyev et al., 2019). For GBM, the BBB remains a

challenge because of the decrease in tumor cell DNA and

other cellular products in the systemic circulation (Saenz-

Antoñanzas et al., 2019). Due to limitations in acquiring

blood fluid under ideal conditions, CSF has been evaluated as

it is near the brain tissues and presents a higher concentration of

biomarkers than plasma. Recent studies have indicated that

ultrasound applied with LB increases the concentration of

markers, stimulating deep tissue penetration into the tumor

noninvasively (Liu et al., 2019; Liang et al., 2020; An et al., 2021).

Many technologies based on microfluidics have been

investigated to detect mutations and events that are difficult

to identify using conventional imaging techniques (Xu et al.,

2019). LB tends to be validated entirely and extensively used in

routine clinical trials. Two specific and essential structures in

GBM cells that are detectable via LB, namely EVs and

microRNAs (miRNAs), are described below.

Extracellular vesicles

EVs play the most critical role in communication between

cells. They are naturally occurring vesicles composed of a lipid

bilayer with protein membranes containing aqueous core soluble

proteins and nucleic acids (Zottel et al., 2019). EVs are

considered important mediators of intercellular

communication as biomarkers for disease diagnosis and

evaluating therapeutic progress. GBM cells secrete many EV

types, classified according to their diameter. Exosomes

(30–100 nm, microvesicles (50 nm–1.5 μm), oncosomes

(100–400 nm), apoptotic bodies (50 nm–2 μm), and large

oncosomes (1–10 μm) have different size ranges (Silantyev

et al., 2019). They can carry growth factors, receptors,

enzymes, proteins, lipids, metabolites, different types of

genetic material, immunomodulation molecules, and others,

acting as excellent biomarkers. The smallest EVs, exosomes,

can permeate different regions via body fluid (Silantyev et al.,

2019; Stella et al., 2021). After that, they are internalized by

endocytosis or cellular fusion; manymolecules can improve these

internalization processes. EVs can be used as tools that can cross

the BBB, with an excellent capacity for target delivery

(Schuurmans et al., 2020). For example, superparamagnetic

iron oxide nanoparticles loaded with curcumin in exosomes

conjugated with neuropilin-1 improved the imaging and

therapy of GBM (Jia et al., 2019). EVs can be isolated from

fluids, such as blood, urine, and saliva, presenting many

advantages in detection and improving patients’ quality of life

before a tumor reaches a more significant malignant potential

(Figueroa and Carter, 2018).

MicroRNAs

miRNAs regulate the expression of many proteins of the

EGFR signaling pathway and are noncoding RNAs composed of
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20–22 nucleotides that negatively regulate gene expression by

recognition, transcription, translation, and epigenetic processes

(Xu et al., 2021). Different noncoding RNAs have been

considered potential biomarkers for GBM as they are

upregulated or downregulated in prognosis studies with GBM

patients thereby becoming an essential diagnostic biomarker

(Min et al., 2016; Xu et al., 2021). As it is detected in

biofluids, miRNA stability is critical for control. To overcome

this lack of stability, it is transported using nanoparticles. Studies

using miRNA combined with a functionalized nanographene

oxide conjugated model revealed that it exhibits considerably

higher transfection efficiency, better inhibition of cancer cell

growth, and is promising for diagnosis via molecular imaging

(Cellot et al., 2021; Kutwin et al., 2021). Another strategy to

improve miRNA stability is the association with EVs, developing

an efficient delivery system through synthetically manufactured

nano-sized vehicles (Saadatpour et al., 2016; Ebrahimkhani et al.,

2017; Van Niel et al., 2018).

Limitations of using nanoparticles in
GBM diagnosis

Significant concerns about the translation of nanoparticles to

clinical practice are related to the biodistribution and safety of

designing nanotechnology. Mainly because the toxicity of

nanoparticles is not entirely understood after cell

internalization and metabolization. Then, their

physicochemical properties and the behavior of metallic

particle liberation, which can change in body distribution,

have to be better comprehended for a safe clinical trial with

minimal toxic effects (Muthuraman et al., 2018). As mentioned

before, in the case of inorganic nanoparticles, besides increasing

the specificity, the nanoencapsulation strategy is crucial to

decreasing the intrinsic toxicity of metals in different tissues

(Mohammadpour et al., 2019; Khan M. A et al., 2021). For

example, additional studies indicated that a range of

500–1,000 mg kg−1 of iron oxide could accumulate in vivo for

a period between 5–13 weeks in the body and cause hepatic and

renal dysfunctions (Katsnelson et al., 2011; Yun et al., 2015;

Mohammadpour et al., 2019). However, these are overdoses

compared to the minimal dose used for diagnostic purposes,

as mentioned by Xie and coworkers, who used 0–50 μg ml−1 for

their cytotoxicity studies (Xie et al., 2021).

Although these strategies and the doses differ in clinical

translation, rigorous studies are still needed to well-design the

clinical trials. Indeed, this is the reason why most nanodrugs for

bioimaging are in the experimental stage, and most of the

50 nano probes approved by the FDA are composed of the

classic agents: Gd-based, and iron-based contrasts (Bose et al.,

2017; Ventola, 2017). To date, there are no nanoparticles

approved by FDA as theranostic agents in clinical trials,

which means ongoing development is necessary for a feature

in which bioimaging nanomedicine can be possible besides the

research environment (Han et al., 2019).

Conclusion

The complexity of GBM, its poor prognosis, and invasive

biopsy methods highlight the need for new approaches to

diagnosis. The design of specific and sensitive nanoparticles

that can easily cross the BBB is a promising tool for advances

in the early detection of GBM. Nanomaterial effectiveness is

directly associated with specific GBM. EGFR is widely known as a

crucial pathway for signaling a GBM cell, and several

nanoparticles are designed to activate it, enabling multivariate

nanodiagnostics using biomarkers, biofluids, and bioimages. Tf

and other biomarkers contribute to the detection and poor

prognosis of GBM. Nanomaterials are often designed to

enhance signal sensibility and resolution in all techniques

(CT, MRI, or NIR), such as QDs, carbon dots, and gold

nanoparticles. Different diagnostic strategies are potential

methods for the early detection of GBM.
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