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Abstract

Glioblastoma (GBM) is a highly malignant brain tumor with a poor survival prognosis of
12-15 months despite current therapeutic strategies. Diagnosing GBM is challenging,
often requiring invasive techniques such as tissue biopsy and imaging methods that can
provide inconclusive results. In this regard, liquid biopsy represents a promising alterna-
tive, providing tumor-derived information from less invasive sources such as blood or
cerebrospinal fluid. However, the typically low concentrations of these biomarkers pose
challenges for traditional detection techniques, limiting their sensitivity and specificity.
Recent advances in microfluidics offer a potential solution by enhancing the isolation
and detection of tumor-derived cells and molecules, thus improving their detectability.
This review discusses the latest progress in microfluidic-based liquid biopsy systems for
glioblastoma, laying the basis for future diagnostic practices that are less invasive and
more accurate. As these technologies evolve, they hold the potential to transform GBM

diagnosis and monitoring, ultimately improving patient outcomes.
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Translational Impact Statement

This review highlights how integrating microfluidic technologies with liquid biopsy enables high
precision biomarker detection and non-invasive monitoring of glioblastoma, addressing critical
challenges in its diagnosis and follow-up. By enhancing the isolation and detection of low-
abundance tumor-derived biomarkers in body fluids, these technologies hold significant poten-
tial to improve non-invasive early diagnosis, guide therapeutic decisions, and transform patient
management in glioblastoma and other inaccessible cancers. This work bridges bioengineering
innovations with clinical applications, offering an impactful perspective for more precise and

accessible diagnostic tools in oncology.
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1 | INTRODUCTION

Glioblastoma (GBM, WHO grade IV astrocytoma) is the most fre-
quent, malignant, and aggressive primary brain tumor in adults,
accounting for nearly 50% of malignant brain tumors across all age
groups.) 3 According to the latest 2021 World Health Organization
(WHO) classification, GBM is currently defined as a diffuse astrocytic
glioma with no mutation in IDH genes nor histone H3 genes.*® It is
characterized by microvascular proliferation, necrosis, and specific
molecular features, including TERT promoter mutation, EGFR gene
amplification, and+7/—10 cytogenic signature.* The tumor can arise
de novo as a primary GBM or progress from lower-grade astrocyto-
mas as a secondary GBM, with distinct molecular profiles: primary
GBMs frequently exhibit EGFR amplification and PTEN loss, whereas
secondary GBMs are associated with TP53, ATRX, and PDGFRA
mutations.®” Other alterations, such as PIK3CA mutations linked to
earlier recurrence and shorter survival,® and MGMT promoter methyl-
ation status are also a widely accepted biomarkers in glioblastoma.”

Despite the advances in the current treatment—including surgery,
concomitant radio-chemotherapy, and adjuvant chemotherapy (Stupp
protocol)*—patient prognosis remains very poor, with little progress
over the past four decades in terms of prevention, early detection,
and treatment.® The median survival, even with Stupp treatment, is
between 10 and 15 months, with most patients experiencing tumor
relapse within 1 year of diagnosis. Moreover, the 5-year relative sur-
vival rate has only increased from 4% to 7% during the past 40 years,
and this drops to 2% in patients aged 65 years or older.>1°

Early detection of a disease such as cancer is crucial, as it could
lead to significantly improved patient outcomes. However, in the case
of GBM, diagnosis typically occurs at an advanced stage due to the
non-specific nature of early symptoms, which overlap with those of
more common, benign conditions. Clinical presentation varies depend-
ing on tumor size and location, with frequent symptoms including
headaches, nausea (often related to increased intracranial pressure),
fatigue, weakness, cognitive impairment, ataxia, and seizures. Given
the vague nature of these symptoms and the limitations of current
diagnostic tools, mainly due to tumor inaccessibility and the risks
associated with invasive procedures, over half of patients are diag-
nosed only after emergency hospitalization when the tumor has
reached an advanced stage.'%!?

This has led to a growing interest in alternative diagnostic and
monitoring methods, such as liquid biopsy, which offers the advan-
tage of being less invasive and potentially useful for repeated moni-
toring of disease progression. However, the low concentration of
GBM biomarkers in circulation presents significant technical chal-
lenges for traditional detection methods. In recent years, microflui-
dic technology has emerged as a promising approach to address
these limitations.

Microfluidic devices enable the precise manipulation of fluids at
the microscale, offering superior sensitivity and specificity for the iso-
lation, enrichment, and analysis of tumor biomarkers. These systems
enhance the detection of circulating biomarkers from minimal biofluid

samples, significantly improving diagnostic capabilities compared to

conventional techniques. By reducing the sample volume required,
increasing the efficiency of biomarker capture, and allowing real-time
analysis, microfluidic platforms facilitate early GBM detection and
enable more frequent and accurate monitoring of disease progression.

In this review, we explore the latest advances in microfluidic-
based liquid biopsy technologies for glioblastoma, focusing on the
main types of biomarkers—circulating tumor cells (CTCs), extracellular
vesicles (EVs), circulating free nucleic acids (cfNAs), tumor-educated
platelets (TEPs) and volatile organic compounds (VOCs)—and the
microfluidic devices developed for the detection of each, along with
the specific application. By providing an overview of current chal-
lenges and future perspectives, we aim to highlight the role of these
emerging technologies in improving early diagnosis, personalizing
treatment strategies, and ultimately enhancing patient outcomes in

glioblastoma.

2 | CURRENT METHODS OF DIAGNOSIS IN
GLIOBLASTOMA

21 |
biopsy

Diagnosis methods: neuroimaging and tissue

Conventional approaches in diagnosis, subtyping, and monitoring
brain cancers rely on advanced imaging and histopathological tech-
nigues. In imaging, there are several widely used methods, such as
computer tomography, magnetic resonance imaging (MRI) and posi-
tron emission tomography (PET). Due to the high resolution and sensi-
tivity compared to others, MRI is currently the most used.’? MRI
includes T2-weighted, T2-weighted fluid-attenuated inversion recov-
ery sequences, and 3D T1-weighted sequences before and after the
application of a gadolinium-based contrast agent.'® The integration of
traditional and advanced MRI techniques with machine learning—an
approach known as radiomics—is also emerging as a method to incor-
porate quantitative analysis into imaging interpretation. Radiomics
encompasses features such as the location of recurrence and the vol-
ume of contrast enhancement, providing additional prognostic and
diagnostic insights.2*

PET, a nuclear medicine technique, is gaining relevance for GBM
diagnosis and monitoring. It primarily employs two categories of
radiotracers: glucose metabolism tracers (e.g., ‘®F-FDG) and amino
acid transport tracers (e.g., 'C-MET, ®F-FET, and '®F-FDOPA).
Although 8F-FDG was initially the most extensively studied, amino
acid PET tracers have demonstrated superior sensitivity in detecting
gliomas and differentiating recurrent tumors from treatment-induced
changes.t>1¢

However, despite the advancements in imaging technologies, the
reliability of imaging assessment is still considered insufficient, as
the appearance of glioblastoma on imaging scans can vary consider-
ably. Therefore, all guidelines recommend obtaining a histological
sample before deciding on therapeutic options.* MRI is typically fol-
lowed by resection or biopsy of tumor tissue to confirm the diagnosis,

grade, and characterization of the tumor.?’
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2.2 | Monitoring and follow-up

Apart from diagnosis, tumor follow-up is performed in an equivalent
way. Clinical examination and MRI are the fundamental methods in
the assessment of disease status and response to treatment, following
the established Response Assessment in Neuro-Oncology (RANO) cri-
teria. After initial treatment, most patients undergo MRI scans at
intervals of 2-6 months. However, routine neuroimaging is not typi-
cally indicated unless new neurological symptoms arise, and longer
intervals between scans are often recommended to minimize patient
risk from repeated exposure.* This approach presents a significant
issue for GBM patients, as tumor recurrence occurs in approximately
90% of cases.'® The lack of more frequent follow-up could result in
the late detection of recurrences, leading to tumor progression and a
poorer prognosis. Therefore, there is a pressing need for more fre-
guent, non-invasive monitoring methods to improve early detection

of relapses and better management of the disease.

2.3 | Limitations of current diagnosis and
monitoring techniques

Despite being the European Association of Neuro-Oncology stan-
dardized diagnostic protocol, both neuroimaging by MRI and surgi-
cal resection have several limitations and complications. As
previously explained, conventional MRI is the technique of choice
for tumor detection and follow-up, as it allows information on struc-
ture and location in guided surgery. However, it is only able to
detect the solid tumor when it has sufficient mass, and it is difficult
to distinguish between high-grade gliomas (such as GBM and oligo-
dendroglioma) or other diseases such as infections, lymphoma, and
metastasis of an extracranial primary tumor. While PET imaging sig-
nificantly improves the differentiation of gliomas compared to MRI,
it still faces limitations in distinguishing oligodendrogliomas from
GBM, as both exhibit similarly high amino acid uptake, complicating
their classification.!?

One of the key challenges for neurosurgeons is differentiating true
tumor progression from treatment-related contrast enhancement
changes, known as pseudoprogression.?® It occurs frequently after
combined chemo-irradiation with temozolomide (TMZ), the current
standard of care for glioblastoma. Pseudoprogression may increase
contrast enhancement, caused by alterations in the blood-brain barrier
(BBB) or radiation necrosis. Pseudoprogression occurs in 20%-30% of
GBM patients, usually within the first 12 weeks of treatment, and it is
important to differentiate it from actual progression to avoid unneces-
sary surgery or treatment.2%?2 Conversely, anti-angiogenic agents can
reduce contrast enhancement on MRI without a true antitumor effect
by altering the permeability of the tumor vasculature, giving an errone-
ous perception of tumor shrinkage. This phenomenon is known as
pseudo-response.2>22 Recent trials with VEGF-related agents, such as
bevacizumab, have shown a rapid decrease in contrast enhancement
with a high response rate, but with rather modest antitumor effects.?°

Both phenomena emphasize the limitations of MRI as a measure of

tumor activity, as cases where there is no tumor progression, but an
impaired BBB must be taken into consideration.

Although multimodal approaches integrating MRI, PET, and radio-
mics hold promise in improving the distinction between true progres-
sion and pseudoprogression, current techniques still require further
validation in large-scale, multicentre clinical trials before they can be
reliably implemented as robust diagnostic tools.?* As a result, despite
its invasiveness, tissue confirmation remains the gold standard for
GBM diagnosis.'* Moreover, while advances in multimodal imaging
techniques have improved lesion characterization, they provide only a
partial representation of tumor properties, underscoring the need for
novel diagnostic strategies that can yield deeper biological insights
into tumor progression and therapeutic response.

Following the MRI, a tissue biopsy is performed to characterize
the tumor and provide a more complete diagnosis. In the case of the
brain, performing a biopsy involves a high degree of risk for
the patient due to the invasiveness of the procedure.?>?¢ Complica-
tions occurring after frame-based stereotactic brain biopsies are rare
but have serious side effects. The high invasiveness can lead to
effects such as brain swelling or hemorrhages, which severely alter
brain functionality.?” Despite being described as a minimally invasive
procedure with a low complication rate, death has been reported as
the most severe complication following frame-based stereotactic
brain biopsy.?® Moreover, there is an emerging risk associated with
the biopsy procedure itself, tract recurrence (TR), where tumor cells
may spread along the biopsy tract, a risk that has been previously
underappreciated in brain metastases cases. Recent studies suggest
that up to 50% of patients may develop TR after biopsy, highlighting
the importance of careful radiographic monitoring and consideration
of including the biopsy tract in adjuvant radiation therapy plans to

k.22 On the other hand, the inaccessibility of some

manage this ris
brain tumors and the small number of fragments that can be extracted
make it difficult to obtain tissue samples that fully capture the great
intratumoral heterogeneity.

In relation to the above-mentioned, there is an urgent need in the
clinic to identify less invasive detection methods for diagnosis and prog-
nosis, and that in turn, can monitor tumor progression and response to
therapy. Current techniques are not procedures that can be performed
repeatedly over time to assess tumor dynamics and its molecular profile
in real time, but only offer a static view of a tumor, which is known to

undergo constant morphological and molecular changes.?*

3 | LIQUID BIOPSY IN GLIOBLASTOMA

In this context, liquid biopsy is increasingly being recognized as a
potentially valuable tool for the identification and characterization of
cancer biomarkers.?” It has demonstrated many favorable characteris-
tics in this task, especially due to its minimally invasive and easy sam-
pling nature.*? This diagnostic technique involves the analysis of
biological fluids to identify and isolate molecules released by tumors
into the general blood circulation and other bodily fluids, such as cere-

brospinal fluid (CSF), saliva, and urine. While blood is the most
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commonly used in glioblastoma, CSF is also employed for biomarker
detection.??° CSF circulates in the brain and spinal cord and is there-
fore in close contact with the central nervous system. However, CSF
collection requires an invasive lumbar puncture procedure.?* Among
the most currently studied molecules are cfNAs (that includes circulat-
ing tumor DNA (ctDNA) and circulating cell-free tumor RNA (ctRNA)),
CTCs, EVs, VOCs, and TEPs.?”*332 These molecules must be tumor-
specific and present in adequate concentrations for detection.

In addition to being less invasive than tissue biopsies, liquid biopsies
have the potential to determine the genetic profile of cancer patients.
For brain tumors, circulating biomarkers mean extracting useful informa-
tion using a minimally invasive method. It has been reported that some
of these molecules can cross the BBB and can be detected in the blood
of GBM patients, even when their permeability is not impaired.>® These
molecules can bypass tumor tissue and thus can provide a real sample of
the tumor. In fact, a significant correlation has already been seen
between the genetic profiles obtained from ctDNA by liquid biopsy and
the corresponding tumor.2” Therefore, this method could be of great
clinical utility, especially in cases where surgery is contraindicated, or
biopsy results are inconclusive (approximately 25% of patients).? More-
over, in cases of recurrence, which account for a remarkably high per-
centage, only 30% of patients are candidates for a second surgery. For
this reason, circulating biomarkers could be used as a method of molecu-
lar diagnosis of recurrent tumors in inoperable patients, making it easier
to identify the alterations that have led to recurrence and the possible
treatments to be applied. The simplicity of the extraction method could
be clinically relevant, as it enables early cancer detection through direct
diagnosis and allows for the collection of serial samples that accurately
reflect the tumor's evolution over time. This approach facilitates monitor-
ing of potentially harmful changes in tumor aggressiveness, treatment
response, and the risk of recurrence. Additionally, this procedure could
allow the identification of disrupted signaling pathways, the molecular
subtype classification, and also biomarker discovery.*?

However, the technological limitations of detection have hindered
the availability and knowledge of this technique until recent years.>* One
key challenge is the low concentration of biomarkers in blood, making
detection difficult. The isolation requires more complex and accurate
procedures to obtain a sufficient quantity of cells, especially in early-
stage cancers.%> The localization of the tumor also affects the detectabil-
ity of these biomarkers, with brain lesions, for instance, being difficult to
assess through blood analysis.3¢ Microfluidic technologies offer a promis-
ing solution to these challenges by enabling the precise isolation and
analysis of rare biomarkers, even in low concentrations. These technolo-
gies enhance sensitivity and reduce sample volume requirements, which
is particularly beneficial for detecting biomarkers in difficult-to-reach

tumors, such as those located in the brain.

4 | MICROFLUIDICS FORLIQUID BIOPSY
IN GLIOBLASTOMA

Microfluidics involves the study and manipulation of fluids at the sub-

millimetre scale, typically focusing on the precise control of small

liquid volumes by exploiting specific physical properties of fluids.®”-*8

It has proven to be a useful tool to improve diagnostic and biological
research due to the increased sensitivity, reduced toxicity, biocompat-
ibility, and enhanced drug delivery.3’ By enabling miniaturization,
microfluidics allows the integration of multiple analytical steps in a
single platform, reducing the need for large sample volumes and
reagents. This approach not only accelerates sample processing but
also enhances detection sensitivity, making it particularly valuable for
isolating and analyzing molecules or biomarkers that are present in
minimal quantities or small sizes.*® Through these capabilities, micro-
fluidics offers significant improvements in detecting low-abundance
biomarkers with high precision.

Microfluidic device fabrication methods can be broadly catego-
rized into three main groups: photolithography-based techniques,
replication-based techniques, and xurography. Of these, replication-
based approaches—including soft lithography, hot embossing, and
injection molding—are the most extensively used in biomedical
research due to their versatility and scalability.**=* Most devices are
composed of polydimethylsiloxane (PDMS), which offers good optical
performance, biocompatibility, and flexibility, while enabling real-time
monitoring, high-resolution imaging, and quantification of biological
events.***> However, it is a gas-permeable material and retains non-
specific molecules. As an alternative, other materials have emerged,
such as cyclic olefin polymer. This thermoplastic material, while retain-
ing the benefits of PDMS, has a low gas permeability that allows for
more precise control of the gases and is easier to handle on the pro-
duction line. 4647

Microfluidic technology is increasingly utilized in cancer research
and can be used for personalized treatment and diagnosis. In this con-
text, point-of-care (POC) biosensors emerged as innovative portable
devices that enable rapid and precise disease detection outside the
laboratory.*®*° These biosensors, which include electrochemical and
optical sensing platforms, have demonstrated significant potential in
glioma diagnostics.**>* Additionally, techniques such as PCR,
RT-PCR, and high-throughput single-cell analysis have been exten-
sively utilized in droplet-based microfluidic platforms.>?> These
approaches have been applied to characterize gliomas based on their
IDH1 mutational status®® and to distinguish glioblastoma tumor cells
according to their proteolytic activity.>* Another major application is in
the field of organ-on-chip, which uses microfluidics to closely mimic
in vivo tumor conditions, providing an advanced preclinical tool
to study personalized treatment for individual patients.>>">’
Organ-on-chip devices have been developed to simulate glioblastoma

t,58'59

microenvironmen cell migration and invasion,®® metastasis,®* vascu-

larisation and extravasation.®? Furthermore, they are increasingly being

6364 and drug screening.®®

integrated into immuno-oncology studies
Notably, the recent passage of the US Food and Drug Administration
(FDA) Modernization Act 2.0, which removes the requirement for animal
testing when in vitro alternatives like organ-on-chip demonstrate superior
performance,®® has further fueled the adoption of these technologies.
Liquid biopsy is one of the most promising applications of micro-
fluidics in GBM research. Although still an emerging field, different

microfluidic devices are already available to optimize the detection
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and analysis of the main liquid markers (Table 1). These include CTCs,
EVs, and VOCs. By reducing the need for invasive procedures for
diagnosis and enhancing the accuracy of disease models, microfluidics
addresses key challenges in GBM, allowing for minimally invasive bio-
marker analysis, improving sensitivity and reducing false positives,
thus enabling more accurate and frequent diagnostic assessments.®”
In the following sections, the main microfluidic approaches for each

type of biomarker are discussed.

41 | Circulating tumor cells in microfluidic models
CTCs are tumor cells that migrate from the solid tumor mass into the
bloodstream. This is thought to be due to the induction of

the epithelial-mesenchymal transition in the tumoral cells, whereby

the cells upregulate mesenchymal markers that give them invasive
and migratory properties.”” CTCs contain genetic information of many
types, as they harbor tumor DNA, RNA, and proteins, which allows
useful information to be obtained to study tumor progression, inva-
sion, and metastasis.”® However, in brain tumors, extracranial metas-
tasis is not frequent, mostly due to the presence of the BBB and the
short survival and infiltration of cells in a neutral environment.”” CTCs
are found in very small amounts in the bloodstream (between 1 and
10 cells/10 mL of blood).2° In particular, the number of CTCs in GBM
is estimated to be between 1 and 22 cells/2 million mononuclear
cells.®? Therefore, the use of microfluidics for the isolation of CTCs
may open the door to new diagnostic strategies for glioblastoma using
affinity-based and affinity-free technologies,®? as these systems have
also been shown to achieve higher purity in CTCs than other

methods, such as density-gradient centrifugation.8® Cell-affinity

TABLE 1  Overview of microfluidic-based liquid biopsy methods developed for the study of glioblastoma.
Type of Clinical relevance
biomarker in GBM Microfluidic device Description Sensitivity/Specificity Reference
CTCs Tumor progression, CTC-iChip Isolation of CTCs from Moderate (39%)/ Sullivan et al.®®
monitoring, response to whole blood using size- High (80%)
therapy based removal and
inertial flow dynamics
Anti-EGFR aptamer Capture of GBM CTCs by  High (70%)/ Wan et al.*’
device anti-EGFR aptamer Very high (98%)
functionalised substrate
and optimisation of flow
rate
Spiral microfluidic Isolation of CTCs from Moderate (65%)/ Miiller Bark et al.”®
technology whole blood and Very high (100%)
characterization with
GFAP, vimentin and
EGFR amplification
Parsortix™ Detection of CTCs Moderate (53.8%)/ Krol et al.”*
clusters and exome High (false-positive
sequencing threshold from healthy
donors)
EVs Tumor subtype Immunoaffinity-based Isolation of GBM EVs Moderate (42-94%)/ Chen et al.”?
classification, therapy method using anti-CDé63 coated High (anti-CD63
resistance microchannels and minimizes contamination)
detection of exosomal
RNA
iMER Comparison of exosomal Very high (93%)/ Shao et al.”®
mRNA levels of MGMT High (>95%)
and APNG before and
after TMZ treatment
EVHB-Chip Isolation and detection of ~ Moderate (59%)/ Reategui et al.”*
mutant EGFRvIIIl mRNA High (94%)
on EVs
EZ-READ Profiling of circulating High (LOD: 9 copies of Zhang et al.”®
RNAs in EVs for blood- miRNA)/
based GBM High (not specified)
characterization
VOCs Metabolic alterations, Be-Gradient device Detection of in vitro TME High (not specified)/ Bayona et al.”¢

potential early
biomarkers

VOCs in glioblastoma

Very high (exogenous
VOCs removed)
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chromatography uses a ligand with affinity for CTCs to selectively
isolate these cells from the rest of the cells present in the blood.®*
This technology was implemented in other tumors such as cervical
cancer,®® to be adapted years later to the study of CTCs in different
tumors such as melanoma, breast, colon, lung, and prostate cancer
through the use of specific ligands.”®%28% However, there is no cer-
tainty of total homogeneity in the expression of a particular marker,
especially in a tumor as heterogeneous as GBM. Therefore, a nega-
tive selection could be an alternative to enrich the sample in CTCs
from peripheral blood.5! These label-free approaches are based on
physical factors such as cell size and deformity,®” with the spiral
microfluidic device being one of the options used in some head and
neck,®® lung® or breast cancer.”® On the other hand, there are
commercial systems that provide a reliable system for the separa-
tion of CTCs. The CellSearch® system was the first FDA-approved
technology for the investigation of CTCs.?* It uses a ferrofluid con-
sisting of a magnetic nanoparticle coated with anti-EpCAM anti-
bodies to capture cells of epithelial origin. However, in GBM, CTCs
tend to have a mesenchymal phenotype, making this technology
unsuitable for its study.”?

(a)
Input (CTCs + WBC)

Spiral Microfluidic

Despite being a tumor in which the presence of CTCs has been little
studied in comparison to other tumors, there are studies that develop
microfluidic techniques for the detection and identification of glioblas-
toma. In this context, Ozkumur et al. developed a microfluidic device
called CTC-iChip, which allowed the isolation of CTCs from whole
blood.?>?* Sullivan et al. applied this technology to GBM patients,
obtaining CTCs in 13 of 33 patients. The study showed that CTCs were
enriched in mesenchymal over neural differentiation markers compared
with primary GBMs.%® Wan et al. developed a microfluidic device to
study the capture of CTCs from GBM and the importance of fluid veloc-
ity for the isolation of these particles. Using this principle, they used anti-
EGFR aptamer functionalised substrate in the device to study the binding
efficiency of CTCs. They found that a flow rate of 2 mm/s significantly
facilitated the capture of CTCs.%” More recently, Miiller Bark et al.
reported the use of spiral microfluidic technology to isolate CTCs from
the whole blood of newly diagnosed GBM patients before and after sur-
gery (Figure 1a). This was followed by characterization with GFAP,
vimentin, and EGFR amplification. They found CTCs in 13 of the
20 patients and demonstrated that patients without CTCs after surgery

had a higher recurrence-free survival.”® In addition, the Parsortix™
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FIGURE 1 Microfluidic devices for the detection of CTCs in GBM. (a) Spiral microfluidic device developed by Miiller Bark et al.”® to isolate

and characterize GBM CTCs from the whole blood using inertial flow dynamics. This method enables detection of CTCs expressing GBM-
associated markers such as GFAP, vimentin, and EGFR amplification, which are relevant for tumor monitoring and characterization. (b) Parsortix™
microdevice used by Krol et al.”? for the identification of GBM CTCs clusters, facilitating tumor progression assessment and monitoring of
therapy response. Reproduced under the terms and conditions of the Creative Commons Attribution (CC BY) license.
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system described by Miller et al. was developed to capture cells accord-
ing to their size and deformity, for subsequent analysis and characteriza-
tion of the isolated cells.”® Krol et al. used this system to detect whether
circulating cells could appear to form clusters and thus pass the BBB in
13 patients with progressing GBM (Figure 1b). They observed clusters
varying from 2 to 23 cells at different stages of GBM progression. Exome
sequencing of the CTC clusters revealed variations in 58 tumor-
associated genes such as ATM, PMS2, POLE, APC, XPO1, TFRE, JAK2,
ERBB4, and ALK.”* As the articles in this field indicate, microfluidic sys-
tems for the detection of CTCs are a system that is progressing to offer
more tumor-specific techniques, despite the limitations that this implies
for GBM. Commercial systems already exist for this purpose, and optimi-
sation of sensitivity and isolation efficiency could help the implementa-
tion of these systems as an alternative diagnostic and monitoring

method for hard-to-reach tumors such as GBM.

4.2 | Extracellular vesicles in microfluidic models
EVs include all secreted or derived membrane vesicles shed by any
type of cell, whose role is very varied; from intercellular communica-
tion in the microenvironment to proliferation, migration, drug resis-
tance, and immunomodulation.?® They are a group of lipid-bilayer
bound nanoparticles ranging in size from 30 nm to 10 pum. This gives
them a very important feature in the study of glioblastoma, since they
are able to cross the BBB.”” These molecules can be extracted from
plasma, serum, CSF, and even saliva. CFS collection involves an intru-
sive and difficult method,”® and saliva may show variability due to
inconsistent collection and analysis methods.”” In blood, plasma is
easier to obtain and can provide a high number of molecules to be
studied. Exosomes and microvesicles are the two major classes of EVs
that differ in their release mechanisms, size, and content (miRNA,
mRNA, and DNA). Glioblastoma cells release EVs that participate in
intercellular communication with the tumor microenvironment. These
molecules have already shown promise as GBM biomarkers, providing
insights into molecular characterization and subtyping for potential
therapeutic and diagnostic applications.®°

Different EV isolation techniques exist, each with its specific advan-
tages and limitations. Ultracentrifugation is a common method that uses
high-speed spinning to separate EVs, with successive centrifugation at
high forces eliminating dead cells and debris before pelleting the EVs.
Density gradient ultracentrifugation, on the other hand, adds a density
gradient to the centrifugation process, which allows for a more refined
separation of EVs based on their buoyant density, resulting in higher
purity.1° Other size-based techniques, such as ultrafiltration and size
exclusion chromatography, separate EVs based on their size, offering a
gentler approach that preserves the integrity of the EVs. Additionally,
commercial kits like ExoQuick™ and ExoQuick ULTRA provide precise
and minimal sample methods for EV isolation.”®10?

Exosomes are molecules enriched in specific membrane markers
such as CD63, CD81, and ALIX.13 Specifically, GBM-derived exosomes
differ from host exosomes by epidermal growth factor receptor (EGFR)

amplification and other specific mutations such as EGFRvIII deletion.***

Studies using serum from GBM patients have revealed the presence of
an inflammatory footprint by detecting EV biomarkers. Among the mole-
cules found are VWF, FCGBP, C3, PROS1, and SERPINA1.'® In addi-
tion, upregulation of subtype-specific biomarkers such as CD44, CDé63,
and CD81 has been found to be significant in GBM patients compared to
controls. Besides, levels within GBM patients may vary, which could pro-
vide information on tumor subtypes or progression, bringing us closer to
personalized treatment.”®1%°

The problem with current isolation methods is the need for an ultra-
centrifuge, in addition to the time-consuming protocol, and simpler and
faster methods would help in the characterization of GBM-specific EVs.
In this regard, microfluidic techniques can be useful to overcome some
of the limitations mentioned.’®> The immunoaffinity-based method
developed by Chen et al. for the isolation of EVs from GBM patients from
small volumes of both blood samples and cultured cells is noteworthy.”?
In the device, they used anti-CD63-coated microchannels to capture
EVs, as they saw that it is overexpressed. Furthermore, they demon-
strated that the quantity and quality of EVs captured were sufficient to
detect exosomal RNA and assess tumor-derived RNA. On the other
hand, Shao et al. developed a system called immuno-magnetic exosome
RNA (iMER) analysis, which integrates immunomagnetic selection, TNA
collections, and real-time PCR in a single microfluidic device (Figure 2). In
doing so, they compared the exosomal profiles of GBM samples after
TMZ treatment and were able to detect exosomal mRNA levels of
0O6-methylguanine DNA methyltransferase (MGMT) and alkylurine-
DNA-N-glycosylase (APNG) directly from blood samples, which may be
potential predictive markers for the acquisition of TMZ resistance.”®
Because of this, IMER could be used to examine diagnostic markers of
GBM, in addition to allowing real-time monitoring of drug efficacy. The
same group developed other microfluidic platforms for the detection of
exosomal proteins. Therefore, the use of these technologies prior to lysis
and mRNA detection with iMER may be a viable method to extract as
much information as possible from GBM samples.'°¢1%7 |n another
study, a microfluidic device called the VHB-Chip was used to isolate EVs
from serum or plasma samples of GBM patients.”* They were able to
detect and identify relatively rare EGFRVIII transcripts, as well as genes
specific to GBM subtypes. Using the EYHB-Chip, they demonstrated
94% tumor EVs specificity and a detection level of 100 EVs per L.
Finally, the study of Zhang et al. developed an analytical platform to
obtain direct and multiplexed profiles of circulating RNA in EVs for GBM
characterization in blood. The technology, called ZIF-8 enzyme com-
plexes for regenerative and catalytic digital RNA detection or EZ-READ,
uses an RNA-responsive transducer to regeneratively convert and cata-
lytically enhance signals from rare RNA targets found in EVs in human
blood. This technology allows the establishment of specific signatures

for diagnosis and subtyping in the blood of GBM patients.””

43 |
models

Circulating tumor nucleic acids in microfluidic

Within this category, several types of molecules can be found. cfDNA
refers to DNA fragments of 150-200 base pairs that are shed into

5101 SUOWILLIOD AR B|geatidde aup A peuenob 318 PR WO 2SN J0 S9N 10} ATRIGI SUIUO A3|IA UO (SUO1IPUOD-pUR-SLLLBLLI0Y" A3 1A ATRIGIRUIIUO//SA1L) SUORIPUOD PUE SULB L 83 39S *[5202/20/T0] Uo AReiqiT8uliuo A3|1 Bzobeiez 8Q pepsienlun Ad ZE00L ZWIT/Z00T OT/I0p/W00™A3 | W AZeiq[Bu U0 /ST 0. Papeo|umod ‘0 ‘TO/908EZ



BIOENGINEERING &
MTRANSLATIONAL MEDICINE

BAYONA ET AL.

(a)

Exosome enrichment

(b)

Glass bead filter

Quantitative PCR

Signal

5
—

(c)

@ Exosome enrichment
@ RNA capture

© RNA reservoir
@ gPCR chamber

FIGURE 2 iMER platform developed by Shao et al.”® to characterize exosomal mRNA from blood samples. (a) The iMER platform streamlines
exosome enrichment, RNA extraction, and real-time analysis by capturing cancer exosomes on magnetic beads, isolating RNA via a glass bead
filter, and enabling reverse transcription and quantification in a single device. (b) Scanning electron micrographs show antibody-functionalized
magnetic beads against EGFRVIII capturing tumor vesicles. (c) Image of the iMER device with (1) immunomagnetic capture site, (2) RNA
extraction, (3) reverse transcription, and (4) gPCR chamber for multiplexed detection. Reproduced under the terms and conditions of the Creative

Commons Attribution (CC BY) license.

biological fluids primarily by apoptotic, necrotic, rapidly dividing cells
and CTCs. cfDNA molecules have a short half-life (<1.5 h), as they are
quickly eliminated by phagocytosis. It is called ctDNA when the frag-
ment belongs to a tumor cell.}°® It accounts for 0.01%-10% of the
overall cell-free DNA in the blood, depending on the tumor's location
in the blood, tumor activity, or the applied treatment.2%? Typically,
ctDNA levels in healthy individuals are low (around 10-15 ng/mL in
plasma) compared to those with tumors. As the tumor expands, more
cells release ctDNA.'° This molecule can be distinguished based on
its size, increased fragmentation, and mutations that are not present
in healthy cell DNA, making it a biomarker of disease.!? ctDNAs have
been extensively studied in various cancer types and applications. In
the case of colorectal cancer, they are widely used to evaluate the
response and adaptation to treatment.!*211* |n breast cancer, its
existence has been investigated as a predictor for relapse,*>1¢
response, and metastasis.''” Relevant findings on ctDNAs are also
available for other types of cancer such as lung®*® and prostate,**’
among others. In the case of glioblastoma, certain limitations exist. A
recent investigation discovered mutations in 55% of plasma samples
from 222 GBM patients using NGS, which could offer viable options
for identifying therapeutic alternatives based on genomic research by

ctDNA.Y?° However, in most studies, the concentration of ctDNA

extracted was lower in comparison to other tumors because of the
presence of the BBB.'1%121 |n contrast, CSF seems to be abundant in
these substances, as displayed in Wang et al. research.'?2 They reveal
that ctDNA can be identified through whole exome sequencing,
enabling a wide-ranging analysis of the GBM ecosystem to be
achieved without the use of more intrusive methods.

Methylation patterns in cell-free DNA have also emerged as a
promising genomic feature for detecting the presence of cancer and
determining its origin.*?® Studies have shown that methylation profil-
ing of cell-free DNA released from CNS tumors in blood allows for
the detection of tumor-specific molecular markers.'?* Balafia et al.
demonstrated that the methylation profiles of MGMT, p16, DAPK,
and RASSF1A gene promoters in serum-derived DNA from GBM
patients closely correspond to those found in matching tumor tissue,
highlighting the potential of cfDNA profiling for non-invasive tumor
characterization.*?* Liu et al. examined promoter hypermethylation in
MGMT, p16INK4a, TIMP-3, and THBS1, observing 100% specificity
in the correlation between DNA hypermethylation in serum and CSF
with tumor tissue in gliomas.??® Moreover, they found that methyla-
tion levels of MGMT, p16INK4a, and THBS1 in glioma serum were
predictive of poorer overall survival, while hypermethylation of
MGMT and THBS1 in CSF served as prognostic factors for
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progression-free survival. Similarly, Lavon et al. investigated MGMT,
p16INK4a, TIMP-3, and THBS1 promoter hypermethylation in low-
and high-grade tumor serum and found that MGMT promoter methyl-
ation was strongly associated with tumor heterogeneity, aggressive-
ness, and disease evolution.'?” Estival et al. evaluated MGMT
methylation status and its concordance across paired whole blood and
GBM tissue samples using methylation-specific PCR (MSP) and pyro-
sequencing (PYR). Their results revealed a lower sensitivity in detect-
ing methylation marks in cfDNA compared to tumor tissue (average
sensitivity of 31.5%), though the specificity of the MSP assay in blood
reached 96%, while the PYR method showed a specificity of 76% in
plasma.?® To improve detection accuracy, Barault et al. applied the
Methyl-BEAMing assay to plasma cfDNA from GBM patients, demon-
strating high reproducibility, specificity, and sensitivity for the quanti-
tative assessment of MGMT methylation.?°

Apart from DNA, this category also includes ctRNA, which com-
prises mRNAs, long non-coding RNAs (InRNAs), and small non-coding
RNAs (snRNAs). The latter group encompasses microRNAs (miR-
NAs).1%8 miRNAs are small molecules of 19-25 base pairs and are the
most abundant free-circulating molecules in blood, although they are
also present in urine, saliva, and CSF.2%° They are released by tumors
and host cells into the blood by apoptosis, necrosis, or active
secretion through EVs or bound to plasma proteins.**! They control
post-transcriptional gene expression in a range of pathological and
non-pathological processes, including apoptosis, proliferation, differ-
entiation, migration, and invasion, and are therefore a promising bio-
marker for cancer diagnosis.*®? Particularly, miR-21 and miR-128
have been shown to be overexpressed in GBM patients, promoting
tumor cell survival and invasiveness.*333% Furthermore, miR-21 has
been implicated in resistance to treatment, both against chemother-
apy and radiotherapy.*®®

Despite its relevance, liquid biopsy based on the detection of cir-
culating nucleic acids has been limited by their low amount in blood,
as well as by current study techniques, in which there is no standard-
ized protocol for sample extraction and purification.*®® In this context,
microfluidic techniques can be a valuable technique to isolate and
analyze mostly ctDNA and avoid degradation or lysis of the molecules.
For example, Kim et al. developed a lab-on-a-disc system to isolate
cfDNA, with which they were able to electromagnetically isolate 3 mL
of blood in 30 min, decreasing the risk of sample degradation.*®”
Nonetheless, the concentration of cfDNA has wide variability based
on patients, which becomes a limitation when only ctDNA is present
in a small proportion. Gwak et al. developed a microfluidic vortex
coupled to a gradient magnetic-activated cfDNA sorter. With it, con-
tinuous perfusion of samples in the system solves the quantity
limitation.'®® Ou et al. created a system that combines microfluidic
droplet portioning, fluorescent multiplex PCR, and their 3D large-
volume droplet counting technology to form a novel liquid biopsy sys-
tem. It allows the analysis of total tumor DNA obtained from blood
samples with 100% specificity.1*? Moreover, some commercial tests
have already been approved by the FDA for use in solid tumors. This
is the case of Guardant360®, used to analyze ctDNA in blood4°;
FoundationOne® Liquid, which can detect ctDNA and ctRNA from

blood samples, being able to analyze up to 300 genes'*!; and others
such as Cobas EGFR Mutation test**? and Epi proColon®, specific for
colorectal cancer.**® A study by Bruch et al. created a microfluidic bio-
sensor to detect microRNAs (miR-19b) in serum samples from children
suffering from medulloblastoma, an aggressive brain tumor.** They
combined the CRISPR/Cas13a technology with a microfluidic sensor
and electrochemical readout to detect miRNAs with high sensitivity
and selectivity. They obtained a detection limit of 10 pM with less
than 1 pL of sample, without nucleic acid amplification. However,
there is currently no GBM-specific system that has been approved for
the identification of ctDNA or ctRNA. The improvement of microflui-
dic systems may be an important advance in the detection of these
molecules, and the combination of circulating nucleic acids with on-
chip systems could open new avenues to molecularly isolate and ana-

lyze these molecules in GBM.

44 |
models

Tumor-educated platelets in microfluidic

Blood platelets play a critical role as local and systemic responders
during tumorigenesis and metastasis.1*>¥4¢ When exposed to tumor
cells, platelets undergo tumor-induced education, leading to altered
platelet behavior. This process, known as tumor-educated platelet for-
mation, results in platelets acquiring tumor-specific molecular signa-
tures, including proteins and RNA, which reflect the characteristics of
the tumor.2*”~14 Due to their ability to capture key biological infor-
mation from the tumor, TEPs emerge as a promising non-invasive bio-
marker for liquid biopsy, offering valuable insights into cancer
diagnosis and progression.

In 2011, Nilsson et al. identified EGFRvIII as a cancer-associated
RNA biomarker in gliomas.150 Later, Marx et al. observed increased
CD63 expression and P-selectin expression on circulating platelets in
GBM patients.'>? Best et al. performed RNA sequencing to identify
differentially spliced RNA profiles in platelets from various patients
and were able to predict healthy individuals and GBM patients (among
other cancer types) with 96% accuracy, also identifying the location of
the primary tumor with 71% accuracy.'®? Additionally, they estab-
lished that 100-500 pg. of total platelet RNA was sufficient for
TEP-based diagnostics. Sol et al. analyzed TEP-spliced RNA profiles
and confirmed that samples from GBM patients contain a distinct TEP
profile compared to those with brain metastases. Moreover, they
found that the GBM TEP fingerprint seems to decrease after surgical
resection but reappears during tumor progression, indicating that it
could be a useful method to distinguish true progression from
pseudo-progression.145

Regarding microfluidic devices, no devices focused on the detec-
tion of TEPs in GBM currently exist. Concerning other cancers, Hao
et al. developed a microengineered microfluidic system in 2021 that
allowed for stable perfusion of human platelets. This system created a
model to predict platelet responsiveness before or during chemother-
apy with doxorubicin.*>® Li et al. described a chromatograph-like

microfluidic device that correlates platelet activation status with
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tumor progression, exhibiting sensitive, predictive potential for throm-
botic events in cancer patients, thereby guiding well-timed antithrom-
bosis treatment.’>* On the other hand, Ghosh et al. developed a
device called the aTME-Chip in 2024 to study the function of TEPs
within the ovarian tumor microenvironment.*>> Using this device,
they observed that TEPs accelerated tumor angiogenesis. Further-
more, the effluents from the device allowed for the analysis of cyto-

kine expression changes driven by platelet mechanisms.

45 |
models

Volatile organic compounds in microfluidic

In addition to the aforementioned molecules, there is a group of
metabolites potentially usable as liquid biomarkers, which are called
VOCs. As described by the WHO,*>¢ they are organic chemicals
having an initial boiling point less than or equal to 250°C measured
at a standard atmospheric pressure of 101.3 kPa.'*”*>8 VOCs have
the ability to cross the BBB, making them ideal candidates for
investigating alterations within the brain via blood biopsies.>® The
entire set of VOCs generated by an organism is called “volatilome”
and its study is known as “volatolomics.”**? These molecules are
produced through cellular metabolism and are released into the
bloodstream, where they can be detected directly, or through the

lungs, urine, or skin.160:161
\ GBM footprint

The identification of VOCs produced by the
tumour could help us to establish a library of
compounds potentially associated with GBM.

VOCs are classified into five chemical functional groups:
aldehydes, ketones, alcohols, hydrocarbons, and aromatic com-
pounds.t>?1%2 They provide insights into biochemical processes trig-
gered by oxidative stress, inflammation, apoptosis, or necrosis. VOCs
linked to disease may result from the cascade of reactions that occur
as the body responds to damage. This can either produce new metab-
olites or alter the levels of existing ones. For instance, the conversion
of a normal cell into a cancerous cell is connected to distinct meta-
bolic changes, such as the Warburg effect.'%3"%7 In recent years,
tumor-specific VOCs are increasingly being introduced as tumor
markers, and even standardized protocols for the collection and analy-
sis have already been developed.t>?-161:168-171

Within the analytical methods that have been described for the
detection of VOCs, solid phase microextraction gas chromatography
mass spectrometry (SPME-GC-MS) system is preferred to facilitate
the identification and quantification of these compounds. However,
other methods not based on mass spectrometry are being developed

in parallel, such as electronic nose devices (enose),'’>'7% bio-

174 and asymmetric ion mobility spectrometry.*®>17> Electronic

sniffer
nose devices are not sufficiently sensitive to detect those breath
VOCs in the low ppb range, can be affected by ambient conditions
(e.g., humidity and temperature), and have a limited lifetime.X”? lon
mobility spectrometry presents an interesting compromise between
classic analytical techniques, although it is still in an early develop-

mental stage and has not been adopted widely within clinical trials.'°

Prevention
programmes

6

Periodic testing of the population could be carried out No match
et @ as a routine preventive measure. It would only require
extracting a blood sample. \ .
No match VOCs screening

-
Patient follow-up

VOCs screening
for GBM detection

Tumour monitoring by VOC screening would be a less invasive
method that would allow greater control over time of the tumour.

@ It would also make sampling easier for vulnerable people far from
hospitals, as only one vial of blood would be required.

A\\

High match

Following characterisation, Stupp treatment would
be applied: surgical resection, radiotherapy and TMZ.

FIGURE 3

\ Treatment

N

GBM footprint

Scanning samples versus the GBM fingerprint would
detect those individuals with a high match. These
would be identified as potential GBM patients.

Y A
High match

GBM identification
and diagnosis

Additional diagnostic tests would define
the type, degree and status of the GBM.

Schematic protocol of the potential future use of VOCs as a liquid biomarker in glioblastoma.
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A number of articles have been published on the study of VOCs;
most focused on breath analysis for the detection of Ilung

cancer160,168,172,1767180

or other types of cancer such as colorectal,
breast, or prostate cancer.7%'71 However, VOCs emitted by breath are
complex mixtures of elements influenced by external pollutants, which
represent a significant loss of information. In contrast, the detection of
VOCs in blood samples is a more selective method to exclude mole-
cules from external sources. So far, there is not much information on
the characterization of VOCs in blood from GBM patients. However,
some studies have shown the presence of these metabolites in GBM
patients with unfavorable outcomes.'®! These VOCs were related to
the pentose phosphate and Warburg effect pathways. Furthermore, the
lipid profile of patients who experienced unfavorable outcomes
revealed a higher heterogeneity in the abundance of lipids. Another
study by Baranovicova et al. studied changes in basal blood plasma
metabolites in patients with a primary GBM tumor, as well as their cor-
relation with tumor grade. They found a significant increase in glycolytic
metabolites such as glucose and pyruvate, and the levels of some
metabolites such as tyrosine and phenylalanine were correlated exclu-
sively with higher tumor grade, also known as glioblastoma.82

In terms of microfluidic approaches for glioblastoma, there are no
studies to date using a microfluidic device for the direct detection of
VOCs in blood or serum samples of GBM. The only study by Bayona
et al. developed an organ-on-chip microfluidic technology for the recrea-
tion of the GBM tumor microenvironment and the detection and analysis
of generated VOCs. This approach combined microfluidic technology
with an SPME-GC-MS system. In doing so, they were able to see signifi-
cant increases in some aldehydes, phenols, and nitrogenous compounds,
which correlated with those observed in patients.”® A recent study,
although not focused on GBM, has developed a microfluidic device that
can discriminate and classify six distinct types of gaseous aldehydes in
the 100 parts per trillion range with 81% efficiency.'®2 This device inte-
grates a concentrator platform together with reliable surface-enhanced
Raman scattering detection and could potentially be applied to the study
of VOCs in GBM patients. Therefore, the detection of VOCs with the
use of microfluidics could be of great relevance in the diagnosis and
monitoring of tumors at an early stage (Figure 3).

5 | CONCLUSIONS AND FUTURE
PERSPECTIVES

Early diagnosis of brain tumors, particularly glioblastoma, remains a
significant challenge due to the inaccessibility of the tumor and the
nonspecific nature of its symptoms, which often overlap with more
benign conditions. As a result, GBM is typically diagnosed at an
advanced stage, limiting treatment options and worsening progno-
sis. There is a need to develop diagnostic methods that are less
invasive, and above all, that allow frequent monitoring of patients or
even screening at-risk populations for early detection. Liquid biopsy
has emerged as a promising method for GBM diagnosis, as it only
requires a blood sample and well-characterized GBM biomarkers to

be implemented. While promising, detecting relevant biomarkers in

the blood, such as CTCs, EVs, cfNAss, or VOCs, remains a challenge
due to their low concentrations and the limitations of current isola-
tion techniques. In this regard, microfluidic technologies, with their
capacity for high-precision fluid manipulation at the micro-nano
scale, offer a promising solution by improving the efficiency, selec-
tivity, and sensitivity of biomarker detection in liquid biopsies. The
ability to precisely control small liquid volumes enhances diagnostic
accuracy and provides opportunities for real-time monitoring of dis-
ease progression, which could ultimately contribute to better
patient management.

As discussed in this review, several devices have already been
developed for glioblastoma detection, primarily targeting CTCs and
EVs. However, this still remains an underexplored field, and other
blood-based molecules could play a crucial role in improving the
detection of GBM. Despite recent advances, the low abundance of
biomarkers and limited sensitivity of current platforms present major
obstacles. Improving these parameters is critical for the reliability of
liquid biopsy tests, especially for detecting low-abundance bio-
markers. Furthermore, the development of standardized protocols for
biomarker isolation, platform fabrication, and data analysis is crucial to
ensure the consistency and reproducibility of microfluidic technolo-
gies across different laboratories and clinical settings. The absence of
such protocols remains a significant barrier to the broader adoption
of these technologies. Additionally, the costs associated with the
development and commercialization of microfluidic devices, especially
those that integrate advanced capabilities such as real-time monitor-
ing and multiplexing, are high. Optimizing these systems to be cost-
effective without compromising performance will be key for their
widespread clinical adoption.

To overcome these challenges, interdisciplinary innovations are
necessary. The combination of microfluidic-based liquid biopsy with
other emerging technologies, such as next-generation sequencing,
advanced imaging, and multi-omics approaches, could provide a more
comprehensive picture of GBM, facilitating earlier detection and
more personalized treatment. Lab-on-a-chip systems show particular
promise for POC applications, enabling portable devices that facilitate
real-time, non-invasive monitoring of GBM. This approach could make
frequent patient assessments possible without the need for invasive
procedures. The integration of droplet-based microfluidics could fur-
ther increase detection sensitivity by improving biomarker isolation
and enabling high-throughput analysis. Additionally, artificial intelli-
gence could revolutionize data analysis, enabling more accurate inter-
pretation of complex datasets and improving diagnostic performance.
In fact, machine learning has already been used to improve CTC

t*8* and early cancer detection.8>

assessmen

As microfluidic platforms become more sensitive and refined,
they may improve early detection rates and enable more personalized
diagnostic approaches, leading to better-targeted therapies. More-
over, the development of portable, POC devices could make real-time,
non-invasive monitoring a feasible option for GBM patients. Together,
the combination of microfluidics and liquid biopsies holds great prom-
ise for improving early diagnosis, patient management, and overall

outcomes for patients suffering from glioblastoma.
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