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1. Overview of Glioblastoma Multiforme

Primary brain tumors arising from glial cells account for ≈3% 
of all new adult cancers and 25% of pediatric cancers annually.[1] 
Although brain tumor incidence is relatively low when com-
pared to other systemic cancers, it carries a high mortality rate 
and only 34% of individuals suffering from malignant brain 
cancers experience a complete recovery.[2] The most commonly 
occurring primary intracranial tumors in adults are gliomas, 
which arise from the glial support cells within the brain.[2] Pri-
mary gliomas originate from astrocytes, oligodendrocytes, or 
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a mix of the two glial cell types, with a 
range of stage categorizations as deline-
ated by the World Health Organization 
(WHO).[3] The WHO grade system ranges 
from glioma stages I–IV based on malig-
nancy and rate of tumor growth, with the 
most common types being astrocytoma 
(all grades), oligodendrocytoma (grades 
II and III), and oligoastrocytoma (grades 
II and III).[2,4] Astrocytomas arise from 
the dysfunction of supportive astrocytes 
that are essential for the maintenance of 
neuronal homeostasis and blood–brain-
barrier (BBB) function.[5] Lower grade 
(I–II) gliomas are considered benign and 
are commonly treated with surgical resec-
tion of the affected brain area. However, 
higher grade (III–IV) gliomas are consid-
ered malignant and are significantly more 
difficult to treat. Grade III astrocytomas 
exhibit heterogeneous cell morphology 
and typically express heightened mitotic 

activity without evidence of necrosis or neovascularization.[6] 
Primary grade IV astrocytomas can begin as lower grade astro-
cytomas and transform into more malignant tumors.[7]

Grade IV astrocytomas are classified as glioblastoma 
multiforme (GBM). They comprise the majority of malig-
nant gliomas diagnosed in the USA and are distinguished 
from lower grade tumors by the distinct presence of necrosis 
and neovasculature[2] (Figure 1). GBM is highly invasive, and 
glioma cells associated with GBM are known to invade through 
the brain parenchyma along existing blood vessels and white 
matter tracts, progressing outward to the meninges.[8] Typical 
GBM presentation is an irregular mass along or near white 
matter tracts, with invading cells using these white matter 
tracts and local vasculature to migrate into surrounding paren-
chyma.[8] Upon diagnosis, tumor cells are assumed to be widely 
dispersed in the brain parenchyma even though there is usu-
ally one central mass at that time.[9] These central masses are 
typically unilateral and can occupy the majority of an entire 
lobe before utilizing the corpus callosum to spread across the 
midline into the contralateral hemisphere; this movement 
produces the “butterfly” appearance characteristic of bilateral 
invasion. Secondary brain tumors most commonly occur from 
lung, breast, or skin metastases, with an incidence of brain 
metastases reportedly as high as 35% in metastatic breast 
cancer patients.[10] Beyond sharing some similar common 
mutations to GBM such as phosphatase and tensin homolog 
(PTEN) or epidermal growth factor receptor (EGFR), the pro-
gression of many cancers including GBM is linked to aberrant 
extracellular matrix (ECM) remodeling, which is implicated in 
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promoting invasion and malignancy.[11,12] Elevated expression 
of chondroitin sulfate proteoglycan 4 (CSPG4) is associated 
with worsened prognosis for both GBM and breast cancers, 
with both cancers being highly invasive.[13] The tumor microen-
vironment (TME) is both mechanically and biologically active; 
thus, any alterations to the ECM composition around tumors 
can enhance cellular invasion or contribute to treatment resist-
ance. Matrix metalloproteinases (MMPs) are normally involved 
in tissue remodeling, and are secreted by a multitude of cancer 
types including GBM to degrade ECM components and con-
tribute to the release of growth factors.[12,14–16] The following 
increase in local ECM rigidity directly influences tumor forma-
tion and tumor cell invasion, observed in glioma, breast, and 
many other cancer types.[17,18]

GBM invasion is characterized by excessive proliferation 
and growth of the tumor bulk, creation of hypoxic zones 
without access to local vasculature, and the formation of pseu-
dopalisades. Pseudopalisades consist of hypercellular regions 
around necrotic tumor foci that secrete proangiogenic factors 
required for the formation of neovasculature that provides 
nutrients to the tumor bulk.[19] In order to supply oxygen and 
nutrients to the rapidly growing tumor, glioma cells induce 
the expression of angiogenesis regulator angiopoietin-2 by 
local endothelial cells, triggering apoptosis and hypoxia in 
local brain regions.[20] This change in environment, coupled 
with the secretion of high levels of vascular endothelial growth 
factor (VEGF) by tumor cells, stimulates the “budding” of new 
blood vessels and stimulates cell proliferation within the bulk 
of the tumor.[21] Constant cellular turnover leads to the forma-
tion of a necrotic core in the center of the tumor and manifests 
in the presence of characteristic physical symptoms of GBM 
such as intracranial pressure and functional impairments.[22] 
Depending on the area of the brain in which the tumor mani-
fests, the patient can ultimately face death or experience 
serious functional deficits.

The median survival for adults with GBM who undergo 
standard-of-care chemo- and radiation therapy (RT) is 
14 months with a 2 year survival of 30% and a 5 year survival 
of 5.1%.[2] Poor adjuvant treatment efficacy and high recur-
rence rate are often encountered due to the inability to target 
and stem tumor invasion, and patient outcome with recurrent 
GBM remains extremely high leading to many patients prefer-
ring palliative care over aggressive therapeutic intervention.[23] 
Several clinical trials around the world are testing novel treat-
ment options for GBM, in the hope that combinations of 
novel therapies along with established treatment options will 
improve the current standard-of-care and prognosis for these 
patients.

2. The Challenge of Early Detection

The global cancer diagnostics market is currently worth bil-
lions of dollars, and is based on technological platforms that 
can detect and inform the treatment of cancer.[24] Many types 
of cancers are diagnosed via magnetic resonance imaging 
(MRI). However, the equipment and technical expertise 
required for these scans can be cost prohibitive for most of 
the populace. GBM being located wholly within the brain 

presents another unique problem for the early detection of 
these tumors. GBM is detected only after the manifestation 
of symptoms such as extreme headaches, seizures, and dizzi-
ness. T1- and T2-weighted MRI are often performed following 
presentation of patient symptoms in order to confirm tumor 
presence. Surgeons use this information to determine the 
tumor margins for surgical resection, which is consistently the 
first course of action when dealing with primary GBM tumors. 
Prior to making treatment decisions, a needle biopsy is taken 
to correctly characterize the tumor and to determine the 
treatment course (Table 1). GBM is unique when compared 
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to other lower grade brain tumors due to the presence of a 
highly irregular shape, centralized regions of necrosis, and 
extensive edema, all of which can be visualized using MRI and 
validated by the histopathological analysis of the tissue biopsy 
(Figure 2). Serial neuroimaging remains a primary method of 
diagnosis for glioma. However, histopathological inference of 
invasive tissue biopsies remains the mainstay of diagnostic 
testing, thereby presenting opportunities for less-invasive 
diagnostic measures to improve upon accuracy and time to 
diagnosis (Figure 2).

In the USA, almost 20 000 new gliomas are diagnosed every 
year. However, studies focused on evaluating glioma incidence 
rates within asymptomatic populations report that the actual 
number of patients with glioma in the USA is potentially 

40–50 times greater than the reported incidence.[25] Due to the 
lack of accessible and low-cost early detection schemes, the 
clear majority of asymptomatic individuals will be left unawares 
until symptoms develop, by which time the glioma becomes 
lethal. Although the 1 year survival for patients receiving a 
90% tumor resection is significantly higher than patients 
who undergo a less than 90% resection,[26] even a 90% tumor 
resection can prove to be insufficient, often leading to even-
tual recurrence by individual invasive cells that are left behind. 
GBM patients routinely receive adjuvant treatment in the form 
of RT or chemotherapy. The current standard for GBM chemo-
therapy is temozolomide (TMZ); however, the ability of GBM 
to adaptively evade treatment hampers chemotherapy efficacy. 
Earlier cancer detection is widely accepted as being crucial 
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Figure 1. Cellular influences involved in the switch from benign neoplasm to malignant growth in GBM. Dormant tumors are regulated by microenvi-
ronmental mechanisms including a lack of vasculature, limited supply of nutrients and oxygen, and recognition by nearby cell types such as fibroblasts, 
natural killer (NK) cells, and macrophages through tumor-associated antigen (Ag) presentation. Tumor cells can evade the body’s immune system 
response by recruiting immune suppressing tumor-associated macrophages (TAMs) and triggering a protumorigenic state within the microenviron-
ment. Treg cells and myeloid-deprived suppressor cells (MDSCs) recruited by TAMs release anti-inflammatory cytokines to suppress immune cell 
activity. ECM remodeling by tumor cells creates a local stiffness gradient in response to aberrant ECM composition.

Table 1. GBM diagnosis methodology.

Preoperative imaging and assessment Function

MR imaging/CT imaging Provides detailed information about tumor size and location via noninvasive imaging techniques

Karnofsky performance status Assessment tool for functional impairment, and can be used to assess the prognosis in individuals (0–100 scale,  

a score of 100 meaning normal with no evidence of disease)

Friedlein grading Functional classification system considering tumor operability and prognosis based on location of the tumor being either close or 

within eloquent regions (Friedlein grading B, “FGB”) or at a safe distance from eloquent regions (Friedlein grading A, “FGA”)

Operative

needle biopsy A neurosurgeon removes a small piece of the tumor tissue, which is sent to a pathologist for review and official diagnosis.  

Stereotactic biopsy involves the use of computer-assisted guidance to locate and resect the tumor mass

Postoperative analysis

Histopathology Hematoxylin and eosin staining remains the gold standard for diagnosis and characterization of the tissue biopsy

World Health Organization (WHO) 

grading

CNS tumors are classified according to standards published by the WHO based on morphological features,  

growth pattern, and molecular profile of the neoplastic cells
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for improving patient prognosis, but a dearth of cost-efficient 
and accurate options to facilitate early brain cancer detection 
contributes to the poor prognosis of patients with malignant 
glioma.

3. FDA-Approved In Vitro Diagnostic Devices for 
Cancer Detection

In vitro diagnostic devices (IVDs) are used to detect disease 
or infection, and can provide additional information about 
a patient’s condition beyond a physical examination by their 
physician.[27] The United States Food and Drug Administra-
tion (FDA) classifies IVDs according to intended usage and 
indications for use. Intended use refers to what is specifi-
cally tested, for example, a certain mutation, while indication 
for use is why the patient would be tested for that mutation, 
such as to determine the risk of presence of disease.[27] This 
classification is based on the device’s risk to the patient and 
the subsequent information available to address the risk.[28] 
Class I devices are of the lowest risk and include the use of 
immunohistochemical reagents to diagnose the disease. Class 
II devices contain a moderate risk to the patient, examples 
being molecular tests for biomarkers or prognostic indica-
tors.[27] IVDs that have significant importance for prevention 
of health impairment or for medical decision-making are 
considered class III devices. The majority of FDA-approved 
class III diagnostic devices are used to assess specific muta-
tion status in certain cancers, such as the detection of EGFR 
mutations in patients.[29] IVDs intended for diagnosis or eval-
uation of cancer are considered class III devices after under-
going preclinical research and receiving premarket approval.

IVDs fall under two broad categories: genetic assays that 
indicate disease or genetic carrier status and companion assays 
that analyze the effectiveness of a therapeutic product on a dis-
ease.[28] Companion IVDs serve as guidance markers for the 
use of specific therapeutic options and anticancer reagents, 
eliminating a certain level of guesswork from treatment. Cur-
rently available companion IVDs for cancer assess a variety of 
mutation-specific cancers, and these IVDs are used after an offi-
cial cancer diagnosis has been made but before deciding how 
to proceed with targeted treatments. These assays can evaluate 
a specific mutation status through either immunohistochem-
ical or real-time polymerase chain reaction methods.[30] The 
resulting information can then be used to decide upon thera-
peutic approach for a specific cancer type. These IVDs offer a 
faster route to personalized treatment by facilitating a targeted 
treatment regime for patients with more common mutations 
such as lung and breast cancers among few others. Clinical 
evaluation of a companion IVD includes the demonstration of 
the device’s ability to predict treatment outcome in individuals 
in phase III clinical trials.[28] The companion IVD is considered 
for use if it adequately discriminates between patients who 
will likely respond to a given treatment or not. Therefore, the 
device is evaluated by data on the clinical sensitivity, specificity, 
positive predictive value, and negative predictive value. Some 
examples of targeted anticancer drugs that have FDA-approved 
companion IVDs are gefitinib, vemurafenib, crizotinib, among 
several others.

FDA-approved biomarkers are currently used for moni-
toring disease progression or therapeutic response. However, 
there are several unmet clinical needs for biomarkers that aid 
in early detection and diagnosis of pancreatic, ovarian, and 
brain cancers that often do not present obvious symptoms 
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Figure 2. Timescale of brain tumor detection and diagnosis methods including where microfluidic diagnostic methods could improve time to diagnosis 
and accuracy in prognosis. Conventionally, the process of a brain tumor diagnosis begins with presentation of symptoms and imaging-based assess-
ment of lesion presence. Upon imaging-based confirmation of brain tumor presence, an invasive surgical procedure is scheduled to procure tissue 
biopsies for histopathological analyses. The pathology report containing information about the formal cancer diagnosis and staging can often take 
several weeks to generate, even when expedited. Microfluidic platforms provide an opportunity for the real-time analysis of tissue samples and the rapid 
processing of liquid biopsies (such as blood or serum samples), bypassing the potentially lengthy waiting time for diagnosis, staging information, or 
mutation status of GBM. MRI: Magnetic resonance imaging; CT: Computed tomography scan.
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and go undetected during routine health screenings. Most 
tumor markers are not screened using diagnostic device assays 
because of low sensitivity or low specificity, which can result 
in either low detection or false-positive diagnoses.[31] Tumor 
markers help distinguish tumor cells or from other cells in the 
body, and their expression positively correlates to the presence 
and growth of a tumor. However, in most situations, the limited 
specificity of tumor-associated markers means that measuring 
a single tumor marker is often insufficient to make a diag-
nosis, and studies have shown that measuring a panel of tumor 
markers can be of greater diagnostic value.[32] Currently avail-
able diagnostic devices that measure tumor biomarkers are also 
time consuming or too expensive to be used routinely during 
health checkups, reducing their practical application.

There is a startling lack of IVDs for the directed use with 
malignant glioma, with the majority of currently FDA-approved 
IVDs focusing on colorectal cancer, lung cancer, and mela-
noma. With precision medicine being the vanguard of cancer 
treatment, specific molecular markers of an individual’s tumor 
cells can be used to identify the most beneficial therapeutic 
approaches. More diagnostic devices beyond pathology are 
needed to advance personalized medicine and develop more 
effective therapies for malignant glioma.

4. Microfluidic Technologies for GBM

Tumor invasion and metastases involve changes in the extra-
cellular microenvironment along with a myriad of genetic and 
physical intracellular changes. When compared to normal 
cells, cancer cells adapt quickly by changing their behavior and 
migration mechanisms in response to environment and extra-
cellular stimuli. For example, conventional Boyden chamber or 
transwell assays have been routinely used to quantify cellular 
chemotaxis. However, these platforms do not facilitate the pres-
entation of uniform chemotactic gradients to cells, and are chal-
lenging to use for live imaging of cell migration and response 
to chemotactic signaling.[33] There is hence a great need for 
cancer in vitro models that can realistically encapsulate many of 
the tumor microenvironmental stimuli and conditions in a pre-
cisely controlled and quantifiable platform. Microfluidic tech-
nology was developed in the early 1990s as a biological analysis 
tool capable of high resolution and specificity, and precise spa-
tiotemporal control over gradients of soluble biological factors 
and cells.[34–36] Microfluidic devices consisting of a network of 
fluidic channels can be used to manipulate fluids on the order 
of 10−9–10−18 L, and cells down to single-cell precision.[36] They 
are typically fabricated using a technique called “soft photoli-
thography” and using polydimethylsiloxane (PDMS), which is 
an optically transparent, air-permeable, and nontoxic polymer 
that enables the real-time, high-resolution optical imaging and 
quantification of biological entities and events.[37]

The adaptability of design and ease of production of micro-
fluidic devices allow for their use in a variety of applications 
in glioma research. These include studies of migration, evalu-
ation of biomarkers, cell sorting from tissue samples, and 
examination of therapeutic efficacy. Microfluidic devices are 
cost-effective and can be repeatedly fabricated with no loss 
of structural resolution.[38] Precise control over chip design, 

surface chemistry, flow actuation, and sample injection allow 
for microfluidic devices to manipulate liquids and gases 
within channels of dimensions between 10 and 100 µm in a 
high-throughput manner. Experimental goals largely influence 
device design, taking into account cell shape, size, deform-
ability, and density.[39] Fluid dynamics through these devices 
can be regulated using micropumps and by creating hydrody-
namic pressure differences by connecting inlet and outlet ports 
to fluid reservoirs located at differing heights.[40] Since micro-
fluidic flow is laminar, wherein there is no mixing of adjacent 
fluid layers, molecular diffusion is the main method of mixing 
within these devices. Passive mixing can be facilitated by intro-
ducing barriers within the flow channel, splitting or combining 
channels, or introducing curvature into channels, whereby 
fluids will mix through molecular diffusion and continue trave-
ling through the device.[39] To enhance mixing over a shorter 
length of time, convective mixing can be performed by the 
addition of bends, twists, and flattened areas to the channels, 
and depends on liquid properties such as surface tension, pH, 
non-Newtonian viscosity, and intersample variation.

Glioma tissue that is collected after surgical tumor resection 
is essential for the accurate histopathological and molecular 
determination of tumor stage and state. The discovery of novel 
anticancer strategies depends heavily on the ability to test drug 
efficacy on a representative population of patient-derived cells. 
Integrated microfluidic devices can be used to address this 
gap and to perform rapid and reproducible microscale meas-
urements using extremely tiny amounts of cells (on the scale 
of a few thousand tumor cells) alongside the hallmark histo-
pathological assessment of tumor status. Using microfluidic 
approaches, clinicians could potentially receive decisive infor-
mation on tumor status from specific patient samples, and 
prescribe tailored therapy within a matter of days or weeks 
rather than months after detection. Four distinct applications 
of microfluidic technologies for glioma detection and treatment 
are discussed in the following sections. GBM-related microflu-
idic technologies discussed in this manuscript are also summa-
rized in Table 2 for the reader’s convenience.

4.1. Circulating Tumor Cell Isolation

The use of microfluidics for the detection of circulating tumor 
cells (CTCs) in patient biofluids may open the door for new, 
effective strategies in early cancer detection. CTCs are viable 
tumor cells that are shed into the blood or lymphatic vessels 
from the primary tumor and that circulate throughout the body 
spreading to new organ systems.[41] The isolation of these cells 
from the blood stream serves as a minimally invasive, multiple 
time-point liquid biopsy that can inform patient status without 
invasive measures. These cells are present in the blood in very 
low numbers (less than 100 cells mL−1 of whole blood), are 
heterogeneous, and are very difficult to isolate as pure popula-
tions, inspiring the design and fabrication of novel microfluidic 
platforms to improve the efficacy of CTC capture through both 
affinity-based and affinity-free technologies[42–45] (Figure 3). 
Affinity-based cell separation relies on the presence of unique 
biomarkers on the cancer cell surface that can be recognized by 
a magnetic or a polymer bead coupled to a high-affinity ligand 
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to selectively separate bound cells of interest. Affinity-free cell 
separation relies on intrinsic physical differences between the 
cell type of interest and other cell types in a heterogeneous 
suspension.

Microfluidic devices have been used successfully thus far for 
cell-affinity chromatographic separation, cellular biophysics-
based separation, and magnetically activated cell sorting across 
a variety of cancer cell types or for separating the different com-
ponents of blood.[46,47] Cell characteristics such as differences 
in cell size can be used for microfluidic cancer cell sorting 
without other accommodations for biochemical characteris-
tics.[47,48] Biophysical properties such as size work well when 
isolating cancer cells from blood due to the slightly larger size 
of CTCs when compared to other cells found in whole blood. 
Similar criteria can be incorporated in microfluidic platforms 
designed to screen out glioma cells to assess the invasive poten-
tial or to inform prognosis of the patient. With the ability to 
isolate pure populations of patient-derived cells, malignant 
glioma patients can benefit from informed treatment according 
to therapeutic sensitivities or gene analysis that can also be per-
formed within a microfluidic chip. Cell-affinity chromatography 

selectively quarantines cancer cells from a heterogeneous cell 
population in suspension through high-affinity ligand binding 
to the cancer cells.[49] The first antibody-based microfluidic 
chromatography system captured cervical cancer cells through 
α6-integrin binding onto the surface of PDMS microchannels, 
and has been successfully adapted for other cancer cell lines 
for high cell capture and identification yield.[50] This technique 
was further adjusted for extracting CTCs from blood samples 
of patients, capable of accurately processing milliliters of whole 
blood in short periods of time using essential parameters such 
as flow velocity and shear force to influence efficiency of sepa-
ration.[43,47] Cells thus sorted can subsequently be analyzed for 
mutations, secreted proteins, and drug resistance pathways to 
better inform treatment schemes or contribute to the design of 
novel therapeutic agents.

Affinity-based CTC separation technologies using the cell 
surface biomarkers such as the epithelial cell adhesion mole-
cule (EpCAM) can be used to selectively enrich a subset of 
CTCs from blood circulation[43,44] (Figure 4). CTC separation 
devices using tumor-specific labeling technologies have been 
used successfully to separate CTCs from blood samples from 
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Table 2. Microfluidic technologies for GBM.

Device type Method Application Ref.

CTC isolation Tumor antigen-independent CTC enrichment Preclinical research [57]

CTC isolation Anti-EGFR aptamer-based CTC enrichment Preclinical research [62]

CTC isolation Anti-glial fibrillary acidic protein (GFAP) CTC enrichment Preclinical research [63]

Systems pathology Microfluidic image cytometry for single-cell analysis Preclinical research [68]

Profiling circulating EVs Target-specific magnetic nanoparticles combined with NMR Preclinical research [80,81]

Profiling circulating EVs Immunoaffinity for EV isolation Preclinical research [78b]

Drug resistance monitoring pH sensors for monitoring cell metabolism Preclinical research [85]

High-throughput drug screening Spheroid culture system with multidrug administration and parallel testing of drug response Preclinical research [86]

Chemosensitivity testing Parallel drug dosing in brain slice culture models Preclinical research [73]

Induction of drug resistance in culture Microcompartments enabling exposure to ranges of drug and nutrients in culture Preclinical research [94]

Microfluidic BBB model Endothelial and astrocyte co-culture within specialized microfluidic device Preclinical research [100,102,103]

Microfluidic BBB model Endothelial and astrocyte co-culture within microfluidic device, with hollow fibers as artificial 

capillaries

Preclinical research [101]

ECM regulation of invasion Matrix stiffness and pore size are varied within microfluidic device Preclinical research [134]

Distance dependence on cell–cell 

interactions

Multiplex, quantitative protein assay within a microchip Preclinical research [136]

Figure 3. A,B) Microfluidic cell separation schemes using either biological properties or physical properties of the desired cell types. When separating 
a population of cells out of a tissue sample, target cells can be enriched based on differences in the expression of cell surface markers, or via physical 
properties such as size, deformability, electric charge (dielectrophoresis, or DEP), and density.
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pancreatic, prostate, breast, colon, melanoma, and lung cancer 
patients to provide prognostic information.[42,51] However, the 
innate heterogeneity of biomarker expression and the uncer-
tainty introduced by epithelial-to-mesenchymal transitions of 
CTCs could limit the efficacy of affinity-based methods. Alter-
natively, affinity-free methods including those based on filtra-
tion,[52] acoustophoresis,[53] dielectrophoresis,[54] dean flow,[55] 
and vortex technology[56] exploit the intrinsic physical differ-
ences among cell types to deplete non-CTCs from blood and 
enrich cancer cells. Negative selection has been used to suc-
cessfully enrich for GBM CTCs from patient blood samples, 
without the use of costly tumor-specific capture antibodies.[57] 
Difference in cell size is the most frequently used physical 
marker for enrichment. Most CTCs of epithelial origin have a 
size range between 15 and 25 µm, and are larger than red blood 
cells (RBCs, 6–9 µm), and the majority of white blood cells 
(WBCs, 8–14 µm).[58] However, CTCs of smaller sizes found 
in blood[59] and large WBCs such as monocytes that may have 
overlapping sizes with CTCs could limit the accuracy of label-
free separation methods.[45,60]

When compared to other cancers, the levels of CTCs in GBM 
patients have not been extensively studied due to the lack of 
observed extracranial metastases and the unique brain micro-
environment that limits the migration of glioma cells into cir-
culation.[61] However, GBMs have been shown to shed CTCs 
into circulation in over one-third of patient samples, allowing 
an opportunity for the better development of CTC enriching 
strategies, and a less-invasive method of characterizing patient 

tumors and monitoring treatment efficacy.[57] The ability to 
selectively enrich primary human GBM cells from blood using 
aptamers for EGFR mutations has been demonstrated within 
affinity interaction-based cell sorting microfluidic devices.[62] 
However, CTC assays using patient-derived samples have not 
demonstrated the same level of success, likely due to the lack of 
expression of common cell surface biomarkers required to facili-
tate the separation through these devices.[62] Despite these draw-
backs, the quantification of CTCs in GBM patients represents 
an opportunity for the development of diagnostic devices that 
can facilitate early detection and intervention.[63] Novel micro-
fluidic devices for the isolation of GBM CTCs systematically 
remove RBCs and platelets via size-based exclusion, then align 
nucleated cells into single file arrangement using inertial flow 
dynamics to allow for the sorting of magnetically tagged leuko-
cytes into a waste channel.[57] This scheme leaves the untagged 
CTCs free in solution for downstream processing or cell cul-
ture while excluding other contaminating cell types.[57] With 
improvements in the sensitivity of these platforms, GBM CTC 
analyses could aid in noninvasive disease monitoring during 
chemotherapy or RT treatment as well as help collect informa-
tion related to the biology of GBM invasion via expression pro-
filing of these circulating cells compared to bulk tumor tissue.

4.2. Molecular Diagnostics

Novel targets for early diagnosis and prevention are highly 
sought after to replace the rising costs associated with treatment 
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Figure 4. A herringbone microfluidic device (HB-Chip) for the isolation of CTCs from blood samples, using EpCAM antibody-coated microposts. 
A) The HB-Chip consists of a microfluidic array of channels with a single inlet and exit. Inset illustrates the uniform blood flow through the device. 
B) A microscopic image of the grooved surface illustrates the asymmetry and periodicity of the herringbone grooves. Cartoon illustrating the cell–sur-
face interactions in C) the HB-Chip and D) a traditional flat-walled microfluidic device. Flow visualization studies using two paired streams of the same 
viscosity (one stream is green and the other is clear) demonstrate E) the chaotic microvortices generated by the herringbone grooves, and the lack of 
mixing in F) traditional flat-walled devices. Reproduced with permission.[44] Copyright 2010, Proceedings of the National Academy of Sciences (PNAS).
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of end-stage disease, and novel tumor biomarkers represent 
a critical area of research to improve both early detection and 
prognosis of malignant glioma. Monotherapies are often inad-
equate to address the multiple pathways driving tumor growth 
and spread of GBM; therefore, a personalized approach to 
treating GBM should target both patient-to-patient differences 
and clonal diversity within individual tumors. Currently, muta-
tion analysis is performed as a prognostic measure, but his-
topathological grading of diffuse gliomas is still regarded as 
the best predictor of survival time in current clinical practice. 
Although histopathology is reproducible, inaccurate tumor clas-
sification using this technique can negatively influence treat-
ment decisions.[64]

Patient therapeutic decisions rely on accurate histopatho-
logical grading; however, these methods yield little insight into 
the molecular pathways of glioma drug resistance or spread 
and cannot be solely used to guide novel targeted therapies. 
Genomic profiling has been used to further subcategorize 
infiltrative glioma by molecular subtype to better understand 
origin of the tumor cells and better predict response to targeted 
therapies.[65,66] Verhaak et al.[66] classified diffuse gliomas into 
four molecular subtypes: classic, mesenchymal, proneural, and 
neural, all based on similarities within genomic expression 
signatures. Mutations and gene expression of EGFR, neurofi-
bromin 1, and isocitrate dehydrogenase 1 (IDH1) were used 
to define the classic, mesenchymal, and proneural subtypes 
respectively, with the neural subtype relying on expression of 
specific neuron markers.[66] The identified sets of genes that 
define the subclassification of gliomas provide insights into the 
design of targeted molecular therapies and can predict prog-
nosis, but ultimately do not address patient-to-patient variability 
common to GBM.[67] Promising microfluidic technologies for 
diagnostics and subclassification are capable of characterizing 
heterogeneity at the single-cell level in primary brain tumor 
biopsies.[68] Microfluidic cytometry can detect chromosomal 
translocations, measure protein expression and phosphoryla-
tion, as well as quantify biomarker measurements using either 
serum or saliva, and more recently, tumor tissue.[34,68,69]

There are currently no identified biomarkers that can be used 
to detect or diagnose GBM. MRI and histopathology of biopsied 
tissue are the only accepted measures of confirmation of tumor 
presence, and are routinely used to inform diagnosis. Though 
information on invasive triggers and susceptibility to anticancer 
treatment is widely reported, there are few studies identifying 
molecular signatures of cancer that can be used for early detec-
tion and diagnosis of tumors. Different cancers have unique 
biomarkers that can help early detection, determine risk, and 
predict response to treatments. Brevegen is an example of a 
DNA-based assay that recognizes single nucleotide polymor-
phisms associated with breast cancer, and along with analysis 
of the tumor suppressor BRCA1 and 2 gene statuses can pre-
dict breast cancer risk in a patient.[70] However, these IVDs are 
not sufficient to make a diagnosis due to patient-to-patient vari-
ability. The discovery and inclusion of novel biomarkers in pro-
spective clinical trials could therefore aid in the development of 
effective personalized therapies for cancer. There are common 
mutations across GBM, including EGFRvIII amplification, 
O6-methylguanine–DNA methyltransferase (MGMT) promoter 
methylation, and IDH1 mutations that are tested in clinical 

practice and that are used to inform therapeutic strategy.[71] 
However, these results are often not the primary line of confir-
mation of tumor status due to significant endemic intratumoral 
heterogeneity.[72]

Since glioma is a heterogeneous disease, the evaluation of 
cell-to-cell variations is important in understanding tumor pro-
gression and therapeutic response. The combination of cell 
separation technology with single-cell imaging and analysis 
techniques can tremendously improve screening and diagnosis 
of cancers.[73,74] Microfluidics present several advantages for 
these types of assays including minimal reagent usage, high-
throughput screening, and single-cell analysis using lesser 
amounts of sample on the scale of 1–3000 cells alone.[68] Pro-
cessing strategies such as microfluidic flow cytometry allows 
for single-cell measurements that confirm intratumoral hetero-
geneity of common tumor signaling pathways and can be vali-
dated by immunohistochemical processing of the same tissue 
samples. The evolution of single-cell analysis platforms, such 
as microfluidic devices for single-cell proteomics, can simulta-
neously measure the expression of multiple proteins or sign-
aling molecules using small numbers of cells from patient 
tissue, as well as enable profiling of GBM patient serum or 
blood samples for potential biomarkers or indicators of drug 
efficacy.[68,75] These platforms can also accommodate high-res-
olution imaging for the real-time assessment of the effects of 
therapeutic strategies on tumor cells. Microfluidic platforms 
have been used to measure expression levels of EGFR, PTEN, 
phosphorylated protein kinase B (pAkt), and pS6 from single 
cells, and can be used to characterize the heterogeneity in brain 
tumor biopsies.[68] Live single-cell behavior studies suggest that 
the dynamic physical properties of tumor cells characterize 
normal or disease state, and thus should be included in the 
study of tumor biomarkers.[76] Cellular phenotypic biomarkers 
of interest include cell morphology, motility, contractibility, and 
cytoskeletal dynamics. This depth of data combined with the 
ability to perform bioinformatics analyses allows clinicians to 
stratify patients according to tumor progression and survival 
prospects, enabling the personalized medical treatment of 
these patients.[68]

Micro- and nanoscale vesicles (extracellular vesicles, EVs) 
shed from cancer cells into the peripheral blood can provide 
clinicians with valuable information about the genetic status and 
progression of the tumor. EVs actively secreted by healthy mam-
malian or tumor cells contain unique proteins and nucleic acids 
that are indicative of their cell of origin.[77] Recent efforts focused 
on the isolation and molecular analysis of tumor-secreted EVs 
have led to the successful development of micro fluidic plat-
forms for immunoaffinity-based isolation and molecular anal-
ysis of EVs with high yield and efficiency.[78] The size-based 
isolation of EVs from whole blood using a micro fluidic device 
containing a tunable filtration system has also been reported.[79] 
The combination of size- and immuno affinity-based separa-
tion has been implemented into microfluidic platforms for the 
rapid and sensitive detection of glioma-secreted EVs that can be 
used to inform and monitor therapeutic response by examining 
EV messenger RNA (mRNA) levels for biomarkers including 
MGMT.[75,80] Although real-time monitoring of GBM cell-shed 
EVs has diagnostic value, novel microfluidic devices that inte-
grate exosome isolation with real-time RNA analysis would help 
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identify markers predictive of TMZ resistance and epigenetic 
status of the tumor at large, thereby enhancing the prognostic 
value of these devices in the clinic.[75,80,81] The development and 
use of microfluidic platforms designed to facilitate the analysis 
of glioma-related mutations in circulating EVs also present an 
opportunity to obtain noninvasive diagnostic information. Two-
step microfluidic devices that rapidly isolate EVs from circula-
tion and analyze them using imaging-compatible or biosensor-
equipped chambers enable the quantitative detection and pro-
tein expression analysis of liquid biopsy samples faster than 
histopathological staining of tissue biopsies[75] (Figure 5). The 
low cost and reproducibility of microfluidics for the processing 
of circulating EVs allow for easy integration into the clinical set-
ting, and rapid detection and evaluation of individual-specific 
mutations and response to treatment.

4.3. Drug Efficacy Screening

Currently approved anticancer agents fail to facilitate the 
progression-free survival of GBM patients, and glioma 

recurrence is often encountered within 6–9 months of initial  
diagnosis.[82] There are currently no robust preclinical models 
for testing the susceptibility of GBM subtypes to anticancer 
agents. At the heart of the problem of treating GBM is the 
uncontrollable cellular invasion and drug resistance, which 
are thought to be linked to the presence of glioma stem cells 
(GSCs). The mechanisms underlying GSC invasive capacity 
are not well understood and are difficult to study in traditional 
cell culture models due to the diffuse single-cell migration that 
is characteristic of GBM.[83] It is well documented that cancer 
cells respond differently to drug treatments within 3D culture 
systems when compared to 2D cell culture substrates. There-
fore, drug metabolism, penetration, and elimination can be 
more realistically appraised within 3D microfluidic systems.[84] 
In order to more successfully screen GBM cells for drug resist-
ance in vitro, cell array platforms for the monitoring of cultured 
GBM cells in response to infused anticancer drugs have been 
developed for rapid drug screening. Patient cells or cell lines 
can be stably cultured within microfluidic chips, allowing for 
the tunable exposure of anticancer drugs, and the dynamic 
monitoring and dose-dependent response of cultured cells[85] 
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Figure 5. Human glioblastoma cells produce abundant microvesicles (MVs), which can be analyzed by micronuclear magnetic resonance (µNMR). 
A) Scanning electron microscopic image of a primary human glioblastoma cell (GBM20/3) grown in culture, releasing abundant MVs. B) High-
magnification image shows that many of the MVs on the cell surface assumed typical saucer-shaped characteristics of exosomes. C) Transmission electron 
microscopic image of MVs (≈80 nm) targeted with magnetic nanoparticles (MNPs) via CD63 antibody. The samples were purified by membrane filtration 
to collect small MVs. The MNPs appear as black dots (indicated by an arrow). D) Labeling procedure for extravesicular markers. The two-step BOND-2 
assay configuration uses bioorthogonal amplification chemistry to maximize MNP binding onto target proteins on MVs (not drawn to scale). E) Micro-
fluidic system for on-chip detection of circulating MVs. The system was designed to (i) allow MNP targeting of MVs, (ii) concentrate MNP-tagged MVs 
while removing unbound MNPs, and (iii) provide in-line µNMR detection. Reproduced with permission.[75] Copyright 2012, Nature Publishing Group.
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(Figure 6). 3D models using poly(ethylene) glycol diacrylate 
hydrogels provide a relevant microenvironment and facilitate 
the evaluation of cell–cell or cell–matrix interactions as well as 
control over spatiotemporal and biological conditions in a high-
throughput manner.[86,87] These “brain cancer chips” enable 
diffusion of drugs through cell or spheroid culture via micro-
fluidic inlets, and can be adapted for parallel testing of multiple 
drugs to mimic combination therapies for GBM patients.[86]

The ability to perform preclinical studies in a small, cost-
effective package is indispensable for the high-throughput 
and personalized assessment of drug efficacy. Novel microflu-
idic devices can maintain the TME and use interstitial perfu-
sion for the real-time assessment of chemotherapeutic efficacy 

on needle biopsy-derived tumor samples.[88] 
Other devices incorporating slice cultures 
into multiwell platforms can be used to 
develop personalized therapies and evaluate 
the effects of different drugs and treatment 
conditions on tumor progression.[73] Com-
partmentalized or multichannel microfluidic 
devices incorporating gradient generators, 
regulators of fluid flow, and other tunable 
parameters enable the detailed characteri-
zation of the migratory behavior of tumor 
cells, help study tumor recurrence and 
metastasis, and facilitate the efficacy testing 
of glioma-specific anticancer agents.[89] In 
another example, microenvironment-specific 
chemokine gradients were constructed within 
a microfluidic device to study the anticancer 
drug efficacy and penetration into the tumor 
bulk.[90] The diffusion coefficient of common 
chemotherapeutics was examined by cre-
ating a chemokine gradient with surrounding 
blood vessels in tumors. 3D cell–cell and 
cell–matrix interactions were facilitated 
through a perfusion-culture system to study 
the 3D cytoarchitecture and cell differentia-
tion.[91] Moving forward, the implementation 
of cluster and spheroid culture within soluble 
gradient microfluidic platforms could provide 
realistic information on tumor bulk penetra-
tion and response to fluid-driven chemokine 
and growth factor presentation, as well as 
influence on migratory cells in the periphery 
of the tumor[92] (Figure 7).

Drug resistance is among the most critical 
problems in GBM treatment, with GSCs 
developing resistance to chemotherapeutics 
within 48 h of treatment in vitro.[93] A major 
obstacle in drug discovery is the lack of under-
standing of drug resistance at the molecular 
level, and resistant cell lines can require 
several months of treatment and culture to 
ensure a robust resistant phenotype. Micro-
fluidic devices can be used to rapidly induce 
drug resistance in GBM cell lines without the 
need for patient-derived tissues for the study 
of resistance development.[94,95] Previous 

studies found that induction of bacterial resistance to antibi-
otics was accelerated by a platform containing thousands of con-
nected microscale chambers with the antibiotic administered in 
a concentration gradient, and the addition of fluid perfusion to 
a similar platform proved able to administer concentrations of 
doxorubicin to create drug-resistant breast cancer and multiple 
myeloma cancer cells.[96] These chips allow for the mass pro-
duction of resistant cancer cells and the high-throughput 
analysis of causal mutations that will inform subsequent drug 
design efforts to better combat resistant cell populations, as 
well as provide guidance for clinicians on the efficacious use 
of specific drug combinations for specific cancer subtypes.[94] 
Resistant cell-producing microfluidic platforms combined with 
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Figure 6. Schematic of a microfluidic chip system for drug efficacy screening. A transparent 
glass chip allows for adherent cell culture on D) the chip surface, with A–C) a sealable chamber 
that constrains the height and confines the liquid volume over cells. Microfluidics allow for 
medium exchange within cell culture areas and transport of medium to downstream sensors. 
E) Five oxygen and pH sensors, within iridium oxide (pH) or thin-film platinum (O2) electrodes, 
are located within the inlet channel, inside cell culture areas, and in outlet areas. Three bio-
sensor electrodes are located within the downstream outlet channels to measure glucose and 
lactate. Metabolic rates are acquired over several hours in stop/flow cycles with cell culture 
medium. As drug compounds are added to the medium, changes in cellular metabolism can 
be quantified. Reproduced with permission.[85] Copyright 2013, Royal Society of Chemistry.
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single-cell analysis techniques would provide additional insight 
into the molecular pathways of resistance to better inform 
drug development. In addition to creating therapy-resistant cell 
lines, the use of microfluidic platforms also confers an advan-
tage of integrating 3D culture systems into the experiment for 
more realistic studies. By combining tumor spheroids in a 3D 
hydrogel scaffold and co-culturing of an endothelial monolayer 
in a microfluidic system, the antimetastatic drug responses were 
found to better inhibit epithelial-to-mesenchymal transition and 
a significant difference in drug response was observed between 
2D and 3D models.[97] In a microfluidic study of non-small-cell 
lung cancer, multiple growth factors and inhibitors were assayed 
within 3D basement membrane extract matrix to reveal that inv-
adopodia formation is largely related to EGFR signaling, which 
could be inhibited by the presence of matrix metalloproteinase 
inhibitors, prompting clinically relevant future directions.[98]

The unique aspects of microfluidic devices make them 
promising platforms to investigate potential disease treatments 
where site specificity is crucial to the delivery and pharmacoki-
netics of the tested drug. By culturing primary mammalian 
cells around an array of micropillars or in a complex thin 3D 
matrix layer, the maximal cell–cell interactions can be accessed 
for potential drug metabolite study. Multiple organs were inter-
connected through the individual compartments to simulate 
the body’s response to multidrug-resistant cancer treatment 
as a preclinical “brain-on-a-chip.”[99] In the same vein as drug 
interactions, microfluidic models of the BBB have been consist-
ently improved upon in the recent years to accurately replicate 
preclinical modeling of drug delivery.[100–102] Previous tech-
niques to replicate the BBB in vitro relied upon transwell assays 
to study barrier permeability. However, these platforms inaccu-
rately represent microenvironmental characteristics. The incor-
poration of endothelial cells into microfluidic chambers result 
in the formation of tight junctions that more accurately replicate 

BBB permeation as detected by biochemical analysis.[102] Subse-
quent iterations of these microfluidic devices incorporate fluid 
shear stress and astrocyte/endothelial cell cultures to better 
inform preclinical testing methods for BBB drug permeability 
screening.[100,103] Microfluidic platforms presenting 3D environ-
mental conditions, fluid flow, and oxygen gradients, and incor-
porating organ-level complexity can be used to rapidly screen 
treatment efficacy in targeting glioma.[104] With the complex 
microenvironment that accompanies GBM tumors, organ-on-
a-chip devices present an expeditious way to discern the physi-
ological effects of novel therapeutics on the BBB, on the tumor 
cells, and on the TME.

In addition to drug efficacy, successful drug delivery to 
malignant gliomas remains low due to a lack of efficient tar-
geting agents and the presence of the BBB, which serves as a 
significant obstacle to drug transport into the brain. Nanopar-
ticles help overcome the limitations of systemic chemotherapy 
owing to their ability to carry targeting agents, facilitate site-
specific controlled release, and ability to pass through the BBB 
with relatively high efficiency.[105] Nanocarrier-encapsulated 
drugs can efficiently target brain tumors due to their ability to 
accumulate in the tumor vasculature, which is facilitated by the 
enhanced permeation and retention effect.[106] A range of mag-
netic, metal, and polymer nanoparticles can be synthesized for 
medical imaging and targeting of glioma. The translation of 
nanoparticle drug carriers into clinical trials is slow when com-
pared to other small molecule drugs, due to the difficulties with 
reproducibly synthesizing nanoparticles that possess identical 
properties, with known pharmacokinetics and off-target effects, 
and in sufficient quantity for clinical use.[107] Microfluidic plat-
forms can help address this gap by serving as model systems 
to quickly and efficiently synthesize drug-loaded nanoparticles, 
and to perform distribution and targeting assays when com-
pared to conventional approaches. Microfluidic systems can mix 

Adv. Biosys. 2018, 1700221

Figure 7. General template of a microfluidic platform for chemotaxis studies. In the body, cells are exposed to extracellular chemoattractant gradients 
in 3D space and time, which influence cell behavior and migration. Simple microfluidic channels as depicted here can be used to present defined gra-
dients of chemokines to cell types of interest, using either diffusion or laminar flow mixing to introduce chemokines into the outlets through a source 
channel in order to study glioma cell response to chemoattractants.
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reagents rapidly at a controlled temperature, and allow addition 
of reagents at exact times for the most efficient nanoparticle syn-
thesis.[108] Precise conditions and timing allow for narrow size 
distributions, batch reproducibility, and efficient drug loading 
into nanoparticle constructs.[109] The advantages of microfluidic 
preparation of drug-loaded nanoparticles for cancer treatment 
also extend to rapid screening of the nanoparticles to identify 
the ideal formulation required to target-specific cancer cells.[110]

4.4. Microfluidic-Based Assays to Study GBM Progression

The measurement of mechanical phenotype characteristics 
such as modifications in cell structure, processing of micro-
mechanical cues, or cell-influenced remodeling of the ECM 
is essential for understanding tumor pathology.[111] Cellular 
phenotypic changes are associated with genetic drivers of cell 
proliferation, tumor heterogeneity, and chemoresistance.[112] 
However, the inability to characterize tumor progression in 
in vitro models makes is difficult to quantify the relationship 
between physiological phenotype and tumor behavior.

Numerous in silico models have been formulated to capture 
information about individual cell behavior and predict gross 
tumor behavior, but these models lack the depth of information 
and sample set required to make meaningful predictions that  
can better inform patient treatment decisions.[113] Conven-
tional migration assays are helpful to understand broad trends 
in cell populations, but are limited in their ability to capture 
visual detail at the single-cell level. Microfluidic devices can 
be designed to present microchannels that can simulate the 
individual cellular spread of GBM cells through interstitial 
spaces of brain tissue, thereby offering a precise window into 
understanding specific mechanisms of tumor progression.[89] 
Microfluidic cancer-on-a-chip models recreate cancer cell micro-
environments in a simplified manner, overcoming limitations 
for reconstructing in vitro cancer systems with precision con-
trol over all variables.[114] Cancer-on-a-chip models are capable 
of high-resolution real-time imaging, quantitative measure-
ment of cellular response, and precisely mimicking complex 
3D organ-level microarchitectures to help quantify tumor cell 
invasion and migration,[115] intravasation and extravasation,[116] 
and angiogenesis[117] (Figure 8).
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Figure 8. Tunable microfluidics for the multifactorial in vitro study of brain tumors. Microfluidic platforms better mimic the in vivo brain tumor micro-
environment by simultaneously integrating multiple factors that influence cancer progression. The adaptation of microchannels and microwells allows 
for the mixing or separation of multiple cell types to study effects of cell–cell interactions on tumor behavior at the individual or bulk levels. Biochemical 
factors can be perfused through the TME in realistic gradients, allowing for the evaluation of tumor response to external cues for growth, proliferation, 
or migration. Oxygen and glucose metabolism can be closely monitored and altered to allow for studies within hypoxic or normoxic conditions, rep-
resenting different areas of the tumor or different states in tumor pathology. Physical factors and ECM deposition can be controlled to display tumor 
behavior under different conditions of shear and topography or in response to changes in extracellular environment.
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4.4.1. ECM Signaling

Unlike other malignant tumors, GBM tumors do not kill by 
metastatic spreading to secondary organ sites. They are lethal 
due to their aggressive spread through brain tissue until the 
patient eventually succumbs to intracranial pressure and 
edema. Invasive ability is predominantly regulated by distinc-
tive biological interactions with the ECM, and dynamic ECM 
remodeling by tumor cells in turn facilitates invasion.[118] Many 
in vitro platforms including transwell assays and wound healing 
assays can be used to measure cell motility.[119] However, these 
assays do not accurately evaluate cell invasion, which includes 
the migration of cells through tissue barriers. Invasion requires 
cell movement through 3D matrix, accompanied by the modifi-
cation of the cell’s shape and the surrounding environment to 
accommodate the moving cell body.[120] A common method of 
tumor cell invasion, mesenchymal migration, involves the for-
mation of strong cellular focal adhesions with the ECM in order 
for the cell to migrate through a tissue.[121] GBM cells migrate 
individually in a traction-dependent manner, concentrating inte-
grins to generate strong adhesion forces at the focal contacts on 
ECM.[16] Beyond solely responding to ECM cues, glioma cells 
also regularly remodel local ECM for optimal growth and inva-
sion through the secretion of proteases, correlating with poor 
patient prognosis.[12,15] Gliomas dynamically disrupt normal 
tissue composition in a variety of ways, including haphazard 
vascular proliferation, generation of hypoxic and necrotic areas, 
and the remodeling of ECM components.[122]

Healthy brain ECM is a highly regulated mixture of glia, 
signaling molecules, and scaffolding molecules, comprising 
between 10% and 20% of total brain volume and allowing for 
neuronal support and homeostasis.[123] The ECM components 
are divided among three components: basement membrane, 
perineuronal nets, and neuronal interstitial matrix.[124] Base-
ment membrane contains type IV collagen, fibronectin and 
laminin secreted by local endothelial cells, existing between 
cerebral blood vessels and the rest of brain connective tissue, 
and aids in the formation of the BBB.[124] Perineuronal nets are 
mostly composed of CSPGs, tenascin R, and hyaluronan that 
aggregate around neuronal cell bodies to protect synapses and 
enhance neuroplasticity.[125] The remaining interstitial matrix 
consists of CSPGs, tenascin R, and other fibrous proteins.[124] 
Around GBM, the ECM contains an increased amount of fibril-
lary collagens compared to healthy brain ECM, particularly in 
the basement membrane around blood vessels.[126] Increased 
rigidity is also observed around white matter tracts, where 
GBM cells are known to invade preferentially as they concur-
rently degrade other unwanted ECM components.[17,127]

Invading cells secrete MMPs to remodel local ECM during 
mesenchymal migration.[15,16] Targeting these proteolytic 
enzymes involved in migration of GBM cells has been proposed 
as an anti-invasion therapy, but any attempts to treat GBM with 
MMP inhibitors have resulted in severe side effects including 
musculoskeletal pain and inflammation.[128] Therapeutic strat-
egies that target MMP-dependent migration have largely been 
ineffective at treating cancer metastasis. The use of microflu-
idic devices to study these and other physical interactions with 
the ECM can provide useful information on how tumor cells 
take advantage of physical confinement to change shape and 

spread.[129,130] Further enhancement of these platforms involves 
the use of hydrogels with MMP-degradable sites to study real-
istic ECM remodeling by tumor cells in vitro.[131]

Evidence suggesting that tumors are often more rigid than 
surrounding normal tissue, and that stiffening of tissue stimu-
lates tumorigenesis and invasion, further highlights the impor-
tant role of the ECM in tumor progression.[17,132] 3D hydrogel 
matrices of different stiffness gradients can be generated using 
microfluidics to study glioma cell behavior and to evaluate the 
relationship between cell migration and channel width or pore 
size.[129,133] Hydrogel composites composed of tumor-relevant 
ECM components offer an attractive means of representing 
the extracellular TME in microfluidic devices. The mechanical 
strength of hydrogel scaffolds can be tuned to mimic the stiff-
ness of the tumor ECM by controlling the crosslinking density 
of the backbone polymer. Other physical properties of the 
hydrogel matrix such as pore size, and retention and binding 
of bioactive molecules can be similarly controlled to influence 
fluid flow and cellular mobility within the scaffold. Integrating 
collagen or other tumor-associated ECM components within 
the hydrogel along with precisely controlled stiffness, pore size, 
concentration of ECM components, pH, and temperature helps 
create finely controlled, physiologically relevant environments 
to study tumor cell behavior.[134]

4.4.2. Cell–Cell Interactions

Microfluidic devices designed for observation of cell–cell inter-
actions can yield insight into how GBM cells self-organize, and 
provide information on how pairwise cell interactions can influ-
ence the cellular architecture at the tumor level.[135] Micropat-
terned surfaces can also be incorporated for studies of cell–cell 
interactions and soluble factor signaling, using antibody arrays 
to immobilize secreted, cytoplasmic, or membrane proteins that 
might play a role in GBM cell migration.[136] Microfluidics can 
be adapted to examine any tumor–endothelial cell interactions, 
which are critical to cancer metastasis and contribute to the 
population of CTCs in the bloodstream.[137] GBM cell movement 
through endothelial barrier walls represents an integral part of 
the invasion cascade and is essentially impossible to study in 
2D cell culture systems. Devices accommodating the manipula-
tion of stromal cells have been expanded upon in recent years 
to better understand external contributors to glioma invasion 
through brain parenchyma, many taking after the classic tran-
swell invasion chamber assays with modifications to evaluate 
components of stromal cell involvement such as gap junctions 
between cells.[138] Specifically designed devices for the visuali-
zation of fibrosarcoma cell actions on endothelial monolayers 
display the intravasation process on the cellular scale and 
allow for modulation of permeability of the endothelial bar-
rier in response to soluble biochemical factors[139] (Figure 9). 
Another widely used platform involves two different but adja-
cent hydrogel channels, with breast cancer cells within one 
channel and the stromal cells within the other, allowing for the 
observation of cancer-associated fibroblasts and their influence 
on cancer invasion and progression.[140] A similar arrangement 
can be adapted to evaluate intravasation or extravasation by 
GBM cells into or out from artificial lymph tissue blood vessels 
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(Figure 10). Tumor cell movement through endothelial barrier 
walls represents an integral part of the invasion cascade and is 
essentially impossible to study in 2D cell culture systems. The 
exact mechanisms by which tumor cells enter circulation are 
unknown, prompting the development of novel in vitro plat-
forms that can aid in bridging this gap in knowledge.

4.4.3. Vascular Flow and Angiogenesis

The incorporation of fluid flow is a crucial parameter in a realistic 
in vitro investigation of glioma. Within and around the periphery 
of the tumor, cells are influenced by both the interstitial fluid flow 
and the vascular fluid flow. Tumors typically demonstrate elevated 

interstitial fluid flow compared to healthy brain tissue, due to 
the permeability of newly synthesized tumor blood vessels com-
bined with faulty drainage of excess fluid.[141] Interstitial fluid flow 
through brain parenchyma has been shown to be involved in cell 
migration around brain tumors due to the local increase in inter-
stitial pressure and subsequent high interstitial pressure gradient 
at the tumor margins, potentially guiding tumor cell migration 
outward.[142] This increase in fluid flux combined with the break-
down of healthy vasculature around brain tumors contributes to 
an elevation in fluid shear stress on cells throughout the tumor.[143]

GBM is characterized by microvascular hyperplasia, a hall-
mark believed to be linked to the regions of pseudopalisading 
cells at the tumor periphery that in turn stimulates cell migra-
tion.[144] Microfluidic devices can evaluate vascular perfusion by 
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Figure 9. A) Representation of a microfluidic platform for the study of cancer cell intravasation or extravasation through blood-vessel walls. 3D sche-
matic of a microfluidic device, cross sections demonstrating the usage for the study of tumor cell migration through endothelial cell culture and 3D 
ECM components. B) Tumor cells moving through a seeded endothelial cell culture wall provide information on how tumor cells move through blood 
vessel walls to migrate, and how tumor cells can influence angiogenic budding. C) Endothelial cells grown with ECM can self-assemble into networks 
of microvessels, yielding an environment in which to study how tumor cells can circulate through the network and invade. Adapted with permission.[139] 
Copyright 2012, National Academy of Sciences.

Figure 10. A–C) Schematic of considerations for the design of “organ-on-a-chip” microfluidic platforms. The in vivo TME is complex, but aspects such 
as vasculature, ECM components, and lymph fluid flow can be incorporated into an in vitro microfluidic scheme for the study of cancer cell behavior. 
In vitro models of vascular flow are imperative to understanding how cancer cells move through endothelial junctions into blood vessels or into lymph 
nodes. Adapted with permission.[145] Copyright 2011, National Academy of Sciences. Adapted with permission.[146] Copyright 2015, Elsevier.
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exercising control over flow rates and the accompanying shear 
stresses (Figure 10).[145,146] Interstitial flow has also been shown 
to affect cancer cells differently depending on their location 
within or around the tumor boundaries.[145,147] As GBM tumors 
grow, local interstitial pressure builds up around the tumor bulk 
and creates a gradient of increased interstitial pressure between 
the tumor and healthy tissue.[148] Cancer cells have demonstrated 
a preference for directionally migrating with interstitial flow as 
opposed to against it.[149] Perfusable vascular networks created via 
microchannels using either collagen or stromal cells can also rep-
licate important aspects of the BBB and the TME and, as medium 
is perfused through the system, can result in in vivo like vascula-
ture.[146,150] In addition to creating realistic in vivo conditions, per-
fusable microvascular networks within microfluidic devices allow 
for the real-time imaging of tumor cell interactions with fluid 
flow in order to understand how tumor cells use vascular flow to 
migrate through tissues.[151] Cerebrospinal fluid (CSF) fluid flow 
patterns maintain the neuronal microenvironment and homeo-
stasis in healthy brain tissue, but perturbation around brain 
tumors leads to disrupted flow patterns and heightened intersti-
tial pressures. Altered interstitial flow around GBM is thought to 
modulate glioma cell invasion pathways, and is a crucial param-
eter of study in a brain-mimetic in vitro model of glioma.

The finely tuned control innate to microfluidic platforms 
allows for the study of cell response to environmental condi-
tions, specifically with respect to conditions that drive invasive 
behavior such as hypoxia. Normoxic conditions within the 
brain can range from 0.5% to 8% O2 depending on region, but 
intra- and peritumoral tissue oxygenation is consistently less 
oxygenated (1.25% O2 for intratumoral and 2.5% O2 for peri-
tumoral tissues).[152] Low-oxygen conditions within cancer arise 
as a result of the uncontrolled proliferation of tumor cells and 
the subsequent exhaustion of nutrient and oxygen supplies 
from healthy vasculature, which in turn triggers the release of 
angiogenic factors from hypoxic tumor cells.[153] Angiogenic 
factors secreted from tumor cells create haphazardly developed 
new blood vessels, contributing to vascular leakage and non-
laminar blood flow through the area.[154] These tumor-created 
blood vessels also possess loose endothelial cell junctions that 
do not carry blood efficiently, leading to the creation of addi-
tional hypoxic areas.[155] A loss of oxygen tension contributes 
to the enhanced activity of hypoxia-inducible factors (HIFs), 
which are degraded by cells during normal oxygen condi-
tions.[156] The HIF transcription factors regulate expression of 
many invasion-relevant gene targets involved in angiogenesis, 
survival, and migration.[153,157] Increased HIF activity is directly 
correlated with the malignant tumor cell phenotype, making 
the hypoxic environment an important driver of tumor cell 
invasion to study.[158] These conditions can be replicated in vitro 
using mixed cell populations representing the tumor bulk, the 
external stroma, and the endothelial cells lining blood vessels. 
Microfluidic platforms offer finely tuned control over the cell–
cell interactions that contribute to angiogenic budding, and 
influence over conditions that mediate oxygen tension.[159]

Conventional gas variable incubators are commonly used 
for the study of oxygen levels on cell behavior using premixed 
ratios of oxygen, nitrogen, and carbon dioxide to control the 
environment. Although valuable information can be gleaned 
from those specific environmental contexts within a cell culture 

system, these incubators do not allow for the generation of 
oxygen gradients that exist in the in vivo TME.[160] One improve-
ment over these cell culture platforms is the implementation of 
gas microchannels into the cell culture plates that could gen-
erate a hypoxic environment, but these devices were limited 
to use within 2D cell cultures.[161] In order to culture cells in a 
3D microenvironment under hypoxic conditions, microfluidic 
platforms, containing gas channels positioned above and below 
the cell chamber, can be used to introduce the desired gas con-
ditions adjacent to cell chambers to control oxygen concentra-
tion.[162] Hybrid PDMS and polycarbonate films have also been 
used in these devices, wherein the gas impermeable polycar-
bonate film is patterned above cell channels to reduce diffusion 
of oxygen from the atmosphere while PDMS enables oxygen 
diffusion from gas channels.[163] Biomaterials can also be used 
to study hypoxia more easily within microfluidic platforms, for 
example, hypoxia-inducing gelatin and ferulic acid scaffolds 
derived from oxygen consumption control oxygen levels and 
form oxygen gradients within the hydrogels.[164] Though these 
hydrogels are not physiologically relevant and do not mimic 
the brain ECM, they can serve as reliable microenvironments 
to study hypoxia-related cell behavior. More work with micro-
fluidic platforms is necessary to improve the utility of these 
devices in translational research, and to provide opportunities 
for real-time studies of cell behavior under controlled oxygen 
conditions when compared to conventional assay methods.[160]

4.4.4. Immune Cell Interactions

Immunotherapy is a recent approach that has shown promise 
in early clinical trials for GBM treatment, but immune-based 
treatments face several obstacles in targeting brain tumors. In 
order for the therapeutic agent to reach the tumor, the agent 
has to be able to target the tumor regardless of irregular dis-
ruption of normal BBB and despite the complex presence of 
both immune-activating and immune-dampening cells.[165] 
It has been demonstrated that inflammation in the brain can 
cause the BBB to allow immune cells’ access to brain tissue, 
but the timing and mechanisms of immune response to tumor 
formation are not well understood, and more information 
is necessary for the successful design of immunotherapies 
for glioblastoma. In vitro cell culture experiments show that 
patient-derived immune cells can be adapted to recognize and 
destroy autologous glioma cells, but the ability to target these 
activated immune cells to specific tumor cells among healthy 
tissue is challenging to investigate in 2D culture platforms.[166]

The cellular interplay in the body between tumor cells, 
immune cells, stromal cells, and ECM components composes 
a diverse ecosystem, each contributing to and affecting disease 
progression. While cancer cells remodel local ECM to create 
the ideal TME, these changes create inflammation and hypoxic 
conditions which in turn influence inter- and intracellular 
signaling.[167] GBM tumors are poorly immunogenic relative 
to other solid tumors, which is potentially due to its localiza-
tion within brain tissue, which harbors an immunosuppres-
sive environment.[168] GBM functionally suppresses the native 
immune system by producing suppressive cytokines, inhibiting 
T-cell proliferation, and inducing tissue hypoxia, all of which 
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dampen the body’s antitumor immune response.[169] Malignant 
glioma simultaneously recruits microglia to the TME, leading 
to chronic inflammation that promotes ECM deposition, angio-
genesis, and tissue remodeling.[170] Understanding the context 
of inflammation and the immune system’s contributions to 
tumor growth and spread is essential to the development of 
novel targeted therapies.

Models of immune system–cancer interactions have been 
designed to advance cancer research, with the ability to study 
cancer–immune cell communication in general or in specific 
environmental contexts.[171] Preclinical testing currently relies 
on animal models before human studies, which are expensive 
and time consuming, and lack direct application to human 
physiology.[172] Recent studies incorporating microfluidics into 
the study of immune–tumor cell interactions have revealed 
the need for studying several cell types at the same time to 
evaluate the physiologically relevant interplay during the met-
astatic cascade, as the immune system dynamic changes over 
the course of tumor progression[172,173] (Figure 11). Conven-
tional in vitro culture methods do not accommodate for the 
spatiotemporal dynamics of immune cells targeting cancer 
cells within solid tissue as 3D microfluidic models can. A 3D 
microfluidic device designed to test whether T cells can over-
come both physical and metabolic barriers to target cancer cells 
within a 3D culture incorporates both oxygen and chemokine 
gradients to observe their effects on engineered T-cell function 
under immunosuppressive conditions.[174] Several organ-on-
a-chip models designed to study the inflammatory responses 
could serve as templates to further study the role of immune 
and inflammatory cells and molecules on glioma.[175] Micro-
fluidic assays can prove effective in these contexts and facili-
tate the high-throughput assessment of combination therapies 
based on molecular profiling of GBM patient biopsy. These 
platforms can also be used to evaluate the efficacy of potential 
immunotherapies and their ability to bolster the adoptive 
immune response to cancer. These types of assays will be nec-
essary in the future to address the current gaps in standard-of-
care treatment and to give the patient the best possible chance 
at long-term progression-free and overall survival.

5. Future Perspectives

GBM remains one of the most malignant primary central 
nervous system (CNS) tumors in humans, with no effective 
treatments or cure. Fifty years of research and observations 
have not yet yielded any significant advancements to patient 
survival after diagnosis with GBM. The aggressive cellular inva-
sion that is characteristic to GBM tumors has so far thwarted 
all surgical and therapeutic interventions, with patients often 
left with tumors cells within brain tissue which repopulate into 
novel neoplasms within months of surgery. These tumors are 
continuously diagnosed in the late stages due to a lack of early-
stage symptoms and early-stage diagnostic tools or indicators of 
risk. Investigational drug studies are often found lacking due to 
the cellular and genetic heterogeneity that plagues drug efficacy 
and the presence of the BBB that limits delivery to the already 
precious affected structures. Though GBM continues to be pre-
dominantly diagnosed by histopathological analyses, evidence 
from patient-derived tumor tissues continues to demonstrate 
the immense cellular, genomic, proteomic, and extracellular 
heterogeneity, which require complex multiscale parallel anal-
ysis methods. As monotherapies are derailed by resistance, 
combination therapies for GBM are consistently being pushed 
forward into new clinical trials. Patients receiving either antian-
giogenic drugs or small molecule inhibitors in combination 
with chemotherapy have reported longer progression-free sur-
vival compared to chemotherapy alone,[177] but the current area 
of interest for combination therapy revolves around immuno-
therapy approaches such as checkpoint inhibitors, gene thera-
pies, and vaccine therapies (Table 3).

Along with new treatment schemes, innovative research 
combining biological assays with tissue engineered constructs 
is consistently producing new information about GBM cell 
behavior, migration, and genetics. Molecular information is 
integral to developing clinical treatments to gain more targeted 
and tailored therapies that can be used for precision medi-
cine. There is no clear single genetic profile for GBM or GSCs, 
prompting the need for developing personalized therapeutic 
interventional strategies. Integrative new tools into existing 
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Figure 11. The adaptability of microfluidics to address challenges for in vitro studies of brain cancer immunotherapies.[176] The complexity of the brain 
tumor microenvironment (TME) represents a large challenge for developing and studying models of immunotherapies with the presence of the BBB, 
unique immune cell interactions and recruitment, and the rampant angiogenesis associated with glioma growth. Major limitations for immunotherapy 
against brain tumors include the lymph and blood vessels restraining T-cell interactions with the targeted cancer cells, which severely lessens the ability 
of T cells to both destroy the glioma cells and limits T-cell proliferation in the area of the tumor. 3D microfluidic models that address these key parts 
of the TME can aid in tailoring immunotherapies for both successful delivery and targeting of cancer cells without adverse effects for healthy tissue.
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detection and treatment paradigms can help enhance diagnosis 
and treatment efficacy every step along the way, beginning with 
biomarker discovery and ending with rapid multiscale analysis 
of patient-derived cells. This review has illustrated the use of 
microfluidics in all aspects of GBM research, notably for the 
development of cell-sorting techniques for single-cell analysis, 
the recapitulation of the TME in vitro, and drug development 
and testing. The design of implantable drug delivery devices 
using additive manufacturing techniques and 3D printing could 
present novel opportunities for the localized delivery of chemo-
therapeutic agents.[178] Using these techniques, hydrogel-based 
devices with micrometer-scale features can be fabricated and 
finely tuned to facilitate the “on demand” release of a regulated 
dose of chemotherapeutic agent into the local tumor area after 
implantation.[178] Implantable drug delivering devices allow for 
adjustment of treatment and dosing depending on the tumor 
growth and without additional surgeries, while avoiding many 
of the adverse events associated with systemic chemotherapy 
infusion such as peripheral organ toxicity.[178]

There are a few clinically used IVDs for glioma diagnosis 
and molecular testing, representing areas of translational 

research with immense room for growth and development. 
Since research into microfluidic technology began, micro-
fluidic devices have become immensely popular within the 
research space but less integrated into clinical application. 
Acquiring and testing biopsied tissue samples remains the 
gold standard, due to operational challenges with the design 
of successful IVDs including high individual cost, additional 
equipment needed to interpret the results of the IVD, or 
inability to test for multiple genetic or molecular markers at 
once. Currently approved IVDs successfully aid treatment 
decision-making by detecting relevant biomarkers in a variety 
of cancers. However, the same level of accuracy has not yet 
been achieved for GBM due to the high degree of hetero-
geneity and the lack of identified biomarkers for GBM. A 
thorough characterization of prognostic and predictive GBM 
biomarkers is needed before a clinical IVD can be imple-
mented for early GBM diagnosis. The highly invasive surgical 
resection of GBM tissue samples for analyses is an additional 
limitation, which can be overcome by the development of 
high CTC yielding microfluidic enrichment devices that can 
take advantage of patient blood samples.
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Table 3. Emerging GBM treatments under clinical trial investigation.

Intervention Mechanism Clinical trials/ongoing studies Advantages Disadvantages

Ipilimumab (Yervoy) Monoclonal antibody targeting 

CTLA-4, enhances immune 

response

NCT02017717

NCT02311920

Potential to be non-cancer-type 

specific

Potential severe immunogenic adverse events

Success is patient specific depending on the 

tumor’s mutations and antigen profile

Nivolumab (Opdivo) Monoclonal antibody targeting 

PD-1, enhances immune 

response

NCT02017717

NCT02311920

NCT02667587

NCT02617589

NCT02658981

NCT02335918

NCT02327078

Potential to be non-cancer-type 

specific

Amenable for use in 

 combination approaches

Side effects include severe  

inflammation of organs

Heat shock protein 

peptide complex-96 

vaccine

Vaccine with peptides that bind 

proteins involved in antigen-

presenting pathway, creating an 

antitumor immune response

NCT02722512

NCT01814813

NCT00905060

NCT00293423

Efficient production, storage,  

and distribution

Specific targeting  

of tumor cells

Only a small population of GBM patients would 

be eligible, due to the requirement of patients 

having undergone complete surgical resection 

before treatment

The vaccine is created from the patient’s tumor 

tissue, leading to a potential delay in adminis-

tration of treatment

Anti-EGFRvIII CAR-T-

cell therapy

Adoptive cellular therapy, CAR-T 

cells recognize EGFRvIII tumor 

antigens and activate an anti-

tumor response

NCT02664363

NCT02209376

NCT03283631

NCT01454596

Ability to target-specific cells, 

without antigen presentation via 

MHC 1

Potential severe immunogenic adverse effects

Only useful against known antigens

Time of production can be limiting

Natural killer  

(NK) cell therapy

Autologous NK cell infusions use 

patient-derived, activated lym-

phocytes to create an antitumor 

immune response

NCT00005813

NCT00003067

Targets the tumor cells without 

needing to identify specific anti-

gens on the tumor cell

Short expansion time

Expansion of NK cells on a large scale is difficult

Risk of graft-versus-host disease, even with well-

matched donors

Nonspecific killing of cells

Rindopepimut 

(Rintega)

Peptide vaccine targeting the 

EGFRvIII deletion mutation

NCT01480479

NCT01498328

NCT00458601

Target-specific tumor cells May only affect a portion of tumor  

cells with the targeted mutation

Dendritic cell (DC) 

vaccines

Autologous DCs are treated with 

tumor lysates and reintroduced to 

stimulate the immune system

NCT01808820

NCT00323115

NCT02010606

NCT01957956

NCT01204684

NCT03014804

NCT00639639

Large-scale isolation and expan-

sion of DCs are feasible, taken 

from peripheral blood of the 

patient

Tumor–antigen pulsed DCs can 

stimulate immune effector cells 

potently and rapidly

Cost of treatment can be prohibitive due to 

complex vaccine design

No consensus yet on preferred  

target molecules
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Development of microfluidic platforms for rapid detection 
of tumor-related biomarkers and processing of tumor tissue 
can improve time to diagnosis and treatment planning, and 
pave the way for more glioma-targeting FDA-approved IVDs 
that can help researchers and clinicians parse through the cel-
lular and genetic heterogeneity, which makes these tumors 
difficult to treat. These diagnostics tools and methods are 
particularly important with respect to GBM due to the unique 
molecular profile that varies from patient to patient, and this 
information is necessary for the application of precision medi-
cine for the patient’s best chance at survival. Microfluidic plat-
forms can be tailored to specific environmental conditions or 
incorporate features for a system’s level analysis, paving the 
way for a massive expansion of our current cancer biology 
knowledge base and, ideally, increase the speed at which we 
develop and evaluate potential therapeutic options for malig-
nant disease like GBM. The continued research and develop-
ment of targeted therapies, combined with advancements in 
microfluidic-based advanced screening and detection tools, 
hold immense potential for increasing survival and prognosis 
of GBM patients.
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