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Abstract

Background: Glioblastoma multiforme (GBM) is the most prevalent primary brain tumour,
with an incidence of 2 per 100,000. The standard clinical treatments do not sufficiently target cell
migration and invasion, leading to recurrence after surgical resection and resistance after
chemotherapy and radiotherapy. Pre-clinical studies are being conducted to construct artificial
substrates that can mimic the tumour microenvironment (TME) to prevent GBM cells from
migrating along their primary route through blood vessels and white matter tracts. Alongside,
targeted therapies using anti-migratory or ‘migrastatic’ drugs are also being developed. This
study aimed to review the therapeutic translational strategies emerging from the study of the
GBM microenvironment and anti-migratory drugs.

Methods: A systematic literature search was carried out using search key terms and synonyms.
Full-paper screening was performed based on specific inclusion and exclusion criteria.
Results: From the systems interrogated, the ‘Nanofibre’ assay is suitable to simulate white matter
tracts, while hydrogel-based invasion assays and GBM cerebral organoid (GLICO) mimic the
brain extracellular matrix. Inhibitors with anti-migratory activity found in this study are active
involving distinct molecular mechanisms and have been tested on cell migration assays.
Conclusion: Overall, we have analysed therapeutic strategies emerging from an artificial GBM
TME approach and from the identification of anti-migratory inhibitors. Both carry potential to
improve treatment options to prevent tumour dissemination and spread for GBM.

Introduction

Glioblastoma multiforme (GBM) is the most common and malignant form of primary brain
tumour in adults, accounting for about 50% of all gliomas (Refs. 1, 2). GBM is classified as a grade
IV glioma, indicating its high level of malignancy and aggressiveness (Ref. 3).

GBM standard therapy combines surgery, radiation therapy, and chemotherapy (Ref. 4).
The primary treatment for GBM is surgery, which entails tumour resection without damaging
vital brain structures (Refs. 4, 5). Following surgery, radiation therapy aims to kill cancer cells or
inhibit their proliferation by delivering high-energy radiation to the tumour site (Refs. 4, 5). It is
commonly administered to target remaining highly motile tumour cells. Chemotherapeutic drugs,
such as temozolomide (TMZ), are frequently used in combination with radiation therapy. Survival
rates for the disease remain extremely poor due to its aggressive nature, recurrence and limited
treatment options (Ref. 6). The median overall survival is typically around 12 to 15 months with
standard treatment, which usually includes surgery, chemotherapy, and radiation therapy (Ref. 6).

There are ongoing challenges to treat GBM: high infiltration, the exclusivity and immunosup-
pressive role of the blood-brain barrier (BBB), inter- and intra-tumour heterogeneity (Ref. 5).
Surgical resection leaves cells behind that can cause recurrence. Due to their highly infiltrative
capability, GBM cells invade into the surrounding normal brain tissue extensively (Ref. 7).

The BBB is a protective barrier that prevents many substances, including chemotherapeutic
drugs such as TMZ, from entering the brain and reaching the GBM tumour at sufficient
concentrations (Ref. 5); the BBB tight junctions are less than 1 nm, inhibiting the penetration
of >98% of small molecules and limiting the effectiveness of systemic therapies (Refs. 5, 8).

Furthermore, GBM has been dubbed a ‘cold’ tumour because it creates an immunosuppres-
sive microenvironment within the tumour, preventing the immune system from recognizing and
attacking cancer cells (Ref. 5). Immunosuppressive factors secreted by GBM cells and immune
checkpoint molecules contribute to immune evasion and resistance to immunotherapy (Ref. 5).

GBM is characterised by inter and intra-tumour heterogeneity. This means that it exhibits
significant genetic and molecular heterogeneity within individual tumours (intratumour het-
erogeneity) and between different patients’ tumours (intertumoural heterogeneity) (Refs. 5, 9).
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This heterogeneity promotes varying responses to treatment and
the development of resistance (Ref. 5). Since the recurrence of
tumours ultimately leads to the death of the patient and current
treatment approaches are inadequate to control tumour spread,

Novel GBM treatment strategies are currently being developed
to control GBM migration and invasion using artificial GBM
tumour microenvironments (TMEs) and anti-migratory drugs
(Refs. 10, 11). This review identifies and evaluates the types of
biomimetic technologies currently under pre-clinical research; we
also assess pre-clinical studies on anti-migratory therapeutics, the
effect of which was observed in vitro using migration assays. The
goal of this work is thus to thoroughly report previously published
studies in this space.

Methods

Preferred Reporting Items for Systematic Reviews and Meta Ana-
lysis (PRISMA) guidelines were used for this study (Ref. 12). A
literature search was conducted using the PubMed, Medline, and
Web of Science database up to June 2023, with results restricted to
articles written in the English language. The original search terms
included GBM, glioma, glioblastoma, glioblastoma cells, brain
tumour cells, brain tumour, TMEs, extracellular matrix (ECM),
nanofibres, cell trap, migration, migrating, migrate, anti-migration
effect, anti-migration, anti-migratory and inhibit. Studies were
selected for inclusion in the systematic review and analysis if:
(a) the literature was available full-text in English; (b) articles were
published in the last decade from January 2013 to May 2023;
(c) there was an impact of interventions (systems using artificial
microenvironments or anti-migratory drugs) capable of controlling
or inhibiting the migration of GBM; (d) there was a measurement
outcome observed from the migration assay of GBM in the research
articles; (e) migration assays were carried out in vitro or in vivo for
anti-migratory drugs.

Systems using artificial
GBM tumor
microenvironments (TME)

1828 papers

258 papers Duplicate

51 papers

12 papers

e

Anti-migratory drugs

e
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The PubMed, Medline, and Web of Science search yielded a total
of 1879 articles for systems using artificial TME and 1091 articles
for anti-migratory drugs and proceeded in the first stage to screen
and select studies based on titles and abstracts. After the initial
screening, 258 papers of systems using artificial GBM TME and
304 papers of anti-migratory drugs were selected to enter the full
paper screening based on the inclusion and exclusion criteria (see
Figure 1). From the extracted data, 12 papers of systems using
artificial GBM TME and 34 papers of anti-migratory drugs were
included in the data analysis stage using narrative synthesis. Titles
for all selected papers are available in Appendix Tables SI and S2.
The complete PRISMA flow charts are presented in Figure 2 and
Figure 3 (Refs. 12, 13).

Assessments for the quality of in vitro and in vivo studies were
carried out separately according to the method. Results of the
assessments for the quality of the studies are available in Appendix
Tables S3 and S4. All studies included in this review had passed our
criteria for quality based on the assessment with the highest score
and meeting the criteria in Appendix Tables S3 and S4.

Discussion

Biomimetic techniques used in systems exploring artificial
microenvironments for GBM treatment

Using nanofibres to mimic white matter tracts
Nanofibres, as a biomimetic technique, are designed to mimic white
matter tracts as one of the main pathways of GBM migration (Refs.
14-18). White matter tracts, as extracellular factors for GBM
migration and invasion, have a unique topography to promote
GBM migration (Ref. 19). The summary of materials and types of
GBM models using nanofibres to mimic white matter tracts, along
with their development stages, is available in Figure 4.

The choice of nanofibres as a material for scaffolds appears to be
promising due to the possibility to fit the architecture for the GBM

1040 papers

304 papers

34 papers

Included in screening of
titles and abstracts of
articles

Included in the review of
full-text articles

Included in narrative
synthesis

B ]

Figure 1. Venn diagram for selection and number of studies for systems using artificial glioblastoma multiforme tumour microenvironment (GBM TME) and anti-migratory drugs
(therapeutic agents that specifically target and inhibit GBM cells to migrate and invade surrounding healthy brain tissue).
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Figure 2. Flow chart for selection study process and literature review of the system using artificial tumour microenvironment (TME).
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Figure 3. Flow chart for selection study process and literature review of anti-migratory drugs.

cells invading the ECM in a nanosized with a high-aspect ratio of
fibres (Refs. 16, 20). These high-aspect ratio fibres, which were
derived from a chitosan and polycaprolactone (PCL) blend, might
be able to promote glioblastoma cell migration. These fibres’ align-
ment mimicked the ECM environment naturally by giving the cells
a physical cue to move along. This alignment promoted directional
migration of the cells and may have implications for understanding
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the behavior of glioblastoma cells in their native tissue microenvir-
onment (Ref. 16). In the researcher literature, PCL was commonly
used as the material for biomimetic techniques using nanofibres.
The choice of PCL as a ‘building block’ for nanofibre scaffolds is
justified by its high biocompatibility, good mechanical strength,
and slow biodegradability as a synthetic polymer (Refs. 21, 22).
Because PCL is highly biocompatible, it is unlikely to have harmful
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effects or be toxic when it comes into contact with biological
systems. Good mechanical strength is possessed by PCL, which is
crucial for the stability and structural integrity of the scaffolds
utilized in this investigation. Scaffolds made of PCL are expected
to retain their structural integrity for a considerable amount of time
due to their slow biodegradability (Unal et al., 2020).

Rao et al. (2013) showed the superiority of PCL nanofibre in
affecting GBM cell migration speed compared to other materials
with a higher impact on the rate of migration (Ref. 17). This work
addressed the use of core-shell electrospun nanofibres composed of
different materials to mimic the topography or physical makeup of
the brain’s white matter tracts and investigate how it affects the
migration patterns of cancerous brain tumours, specifically con-
centrating on GBM cells (Ref. 17).

Furthermore, other reported nanofibre materials such as poly-
acrylonitrile (PAN), poly(L-lactic acid), gelatin, poly(ethersulfone),
and poly(dimethylsiloxane) can be alternatives for mimicking the
topography of white matter tracts and affecting the GBM migra-
tion. Materials based on PAN, poly(L-lactic acid), gelatin,
poly(ethersulfone), and poly(dimethylsiloxane) had each unique
properties, such as mechanical strength, surface roughness, bio-
compatibility, and degradation rate. In the context of this study,
PCL nanofibres might have exhibited properties that appeared
more similar to the natural white matter tracts in the brain, allowing
for better mimicry of the topography (Ref. 17).

The review of five identified research papers using nanofibres
(see Appendix Table S5) indicates there are multiple ways in which
nanofibres can imitate white matter tracts and act as scaffolds for
GBM cell migration. These include topographical similarity to the
brain’s natural white matter tracts and the ability of similar-looking
nanofibres’ mechanical properties to create an environment that
mimics white matter tracts. The majority (4 out of 5) had been tested
in vivo in xenograft GBM cell model in rodents and prevented
migration of GBM cells through the white matter tract in vivo.

Hana Selvi, Anke Briining-Richardson and Davide Danovi

To accomplish this in vivo procedure, human GBM cells could be
implanted into the brains of rodents to create a xenograft GBM
model. GBM cell migration could then be tracked along the nano-
fibres to determine how well the nanofibres block or divert GBM
cell migration through the white matter tracts. The utilisation of
nanofibres was facilitated by several mechanisms: (1) topographical
resemblance to the brain’s native white matter tracts; (2) mechanical
properties of nanofibres with comparable attributes that can gener-
ate a microenvironment that resembles white matter tracts; and
(3) guidance cues: nanofibres can be functionalized with a range of
bioactive molecules or signalling cues that can direct GBM cell
migration; nanofibres can mimic white matter tracts and function
as migration scaffolds for the GBM cells. No first-in-human experi-
ment has been described to our knowledge.

Using hydrogels to mimic ECM around blood vessels

Blood vessels are one of the main routes for GBM cell migration in
addition to white matter tracts. Figure 4 provides a summary of the
materials and types of GBM models that utilise hydrogels to rep-
licate the brain ECM, along with their stages of development. The
use of hydrogels is a biomimetic technique designed to mimic the
ECM, which is important in regulating GBM cell migration. Col-
lagen as a material for producing hydrogels is a biologically relevant
choice (Ref. 23). In addition, collagen also plays a role in the GBM
tissue’s mechanical strength, causing the invasion of GBM cells, due
to the contribution of collagen to the structural integrity and
mechanical properties of glioblastoma (GBM) tissue. Collagen is
a major component of the ECM and provides structural support to
tissues (Ref. 23). One study used gelatin methacrylamide (GelMA)
as a hydrogel because of its ability to encapsulate molecules (e.g.,
therapeutic drugs, growth factors, or other signaling molecules) and
its suitable permeability (Ref. 24). GeIMA hydrogel can control the
release of drugs, growth factors or encapsulate cells (e.g., tumour
cells, stem cells, or other cell types relevant to brain tumour culture

Biomimetic techniques and materials used in systems using artificial glioblastoma multiforme (GBM) tumour
microenvironment (TME)

Materials

Biomimetic
techniques

Nanofibers to Polyacrylonitrile (PAN)-derived nanofiber (NF)
mimic white
matter tracts. Electrospun poly(caprolactone) (PCL)

nanofiber scaffolds

Aligned chitosan-polycaprolactone polyblend nanofibers

Core-shell electrospun

Core: gelatin, poly(ether sulfone), poly(dimethylsiloxane)); Shell: PCL

Poly(L-lactic acid) biocompatible electrospun nanofibrous scaffolds

(bENS)
Hydrogels to mimic brain
extracellular matrix (ECM)

Collagen hydrogel

PEG-Based hydrogels

Collagen Hyaluronan Composite Hydrogels (from collagen and

thiolated HA)
Combination of nanofibers
and hydrogels

Hydrogel with acrylation of hyaluronic acid and microfluidic chip,
Electrospun nanofiber from polyurethane (PU)

Other technique to mimic
brain ECM

Hydrogel from Methacrylamide-functionalized gelatin (GelMA)

GLICO model using poly-HEMA-treated nonadherent

Type of GBM Type of GBM cells Development stage
models

Gli4 and GUIT invitro and in vivo

Patient-derived OSU-2 Cell
Culture
Patient-derived OSU-2 Cell
Culture
Patient-derived OSU-2 Cell
Culture

in vivo
invivo

in vitro

U87, LN229 and U251 in vitro and in vivo

human glioma cell

Us87MG invitro
neurosphere Primary human glioma cells invitro
(HCM-BROD-0002-

C71, ATCC, USA)
ug7gliomacells in vitro
Patient-derived OSU-2 Cell in vitro

Culture
UB7MG-eGFP in vitro and in vivo

PCL-aligned nanofibers, cyclopamine-conjugated collagen hydrogel.

Glioma cellline invitro
A-172 [ATCC]
U87-GFpP in vitro

Figure 4. Summary of biomimetic techniques and materials used in systems using artificial glioblastoma multiforme (GBM) tumour microenvironment (TME).
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and therapy), making them preferred materials for bioengineering
(Ref. 24). The use of polyethylene glycol (PEG) as a component for
producing hydrogels can also be an alternative because PEG has
been approved for human use by the FDA (Ref. 25). According to
Sahan et al, 2022, the use of polyethylene glycol (PEG) as a
hydrogel material was relevant to mimic the mechanical properties
of the native TME, such as stiffness and viscoelasticity. In addition,
PEG has good stiffness tunability for mechanics studies (Ref. 26).

In Ngo et al., hydrogels were used as perivascular niches (PVN)
models in GBM aimed to recreate the microenvironment sur-
rounding blood vessels in the brain, where GBM cells often migrate
and invade into (Ref. 27). PVNs are specialized regions around
blood vessels that provide a supportive niche for GBM cells, pro-
moting their survival, migration, and resistance to therapy (Ref. 27).
To construct PVN models, hydrogels are engineered to mimic the
composition and physical properties of the brain ECM (Ref. 27).
The spread of GBM cells due to GBM cell migration causes
co-option or blood vessel damage. Diversion with newly formed
vasculature from hydrogel will prevent co-option due to migration
of the GBM cells to the PVN (Ref. 27).

Interestingly, in Yao et al.’s paper, the use of hydrogels as a
biomimetic technique is uniquely combined with using an electric
field which influenced the direction and migration velocity of GBM
cells (Ref. 28). Using this electrical field helped to change the
random order into a clear anodal migration of GBM cells and
increased the migration velocity proportional to the increase of
the electrical field (Ref. 28). This result is in accordance with the
literature regarding migratory cues that cause GBM migration to
vary, where electrical cues can be considered extracellular factors
(Ref. 29).

Wang et al. also reported on the influence of hydrogel stiffness
on GBM cell migration. The study showed that hydrogel stiffness
affected the migration of GBM cells due to the expression of matrix
metalloproteinase-9 (MMP-9) (Ref. 25). According to the study,
glioblastoma cell migration was significantly impacted by the stiff-
ness of the hydrogel. In comparison to softer hydrogels, stiffer
hydrogels caused glioblastoma cells to migrate more. This finding
suggested that the mechanical properties of the TME had a major
impact on the behaviour of glioblastoma cells, particularly on
migration (Ref. 25).

All the studies reviewed above were at the pre-clinical invitro
stage (see Appendix Table S6); experiments need to be confirmed in
vivo to assess the clinical relevance of the initial findings.

Using a combination of nanofibre and hydrogels to mimic the
brain ECM

Figure 4 summarises the materials and types of GBM models that
utilise a combination of nanofibres and hydrogels to replicate the
brain’s ECM, along with their stages of development. The nanofibres
in Jain et al and Lee et al’s experiments aimed to mimic the white
matter tract and encourage tumour cells into moving towards
extracortical locations and away from the primary tumour site
(Refs. 30,31).In Jain et al.’s study, the nanofibres conduits contained
two components, namely PCL/polyurethane guidance conduit and
cyclopamine-conjugated collagen hydrogel which acted as an apop-
totic ‘tumour sink’ in the extracortical space (Ref. 30). The term
“tumour sink” describes the deliberate rerouting of tumour cells
(GBM cells) towards a particular location or substance that has the
ability to efficiently trap or eradicate them (Ref. 30). Sonic hedgehog
(Shh) pathway antagonist Cyclopamine was chosen as a cell trap,
and cyclopamine-conjugated collagen hydrogel was implanted
above the fibre film of tumour guidance conduits (Ref. 30). In the
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study by Lee et al,, there was an addition of the use of a polydi-
methylsiloxane (PDMS)-based microfluidic chip to monitor the
migration of GBM cells (Ref. 31). In this study, the small-scale
device or platform designed to manipulate and control the flow of
fluids at a microscale level was integrated with a gel-like material
that mimics the properties and structure of natural tissues
(a biomimetic hydrogel). The integration of the microfluidic chip
with the biomimetic hydrogel allowed for precise control and moni-
toring of cell alignment and migration in a three-dimensional
(3D) environment (Ref. 31).

In this experiment, an in vivo trial was performed by inserting
nanofibre conduit or scaffold into a rat brain with GBM. In this
paper, a trial was conducted in a living organism (in vivo) by
inserting a nanofibre conduit or scaffold into the brain of a rat with
GBM. This experiment’s purpose was likely to investigate the
nanofibre conduit or scaffold’s potential in guiding and treating
brain tumour cells. This experiment showed that 30 uM cyclopa-
mine was only toxic to GBM cells. Data from the NMR experiment
revealed that cyclopamine did not diffuse into the surrounding
healthy brain tissue and was only confined in the hydrogel, harming
GBM cells that migrated into it (Ref. 30).

Lee et al. also used an additional material by adding microfluidic
chips. HA hydrogel was inserted in a microfluidic chip with various
flow conditions to mimic a cellular microenvironment. Besides
that, the system used in this experiment was easy to modify, the
hydrogel composition in a microfluidic system was modified by
employing RGD (arginine (R), glycine (G), and aspartic acid (D))
peptides to promote cell adhesion along with MMP-sensitive pep-
tides for monitoring matrix remodeling (Ref. 31). This study
observed the effect of growth factor addition, for instance, vascular
endothelial growth factor (VEGF)-loaded flow into the cell. Based
on the experiment, adding growing factors such as VEGF in the
microfluidic chips may represent one driving force of cell migra-
tion. This information may help understand the migration of GBM
cells and metastasis of cancerous tissue (Ref. 31).

Overall, developing the combination of these biomimetic tech-
niques is promising as it can provide a biomimetic environment
that closely mimics the native brain tissue by the ability of the
nanofibres to provide fibrous architecture and physical cues for
migration and the ability of hydrogels to offer a more complex
three-dimensional environment (see Appendix Table S7). In add-
ition, the availability of materials added to increase the function of
this biomimetic combination also enhances the prospects of this
biomimetic technique.

Anti-migratory drugs for GBM treatment

Most potential anti-migratory drugs identified based on our criteria
(20 out of 33) are derived from natural compounds. Based on data
over the last three decades, nearly 80% of FDA-approved drugs for
cancer treatment are either natural products or derivatives, and
natural compounds are prospective and promising for the devel-
opment of migrastatic drugs (Ref. 32).

Four out of the 20 natural compounds from selected papers are
flavonoids. Based on the literature, flavonoids are important in
cancer treatment because they can induce apoptosis and inhibit
proliferation (Ref. 33). In Li et al. ‘s 2022, “flavonoids” refer to a
group of natural compounds found in various fruits, vegetables, and
plants. Flavonoids are known for their diverse biological activities
and have been extensively studied for their potential health benefits,
including their anticancer properties. The studies from selected
papers also showed the ability of carvacrol, naringin, a combination
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of rutin and quercetin, and a combination of luteolin and apigenin to
inhibit GBM migration and proliferation, also able to induce apop-
tosis of GBM cells (Refs. 34—38). Some of the small molecules (8 out
of 12) were potential repurposed medicines for GBM treatment, and
there was also one literature that used repaglinide which was a
biologic (see Appendix Table S9). Overall, the potential anti-
migratory drugs have various sources of compounds such as from
natural compounds, small molecules, and biologics, with the most
trend coming from natural compounds. Figure 5 presents a bar chart
illustrating potential anti-migratory drugs and candidates for repur-
posed medicines.

Most of the potential anti-migratory compounds have been
studied in detail to understand the molecular mechanism causing
inhibition of GBM cell migration and invasion (see Appendix
Table S8 and S9). GBM migration is characterized by many molecu-
lar mechanisms reflective of the complexity and heterogeneity of the
disease (Ref. 29). GBM cells can exploit the ECM to facilitate
migration, and they can secrete proteolytic enzymes, such as matrix
metalloproteinases (MMPs), which degrade ECM components and
create paths for cell migration (Refs. 11, 35, 39—41). They can also
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switch from a mesenchymal-like to amoeboid-like way of cell
migration when challenged with specific inhibitors. Moreover, sev-
eral compounds were targeting VEGF and epidermal growth factor
receptor (EGFR), as well as various signaling pathways to inhibit
GBM cell migration (Refs. 35, 42—44). Studying the molecular
mechanism behind the inhibition of GBM cell migration is crucial
to develop effective anti-migratory drugs. By understanding the
molecular mechanisms, we can design targeted therapy based on
molecular mechanisms that are effective in blocking process mech-
anisms, increasing efficacy, and supporting the development of
targeted therapy for GBM.

The ability of CNS drugs to cross the BBB is one of the challenges
in the current treatment (Refs. 45, 46). Two studies, namely alanto-
lactone (ATL) and curcumin, performed assays to determine these
two compounds’ ability to penetrate the BBB (Refs. 46, 47).
The ability of ATL to penetrate the BBB was determined by
LC-MS/MS assay using ATL and the collected cerebrospinal fluid.
Based on the experimental results, it showed ATL was able to
penetrate the BBB. Meanwhile, the BBB study for the curcumin by
Razali et al. was carried out using the Absorption, Distribution,

Potential anti-migratory drugs

Potential anti-migratory drugs

30
20

20

12

10
n - L
5 == et

Natural compounds

B Number of compounds

Natural compounds

Small molecules

8

Biologic

m Repurposed medicine candidates

Repurposed medicine
candidates

Four of the 20 natural compounds
reviewed are flavonoids, known for their
ability to induce apoptosis and inhibit
proliferation.

Repurposing small molecule medicines for
GBM treatment is promising, as they have
already undergone extensive safety testing
in humans, potentially shortening clinical
trial timelines.

u Naturalcompounds = Naturalcompounds repurposed

» Small molecules

= Small moleculesrepurposed u Biologic = Biologic repumposed

Figure 5. Bar chart of potential anti-migratory drugs and candidates for repurposed medicines.
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Advantages and Disadvantages
Biomimetic techniques for systems using artificial GBM TME vs. Potential anti-migratory drugs

Nanofibers to mimic white

Biomimetic
techniques for
systems using
artificial GBM

TME

matter tract

Hydrogels to mimic brain
extracellular matrix (ECM)

Combination of nanofibers
and hydrogels

Other technique to mimic
brain ECM

Natural compounds

Potential anti-
migratory drugs

Small molecules and
biologic

The combination of nanofibers
and hydrogels as biomimetic
techniques creates scaffolds
that mimic the brain's structure
and extracellular matrix (ECM).

This innovation aims to
address the challenge of drug
penetration through the blood-
brain barrier (BBB) by being

directly implanted into the
patient's brain.
Target  specific molecular

mechanisms to inhibit GBM cell
migration and invasion.

Certain compounds may be
repurposed as potential
treatments.

= Surgical procedure would be
required.
= There are potential challenges

in  the scalability and
reproducibility of biomimetic
materials due to the

complexity of the materials.

The ability of compounds to
penetrate the blood-brain
barrier (BBB) remains a
challenge, with only two
compounds in this review
tested for this capability.

Figure 6. Advantages and disadvantages of biomimetic techniques for systems using artificial GBM TME versus potential anti-migratory drugs.

Metabolism, Excretion, and Toxicity (ADMET) prediction from
two platforms, namely AlzPlatform (www.cbligand.org/AD/) and
ADMETIab 2.0 (https://admetmesh.scbdd.com/). The ADMET pre-
dicted the ability of a compound to penetrate the BBB based on its
pharmacokinetic properties and toxicity (ADMET) (Ref. 47). In this
experiment, curcuminoid analogs FLDP-5 and FLDP-8 were used,
and it showed that these two curcuminoid analogs were predicted to
be BBB permeable (Ref. 47). Since it is essential to identify the ability
of anti-migratory compounds to penetrate the BBB to increase the
efficacy of GBM treatment, future studies should test the ability of
compounds to penetrate the BBB.

Implications for future GBM treatment

Figure 6 illustrates the advantages and disadvantages of biomimetic
techniques for systems using artificial GBM TME compared to the
use of potential anti-migratory drugs. The combination of using
nanofibre and hydrogels as biomimetic techniques allows an
accurate representation of the structure and ECM of the brain
(Refs. 30, 31). These two biomimetic techniques can be developed
into a single medical device implanted into the patient’s brain to
divert GBM migration through this artificial TME. A surgical pro-
cedure would be required to implant a single medical device into the
patient’s brain to redirect GBM migration through an artificial
TME, such as nanofibres. The feasibility of implanting a single
medical device into the brain to divert GBM migration through
an artificial TME is still an active area of research. Bringing this
concept to reality will require additional study and advancements in
the domains of materials science, surgery, and GBM biology. Apart
from using nanofibres and hydrogels, adding cyclopamine to hydro-
gels can be used as a cell trap that kills GBM cells, which is valuable
(Ref. 30). The study’s use of cyclopamine in hydrogels will be
valuable since it enables targeted cell trapping, increased cytotox-
icity, and regulated drug delivery to GBM cells. This strategy mini-
mised harm to healthy brain tissue while specifically targeting and
eliminating tumour cells, potentially providing therapeutic benefits
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for the treatment of GBM. This innovation may be able to overcome
drug delivery to the brain because this technique is directly
implanted into the patient’s brain. However, it is essential to note
that the development and implementation of such medical devices
require further extensive research, testing, and regulatory approval
to ensure their safety and efficacy.

Anti-migratory drugs are extremely promising candidates for the
improved treatment of GBM because this additional treatment
specifically targets cell migration and invasion, which is not included
in the current standard therapy and prevents tumour dissemination
and recurrence (Ref. 11). By a complementary approach of com-
bined anti-migratory and cytotoxic targeting in GBM management,
anti-migratory drugs, especially those predicted to cross the BBB
such as alantolactone and curcuminoid analogs, may be a promising
tool for targeted GBM therapy (Refs. 46, 47). As a variety of
compounds have already gone through clinical trials or are known
as repurposed drugs for previously approved indications (see
Appendix Table S9), this can potentially shorten clinical trials and
speed up translation to the clinic; repurposed anti-migratory drugs
for which mode of action are already known are therefore of specific
interest for application in the treatment of GBM (Refs. 39, 48-50).
However, further research and clinical trials are needed to fully
evaluate the safety and efficacy of these drugs and their potential
in combination with other treatment modalities.

Conclusion

Systems using artificial GBM TME may be explored to control the
migration of GBM by diverting GBM migration through a new
artificial GBM TME. The new artificial GBM TME must be able
to mimic the brain ECM to attract migratory activity to the artificial
GBM TME. It is our view that an optimum approach to incorporate
targeting cell migration and invasion in GBM management is a
combination of systems using artificial GBM TME based on nano-
fibres and hydrogels.
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Furthermore, anti-migratory drugs represent excellent candi-
dates for GBM treatment by specifically inhibiting migration and
invasion of GBM cells. This ability has been confirmed by a variety
of 2D and 3D migration assays, and for most compounds, the
molecular mechanisms underlying drug activity have been identi-
fied. In order to determine the potential of anti-migratory medica-
tions to cross the BBB and reach the tumour site, it is essential to
assess their ability to do so in a clinical setting. Systems using
artificial GBM TME and anti-migratory drugs can be potential
candidates for GBM treatment and as such help addressing a
substantial unmet need to improve the survival and quality of life
of GBM patients.
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please visit http://doi.org/10.1017/erm.2024.33.

Author contribution. HS and DD: conception, proposal development, data
collection, analysis, and manuscript preparation. AB: extensive review, input,
and editing of the manuscript.

Acknowledgements. This manuscript has been adapted from the master’s
thesis of HS at King’s College London. DD wishes to acknowledge Victoria
Tsang for her work in this area and Heba Sailem for having brought Hana to this
project. Grants received from InnovateUK and Cancer Research UK are unre-
lated to this manuscript which has the exclusive scope of reporting previously
existing studies in this space. Gratitude is extended to Peter Bannister, Agata
Nyga, Alice Charpentier for discussions and John Hunt’s team at MTIF Not-
tingham for insights.

Competing interest. DD is a visiting Senior Lecturer at King’s College London
IOPPN and not an employee of King’s College London. DD is co-founder of
Migration Biotherapeutics. The authors declare no other affiliations with or
involvement in any other organization or entity with any financial or non-
financial interest in the subject matter or materials discussed in this manuscript.

References

1. Rock K, Mcardle O, Forde P, Dunne M, Fitzpatrick D, O’Neill B, et al. A
clinical review of treatment outcomes in glioblastoma multiforme—the
validation in a non-trial population of the results of a randomised Phase
III clinical trial: has a more radical approach improved survival? Br ] Radiol.
2012;85(1017):€729-33.

2. Hanif F, Muzaffar K, Perveen K, Malhi SM, Simjee SU. Glioblastoma
Multiforme: A Review of its Epidemiology and Pathogenesis through
Clinical Presentation and Treatment. Asian Pac ] Cancer Prev. 2017;18
(1):3-9.

3. Louis DN, Perry A, Reifenberger G, von Deimling A, Figarella-Branger
D, Cavenee WK, et al. The 2016 World Health Organization Classification
of Tumors of the Central Nervous System: a summary. Acta Neuropathol.
2016;131(6):803-20.

4. Cha GD, Kang T, Baik S, Kim D, Choi SH, Hyeon T, et al. Advances in
drug delivery technology for the treatment of glioblastoma multiforme.
Journal of Controlled Release. 2020;328:350—-67.

5. Wu W, Klockow JL, Zhang M, Lafortune F, Chang E, Jin L, et al.
Glioblastoma multiforme (GBM): An overview of current therapies and
mechanisms of resistance. Pharmacol Res. 2021;171:105780.

6. Kudulaiti N, Zhou Z, Luo C, Zhang J, Zhu F, Wu J. A nomogram for
individualized prediction of overall survival in patients with newly diag-
nosed glioblastoma: a real-world retrospective cohort study. BMC Surg.
2021;21(1):238.

7. Lara-Velazquez M, Al-Kharboosh R, Jeanneret S, Vazquez-Ramos C,
Mabhato D, Tavanaiepour D, et al. Advances in Brain Tumor Surgery for
Glioblastoma in Adults. Brain Sci. 2017;7(12):166.

8. Greene C, Campbell M. Tight junction modulation of the blood brain
barrier: CNS delivery of small molecules. Tissue Barriers. 2016 2;4(1):
€1138017.

https://doi.org/10.1017/erm.2024.33 Published online by Cambridge University Press

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Hana Selvi, Anke Briining-Richardson and Davide Danovi

. Ramoén Y Cajal S, Sesé M, Capdevila C, Aasen T, De Mattos-Arruda L,

Diaz-Cano SJ, et al. Clinical implications of intratumor heterogeneity:
challenges and opportunities. ] Mol Med. 2020;98(2):161-77.

Sharma P, Aaroe A, Liang J, Puduvalli VK. Tumor microenvironment in
glioblastoma: Current and emerging concepts. Neurooncol Adv. 2023;5(1),
vdad009.

Yongjun Y, Shuyun H, Lei C, Xiangrong C, Zhilin Y, Yiquan K. Ator-
vastatin suppresses glioma invasion and migration by reducing microglial
MT1-MMP expression. ] Neuroimmunol. 2013;260(1-2):1-8.

Page M]J, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow
CD, et al. The PRISMA 2020 statement: an updated guideline for reporting
systematic reviews. Syst Rev. 2021;10(1):89.

Newman M, Gough D. Systematic Reviews in Educational Research:
Methodology, Perspectives and Application. In: Systematic Reviews in
Educational Research. Wiesbaden: Springer Fachmedien Wiesbaden;
2020. pp. 3-22.

Bago JR, Pegna GJ, Okolie O, Mohiti-Asli M, Loboa EG, Hingtgen SD.
Electrospun nanofibrous scaffolds increase the efficacy of stem cell-
mediated therapy of surgically resected glioblastoma. Biomaterials. 2016;
90:116-25.

Grodecki J, Short AR, Winter JO, Rao SS, Winter JO, Otero JJ, et al.
Glioma-astrocyte interactions on white matter tract-mimetic aligned elec-
trospun nanofibers. Biotechnol Prog. 2015;31(5):1406—15.

Kievit FM, Cooper A, Jana S, Leung MC, Wang K, Edmondson D, et al.
Aligned Chitosan-Polycaprolactone Polyblend Nanofibers Promote the
Migration of Glioblastoma Cells. Adv Healthc Mater. 2013;2(12):1651-9.
Rao SS, Nelson MT, Xue R, DeJesus JK, Viapiano MS, Lannutti JJ, et al.
Mimicking white matter tract topography using core—shell electrospun
nanofibers to examine migration of malignant brain tumors. Biomaterials.
2013;34(21):5181-90.

Saleh A, Marhuenda E, Fabre C, Hassani Z, Weille J De, Boukhaddaoui
H, et al. A novel 3D nanofibre scaffold conserves the plasticity of glioblast-
oma stem cell invasion by regulating galectin-3 and integrin-p1 expression.
Sci Rep. 2019;9(1):14612. Available from: https://www.nature.com/articles/
$41598-019-51108-w

Mair DB, Ames HM, Li R. Mechanisms of invasion and motility of high-
grade gliomas in the brain. Mol Biol Cell. 2018;29(21):2509-15.

Giesexs A, Westphal M. Glioma Invasion in the Central Nervous System.
Neurosurgery. 1996;39(2):235-52.

Unal S, Arslan S, Gokce T, Atasoy BM, Karademir B, Oktar FN, et al.
Design and characterization of polycaprolactone-gelatin-graphene oxide
scaffolds for drug influence on glioblastoma cells. Eur Polym J. 2019;115:
157-65.

Unal S, Arslan S, Yilmaz BK, Oktar FN, Ficai D, Ficai A, et al. Poly-
caprolactone/Gelatin/Hyaluronic Acid Electrospun Scaffolds to Mimic
Glioblastoma Extracellular Matrix. Materials. 2020;13(11):2661.

Rao SS, DeJesus J, Short AR, Otero JJ, Sarkar A, Winter JO. Glioblastoma
Behaviors in Three-Dimensional Collagen-Hyaluronan Composite Hydro-
gels. ACS Appl Mater Interfaces. 2013;5(19):9276-84.

Thakor J, Ahadian S, Niakan A, Banton E, Nasrollahi F, Hasani-
Sadrabadi MM, et al. Engineered hydrogels for brain tumor culture and
therapy. Biodes Manuf. 2020;3(3):203-26.

Wang C, Tong X, Yang F. Bioengineered 3D Brain Tumor Model To
Elucidate the Effects of Matrix Stiffness on Glioblastoma Cell Behavior
Using PEG-Based Hydrogels. Mol Pharm. 2014;11(7):2115-25.

Sahan AZ, Baday M, Patel CB. Biomimetic Hydrogels in the Study of
Cancer Mechanobiology: Overview, Biomedical Applications, and Future
Perspectives. Gels. 2022;8(8):496.

Ngo MT, Karvelis E, Harley BAC. Multidimensional hydrogel models
reveal endothelial network angiocrine signals increase glioblastoma cell
number, invasion, and temozolomide resistance. Integrative Biology.
2020;12(6):139-49.

Yao L, Tran K, Nguyen D. Collagen Matrices Mediate Glioma Cell Migra-
tion Induced by an Electrical Signal. Gels. 2022;8(9):545.

Mair DB, Ames HM, Li R. Mechanisms of invasion and motility of high-
grade gliomas in the brain. Mol Biol Cell. 2018;29(21):2509-15.

. Jain A, Betancur M, Patel GD, Valmikinathan CM, Mukhatyar V],

Vakharia A, et al. Guiding intracortical brain tumour cells to an


http://doi.org/10.1017/erm.2024.33
https://www.nature.com/articles/s41598-019-51108-w
https://www.nature.com/articles/s41598-019-51108-w
https://doi.org/10.1017/erm.2024.33

Expert Reviews in Molecular Medicine

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

extracortical cytotoxic hydrogel using aligned polymeric nanofibres. Nat
Mater. 2014;13(3):308-16.

Lee KH, Lee KH, Lee J, Choi H, Lee D, Park Y, et al. Integration of
microfluidic chip with biomimetic hydrogel for 3D controlling and moni-
toring of cell alignment and migration. ] Biomed Mater Res A. 2014;102(4):
1164-72.

Sharifi-Rad J, Ozleyen A, Boyunegmez Tumer T, Oluwaseun Adetunji C,
El Omari N, Balahbib A, et al. Natural Products and Synthetic Analogs as a
Source of Antitumor Drugs. Biomolecules. 2019;9(11):679.

LiC, LiX, Jiang Z, Wang D, Sun L, Li ], et al. Flavonoids Inhibit Cancer by
Regulating the Competing Endogenous RNA Network. Front Oncol. 2022;
12, 842790.

Aroui S, Fetoui H, Kenani A. Natural dietary compound naringin
inhibits glioblastoma cancer neoangiogenesis. BMC Pharmacol Toxicol.
2020;21(1):46.

Aroui S, Aouey B, Chtourou Y, Meunier AC, Fetoui H, Kenani A.
Naringin suppresses cell metastasis and the expression of matrix metallo-
proteinases (MMP-2 and MMP-9) via the inhibition of ERK-P38-JNK
signaling pathway in human glioblastoma. Chem Biol Interact. 2016;244:
195-203.

Chen L], Hsu TC, Yeh PJ, Yow J Le, Chang CL, Lin CH, et al. Differential
Effects of Wedelia chinensis on Human Glioblastoma Multiforme Cells.
Integr Cancer Ther. 2021;20:153473542110001.

Chen WL, Barszczyk A, Turlova E, Deurloo M, Liu B, Yang BB, et al.
Inhibition of TRPM7 by carvacrol suppresses glioblastoma cell prolifer-
ation, migration and invasion. Oncotarget. 2015;6(18):16321—40.

da Silva AB, Cerqueira Coelho PL, das Neves Oliveira M, Oliveira JL,
Oliveira Amparo JA, da Silva KC, et al. The flavonoid rutin and its
aglycone quercetin modulate the microglia inflammatory profile improving
antiglioma activity. Brain Behav Immun. 2020;85:170-85.

Cheng B, Hong X, Wang L, Cao Y, Qin D, Zhou H, et al. Curzerene
suppresses progression of human glioblastoma through inhibition of gluta-
thione S-transferase A4. CNS Neurosci Ther. 2022;28(5):690-702.

Guan N, Huo X, Zhang Z, Zhang S, Luo J, Guo W. Ginsenoside Rh2
inhibits metastasis of glioblastoma multiforme through Akt-regulated
MMP13. Tumor Biology. 2015;36(9):6789-95.

https://doi.org/10.1017/erm.2024.33 Published online by Cambridge University Press

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Zhong J, Shan W, Zuo Z. Norepinephrine inhibits migration and invasion
of human glioblastoma cell cultures possibly via MMP-11 inhibition. Brain
Res. 2021;1756:147280.

Chen WL, Turlova E, Sun C, Kim JS, Huang S, Zhong X, et al. Xyloketal B
Suppresses Glioblastoma Cell Proliferation and Migration in vitro through
Inhibiting TRPM7-Regulated PI3K/Akt and MEK/ERK Signaling Path-
ways. Mar Drugs. 2015;13(4):2505-25.

Wan W, Zhang X, Huang C, Chen L, Yang X, Bao K, et al. Monensin
inhibits glioblastoma angiogenesis via targeting multiple growth factor
receptor signaling. Biochem Biophys Res Commun. 2020;530(2):479-84.
Zhang D, Li C, Zhang L, Li B, Wang Y, Wang R, et al. Cannabisin D from
Sinomenium Acutum Inhibits Proliferation and Migration of Glioblastoma
Cells through MAPKs Signaling. Nutr Cancer. 2021;73(11-12):2491-501.
Abbott NJ. Blood-brain barrier structure and function and the challenges
for CNS drug delivery. J Inherit Metab Dis. 2013;36(3):437-49.

Wang X, Yu Z, Wang C, Cheng W, Tian X, Huo X, et al. Alantolactone, a
natural sesquiterpene lactone, has potent antitumor activity against glio-
blastoma by targeting IKK kinase activity and interrupting NF-xB/COX-
2-mediated signaling cascades. Journal of Experimental & Clinical Cancer
Research. 2017;36(1):93.

Razali NSC, Lam KW, Rajab NF A., Jamal AR, Kamaluddin NF, Chan
KM. Curcumin piperidone derivatives induce anti-proliferative and anti-
migratory effects in LN-18 human glioblastoma cells. Sci Rep. 2022;12(1):
13131.

Chonco L, Landete-Castillejos T, Serrano-Heras G, Serrano MP, Pérez-
Barberia FJ, Gonzalez-Armesto C, et al. Anti-tumour activity of deer
growing antlers and its potential applications in the treatment of malignant
gliomas. Sci Rep. 2021;11(1):42.

Tsuchiya N, Okamoto K, Nakao S, Ohmori S, Shimizu T. Effect of
Blonanserin on the Proliferation and Migration of Glioblastoma Cells.
Pharmaczie. 2023;78(5):37-41.

Xiao ZX, Chen RQ, Hu DX, Xie XQ, Yu S Bin, Chen XQ. Identification of
repaglinide as a therapeutic drug for glioblastoma multiforme. Biochem
Biophys Res Commun. 2017;488(1):33-9.


https://doi.org/10.1017/erm.2024.33

	Systematic Review of Pre-Clinical Systems Using Artificial Microenvironments and Anti-Migratory Drugs to Control Migration of Glioblastoma Cells
	Introduction
	Methods
	Discussion
	Biomimetic techniques used in systems exploring artificial microenvironments for GBM treatment
	Using nanofibres to mimic white matter tracts
	Using hydrogels to mimic ECM around blood vessels
	Using a combination of nanofibre and hydrogels to mimic the brain ECM

	Anti-migratory drugs for GBM treatment
	Implications for future GBM treatment

	Conclusion
	Supplementary material
	Author contribution
	Acknowledgements
	Competing interest
	References


