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Physics of Cancer: Mechanotransduction in the Adaptive 
Response of Glioblastoma Cells to Matrix Stiffness

Introduction
Glioblastoma multiforme (GBM) is the most aggressive type of brain tumor with no 
specific initial symptoms, unknown cause, and currently no effective prevention or 
treatment [1]. Upon formation of the tumor within the brain, its rapid growth leads to 
a typical survival of the patient of about 12 to 15 months, with fewer than 7% of the 
patients surviving longer than five years [2]. The current standard of treatment for GBM 
is a combination of surgery, chemo-, and radiotherapy [3], where even if maximum toler-
ated doses of the treatments are used, GBM basically always recurs [4]. In the last 30 
years, very few drugs were introduced into the market for GBM as most of the developed 
drugs were not effective enough [5], making GBM treatment highly challenging.

Recently, physicochemical and biological properties of GBM tumor cells and its tumor 
microenvironment (TME) were studied in detail, and new characteristics of GBM were 
unveiled such as its heterogeneity and altered mechanical properties. Most importantly, 
it was found that there is a unique connection between the TME and the brain tissue 
which activates series of physicochemical and mechanical alterations within the brain 
extracellular matrix (ECM) [6]–[9]. Such new findings show that GBM is complex and 
that different research fields need to work together to fundamentally understand GBM’s 
malignant properties in order to develop novel functional therapeutics. Physics of can-
cer is a new multi-disciplinary field that looks at GBM from a new perspective. Physics 
of cancer brings together physics, (polymer) chemistry, biomaterial science, medical 
engineering, oncology, cell biology, tissue engineering, and advanced imaging to shed 
light on malignant cancer types such as GBM.

Physics of cancer
Physics of cancer specifically studies the effect of four physical traits of cancer, namely 
solid stress, ECM stiffness, tissue microarchitecture, and fluid pressure on GBM progres-
sion [10].
(i) Solid stress is caused by compression forces within the brain that is generated by 

the increased water content in the brain tissue and by the growing tumor that exerts 
compression force on the surrounding tissue. As a result, inter cranial pressure (ICP) 
increases sharply [11]–[13].

(ii) ECM stiffening is a phenomenon caused by overexpression of ECM components, 
such as hyaluronic acid and proteoglycans. Even though from a materials science 
perspective the phenomenon is a matter of changing stiffness, it is often referred to 
as mechanical stress [14]–[16].
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(iii) As the brain ECM becomes stiffer during GBM progression along with an increase 
in the solid stress, the microarchitecture of the brain changes from an entangled 
structure (sponge-like) to an aligned topography with presence of confined spaces 
[10], [17]–[20]. When GBM cells interface with this altered architecture, they either 
adapt to the structure by cytoskeleton reprogramming and reorganization of actin 
filaments, or go through DNA damage cycle.

(iv) Fluid pressure originates from the blood stream and is mostly present in blood brain 
barriers (BBB) in which it imposes serious limitations for targeted drug delivery to the 
GBM tumor [21].

A more elaborate description of each of these physical hallmarks of cancer and their 
link to specific cellular signaling pathways was recently reviewed by Nia et. al. [10] and 
Khoonkari et. al. [22] (chapter 2).

Exploring the effect of matrix stiffness on adaptive response of 
glioblastoma stem cells using tunable hydrogel systems: from tension 
to function
During GBM progression, the stiffness of the brain ECM rapidly increases from 1kPa 
(normal) up to 35kPa (GBM highest grade), which imposes a high level of mechanical 
stress to the GBM tumor and tumor cells [22]. This ECM stiffening further fuels the tumor 
progression and GBM malignancy [23]–[26]. The process of translation of mechanical 
stress from the ECM to the cells includes a set of complex signaling pathways known as 
mechanotransduction [27]–[29]. Mechanotransduction includes several signaling path-
ways having crosstalks where specific hubs are generated to translate mechanical stress 
from the ECM to the cells and trigger cellular adaptation. In cancer-induced mechano-
transduction, the effect of ECM stiffness on cancer cells and their adaptive response is 
studied. Recent studies show that GBM cells sense the ECM stiffness and adapt to it, 
which in turn facilitates their migration, proliferation, and invasiveness [30], [31]. There-
fore, mechanotransduction advances GBM tumor progression and is a key driver of GBM 
malignancy. To deepen our understanding of the response of GBM cells to physical traits 
of cancer, specifically stiffness, current cell culture models impose limitations as they 
hold a stiffness substantially higher (Young’s modulus in GPa-range) than brain tissue 
(Young’s modulus in low kPa-range) and do not mimic the mechanics of a tissue/ECM 
[32], [33]. Cells and tissues are widely cultured in vitro on plastic and glass substrates. 
However, it has been demonstrated that substrates such as tissue culture plates or flasks 
do not mimic cell growth in vivo and fail to recapitulate native tissue physicochemical 
properties and mechanics. Failure in mimicking the tissue properties is due to the fact 
that in vivo cells and tissues are immersed within a 3D complex extracellular environ-
ment with a porous structure while a commercial culture system is not able to mimic 
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such an environment. Constructing a culture environment that closely mimics the native 
tissue, which is composed of the ECM, soluble bioactive factors, and products of cell–cell 
interactions is desirable to replicate tissue functions in vitro. However, this remains a 
major challenge in tissue engineering, given the complexity of cell–ECM interactions as 
well as multicellular architectural features such as a proper vascular structure.

As part of the cellular environment, the ECM is the most emulated component in 
bioengineering studies. In tissues, ECM is mainly a mixture of two classes of macromol-
ecules, glycosaminoglycans and fibrous proteins (e.g., collagen, elastin, fibronectin and 
laminin), which self-assemble into nanofibrillar supramolecular networks that fill the 
extracellular space between cells [34]–[36]. The ECM provides structural and anchoring 
support to the cells. Through cell–ECM interactions, the ECM also contributes to signal-
ing, directing cell fate and cell function. In addition, the ECM is constantly remodeled by 
a variety of enzymes (e.g., matrix metalloproteinases) that are activated by cells during 
development, homeostasis, and wound healing [35], [37], [38].

Significant advances in the design of bioactive materials have led to an evolution from 
a simple supporting scaffold to a more complex dynamic biomimetic environment. Ide-
ally, the bioactive scaffold should: (i) support cell growth; (ii) have similar mechanical, 
physicochemical, and biological properties as native ECM; and (iii) facilitate effective 
nutrient transfer, gas exchange (i.e., O2 and CO2 ), metabolic waste removal and signal 
transduction. Scaffolds in various forms, such as, hydrogels and (nonwoven) nanofiber 
mats, have been studied and employed for different tissue regeneration purposes [39]–
[41].

Hydrogels are 3D cross-linked hydrophilic networks that partially resemble the physical 
characteristics of native ECM. The hydrophilic network of a hydrogel can absorb a large 
amount of water or biological fluid (up to 99%) due to the presence of interconnected 
microscopic pores. Some hydrogels possess features of stimulus responsive characteris-
tics (e.g., pH, temperature and light). Another appealing feature of hydrogels as scaffolds 
for tissue engineering is their biomechanical similarity to native ECM. The interest for 
hydrogels started to increase around the 1990s, paving the way for engineering func-
tional in vitro tissues models. The biocompatibility of various hydrogels (e.g., collagen, 
agarose and polyethylene glycol) is well-characterized and state-of-the-art nano- and 
microfabrication technologies (e.g., lithography, nano- and micro-fluidics, micromold-
ing and biopatterning) can be used to provide scaffolds with specific structures.

Hydrogels have advantages when utilized as scaffolds for tissue engineering as one 
can easily adjust their physicochemical (charge density and pore size), and mechanical 
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(stiffness, tensile strength) properties to levels that are desirable for tissue scaffolds, cell 
encapsulation, immobilization, and drug delivery [42], [43]. A variety of natural species 
and synthetic polymers has been used to fabricate hydrogels. Collagen, hyaluronic 
acid, chondroitin sulfate, fibrin, fibronectin, alginate, agarose, chitosan, and silk have 
been the most commonly used natural polymers for bioengineering strategies and 
regenerative medicine applications [38], [44], [45]. Synthetic (bio)degradable polymers, 
such as poly(ethylene glycol), poly(lactic acid), poly(glycolic acid), and a copolymer 
poly(lactic-glycolic) acid have also been used for engineered scaffolds. To increase the 
biological (e.g., hydrophilicity, cell-adhesiveness, degradability), biophysical (e.g., poros-
ity, branched vasculature) and mechanical (e.g., stiffness, viscoelasticity) properties of 
tissue scaffolds, combinations of natural or synthetic hydrogels (hybrid hydrogels) have 
also been utilized [46]–[48]. Such bioartificial scaffolds possess desirable mechanical 
properties and biocompatibility due to the coexistence of both synthetic and biological 
components. The biological properties of such scaffolds can further be improved by 
surface chemistry as the biomaterial composition makes them amenable to surface 
modification and biomimetic coatings.

Physics of cancer contribution in targeting the GBM rapid tumor 
progression
In addition to genetics and metabolic cues of GBM, physical traits of cancer drastically 
contribute to GBM tumor malignancy and to the proliferation and invasiveness of GBM 
stem cells (GSCs). Once GSCs sense the ECM stiffness and adapt to it, the multiscale 
cellular reprogramming at play fuels the GBM tumor progression [9], [19], [49], [50]. 
This highlights the hypothesis that, if GCSs could not sense the mechanics of the tissue, 
tumor aggression could be suppressed. GBM tumor progression could be controlled 
or delayed through desensitizing the tumor cells to ECM/TME mechanics, since GBM 
malignancy to a high extent is derived by stiffness-induced adaptive cellular signaling 
pathways [10], [22]. Our hypothesis is that the identification of mechanotransduction 
hubs in GBM will provide novel therapeutic targets. In addition, the development of 
novel functional materials that mimic the ECM will provide cell culture conditions that 
more closely resemble the native tissue that will allow us to study the effects  of physical 
traits, specifically stiffness, on GBM aggressiveness.

Thesis in summary
This thesis provides information on the current state of understanding in mechano-
transduction and the role of matrix stiffness (mechanical stress) in the context of GBM. 
It dives deeper into the molecular mechanism involved in sensing the ECM stiffness 
and the subsequent adaptive response triggered in GBM cells. Specifically, the pos-
sible involvement of the unfolded protein response sensor protein kinase R (PKR)-like 
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endoplasmic reticulum kinase (PERK) in matrix stiffness dependent cellular adaptation 
is investigated. Based on our observations and understanding, the signaling pathways 
associated with the ECM stiffness can be dissected into two parts: mechanosensation 
and mechanoadaptation. Direct evidence is provided to introduce a novel function for 
PERK as a mediator of adaptive cellular signaling in GBM cells.

With a new look on such mechanisms, the further research presented in this thesis intro-
duces a novel versatile gel system for cell studies, which is inspired by previous system 
limitations and with having a look to future development for advanced functional mate-
rials for tissue regeneration and cell studies. With developing a new material as a bioink, 
the thesis shows 3D bioprinting as a promising technique to fabricate tissue-like in vitro 
models for cell studies and unveil a glimpse of cellular adaptation to such scaffolds.

Inspired by the field of physics of cancer and with a goal to introduce novel systems and 
gain better insight in the relationship between physical properties of the ECM and GBM 
cells, This thesis, includes the following 5 chapters:

Chapter 2: Physics of brain cancer: Multiscale alterations of 
glioblastoma cells under extracellular matrix stiffening
In chapter 2, a review of recent studies related to the physical traits of cancer, GBM, 
mechanotransduction, adaptive cellular signaling, and approaches to mimic tissue-like 
in vitro models is reported. This chapter starts with providing general information about 
GBM and its progression and discusses the brain ECM composition together with a 
description of gradual alterations caused by the GBM tumor. Focusing on ECM stiffen-
ing phenomena and the role of hyaluronic acid (HA) and proteoglycans, several recent 
studies that try to mimic these environmental changes and study the GBM cell adaptive 
response are discussed. This chapter then highlights recent progress in understanding 
GBM mechanotransduction signaling pathways and imposes questions on the blind 
spots in the field. In addition, this chapter includes a brief introduction of the unfolded 
protein response (UPR) sensor Protein Kinase R-like ER Kinase (PERK), and proposes a hy-
pothesis of its involvement in mechanotransduction of GBM cells. Later this hypothesis 
is extensively investigated through series of experiments in chapters 3 and 4.

Chapter 3: The unfolded protein response sensor PERK mediates the 
matrix stiffness-dependent adaptation in glioblastoma cells
Chapter 3 explores the microenvironmental adaptation of GBM cells to increasing matrix 
stiffness and highlights the role of the UPR sensor PERK as a mediator of such adaptive 
cellular response. A novel hydrogel system was formulated to mimic and control the 
properties of the ECM-like environment and for the cell culture studies several geneti-
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cally engineered patient-derived cell lines were used to better understand the adaptive 
response of GBM cells to matrix stiffness with a focus on the role of PERK in GSCs cyto-
skeleton rearrangement. The main focus is on the changes within the cell skeleton (CSK) 
and associative effects on the cell proliferation and dynamics of migration. We show 
that the matrix stiffening promotes high F-Actin polymerization and results in higher 
cell elongation. Subsequently, this enhances the migratory state of GBM cells and fuels 
proliferation. PERK is found to mediate the signaling through Filamin-A (FLN-A). In the 
absence of PERK, F-Actin polymerization was reduced associated with lower Filamin-A 
expression, which led to impaired cell elongation, therefore lower proliferation and cell 
motility compared to the presence of PERK.

Chapter 4: The unfolded protein response sensor PERK mediates the 
maturation of focal adhesion complex in glioblastoma cells in presence 
of mechanical stress
Chapter 4 builds on the knowledge obtained from chapter 3 and explores if GBM cells 
can adapt to the ECM stiffness and on how the cells sense such stimuli. In fact, chapter 
4, dissects the mechanotransduction into 2 part of namely mechanosensation and mi-
croenvironmental adaptation. Here mechanosensation is introduced as the first step of 
translation of mechanical stress from the ECM to the cells and associated with focal ad-
hesion complex formation and maturation. The effect of matrix stiffening on focal adhe-
sion complex is explored in relation to the role of PERK as a mediator and to understand 
if PERK is connected to mechanosensation. This chapter sheds lights on the involved 
signaling pathways and finally claims PERK as a mediator of mechanotransduction. This 
chapter unveils how PERK alters and controls the focal adhesion complex maturation 
and in case of its deficiency how cells still sense and adapt to the ECM stiffness despite 
of impaired F-Actin polymerization.

Chapter 5: Bioinspired processing: Complex coacervates as versatile 
inks for 3D bioprinting
With a look on the limitations of the hydrogel-based systems commonly used in the 
field to study the GBM cell response, and moving towards reconstructing brain tissue 
microenvironment to generate better in vitro models for cell culture studies, chapter 5 
is introducing a new class of gel-like materials suitable for cell studies. Complex coacer-
vate systems can be adjusted to have mechanics similar to brain tissue depending on 
the type of polymers used for preparation and the water content. This chapter focusses 
on such a system using hyaluronic acid (HA) and chitosan (CHI). HA is one of the most 
important types of glycosaminoglycans (GAGs) and prevalent in brain tissue. HA plays 
a key role in initiating ECM stiffening phenomena within the brain [14], [16], [51]. Here 
HA is used for gel fabrication to mimic the brain ECM microenvironment. We developed 
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our complex coacervate-based material as an ink to be used with 3D bioprinting and 
its physicochemical properties are extensively investigated. This chapter shows the 
biocompatibility and cell friendly properties of our material and a glimpse on how cells 
try to adapt to such scaffolds via the dynamics of F-Actin expression.

Chapter 6: Incorporating physics into cancer: Lessons to learn from the 
role of tissue mechanics in GBM progression
Chapter 6 is a summary of the research presented in this thesis. This last chapter 
elaborates more on the importance of understanding the physical traits of cancer and 
its potential to push the boundaries towards development of new therapeutics. In ad-
dition, biomimetic approaches to reconstruct the brain tissue microenvironment are 
briefly discussed and suggestions are provided for future development. Moreover, with 
the new knowledge gained on the role of PERK in mechanotransduction, its potential for 
future studies is highlighted.
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