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ARTICLE INFO ABSTRACT

Keywords: Background: The mechanical state of the extracellular environment of the brain cells considerably affects their
Rh.QOIOgY phenotype during the development of central nervous system (CNS) pathologies, and when the cells respond to
Glioblastoma drugs. The reports on the evaluation of the viscoelastic properties of different brain tumors have shown that both
Temozolomide . . . . . :

N tissue stiffness and viscosity can be altered during cancer development. Although a compelling number of reports
Polyacrylamide hydrogels . . . . o1 e .
Viscoelasticity established the role of substrate stiffness on the proliferation, motility, and drug sensitivity of brain cancer cells,

there is a lack of parallel data in terms of alterations in substrate viscosity.

Methods: Based on viscoelasticity measurements of rat brain samples using strain rheometry, polyacrylamide
(PAA) hydrogels mimicking elastic and viscous parameters of the tissues were prepared. Optical microscopy and
flow cytometry were employed to assess the differences in glioblastoma cells morphology, proliferation, and
cytotoxicity of anticancer drug temozolomide (TMZ) due to increased substrate viscosity.

Results: Our results indicate that changes in substrate viscosity affect the proliferation of untreated glioma cells to
a lesser extent, but have a significant impact on the apoptosis-associated depolarization of mitochondria and
level of DNA fragmentation. This suggests that viscosity sensing and stiffness sensing machinery can activate
different signaling pathways in glioma cells.

Conclusion: Collected data indicate that viscosity should be considered an important parameter in in vitro
polymer-based cell culture systems used for drug screening.

Drug effectiveness

1. Introduction

An increasing number of reports focused on studying the mechanical
properties of central nervous system (CNS) tissues have identified the
viscoelastic behavior of the brain [1-11]. To date, it is known that the
mechanical environment of brain tissue depends on age, gender, a spe-
cific region, or type of pathology developed within brain tissue, and was
shown for instance to soften with age [5,12,13]. The stiffness of brain
tissue is also affected by a variety of extracellular matrix changes, such

as edema, angiogenesis, necrosis and matrix extracellular deposition
[14-17]. Moreover, it has been found that in the early stages of the
development of some diseases, changes in the stiffness of cells and brain
tissue occur as a result of an increase in fibrosis and a decrease in cell
necrosis, which are manifested at the molecular level as a diversified
distribution of actin networks and changes in the cytoskeleton structure.
Importantly, these alterations preceded any changes appearing during a
histological assessment, which gives them highly-sensitive diagnostic
potential [18,19]. It should be recognized that data reported in the
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literature show significant differences in the viscoelastic properties of
the brain not only due to the heterogeneous nature of brain tissue but
also as a result of testing conditions and methods that apply forces at
different scales and frequencies [20]. Therefore, there are no generally
accepted trends in mechanopathological changes of the brain tissue, like
the ones established e.g., in breast cancer, where it is believed that tumor
mass is always stiffer than normal breast tissue [3,7-10,21-23].
Nevertheless, the sum of these reports highlights the unique softness of
the brain tissue with the shear modulus (G') on the order of hundreds of
pascals accompanied by high viscosity, described by loss modulus (G")
that can be up to 10-20 % of G’ [24,25]. This highly fragile structure
needs to be particularly protected, therefore it floats in jelly-like fluid
inside the skull. The existence of the rigid and uncompressible bound-
aries around the brain implicates a significant increase in interstitial
pressure and solid tissue stress whenever abnormal cells form and tumor
mass starts to grow [26]. Deformed brain tissue responds differently
when compressive or tensile forces appear, with the effect of tissue
compression mostly studied and recognized to cause tissue stiffening up
to three orders of magnitude within the range of compressive stresses
reported in vivo [8]. Such mechanical response of the brain tissue im-
plicates that in vivo single brain cells must adopt viscoelastic properties
unlike the ones delivered from ex vivo low strain measurements of the
brain tissue. The main driving force in the development of bioinspired
compliant cell culture platforms is the observation that tissue cells can
sense and respond to mechanical stimuli generated in their microenvi-
ronment. The typically used tissue culture plastic or glass are rigid
materials with both mechanical and biochemical properties far from
physiological relevance. Therefore, studies of brain-originated cells on
soft, viscoelastic substrates that consist of naturally occurring extracel-
lular matrix (ECM) proteins are especially emerging. Up till now, stiff-
ness of the cellular microenvironment was recognized as the main factor
that controls brain-derived cells phenotype, proliferation, migration,
and response to treatment [27-30]. For this reason, many protocols
describing the synthesis of polymer- and biopolymer-based hydrogels
with precisely controlled elasticity were developed with water-swollen,
crosslinked polyacrylamide hydrogels being the most common [31].
Recent studies on biological tissue rheology suggest that not only elas-
ticity but also viscosity is a significant contributor to multiscale tissue
biomechanics, with viscous properties responsible mostly for dissipating
mechanical strain energy and their time- or strain-rate dependence [32].
As a consequence, materials with a linear elastic mechanical response,
like crosslinked polyacrylamide hydrogels, are not optimal substrates to
evaluate cell-ECM mechanical interactions, mechanopathology devel-
opment, and effectiveness of drug treatment. To fill this gap, the syn-
thesis of viscoelastic polyacrylamide hydrogels with independently
tunable elasticity and viscous dissipation were recently proposed
[33-35]. Controlled manipulation of polyacrylamide viscosity was
possible due to partial exchange of water in pre-polymerized hydrogel
mix with linear polyacrylamide chains that are confined in poly-
acrylamide elastic network during polymerization. Such a procedure
allows synthetizing polyacrylamide hydrogels with similar elastic
properties and various viscous contributions, giving rise to studies on
the role of substrate viscosity in cell life and fate [34].

Glioblastoma (GB) is a malignant high-grade astrocytoma with a
median survival of 7-18 months and the highest occurrence in 45-70
years old [36-38]. The standard treatment for glioblastoma is surgery
[39], nevertheless, due to the poor prognosis of GB, the treatment and
determination of the extent of resection to increase the general survival
of patients remains to be a widely researched topic. With newly diag-
nosed glioblastoma there is an option of surgical resection of a tumor
with additional radiation therapy and chemotherapy, which prolong the
survival up to 12-18 months [40]. Currently, there are only three che-
motherapeutics used to treat GB — temozolomide (TMZ), bevacizumab
(BVC), and lomustine [41,42]. BVC is only used as a last-line treatment
for GB following the failure of radiotherapy, temozolomide, and
lomustine [43]. Lomustine is also used in recurrent GB and is currently
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being tested for primary GB along with TMZ with promising results for
improved overall survival [44]. TMZ is a monofunctional DNA alkylat-
ing agent of the imidazotetrazine class characterized by lipophilic
properties and oral bioavailability. Due to the more alkaline pH of brain
tumors when compared to healthy tissue, TMZ is more actively accu-
mulated within tumor tissue making it a favorable option for GB treat-
ment [45,46]. Apart from this, multiple numbers of other
chemotherapeutic agents have been suggested as a possible treatment of
glioblastomas [47-49], including procarbazine, cisplatin, carboplatin,
cediranib, vatalanib, sunitinib, nevertheless, satisfactory in vitro results
have not been translated into clinical trials, preventing their introduc-
tion into clinical use [47-54]. The sum of the reports from brain
biomechanics studies strongly suggests that this may have been due to a
failure to account for changes in the viscoelastic characteristics of the
extracellular environment and how stiffness and viscosity parameters
affect cell behavior and its response to chemotherapeutic intervention.
In this study, we attempted to understand this phenomenon using TMZ
as a model anticancer agent. By matching up viscoelastic properties of
the hydrogel substrates to freshly isolated brain tissues, we evaluated
the role of substrate viscosity on the therapeutic effect of TMZ. We
indicated that viscoelasticity has a significant impact on glioblastoma
cells treatment efficacy and should be considered when drug-screening
platforms are designed and new substances to cause therapeutic ef-
fects are tested.

2. Materials and methods
2.1. Rat tissue samples

Three samples of whole brains were collected from 6-week old fe-
male Wistar (Cmdb:Wi) rats, housed under standard conditions of
temperature, nutrition, and light in the animal facility of the Experi-
mental Medicine Center, Medical University of Bialystok. Acquired tis-
sues were immediately placed into tubes filled with MACS tissue storage
solution (Miltenyi Biotec, Germany) and transported on ice (~4 °C) for
an average of 30 min before rheological measurements were carried out.

2.2. Tissue sample preparation

From each material, thick (~2-3 mm) slices around #8 mm were cut
with a punch-out under liquid conditions. The prepared samples were
placed onto the sandpaper glued with tape to the rheometer plate and
rheological measurements were carried out at room temperature
(20 °Q).

2.3. Hydrogel preparation

The preparation of the PAA hydrogels consists of several preparatory
steps before the actual synthesis of the gel [34]: (i) adhesive coverslips
preparation, (ii) non-adhesive coverslips preparation, (iii) polymeriza-
tion of linear PAA (viscous part of the final gel), (iv) polyacrylamide
elastic network polymerization and (v) protein attachment to the gel
surface. In detail, the preparation of viscoelastic polyacrylamide
hydrogels was firstly described in the early work of Charrier E. et al.
[34]. Briefly, adhesive coverslips are immersed in 5 % (3-Aminopropyl)
triethoxysilane (APTES) (Merck, Germany) in distilled water (dH20) for
30 min, washed 3-5 times in dH;0, and then immersed in 0.5 %
glutaraldehyde (Merck, Germany) in dH,O for 1 h. After that, coverslips
are air-dried and stored preferably under a vacuum. Then, non-adhesive
coverslips are immersed in 5 % Surfasil Siliconizing Fluid (Thermofisher
Scientific, USA) in acetone for 10 s, rinsed with clean acetone, and
subsequently methanol. The final step is to air-dry and store coverslips at
room temperature. Linear PAA chains are polymerized in a 50 ml glass
bottle by mixing 40 % acrylamide solution (Bio-Rad), dH20, TEMED
(Bio-Rad), and 10 % ammonium persulfate (APS) (Bio-Rad) according to
the recipe in Table 1 for 1 h at 37 °C. The final solution of linear PAA
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Table 1
Composition of linear polyacrylamide solution in [ml] for the final volume of 10
ml.

40 % acrylamide solution H,0 TEMED 10 % APS

1.25 ml 8.72 ml 5pl 25 pl

should be homogenous and highly viscous. For long time storage, it
should be protected from light and stored at 4 °C.

Polyacrylamide hydrogels are prepared by mixing acrylamide and
bis-acrylamide solution (Bio-Rad) according to the recipe in Table 2.
Identical concentrations of acrylamide and bis-acrylamide in both
elastic and viscoelastic hydrogels guarantee the formation of a similar
crosslinked PAA network, while the addition of linear PAA chains allows
for an increase in hydrogels viscosity. For final hydrogel formation, 200
pl of the gel mix must be deposited on a glutaraldehyde-treated coverslip
and covered with a siliconized coverslip. After a minimum of 15 min,
dH30 can be added to the sides of the hydrogels to prevent drying and
further damage. After another 15 min, the top coverslip can be removed
and hydrogel substrates immersed in dH>O.

Both elastic and viscoelastic hydrogels need to be coupled with
extracellular matrix protein to allow for cell adhesion. Firstly, the gels
are rinsed with 50 mM HEPES at pH = 8.2 and covered with 5 mM
sulfosuccinimidyl 6-(40-azido-20-nitrophenyla-mino)hexanoate (sulfo-
SANPAH) solution in 75 % H,0 and 25 % DMSO. Subsequent sulfo-
SANPAH activation requires UV irradiation under aseptic conditions
for 15 min. The activated gel surface needs to be rinsed several times in
HEPES and finally coated with 0.1 % collagen I solution for 2 h to obtain
a homogenous protein monolayer [35].

2.4. Rheological measurements

Rheological properties of tissues were investigated using an MCR302
rheometer (Anton Paar, Austria) in a plate-plate geometry, wherein the
diameter of the upper plate was 8 mm. All tests were performed at 20 °C.
To avoid sample slippage during the experiments, tissue pieces were
placed on sandpaper (P800), which was glued to the rheometer bottom
plate. During the test, a sample humidity hood was used to prevent
temperature changes and sample drying.

Two kinds of tests were performed for the brain tissues. The first one
included oscillating shear deformation of the tissue with 2 % constant
shear amplitude (and constant frequency of 2 Hz) and simultaneous
uniaxial compression, which was applied by decreasing the distance
between the parallel plates (gap height) in the range of 0-20 % of the
sample initial height with a 10 % increment. This allowed us to obtain G/
and G” values in compressed and uncompressed states. The second was a
stress relaxation test performed by application of a 50 % shear strain at a
constant rate to achieve the desired elongation. Then the strain was held
constant for 240 s and relaxation modulus G(t) was registered as a
function of time [55].

For the rheological characterization of elastic and viscoelastic
hydrogels, the upper plate diameter was changed to 20 mm, and the gap
height was set to 1 mm, which requires 325 pl volume of the gel mix to
be placed between the rheometer plates. Since polymerizing gel mix
adheres to rheometer plates, the usage of sandpaper was unnecessary.
Rheological testing of the hydrogels allowed to follow storage (G') and

Table 2
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loss (G”) moduli evolution during polymerization of elastic and visco-
elastic hydrogels as well as to determine relaxation modulus G(t) over
time.

2.5. Cell culture

Human brain glioblastoma cells LN-18 (ATCC® CRL-2610™) and
LN-229 (ATCC® CRL-2611™) were cultured in DMEM complemented
with 10 % fetal bovine serum (FBS), 4 mM/L glutamine, and 1 % of
antibiotics (penicillin, streptomycin, amphotericin B) at 37 °C (5 %
CO»). For experiments, cells were seeded at a density of 50 000 cells per
hydrogel and incubated for 2 days to ensure attachment and appropriate
cell spreading. After 48 h cells were treated with TMZ at doses varying
from 50 to 2000 pM for 72 h. Doses of 50, 200, 500, 1000, and 2000 M
were used to test proliferation capabilities and cell morphology after
TMZ treatment while 1000, 1500, and 2000 pM doses were used to
evaluate TMZ cytotoxicity.

2.6. Proliferation of cells

The total number of LN-18 and LN-229 glioblastoma cells capable of
proliferation after TMZ-treatment (50-2000 pM) when grown on tissue
plastic surface, as well as on elastic and viscoelastic hydrogels, was
explored by flow cytometry using Muse® Count & Viability Kit ac-
cording to manufacturer's guide, as demonstrated previously [56].
Moreover, the expression of Ki-67 protein, recognized as a marker of
cellular proliferation, was analyzed in TMZ-treated cells using Muse®
Ki67 Proliferation Kit.

2.7. Cell morphology assessment

Bright-field images of LN-229 cells after 72 h post-TMZ treatment
that grow onto elastic and viscoelastic hydrogels were acquired using
Zeiss Axio Vert.Al inverted microscope with Axiocam 208 colour cam-
era (Zeiss, Germany). The ImageJ software was employed to calculate
cell shape descriptors (area, perimeter, aspect ratio, roundness) with a
manual calculation of the cell blebs. Images of treated and untreated
cells were taken using 40x objective from 3 different sample prepara-
tions. 100 cells per condition were randomly selected and analyzed. The
ImageJ analysis was calibrated using a scale bar within the microscope
software. The default unit was set as 1 pm, thus the area was measured in
pmz, perimeter in pm, and aspect ratio as:
[Major axis)

@

[Minor axis]

where the major and minor axis is the primary and secondary axis of the
best fitting ellipse in the measured area. Cell roundness was calculated
as follows:

" [Areq]
7 X [Major axis)?

(2

where the area is the area of selection and the major axis is the primary
axis of the best fitting ellipse in the measured area.

Composition of elastic and viscoelastic polyacrylamide gels in [pl] for a total of 500 pl volume.

G’ [kPa] 40 % acrylamide solution [pl] 2 % bis-acrylamide solution [pl] H,0 [pl] TEMED [pl] 10 % APS [pl] Linear polyacrylamide [pl]
G” [Pa]
Elastic 1.57 69 25 401 1.25 3.75 -
hydrogel 5
Viscoelastic 1.69 69 25 80 1.25 3.75 321

hydrogel 333
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2.8. Cell apoptosis analysis

The induction of apoptosis in TMZ-treated cells was estimated using
Muse® Caspase-3/7 Kit according to the manufacturer's guidelines.
Briefly, collected cell populations were exposed to DEVD peptide
substrate-based Caspase 3/7 reagent for 30 min at 37 °C, co-stained with
7-aminoactinomycin D (7-AAD) to detect caspase-positive, non-viable
cells and analyzed by Muse Cell Analyzer (Luminex Corporation, USA).

2.9. Mitochondrial transmembrane potential analysis

The TMZ-induced alterations in the mitochondrial potential of glio-
blastoma cells were measured using the NucleoCounter® NC-3000™
(Luminex Corporation, USA) fluorescence image cytometer, according
to the previously published protocol [57]. For this purpose, LN-229 cells
treated with TMZ were incubated with Solution 7 (at a final JC-1 con-
centration of 2.5 pg/ml) for 10 min at 37 °C, washed thoroughly with
PBS, resuspended in Solution 8 (1 pg/ml DAPI in PBS), and analyzed
immediately by NucleoCounter® NC-3000™ software [58,59].

2.10. Evaluation of DNA fragmentation

Detection of alterations in DNA content in treated brain cancer LN-
229 cells was performed using a DNA Fragmentation Assay Kit pre-
pared for NucleoCounter® NC-3000™ system (ChemoMetec, Denmark),
following the manufacturer's instructions. LN-229 cells were treated
with tested agents at the doses of 1000, 1500, and 2000 pM for 72 h,
harvested, washed, and fixed in 70 % ethanol for 12 h. Ethanol-
suspended cells were centrifuged for 5 min at 500g, resuspended in

step (1)

(A) rat's brain

(B) polyacrylamide gel

Rheological measurements

ster(2)

LN-229 cell line \

grown on
polyacryamide gel

Flow cytometry
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Solution 3 containing 1 pg/ml DAPI and 0.1 % Triton X-100 in PBS,
loaded onto an NC-Slide and DNA content histograms were collected
[571.

2.11. PI3K activation

Measurement of PI3K activation in glioblastoma cells treated with
TMZ was carried out using Muse™ PI3K/MAPK Dual Pathway Activa-
tion Kit as guided by the manufacturer. Briefly, TMZ-treated cells after
72 h incubation were washed with PBS, harvested, and fixed for 10 min
on ice. After rinsing with PBS, cells were permeabilized with Per-
meabilization Buffer for 5 min on ice followed by washing and incuba-
tion of cells with antibody cocktail for 30 min at room temperature in
the dark. Samples were analyzed using a Muse™ Cell Analyzer.

2.12. Statistical analysis

Statistical significance was determined using a two-tailed Student's t-
test. Statistical analyses were performed using OriginPro 9.9 (OriginLab
Corporation, USA). P-values < 0.05 were considered to be statistically
significant. Average values were presented as mean + SD, where mean is
the average value for the group and SD is the standard deviation. Each of
the tested conditions was performed in triplicate.
3. Results

3.1. Rheological measurement of brain tissues and synthesized PAA gels

The schematic representation of the experimental setup is presented

Rheological analysis

Final analysis

Fig. 1. Schematic representation of the experimental design.
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in Fig. 1. First, rheological measurements of the freshly isolated rat brain
tissue were performed to optimize polyacrylamide hydrogels synthesis.
Storage G’ and loss G” moduli of the tissues were characterized at low
strain measurements without uniaxial compression as well as at 10 %
and 20 % compressive stress (Fig. 2A). Storage modulus (G') without
compression was determined to be equal to 642 + 84 Pa and loss
modulus (G”) 280 + 38 Pa (3 subjects measured). The G’ value upon
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application of 10 % compression increased to 1175 =+ 45 Pa and G” 449
+ 37 Pa, while at 20 % compression it reached 1742 + 47 Pa for G’ and
575 + 77 Pa for G”. The ratio of G’/G’ was equal to 44 + 2 %, 38 + 3 %,
and 34 £ 3 % for non-compressed, 10 %, and 20 % compression,
respectively. The obtained G’ and G” values served for optimization of
elastic and viscoelastic polyacrylamide hydrogels synthesis. We aimed
to prepare hydrogels that can mimic the mechanical properties of the
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Fig. 2. Rheological properties of the healthy rat brain and polyacrylamide gels. A — Values of G’ and G” as characterized by a 2 % oscillating shear stress at a
frequency of 2 Hz and 2 % strain for different compressions B — Evolution of G’ and G” during the polymerization of elastic and viscoelastic gels: G' and G” both
increase during the Formation of the branched PAA network. G/, black (left axis); G”, red (right axis). C — Stress relaxation of healthy rat brain under compression:
evolution of the shear modulus over time under a 50 % strain. D — Average plots of the stress relaxation of elastic and viscoelastic gels containing 0 and 2.75 % linear
polyacrylamide: evolution of the shear modulus over time under a 50 % strain. Error bars represent the standard deviation. E — Average values of G’ and G” as
characterized by a 2 % oscillating shear stress at a frequency of 2 Hz and 2 % strain; n = 4 for elastic and 3 for viscoelastic gel. Error bars represent the standard
deviation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



M. Ciesluk et al.

brain tissue with the possibility of precisely controlling their elastic and
viscous properties. To study the role of substrate viscosity in cellular
drug response we have polymerized purely elastic and viscoelastic
polyacrylamide hydrogels with similar stiffnesses. Fig. 2B shows the
evolution of G’ and G” during the process of gel polymerization between
the rheometer plates. Our elastic hydrogel has G’ equal 1567 + 109 Pa
and G” as low as 4.7 + 0.4 Pa while viscoelastic hydrogel has similar
elastic properties with G’ equal 1693 + 79 Pa and much greater viscosity
G” equal to 334 + 42 Pa. Such preparation allowed us to reach G"/G
ratio of 19 % for the viscoelastic hydrogel, which is the highest we can
achieve using this protocol [35]. Obtained mechanical properties of the
hydrogels are within the range of G’ and G” values of the soft tissues,
especially the brain under moderate compression. Fig. 2C depicts stress
relaxation of the brain tissues after application of the constant strain.
Such behavior is typical for viscoelastic materials that behave in a
nonlinear fashion. Therefore, purely elastic polyacrylamide hydrogels
do not exhibit such behavior, but the incorporation of the long poly-
acrylamide chains into the elastic hydrogel network allows to create
viscoelastic polyacrylamide that relax stresses similarly to biological
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tissues (Fig. 2D).

3.2. TMZ-treated glioblastoma cells exhibit greater proliferatin when
cultured on viscoelastic than elastic matrices

To compare the changes in the proliferation of glioblastoma cells
grown on plastic surfaces and elastic or viscoelastic gels, flow cytometry
was engaged. As demonstrated in Fig. 3A, despite the seeding of cells at
the same density, the total number of grown cells differed significantly
between experimental settings and was counted as 18.7 x 10% 8.09 x
10* and 6.45 x 10" for LN-18 and 34.9 x 10%, 5.8 x 10* and 5.5 x 10"
for LN-229 when grown on tissue culture (TC) plastic, elastic and
viscoelastic hydrogels, respectively. Accordingly, a statistically signifi-
cant decrease in cell proliferation on the TC plastic versus both hydrogel
types was observed, while significant difference between elastic and
viscoelastic hydrogels was shown only for LN-18 cell line. In another
experimental set, TMZ-induced inhibition of cellular proliferation was
estimated when cells were maintained on elastic and viscoelastic sub-
strates. As demonstrated in Fig. 3B, the effect of temozolomide

Fig. 3. Proliferation capabilities of LN-18 and
LN299 cells treated on plastic (white), elastic
(grey) and viscoelastic gels (blue). A - Prolifer-
ation capability of LN-18 and LN229 cells on the
surface of cell culture-treated plates, elastic and
viscoelastic gels B — Percentage changes in pro-
liferation of cells on the surface of plastic, elastic
and viscoelastic gels. C — Percentage changes in
number of Ki67-positive cells on the surface of
plastic, elastic and viscoelastic gels. Error bars
represent the standard deviation. The unpaired
Student's t-test was used to confirm statistical
differences (denotations: * - p < 0.05; * - in
comparison to control; 4 - in comparison to
plastic; # - in comparison to the respective dose
on gels). (For interpretation of the references to
colour in this figure legend, the reader is referred
to the web version of this article.)
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treatment on LN-18 is more prominent in cells grown on TC plastic and
significantly lower when cells were cultured on hydrogels, particularly
for higher doses (1000-2000 pM) of TMZ. Importantly, at TMZ con-
centration range of 200-2000 pM TMZ, cells were significantly less
affected by anti-cancer treatment when maintained in the environment
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of higher viscosity. Similar observations were noted when investigating
LN-229 cells. The considerable effect of TMZ was noted at the lowest
dose of 50 pM TMZ, when cells were grown on TC plastic, while the same
dose did not affect cells grown on elastic and viscoelastic substrates.
TMZ was less effective against glioblastoma cells grown on viscoelastic
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than elastic substrates, which can be seen at the 500 pM TMZ dose used.
At the highest TMZ concentrations (2000 pM) treatment was equally
effective for cells grown on all substrate types.

The impact of viscosity on proliferation capability of cells was also
confirmed when measuring the number of cells with the positive
expression of Ki-67 protein, widely recognized as a marker of cellular
proliferation [60,61]. As shown in Fig. 3C the highest number of Ki-67
positive cells was noted when TMZ was administrated to the cells
grown on viscoelastic hydrogels. This tendency was noted particularly
for LN-18 and at lesser extent for LN-229 cells.

3.3. Glioma cells grown on viscoelastic substrates display different
morphological characteristics than those on elastic substrates

The differences in morphology of cells grown on elastic and visco-
elastic hydrogels were explored by the calculations of such parameters
as cell area (Fig. 4A), cell perimeter (Fig. 4B), an aspect ratio of the cell's
fitted ellipse (Fig. 4C), as well as cellular roundness (Fig. 4D) and
manual counting of the number of blebs per cell (Fig. 4C). Collected data
indicate that cells grown on viscoelastic substrates and treated with TMZ
display a smaller cell spread area in comparison to cells maintained on
the elastic matrices — for instance, cells treated with 1000 pM TMZ have
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an average spread area of 505 & 263 pm? and 555 + 291 pm? for cells
grown on viscoelastic and elastic hydrogels, respectively (Fig. 4A).
Accordingly, TZM-treated cells were smaller in perimeter and this dif-
ference was considered statistically significant (Fig. 4B). Fig. 4C presents
the aspect ratio of the cell's fitted ellipse. As shown, cells on elastic
hydrogel with TMZ treatment are significantly different from the control
samples, and in all cases, except the control sample, the ratio is above
1.5, whereas, cells on viscoelastic hydrogel were more round with a ratio
below 1.5 and closer to 1.25. This observation was confirmed by the
calculation of cellular roundness with cells grown on viscoelastic
hydrogels being overall more round than grown on elastic ones
(Fig. 4D). Fig. 4E presents the average number of blebs per cell with 3.5
+ 3.0 and 5.9 + 4.0 untreated cells grown on elastic and viscoelastic
substrates, respectively. At high TMZ doses, a number of blebs per cell is
comparable and drops to 1.3 + 1.5 for elastic and 1.6 + 2.1 for visco-
elastic hydrogel.

3.4. Cells grown on viscoelastic hydrogels are less affected by TMZ
treatment

To explore the ability of TMZ to induce cytotoxic effects in glio-
blastoma cells maintained on plastic or hydrogels, the following
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parameters were quantified: (i) number of apoptotic cells, (ii) level of
mitochondria depolarization, (iii) intensity of DNA fragmentation, and
(iv) activation of PI3K signaling. The results of these analyses are pre-
sented in Fig. 5. As demonstrated, despite the lack of differences in the
number of apoptotic cells detected on plastic and hydrogels (Fig. 5A), we
have recorded a significant decrease in mitochondrial depolarization
and DNA fragmentation, when TMZ was subjected to the cells grown on
viscoelastic substrates. More quantitively, the percentage of cells with
impaired mitochondrial function was two-fold lower for cells grown on
viscoelastic substrates in comparison to both control and respective dose
on the purely elastic ones (Fig. 5B). DNA fragmentation was also lower
for cells in a viscoelastic environment and this effect was particularly
prominent for 1000 pM dose of TMZ (Fig. 5C). Statistically significant
differences were also noted when PI3K pathway activation was
explored. As shown in Fig. 5D, the highest PI3K activation was achieved
on a TC plastic substrate and it was quantified as 58 + 2 % for 2000 pM
TMZ treatment. In comparison, for cells cultured on hydrogel matrices,
the level of PI3K activation was not higher than 49 + 1 %. This signaling
point was also less activated in cells collected from viscoelastic hydro-
gels, than in those collected from the elastic ones.

4. Discussion

Research on malignant brain tumors, such as glioblastomas with
altered microenvironmental structure and biomechanics, allow us to
constantly broaden our knowledge of their invasiveness and motility
[27,62] leading to a better understanding of these aggressive and rapidly
lethal cancers. Interest in the mechanics of brain tissue has recently
revived, and although a convincing amount of data has been collected to
describe the response of brain tissue to mechanical stresses and char-
acterize their viscoelastic nature, there is still much work to be done to
accurately understand this intricate structure due to e.g. difficulties with
human sample acquisition and limitations of ex vivo studies
[3,6,8,12,22,23,63,64]. New developments in measurement techniques,
including magnetic resonance elastography (MRE), have great potential
to non-invasively measure tissue properties in vivo, which may be used in
the future for diagnostic purposes and give extra insight into traumatic
brain injuries and neurological diseases like tumors (i.e., glioblastoma)
[4,5,7,15,64-70]. However, ex vivo measurements of the brain tissue
using, for example, a rheometer may still help us to understand tissue
biomechanics that could be transposed to 2D and 3D cell cultures to
mimic more physiological conditions [8,27,62,71].

In this study, we characterized rat brain tissues' rheological proper-
ties to better understand their viscoelastic nature and further optimize
the preparation of polyacrylamide hydrogels to culture LN-18 and LN-
229 glioblastoma cells and study the viscosity-dependent effects of
TMZ treatment.

In previous research, various glioblastoma cell lines were grown on
polymer-based gels with different stiffness and tested using atomic force
microscopy to observe their local elastic properties [8,71]. Interestingly,
it was reported that substrate stiffness and chemical signaling elicited
the same cellular phenotype, which indicates that both mechanical and
chemical aspects of the microenvironment can result in comparable
cellular reactions [10,71]. It is established that cells respond to varia-
tions in substrate elasticity by modulating their stiffness and
morphology alterations. Furthermore, migratory properties are stiffness-
sensitive for some cancerous cell lines [28,62]. Moreover, an ever-
growing number of reports indicate that apart from this, also other
cellular effects are governed by substrate mechanical properties, such as
cell cycle progression or proliferation capability. The first one was re-
ported in mammary epithelial cells, smooth muscle cells, fibroblasts,
and other non-neuroglial cells demonstrating that pathological ECM
remodeling and stiffening of the microenvironment is a positive regu-
lator of the cell cycle via integrin-dependent signaling to FAK, cyclin D1,
and Rac [72]. Proliferation dependence on substrate changes was also
recorded in the works of other authors [62,73,74]. One explanation is
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that the changes in cell cycle progression occur by alternations in
mechanochemical response during mitosis. Secondly, extracellular ma-
trix elasticity may regulate mitosis by synergistic activation of mecha-
notransductive and mitogenic signaling pathways [62]. Our results
suggest that similar phenomenon might occur due to increased envi-
ronmental viscosity. According to data presented in Fig. 3A, cells
cultured on polyacrylamide hydrogels proliferate much slower than
those growing on stiff TC plastic. Moreover, number of TMZ-treated cells
expressing Ki-67 protein, which is a factor substantially expressed in
cells that are cycling, but markedly suppressed in cells that are resting in
the GO phase [75], was found significantly varied between tested
matrices (Fig. 3C). This finding might suggest substrate viscosity miti-
gates the cell cycle in drug-treated cells, however, we are fully aware,
that such hypothesis needs to be tested in more detail with additional
experimental settings.

Reports to date established that to properly conduct cell experi-
ments, it is necessary to assure not only the optimal temperature con-
ditions or the provision of adequate nutrients for growing cells, but also
to consider the mechanical parameters of the extracellular environment
that cells originate. The latter has become increasingly important in
recent times considering that a variety of cytotoxic agents do not reach
clinical effectiveness, despite the satisfactory results in in vitro settings,
which could be determined by the inappropriate design of cell culture
platforms [47-54]. Firstly, glioma or astrocyte cells are usually grown
on stiff substrates such as glass or TC plastic that do not resemble the
elastic properties of the soft tissues [8,71,76-78]. Secondly, even if
microenvironmental elasticity is accounted the viscosity of ECM is often
overlooked, and the amount of data indicating its importance for cell
behavior is very limited. Another reason was that controlled incorpo-
ration of viscous properties to existing protocols of soft substrates
formulation was difficult to achieve. Only recently, it was demonstrated
that linear polyacrylamide chains entrapped inside the elastic poly-
acrylamide network can dissipate energy and thus become the viscous
component that can be independently controlled [33]. Moreover, such
modification did not affect the performance of adhesion proteins on the
network of the viscoelastic gels but was reported to influence cell in-
ternal stiffness and differentiation. For this reason, it was suggested that
viscous dissipation in biological tissues is a determinant of cell pheno-
type and tissue homeostasis [33]. A study by Charrier et al. authors
demonstrated that 3 T3 fibroblasts grown on viscoelastic gels are char-
acterized by increased cell motility when compared to those on elastic
gels. At the same time, human airway smooth muscle (HASM) cells and
cancerous 22Rv1 cells spread significantly less on viscoelastic gels than
on elastic ones of similar storage modulus, which suggests that the
storage and the loss moduli of the substrate are integrated through
different signaling pathways within these cells [34]. Contrastingly, in a
report by Cameron et al. mesenchymal stem cells grown on viscoelastic
gels were noted to display increased proliferation and spread area in
comparison to pure elastic ones [79]. In our study, we recorded an
almost seven-fold change in proliferation between stiff TC plastic sur-
faces and elastic or viscoelastic polyacrylamide hydrogels. A similar
effect was reported by other groups, e.g primary adult dermal fibro-
blasts were shown to proliferate faster on stiff versus soft substrates [80].
The same phenomena were reported for primary myoblasts, mammary
epithelial cells, vascular smooth muscle cells, and mouse embryonic fi-
broblasts [62,81,82]. At the same time, we detected no difference in
proliferation capability of glioblastoma cells grown on elastic or visco-
elastic gels (Fig. 3A) but a remarkable difference in cell morphology was
observed and demonstrated in Figs. 4A-4E. Briefly, cells cultured on
viscoelastic matrices displayed increased spread area and larger
perimeter, decreased aspect ratio, increased roundness, as well as an
enhanced number of blebs compared to cells grown on purely elastic
substrates. This confirms that viscosity should be taken under the
consideration in designing the 2D cell culture models.

Given that the microenvironmental viscoelasticity affects glioblas-
toma cells' properties, research focused on the influence of substrate
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viscoelasticity along with drug treatment might help in understanding
and future development of more efficient anti-glioma therapies. To date,
only a few studies have shown the influence of the nanomechanical
properties of the extracellular environment on the effectiveness of
anticancer drugs. Between them, Feng J. et al. research group showed
that breast cancer cells were more sensitive to antitumor drugs such as
cisplatin and taxol on stiffer substrates and concluded that screening for
antitumor drugs on plastic in vitro models might result in misleading
information, which would also increase costs of research [83]. For the
same reason, another group of researchers suggested 3D biomimetic
models of selected tissue stiffness as an interface for drug testing [84].
Similar effects were recorded in colorectal cancer where reduction of
liver metastasis stiffness improved the response to BVC [85]. In contrast
to these reports, Lam et al. presented that metastatic breast tumor cells
were undergoing paclitaxel-induced apoptosis earlier when an invasion
was through soft collagen matrices, which suggested that stiffer matrices
support cancer cells' dormancy for drug therapy, raising the probability
of a future disease recurrence [84]. The stiffness-dependent response
was also recorded for breast cancer cells and doxorubicin with increased
resistance correlating with PDMS matrices stiffness increase [86].
Importantly, in one of the newer reports, Nicolas-Boluda et al. observed
that the direct inhibition of factors affecting EMC stiffness and organi-
zation might be also translated into improved treatment response. In
such aspect, inhibition of lysyl oxidase (LOS), i.e., an ECM collagen fi-
bers stabilizer, was reported to increase intratumoral T cell migration
and infiltration and in further steps also improved response to anti-PD-1
treatment, particularly in early tumor stages [87,88]. Modulation of
treatment outcome might be also influenced by altering collagen con-
centration within tumor tissue, which affect directly intracellular stift-
ness and motor activity [89]. Accordingly, changes in collagen
concentration might impact paclitaxel, ROCK inhibitor, and MMP in-
hibitor effectiveness [89]. Thus, making a distinction in cell response to
the drug in the varying environment could be essential for new treat-
ment development that targets specific intracellular behavior associated
with disease progression. However, the abovementioned research
focused mostly on the role of elasticity, while exploration of both elastic
and viscous properties of the ECM on drug efficiency is needed. Ac-
cording to our best knowledge, our study is the very first research
focusing on this issue. As demonstrated, incorporation of the viscous
elements to the hydrogel structure only slightly affects cell proliferation
of untreated cells but displays a significant impact on TMZ cytotoxicity
against LN-229 cells (Fig. 5). Interestingly, we have noted a comparable
percentage of apoptotic cells in the TMZ-treated population (Fig. 5A),
but at the same time, a level of depolarized mitochondria or fragmented
DNA significantly differ (Fig. 5B and C), clearly indicating that ECM
viscosity may limit the therapeutic effect of TMZ via these signaling
pathways. It is established that temozolomide induces cell death effects
in glioma cells by varied signaling routes, leading ultimately to
apoptosis induction in TMZ-treated cells [90]. It is well-recognized that
TMZ cytotoxicity is mediated by O6-guanine residues (06-MeG), which
is a mutagenic, carcinogenic and toxic lesion. Unrepaired O6-MeG
during DNA replication mispairs with thymine, which activates DNA
mismatch repair (MMR) and removes the thymine but 06-MeG reat-
taches it again, thus causing replication collapse and formation of
double-strand breaks triggering mitochondrial apoptosis [48,91].
Alternatively, TMZ might trigger AP-1 dependent BIM/BAX apoptosis
pathway [92], as well as the SIAH1/HIPK2-p53Ser46 pathway [93],
thus contributing to intensification or cell death by apoptosis. The sum
of these reports strongly suggests that the viscosity might trigger
different signaling pathways than substrate elasticity, which potentially
might affect not only the effectiveness of anti-cancer drugs, but can also
impact the drug resistance development. In our study, we detected some
variation in the activation of PI3K pathway, which is well-recognized as
a point with a clinical value for expansion of resistance of glioma cells to
TMZ treatment [94]. According to our data, glioma cells grown on
viscoelastic matrices might develop drug resistance to a lesser extent
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(Fig. 5D), but it should be more thoroughly explored whether a similar
tendency occurs for other drug resistance-associated signaling
pathways.

The main limitation of our study is the experimental model that al-
lows to control only one aspect of complex biological environment in
which cancers propagate in vitro. Literature data indicate that cancer
development is also promoted by other non-cancerous cells, such as the
cross-linking of blood vessels or the presence of reactive glia, which
secrete proteins and growth factors in inflammatory or pathological
conditions [95]. However, given that our study is the first to indicate the
significant importance of viscosity in lowering the effectiveness of
anticancer drugs (temozolomide), we believe that it is reasonable to
reduce the number of variables in the experimental model to a mini-
mum, as accurately and reliably as possible to assess the impact of this
factor. Our results show that the viscous properties of brain tissue may
be clinically relevant and may represent a new class of mechanical factor
limiting effrectivness of anticancer agents. At the same time, it should be
stressed that further development of the experimental in vitro brain
models accounting for both mechanical and chemical properties of the
brain tissue is required to fully understand the significance of the
observed phenomena.

5. Conclusions

Evaluation of the cellular response to treatment, using cells growing
on substrates with controlled physical properties brings us closer to in
vivo biomechanical environment and provides a setting that improve the
characterization of chemotherapeutic drugs action before animal and
clinical trials, which could save research costs and time. Collected data
indicate that substrate viscosity affects cell proliferation of untreated
cells to a lesser extent, but more significantly alters their morphology
and response to chemotherapeutic drug treatment. However, due to the
nature of the research further analysis of the influence of viscoelastic
properties and surface binding protein needs to be studied with different
cell lines to generalize our findings.
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