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Abstract

The mechanical properties of the extracellular environment, especially substrate elastic
modulus, strongly influence cell behavior, including shape, adhesion, cytoskeleton
organization, and function. Cells interpret mechanical cues through mechanotransduction
process, translating extracellular signals into intracellular activity. This doctoral thesis
investigates the effect of substrate type on the morphology, mechanical properties, and
cytoskeletal organization of U20S osteosarcoma cells. Cells were seeded on rigid glass and on
a polyacrylamide (PA) hydrogel with an elastic modulus of 40 kPa, which more closely
corresponds to physiological tissue values. Time-lapse microscopy showed changes in cell
morphology and surface area over time. Although cells were initially rounded on both
substrates, they spread more on glass, indicating stronger adhesion and higher tension on the
stiffer surface. Atomic force microscopy (AFM) showed that cells cultured on glass exhibited
higher elastic modulus, compared to cells on 40 kPa PA gel. Confocal microscopy imaging of
cell cytoskeleton demonstrated more organized networks of actin, microtubules, and vimentin
on glass, whereas cells on the 40 kPa PA gel exhibited less organized cytoskeletal structures.
Further, cells were incubated with 2 um fluorescent polystyrene microparticles. Cells cultured
on 40 kPa PA gel uptake significantly more microparticles from medium than cells on glass, as
evidenced by both confocal imaging and quantitative analysis, suggesting that substrate type
may facilitate endocytic activity. Interestingly, cytoskeletal structures resembling microtubule-
based cups were observed forming around internalized particles, particularly on the elastic
substrate. To further investigate this phenomenon, the localization of a few microtubule-
associated proteins (MAPs), including CLIP1, MARK2, and IQGAP1, was examined. While
CLIP1 and MARK?2 exhibited a relatively uniform cytoplasmic distribution, IQGAP1 was
localized at the cell periphery and around internalized microparticles, with particularly visible
signals observed in cells on the 40 kPa PA gel. However, in some cases, [QGAP1 formed ring-
like structures around microparticles even in the absence of direct microtubule colocalization,
indicating that this process might be partially independent of the microtubule network. This
study demonstrates that substrate type and mechanical properties significantly affect U20S by
shaping cell morphology, elastic modulus, cytoskeleton, and functional activities such as
particle uptake. These results emphasize the importance of the mechanical environment
especially in cancer cell metastases and highlight the need to consider substrate mechanical
properties in laboratory in vitro models to gain better insight into tumor biology, metastases,

drug testing and microplastic uptake.



Streszczenie

Wiasciwosci mechaniczne $rodowiska zewnatrzkomorkowego, w szczegdlnosci modut
sprezystosci podloza, silnie wplywaja na zachowanie komorek, w tym ich ksztalt,
przyczepnos$¢, organizacje cytoszkieletu oraz funkcje. Komorki interpretuja sygnaly
mechaniczne poprzez proces mechanotransdukcji, przeksztalcajac sygnaty
zewnatrzkomoérkowe w aktywno$¢ wewnatrzkomorkowa. W niniejszej pracy doktorskiej
zbadano wptyw rodzaju podtoza na morfologi¢, wtasciwosci mechaniczne oraz organizacj¢
cytoszkieletu komorek kostniakomigsaka linii U20S. Komorki wysiano na sztywnym szkle
oraz na hydrozelu poliakrylamidowym (PA, ang. polyacrylamide) o module sprezystosci
40 kPa, ktory bardziej odpowiada fizjologicznym wartosciom tkanek. Uzywajac mikroskopia
poklatkowej wykazano zmiany w morfologii komorek 1 ich powierzchni w czasie. Chociaz
komorki poczatkowo byly zaokraglone w obu warunkach, to na szkle zwiekszaty swoja
powierzchni¢ bardziej, co wskazuje na silniejsza adhezj¢ i wigksze napigcie na sztywniejszej
powierzchni. Uzywajac mikroskopii sil atomowych (AFM, ang. Atomic Force Microscopy)
wykazano, ze komoérki hodowane na szkle miaty wyzszy modut sprezystosci w poréwnaniu do
komorek na 40 kPa Zelu poliakrylamidowym. Obrazowanie cytoszkieletu komorek przy uzyciu
mikroskopii konfokalnej pokazato bardziej zorganizowane sieci aktyny, mikrotubul
1 wimentyny na szkle, podczas gdy komodrki na zelu PA 40 kPa wykazywaly mniej
zorganizowang strukture cytoszkieletu. Dodatkowo, komorki inkubowano z 2 pm
fluorescencyjnymi mikroczastkami polistyrenowymi. Komorki hodowane na zelu 40 kPa
pobieraly z medium znaczaco wigcej mikroczastek niz komoérki na szkle, co potwierdzono
zarOwno za pomocg obrazowania konfokalnego, jak i analizy iloSciowej, sugerujac, ze rodzaj
podioza moze zwigksza¢ aktywnos$¢ endocytarng komorek. Co ciekawe, zaobserwowano
powstawanie struktur cytoszkieletowych przypominajacych ,,kubki” utworzone z mikrotubul
wokot internalizowanych mikroczastek, szczegélnie na elastycznym podtozu. Aby blizej
zbada¢ to zjawisko, przeanalizowano lokalizacje kilku biatek zwigzanych z mikrotubulami
(MAPs, ang. Microtubule-Associated Proteins), w tym CLIP1, MARK?2 1 IQGAPI1. Podczas
gdy biatka CLIP1 i MARK?2 wykazywaly gtownie rownomierng dystrybucje w cytoplazmie,
IQGAPI lokalizowat si¢ na obwodzie komorek oraz wokot internalizowanych mikroczastek,
z wyraznie widocznymi sygnatami w komorkach na zelu 40 kPa. W niektorych przypadkach
biatko IQGAP1 tworzylo pierscieniowe struktury wokoét mikroczastek nawet przy braku
bezposredniej kolokalizacji z mikrotubulami, co wskazuje, Ze proces ten moze by¢ czgsciowo

niezalezny od sieci mikrotubul. Badanie to wykazuje, ze rodzaj podloza i jego wlasciwosci



mechaniczne znaczaco wpltywajag na komoérki U20S, ksztaltujac ich morfologie, modut
sprezystosci, cytoszkielet oraz aktywnos$ci funkcjonalne, takie jak pobieranie mikroczastek.
Wyniki te podkreslaja znaczenie $rodowiska mechanicznego, zwlaszcza w kontek$cie
przerzutow komorek nowotworowych, oraz wskazuja na konieczno$¢ uwzgledniania
wiasciwosci mechanicznych podtoza w laboratoryjnych modelach in vitro, aby lepiej zrozumiec

biologi¢ nowotworu, proces przerzutéw, testowanie lekoOw oraz pobieranie mikroczastek.

Xi
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1. Theoretical background
1.1. Cell

The cell is the basic structural and functional unit of all forms of life. It serves as the
foundation for the complexity of life. The history of cell discovery dates back to the 17
century, marked by groundbreaking discoveries that have significantly shaped our

understanding of biology '.

The term ‘cell’ was first invented by the English scientist Robert Hooke in 1665 2. While
examining thin slices of cork under a microscope, Hooke noticed small, box-like structures
that reminded him of the small rooms (cells) inhabited by monks in a monastery. Though
Hooke was the first to use the term ‘cell’, the structures he observed were the walls of dead

plant cells, and he was unaware of the living contents within >,

Over the next centuries, advancements in microscopy led to further discoveries that
expanded our understanding of the cell. In the 1830s, Matthias Schleiden, a German
botanist, and Theodor Schwann, a German zoologist, contributed significantly to cell
theory >®. Schleiden concluded that all plant tissues are composed of cells, while Schwann
extended this idea to animals, asserting that all living organisms are made of cells ’. Their
work eventually consolidated into Cell Theory, which states that all organisms are
composed of one or more cells, that cells are the fundamental units of structure and function

in all living organisms, and that all cells arise from pre-existing cells.

As the field advanced in the late 19" and early 20" centuries, the development of new
staining techniques and more powerful microscopes helped scientists uncover more
intricate structures within cells. Notably, Robert Brown's discovery of the nucleus in 1831
and Walther Flemming's study of cell division in the 1870s provided deeper insights into

the role of cells in reproduction and inheritance °.

With the advent of electron microscopy in the mid-20" century, scientists gained views of
cellular structures, revealing organelles like mitochondria, endoplasmic reticulum, and
Golgi apparatus. These discoveries helped elucidate complexity of cellular functions, such

as energy production, protein synthesis, and intracellular communication.



Nowadays, the study of cells continues to be central focus in biology, with research
advancing our understanding of cell signalling, genetic regulation, and the molecular
mechanisms that control cell behavior. Cutting-edge techniques such as genomics,
clustered regularly interspaced short palindromic repeats (CRISPR) gene editing ®, and cell
culture technology are broadening the horizon of medical and biotechnological

advancements.

Cells are generally categorized into eukaryotic and prokaryotic types. Eukaryotic cells
possess a nucleus, whereas prokaryotic cells lack a nucleus and instead have a nucleoid

%, Prokaryotes are primarily single-celled organisms like bacteria, whereas

region
eukaryotes can be both single-celled organisms (e.g., amoebae) and multicellular
organisms (e.g., plants, animals, fungi, and some algae) '°. Eukaryotic cells are more
complex and contain various organelles, including mitochondria, which generate energy
for the cell chloroplasts (in plants), which are responsible for photosynthesis and

ribosomes, which synthesize proteins .

The nucleus houses the cell's genetic material, including deoxyribonucleic acid (DNA),
which is transcribed into messenger ribonucleic acid (mRNA) and translated into proteins
in cytoplasm !2. The mitochondria are responsible for cellular respiration and energy
generation, while lysosomes break down waste materials '*!#. The ribosomes are the sites
of protein synthesis, and the endoplasmic reticulum (ER) plays a crucial role in protein
synthesis and folding '>!¢. The Golgi apparatus modifies, sorts, and packages proteins for
transport within the cell or outside of it !”*!8, Peroxisomes help break down fatty acids and

detoxify harmful substances °.

This thesis focusses particularly on the cell cytoskeleton in the context of mechanobiology.
The cytoskeleton is a dynamic network of protein filaments that provide structural support,
shape, and facilitate cell movement. It is integral to several cellular processes, including
cell division, intracellular transport, and responding to mechanical stimuli from the
environment. In mechanobiology, understanding how the cytoskeleton reacts to and
transduces mechanical forces is essential to understanding processes like tissue

development, wound healing, and disease progression, including cancer.



1.2. Cytoskeleton

The cytoskeleton is a complex and dynamic network of protein filaments that provides
structural support to the cell, facilitates intracellular transport, and governs essential
biological processes, including cell division ?°, motility 2!, and many more. This intricate
framework is highly adaptable, allowing the cell to reorganize its internal architecture in
response to physiological demands and external stimuli. It ensures cellular integrity and
plays a fundamental role in maintaining homeostasis, enabling cells to change shape,

migrate, and interact with their environment.

The cytoskeleton consists of three main components: microfilaments, composed of actin,
which maintain cell shape and enable motility, intermediate filaments, which provides
mechanical strength and structural stability and microtubules, which guides intracellular
transport and form the mitotic spindle during cell division. A schematic representation of

the cell cytoskeleton, along with fluorescence microscopy images, is shown in Figure 1.

Actin

Intermediate filament

Figure 1. Cytoskeleton scheme. Confocal microscopy image of the distribution of filaments in the cell body, respectively
actin (blue) (4), intermediate filament - vimentin (red) (B) and microtubule (green) (C) in U20S cells. Created with

BioRender.com



The cytoskeleton continuously reorganizes in response to internal and external cues. This

adaptability is essential for maintaining cellular integrity, facilitating communication, and

driving fundamental biological processes. The key differences between the three

cytoskeletal components are summarized in Table 1.

Table 1. Comparison of cytoskeletal filaments.

Feature Actin Filaments Intermediate Filaments Microtubules
Size ~7 nm ~10 nm 23-27 nm

. . . Hollow tubes of 13
Structure Two twisted actin strands Rope-like fibers

protofilaments
Polarity Yes (+ and - ends) No Yes (+ and - ends)
) ) ) ) Highly dynamic, GTP-

Dynamics Rapid assembly/disassembly Stable, least dynamic

Main Function

Energy Source

Associated

Proteins

Cell Division

Role

Location

Cell movement, shape,

intracellular transport

ATP

Myosin, profilin, cofilin

Forms contractile ring

(cytokinesis)

Structural support, mechanical

strength
None
Intermediate Filament-

Associated Proteins (IFAPs)

No direct role

Cell cortex, filopodia, microvilli Cytoplasm, nucleus

dependent

Intracellular transport,

mitosis

GTP

Kinesin, dynein, MAPs

Forms mitotic spindle

Cytoplasm, centrosome,

cilia, flagella




1.2.1. Actin microfilaments

Actin, a fundamental cytoskeletal protein, was first observed in 1887 by W. D. Halliburton,
however its significance remained unclear until the 1940s 2. In 1942, Albert Szent-Gyorgyi
isolated actin from muscle tissue and demonstrated its interaction with myosin in an
adenosine triphosphate (ATP) dependent manner, essential for contraction. Later,
researchers discovered actin’s presence in all eukaryotic cells, revealing its role in
maintaining cell shape, motility, and intracellular transport. Advances in microscopy and
molecular biology further clarified its regulatory mechanisms 22. Actin is a key component
of the cytoskeleton, forming filaments (F-actin) from monomeric globular actin (G-actin)
through a tightly regulated polymerization process. This ability to transition between
monomeric and filamentous states allows actin to support various cellular processes,

including cell motility, intracellular trafficking, and adhesion 2%%3,

Vertebrates express three main actin isoforms. Despite differences of only a few amino
acids, primarily at the N-terminus, these isoforms perform distinct functions 2%, Actin

1soforms:

e o-Actin: present in skeletal, cardiac, and smooth muscle cells, supporting contraction,

e B-Actin: present in nonmuscle cells, contributing to cell motility and intracellular
transport,

e y-Actin: present in both muscle and nonmuscle cells, playing arole in cytoskeletal
integrity.

Actin molecular weight is ~42 kDa per monomer. kDa stands for kilodalton, where 1 Dalton

is a unit of atomic mass, roughly equal to the mass of one hydrogen atom (~1.66x1072* g)**,

Actin is essential for numerous cytoplasmic functions, playing critical roles in various
cellular processes. It drives cell motility by promoting membrane protrusions such as
lamellipodia and filopodia, enabling cells to migrate. Actin microfilaments also serve as
tracks for intracellular trafficking, facilitating vesicle transport in coordination with myosin
motor proteins. Additionally, actin microfilaments contributes to cell adhesion by linking
to adhesion complexes - multimolecular protein assemblies in the cell membrane that link
the cell's internal cytoskeleton to its external environment through noncovalent interactions
and cell morphology by helping maintain cell shape. During cytokinesis, actin filaments

form the contractile ring that enables cell division 2°.



1.2.2. Intermediate filaments

Intermediate filaments (IFs) are named for their diameter, which is approximately 10 nm,
placing them between the thinner actin filaments (7 nm) and the thicker microtubules
(25 nm) ?’. IFs provide mechanical support to cells and tissues and maintain structural

integrity 5.

Unlike microtubules and actin filaments, which are composed of globular proteins,
IFs are made of fibrous proteins that assemble into strong, rope-like structures. Filaments

are formed through a multistep polymerization process:

e monomers: individual IF proteins contain a central a-helical rod domain flanked by
non-helical head and tail domains,

e dimers: two monomers coil around each other to form a parallel dimer,

e tetramers: two dimers align in an antiparallel fashion to form a tetramer,

e protofilaments: tetramers aggregate laterally to form protofilaments, which further

assemble into mature filaments.

Unlike actin and microtubules, IFs lack polarity and do not serve as tracks for motor
proteins. Additionally, IFs are more stable, as they are not dynamically polymerized and

depolymerized like actin and microtubules *°.

IFs remain the least studied part of the cytoskeleton, and our understanding of them is still
developing due to the limited amount of available literature. Therefore, it is difficult at this
point to have a broader view of IF companion proteins. Major types of IF proteins are listed

in Table 2.



Table 2. Major types of intermediate filaments’ proteins.

Class IFs Uniport Identifier Cell type References
I Keratins (acidic) >50 genes Keratinocyte 30
I Keratins (basic) >50 genes Keratinocyte 31
II Vimentin P08670 Mesenchymal cell 3233
111 Desmin P17661 Muscular cell 3435
111 Glial fibrillary P14136 Glial cell 36-38
acidic protein
I Peripherin P14136 Peripheral neuron 39
v Nestin P43681 Neuroepithelial cell 40
v Synemin - CNS neurons 41,42
v Neurofilaments NF-L P07196 Neuronal axon 3
NF-M P07197
NF-H P12036
\% Lamin A/C P02545 Nuclear lamina and 4
nucleoplasm
\Y Lamin B LMNB1 P20700 Nuclear lamina and 4
LMNB2 Q03252 nucleoplasm
VI Filensin Q12934 Lens epithelial cell 6,47
VI Phakinin Q13515 Lens epithelial cell 47,48




Although IFs are primarily structural, they also participate in various cellular functions:

e mechanical support: IFs provide tensile strength, helping cells resist mechanical
stress. This is particularly important in epithelial tissues, muscles, and neurons.

e cell-cell and cell-matrix connections: IFs link to desmosomes and
hemidesmosomes, reinforcing intercellular adhesion and anchoring cells to the
extracellular matrix.

e nuclear organization: nuclear lamins stabilize the nuclear envelope and help
regulate DNA replication and gene expression *°

e signal transduction: IFs interact with signalling molecules and kinases, influencing
processes such as cell division, migration, and differentiation.

e disease association: gene mutations in IF proteins can lead to various disorders,
including epidermolysis bullosa (keratin defects), Alexander disease (Glial
Fibrillary Acidic Protein - GFAP mutations), and progeria (lamin A mutations) ’.

Intermediate filaments play a crucial role in maintaining cellular and tissue integrity *°.
Although less dynamic than other cytoskeletal components, their stability and mechanical
strength make them essential for cellular resilience. Ongoing research continues to uncover

new functions and interactions of IFs, highlighting their significance in health and disease.

1.2.3. Microtubules

Microtubules are a fundamental component of cytoskeleton, providing structural support,
intracellular transport, and involvement in cell division. They are highly dynamic hollow
tubes composed of a-tubulin and B-tubulin dimers, which polymerize to form long
protofilaments (Figure 2). a-Tubulin is mainly encoded by genes such as TUBAIA,
TUBAIB, and TUBA4A, while B-tubulin isoforms are encoded by genes including TUBB,
TUBB2A, and TUBB3. Microtubules are polarized structures, meaning they have a plus (+)
end, which is more dynamic and undergoes rapid growth and shrinkage, and a minus (-)

end, which is typically anchored at the centrosome ',

Microtubules are composed of 13 protofilaments arranged in a tubular structure, with
a diameter of 23-27 nm and an inner lumen of 11-15 nm. Protofilaments can grow up to

50 micrometers in length.

10



Microtubules assembly and disassembly are strictly regulated by guanosine-5'-triphosphate
(GTP) hydrolysis:

e Polymerization: Tubulin dimers with GTP bound to the B-subunit are added to the
plus end, promoting filament elongation.
e Hydrolysis: Once incorporated, GTP is hydrolysed to guanosine diphosphate
(GDP), making the filament less stable.
e Depolymerization: GDP-tubulin promotes filament disassembly unless a protective
‘GTP cap’ remains at the plus end.
This dynamic instability allows microtubules to rapidly reorganize in response to cellular

needs.

A B c _
° N\ O
a-tubulin —_ 8 —

- single transverse
B- tubulin tubulin dimer protoﬂlament section of
protofilament
‘Q
D E growing oo @
microtubule
— —

---------------

filament

shrinking microtubule

Figure 2. Microtubules are polymers of tubulin (A,B) that form part of the cytoskeleton and provide structure
and shape to eukaryotic cells. Microtubules filaments consist of protofilaments (C) and can be as long as
50 um, as wide as 23 to 27 nm and have an inner diameter between 11 and 15 nm. Protofilaments are formed
by the polymerization of a dimer of two globular proteins, alpha and beta tubulin into protofilaments that
can then associate laterally to form a hollow tube, the microtubule (D). Microtubules are polarized
structures, meaning they have a plus (+) end and minus (-) (E). Created with BioRender.com.
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Microtubules play a critical role in numerous essential cellular processes, including
intracellular transport, where they serve as tracks for motor proteins such as dynein and
kinesin, facilitating the movement of organelles, vesicles, and signalling molecules within

the cell.

Microtubules contribute to maintaining cell shape and structural support by preserving cell
architecture and resisting compression forces, extending into specialized structures like
axons and dendrites in neurons to support long-distance transport. During cell division,
microtubules form the mitotic spindle, essential for chromosome segregation, with
centrosomes acting as microtubule-organizing centers to guide spindle formation and
attachment to kinetochores, ensuring equal distribution of genetic material. Additionally,
microtubules constitute the axoneme of cilia and flagella, which are vital for cell motility
and fluid movement across epithelial surfaces. They also participate in cell cycle regulation
across various phases: preparing for DNA replication in G1, supporting DNA duplication
in S phase, increasing tubulin synthesis in G2 for spindle formation, assembling the mitotic

spindle during M phase, and allowing cells to exit and re-enter the cycle during GO 2.

Microtubules are dynamic and multifunctional filaments essential for maintaining cellular
structure, enabling intracellular transport, and ensuring proper chromosome segregation
during cell division. Their regulation through GTP hydrolysis, motor proteins, and
associated proteins highlights their complexity and significance in various biological
processes. Ongoing research continues to unravel the precise mechanisms controlling
microtubule stability and function, particularly in relation to neurodegenerative diseases
and cancer therapies. In my experiment, I have specifically focused on microtubule
structural changes, their role in interacting with the microenvironment, external stimuli and

the uptake process, as these aspects are poorly described in the literature.
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1.2.3.1. Microtubule-associated proteins

Microtubule-associated proteins (MAPs) are essential regulators of microtubule dynamics,
structure, and function. First identified in the 1970s as high-molecular-weight non-tubulin
proteins, MAPs have since been found to play diverse roles in stabilizing microtubules,
facilitating their assembly, and linking them to other cellular components >*. Given their
functional complexity, MAPs are often classified based on their molecular weight, with
three main groups: high-molecular-weight MAPs, medium-molecular-weight MAPs, and
low-molecular-weight MAPs °*. MAP proteins constitute a diverse group, the majority of

which are presented in Table 3.

Table 3. Classification and functions of MAPs.

MAP group ExamP le Cellulz.ir Main functions Reference
proteins expression
- Stabilize microtubules in axons and dendrites,
- Maintain filament spacing,
MAPIA - Interact with actin filaments and signalling
high- MAPI1B proteins,
molecular- MAPIS Mainly - Shape dendritic architecture,
55-59
weight MAPs MAP2A neuronal cells - Regulate axonal diameter,
(> 250,000 Da) MAP2B - Tau protein: phosphorylation dependent
Tau (MAPT) activity or hyperphosphorylation linked to
neurodegenerative diseases such as
Alzheimer’s,
medium- - Organize microtubules into antiparallel
Neuronal and
molecular- bundles,
) MAP4 non-neuronal ) o
weight MAPs I - Prevent microtubule destabilization, 60,61
cells
(~200,000 Da) - Play a role in mitotic spindle formation,

- Stabilize microtubules,
low-molecular-
) STOP proteins  Brain cells, - Protect against depolymerization,
weight MAPs 62
(e.g., F-STOP)  fibroblasts - Provide resistance to destabilizing conditions
(< 150,000 Da)
such as temperature changes
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Building on previous studies in this field %4, three candidate proteins were selected from
this large protein family for further analysis: CLIP1 (cytoplasmic linker protein 1,
containing a CAP-Gly domain), IQGAP1 (a Ras GTPase-activating-like scaffold
protein), and MARK2 (microtubule affinity-regulating kinase 2).

CLIP1 functions as a cytoplasmic linker protein, IQGAP1 participates in Ras signalling
pathways, and MARK?2 acts as a kinase. The distinct roles and mechanisms of these
proteins provide a broader perspective on the results and allow for comparison with
previous studies. Focusing on proteins with diverse functions facilitates a clearer

interpretation of the data in the studied context.

IQGAP1

One of the MAPs are IQGAP proteins, which are notable for their role as multi-domain
scaffolding proteins that regulate various cellular processes, including cell signalling, actin
cytoskeleton remodelling, and cell adhesion. The name ‘IQGAP’ derives from two key
structural features: the IQ motif, which binds calmodulin, and the GAP domain, responsible
for regulating small GTPases. These proteins are crucial for cell migration, division, and
tissue development, and their dysregulation has been implicated in diseases such as cancer,

where they contribute to aberrant cell movement and metastasis.

G proteins, including small GTPases like Ras, Racl, Cdc42, and Rho, are a class of
proteins that act as molecular switches in cells. They cycle between an active GTP-bound
state and an inactive GDP-bound state, regulating many cellular processes such as signal

transduction, cytoskeletal organization, cell growth, and vesicle trafficking.

IQGAP proteins are characterized by a complex structure containing several functional

domains ® that allow them to interact with a wide array of partners:

1. Calponin Homology Domain (CHD): This domain enables IQGAPs to bind actin
filaments, thereby influencing actin dynamics and cellular structure.

2. WW Domain: This domain is involved in protein-protein interactions, particularly
in linking IQGAPs to other proteins that regulate signal transduction.

3. IQ Motif: This motif binds calmodulin in a calcium-dependent manner. It is named
after its characteristic sequence (IQ) and is essential for linking IQGAPs to

signalling pathways involving calcium.
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4. GAP Domain (GRD): The GTPase-activating protein (GAP) domain of IQGAPs
interacts with small GTPases like Racl, Cdc42, and Rho, which are involved in
regulating the actin cytoskeleton and cell signalling. The GAP domain accelerates

the hydrolysis of GTP to GDP, turning off the GTPase signalling pathway °¢.

5. RasGAP C terminus (RGCT): The C-terminal tail of IQGAPs often contains
motifs that interact with various signalling proteins, allowing IQGAPs to function

as scaffolds in complex signalling networks.

A schematic representation of the IQGAP1 domains is shown in Figure 3.

IQGAP1 -1Q motif containing GTPase activating protein 1 [ Homo sapiens (human)]

N-terminus C-terminus

CHD ww 0] GRD RGCT

Figure 3. Schematic of IQGAPI, highlighting key domains: (1) CHD binds actin for cytoskeletal regulation, (2) WW
Domain mediates protein interactions, (3) 1Q Motif binds calmodulin, (4) GRD regulates small GTPases, (5) RGCT - C
Terminus functions as a signalling scaffold. Created using BioRender.com.

IQGAPs have several critical functions, and their roles in regulating the actin cytoskeleton

and signal transduction are particularly important. Some of the key functions include:

Regulation of the actin cytoskeleton: IQGAPs regulate actin filament dynamics by

interacting with actin-binding proteins and small GTPases. Through these interactions,
IQGAPs contribute to processes like cell migration, division, and adhesion. They link
signal transduction pathways to actin remodelling, which is essential for cellular responses

to mechanical and chemical signals from the environment >,

Signalling pathways: IQGAPs are involved in a variety of signalling pathways, particularly
those mediated by small GTPases such as Racl, Cdc42, and Rho. These GTPases control

critical cellular processes, including cytoskeletal rearrangement, cell shape, and motility.
By regulating these GTPases, IQGAPs help coordinate signalling events that affect the

actin cytoskeleton and cell behavior 7%,
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Cell adhesion and migration: IQGAPs have been implicated in cell-cell adhesion,

particularly in the formation of cell junctions, and in the regulation of cell migration. They
help cells respond to external signals that direct migration, such as those encountered
during wound healing or tissue development. IQGAPs coordinate signals from integrins

and other adhesion molecules with the actin cytoskeleton ¢°.

Cell cycle and division: IQGAP proteins are also involved in regulating the cell cycle and

cytokinesis. They help control the rearrangement of the actin cytoskeleton during mitosis,
ensuring proper division of the cell. Disruption of IQGAP function can lead to errors in cell

division, which can have implications for cancer progression °.

Mechanotransduction: IQGAPs play a role in sensing and transducing mechanical forces

within cells, linking the mechanical environment to intracellular signalling. This ability is
important for processes such as tissue development and responses to physical changes in
the extracellular matrix 7°.

70, neurological disorders !, and cardiovascular

IQGAP proteins play a key role in cancer
diseases "%. In cancer, gene overexpression may enhance cell migration, invasion, and
metastasis by regulating actin cytoskeleton dynamics ">. Mutations in JQGAP] are linked
to neurodevelopmental disorders, affecting neuronal migration and synaptic function, while
in the cardiovascular system, IQGAPs influence endothelial function and vascular
remodelling, impacting blood vessel formation and repair 2. As regulators of cell signalling
and cytoskeletal dynamics, IQGAPs are crucial in both normal physiology and disease,

making them potentially therapeutic targets.

MARK?2

Another MAP is microtubule affinity-regulating kinase 2 (MARK?2). MARK?2 molecular
weight is ~114 kDa. Protein kinases are enzymes that regulate a wide variety of cellular
processes by transferring phosphate groups from ATP to specific amino acids in target
proteins. This process, known as phosphorylation, can alter the activity, localization,
stability, or interaction of proteins. By doing so, protein kinases play a central role in
controlling cell growth, differentiation, metabolism, and signal transduction. Dysregulation
of kinase activity is often associated with diseases such as cancer, diabetes, and
neurodegenerative disorders. MARK?2 was detected predominantly in regions enriched in

dynamic microtubules, with a marked presence at the leading edge of migrating cells.
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Immunofluorescence analysis revealed its accumulation along microtubule lattices
extending toward the cell periphery, partially overlapping with regions of active actin
remodelling. Biochemical fractionation confirmed cytoskeletal association of MARK2, and
live-cell imaging showed that its localization correlated with phases of microtubule
extension and retraction ’*. Under conditions of cytoskeletal disruption, MARK2
distribution was altered, indicating its responsiveness to microtubule dynamics and

possible involvement in spatial regulation of the cytoskeletal network .

CLIP1

Proteins from the CLIP family (cytoplasmic linker proteins) were first identified in HeLa
cells, where they mediate interactions between organelles and microtubules %77
They typically accumulate at the plus (+) ends of microtubules, suggesting a role in
endosome binding and intracellular transport. CLIP1 (CAP-Gly domain-containing linker
protein 1), also known as CLIP170 (molecular weight ~170 kDa), is localized both at the
plus ends of microtubules and in the cytosol. The CAP-Gly (Cytoskeleton-Associated
Protein Glycine-rich) domain is a conserved protein motif that binds to microtubules and
regulates their dynamics. In addition to its role in tethering endosomes to microtubules,
CLIP1 is involved in the regulation of microtubule dynamics and is implicated in sperm
head formation and differentiation ’7°. These characteristics reflect a distinct mode of

microtubule engagement, reinforcing the diversity of MAP interactions with cytoskeletal

elements.

In summary, IQGAPI1, CLIP1, and MARK?2 may functionally interact within the cellular
cytoskeletal network, collectively influencing microtubule organization and stability.
The relevant domains and structural fragments can be observed in Figure 4. CLIP1, as a
plus-end tracking protein, regulates microtubule dynamics and anchoring at the cell cortex,
while MARK?2 modulates microtubule stability through phosphorylation of microtubule-
associated proteins, promoting reorganization required for cell polarity and directed
migration. IQGAP1 potentially involved in cytoskeletal regulation and signal transduction,
could coordinate with CLIP1-mediated microtubule capture and MARK2-driven

remodelling to fine-tune cell polarity and migration.
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Dysregulation of these interactions may lead to altered microtubule architecture, enhanced
motility, and increased invasive potential of cancer cells, such as those observed in

osteosarcoma.

IQGAP1 MARK2 CLIP1

Figure 4. Crystal structures of human IQGAPI %°, MARK?2 %', and CLIP1 # proteins visualized using data from
the Protein Data Bank (PDB) . Created with BioRender.com.
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1.3. Cell Microenvironment

The cellular microenvironment, also known as the cell niche, consists of dynamically
interacting components within the extracellular matrix (ECM), including structural
proteins, soluble molecules such as growth factors (GFs), and neighbouring cells. This
microenvironment is regulated by bi-directional signal transmission - both between cells
and between cells and surrounding matrix. Importantly, the composition and mechanical
properties of the cellular microenvironment have emerged as promising therapeutic targets
in cancer treatment. Modulation of the mechanical and biochemical properties of the cancer
microenvironment can impair cancer cell survival, invasion, and resistance, offering

promising strategies for precision oncology **.

1.3.1. Extracellular matrix

ECM is adynamic and complex network that provides both structural support and
biochemical signals to cells. It plays a crucial role in tissue mechanics and in regulating
cell behavior through mechanotransduction-the process by which cells sense and respond
to mechanical forces in their environment *. ECM not only serves as a scaffold for cells
but also influences various cellular activities, including adhesion, migration,
differentiation, and proliferation, by transmitting mechanical signals through interactions
with specialized receptors, such as integrins *¢. These interactions help cells interpret their
surroundings and guide responses that are vital for tissue development, regeneration, and

disease processes.

The major components of the ECM include collagens, elastin, fibronectin, laminins, as

well as proteoglycans and glycosaminoglycans (GAGsS).

Collagens are the most abundant and structurally significant ECM components,
responsible for providing tensile strength and forming the scaffold that supports tissue
integrity. These fibers help resist stretching forces and play a key role in
mechanotransduction. By interacting with integrins on the surface of cells, collagen fibers
transmit mechanical signals that influence cellular behaviours such as gene expression,

differentiation, and cytoskeletal organization 37-58,
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Elastin is a key structural protein that imparts elasticity to tissues, meaning their ability to
stretch under force and return to their original shape. In practical terms, this allows tissues
to withstand repeated deformation without permanent damage. Elastin is especially
abundant in organs that undergo frequent mechanical stress, such as skin, lungs, and blood
vessels. By working in concert with collagens, elastin ensures a balance between resilience

and flexibility, thereby influencing how cells and tissues respond to mechanical strain %°.

Fibronectin is a multifunctional glycoprotein that plays a crucial role in cell adhesion and
migration by anchoring cells to the ECM through connections with collagen fibers. Its
mechanical properties are essential for mechanotransduction, as cells sense the stiffness
and compliance of the ECM via integrin binding. Moreover, fibronectin undergoes
structural changes in response to mechanical forces, which in turn modulate cellular

behavior *°.

Laminins are glycoproteins primarily found in the basement membrane, a specialized thin
layer of the extracellular matrix that separates epithelial or endothelial cells from the
underlying connective tissue. Laminins provide structural support to epithelial and
endothelial cells and are involved in adhesion, differentiation, and migration.
Mechanotransduction mediated by laminins influences various cellular activities by

connecting cells to the ECM and responding to tension or compression within tissues %2,

GAGs consist of a core protein to which glycosaminoglycan chains are attached. These
molecules play an important role in ECM hydration and tissue compressibility.
Proteoglycans like aggrecan provide cushioning and resistance to compressive forces in
cartilage. Their interactions with water molecules create a gel-like matrix that also
facilitates mechanotransduction, allowing cells to sense mechanical changes in their

environment 3.

The ECM not only serves as a structural scaffold but also as a mechanical interface between
cells and their surroundings. ECM mechanical properties play a crucial role in guiding
cellular behavior and tissue development, with variations in stiffness across tissues such as
the soft brain and rigid bone. Cells continuously sense these variations, influencing their
migration, differentiation, and proliferation. Understanding this phenomenon is essential
for tissue engineering, as it enables the design of scaffolds that mimic native tissue

properties, thereby promoting more efficient tissue regeneration **%°.
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In tissue engineering, cells in engineered scaffolds detect mechanical cues like stiffness,
surface pattern, and dimensionality, triggering intracellular signalling pathways that guide
behaviours such as migration and differentiation *®. As cells exert forces on scaffolds, they

remodel them, facilitating regeneration °7%.

In summary, the ECM is a dynamic environment that mediates mechanical communication
between cells and their surroundings, and understanding its components and
mechanotransduction is key to developing engineered tissues that replicate native ECM
properties, improving regenerative medicine strategies. Mechanotransduction is central to
cellular responses, including changes in gene expression, cytoskeletal remodelling, and
differentiation. When cells experience mechanical forces such as tension or shear stress,
ECM components undergo conformational changes that activate intracellular signalling
pathways, affecting cellular behavior. These mechanical signals are vital for processes such

as wound healing *°, tissue regeneration °°, and fibrosis '%.

1.3.2.  Mechanical properties of healthy and cancerous cells

The biological functions of cells and tissues are closely linked to mechanical properties,

often measured using Young’s modulus.

Young’s modulus, a specific type of elastic modulus, describes the stiffness of a material
under uniaxial tension or compression, whereas elastic modulus is a general term
encompassing various measures of a materials’ resistance to deformation. A low Young’s
modulus value means the material is flexible, while a high Young’s modulus value
indicates material is stiff and resistant to deformation '°! . Differences in elastic modulus
can influence how cells sense and respond to mechanical forces, affecting processes such

102 exhibit varying elastic modulus, largely

as growth, migration, and differentiation
determined by their cytoskeletal composition. Actin filaments contribute to elasticity and
enable rapid shape changes, essential for processes like immune cell movement and cancer
cell invasion. Microtubules provide structural support and resist compression, which is
crucial for maintaining neuronal integrity. Intermediate filaments offer tensile strength,

which is particularly important in tissues subjected to mechanical stress, such as epithelial

and muscle cells.
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Cell mechanical properties can be assessed using the AFM technique, which demonstrates
the role of the elastic modulus in health and disease. For example, cancer cells are
characterized by reduced Young’s modulus values and increased plasticity, facilitating their
ability to deform and migrate through confined microenvironments during metastasis % .
In contrast, conditions such as fibrosis are associated with increased Young’s modulus and
tissue stiffness due to excessive extracellular matrix deposition, which impairs normal
tissue function % . Additionally, stem cell differentiation is influenced by the mechanical
properties of the substrate, soft matrices with low elastic modulus promote neuronal
differentiation, whereas stiffer substrates support osteogenic lineage commitment '*
elasticity has promising therapeutic applications in regenerative medicine, cancer
treatment, and fibrotic disease management. The biomechanical properties of tissues,
including elasticity (elastic modulus), vary significantly between organs and tissues. Soft
tissues, such as the brain, have low elastic modulus, typically in the range of 0.1-3 kPa
105,106 'while tissues exposed to higher mechanical loads, like bone, exhibit higher elasticity,
with elastic moduli 15-40 GPa !7. Other examples: the liver typically has elastic moduli of
around 1-5 kPa ' muscle ranges 10-100 kPa '®. Young’s modulus of glass falls within
the GPa range, typically 50-70 GPa ' (Figure 5). Understanding tissue elasticity is crucial

for unravelling biological mechanisms and has significant implications for designing

therapeutic strategies tailored to tissue-specific properties.

Brain Liver Muscle Bone Glass
Pa kPa GPa

Figure 5. The Young’s modulus of different tissues. Elastic modulus (Pa) differs between tissues — soft ones like brain
are less stiff, while load-bearing tissues like bone are several orders of magnitude stiffer. Created with BioRender.com.
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1.3.3.  Mechanical properties of hydrogels

Cellular behavior is highly influenced by the mechanical properties of the ECM,
particularly the elasticity of the substrate on which cells reside. Cells are capable of sensing
and responding to these mechanical cues through a process known as mechanobiology,
which involves three main stages: mechanosensation, mechanotransduction, and
downstream mechanoresponses ''!. When cells come into contact with a substrate, they
form focal adhesions (FAs), multiprotein complexes that connect transmembrane integrins
to the actin cytoskeleton, thereby anchoring the cell to the extracellular matrix. These
adhesions transduce mechanical signals from the environment into biochemical signals,
leading to changes in cell behaviours such as morphology, migration, differentiation, and
proliferation.

One of the most commonly used models to study the effects of substrate stiffness on cells
involves hydrogels, which can be engineered to have specific mechanical properties !!2.
Substrate types vary in their material properties, and this diversity plays a significant role
in how cells interact with their environment. Several materials are used to design substrates
that replicate the mechanical properties of native tissues, allowing researchers to study how

cells respond to different elasticity levels.

There are various types of hydrogel and biomaterial substrates used to study cell mechanics,
including polyacrylamide (PA), polydimethylsiloxane (PDMS), -collagen-based
scaffolds, gelatin, silk fibroin, and hydroxyapatite (HA).

PA is a widely used substrate for studying cell mechanics. These hydrogels offer adjustable
elasticity, allowing for precise control over substrate stiffness. Cells on PA gels exhibit
changes in behavior such as migration, spreading, and differentiation depending on the
stiffness of the substrate. The Young’s modulus can range from soft gels mimicking brain

tissue (<1 kPa) to stiffer ones representing bone tissue (>30 kPa) %114,

PDMS is another common substrate used in cell mechanics studies due to its high elasticity
and ease of fabrication. While PDMS is particularly useful for microfluidic devices and
cell culture systems, it is less suitable for studying very soft tissues as it is not as easily
tuned for low elasticity ranges as PA gels. However, PDMS is widely used for higher

elasticity applications (e.g., muscle, skin, and bone) '>116,
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Collagen is a natural ECM protein that provides both structural support and biochemical
cues for cells. Collagen-based scaffolds can be engineered to mimic the elasticity of
different tissues, making them ideal for studying cell-substrate interactions in more
biologically relevant contexts. These scaffolds are commonly used in tissue engineering to

promote cell adhesion, migration, and differentiation 7118,

Gelatin substrates are often used in conjunction with other materials to create biomimetic
environments for cells. Gelatin can be crosslinked to form hydrogels with varying
elasticity, enabling the study of mechanosensation and mechanotransduction in softer

environments *’.

Silk fibroin, derived from silkworms, has gained attention as a biomaterial for scaffolds
due to its mechanical properties and biocompatibility. It can be processed to create
substrates with controlled elasticity, suitable for tissue engineering applications,

particularly for bone, cartilage, and nerve regeneration %120,

HA is anaturally occurring mineral form of calcium apatite and is used on substrates
designed to mimic the elasticity of bone. It is a common material in bone tissue engineering
because it provides both mechanical support and bioactive properties that promote

osteoblast adhesion and differentiation '2"122,

PA gels offer a controllable Young’s modulus and are widely used in mechanobiology
studies. These hydrogels can be functionalized with specific cell adhesion molecules, such
as fibronectin, collagen, or laminin. Such functionalization not only enhances cells
adhesion but also provides signalling cues that regulate cytoskeletal organization,
migration, and differentiation. Cells cultured on PA gels exhibit changes in spreading area,
morphology, and stiffness as the substrate Young’s modulus is varied 2. For example,
fibroblasts on stiff gels (>30 kPa) exhibit increased spreading, similar to cells on tissue
culture plastic, while cells on softer gels (e.g., <1 kPa) show less spreading. In liver cells,
elasticity variations from normal to fibrotic tissue (1-10 kPa) lead to significant changes in

cell morphology and activation of profibrotic functions 1212,

The initial step in cell-substrate interaction is mechanosensation, where cells sense external
mechanical signals through their FAs. FAs are mechanosensors that anchor the contractile
cytoskeleton to the substrate and mediate bidirectional signalling between the inside and

outside of cell 1%,
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Proteins like integrins play a key role in these interactions, with the cell cytoskeleton
connected to substrate ligands via the RGD (arginine-glycine-aspartic acid) tripeptide
sequence. The size of the adhesion sites and their ability to transmit mechanical forces may
depend on substrate elasticity '?’. The growing range of substrate materials such as
polyacrylamide, PDMS, collagen, and others-enables more precise control over mechanical
properties, offering new opportunities in both basic research and therapeutic applications
in tissue engineering. Understanding how cells sense and respond to these varying substrate
elasticity levels is critical for the design of biomimetic scaffolds that can guide tissue

regeneration and improve clinical outcomes.

In laboratory conditions, cell lines are typically cultured in vitro - on glass or plastic flasks,
culture dishes, or other stiff substrates. However, in their natural environment, cells grow
within tissues, surrounded by other cells and an extracellular matrix that provides structural
and biochemical support. This difference becomes particularly significant in the case of
cancer cells, which metastasize and migrate to tissues with varying mechanical properties.
In my study, [ used PA gel substrates to better mimic the natural microenvironment and
simulate different levels of substrate stiffness. By adjusting the ratio of acrylamide to bis-
acrylamide, we can precisely control the mechanical properties of the cell culture substrate,
providing amore physiologically relevant model for studying cellular behavior.
It is especially important for cancer cells, which have the ability to metastasize, to move

away from their original microenvironment and invade different types of tissues.
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1.4. Endocytosis

Endocytosis is a highly regulated cellular process by which eukaryotic cells internalize

extracellular substances, including nutrients, signalling molecules, and pathogens, through

128

the invagination of the plasma membrane '“°. This process is crucial for cellular

homeostasis, membrane recycling, signal transduction, and immune responses '2%13°,
There are several types and mechanisms of endocytosis, which differ in molecular

machinery, cargo specificity, and physiological functions (Figure 6).

Clathrin-Mediated Endocytosis

Clathrin-mediated endocytosis is the most well-characterized endocytic pathway, involving
the formation of clathrin-coated pits that bud off into vesicles. It is responsible for the
uptake of nutrients such as cholesterol via low-density lipoprotein (LDL) receptors and iron

through transferrin receptors 131132,

Caveolin-Mediated Endocytosis

Caveolin proteins form flask-shaped membrane invaginations called caveolae. In
vertebrates, three caveolins exist, caveolin-1, caveolin-2 and caveolin-3, but expression of

caveolin-1 has been described to be necessary and sufficient for the formation of

13

morphologically defined caveolae '3°. Caveolae have been implicated in numerous

rt 135,136

functions, including cell signaling '**, lipid regulation '*°, vesicular transpo and they

have been suggested to play a role in a variety of diseases, including cancer '*7, diabetes '*®

and virus infection 139140,

Apart from the classical clathrin- and caveolin-dependent routes, cells also use alternative

pathways known as clathrin- and caveolin-independent endocytosis. These represent mixed

mechanisms of uptake that do not rely on canonical protein coats but instead involve factors

such as small GTPases and membrane curvature 41142,

Phagocytosis

Unlike other endocytic pathways that involve small vesicles, phagocytosis is a specialized
process by which cells, particularly macrophages and neutrophils, engulf large particles
such as bacteria, dead cells, and debris. It plays a crucial role in immune defense and tissue

remodelling 14314,
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Pinocytosis (micro- and macropinocytosis)

Pinocytosis refers to the nonspecific uptake of extracellular fluids and solutes.
Micropinocytosis involves the formation of small intracellular vesicles for the
internalization process, whereas macropinocytosis occurs through the generation of large
membrane ruffles that engulf extracellular fluid into the cell, forming macropinosomes !4+,
This process is important for nutrient absorption in cells such as epithelial cells of the

intestines.

Phagocytosis Macropinocytosis Clathrin-mediated Caveolae-mediated

endocytosis endocytosis
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Figure 6. Endocytosis pathways: phagocytosis, macropinocytosis, clathrin-mediated and caveolin-mediated. Symbols

used are specified in the legend at the bottom of the scheme. Created with BioRender.com.

Particles with a diameter of 2 pum are considered too large to be internalized through
classical endocytic pathways, such as clathrin- or caveolin-mediated endocytosis, which

are typically restricted to the nanometer range 6.
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Therefore, particle uptake is more likely to occur via phagocytosis, or in some cases
macropinocytosis. Accordingly, particle diameter may be regarded as an additional
parameter to discriminate between different endocytic mechanisms. Wieland et al. (2024)
showed that microplastic particles are internalized via phagocytosis or macropinocytosis.
Adhesion to the cell membrane is required for phagocytosis and increases uptake in
macropinocytosis. Particle-cell adhesion depends on (-potential, a measure of surface

charge that affects particle stability and interactions with membranes 4.

The cytoskeleton is essential for endocytosis, supporting membrane deformation,
intracellular vesicle formation, and intracellular trafficking. Actin filaments drive the initial
stages by forming ‘endocytic cups’ that facilitate membrane invagination and particle
internalization through localized cytoskeletal remodelling. Actin dynamics are tightly
regulated at endocytic sites and help move vesicles into the cell interior actin-rich
protrusions have been widely documented in various cell types 4814
As shown in Figure 7, the image depicts a three-dimensional actin-rich structure forming
a cup-like enclosure around a 2 um microparticle, highlighting the spatial organization of
actin filaments during particle engagement and internalization. In contrast, similar cup-like
structures involving microtubules remain poorly characterized in the literature.
Our observations suggest that microtubules may also play a more active and structured role

in endocytosis than previously recognized, particularly under conditions of reduced

substrate elastic modulus.

Figure 7. Actin cup-like structures in U20S cells incubated with 2 um microparticles. Actin is presented in red,
microtubules are in green, and microparticles are in blue. The yellow box indicates the region shown in higher
magnification. A cross-sectional view of this region is presented in the top panel. Scale bar: 20 um.
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Overall, the cytoskeleton coordinates the mechanical and spatial aspects of endocytosis,
ensuring that membrane trafficking occurs efficiently and accurately within the cell.
Cytoskeleton plays a crucial role in regulating endocytosis, exocytosis, and vesicle
trafficking. Exocytosis, is the opposite process to endocytosis, involves the secretion of
intracellular components into the extracellular space via intracellular vesicle fusion with
the plasma membrane '*°. Endocytosis and exocytosis are key membrane trafficking
processes responsible for the bidirectional exchange of materials between the cell and
environment. In particular, actin filaments and microtubules coordinate the mechanical
forces and spatial organization required for efficient vesicle formation, scission, and
intracellular transport. In some cases, microtubules may participate in the later stages of
endocytosis by facilitating the directed movement of vesicles toward specific intracellular

compartments, such as early endosomes '>!,

Beyond its role in endocytosis, the cytoskeleton is also essential for the regulation of
exocytosis and vesicle trafficking. Exocytosis, the reciprocal process to endocytosis,
mediates the secretion of intracellular components through the fusion of transport vesicles
with the plasma membrane. Together, endocytosis and exocytosis form the foundation of
membrane trafficking, facilitating the bidirectional transport of molecules across the
plasma membrane - a mechanism with significant relevance to targeted drug delivery and

emerging therapeutic strategies '>2.

Actin filaments and microtubules are coordinating the generation of mechanical force and
the spatial organization required for vesicle budding, scission, and intracellular transport.
Microtubules, in particular, contribute to the post-endocytic trafficking of vesicles by
guiding their movement toward defined subcellular compartments such as early
endosomes. This dynamic cytoskeletal architecture ensures that vesicle-mediated transport

is tightly integrated with both intracellular topology and temporal signalling cues.

Recent work has emphasized the context-dependent efficacy of vesicle-mediated
signalling. For instance, extracellular vesicles (EVs) derived from hyperglycemic
environments fail to rescue impaired endothelial cell motility, suggesting that their cargo
or uptake mechanisms may be insufficient to restore cytoskeletal integrity under metabolic
stress 133, These findings highlight the nuanced relationship between extracellular vesicles,

cytoskeletal remodelling, and cellular responsiveness to environmental challenges.
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Endocytosis is a key cellular process that mediates the internalization of extracellular
substances, including pollutants or microplastics. Plastic contaminants are polymeric, e.g.,
polystyrene, polyethylene, polyurethane, polypropylene, and polyvinyl chloride '**. In
vertebrates, including humans, the uptake, accumulation, and distribution of microplastic
(MP) and nanoplastic (NP) particles in cells and tissues and their biomedical relevance are
still largely unexplored. Due to their small size and physicochemical properties, micro- and
nanoplastic particles can enter cells via endocytic pathways, allowing direct interaction

with intracellular components and disruption of cellular homeostasis.

Environmental levels of microplastics are continuously rising '°>!°6. These particles can
enter the human body through intake, accumulate in organs, and induce cellular stress.
Evidence shows that MPs and NPs can localize in mitochondria, disrupt the electron
transport chain, damage mitochondrial membranes, and alter membrane potential, leading
to reactive oxygen species (ROS) generation '*’. ROS, in turn, can cause DNA damage,
protein oxidation, lipid peroxidation, and impairment of antioxidant defenses '°’.
Furthermore, ROS generated by microplastics activate multiple signalling pathways,
including p53, MAPK (mitogen-activated protein kinase), Nrf2, PI3K/Akt
(phosphoinositide 3-kinase / protein kinase B), and TGF-f (Transforming Growth Factor-
Beta) pathways, contributing to oxidative stress and apoptosis '°®. At the organismal level,

exposure to MPs/NPs has been linked to pulmonary, cardiac, and immune toxicity in human

cells 1°,

In this context, it was investigated whether synthetic particles of defined size and material
properties could also be taken up by cancer cells in a cytoskeleton-dependent manner.
Specifically, I used 2 pm polystyrene microparticles to determine whether uptake by cancer
cells might be influenced by substrate features. While multiple factors such as surface
porosity, chemical composition, and protein coatings (which may differ between rigid glass
and fibronectin-coated gels) can modulate internalization, these results suggest that
substrate stiffness is likely a major factor regulating particle uptake. Substrate stiffness can
alter cellular mechanical properties, including cytoskeletal tension and overall cell rigidity,
which may in turn modulate particle uptake. These findings indicate that synthetic
polystyrene particles are subject to mechanosensitive regulation and interact with the
cytoskeleton, providing insights relevant to both drug delivery systems and microplastic

uptake studies.
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1.5. Osteosarcoma cells characteristics

Osteosarcoma is the most common primary malignant bone cancer, primarily affecting
children and adolescents '®°. The early symptoms of osteosarcoma are often subtle and
nonspecific, including limb pain, swelling, and a palpable mass. These symptoms are
frequently mistaken for sports injuries or growing pains, leading to delays in diagnosis '*!.
Nighttime pain is a particularly concerning sign and should prompt further medical
evaluation. By the time osteosarcoma is diagnosed, many patients already have microscopic
or even visible metastases, most commonly in the lungs, muscles and bones '62. Cancer
originates from mesenchymal stem cells (MSCs) that fail to undergo complete osteogenic
differentiation. Normally, MSCs differentiate into osteoblasts and osteocytes, contributing
to bone formation. However, genetic mutations, such as those in 7P53, RBI
(retinoblastoma 1), and RECQL4 (Rec(Q-like helicase 4), disrupt this process, leading to

) 163 At the molecular level,

uncontrolled proliferation and tumorigenesis (Figure 8
mutations in key cancer suppressor genes such as 7P53, RB1, and RECQL4 play a pivotal
role in osteosarcomagenesis. 7P53 mutations are particularly prevalent, impairing the cell’s
ability to respond to DNA damage and leading to genomic instability. Similarly,
retinoblastoma RBI dysfunction disrupts cell cycle regulation, promoting excessive
proliferation '®*, Mutations in RECQL4, a DNA helicase involved in genome maintenance,
have been associated with osteosarcoma predisposition syndromes such as Rothmund-
Thomson syndrome '%°. Additional genetic alterations in oncogenes like MYC (v-myc avian
myelocytomatosis viral oncogene homolog) and signalling pathways such as Wnt/B-
catenin, PI3K/Akt/mTOR (phosphoinositide 3-kinase / protein kinase B / mechanistic
target of rapamycin pathway) and MAPK/ERK (mitogen-activated protein kinase /
extracellular signal-regulated kinase pathway) further contribute to cancer growth and

survival 164,

These genetic alterations impair cell cycle regulation, DNA repair mechanisms, and
apoptosis, promoting malignant transformation. Osteosarcoma cells exhibit high genomic
instability, increased proliferative capacity, and resistance to apoptosis, distinguishing them
from normal bone cells. The cancer microenvironment further supports osteosarcoma
progression, with hypoxia, inflammatory cytokines, and interactions with immune cells

influencing cancer growth and metastasis 6.
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Osteosarcoma cells exhibit high metastatic potential, with the lungs being the most
common site for distant metastases, although other sites such as lymph nodes, bones, and
muscles may also be affected. The tumor microenvironment (TME) plays a crucial role in
osteosarcoma progression, comprising cancer-associated fibroblasts, immune cells,
extracellular matrix components, and hypoxic conditions that promote cancer invasion and
resistance to therapy. Osteosarcoma cells secrete pro-metastatic factors such as vascular
endothelial growth factor (VEGF), matrix metalloproteinases (MMPs), and TGF-3, which

facilitate angiogenesis, extracellular matrix remodelling, and immune evasion '¢’.

Another defining characteristic of osteosarcoma cells is chemoresistance, which limits the
effectiveness of conventional treatment strategies such as doxorubicin, cisplatin, and
methotrexate. Mechanisms of chemoresistance include increased drug efflux via ATP-
binding cassette (ABC) transporters, enhanced DNA repair capacity, and activation of
survival pathways like PI3K/Akt and NF-kB. Additionally, the presence of osteosarcoma
stem-like cells (OSCs), which possess self-renewal properties and contribute to cancer

recurrence, further complicates treatment outcomes %,

OSTEOGENESIS
(e —p - ——>' —» —»
Mesenchymal  Osteoblastic  Pre-osteoblasts Mature Osteocytes
stem cells progenitors osteoblasts
(MSCs)

OSTEOSARCOMAGENESIS <«

Osteosarcoma Osteosarcoma Metastasis
progenitors

Figure 8. Osteogenesis and Osteosarcomagenesis. MSCs are multipotent bone marrow cells that can differentiate into
osteoblasts/osteocytes (bone). Osteosarcomagenesis: Genetic mutations can disrupt osteogenesis, leading to incomplete
differentiation of osteoblasts or osteocytes, giving rise to osteosarcoma progenitors that expand into osteosarcoma.
Osteosarcoma cells exhibit high metastatic potential, commonly spreading to the lungs via the bloodstream 9. Created
with BioRender.com.
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In this study, the U20S osteosarcoma cell line was used. Despite advancements in
understanding osteosarcoma biology, treatment options remain limited, and patient survival
rates have stagnated over the past decades '®. This cell line serves as a valuable model for
investigating potential therapeutic strategies, as it closely resembles the aggressive nature
of osteosarcoma U20S cells express osteosarcoma-derived growth factor (ODGF) as well
as insulin-like growth factors IGF-I and IGF-II. U20s cell line also serve as a good model
for transfections. Studying U20S cells can provide crucial insights into the mechanisms
underlying osteosarcoma progression and aid in the development of more effective

treatment approaches.
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1.6. Microscopy

Microscopic techniques are central to this study, so a detailed description of their principles
and applications is provided. The first optical microscope was a scientific milestone in the
study of biological objects. It was invented around the turn of the 16" and 17" century and
had a 10x magnification (in comparison the maximum magnification of a modern, basic
optical microscope is 1500x) 17%!7! This determined the beginning of several breakthrough
biological discoveries, including the identification and naming of the cell. The microscopy
technique was constantly being improved, e.g., by carefully polishing the Ienses,
eliminating the phenomenon of chromatic aberration, and adding an artificial light source.
Modern microscopes are able to overcome the diffraction barrier and obtain nanometer

resolution ">!73,

1.6.1.  Widefield microscopy

Microscopes can visualize cells and structures using techniques such as differential
interference contrast (DIC), phase contrast, or fluorescence, each offering unique
advantages for imaging. Fluorescence microscopy, in particular, is a widely used technique
that allows scientists to study the properties of organic and inorganic substances with high
specificity and sensitivity. By employing fluorescent dyes or proteins, this method
highlights specific components within a sample, making it invaluable in fields such as

biology, medicine, and materials science !4,

Fluorescence microscopy operates based on the principle of fluorescence, where certain
molecules, called fluorophores, absorb light at one wavelength (excitation) and emit light
at a longer wavelength (emission). In a fluorescence microscope, a light source, typically
a high-intensity lamp or laser, excites the fluorophores in the sample. The emitted light is
then collected and filtered to produce a high-contrast image of the fluorescent regions '”>.
Fluorophores are especially useful because they can be selectively attached to specific
cellular structures, proteins, or molecules of interest. This allows researchers to visualize
the spatial distribution, interactions, and dynamic processes of particular components
within complex biological samples, providing insights that are not accessible with

conventional light microscopy.
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Fluorophores are available in a range of wavelengths and colours, enabling multiplexing
and simultaneous imaging of multiple targets. Cells can be transfected to express
fluorescently tagged proteins, and immunofluorescence techniques, including sandwich

assays, allow for specific detection of endogenous proteins.

In molecular spectroscopy, a Jablonski diagram is a diagram that illustrates the electronic
states and often the vibrational levels of a molecule, and also the transitions between them.
The states are arranged vertically by energy and grouped horizontally by spin multiplicity.
Nonradiative transitions are indicated by squiggly arrows and radiative transitions by
straight arrows. The vibrational ground states of each electronic state are indicated with
thick lines, the higher vibrational states with thinner lines (Figure 9). The diagram is named

after the Polish physicist Aleksander Jablonski who first proposed it in 1933 '7°,
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Figure 9. The Jablonski diagram includes vibrational levels for absorbance, non-radiative decay, and fluorescence 'S,

Created with BioRender.com.
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Fluorescence microscopy is a versatile technique with many applications. In cell biology,
it allows labelling and visualization of structures like nuclei, mitochondria, cytoskeleton,
enabling detailed studies of cell organization and function. In molecular biology, techniques
like Fluorescence In Situ Hybridization (FISH) are used to locate specific DNA sequences
on chromosomes. Fluorescence microscopy is also widely used in live-cell imaging to track
processes like protein trafficking, cell division, and signal transduction. In medical
diagnostics, immunofluorescence allows detection of pathogens and diagnose diseases by
marking antigens with fluorescent antibodies. In neuroscience, it enables visualization of

neural circuits and monitoring of neuronal activity !7°.

Several advanced fluorescence microscopy techniques have been developed to improve

imaging resolution and depth, including:

¢ confocal microscopy, which uses point illumination and a pinhole to eliminate out-of-
focus light for high-resolution 3D images,

e two-photon microscopy, which enables deep tissue imaging with reduced
photodamage by using lower-energy photons,

e super-resolution methods like: Stimulated Emission Depletion microscopy (STED),
PhotoActivated Localization Microscopy (PALM) and Stochastic Optical
Reconstruction Microscopy (STORM) that surpass the diffraction limit to achieve
nanometer-scale resolution,

e Total Internal Reflection Fluorescence (TIRF) microscopy - selectively excites

fluorophores near the cell membrane for detailed surface imaging.

However, to study cellular processes, it is often necessary to introduce foreign DNA, RNA,
or fluorescent markers into living cells, a process called transfection. A common application
involves the use of fluorescent proteins such as mCherry, whose intrinsic fluorescence
enables direct visualization of gene expression and protein localization. Transfection with
fluorescent dyes or proteins provides an efficient means of labelling cells, allowing
researchers to monitor intracellular events and study cellular dynamics in real time.
Fluorescence microscopy further enhances this approach by enabling precise visualization
of specific molecules or structures with high sensitivity, making it ideal for studying live
cells and dynamic processes. Despite limitations such as photobleaching, phototoxicity, and
background fluorescence, recent advances including brighter and more stable fluorophores,
computational image analysis, and techniques like light-sheet microscopy have helped

overcome these challenges and significantly expanded the range of applications.
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1.6.2.  Confocal microscopy

Fluorescence microscopy is a crucial tool in biological research, as it provides scientists
with high-resolution cellular imaging and precise molecular labelling. In its most basic
form, known as epifluorescence microscopy, the method is limited because it collects both
sharp, in-focus signals and blurred, out-of-focus ones, preventing true optical sectioning
for three-dimensional (3D) imaging. To achieve 3D datasets with proper sectioning,
researchers typically rely on Light Sheet Fluorescence Microscopy (LSFM) or Laser
Scanning Confocal Microscopy (LSCM) 7. These techniques differ in the way they gather
fluorescent signals within a specimen, which results in distinct trade-offs in imaging speed

and data quality.

Laser scanning confocal microscopy produces detailed images of biological samples by
directing focused light and collecting emissions from a diffraction-limited region inside the
specimen. This configuration generally uses a single objective lens for both illumination
and detection. A confocal pinhole filters out light from areas outside the focal plane, so that
only the fluorescence from the precise focus point reaches the detector, commonly
a photomultiplier tube. This selective capture of light enables optical sectioning and makes
it possible to reconstruct 3D structures '"®!”, Components and build of a confocal

microscope are presented in Figure 10.
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Figure 10. Schematic of the confocal microscope light path. The laser beam is directed by scanning mirrors through the
objective onto the sample. Emitted fluorescence returns through the objective and pinhole to the detector: light from
above (1) or below (2) the focal plane is mostly rejected, while light at the focal plane (3) passes through to the detector.
Created with BioRender.com.

As shown on the right side of Figure 10, light coming from above the focal plane (1) or
below the focal plane (2) is mostly rejected by the pinhole, while light at the focal plane
(3), passes through the pinhole and reaches the detector. This selective filtering ensures that
only in-focus signals contribute to the image, enabling optical sectioning and the
reconstruction of three-dimensional structures within the sample. Images are typically
acquired as z-stacks series of 2D optical sections at different focal depths allowing 3D
reconstruction of the sample. By acquiring images at successive focal depths, confocal
microscopes can produce a z-stack-a series of 2D images at different depths that can be
reconstructed into 3D representation of the sample. This stack is possible due to precise
control of the z-position, often using a piezoelectric stage or an objective drive. The
resolution of a confocal microscope is fundamentally limited by Abbe’s diffraction limit
80 which depends on the wavelength of light and the NA of the objective. While lateral
(xy) resolution is highest, axial (z) resolution is typically lower. To accurately sample
spatial information, imaging must satisfy the Nyquist criterion ', ensuring the step size in
X, ¥, and z is small enough to capture all spatial frequencies and avoid aliasing, which
occurs when undersampling causes high-frequency details to be misrepresented as lower-

frequency artifacts '8,
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When measuring the thickness of cells on soft polyacrylamide hydrogels, axial refocusing
can determine the distance between the top and bottom surfaces. Cells are suspended in an
aqueous environment (cell culture medium), and imaging is performed through the water
and the hydrogel, both of which have refractive indices close to that of water (n = 1.33).
Due to refractive index mismatches between the immersion medium (air) and the sample

(water/hydrogel), raw axial measurements are distorted. The corrected axial distance

(Ahcorrected) can be calculated using the following equation '#!:182;
— Nyater—NA ]
Ahcorrected = ARmeasurea x o _NA Equation 1
awr

where:

Al measurea 1 the raw axial distance obtained by refocusing between the cell surface,
n warer~1.33 1is the refractive index of the surrounding medium,

n 4ir=1.00,

NA is the numerical aperture of the objective.

This correction ensures that the geometrical thickness of the cell is accurately estimated,
compensating for axial stretching or compression in the optical z-dimension due to
refractive mismatch. It is important to ensure that the cell is imaged without excessive
scattering or spherical aberrations, which can occur if the substrate or medium has

significant optical inhomogeneities.

To minimize such artifacts, confocal microscopy is preferred, as it enhances axial resolution
and contrast by rejecting out-of-focus light. Additionally, due to the soft nature of the PA
hydrogel, care must be taken to ensure the cell is not significantly deformed by the imaging

process itself (e.g., mechanical drift or compression from coverslip contact).

By combining accurate z-positioning with optical correction formulas and stable
environmental conditions, reliable measurements of cellular thickness across different

substrate elasticities and conditions can be obtained.
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1.6.3.  Atomic force microscopy

Atomic Force Microscopy (AFM) is a type of Scanning Probe Microscopy (SPM), with
demonstrated resolution on the order of fractions of a nanometer, more than 1000 times
better than the optical diffraction limit. The information is gathered by ‘feeling’
or ‘touching’ the surface with a mechanical probe. Piezoelectric elements that facilitate tiny
but accurate and precise movements on (electronic) command enable precise scanning.
Despite the name, the atomic force microscope does not use nuclear force. The AFM has

three major capabilities: force measurement, topographic imaging, and manipulation '%3,

AFM is very different from optical microscopy. There are no lenses, there is no requirement
for alight source to illuminate the sample, there is no eyepiece to look through,
the microscope itself does not even look like a typical optical microscope. In force
measurement, AFMs can be used to measure the forces between the probe and the sample
as a function of their mutual separation. This can be applied to perform force spectroscopy,
to measure the mechanical properties of the sample, such as the Young's modulus,

a measure of elasticity 34,

For imaging, the reaction of the probe to the forces that the sample imposes on it can
be used to form an image of the three-dimensional shape (topography) of a sample surface
at a high resolution. This is achieved by laser scanning the position of the sample with
respect to the tip and recording the height of the probe that corresponds to a constant
probe-sample interaction. The surface topography is commonly displayed as a heatmap

plot.

Although the initial publication about AFM by Binnig, Quate and Gerber in 1986
speculated about the possibility of achieving atomic resolution, profound experimental
challenges needed to be overcome before atomic resolution of defects and step edges
in ambient (liquid) conditions was demonstrated in 1993 by Ohnesorge and Binnig '%.
True atomic resolution of the silicon 7x7 surface-the atomic images of this surface obtained
by scanning tunneling microscopy (STM) had convinced the scientific community of the
spectacular spatial resolution of STM had to wait a little longer before it was shown

by Giessibl 1.
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In manipulation, the forces between tip and sample can also be used to change the properties
of the sample in a controlled way. Examples of this include atomic manipulation, scanning

probe lithography, and local stimulation of cells.

Simultaneously with the acquisition of topographical images, other properties of the sample
can be measured locally and displayed as an image, often with similarly high resolution.
Examples of such properties are mechanical properties like elasticity or adhesion strength
and electrical properties such as conductivity or surface potential. The majority of SPM
techniques are extensions of AFM that use this modality. An AFM uses a sharp cantilever
tip that scans a sample surface, with a laser and detector measuring deflections,
a piezoelectric scanner controlling nanoscale movements, and a feedback system

maintaining constant force to create topographic images (Figure 11).
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Figure 11. Scheme of AFM. (4) Typical configuration of an AFM. (B) Cantilever. (C) Exemplary topographic and
height images. Created with BioRender.com.

AFM can be operated in several modes, each providing different types of information about
the sample:

e (Contact mode: in this mode, the probe remains in constant contact with the surface. This

mode is useful for imaging hard surfaces, but can damage soft samples.

e Tapping mode: the probe oscillates near its resonant frequency, making intermittent
contact with the surface. This mode reduces lateral forces and is suitable for imaging

soft or fragile samples.
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¢ Non-contact mode: the probe oscillates above the surface without making contact. It
measures van der Waals forces and is useful for imaging very soft samples without

damage.

One of the most widely applied models for the mechanical characterization of biological
samples is the Hertz model '8'%7. However, this model does not take into account the
viscoelastic properties of biological samples, the sample dimensions, the substrate effects
and also approximates the AFM tip as a perfect paraboloid or a perfect cone '*. In addition,
even for linear elastic materials, the Hertz model will still become invalid at large

deformation '%8,

The Hertzian contact mechanics for a conical indenter can be expressed as follows 8%

E
1-v2

2
F = ; (tan H)hz Equation 2

where:

F = force (from force curve),

E = Young's modulus (fit parameter),

v = Poisson's ratio (sample-dependent, typically 0.2 - 0.5),
6 = half-angle of the indenter,

h = indentation.

AFM is a powerful tool for nanoscale surface analysis, offering atomic-level resolution,
versatility in different environments, and quantitative measurement of surface properties.
Despite its limitations - such as slow scanning, small imaging areas, and potential sample
damage - recent advances, like improved probe design, faster scanning, and integration
with techniques like Raman spectroscopy, have significantly enhanced its performance.

AFM remains an essential technique in scientific research and industrial applications.
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2. Objectives of thesis

Motivation

Understanding how cells respond to mechanical stimuli such as substrate elasticity and
microparticle interactions, is crucial for advancing mechanobiology, biomaterials science,
and cellular engineering. Cancer cells, in particular, have the ability to metastasize to
different tissues that exhibit varying mechanical properties. During this process, cancer
cells may modify their environment to aid invasion. Standard laboratory conditions poorly
mimic these mechanics, whereas tunable substrates like hydrogels can better reproduce
different conditions. Although significant progress has been made in cytoskeletal research,
the precise mechanisms by which substrate elasticity and external particles influence

cytoskeletal reorganization remain incompletely understood.

The specific aims are as follows:
1) Evaluate the influence of substrate type on cancer cells

Assess changes in U20S cell morphology, cytoskeletal architecture, cellular elasticity
module, and viability when cultured on substrates two conditions (40 kPa PA gel and

glass).

2) Investigate the effect of external mechanical stimuli such as microparticles on

U20S cells

Examine how interactions with 2 pm polystyrene microparticles affect cytoskeletal

remodelling and cell behavior on substrates two conditions (40 kPa PA gel and glass).

This in vitro study conducted under controlled laboratory conditions represents a first step
toward understanding the mechanical responses of U20S cells in relation to their metastatic
potential, with important implications for the development of cancer treatments and

therapies.

To aid in understanding the experimental workflow and conceptual design, a graphical

abstract is presented in Figure 12.
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Figure 12. Graphical abstract. Created with BioRender.com.
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3. Materials and methods

3.1. Cell culture

The U20S cell line was obtained from American Type Culture Collection (ATCC,
Manassas,VA, USA). This is a cell line with epithelial morphology that was derived in 1964
from a sarcoma of the tibia of a 15-year-old, white, female osteosarcoma patient. Cells were
cultured in McCoy's 5a Medium (L0066, Biowest) supplemented with 10% Gibco fetal
bovine serum (FBS) (10270106, Thermo Fisher Scientific), and 100 .U./mL Penicillin and
100 pg/mL Streptomycin Solution (L0022, Biowest) at 37°C, 5% CO», and 100% humidity.

The cell passage process was carried out as follows: first the culturing medium was
removed, and cells were rinsed with DPBS (14190144, Thermo Fisher Scientific). The
solution was removed and 0.25% trypsin, 0.05% ethylenediaminetetraacetic acid (EDTA)
solution was added (25200056, Thermo Fisher Scientific). The flask was placed in an
incubator at 37°C for a few minutes until the cells detached. Fresh culture medium (with
FBS) was added; cells were aspirated and dispensed into new culture 75-flasks (430641,
Corning). Cells were passaged at 80% confluency. For microscopy imaging U20S cells
were cultured in 35 mm glass bottom dishes with thickness #1 (0.13-0.16 mm) or #1.5
(0.16-0.19 mm) designed for high resolution imaging (Cellvis, Mountain View, CA, USA).
U20S cells were seeded at a density of 1 x 10° cells per 35 mm glass-bottom dish for

microscopy imaging (Figure 13).

Figure 13. Representative DIC image showing the morphology and spreading of U20S cells.
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3.2. Polyacrylamide substrates

PA gel substrates were prepared to produce substrates of varying elasticity. Briefly, glass-
bottomed dishes were treated with a solution of 3-(trimethoxy silyl) propyl methacrylate
(440159, Sigma-Aldrich), 99.5% acetic acid (010330, Sigma-Aldrich) and 96% ethanol
(64175, Sigma-Aldrich) in a ratio of 1:1:14 for 30 minutes, washed twice with 96% ethanol
and dried. Polyacrylamide substrates were prepared from acrylamide, bis-acrylamide (Bio-
rad, Hercules, CA, USA), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
N,N,N’,N'-tetramethylethylenediamine (TEMED) and ammonium persulfate (APS), and
the proportions of these components for the preparation of 40 kPa PA substrates were taken

1189

from the protocol '*” and are showed in Table 4.

Table 4. The proportions for preparation of the 40 kPa PA substrate.

Substrate E (kPa) Akrylamid 40% (ul) Bis-akrylamid 40% (ul) 10 mM HEPES (ul)

40 100 120 280

In the next step, 22 uL of the solution was placed in the 35 mm glass bottom dishes with
20 mm well, and a thickness of #0, designed for high-resolution imaging (Cellvis, D35-20-
0-N). Then covered with a glass coverslip and incubated for 1 h at room temperature (RT).
The coverslip was then removed, and the gel was incubated with 2 pg/mL Sulfo-SANPAH
(22589, Thermo Fisher Scientific) under ultraviolet light for 5 min. PA gel was washed
with sterile HEPES and PBS solution 3 times, next incubated with 10 pg/mL fibronectin at

RT for 2 h. A schematic diagram illustrating the preparation steps is shown in Figure 14.

PA gel .
«, solution ~--:L
‘ Sulfo-SANPAH UV 1| fibronectin
«.\\ L .y: J *;,\‘- 7 w\ = @‘\ e '/;: ;\ ; ; /;‘ z\‘ . ,_ ) : /

Figure 14. Schematic diagram of polyacrylamide hydrogel substrate preparation. Created with BioRender.com.
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The elasticity of the gels was confirmed using NanoWizard 3 NanoScience AFM (JPK
Instruments). The Young’s modulus was 38.84 £+ 5.59 kPa. These values fall within the
margin of error. Therefore, the designation of 40 kPa was retained, as specified in the

protocol. The AFM topography map of the 40 kPa PA gel is shown in Figure 15.
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5
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Figure 15. Topography AFM map of 40 kPa PA gel.

3.3. Microparticles

For internalization studies, Fluoresbrite YG Carboxylate Microparticles with a diameter of
2 pum were used. These microparticles were obtained from Polysciences (09847,
Polysciences Inc.). Fluoresbrite carboxylate microparticles are fluorescent monodispersed
polystyrene microparticles that have carboxylate groups on their surfaces which can be
activated for the covalent coupling of proteins. Microparticles suspension concentration
was 5.68 x 10° particles/ml. Maximum excitation wavelength: 441 nm; maximum emission
wavelength: 486 nm (Figure 16). Cells were incubated with microparticles for 3 h, after

this time cells were fixed using a 4% formaldehyde solution.

(441, 486)
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Figure 16. Fluoresbrite YG Carboxylate Microparticles wavelength of excitation and emission 1%
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3.4. Cell staining immunofluorescence

Cells were fixed with 4% formaldehyde solution (47608, Sigma-Aldrich) for 20 minutes
at 37°C in an incubator and subsequently permeabilized with 0.1% Triton X-100
(T8787, Sigma-Aldrich) for 5 minutes to enable intracellular access for antibodies and other
labeling reagents. To block non-specific binding sites, cells were incubated in 4% BSA
in PBST buffer (PBS with Tween-20; A7906, Sigma-Aldrich) for 1 hour at room
temperature (RT).

Immunofluorescence is a technique that uses antibodies labelled with fluorescent dyes
to visualize specific proteins or structures in cells and tissues under a fluorescence
microscope. In the antibody sandwich method, a primary antibody binds to the target
protein, and then a fluorescently labelled secondary antibody binds to the primary antibody.

This amplifies the signal and makes the target easier to detect (Figure 17).

Primary antibody staining was performed overnight at 4°C. Cells were incubated
with the following primary antibodies diluted in 3% BSA in PBS: anti-a-tubulin (1:500;
T9026, Sigma-Aldrich), anti-IQGAP1 (1:100; SAB4200079, Sigma-Aldrich),
anti-MARK?2 (1:100; SAB4500761, Sigma-Aldrich), and anti-CLIP1 (1:100; HPA026678,
Sigma-Aldrich).

Following primary antibody incubation, cells were washed and incubated for 1 hour at RT
in the dark with fluorophore-conjugated secondary antibodies: Alexa Fluor 555-labeled
goat anti-mouse IgG (H+L) (1:200; A21422, Thermo Fisher Scientific) and Alexa Fluor
633-labeled goat anti-rabbit IgG (H+L) (1:100; A21070, Thermo Fisher Scientific).
For actin visualization, cells were incubated with DyLight 633-conjugated phalloidin

(1:200; 21840, Thermo Fisher Scientific) for 1 hour at RT (Figure 17).
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Figure 17. Schematic drawing showing indirect immunofluorescence labelling - antibody sandwich method. (4) The
primary and secondary antibodies conjugated with a fluorophore. (B) Exemplary confocal microscopy picture. Created
with BioRender.com.
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3.5. Atomic force microscopy

AFM experiments and analysis of results were performed in collaboration with dr hab.
Marta Targosz-Korecka, prof. UJ and dr Agata Kubisiak from the Department of Physics
of Nanostructures and Nanotechnology, Smoluchowski Institute of Physics, Jagiellonian
University. The measurements were carried out using fixed cells in Hanks' Balanced Salt
Solution (H8264, Sigma-Aldrich) as a measuring medium. All experiments were done in
at least 3 replicates. The measurement was carried out in a drop with NanoWizard 3
NanoScience AFM (JPK Instruments). Cells and substrates imaging was performed using
pyramidal-shaped Pt-Ir coated cantilevers (SCM-PIC-V2, Bruker) with a nominal spring
constant of 0.1 N/m. Measurements were conducted using a force mapping mode. For each
cell, a spatial map of force vs distance (FD) curves at a grid of 64 x 64 points was measured.
The size of the grid corresponds to a square surface with dimensions ranging from 30 um
% 30 pum and 40 um % 40 um. The position of scan areas was controlled by inverted optical
microscopy (Olympus), an exemplary image presented in Figure 13. Force-distance curves
were measured at a speed of 10 um/s and the maximal applied force was 1.3 nN. Before
a series of force-distance measurements, calibration of cantilever spring constant was

performed using Nanowizard software (JPK Data Processing Software).

3.6. Cell viability

The cell viability assay was conducted using the LIVE/DEAD™ Viability/Cytotoxicity
Assay Kit (green/deep red) (L32250, Thermo Fisher Scientific). It is atwo-color
fluorescent assay based on Calcein AM (green) and SYTOX™ Deep Red Nucleic Acid
Stain. Cell viability was determined by counting cells using standard filter sets: FITC/GFP
for live cells and deep red/Cy5™ for dead cells. A 1x working solution of Calcein AM and
SYTOX was added to the cells, followed by a 30 min incubation at RT. The cells were then
washed with PBS and imaged using a Zeiss Axio Observer Z1 fluorescence microscope
(Carl Zeiss) equipped with an HXP 120 V arc lamp (HXP R 120 W/45 C VIS, OSRAM),
a 10 x 1.4 NA plan-apochromat objective, and Hamamatsu ORCA-Flash 4.0 camera. All

experiments were done with three independent replicates.
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To quantify cell viability, the particle analysis tool was used to count particles in the green
and red fluorescence channels, corresponding to live and dead cells, respectively. Cell
viability was further assessed using Cellpose software (version 3.0) !, which
automatically counted the number of green (live) and red (dead) cells. The percentage of
living cells was then calculated in Python (version 3.11) using NumPy (version 1.26.4) as
the ratio of live cells to the total number of cells visible in the image. Cell viability was

high (over 90%), and therefore the results are presented in the Appendix.

3.7. Microscopy and image analysis

Confocal images were acquired using Zeiss LSM 710 confocal module set on Zeiss Axio
Observer.Z1 inverted microscope (Carl Zeiss Microscopy GmbH, Germany) using an oil
immersion 40 x 1.4 NA plan-apochromat objective. For measuring the cell height, z-stacks
were taken at an interval of 0.3 pm. The height was calculated as the distance between the

top and bottom cell edge in ImagelJ software version 1.54p 2.

Time-lapses of the live cells were taken using Zeiss Axio Observer Z1 (Carl Zeiss) with
HXP 120V and arc lamp (HXP R 120 W/45 C VIS, OSRAM), using an oil immersion
10 x 1.4 NA plan-apochromat objective and Hamamatsu ORCA-Flash 4.0 camera. For
moving the stage and maintaining the focus, WSB PiezoDrive CAN and fc12 were used
(Carl Zeiss), respectively. Heating Insert P Lab-Tek™ S (Pecon, Germany) together with
TempModule S (Pecon, Germany) and CO> Module S (Pecon, Germany) provided the right
conditions for live cell imaging: 37 °C and 5% CO.. To analyse cell spreading area, firstly
Cellpose software was used '°! version 3.0, to obtain masked images. Acquired images
were further analyzed using Python (version 3.11) and libraries such as NumPy (version
1.26.4), scikit image (version 0.18.1), and OpenCV (version 4.5.5) and cell area was
determined as the number of pixels in the image, where for each cell a unique numerical
value was assigned. In such a way, counting the number of unique pixel values is equivalent

to the area of a given cell.
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Protein colocalization analysis was performed to assess the spatial relationship between
IQGAP1 and microtubules. The analysis was conducted in Image]J software by selecting
multiple regions of interest (ROIs) and calculating Pearson’s correlation coefficients based
on pixel intensity distributions across the two fluorescence channels (‘green’ and ‘red’),

corresponding to two different proteins 3194 |

Microscopy images for all conducted analyses were randomly selected from multiple
central areas of the sample, while peripheral regions were omitted. Statistical evaluation
was based on several independent images (dozens of cells in total), without selective
inclusion of particular cells, to ensure that sampling was unbiased and representative. The

number of analyzed cases (N) is indicated below each image.

3.8. Statistical analysis

All experiments were performed in at least biological triplicate. Data are presented as
mean + standard deviation (SD). Prior to analysis, data distribution normality was assessed
using the Shapiro-Wilk test, and homogeneity of variances was verified with Levene’s test.
Statistical comparisons were conducted using two-way ANOVA followed by Bonferroni
post hoc test to assess differences between groups. A p-value of less than 0.05 was
considered statistically significant. All analyses and visualizations were performed using

OriginPro software (version 2023b).
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4. Results

4.1. Substrate mechanical properties influence cell morphology and
spreading

At the beginning of the study, U20S cell behavior and morphology on PA elastic substrates
were characterized over time. The experimental setup included two substrate conditions:

glass and 40 kPa PA gel, with time-lapse imaging performed over 0 - 24 hours.

Initially, cells were seeded at equal concentrations on glass and 40 kPa PA gel; the cells
shape was round. U20S cell morphology was notably influenced by the elasticity of the
underlying substrate. Brightfield time-lapse imaging demonstrated that U20S cells
gradually changed their morphology depending on the substrate type. U20S cells on glass
exhibit more distinct cell edges and display more protrusions, whereas cells on a 40 kPa PA
gel show a more rounded morphology with no visible protrusions (Figure 18A). At the start
of the experiment (0 h), cell spreading areas were similar across all conditions: 194.76 +
38.09 um? on glass and 247.36 + 60.78 um? on 40 kPa PA gel. Within 6 hours, a significant
increase in cell spreading was observed (Figure 18B), suggesting that during this time, cells
adhered, sensed the mechanical properties of their environment, and began flattening. Over
the next 24 hours, cell spreading continued to increase, particularly on stiffer substrates
such as glass (Figure 18B). After 24 hours, the largest spreading area was recorded on glass
(1279.61 + 380.09 um?), whereas cells on 40 kPa PA substrates exhibited a smaller area
(1069.58 = 410.40 um?). Typically, adherent cells require 12 to 24 hours to fully attach and
initiate standard metabolic processes. Moreover, it was observed that cell growth tends to

plateau around 18-24 hours post-seeding (Figure 18).
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Figure 18. Effect of substrate elasticity on U20S single cell morphology and spreading area. (4) Representative images
from time-lapses depicting changes in morphology and spreading behavior of U20S cells on glass and 40 kPa PA gel
substrates over 24 hours. Scale bars represent 20 um. (B) Quantification of U20S cell area on 40 kPa PA and glass
substrates. Number of analysed cells on glass (N = 244) and 40 kPa PA (N = 207). Data are shown as box plots with
mean (square) and median (line). Two-way ANOVA: *p < 0.01; ***p < 0.0001; full statistical results are shown in
Appendix.
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4.2. Mechanical properties of cells on different substrates

To further investigate how substrate type influences U20S cell mechanic properties AFM
technique was used. AFM analysis (Figure 19) highlighted significant differences in the
mechanical properties of U20S cells in response to substrate type: glass or 40 kPa PA gel.
Cells cultured on glass exhibited higher average Young’s modulus (Figure 19) comparing
to cells on 40 kPa PA gel. Notably, even after just 6 hours of cell culture, cells already
demonstrated elasticity values reflective of their substrate type, with measurements of
835.55 £199.26 kPa on glass and 457 + 206 kPa on 40 kPa PA gel. Over time (at 6, 12, and
18 hours), U20S cells displayed fluctuations in elastic modulus values across both tested
substrates. These oscillations were more pronounced on glass, while cells on the PA gel

maintained more consistent values of elastic modulus.
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Figure 19. Elasticity variations of U20S cells cultured on 40 kPa PA gel and glass substrates. Box plots illustrate the
Young’s modulus (E) of osteosarcoma cells after 6, 12, and 18 hours of culture on glass and 40 kPa PA substrates. Each
dot corresponds to the average E value obtained from a single cell. The boxes represent the interquartile range (25"-75"
percentiles), the central lines mark the median, and squares indicate the mean. Statistical analysis was conducted using
two-way ANOVA followed by Bonferroni’s post hoc test: *p < 0.01, **p < 0.001; ***p < 0.0001. Number of analyzed
cells: glass, N = 30; 40 kPa PA, N = 29.
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Elasticity maps (Figure 20) further supported these findings. Cells on glass presented
distinct, well-organized cytoskeletal fibers, visible as white structures, indicative of strong
cytoskeletal architecture. In contrast, those on 40 kPa PA gels showed thinner, less intense
fibers, distributed more sparsely, suggesting a less developed cytoskeleton. Moreover, the
difference in substrate elasticity was clearly reflected in the AFM elasticity images: glass
appeared in lighter shades (white), corresponding to high elasticity, while 40 kPa PA
regions were represented by darker hues (black to orange), indicating a softer mechanical
environment. Height maps (Figure 20) show that the highest point in the cell corresponds

to the central region around the nucleus.
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Figure 20. Representative AFM images showing maps of cells Young’s modulus value (E) and height.
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4.3. Cytoskeletal structure changes in response to substrate
mechanical properties

The cytoskeleton was further investigated by examining three key components -
microtubules, vimentin, and actin filaments - to gain a comprehensive understanding of

cytoskeletal organization.

Confocal fluorescence microscopy (Figure 21) revealed distinct patterns in the organization
of microtubules, vimentin, and actin filaments in U20S cells at 12 and 24 hours after
seeding. At the 12-hour time point, differences in cytoskeletal architecture were observed
depending on the substrate. Cells cultured on glass exhibited highly organized networks of
all three cytoskeletal components, with pronounced actin filaments and microtubules
radiating from the perinuclear region across the cell. In contrast, cells grown on the 40 kPa
polyacrylamide substrate displayed slightly less structured networks, particularly in the

case of actin, which appeared less prominent.

By 24 hours, these differences became more pronounced. Cells on glass maintained their
structured cytoskeletal organization, with dense actin bundles and extensive microtubule

arrays still present throughout the cell body.

To provide a clear overview of the cytoskeleton, orthogonal views of each cytoskeletal
protein are shown in all images (Figure 21). Vimentin forms a flexible network of
intermediate filaments surrounding the nucleus, particularly prominent above the nucleus
at 12 h on both glass and 40 kPa PA gel and occupies the central region of the cytoplasm.
Microtubules extend radially and evenly from the cell center toward the periphery. Actin
organizes into a dense cortical network beneath the plasma membrane and forms stress

fibers throughout the cytoplasm.

Table 5 presents cell thickness measurements in micrometers for cells cultured on glass and
on a 40 kPa PA gel at 12 and 24 hours. After 12 hours, the thickness of cells is similar on
both glass (8.44 +2.62 pm) and the PA substrate (8.76 =2.55 um). However, after 24 hours,
cells on the PA substrate are slightly thicker (10.64 + 3.74 um) compared to those on glass

(9.79 £ 2.17 um). In both cases, cell thickness increases over time.
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Figure 21. Cytoskeleton architecture of U20S cells on glass and 40 kPa PA substrate. Representative images of the
cytoskeleton of U20S cells at 12 h and 24 h post-seeding with orthogonal views. Actin is shown in blue, microtubules in

green, and vimentin in red. Scale bars = 20 um.

Table 5. Quantification of U20S cell thickness (mean + SD) on different substrates and time points.

Condition Thickness (um)

12h - Glass 8.44 +2.62

24h - Glass 9.79 £2.17
12h - 40 kPa PA 8.76 +£2.55
24h - 40 kPa PA 10.64 +3.74
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4.4. Uptake of microparticles is influenced by substrate and cellular
mechanical properties

To investigate how cells cultured on elastic substrates respond to external stimuli, we
analyzed the cytoskeletal response of U20S cells following incubation with 2 pm
polystyrene microparticles. Cells were seeded onto glass-bottom dishes and 40 kPa PA
substrates and cultured overnight. Fluorescent 2 um polystyrene microparticles were then
added and incubated with the cells for 3 hours. Subsequently, cells were fixed and stained

for actin and a-tubulin and imaged using confocal microscopy.

U20S cells exhibited substrate-dependent differences in microtubule-microparticle
interactions (Figure 22). On glass, cells engage with relatively few microparticles, with
most microparticles localized at the cell periphery. In contrast, cells cultured on 40 kPa PA
gels demonstrated increased interaction and internalization of microparticles, with many

microparticles observed within the cytoplasm (Figure 22).

Glass

Figure 22. Confocal images showing U20S cells incubated for 3 h with 2 um microparticles on glass and 40 kPa PA
substrates. Microtubules (green), actin (red), and microparticles (blue) are visualized. Upper panels display single-cell
views, lower panels show larger fields highlighting microparticle distribution in cell. Scale bars represent 20 pm.
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Table 6 summarizes the uptake of microparticles by cells cultured on different substrates.
On glass, a total of 41 microparticles were internalized across 10 analysed cells, with
a range of 0 to 15 microparticles per cell and a median of 1.5 microparticles per cell. In
contrast, on the 40 kPa PA substrate, 166 microparticles were internalized across 10 cells,
with a range of 3 to 36 microparticles per cell and a median of 13 microparticles per cell.
Microtubule-enclosed cup-like structures were observed around 4 microparticles on glass
and 63 microparticles on the 40 kPa PA substrate, indicating that not every internalized

microparticle is associated with a cup-like structure.

Table 6. Quantification of microtubule-based cup-like structures formed around microparticles across different substrate
conditions.

Substrates  Microparticles  Analysed cells Min - Max Median Cup-like
internalized (n) microparticles microparticles structures
(total) per cell per cell (n)
Glass 41 10 0-15 1.5 4
40 kPa PA 166 10 3-36 13 63

3D reconstruction of confocal z-stack images revealed that microtubules in U20S cells
form distinct cup-like structures around 2 pum latex microparticles. These structures
consisted of microtubules encircling and engaging with the microparticles, with orthogonal
views confirming their three-dimensional architecture (Figure 23). The reconstructed 3D
images further illustrate the spatial organization of these structures, showing a close
association between the internalized microparticles and the surrounding microtubule
network (Figure 23). The microparticles were found embedded within the microtubule

framework, rather than merely attached to the cell surface.
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Figure 23. Microtubule cup-like structures formed around 2 um microparticles. Representative fluorescence microscopy
images of U20S cultured on a 40 kPa PA gel, stained for microtubules (green) and incubated with microparticles (blue)
for 3 h. An orthogonal XZ view (right) shows the 3D organization of a microtubule cup-like structure surrounding
a microparticle.

Height color-coded imaging (Figure 24) revealed structural variation in microtubule
organization, with the cup-like formations appearing as raised regions enveloping the
microparticles. A magnified view of the microtubule architecture highlighted localized
remodelling in response to microparticle interaction. These observations suggest that
microtubules play an active role in particle internalization by forming specialized cup-like

structures, supporting their involvement in endocytic processes.
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Figure 24. 3D reconstruction of the microtubule cup structure generated using FluoRender software (image from Figure
23). The height-color-coding for the same fragment for microtubule filaments (green — yellow — red: high — low). The
same fragment is also shown without color coding and under different angle to better illustrate the spatial structure
(right). Rendering parameters are provided in Appendix.

In some of the analyzed images, the cup-like structures appeared to be slightly non-uniform.
To further explore the spatial characteristics of microtubule cup structure formations, z-axis
profiles were generated, and pixel gray values along selected segments were analyzed.
Surface plots focused on microtubules provided detailed 3D visualizations of distribution
and intensity gradients. For example, as shown in Figure 25, the side heights of the cups
varied, with elevated regions occasionally visible. These structural differences may reflect

the dynamics of cell cytoskeleton-microparticle interaction over time.
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Figure 25. Representative images highlighting asymmetric formation of the microtubule cup-like structure, with elevated
regions marked by red arrows. Gray value intensity profiles (pixel brightness) are plotted against distance, illustrating
height differences within the structure. Surface plots depict the 3D spatial distribution of microtubules (green) signal
intensity. Cells on glass (left) and 40 kPa PA gel (right) are shown. Scale bars represent 5 pum.
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4.5. Interaction between microtubule-associated proteins and 2 pm
microparticles on different substrates

In addition to examining microtubule architecture, the distribution of three MAP family
proteins IQGAP1, MARK2, and CLIP1 was analyzed. U20S cells were incubated for 3 h
with 2 pum microparticles on glass and 40 kPa PA gel substrate. Interaction with the
microparticles induced distinct microtubule rearrangements, which were accompanied by

alterations in the localization patterns of the MAPs.

CLIP1 protein displayed a uniform cytoplasmic distribution, including presence in the

nucleus in cells cultured on glass and 40 kPa PA gel (Figure 26 and 27).

MARK?2 also showed predominant cytoplasmic localization with minimal nuclear

presence in U20S cells cultured on glass and 40 kPa (Figure 26 and 27).

In contrast, IQGAP1 accumulated at the cell periphery and within discrete cytoplasmic
regions but was absent from the nucleus in cells cultured on glass and 40 kPa PA gel (Figure

26 and 27).
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Figure 26. Confocal microscopy images of U20S cells on glass incubated for 3 h with 2 um microparticles (blue),
immunolabeled for microtubules (green) and MAPs: CLIP1, MARK?2, and IQGAPI (red). Scale bars represent 20 um

While microparticle interaction did not clearly alter the localization of the MARK?2 and
CLIP1 proteins, only minimal changes were visible (Figure 26 and 27), no apparent
differences in proteins distribution were observed between cells cultured on glass (Figure

26) and on 40 kPa PA gel substrate (Figure 27).
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Figure 27. Confocal microscopy images of U20S cells on 40 kPa PA gel incubated for 3 h with 2 um microparticles
(blue), immunolabeled for microtubules (green) and MAPs: MARK?2 / CLIP1 (red). Scale bars represent 10 um.
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On the other hand, IQGAP1 exhibited interesting changes in localization. As illustrated in
Figure 28, white arrows indicate regions where IQGAP1 shows similar localization to
microtubules around microparticles, whereas yellow arrows highlight areas where IQGAP1
is localized differently from the microtubules. This is particularly apparent on the 40 kPa

PA substrate, where cells internalize a higher number of microparticles.

Microtubules
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Figure 28. Representative images showing IQGAPI1 distribution around internalized microparticles in U20S cells
cultured on 40 kPa PA gel and glass substrates. White arrows indicate regions where IQGAPI (red) colocalizes with
microtubules (green) around microparticles (blue), while yellow arrows mark areas where IQGAP1 and microtubules
show non-overlapping localization. Scale bars represent 10 um.

Moreover, IQGAP1 formed distinct ring-like assemblies around microparticles even in the
apparent absence of surrounding microtubules (Figure 29, lower panel). Quantitative
analysis using Pearson’s correlation coefficient revealed a range of colocalization values
(0.53 to 0.96), indicating regional variability in IQGAP1-microtubule association. This
analysis was done in ImagelJ software by selecting multiple regions of interest (ROIs) and
calculating Pearson’s correlation coefficient based on pixel intensity distributions of the

two fluorescence channels.
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Pearson's R value = 0.96 Pearson's R value = 0.53

Figure 29. Magnified views with orthogonal (YZ) projections illustrate both clear colocalization (4) and spatial
dissociation (B) of IQGAPI (red) from microtubule (green) structures around microparticles (blue). Corresponding
Pearson correlation scatter plots demonstrate variability in colocalization efficiency in cells on 40 kPa substrate. Scale
bars represent 5 um.

In summary, after 3 h of incubation, microtubules frequently condense around the particles,
forming cup-like structures where IQGAP1 may, but does not always, accumulate. This
effect is particularly evident on 40 kPa PA gel substrates, highlighting the impact of
substrate stiftness. In contrast, MARK?2 and CLIP1 did not display comparable particle- or

substrate-dependent localization patterns.
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5. Discussion

This study investigated how the type of substrate and its mechanistic properties affect cell
morphology, cytoskeletal organization, cellular mechanics, and microparticle uptake in
U20S cells. Osteosarcoma is known for its metastatic potential, spreading to various organs
such as the lungs, bones, and lymph nodes '°>. These tissues exhibit vastly different
mechanical properties, typically characterized by their Young’s modulus. For example,
brain tissue is very soft (E = 0.1-1 kPa) '°>1% Jung tissue exhibits intermediate Young’s
modulus (E = 1-5 kPa) '©2, muscle tissue has a medium elasticity (E = 20-40 kPa) 17197,
and bone is extremely stiff (E = 14-23 GPa) !°®. Given that metastatic osteosarcoma cells
encounter these diverse mechanical environments in vivo, it is essential to accurately model
substrate elasticity in vitro. In my experiments, polyacrylamide hydrogels with an Young’s
modulus of 40 kPa effectively mimic the elasticity of muscle tissue, a frequent site of
osteosarcoma metastasis. Conversely, rigid glass substrates with elasticity comparable to
bone tissue provide arelevant control for studying cellular responses to highly stiff

environments.

5.1. Substrate mechanical properties influence cell morphology and
spreading

The results presented in this section clearly indicate that substrate mechanical properties
significantly modulate the morphology and spreading behavior of osteosarcoma cells.
When cultured on rigid glass, U20S cells exhibited elongated and polarized morphologies
(Figure 18A), increased spreading areas (Figure 18B) and developed cytoskeletal
organization (Figure 21) compared to cells on 40 kPa PA substrate. These findings suggest
that U20S cells, like many other adherent cell types, are highly responsive to
biomechanical cues from their extracellular environment. This mechano-responsiveness
aligns with the known behavior of malignant cells, including osteosarcoma, where the
ability to sense and adapt to surrounding niche contributes to cancer progression, invasion,
and metastasis. Increased values of Young’s modulus (elasticity) is commonly observed in
cancer microenvironments due to ECM remodelling, fibrosis, and altered collagen

crosslinking.
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Our observations that U20S cells spread more extensively and form more defined actin
stress fibers on stiffer matrices (Figure 18A, B) suggest that increased rigidity may promote

an aggressive, migratory phenotype-a hallmark of malignancy.

Mechanistically, the changes in morphology and spreading can be attributed to altered
cytoskeletal tension and focal adhesion dynamics. On substrates with low Young’s
modulus, U20S cells likely experience enhanced integrin clustering and activation of
downstream signalling pathways such as FAK and RhoA/ROCK, which are known to
regulate actomyosin contractility and cytoskeletal architecture ’>. These pathways not only
support spreading and migration but are also implicated in mechanotransduction-mediated

gene expression changes that promote cancer cell survival and proliferation.

The findings presented in this study have several important implications. From a clinical
perspective, these data underscore the potential role of matrix elasticity in osteosarcoma
progression, particularly in promoting cell spreading, migration, and possibly metastasis.
From a biomedical engineering standpoint, the data provides a basis for designing
mechanically tuned in vitro platforms for studying osteosarcoma behavior or screening

therapeutic agents in a more physiologically relevant context.

Cell behavior is influenced not only by substrate stiffness but also by chemical composition,
ligand presentation, porosity, and other material properties, which together provide
dynamic mechanical, chemical, and biological cues. Additionally, the type of coating
protein, such as fibronectin, collagen, or other extracellular matrix components, as well as
its concentration, plays a critical role in modulating cell behavior '*°. While conventional
biomaterials with static properties have helped to elucidate processes such as adhesion,
spreading, migration, growth, and differentiation, emerging dynamic materials can
modulate mechanical and biochemical signals in space and time, enabling cells to better

sense and adapt to their environment and enhancing functional responses 2%°.

Wen et al. (2014) demonstrated that stem cell differentiation is primarily regulated by the
stiftness of the substrate rather than by protein tethering or matrix porosity. By varying
substrate porosity and protein-substrate linker density in polyacrylamide gels, they found
that changes in tethering or porosity had little effect on osteogenic or adipogenic
differentiation, substrate deformations, or protein unfolding, indicating that matrix stiffness

is the dominant factor controlling stem cell fate 2!,
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The results indicate that substrate elasticity is the principal factor regulating the
morphology and spreading behavior of U20S osteosarcoma cells. To sum up, rigid glass
substrate promoted cell spreading, cytoskeletal organization, whereas 40 kPa PA gel
substrate induced less spread and rounded cell morphologies. These observations suggest
that elastic modulus of substrate, rather than chemical composition or porosity, governs the
mechanobiological responses of U20S cells. This highlights the importance of stiffness in
osteosarcoma progression and supports the use of mechanically tunable in vitro models for

studying cancer biology and therapeutic strategies.

5.2. Mechanical properties of cells on different substrates

Cell mechanical properties are increasingly recognized as indicators of disease, including
cancer 2%? allowing distinction between healthy and pathological states even at the
subcellular level. AFM continues to evolve through improved acquisition modes, advanced
data analysis, refined physical models, and integration with super-resolution techniques to
enhance characterization of cellular mechanics >*>. AFM measurements demonstrated that
the Young’s modulus of U20S cells was higher on glass than 40 kPa PA substrate (Figure
19). This is consistent with increased cytoskeletal organization and spreading, which are
known to correlate with mechanical robustness and functional capacity '®. The larger

amplitude of stiffness fluctuations on glass was observed (Figure 19), this may be due to

the dynamic remodelling of the actin cortex under higher mechanical loads.

Adherent cells must attach to a solid substrate to function properly. Cells respond to the
mechanical properties of the surface, including substrate stiffness, which can influence their
behavior and organization 2**. In human bodies, Young's modulus (the ratio of stress to
strain referring to the elasticity of materials) of tissues can vary by more than seven orders

of magnitude, as low as 167 Pa for brain tissue and as high as 5.4 GPa for cortical bone 2%,

U20S cells respond differently to glass and a 40 kPa PA gel as early as 6 hours after
seeding, with AFM measurements revealing significantly different Young’s modulus values
on the two substrates (Figure 19). Interestingly, after 12 hours, cell elasticity decreases
noticeably on both surfaces, followed by a slight increase at 18 hours (Figure 19). Several

factors may contribute to this phenomenon.
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Heterogeneity within the U20S cell population may also play a role, as cells in different
phases of the cell cycle, varying degrees of adhesion, or distinct metabolic states could
contribute to the observed temporary drop in average stiffness. However, cells for
measurements were selected randomly, focusing on well-spread and well-adhered cells to
ensure reliable and stable measurements, making it difficult to definitively confirm this

explanation.

As shown by Klein et al. (2009) substrate stiffness may influence the cell cycle. Klein et
al. (2009) presented that physiological matrix stiffness acts as a cell-cycle regulator in
multiple cell types, including mammary epithelial cells, vascular smooth muscle cells, and
mouse embryonic fibroblasts. Using ECM-coated hydrogels of varying stiffness, they
demonstrated that soft matrices inhibit cyclin D1-dependent progression through G1 and S
phase by selectively modulating FAK-Rac signalling, while ERK activity and other
adhesion-dependent pathways remain largely unaffected. AFM measurements further
revealed that sites of tissue proliferation in vivo, such as injured arteries, exhibit increased
stiftness within the range that promotes mitogenesis, linking local mechanical cues directly

to cell-cycle control.

Additionally, cells may require time to ‘adapt’ to the substrate, so U20S cells mechanical
properties may stabilize even over longer periods than those captured in the current

measurements.

Furthermore, the mechanical properties of cells can differ depending on whether they are
normal or cancerous. Rianna and Radmacher (2017) demonstrated that normal and
cancerous thyroid cells respond very differently to the mechanical properties of their
environment 2%, Using AFM, they measured the viscoelastic behavior of both cell types
cultured on substrates of varying stiffness, including soft polyacrylamide gels (3-5 kPa),
intermediate gels (30-40 kPa), and rigid Petri dishes. Normal thyroid cells were highly
responsive to substrate stiffness, with increasing elastic modulus from 1.2 to 2.6 kPa and
dynamic viscosity from 230 to 470-515 Pa-s as stiffness increased, reflecting their ability
to adapt mechanically to the surrounding environment. In contrast, anaplastic carcinoma
cells exhibited minimal changes, maintaining an average elastic modulus of 1.3 kPa and

dynamic viscosity of 300 Pa-s across all substrates.
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Rianna and Radmacher (2017) presented results indicating that cancer cells are less
sensitive to external mechanical cues, which may facilitate their invasion and metastatic
potential by allowing them to bypass the physical constraints of surrounding tissue 2%,
Overall, the study demonstrates how AFM can provide detailed insights into cellular
mechanosensitivity and the distinct ways in which normal and malignant cells interact with

their mechanical microenvironment.

Additionally, it was shown that cells can change their Young’s modulus values during
migration, further supporting the idea that mechanical adaptation facilitates cancer cell
invasion. Rianna C et al. demonstrated that cancer cells progressively soften as they migrate
through increasingly confined spaces. Using AFM and topographically patterned
microchannels, they showed that this softening is accompanied by remodelling of

actomyosin stress fibers and the exclusion of YAP from nucleus 7.

These findings suggest that alterations in cell stiffness and cytoskeletal composition are
common features of sarcoma cells, but the pattern can vary depending on the sarcoma type.
Such mechanical and structural ‘fingerprints’ could potentially be exploited for diagnostic

or therapeutic purposes.

5.3. Cytoskeletal structure changes in response to substrate
mechanical properties

Confocal microscopy images showed that osteosarcoma cells exhibit large and well-
organized actin stress fibers on 40 kPa PA and glass (Figure 21). These findings are in line
with studies showing that cytoskeletal assembly and organization scale with substrate type

and mechanical properties 20829

Previous studies suggest that fibroblasts on ECM functionalized compliant PA gels
(<5 kPa) show mostly cortical actin, but no actin stress fibers. Actin stress fibers become
visible on stiff PA gels (>10 kPa), well organized stress fiber bundles are apparent on rigid
glass substrate in an elasticity dependent manner 2%, As actin and microtubule networks
are crucial for transmitting mechanical signals and maintaining structural integrity, such

remodelling likely reflects cellular adaptation to increased mechanical demands >!°.
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The cytoskeleton and the mechanical properties of cells, as reflected by the elastic modulus,
are closely interconnected and mutually influence each other. Changes in cytoskeletal
organization directly affect cellular stiffness, while alterations in mechanical properties can,

in turn, modulate cytoskeletal dynamics.

Daniel et al. (2023) demonstrated that most musculoskeletal cancer cells, including
osteosarcoma, Ewing sarcoma, fibrosarcoma, and rhabdomyosarcoma, are significantly
less stiff than their healthy counterparts, as measured by AFM 2!, This decrease in stiffness
correlates with changes in the cytoskeleton: F-actin organization is disrupted, forming less
aligned stress fibers and accumulating at the cell periphery, while B-tubulin is mainly
localized near the nucleus. Interestingly, chondrosarcoma cells showed the opposite trend,
being stiffer than chondrocytes, which was accompanied by an upregulation of B-tubulin

expression at both the gene and protein levels.

Docheva et al. (2008) compared human mesenchymal stem cells (MSCs), osteoblasts
(hOBs), and osteosarcoma cells (MG63 cell line) using AFM. Rapidly self-renewing MSCs
(RS) and MG63 cells had smooth surfaces, while flat MSCs (FC) and osteoblasts showed
more ruffled topography. RS and MG63 cells became flatter on fibrous substrates, whereas
FC and hOBs remained flat regardless of substrate, reflecting higher focal adhesion

content 2!2,

Similarly, Lekka et al. (2000) showed that normal human bladder epithelial cell lines Hu609
and HCV29 exhibit significantly higher elasticity compared to cancerous bladder cell lines
Hu456, T24, and BC3726, likely due to differences in cytoskeletal organization,
emphasizing how substrate stiffness can influence cell mechanics and cytoskeletal

structure 2'3.
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5.4. Uptake of microparticles is influenced by substrate and cellular
mechanical properties

U20S cells cultured on 40 kPa substrates exhibited higher 2 um microparticles uptake,
compared to glass (Table 6). On glass, microparticles predominantly remained at the cell
periphery, whereas cells on 40 kPa PA more efficiently internalized them into the cytoplasm
(Figure 22). Glass substrates may reduce microparticles internalization by U20S due to
excessive cortical tension or overly rigid actin and microtubules architecture, which impairs
protrusions formation and uptake. These results align with prior studies demonstrating
increased particle uptake on softer substrates due to enhanced membrane flexibility and
cytoskeletal plasticity !4, Poul et al. showed that micro- and nanoplastic particles from
food-relevant polymers exhibit higher cellular uptake and transport in human intestinal and
liver cells compared to microplastics, with toxicity observed only at overload
concentrations 2'°. This has direct implications for nanocarrier-based therapies, as cancer

stiffness heterogeneity could influence drug delivery efficiency and therapeutic response.

What is particularly interesting is that cells can actively uptake external microdiamonds,
rather than passively internalizing inert particles, suggesting a selective and regulated
mechanism of cytoskeleton-mediated particle handling. Ebrahimi et al. (2024) showed that
MEF 3T3 cells actively target and uptake microdiamonds rather than inert polystyrene
microparticles and subsequently transport them intracellularly. They demonstrated that this
process depends on myosin-X, whereas myosin-II does not participate in particle uptake
or transport 2!, These findings suggest a selective mechanism of cytoskeleton-mediated
particle handling, highlighting the role of actin filaments in intracellular transport and
positioning of foreign nanoparticles. The precise molecular mechanism by which MEF
cells selectively uptake microdiamonds over inert particles such as polystyrene beads

remains unknown.

In addition to mechanical factors, electrostatic interactions also play a crucial role
in particle-cell interactions. The Fluoresbrite YG Carboxylate Microparticles used in this
study are fluorescent, monodisperse polystyrene microparticles functionalized with
carboxyl groups. These types of polystyrene microparticles generally exhibit a strong
negative (-potential in aqueous environments, which affects their stability and cellular
interactions !, This negative surface charge promotes interactions with positively charged

domains on the cell membrane, such as regions enriched in cationic lipids or proteins.
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However, the efficiency of such interactions also depends on substrate-dependent changes
in membrane tension and endocytic activity 2'8. On substrates with Young’s modulus like
40 kPa PA gel, reduced membrane tension and increased cytoskeletal remodelling can
facilitate closer microparticle-membrane contacts and thus more efficient uptake, despite

the electrostatic repulsion from the negatively charged glycocalyx 2'°.

The surface of microparticles can be chemically modified or coated with molecules such
as fibronectin 22%2?!, PEG 222, and other polymers to alter their physicochemical properties.
Mozar and Chowdhury showed that surface modification of carbonate apatite nanoparticles
with PEG and fibronectin significantly reduces particle size and enhances the cellular
uptake and cytotoxicity of both hydrophilic and hydrophobic chemotherapy drugs in breast
cancer cells, leading to improved drug delivery efficacy and cancer regression compared to
uncoated nanoparticles and free drugs ?*!. These modifications can enhance particle
stability, reduce immune recognition, and improve targeted cellular interactions

or uptake.

In this study, no decrease in cell viability was observed on either glass or 40 kPa PA gel.
(Appendix). Also, no changes in U20S cells morphology were detected upon 3 h exposure
to microparticles. Moreover, Hwang et al. (2020) demonstrated that polystyrene
microplastic particles can act as potential immune stimulants, inducing cytokine
and chemokine production in a size- and concentration-dependent manner in human mast
cells (HMC-1), human dermal fibroblasts (HDFs), and peripheral blood mononuclear cells
(PBMCs) 2.

Zhang Y. et al. (2022) found that polystyrene micro- and nanoparticles can enter human
intestinal epithelial cells, with nanoparticles internalized more efficiently than
microplastics. High concentrations of microplastics impaired membrane function

and induced mild oxidative stress, suggesting possible impacts on gut cell health 2>,

More recently, Schmidt et al. (2023) showed that nano- and microplastics are internalized
by skin cells, altering oxidative stress and Wnt/B-catenin signalling even without major
cytotoxicity. Both short- and long-term exposure subtly disrupted cell architecture and

promoted fibroblast-to-myofibroblast changes, highlighting potential health risks >2°.
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Cup-like structures formed by microtubules were observed to have irregular shapes, with
one side sometimes higher than the other (Figure 25). Similarly, Tollis et al. (2010) showed
that phagocytosis in fibroblast cells depends on both biochemical signalling and particle
shape. Using a zipper-like fashion model and experiments, they demonstrated that small
particles can be engulfed even without actin-driven forces, although engultment is slower

and the resulting phagocytic cups often exhibit irregular shapes 2%6.

Overall, these studies indicate that micro- and nanoplastics exert moderate cytotoxic effects
on various human cells, with the degree of impact depending on particle size, concentration,
and exposure duration. Smaller particles and higher particle concentrations generally lead
to greater cellular uptake, more pronounced oxidative stress, altered membrane function
and modulation of signalling pathways, including immune responses, highlighting potential

health risks associated with environmental exposure to plastic particles.

5.5. Interaction between microtubule-associated proteins and 2 pm
microparticles on different substrates

Mechanosensitive proteins act as receptors, converting mechanical cues into biological
signals that are elaborated within the cell . Major components include integrins, which
connect extracellular matrix to the cytoskeleton, and focal adhesion proteins such as talin,
vinculin, paxillin, and FAK. Mechanosensitive ion channels like Piezol/2 and TRP
(transient receptor potential) channels respond to membrane tension by allowing ion influx
227 Cytoskeletal proteins including actin and filamin reorganize under force, while nuclear
proteins such as lamins and the LINC complex transmit mechanical signals to the nucleus.
Downstream, transcriptional regulators like YAP/TAZ (Yes-associated protein /
transcriptional co-activator with PDZ-binding motif) control gene expression in response

to substrate stiffness and cellular tension 228,

Microtubules respond to external cues such as microparticles and substrate properties,
as previously shown. In parallel, microtubule-associated proteins MARK2, CLIPI
and IQGAP1 play crucial roles in regulating microtubule stability and dynamics, as well as

maintaining cell polarity, migration, and cell-substrate interactions.
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As previously mentioned, MARK?2 controls microtubule attachment and migration through
phosphorylation of MAP proteins, CLIP1 stabilizes microtubule plus-ends and facilitates
interactions with other cellular structures, and IQGAPl acts as an adaptor,

linking microtubules with actin filaments and Rho-GTPase signalling.

MARK?2, CLIP1, and IQGAPI proteins display specific cellular localization patterns,
particularly on different substrates (glass and 40 kPa PA gel) and around internalized
microparticles (Figure 26, 27, 28 and 29). The following section discusses the results for

each protein in detail.

IQGAP1

IQGAP is a well-characterized scaffold protein that connects actin filaments and

microtubules, playing key roles in migration, adhesion, and signalling 22231,

IQGAP1 exhibits both overlapping and distinct localization relative to microtubules around
microparticles, particularly on the 40 kPa PA substrate where more microparticles are
internalized (Figure 28). Notably, IQGAP1 in this study was observed forming rings around
microparticles even in the absence of microtubules (Figure 29), indicating that
microtubules-independent mechanism or actin-based mechanisms may also mediate its
localization. These observations are supported by earlier reports, that IQGAP1 localizes to
actin coats on vesicles '°° and accumulates in microtubule-depleted zones or ER-excluded

regions 2%,

The study also revealed accumulation of IQGAP1 protein at the periphery of U20S cells
(Figure 26). Moreover, Rotoli et al. (2017) showed that IQGAPI in glioblastoma
multiforme cells localizes to the plasma membrane and podosome / invadopodia structures
233 Additionally, Rotoli et al. (2017) observed colocalization of IQGAP1 with B-tubulin

and F-actin in short cell protrusions, similar to our findings >*3.

The fact that IQGAP1 is overexpressed in multiple cancers 2%, suggests its

mechanosensitive role could contribute to cancer invasiveness and might be a potential

therapeutic target 23,
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Other studies have also demonstrated the involvement of IQGAP1 in endocytic vesicles.
Bamidele et al. (2015) showed that IQGAP1 significantly enhances the expression and
signaling of the chemokine receptor CXCR4 by regulating its intracellular transport
through EEA-1 (Early Endosome Antigen 1) positive endosomes, and that loss of IQGAP1
disrupts CXCR4 trafficking, leading to impaired receptor recycling, reduced cell migration,

and diminished ERK MAPK activation in lymphocytes and epithelial cancer cells 2*°.

Studies on IQGAP1 are particularly important in cancer research, as highlighted in our
study. Additionally, as shown by Peng et al. (2021), IQGAPI1 plays a central role in cancer
metastasis by acting as a scaffold protein that links components of the cytoskeleton to small
GTPases. Through these interactions, IQGAP1 regulates key processes such as cell
migration and invasion. The study highlights IQGAP1 as a potential therapeutic target for

limiting cancer progression and metastasis 2*°.

Moreover, IQGAP1 binds both CLIP1 protein and microtubules, providing a broader
perspective on the observations made with CLIP1. As shown by Fukata et al. (2002), Racl
and Cdc42 regulate microtubule capture through a tripartite complex with IQGAP1 and
CLIP-170. CLIP-170 binds growing microtubule ends, while IQGAPI1, an effector of
Rac1/Cdc42, localizes to polarized leading edges. The complex directs microtubule
orientation and cell polarization, and disruption of IQGAP1-Rac1/Cdc42 interactions leads

to multiple, misoriented leading edges 2*’.

CLIP1

In this study, no noticeable changes in CLIP1 distribution were observed on either glass or
40 kPa PA gel substrate (Figure 26 and 27). CLIP1 was evenly distributed throughout the
cell, including the nuclear region. Similarly, there was no visible localization of the protein
around microparticles in osteosarcoma cells cultured on glass or 40 kPa PA gel substrate

(Figure 26 and 27).

CLIP1 (CLIP170) binds to the plus ends of growing microtubules and facilitates
interactions with other cellular structures, playing a critical role in microtubule tracking
and stabilization. Despite this, the overall function of CLIP1 in cells remains largely

unknown, and its interactions with other proteins are poorly characterized.
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Discoveries that clarify CLIP1 functions are particularly valuable in cancer cells, where

dysfunction or overexpression of CLIP1 can have significant consequences.

As shown by Ma et al. (2024), CLIP170 inhibits metastasis and epithelial-mesenchymal
transition (EMT) in papillary thyroid cancer through the TGF- pathway. Analysis of
patient datasets revealed reduced CLIP170 expression in thyroid cancer compared to
normal thyroid tissue. Functional experiments demonstrated that CLIPI70 gene
knockdown enhanced cell migration, invasion, and EMT in vitro and in vivo.
Mechanistically, loss of CLIP170 activated TGF-B signalling, while inhibition of TGF-3
effectively reversed the metastatic and EMT effects induced by CLIP170 knockdown,
highlighting CLIP170 as a potential therapeutic target for limiting papillary thyroid cancer

metastasis 238,

As early as the 1990s, CLIP-170 was shown to link endocytic vesicles to microtubules
(Pierre et al., 1992). The protein colocalizes with endocytic structures in cells, and its N-
terminal tandem-repeat motif mediates microtubule binding, identifying CLIP-170 as

a cytoplasmic linker protein connecting organelles to microtubules 2*°.

Gene ontology (GO) analysis revealed a novel role for CLIP1 in nucleic acid binding 2.
As shown by Xie et al. (2022), CLIP1 was identified as a novel RNA-binding protein
through computational prediction and experimental validation using iRIP-seq and CLIP-
seq. The study confirmed RNA-binding activity for CLIP1 and revealed specific enriched
binding motifs. Functional analyses indicated that CLIP1 shares biological processes with
other RNA-binding proteins, and co-occurrence analyses across cancer datasets showed
that CLIP1 frequently interacts with oncogenes, suggesting potential roles in cancer-related

pathways 24!,

Additionally, as shown by Larti et al. (2015), mutations in the CLIPI gene can cause
autosomal recessive intellectual disability by abolishing protein expression and disrupting

microtubule plus-end dynamics, highlighting CLIP1 role in neuronal development .

Interestingly, Adamczyk (2024) demonstrated that in fibroblasts, CLIP1 accumulates
around latex beads, whereas in some instances, microtubules do not exhibit a corresponding

accumulation .
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MARK?

MARK?2 phosphorylates microtubule-associated proteins and modulates microtubule
stability and orientation, influencing cell polarity and directional transport (Conboy et al.,
2024). One of the proteins that is phosphorylated by MARK2 is the Tau protein, which

aggregates with microtubules, causing Alzheimer's disease 242.

In this study, MARK?2 distribution appeared consistent on both glass and 40 kPa PA gel
substrates (Figure 26 and 27). The protein was evenly spread throughout the cytoplasm. In
contrast to CLIP1, MARK?2 did not show nuclear localization. Additionally, MARK2 did
not exhibit noticeable accumulation around microparticles in osteosarcoma cells on

different substrate (Figure 26 and 27).

Migration of cancer cells during metastasis relies on a strongly polarized cytoskeleton.
MARK?2 is a kinase that regulates the microtubule network to control neuronal polarization
in mammals and embryonic development in invertebrates. Despite this, the specific

function of MARK2 in cancer cell migration remains largely unknown.

Pasapera et al. (2022) showed that in osteosarcoma cells, MARK2 localizes not only to
microtubules and the plasma membrane but also associates with the actomyosin
cytoskeleton and focal adhesions. Depletion of MARK proteins revealed that MARK?2
promotes phosphorylation of myosin II and the myosin phosphatase targeting subunit

MYPT]I, synergistically enhancing myosin II contractility and stress fiber formation %

As shown by Xu et al. (2020), MARK?2 contributes to cisplatin resistance in osteosarcoma
stem cells (CD133+ MG-63 and MNNG/HOS) by regulating DNA damage repair. High
MARK?2 levels were associated with increased DNA-PKcs expression and enhanced DNA
repair. Downregulation of MARK?2 reduced cisplatin resistance by decreasing DNA-PKcs
levels and inhibiting the PI3K/Akt/mTOR signalling pathway, highlighting MARK2 as

a potential target to overcome chemoresistance in osteosarcoma 244,
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6. Conclusions

Key findings:

e Substrate type and stiffness strongly affect U20S cell morphology,
cytoskeleton, and mechanical properties.

e Cells cultured on 40 kPa PA substrate markedly increase microparticle
internalization compared to glass.

e Microtubules form cup-like structures around particles, revealing a novel role
in endocytosis in osteosarcoma.

e Among the three MAPs examined, IQGAP1 showed the most distinct

localization, being enriched at sites of microparticle internalization.

The mechanical properties of the cellular microenvironment, particularly substrate type and
stiffness, were shown to significantly influence cytoskeletal structure, cell spreading, and
cell stiffness. U20S cells cultured on softer substrate (40 kPa PA) displayed a more rounded
morphology, reduced cytoskeletal organization, while cells on stiff glass surfaces exhibited
greater spreading and more structured cytoskeletal networks. Notably, cell Young’s
modulus fluctuated depending on the underlying substrate on time, this may reflect

dynamic mechanical adaptation to environmental rigidity.

Importantly, this work shows that U20S cells internalize significantly more microparticles
when cultured on 40 kPa PA substrate compared to rigid glass. This suggests that a 40 kPa
environment may enhance endocytic activity. Detailed imaging revealed that not only actin
but also microtubules are actively involved in particle internalization. The formation of
microtubule-based cup-like structures around the microparticles underscores a previously
underappreciated role of the microtubule cytoskeleton in endocytic processes in

osteosarcoma cells.

Furthermore, the localization of MAPs in cells, including MARK2, CLIP1, and IQGAPI,
was examined. While MARK?2 and CLIP1 showed cytoplasmic distribution, IQGAP1 was

specifically enriched at the sites of microparticle internalization.
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IQGAP1 protein localized around internalized microparticles-often in ring-like structures-
even in the absence of clear microtubule colocalization, suggesting possible role in

internalization mechanisms.

In summary, all findings demonstrate that substrate properties, mostly stiffness, not only
regulate the mechanical and structural phenotype of osteosarcoma but also modulate cell
functional behavior. Understanding the interplay between mechanical cues, cytoskeletal
dynamics, and endocytosis provides new insight into the mechanobiology of cancer and

may help improve in vitro models for cancer research and drug delivery studies.

81



7. Future perspectives

Building on the findings of this study, several future directions can be pursued to deepen
our understanding of how substrate stiffness influences cancer cell behavior. Expanding the
research to include other osteosarcoma subtypes and different cancer cell lines would help
determine whether the observed mechanosensitive responses are cell-type-specific or
represent a broader phenomenon. Extending the duration of experiments would allow the

observation of long-term cellular adaptations.

Furthermore, using substrates with a different range of elastic modulus, representing the
mechanical properties of different tissues, would allow experiments to more accurately

reflect physiological conditions.

To gain deeper mechanistic insights, future studies could examine the molecular pathways
involved in cytoskeletal remodelling and endocytosis, focusing particularly on actin-
microtubule interactions, focal adhesion dynamics, and integrin-mediated signalling. These
analyses could be complemented by techniques such as Western blotting, proteomics,
transcriptomics, and even metabolomics to provide a comprehensive understanding of the
underlying regulatory networks. Investigating the specific role of IQGAP1 through
functional approaches such as gene knockdown or protein inhibition could clarify its

contribution to particle uptake and cytoskeletal organization.

Furthermore, microparticle uptake studies could be systematically refined by modulating
particle size, e.g. nanoparticles and tailoring surface chemistries to enhance targeted
delivery. Investigating varied incubation durations would provide deeper insight into the
kinetics of particles internalization and elucidate the mechanistic basis of stiffness-

dependent endocytosis.

This work highlights the role of mechanical properties of substrate in regulating cellular
behavior and presents their modulation as a viable therapeutic approach. By precisely
engineering the mechanical properties of the cancer microenvironment or biomaterials
within tissue-engineered scaffolds, it is possible to influence cancer cell phenotype,
sensitize cells to pharmacological agents, and potentially impede metastatic dissemination.
These findings offer a compelling framework for the development of novel cancer therapies
and advanced biomaterials in regenerative medicine. On the other hand, this study might

be useful for nano- and microplastic studies.
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Appendix

S1. Statistical Analysis of Cell Spreading Area

Table S1. Quantification of U20S cell area demonstrating the difference in spreading area
between cells on 40 kPa gels and glass substrates. Only significant differences are shown
in the table.

Substrate | Time vs. | Substrate | Time Mean SEM t-value p-value
glass 6h VS. glass Oh 576.40168 83.3237 6.91762 <0.0001
glass 12h Vs. glass Oh 935.61197 89.82535 10.4159 <0.0001
glass 12h Vs. glass 6h 359.21029 66.33761 5.41488 <0.0001
glass 18h Vs. glass Oh 1084.8503 90.49162 11.98841 <0.0001
glass 18h VSs. glass 6h 508.44862 67.23703 7.56203 <0.0001
glass 24h VSs. glass Oh 1063.21793 | 91.21291 11.65644 <0.0001
glass 24h VSs. glass 6h 486.81625 68.20469 7.13758 <0.0001

40kPa PA Oh VSs. glass 6h -523.7967 71.60895 -7.31468 <0.0001

40kPa PA Oh VSs. glass 12h -883.00699 | 79.07968 -11.16604 <0.0001
40kPa PA Oh Vs. glass 18h -1032.24532 | 79.83568 -12.92962 <0.0001
40kPa PA Oh Vs. glass 24h -1010.61295 | 80.65233 -12.53049 <0.0001
40kPa PA 6h Vs. glass Oh 522.00494 90.49162 5.76854 <0.0001
40kPa PA 6h Vs. glass 12h -413.60703 | 75.14369 -5.50422 <0.0001
40kPa PA 6h V. glass 18h -562.84536 | 75.93888 -7.41182 <0.0001
40kPa PA 6h V. glass 24h -541.21299 | 76.79697 -7.04732 <0.0001
40kPa PA 6h vs. | 40kPa PA Oh 469.39996 79.83568 5.87958 <0.0001
40kPa PA 12h V. glass Oh 679.25908 90.84497 7.47712 <0.0001
40kPa PA 12h V. glass 18h -405.59122 76.3596 -5.31159 <0.0001
40kPa PA 12h V. glass 24h -383.95885 | 77.21302 -4.97272 <0.0001
40kPa PA 12h vs. | 40kPa PA Oh 626.6541 80.23597 7.81014 <0.0001
40kPa PA 18h V. glass Oh 874.82397 92.85061 9.42184 <0.0001

40kPa PA 18h V. glass 6h 298.42229 70.37984 4.24017 0.00272

40kPa PA 18h vs. | 40kPa PA Oh 822.21899 82.49994 9.9663 <0.0001

40kPa PA 18h vs. | 40kPa PA 6h 352.81903 78.73511 4.48109 9.36539E-4
40kPa PA 24h Vs. glass Oh 865.54452 93.78569 9.22896 <0.0001

40kPa PA 24h Vs. glass 6h 289.14284 71.60895 4.0378 0.00641

40kPa PA 24h vs. | 40kPa PA Oh 812.93954 83.55093 9.72987 <0.0001

40kPa PA 24h vs. | 40kPa PA 6h 343.53957 79.83568 4.30308 0.00207
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Table S2. Quantification of AFM measurements. Elastic modulus of cells on 40 kPa gel and glass
substrate.

Substrate | Time | vs. | Substrate | Time Mean SEM t-value p-value Significant
glass 12h | vs. glass 6h 70.84862 | 6.61001 | 2.87E-04 0.05 1
glass 18h | wvs. glass 6h 72.88119 | 2.27443 0.59688 0.05 0
glass 18h | wvs. glass 12h 74.50298 | 4.06088 0.06161 0.05 0

40kPa PA 6h | vs. glass 6h 72.88119 | 7.33681 <0.0001 0.05 1

40kPa PA 6h V. glass 12h 74.50298 | 0.89131 0.98823 0.05 0

40kPa PA 6h VS. glass 18h 76.43844 | 4.82679 0.01487 0.05 1

40kPaPA | 12h | wvs. glass 6h 70.84862 | 8.44444 <0.0001 0.05 1

40kPaPA | 12h | vs. glass 12h 72.51587 | 1.79225 0.80113 0.05 0

40kPaPA | 12h | wvs. glass 18h 74.50298 | 5.80532 0.00186 0.05 1

40kPaPA | 12h | vs. | 40kPaPA | 6h 74.50298 | 0.85313 0.99035 0.05 0

40kPaPA | 18h | vs. glass 6h 70.84862 | 4.96922 0.01117 0.05 1

40kPaPA | 18h | wvs. glass 12h 72.51587 | 1.60307 0.86515 0.05 0

40kPaPA | 18h | vs. glass 18h 74.50298 | 2.50056 0.49451 0.05 0

40kPaPA | 18h | vs. [ 40kPaPA | 6h 74.50298 | 2.45163 0.51645 0.05 0

40kPaPA | 18h [ vs. | 40kPaPA | 12h 72.51587 | 3.39532 0.17458 0.05 0

S2. Localization of Microtubule-Associated Proteins (MAPs)

MICROTUBULES IQGAP1 MERGED BRIGHTFIELD

A

40 kPa Pa gel

Glass

Figure S1. Control U20S cells cultured on glass and immunostained for microtubules and
IQGAPI, without microparticle incubation.
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S3. Parameters for 3D Rendering in FluoRender
Table S3. FluoRender software analysis settings.

This table summarizes the visualization parameters used in FluoRender during image analysis to
optimize visualization and maximize the clarity of the structures. Identical settings were applied to
all images to ensure consistency and comparability between microtubule and microparticle datasets.

FluoRender Settings Microtubules
Gamma 0.14
Saturation 4940
Luminescence 21720
Alpha 17950
Extract Boundary 0.0025
Threshold 5849 - 20500
Sample Rate 2.0
Colormap 1400 - 20700

S4. U20S Cell Viability
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Figure S4. Cell viability on substrates of different elasticity. Bar graph showing the
percentage of viable U20S cells cultured for 24 h on glass and 40 kPa PA gel. Viability was

assessed using the LIVE/DEAD™ Viability/Cytotoxicity Assay Kit. Cell viability
remained high (>93%) on both substrates.
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