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ABSTRACT

Cell cytoskeleton is a dynamic structure of three main networks of fibres, among which the
most well studied are microfilaments (actin filaments, AFs), and microtubules (MTs). The third
type of network, cooperating with the AFs and MTs, is a group of intermediate filaments (IFs),
including different proteins depending on the cell type. An intermediate filament present in
mouse embryonic fibroblast cells (MEF) is vimentin. MEF cells are valuable material in
multiple studies focusing on cellular differentiation, gene targeting, toxicology and drug
screening, wound healing process, or cell cycle studies.

Vimentin intermediate filaments (VIFs) are mostly known for maintaining cell integrity and
protecting it from external mechanical stress. Nevertheless, VIFs are highly dynamic structures,
that are reported to change their architecture upon certain conditions (for instance in different
timepoints of adhesion). The involvement of vimentin in transmission of different signals from
the exterior of the cell to the areas of nuclear envelope is now evident, yet little is known about
the exact mechanisms of these signalling pathways, and the consequences appearing in a single
cell, tissue or finally whole organism.

Knowing that the involvement of vimentin in transferring signals from the exterior to the
interior of the cell can vary on the base of the microenvironment, the first steps of investigation
considered inclusion of the mechanical stimuli, i.e. application of different substrates for cell
culturing. The substrates varied in terms of the material of origin, microstructure and
physicochemical features, which allowed observing both the behaviour of the cell as a whole,
and its internal elements of cytoskeleton.

Also, the choice of the substrates was thoroughly reviewed, and turned towards sustainable
materials, that are safe for patient's use, but also leave no harm to the environment. Therefore,
MEF cells were cultured on matrices made from materials with high potential of use in tissue
engineering applications, namely: polyhydroxyoctanoate (P(3HO)), polylactide (PLA). Glass
substrate was used as a reference. Both of these polymers have excellent biocompatibility, and
their components might be obtained from the sources of natural origin. Methods of their
production are quite different. PLA, that may be obtained from organic resources, like whey,
skim milk, corn starch, or sugar cane cellulose, is eventually synthesized in a chemical process
of polycondensation or ring opening polymerization (ROP). P(3HO), on the other hand, is
produced and stored by bacteria, as their energy reservoir, in a form of intracellular granules,
insoluble in water. The polymer is only gathered, purified, and ready for further processing,
which opens new possibilities of manufacturing fully natural polymers with no environmental
harm. Both chosen polymers are being actively used in medicine (PLA), and PHAs are currently
investigated for their possibilities of use as for instance matrices for wound healing. They are
proven to have features, that influence cells’ morphology, and interdependencies on the
elements of cytoskeleton. Therefore, the topic of this thesis is the analysis of the influence of
PLA and P(3HO) on vimentin cytoskeleton in relation to cellular behaviour and
mechanotransduction of signals from the exterior of the cell to the nuclear envelope area.
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STRESZCZENIE

Cytoszkielet komorki to dynamiczna struktura sktadajgca sie z trzech gtownych sieci wokien,
sposrod ktorych najlepiej zbadane sg mikrofilamenty (filamenty aktynowe, AFs - actin
filaments) i mikrotubule (MTs - microtubules). Trzecim rodzajem sieci wspotpracujacej z AFs
i MTs sg filamenty posrednie (IFs - intermediate filaments), obejmujace rézne biatka w
zaleznosci od typu komorki. Filamentem posrednim obecnym w komoérkach fibroblastow
embrionalnych myszy (MEF - mouse embryonic fibroblasts) jest wimentyna. Komérki MEF
sg cennym materiatem w wielu badaniach skupiajacych sie na: rdznicowaniu komorek,
celowaniu genowym, toksykologii i badaniach lekéw, procesie gojenia ran, czy tez na
badaniach nad cyklem komérkowym.

Filamenty posrednie wimentyny (VIFs - vimentin intermediate filaments) sg znane przede
wszystkim z utrzymywania integralnosci komorki i jej ochrony przed zewnetrznym stresem
mechanicznym. Niemniej jednak VIFs sg strukturami o wysokiej dynamice, ktore zgodnie z
doniesieniami zmieniajg swojg architekture w okreslonych warunkach (na przyktad w réznych
etapach adhezji). Zaangazowanie wimentyny w przekazywanie réznych sygnatéw z zewnatrz
komorki do obszaréw otoczki jadrowej jest obecnie oczywiste, ale niewiele wiadomo na temat
doktadnych mechanizmoéw tych szlakéw sygnalizacyjnych i konsekwencji wystepujacych w
pojedynczej komorce, tkance lub ostatecznie catym organizmie.

Zwazywszy, ze rola wimentyny w przekazywaniu sygnatéw z zewnatrz do wnetrza komorki
moze zaleze¢ od mikrosrodowiska, w pierwszych etapach badan uwzgledniono bodzce
mechaniczne, tj. zastosowanie roznych podtozy do hodowli komoérkowej. Substraty roznity sie
pod wzgledem materiatu pochodzenia, mikrostruktury i cech fizykochemicznych, co pozwolito
na obserwacje zaréwno zachowania komorki jako catosci, jak i jej wewnetrznych elementéw
cytoszkieletu.

Wybér podtozy zostat réwniez doktadnie przeanalizowany i skierowany ku materiatom
zrownowazonym, bezpiecznym dla pacjenta, a jednocze$nie nie szkodzacym S$rodowisku.
Komérki MEF byly zatem hodowane na matrycach wykonanych z materiatdbw o wysokim
potencjale zastosowania w inzynierii tkankowej, a mianowicie: polihydroksyoktanianie
(P(3HO)), polilaktydzie (PLA). Podloze szklane zostato uzyte dla referencji. Obydwa te
polimery majg doskonatg biokompatybilno$¢, a ich komponenty mogg by¢ pozyskiwane ze
zrédet pochodzenia naturalnego. Metody ich produkcji sg do$¢ zréznicowane. PLA, ktory
mozna uzyska¢ z organicznych zrodet, takich jak serwatka, odtluszczone mleko, skrobia
kukurydziana czy celuloza trzciny cukrowej, jest ostatecznie syntetyzowany w procesie
polikondensacji lub otwarcia pierscienia polimeryzacji (ROP). Z kolei P(3HO) jest
produkowany przez bakterie jako ich materiat zapasowy w postaci granulek
wewnatrzkomorkowych, nierozpuszczalnych w wodzie. Polimer jest nastepnie zbierany,
oczyszczany i gotowy do dalszej obrobki, co otwiera nowe mozliwosci produkcji w petni
naturalnych polimeréw bez szkody dla $rodowiska. Oba wybrane polimery sg aktywnie
stosowane w medycynie (PLA) i obecnie badane pod katem mozliwos$ci zastosowania, np. jako
matryce do gojenia ran. Udowodniono, ze posiadajg one cechy wptywajace na morfologie
komorek i wspdtzaleznosci miedzy elementami cytoszkieletu. Dlatego tez tematem niniejszej
pracy jest analiza wptywu PLA i P(3HO) na cytoszkielet wimentyny w powigzaniu do
zachowania komorki i mechanotransdukcji sygnatéw z zewnatrz komérki do obszaru otoczki
jadrowe;j.
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1. Introduction

Sensing and transmitting of biosignals is a process that determines the outcome of an
event occurring in the environment [1]. The complicated nature of detecting and responding to
the signals sent between multiple organisms, can be observed in both, macro and micro scales.
Synchronicity of the movement of fish in a shoal, or birds flying in the key not only displays a
kind of a unity but may also be noticed in a microscale. In the microscopic universe similar
phenomena may be observed in the world of tissues and fluids - the living organism. The cells
communicate through chemical, and biochemical signals, and receptors on cell membranes
manage coordination of that intercellular dialogue, allowing multiple complex mechanisms to
occur, like for instance: migration of the cells creating atissue towards the closure of the wound,
or the movement of single cells towards the more favourable conditions on a given substrate in
aculture [2]. These observations lead to the deeper insights into the exact determinants of some
cellular “decisions”. The considerations begin with the basic senses that the single cell could
be equipped in, and that brings the idea of a “sense of touch” however, the exact term that we

are looking for is “mechanotransduction”.

Mechanotransduction is the concept, that covers the communication of the cell and an
external stimulus (i.e. tension forces, pressure change, matrix stiffness, shear stress, stretching
and compression, etc.) that is converted into a biochemical signal, and gives a desirable effect
[3]. The more the inner cellular structure is researched, the better the pathway of this
complicated process and the role of each separate cellular organelle are known. Undoubtedly,
the crucial element, being the base of the whole process, is cytoskeleton, which spans
throughout the cell and links the external environment with the cellular core, the nucleus. Actin
cytoskeleton - being broadly described in literature - is known to be one of the most important
elements in the whole process. There are numerous studies that also confirm the involvement
of microtubules in transferring signals to the interior of the cell [4-6]. The least known for their
function though, are intermediate filaments, that connect not only microtubules and actin
filaments, but also are the key determinants of cell stability, integrity, and can influence cellular

functions, if not working properly.

This work focuses on the intermediate filaments of mouse embryonic fibroblast cells
- vimentin IFs, and their formation throughout the cell - from the edge - to the nucleus,

observed on different culture substrates.
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2. Cytoskeleton

The cytoskeleton is a complex, multifunctional mechanical structure of the cell,
involved in a variety of crucial cellular processes, such as: cellular division, motility, transport,
endocytosis, mechanotransduction, transmission of force, adhesion, reaction to external stimuli
and arrangement of cell shape [7]. This dynamic biopolymer network comprises of three
cytoskeletal subtypes, namely: actin (microfilaments), microtubules and intermediate
filaments. The individual subtypes are highly dynamic and multifunctional structures, with
capabilities of reorganization upon receiving external or internal signals. It is known as one of
the most important cell structures in terms of resisting deformations, maintaining cell's form

and influencing its mechanical properties [8].

Nowadays it is hard to believe, that just over 30 years ago, this structure has only been
recognized in eukaryotes, excluding bacteria and archaea [9]. However, interest in cytoskeleton
has grown in recent years, among others, due to its significant contribution to three key aspects
of cancer development: cell cycle, morphogenesis and migration [10]. Current research focus
on the analysis of the structures, that are directly responsible for signalling, movement, wound
healing, metastasis (considering cancer), and mechanotransduction. This brings the attention to

the cytoskeleton and internal cooperation of its elements [11].

Cytoskeleton comprises of three main types of structures: actin filaments,
microtubules, and intermediate filaments, which work together, influence and control
mechanics and integrity of the cell. These three groups of polymers have common features, i.e.
network-like construction, resistance to deformations, and constant reorganization. Actin
filaments (microfilaments - MFs, also known as “F-actin”) and microtubules (MTs) directly
influence cell shape and guide the organization of the cellular structures. MTs, that are
supported by molecular motors (kinesin and dynein), moving along them in the opposite
direction, are also crucial in cellular transport, and separation of chromosomes during mitosis.
Both, actin forming MFs and tubulin forming MTs are highly conserved globular proteins. The

structure of those two networks is led and regulated by different factors:

a) nucleation-promoting factors - initiating formation of the filaments

b) capping proteins - terminating growth of the filaments

c) polymerases - controlling the pace of the growth of filaments

d) depolymerizing and severing factors - disassembling the network

e) crosslinkers and stabilizing proteins - determining higher order structures
[10,11].
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All the above-mentioned factors are vulnerable to mechanical signalling both from internal and
external environment of the cell, which may lead to changes in their activity, and in

consequence to reorganization of filaments in the networks.

Figure 1 Example of distribution of different elements of the cytoskeleton in the cell. Figure created in Scientific
Image and Illustration Software | BioRender.

Despite the common features, cytoskeleton structures may be easily distinguished, as
they differ in size, architecture, mechanical stiffness, polarity, assembly dynamics and

molecular motors, that are linked to them [10].

2.1 Actin filaments

Actin - a 43kDa highly conserved protein, found in all eukaryotic cells, is not only
present in the cytoplasm, but also in the nucleus, taking part in organization of its structure,
transcription and transferring signals [12]. The main feature of actin, that allows it to contribute
to a wide range of above-mentioned processes, is the ability to polymerize and interact with
various proteins. Globular, monomeric actin (G) and actin filaments (F), coexist together in a

dynamic balance [13].

Actin filaments are the structures of a diameter size of 9-10 nanometers, comprised of
two subunits formed in helical chains. Actin is mostly located in the cortical part of the cell, in
the form of short fibrils, creating microfilament network, however MFs might also be organized

in parallel, ordered bundles, known as stress fibres [10,14,15].
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Figure 2 Microfilaments distributed in a cell. Figure created in Scientific Image and Illustration Software |
BioRender

MFs can reorganize dynamically, and thus change the shape of the cell membrane, as
well as cause creation of filopodial protrusions. That feature is the result of the presence of
crosslinkers that bind to actin filaments, which also causes creation of stiff, highly organized
structures, such as bundled networks, branched networks and isotropic networks. MFs are
dynamic structures, that constantly assemble and disassemble depending on the signals
received. There are 6 isoforms of actin present in vertebrates, two of which - P and y, can be
found in all types of [10,16]. P and y isoforms vary in terms of the dynamics of polymerization
process and are located in different areas of the cell. Whereas P actin is present in stress fibres,
circular bundles, and cell-cell contacts, y isoform is expressed in dependence of cell activity.
In motile cells y-actin is found as a mesh in cortical and lamellipodial structures, but also can
be seen in a leading edge of migrating cells. In non-migrating cells, y-actin is also present in

stress fibres [16,17].

2.2 Microtubules

Another basic element of the cytoskeleton are microtubules (MTs), the stiffest
structures of cellular interior, built of 13 parallel protofilaments of tubulin - a globular protein,

comprising of dimers of two subunits: a (55-57 kDa) and P (53 kDa). Tubulin, beside taking
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part in spatial organization of cell’s cytoplasm, plays a crucial role in mitosis - being a
significant protein of mitotic spindle - thus it is directly involved in division and proliferation

of the cells [8].

MTs have the most complex dynamics of assembly and disassembly process. Their
mmportance in cell’s main activities, such as transport of vesicles, formation of cilium and cell
polarity is acknowledged, however complete understanding of some of those processes is still

progressing [4].

The organization of MTs m the cell starts close to the nucleus - in the MTOC
(microtubule organizing center), and the fibres, depending on the cell type, might be single or
multiple parallel bundles alongside with the long axis of cytoplasmic spikes. MTs also can be

found freely distributed in the cytoplasm [16].

2.3 Intermediate filaments

Cytoplasmic intermediate filaments (IFs) — another compound of the cytoskeleton - are
mvolved in multiple roles significant for maintaining appropriate organization of cell structure.
There are over 70 highly conserved proteins included in the superfamily of IFs (near 65 genes)
and despite that they are the least stiff clements of the cytoskeleton, and were initially
recognized as stable proteins, it is currently known that IFs are dynamic structures. IFs name
refers to their size, that is intermediary between microfilaments and microtubules (diameter
near 10 nm), and their role in cellular processes is not only limited to reinforcement of cell
structure, but also, they are involved in important cellular processes as cell growth, ageing,

stress and homeostasis [18].

IFs are a group of proteins, that vary depending on the tissue origin, expression pattern
structure, and sequence identity, thus they can be distinguished into five different gene families

(with sixth IF family, that includes lamins residing in the nucleus - type V):

I.  Acdic keratins (ectodermal and endodermal cytokeratines, 28 human genes)
II.  Basic keratins (present in muscle and non-muscle cells, 26 genes in humans)
III.  Homodimerizing intermediate filaments (some with capability of
heterodimerizing, in non-muscle endodermal cells - Vimentin, Desmin,
GFAP)

IV.  IFsexpressed in neurons and muscle (Neurofilaments, Nestin, Synemin)

V.  Nuclear [Fs (Lamins)

VL. Lens-specific beaded IFs (Pakinin, Filensin) [16,19].
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Intermediate filaments are organized as pairs of homo- or hetero-dimers which create
antiparallel tetramers, that are associated in a final form of rope-like filaments. All IFs have a

tripartite molecular structure:

- conserved central a-helical conserved domain (near 310 aminoacids)
- variable non o-helical head (amino terminal) and tail (carboxy terminal)
domains[19].

IFs appear in the cytoplasm as a network, connecting cellular and nuclear membrane
with microfilaments and microtubules by proteins called plectins, which they also use to
connect to each other. IFs are anchored to desmosomes at the adhesion points between cells,
and to hemidesmosomes at the adhesions of cells with substrates. While the main function of
IFs is to maintain cell morphology and mechanics, they are also known to resist to tensile forces
much more effectively, than compressive forces. IFs are assembled by many cell types in
response to mechanical stress, however, due to the fact of being unpolarized, they are not

mvolved in supporting directional movement of molecular motors [8,19,20].

Despite differences in structure, features and designation, polymers that create cytoskeleton are
providently connected and dependent on each other [21]. Organization of the cytoskeleton
elements directly influences the quality of sensing of the mechanical microenvironment and the
transmission of compressive and tensile stress. Rheological experiments revealed the ability of
IFs to become flexible at low strain, and stiff at high strains which is another proof, that IFs
provide mechanical integrity within cell structure and influence cell signalling pathways and
mechanotransduction. Considering the above-mentioned discoveries, IFs have recently become

a popular subject of further investigation [19,22].

2.3.1 Vimentin

Vimentin, a 466 amino acid intracellular protein, encoded by VIM gene, is one of the
mtermediate filaments, that contributes to various cellular processes, such as cell adhesion and
migration. The name’s “vimentin™ origin comes from Latin word “vimentum”, which means
“wickerwork”. Vimentin IFs are basically responsible for plasticity of mesenchymal cells
although recently their role has been appreciated for contribution to various crucial cellular
processes, such as EMT - epithelial-mesenchymal transition, a process, that directly connects

to wound healing or cancer metastasis [23,24].

Studies on vimentin [Fs are relatively novel, due to the fact, that the early experiments
on vimentin-depleted mice suggested, that there were no significant changes in phenotype [25].
It resulted in a long-term understanding, that despite vimentin’s high conservation in

vertebrates, it is not physiologically important. Recent studies show that motility and directional
19



migration in vimentin-depleted fibroblasts is affected and results in damaged wound healing
and cell migration [23]. Vimentin’s importance in many processes is being continuously
discovered - 1.e. mechanotransduction of shear stress (resistance of arteries), homing,
transmigration and extravasation of lymphocytes or maintaining integrity of vascular
endothelium [25,26]. Of all vimentin features, the most interesting in terms of this thesis are

those, connected to intracellular arrangements:

- anchoring, distribution and organization of cellular organelles

- linking cell nucleus to the cell surface

- influencing cell shape by distribution of network

- localizing intracellular organelles by tethering

- preserving mechanical properties of cells

- transduction of mechanical signals and transmitting them in the cytoplasm

- participation in epithelial-mesenchymal transition

- determining traction stress orientation.
On the other hand, lack of vimentin causes defects in polarity of cells, which prohibits single
cell migration. Novel research show, that vimentin IFs are participating in vast majority of
cellular processes, that are critical in cell’s life cycle, whereas motile and invasive cells express
higher levels of vimentin, thus the interest in discovering the exact mechanisms of work of

these structures increases [22,23,25,27].

2.3.2 Structure and architecture of vimentin network

Vimentin is a 57kDa polypeptide, and as for all intermediate filaments, its structure
comprises of a-helical central “rod” domain, and non o-helical domains: amino head (77-
residue) and carboxyl tail (61-residue). Two polypeptide chains are associated parallelly
forming coiled-coil dimers, the presence of which is in consequence allowing to form
homopolymers and heteropolymers. Coiled-coil domain helps achieving high stability of
polymers, which is controlled by phosphorylation status of integral proteins. Dimers are
associated in antiparallel tetramers, which finally assemble into “unit length filaments™ (ULFs).
ULFs contain 8 tetramers and serve as ends in elongation phase of yielding non-polar filaments.
Mature vimentin IFs” diameter is 10nm, and that final structure provides them much better

elasticity and flexibility comparing to actin filaments and microtubules [22,23].
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Figure 3 Structure of vimentin. A. Basic construction of vimentin - block chain. B. Coiled-coil dimer of
vimentin formed by a pair of parallel chains Coiled-coil segments 1A, 1B, 2A, and 2B are connected by a short
linkers (L1, L12, L2), C. Crystal structure of vimentin coil 1B packed in a high-order filamentous form (Source:
- https://www.rcsb.org/structure/Swhf).

The structure of vimentin was initially thought to be a stable, stiff network, yet
nowadays it is known, that VIFs are very dynamic structures, which undergo significant
organizational changes during different crucial cellular processes - i.e. transition from
polymerized network into non-filamentous particles during progression of cells from late
prophase into metaphase [28]. Considering that, there are three main forms of vimentin

intermediate filaments, that are identified in the cell cytoplasm:

a) non-filamentous particles (single or small aggregates of unit length filaments)
b) short IFs (IFs (end-to-end linkages of ULFs)
c) long/mature VIFs (for which precursors are short filaments and particles).

The last ones create vimentin network present throughout the cell cytoplasm [29].

Vimentin is usually expressed in fibroblasts, endothelial cells, eye lens epithelium and
dendritic reticulum cells of lymphoid follicles. Its distribution in the cell cytoplasm starts from
large number of IFs surrounding the nucleus; from that point the IFs spread into the trailing
edge of the cell. In the cell's leading edge there are only short vimentin filaments in the lamellar
region, and particles in the lamellipodium. Vimentin intermediate filaments are known to

polymerize longitudinally and laterally without polarity, which suggests that architecture of
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VIFs could be a key determinant of the network’s function. Two types of the vimentin network
can be distinguished, when observing cell migration: fibrous structures - long filaments, and
mesh-like structures. The fibres are aligning to the actin's anisotropic orientation of traction

stresses [22,27].

2.3.3. Role of vimentin in biological processes

Vimentin’s role in crucial biological processes is just being appreciated, as the research
show, that it contributes to EMT (epithelial-mesenchymal transition), regulation of transduction
pathways, migration of cells, positioning and anchoring of organelles, wound healing, invasion
of cancer cells, lipogenesis, and cell-cell or cell-substrate adhesion [30]. Beside the filamentous
vimentin residing in the cytoplasm, there is also a fraction of an extracellular vimentin that is
secreted to the ECM, which is linked to the processes such as: support of the neural repair,
mediation of the viral or bacterial invasion of the host cells or marking tumour cells [5]. More
and more recent findings suggest, that vimentin’s role in the appropriate functioning of cells
and tissues translates directly to the development of the specific diseases, namely: Crohn’s

disease, cancers, cataract, or HIV [31].

One of the most important processes, that are regulated by vimentin, 1s cell migration.
It has been proven, that vimentin is required for the proper motility by contribution in acto-
myosin contractility, interactions with the ECM, and engagement in moving forwards the cell
body [31,32]. Also, research show that vimentin deficiency causes problems with adhesion,
migration and invasion of lymphocytes, and similarly — in motility and directional migration of
astrocytes and fibroblasts. A consequence of impaired migration might be quite easily noticed

m defective wound healing process [31,33].

Wound healing assay i1s a convenient and reproducible model for conducting
experiments on cells sheet migration [34]. It 1s also one of the first experiments in which the
presence of extracellular vimentin has been observed. The simplified description of the
mechanism 1s, that upon injury, the cytoskeletal vimentin is excreted into the extracellular
space, where it is attaching to the surface of the mesenchymal leader cells at the edges of the
wound in the native matrix environment. It has been noticed, that in pro-fibrotic environments
vimentin might determine the designation of cells to gain myofibroblast phenotype. This
phenotype, characterized by contractile properties and matrix synthesis, has a significant role
n tissue repair processes. The extracellular translocation, that vimentin undergoes suggests,

that it might have significant influence on closing the wound [35].
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Recent research suggest that vimentin plays a crucial role in mediating cell - repair
during wound-healing process. Its function as a signalling integrator in regeneration and healing
of tissues has been proven, as it is known to control proliferation of fibroblasts and
differentiation of keratinocytes in the process of wound healing via TGF-R Slug signalling.
Vimentin depleted fibroblasts were observed to have a serious deficiency in growth, which is
directly involved in activation of the abovementioned two major factors of epithelial-

mesenchymal transition (EMT): TGF-R and Slug protein [36].

Besides that, in mock-cataract surgery model, vimentin has shown its crucial role in
activating mesenchymal leader cell population for migration towards closing the wound and
promoting population in the injured edge of the epithelium. Furthermore, cells activated at the
very moment of wounding gain an invasive phenotype, which also is vimentin dependent and
determined [37-39]. Finally, vimentin has also been proven to be highly expressed in cells of

fibrotic phenotype, leading to formation of a scar tissue [35].

3. Nucleus

The core of the cell, the repository of genetic information and the Holy Grail for
researchers, exploring the essence of life - all this is embraced in an oval-shaped 20 pm ball -
the nucleus. The nucleus is the stiffest and the biggest organelle in eucaryotic cells. It carries a
tightly packed genetic information, in a form of densely clumped chromatin. The fibres of
chromatin are composed of repeating nucleosomes, that are wrapped around histone octamers,
and a linker DNA region [3,40]. The DNA in the nucleus is protected by the nuclear envelope
(NE), a barrier for the genome, that also provides communication between the cytoplasm and
the nucleus. Nuclear envelope is basically a specialized continuation of endoplasmic reticulum

(ER), and it comprises of three layers:

* nuclear lamina

» double membrane, separated by perinuclear space, including:
- inner nuclear membrane (INM)
- outer nuclear membrane (ONM)

* nuclear pore complexes (NPCs) [41].
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Figure 4 Cell nucleus schema with the crucial elements indicated. Figure created in Scientific Image and
Illustration Software | BioRender.

The nuclear lamina is the element that stands the nearest to the DNA - linking the
nuclear envelope and the chromatin. It is composed of lamins (A- and B- type) - proteins, that
belong to the group of intermediate filaments, and lamin-associated proteins. Nuclear envelope
is a dense meshwork engaged in chromatin organization, transcription and replication. It also

secures the nucleus structural stability [42].

The outer nuclear membrane is contiguous with the endoplasmic reticulum, and also with the
inner nuclear membrane [43]. This permeation of the layers of ONM and INM is associated
with the nucleo-cytoskeletal coupling in terms of cellular migration. The presence of the strong
anchorages between the cytoskeleton and the nucleus enables movement of cells and is based
on LINC complex (linker of the nucleoskeleton and cytoskeleton), that connects the ONM and
INM. LINC complex is a group of two classes of transmembrane proteins: KASH (Klarsicht,
ANC-1, Syne homology) domain, that has proteins at the ONM, and SUN (Sad1, and UNC-84)
domain, with its proteins on INM [40,44].

The last structure - nuclear pore complexes, are practically the fusions of the outer nuclear
membrane with endoplasmic reticulum. NPCs serve as channels for selective transport of micro

and macromolecules, as well as they enable the diffusion of small molecules [41].

24


https://www.biorender.com/
https://www.biorender.com/

3.1 Nuclear deformations and distortions

Nuclear envelope, as an extension of endoplasmic reticulum, is connected to the
cytoskeleton in a variety of ways. First of all, the nuclear lamina itself is a protein of the group
of intermediate filaments. Significantly important is also the LINC complex. The domains of
LINC - KASH and SUN - interplay in the perinuclear space. Also, KASH proteins (nesprins)
interact with the cytoskeleton (microtubules, microfilaments and intermediate filaments), and
SUN domain proteins interact with nuclear lamina [44]. All the connections of the nucleus with
the proteins that protrude to the cytoplasm, have impact on nuclear stability, deformations and

finally - genes expression [3].

The nucleus is the biggest cell organelle. Its stiffness is 5-10 times higher, than the
cytoskeleton's, which is provided by the structural protein '‘cage’ that surrounds it. During
migration, cells are exposed to the external factors, like sheer stress (when moving through

narrow spaces), or stretching, and the nucleus is forced to resist changes in shape [45]

Common phenomenon in migrating cells is the deformation of the nucleus, namely:
narrowing during movement through tight areas, and occurrence of nuclear blebbing. The
research confirms the importance of the nuclear stability, and its influence on the development
of the cell. What is also interesting, is the fact, that the intermediate filaments are significantly
engaged in the process of protection of the nuclei. Vimentin intermediate filaments are involved
in regulation of nuclear shape, and cellular motility. VIFs protect nuclei from large
deformations and rupture, thus they play an important role in the development of different

diseases [46].

The exact mechanism standing behind the cooperation of intermediate filaments, and
cell nucleus is yet to be elucidated, however the understanding of the importance of these

structures is crucial step for directing research into NE - IFs dependencies.

4. Mechanotransduction

Mechanotransduction is the ability of the cells to detect and respond to mechanical
forces by converting them into biochemical and biological signals. As a result, external or
internal stimuli trigger cellular responses and generate changes in cells' inner structure[44,47].
The forces that can be converted into biochemical signals can start in the culture matrix, like

for example elastic modulus and stiffness of the substrate. Also, other factors may affect cells,
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for instance compressive, shear and tensile stress, that directly forces cell reshaping by
cytoskeleton mner arrangements. All the stimuli received by the cell from the external
environment, activate the transduction of signals from the edges of each cell to the core — the
nucleus [47]. Recent studies suggest that the nucleus itself is also a mechanoresponsive
organelle and is reacting to the cytoskeletal forces by conformational changes, partial
unfolding, phosphorylation of nuclear envelope proteins or modulation of chromatin

organization. The result of nuclear alterations might cause changes in transcription [48].

Considering that mechanotransduction is a critical communication way in cellular
environment, it plays a crucial role in multiple processes, such as: cell and tissue differentiation,
motility and migration, maintenance and disease, adhesion and proliferation [47,48]. The
changes in physical environment are detected and adapted to by the cells rapidly, as the speed
of propagation of mechanical forces throughout the cell can reach 30um/s, which is much faster
than, for instance, molecular motor transport (1 pm/s)[48]. Hence, any disruptions in
transmission of signals also affect the cell promptly, and might lead to diseases like muscular

dystrophy, cardiomyopathy, or cancer [44,49].

4.1 Vimentin in mechanotransduction

Despite various research on the cytoskeleton, there are still uncertainties regarding the
exact role of many cellular structures in the communication process. Novel research, for
example, revealed the nfluence of extracellular vesicles on proliferation of neural stem cells,
that has so far been unknown [50]. Certainly, intermediate filaments present an intriguing
subject warranting further exploration, as our understanding of the specific roles vimentin plays
in sensing and transmitting various mechanical forces remains limited [51]. However so far,
vimentin has been noticed to take part in cell migration, contraction, positioning of organelles,

and proliferation [52].

Although not quite accurately, intermediate filaments role used to be connected only
to cellular stiffness, and they were thought to provide stability, protection and mechanical
mtegrity to the interior of the cell. Whereas vimentin filaments are able to bear large
deformations of around 240% of stretching under tension, they also remain very sensitive to the
forces at low levels [53,54]. The tension applied on cellular vimentin is causing changes in its
structure prompting at first linearly elastic response — stretching of hydrogen bonds. For the
strains that reached a critical value, hydrogen bonds break, and a-helical, coiled-coil unfolds,

turning into B-sheets, which allows vimentin molecules to multiply their initial length without
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breaking. Finally, if the further stretching of covalent bonds, and uncoiling is no longer possible,
the molecule becomes strain hardened [55]. This brilliant ability might lead to an explicit effect
on cell behaviour — vimentin depleted cells are reported to have reduced stiffness, whereas in
cells with an overexpression of vimentin — the stiffness increases [22]. Moreover, reducing the
amount of filamentous vimentin in the cell, causes increased occurrence of actin stress fibres,

which leads to higher contractility [56].

Despite the fact, that nowadays vimentin is known to be a highly dynamic network, its
role 1s also recognized in the arrangement of cellular organelles such as mitochondria or
endoplasmic reticulum [19]. That function is based on a cross-talk between intermediate
filaments, microtubules and microfilaments. Microtubule-dependent motor proteins take part
in transporting vimentin’s ULFs to the periphery of the cell, where they can be linked into
longer filaments. Actin can link to vimentin in two ways: directly, and indirectly with the help
of plectin. This allows interaction between vimentin and actin stress fibres and transverse arcs,
which gives possibility of retrograde transport of vimentin from the front of the cell [21,57].
The cooperation of vimentin and plectin is also influencing nuclear positioning and shaping.
Intermediate filaments are linked to the nuclear envelope by plectin, and depletion of plectin

has been proven to lead to nuclear deformations and misshapen nuclei [38].

Despite the abundance of research following the topic of mechanotransduction, there
are still multiple aspects that need further insight. For instance — the involvement of vimentin
in durosensing (ability of cells to sense stiffness of the extracellular matrix) is suggested to be
negligible. The recent studies show that vimentin might be involved in modulation of traction
forces in cell, but not in sensing the substrate stiffness [51]. At the same time, other research
suggests, that the stiffness of substrate might induce changes in the assembly state of vimentin
filaments. Besides, the changes in stiffness of substrate lead to the changes of the amount of
soluble vimentin in the cell [59]. Nevertheless, the occurring contradictions leave space for the

deeper investigation of the role of IFs in mechanotransduction.

4.2. Nucleus in mechanotransduction

One of the most important and well-studied connection of the nucleus and cytoskeleton
1s the LINC complex. Also, the nuclear envelope layers — INM and ONM cooperate together in
nucleus-cytoskeleton interactions, and in selective transport of proteins. Mechanical forces can
be transferred through LINC complex from the actomyosin network to the nuclear envelope,
however the force can also be transferred to the nucleus with the nesprin-1 — emerin

cooperation, which 1s a pathway, that skips the LINC complex [44].
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Also, recent studies suggest that nuclear lamina, a fibrillar network in the interior of
the nucleus, can be involved in mechanotransduction. The ruptures of the lamina were proven

to have impacton cellular DNA damage, shortening of telomere, and cell cycle suspension [60].

Both nuclear lamina and nuclear envelope are involved in mechanotransduction by
transferring signals between the nucleus and the cytoplasm, and also by providing mechanical
protection to the nucleus. The signals from the nucleus are received by the cytoskeleton, and so
far, the studies show, that actin filaments are the main cytoskeletal structure, that is involved in

nuclear mechanotransduction [44]. Perinuclear actin comprises of:

- actin cap (dorsal stress fibres, that are connected to nuclear envelope and focal
adhesions on both ends; direct cooperation with the LINC complex; responsible for regulating

the shape of the nucleus)

- dorsal actin cables (not attached to focal adhesions but linked to actin retrograde flow;

responsible for movement and positioning the nucleus) [61,62].

Moreover, nuclear mechanotransduction can also occur in nuclear pore complex
(NPC), a structure formed by proteins, to create channel allowing transport between the nucleus
and the cytoplasm. NPC can bind to chromatin, nuclear envelope, and LINC complex, and is
another element that's role is not quite well understood in terms of transferring signals to the
core of the cell. Nevertheless, currently LINC complex is the key element of interest, due to its

engagement in the cross talk of the nucleus, and the outer organelles of the cell [44,48].
5. Biopolymers

“Biopolymers” is a term describing materials of natural origin, being a product of
living organisms. Increasing attractiveness of these polymers is due to their excellent features,
i.e.: biocompatibility, biodegradability, bioavailability, or such demanded in nowadays science
- sustainable manufacturing. For cellular studies, one of the most important aspects of using
biopolymers is their capability to mimic different conditions of a living organism in vitro in
terms of the physicochemical characteristic. For instance, biopolymers can be synthesized to
imitate structural complexity of the tissues, their hydrophilicity, electrical conductivity or
porous structure, which in turn provides the cultured cells the microenvironment, that resembles
their real surroundings as much as possible [63,64] Biopolymers created for tissue engineering
are developed to gain certain features, and to create a test environment, that could either

resemble normal tissue, or quite the opposite - disease (or stress) conditions[65,66].
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For the purposes mentioned above, both: materials that are very well known, and novel
biopolymers are actively used. The well-known polymers are also thoroughly researched and
provide a solid base for experiments. On the other hand, novel polymers give the opportunity
to fill the gap in missing features or drawbacks of the existing materials. In this work I focused
on the exact set of the materials serving as substrate for cell culturing — PLA (polylactic acid),
and P(3HO) — polyhydroxyoctanoate. PLA, a very broadly researched polymer is currently
widely used in medical applications and tissue engineering, while P(3HO) is just being
mtroduced mnto the field of biological applications [67,68]. Both materials have a huge potential
of use in wound healing treatment, and since vimentin is one of the critical proteins in that
process, the choice of the materials for the experiments becomes obvious. The possibility of
creating thin films for cell culture studies, eco-friendly availability of the materials,
biodegradability, biocompatibility, and non-toxicity for the cells were crucial features of
P(3HO) and PLA to be considered as promising materials for the experiments described in this
particular work. The features mentioned above made PLA such a popular material, that
currently it is one of the top bioplastics being used in terms of the number of tonnes produced.
In 2023 PLA production share of bioplastics worldwide reached 31,0%, which is the highest
value among other materials. For the sake of comparison - the use of PHA in the market of
bioplastics reached around 4.8% in 2023, and both materials — PLA and PHA, are anticipated
to increase their share significantly by 2028 [69]. This suggests that the old, well-known
bioplastics, like PLA itself, will remain the top seller in the near future. Interestingly, the
biodegradable materials will gradually displace the use of the non-biodegradable ones. It is
forecasted, that the use of biodegradable polymers will increase from around 52.0% in 2023, to
about 62.0% in 2028, according to the global analysis of European Bioplastics, nova Institute
in years 2023-2028 [69]. Considering this, seeking for new, environmentally friendly solutions

is a proper direction.
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Figure 5 Material share of global biopolymer production capacity (Source: European Bioplastics, nova Institute
(2023) [69] Inner doughnut - Biobased/ non-biodegradable materials. Outer doughnut - Biodegradable
materials.

Also, interesting to watch will be the development of a brand-new material, PEF
(polyethylene furanoate), that is marked on Figure 5 as having 0%. PEF, being 100% biobased,
is also comparable to PET, and is planned to be released on the market in 2023 - replacing

traditional plastics for food packaging bit by bit [69,70].

The reasons behind the increased interest in seeking and use of bioplastics seem to be
quite obvious: environmental benefits of biodegradable plastics, huge problems with traditional
plastic wastes management, but also the influence of traditional plastics on our health. Well
known bisphenol - A (BPA), that has been broadly used in everyday life, has also extremely
harmful influence on the humans health (disruption of endocrine system, etc.), and its adverse
effects have been known for years [71]. Unfortunately, next components of plastics are
identified to cause as much harm as BPA, and are equally popular in everyday life, for example
phthalates. The recent studies show that exposure to these “everywhere chemicals”, might have
increased risk of cancer in children by 20% [72]. Since these results have been published
recently (2022), the effect they will have on the resignation from the use of traditional plastics,
might only be forecasted, yet it seems inevitable that the focus on harmless, bio-based and

biodegradable plastics will only increase.

The use of traditional plastics has also been influenced by COVID-19 pandemic, as it
postponed the implementation of the UE directive on the reducing the use of traditional plastics

(SUP - single use plastics). The directive was supposed to enter into force in July 2021,
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whereas, due to the global problems caused by pandemic, and increased demand of use of
disposable medical supplies, the directive still is to be implemented. Nevertheless, the
worldwide fight against the contamination of the environment with plastic is continued, and the
good news 1s, that the production of bioplastics is predicted to increase from 2.42 million tonnes

m 2021, to 7.59 million tonnes in 2026. The future of cleaner Earth is in our hands [73-75].

5.1 PLA

PLA - polylactide (polylactic acid) is a thermoplastic polyester, that can be resourced
from renewable raw materials, like corn starch, cassava, etc. Currently PLA is the leading
material of use in medical applications, and also has a high potential to replace numerous
industrial petrochemical-based polymers [76]. PLA phenomenon is based on its great features
— high strength, thermoplasticity, and ease of modification of its physicochemical
characteristics. PLA, under certain modifications, can serve as a thin, transparent film with great
organoleptic features, or can become thick, firm plastic CD box (as a polystyrene replacement)
[77]. Besides that, PLA is not only biostable, but also bioabsorbable, and the rate of its
biodegradation may be regulated [78]. Being compostable material, PLA may be a solution to

restrain municipal solid waste (MSW), by introducing end-of-life scenarios.

The main producer of the PLA worldwide is Nature Works LLC, which synthesizes it by a
polycondensation or a ring-opening polymerization [79]. Since obtaining of the PLA has been
relatively expensive, its first applications were strictly in a medical field, however, due to the
great interest in the material potential of use, and the development of the methods of obtaining
(thermoforming, fiber spinning, molding, sheet and film extrusion), its popularity increased,

and cost of manufacturing dropped [77].

5.1.1 PLA — synthesis

The basic monomer of PLA is lactic acid (LA), that can occur in two isoforms — L-LA and D-
LA. Lactic acid can be obtained either by chemical synthesis or by bacterial fermentation, which
is the preferred method for many manufacturers. Chemical synthesis is less favourable process
of obtaining LA, due to its expensiveness, limited production capacity, and lack of possibility

of production only the desired L-LA isoform of the monomer [76,80].

The more attractive method of production of LA monomer is bacterial fermentation — that can
be distinguished into homo- and heterofermentation, based on the bacteria used for the process.

Both methods are used to efficiently produce around 1.8 moles of LA out of 1 mole of hexose,
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however homofermentative method is also producing significantly less by-products, than

heterofermentative method [81].

In homofermentation bacteria species of Lactobacillus genus are used in the conditions of pH
5.4 - 6.4, 38 t0 42°C, and placed in cell recycle reactor under low levels of oxygen. The medium
for feeding bacteria contains simple sugars, vitamin B, amino acids, and nucleotides. The
obtained LA monomer is purified by distillation, however the process of fermentation is being

currently adjusted by the producers, to obtain a monomer of a higher purity.

Finally. Lactic acid can be used for synthesis of PLA of high molecular weight, that can occur

in three different manners:

A. Direct condensation polymerization (polymerization (least
expensive)
Azeotropic dehydrative condensation of LA
Polymerization through the formation of lactide (ring - opening

polymerization - ROP).

Figure 6 Three methods of obtaining poly(lactic acid).
The cheapest method is direct condensation polymerization method. However, it does
not provide a solvent-free PLA of high molecular weight, so there are chain coupling agents

and adjuvants needed, which eventually influence the increase in cost of the process. The
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second method - direct polycondensation in azeotropic solution allows obtaining high
molecular weight PLA without adjuvants or chain extenders, only by adjusting pressure of
distillation of LA for a certain time. The third method - polymerization through the formation
of lactide - uses LA isomers from fermentation, which are prepolymerized into intermediate
low molecular mass PLA, and subsequently converted catalytically into the mixture of lactide
stereoisomers. Lactide mixture is then distilled in vacuum, and ring opening polymerization

occurs, resulting in production of high molecular mass PLA [80].

The PLA is extremely versatile material, due to its properties, that can be controlled
by the polymer architecture, and molecular mass (by adding hydroxylic compounds) [82]. The
significant factor in determination of PLA properties is the speed of crystallization, that is
dependent on the stereochemical architecture. This gives opportunity to control material's
mechanical properties, processing temperatures, and finally - crystallinity, that determines also

the degradation rates of PLA [77,80].

The table below shows the physicochemical properties of PLA and other popular plastics, used

nowadays:

Table 1 Physical properties of various popular biopolymers [68,76,83,84]

Properties Unit AA FGA R PP PE PC PB PEHO)

p - polymer g8 121-125 150171 11n- 09 0% 133 1181262
density 115

a - tensile MPa 21-60 6097 0742 2z 2030 48 4 43
strength

E- Young's Ga 03535 6070 021- 13 07 34 354 12654
modulus 044

£- ultimate % 256 1520 0 2000 20100 20 5080 162
strain 1000

Tm - melting °C 150162 20233 5865 160 10 100-260 163132 528
temperature

PLA - poly-I-lactide, PGA - poly(glycolid acid), PCL - poly(y-caprolactone), PP - polypropylene, PE -
polyethylene, PCV - polyvinyl chloride, PHB - polyhydroxybutyrate, P(3HO) - polyhydroxyoctanoate

PLA, in comparison to other popular plastics used in everyday life, has greater range of tensile
strength, than PCL, PP or PE. Such a set of properties encourages researchers to pursue the
modifications of this polymer to fit the specific parameter needs. Thanks to its characteristics,

the material is widely used in multiple industries.
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5.2 Polyhydroxyalcanoates

Polyhydroxyalcanoates (PHAs) are a group of polyesters produced by different
bacteria species, as a carbon and energy storage materials. PHAs are biodegradable,
biocompatible and environmentally friendly thermoplastics, that have a high potential to

successfully replace multiple petrochemical plastics used nowadays [83].

The discovery of PHASs reaches 1920s, when poly(3-hydroxybutyrate) was reported to
accumulate in bacteria, yet due to the high cost of production, and better availability and price
of petrochemical — based plastics, caused lack of interest in PHAs for a while [86]. Nowadays,
when there is a growing need of displacement of plastics, that are being harmful for the
environment, the interest in polymers of biodegradable features, and eco-friendly background,
led to reconsidering bacterial polymers — such as PHAs. Although the cost of manufacturing
PHAS s has been a problematic matter, there are some resolutions in adjusting the technology of
fermentation process, that currently allow optimize the cost of production to become affordable

and competitive to the petrochemical plastics [87,88].

PHASs may be categorized, by consideration of different features. One of the important
characteristics, that helps to classify that group of polymers, is the length of the monomer chain.
Considering that, there are three groups of PHAs: short chain length (scl — PHA; C3-C5),
medium chain length (mcl — PHA; C6-C14), and long chain length (Icl - PHA; >C14). Another
mmportant feature of PHAS is the source of origin, as they can be biosynthetic or chemical. Also,
the type of monomer present in PHA chain determines the category of the polymer. Figure 7
shows the basic categories of biopolymers, based on the source of origin, including PHA

monomer length.
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Figure 7 Classification of biopolymer types in different subgroups [89,90].

Among polyhydroxyalcanoates, the most common, naturally occurring homopolymer
is short chain length poly(3-hydroxybutyrate) [91]. 3-hydroxybutyric acid, and 4-
hydroxybutyric acid are both found to be normal elements of human blood, thus PHAS are
generally of a good biocompatibility in vivo. Besides that, PHAs characterize with a wide range
of physicochemical properties; they can be identified as both: thermoplastics of high
crystallinity, and elastic materials, which allows attempts of applications in multiple
indications. The most promising field for PHAs is medicine - as they have been successfully
tested as heart valves, or microparticles for drug carrying [85,92]. What is also interesting is
the possible effect of hydroxybutyrate on senescence - research suggest that P-HB circulating
in blood, might have an anti-aging effect and positive influence on ageing-related

neurodegeneration [93].

Besides short-chain-length PHAS, the promising subgroup of polyhydroxyalcanoates,
are medium-chain-length (length (mcl-PHA), that are optically active, biodegradable
polyesters, and have a potential to be used in different medical applications, including tissue
regeneration, or wound healing [94]. In the last two decades, more than 100 mcl-PHAs were
identified, investigated and characterized. These monomers usually consist of 6-14 atoms of

carbon, linked by 3-hydroxy ester bonding [68].
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The production of PHASs can be divided into two main parts. The “upstream” process
begins with the appropriate storage of bacteria, that are later used in the fermentation process
(i.e. 4°C refrigeration of the bacteria on agar substrates). To ensure the continuous availability
of the bacteria, banking of the culture in -80 °C is recommended. Before starting the
fermentation, the bacteria refrigerated on agar, are moved to flasks where proliferated in the
appropriate medium in 30°C. The second stage of PHASs production is called “downstream™,
and it is initiated with the fermentation process. So far, the strain of Pseudomonas putida KT
2440 1s quite well studied and known to produce a decent amount of mecl-PHA within limited
nutrients environment. After setting up appropriate conditions of fermentation for P. putida
culture (i.e. carbon limited exponential feeding of nonanoic acid), the mcl-PHAs is being
produced, and accumulated [95]. Generally, the process of biosynthesis and accumulation of
PHA 1in bacteria is based on three enzymatic reactions, driven by three different enzymes. The
first of them — 3-ketothiolase (PhaA) — is a catalyst in reaction of synthesis of two acetyl-CoA
molecules into acetoacetyl-CoA. The next enzyme — acetoacetyl-CoA dehydrogenase (PhaB),
that is NADPH-dependent, leads to obtaining (R)-(3)-hydroxybutyl-CoA, after reduction
acetoacetyl-CoA. The third enzyme, PHA polymerase (PhaC) — allows obtaining the final
product — scl-PHA, by mitiation of polymerization process. When the demanded quantity of
PHA is amassed, it is then harvested, and the process of recovery begins. The gathered PHA is
then processed into a suitable form for further work. This process is being constantly
mvestigated, and slightly modified, to achieve the best results, and become more, and more
efficient, yet by now, it is known that production of PHA polymers on an industrial scale is
possible, and thus PHA become competitive materials for the petrochemical based plastics

[87.96].

5.2.1. PGHO)

P(3HO) - polyhydroxyoctanoate, is one of the mcl-PHAs, that is produced by the
Pseudomonas Putida KT2440 bacteria strain. The material is with a high potential of use in
biomedical applications, due to its biocompatible and bioresorbable characteristics. The
detailed rescarch confirms the beneficial features of P(3HO) in terms of adsorption of proteins

into the surface of the polymer, and — thus — for cellular adhesion.

Due to its advantageous features, P(3HO) 1s being examined for prospective heart
valve replacement, in investigations on wound-healing, and for joint endoprostheses. The
advantageous elasticity (Young's modulus 11.4-34 MPa), endurance (friction coefficient 0.198-
0.202), and low fragility (hardness 3.2-4.5 MPa) of P(3HO) make it a serious competitor against
the other, well-known polymers. Multiple studies confirm that P(3GHO) could be used in a

variety of tissue engineering applications, such as bone scaffolds, soft tissue repair and
36



regeneration, or vascular and nerve tissue engineering [97]. Also, P(3HO) has been confirmed
to have beneficial influence on the process of wound closure, when used as a substrate for cell
culturing. Considering the fact, that its manufacturing is in an eco-friendly manner, the material
has a great potential of use and in replacing other polymers in multiple biomedical applications,

yet further research is to be performed [67].

Figure 8 Chemical formula of P(3HO) monomer. - polyhydroxyoctanoate [98].

6. Confocal Microscopy

The microscopic images that were obtained for the purpose of this work, were taken
with a confocal microscope. Confocal microscopy is a type of fluorescence microscopy, in
which a laser beam is illuminating the sample, and the pinhole aperture is used to reject the out-
of-focus light from detection, resulting in obtaining images of higher resolution contrast. The
basic rule of confocal microscopy is to focus the optics of the illumination and detection on the
same diffraction-limited point, that is scanning the sample, by moving over it. This allows to

build a full image of the sample on the detector [99].

The conventional light microscopy only allows illumination and visualization of the
entire field of the sample at the same time. This results in creating a “background noise”, that
influences the quality of an image. The confocal microscopy, on the other hand, scans the whole
sample point by point, and although the entire field of view is also illuminated during the scan,
only the light coming from the focal plane is detected, which results in much less bias, and
higher quality of the images captured. Also, the samples for the confocal microscopy may be
thicker, than in the conventional microscopy, as the devices allow performing optical sectioning

for 3D reconstruction images [100].
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The basic components of confocal microscope include:

- Source of light (typically a laser, that emits a narrow, and focused light beam of a
specific wavelength, to illuminate the sample)

- Scanning system used to raster the laser beam across the scanned sample in an ordered
manner (most often it is conducted with the use of 2 mirrors, that precisely control the
deflection of the laser sample in x and y directions)

- Pinhole aperture — that filters the light, that passed through the sample, and blocks the
light that 1s out-of-focus

- Photodetector — that converts the detected signal into an electrical one, that can be
further processed into visualization

- Image acquisition and processing systems - the signals detected by photodetector are
collected by the computer, that creates an image basing on the intensity of the light
detected. Additional techniques are often added here, such as fluorescence imaging or
time-lapse imaging.

- Optical module with a set of lenses and mirrors that serve for:
= Appropriate focus and directing the laser beam on the sample
= Collection of the emitted light
=  Creating a high-quality image
*  Minimizing aberrations

- Sample stage — for holding the position of a sample chosen for imaging, and precise
moving of the specimen in the x, y, and z axis, for 3D imaging,

- Computer software, controlling all the above-mentioned elements, i.e.: scanning,
movement of the sample, acquisition of the image data, processing of the obtained

scans [101,102].
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Figure 9 Schematic picture of a standard confocal microscope.

The pictures obtained for the purpose of this thesis were captured by Zeiss Axio Observer Z.1
microscope, with LSM 710 confocal module. The device allowed to perform observations of

interior of the cells that were cultured on a thin layer of polymeric film (~70gm of thickness).
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Scope of the study

The goal of the study was to analyse the structure and arrangement of vimentin - an

intermediate filament present in mouse embryonic fibroblast cells:

i) Characterization of the vimentin cytoskeleton morphology and
analysing the influence of the physicochemical characteristic of the
substrates for cell culturing, on the final vimentin assembly y in
mouse fibroblast cells

ii)  Analysis of the arrangement of vimentin in the perinuclear area, on
the base of observation of interdependencies of VIFs and cell nucleus

in mouse fibroblast cells.

7. Materials & Methods

7.1 Preparation of P(3HO) and PLA substrates
for cell culturing

The substrates for cell culturing that were used in the experiments supporting this
thesis, were both prepared as thin polymeric films, that allowed easy microscopic observation

and image capturing.

Bacterial strain of Pseudomonas putida [96,103] KT2440 was used to produce PHO in
a 5L fermenter. Bacteria was revitalized from a -800C stock by suspending it in a fresh solid
minimal salt medium (MSM) supplemented with octanoic acid sodium salt (20 mM). Bacterial
growth continued overnight at 300C. A single colony was transferred into liquid MSM
supplemented with sodium octanoate (20 mM). Culture was left to grow for 12-15 hours and
then used as a seed for a fermentation (1:25). Decaying exponential feeding strategy of octanoic
acid developed by Maclean et. al [104] was adapted to the used fermentation system (Sartorius
Biostat B Twin 2x5l in order to produce P(3HO) polymer. Following, the fermentation biomass
was separated from the medium by centrifugation, gathered and dried. The first step after
gathering the biomass was purification of the extracted polymer in ethyl acetate, with the use
of activated charcoal and 0,2gm filter. The obtained P(3HO) was rinsed in cold methanol, and

dried, in preparation for further use.
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PLA was purchased in a form of 1,75 mm diameter filament for 3D printing — commercial grade
(MG Chemicals, Burlington, ON, Canada, PLAI7TL1 — of a density 1.24g/cm3, Young’s
modulus 3.5 GPa, tensile strength 1MPa).

The polymeric films were obtained from both, PLA and P(3HO) in the following steps:

1) Dissolving of 0.5 g of polymer in 10ml of ethyl acetate

2) Casting 70ul of each solution on glass bottom dish, to obtain
flat, thin surface

3) Drying the casted films in the oven for 48 hours (50 °C)

4) Rinsing the prepared films with the sterile PBS, before use

for culturing.

The above-mentioned protocol allowed obtaining films, that were approximately 100pum thick,

which allowed appropriate microscopic observations of cultured cells.

7.2 Cell culturing

MEF 3T3 cells were cultured on dishes, with previously prepared polymeric films
(PLA, P(3HO)) casted on the dish surface and on plain glass for reference. The samples were
held under sterile conditions in an incubator, with the pre-set, stable conditions: 37°C, and the
atmosphere containing 5% of CO2. As a culture medium DMEM Low Glucose solution
(Dulbecco’s Modified Eagle Medium, Biowest, Nuaille, France), with 10% (v/v) of FBS (Fetal
Bovine Serum, Gibco Thermo Fisher Scientific, Waltham, MA, USA) and antibiotics: 1% (v/v)
of penicillin and 1% (v/v) of streptomycin (Sigma-Aldrich, Poznan, Poland) was used. The
cells were passaged regularly, when achieved around 80% of confluency, and for the

experiments, only the cells between 3rd and 9th passage were used.

7.3 Cells preparation and staining

For the standardization of the conducted experiments, cells were cultured on each
substrate (P(3HO), PLA and glass) for 12 hours. After that time, cells were fixed in 4%
formaldehyde solution in PBS for 10 minutes. The next step was permeabilization in Triton-X
solution in PBS (0,1% (v/v)) for 5 minutes. After permeabilization, cells were rinsed in 3%
(w/v) BSA solution to block unspecific bonds (Sigma-Aldrich, Poznan, Poland). After these

mitial steps, the staining procedure was done. Firstly, an overnight staining of vimentin in 5 °C
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was performed, with the use of Abcam Recombinant Anti-Vimentin Antibody cytoskeleton
marker ab92547. After that, a 3-hour staining of the nucleus with DAPI dye (Thermo Fisher
Scientific, Waltham, MA, USA), and a secondary staining of vimentin with Alexa Fluor 633
goat anti-rabbit 1gG (H+L) (2 mg/mL) (Thermo Fisher Scientific) occurred at room
temperature. The next step was staining of actin and/or microtubules. Actin filaments were
stained with the use of Alexa Fluor 488® phalloidin (1 hour in room temperature). In case of
microtubules the first step of staining was performed with the use of Monoclonal Anti-a
Tubulin mouse antibody (Sigma-Aldrich, Poznan, Poland), and after 1 hour in room
temperature, the secondary staining with Alexa Fluor 488 fluorophore Goat anti Mouse

(Thermo Fisher Scientific).

Figure 10 Excitation and emission spectrum of the fluorophores used in the experiments: Blue - DAPI, Green
- Alexa Fluor 488, Red - Alexa Fluor 633. The dashed lines present excitation spectrum, while the solid line
with the background - presents the spectrum of emission ofthe given fluorophore.

The protocol of staining each sample was always performed due to the following order:

- Anti-Vimentin antibody (overnight)
- Secondary staining of vimentin (Alexa Fluor 633) + DAPI (3 hours)

- Staining of actin (1 hour) or staining of microtubules (2 hours).

7.4 Microscopic observations of vimentin
cytoskeleton of MEF 3T3 cells on polymeric
films and glass

The main device, that allowed gathering most of the data obtained in the experiments,
was Zeiss Axio Observer Z.1 microscope, with LSM 710 confocal module. The captured
images were analysed in Zeiss ZEN Black version 8.1.0.484, PALM Robo version V 4.6.0.4

(Carl Zeiss Microscopy, GmbH Carl-Zeiss-Promenade 10 07745 Jena, Germany), and Fiji app
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(ImageJ 1.52p, Wayne Rasband National Institutes of Health, Bethesda, MA, USA) software
(https://imagej.net/). The images were captured on single cells with an immersion objective

(40x magnification, numerical aperture 1.4).

7.5 Statistical analysis

To verify the results of the captured data, the statistical analysis with the x2 test was

performed. The x2 test allowed verification of:

- Dependencies between the classic/nutshell vimentin networks and the substrate used
(statistically significant at probabilities of x2 0.01)

- Dependencies between the number of grooved nuclei and the substrate (statistically
non-significant at probabilities of x2 0.05)

- Dependencies between the substrate and the number of nuclei with blebs (statistically

significant at probabilities of x2 0.01)

The experiments were performed 5 times for each substrate. Per sample, 15-25 cells were
analysed. The results of the statistical analysis were calculated and visualized in Origin Pro

2019 Software (OriginLab Corporation, Northampton, MA, USA).

8. Results

8.1 PLA and PHO substrates characterization

To characterize surface structures of PLA and P(3HO) films, the polarized-light
observations were performed. This allowed to identify irregularities on the polymeric substrates
and comparing two polymers appropriately. The observations were conducted in 5x, 10x, and

40x magnifications.
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Figure 11 Polarized light microscopic images of PLA (A-C) and P(3HO) (D-F) films in 5* magnification (A,
D), 10* magnification (B, E), and 40x magnification (C, F).

In Figure 11 (A, B) there can be seen polarized - light pictures of PLA in 5x and 10x
magnification, where some thickenings and rough bulges can be spotted irregularly. In a 40x
magnification (Figure 11 C), these bulges can be observed as bumps of different sizes (i.e., 10-
400 gm width), that occur on the whole film area. At the same time, the surface of the whole

PLA film is rough, and coarse.

Slightly different is the topography of P(3HO) film. The images in Figure 11 (D-F) present a
homogenous topography, with a high amount of stable nucleation seeds. There is a low number
ofirregularities in the z-axis, and also a few defects of the surface, i.e. microcracks. The P(3HO)
topography shows irregularly distributed micro- and nano- scale ridges and bumps, which might
indicate the random direction of crystallization, and polymeric chains distribution throughout

the film.

Comparison of PLA and P(3HO) films, gives a notion, that PLA substrates are with the higher
roughness features, especially in the z-scale, although both types of films are of an irregular

roughness distribution.
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8.2 Analysis of vimentin cytoskeleton
architecture on PLA and P(3HO) substrates

Vimentin structure is described in literature as an irregular network, spreading throughout
the cell, reaching from the nucleus to the cell edges. It is known to assemble in three forms of

filaments:

- Particles of unit - length filaments (ULFs)
- Short ULFs (squiggles)
- Long fibers.

The vimentin network mostly consists of long fibers, that surround the nucleus, and expand to
the periphery of the cell. From there, the fibers gently pass into the squiggles, and these short
ULFs eventually transform into particles of ULFs. To characterize this basic, and well-studied

architecture of vimentin in MEF cells, the analysis of microscopic images was performed.

Figure 12 Basic architecture of vimentin fibers types in a single MEF cell, cultured on glass. (Green Square)
- Fibers - long vimentin filaments occurring above the nucleus, and in cell's tail and edge. Squiggles (Blue
Square) - shorter, than fibers, but longer than particle-length ULFs (Pink Square). Image captured with the
use of confocal microscopy.
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The network described in Figure 12 is a “classic” form of vimentin, that can be found in
literature. In this work, however, the observations were performed, that led to an identification
of the other form of vimentin “assembly”. Due to a resemblance to a walnut, for the purpose of

this work, the newly discovered architecture structure was called a “nutshell”.

Figure 13 The comparison between the “nutshell” (A-E) and “classic” (F-J) structure of vimentin. Vimentin-
Red, Nucleus - Blue. B, G, - slice of vimentin image, in the nuclear area. C, H- slice of vimentin image,
without DAPI channel.

In Figure 13 there are presented examples of a “nutshell” and “classic” structure of vimentin
cytoskeleton. The “nutshell” network at a glance is much less dense, especially in the nuclear
area, when compared to the “classic” structure. In the “nutshell” vimentin, the thickest network
occurs on the cell's edges, not in the perinuclear area. For the “classic” network, the thickest
fibers occur on the cell's contractile edge as well, but also are present in the perinuclear area.
The fibers of vimentin in the “classic” network are adhering to the nucleus so densely, that they
easily form a halo, surrounding the nucleus on its edges. In the “classic” network, there also

can be noticed a slight, but clear thickening of fibers right above the nucleus.
During the experiments, the data was gathered for 288 MEF cells altogether, cultured on:

P(3HO) - 95 cells
PLA - 80 cells

Glass - 113 cells.
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For 4% of the reviewed cells, the images captured did not allow to perform the proper

analysis, due to the poor quality of these pictures.

Figure 14 The proportion of cells with "classic™ or "nutshell" vimentin cytoskeleton, cultured on glass, P(3HO),
and PLA.

The majority of the classic network was seen on glass, where 83% of the cells displayed that
phenotype. The proportion of cells with the classic network was equally high for P(3HO) (74%),
whereas it was much lower for PLA (44%). Also, there were 49% cells on the PLA with a
nutshell structure, indicating that the substrate had a significant impact on the vimentin
cytoskeleton's shape. The X 2test was used to confirm the statistical significance of the findings,
demonstrating that the type ofvimentin cytoskeleton depends on the substrate used (X2= 35.600
p < 0.01). Since multiple works prove the relation of formation of actin cytoskeleton depending

on Young's moduli of the substrate, we also considered that such influence is maintained for
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vimentin. The results suggest, however, that for the vimentin cytoskeleton subtype, factors

other than the substrate's Young's modulus are determining the formation of VIFs.

To analyse these two types of vimentin networks deeper, the comparison of their cross sections

was performed.

Figure 15 Example of cross section for “classic” vimentin structure. A - single z-stack image of the bottom of
the cell. B- z-stack image of the central part of the cell. C - z-stack image of the top of the cell. D, D.1, D.2-
orthogonal view.
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In Figure 15 and Figure 16 there are shown examples of vimentin networks for MEF cells
grown on P(3HO) and PLA. As it was also visible in Figure 12, the “classic” network has
vimentin fibers spanned throughout the cell, that closely attach to the nuclear area, and spread

to the cell edges in an irregular, intricate arrangement. The “nutshell” network arrangement in

relation to the nucleus, is quite the opposite.

Figure 16 Example of cross section for “nutshell” vimentin structure. A - single z-stack image of the bottom of
the cell. B- z-stack image of the central part of the cell. C - z-stack image of the top of the cell. D, D.1, D.2-

orthogonal view.
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As it may be seen in the Figure 16, the nucleus is only attached to vimentin in its upper
arca, whereas the side edges of the nucleus, and its bottom, are distant from vimentin. The
“nutshell” network only covers the nucleus on the top, which suggests the resemblance to a
shield, or a shell (or a nutshell). In the “nutshell” architecture, vimentin occurs as a single layer,
not present either under the nucleus, or in the inside of the cell body. The differences in the

appearance of these two subtypes are clear and open a field for discussion on the root cause.

8.3 Analysis of the structure of vimentin
cytoskeleton

Although the analysis of cell images of vimentin network subtypes allowed making
some basic assumptions, there was still precise evaluation needed to be conducted. For this
purpose, Imagel (Fiji) ver 1.5 software was used, and the analysis of the area occupied by
vimentin in the cell was performed. The aim was to estimate the amount of vimentin in the

following cases:
- the whole area occupied by vimentin
- the amount of vimentin in the selected 10 x 10 pm square regions:

- above the nucleus
- 1n the middle of the cell height

- below the nucleus.

This approach allowed to determine if the amount of vimentin in “classic” and “nutshell”
network differ, in terms of the area occupied by vimentin. The selected regions — under and
above the nucleus, and in the middle of the cell height — were chosen to measure and confirm
the observations, that were previously made — mainly, that “nutshell” vimentin cytoskeleton is

not present under the nucleus, and significantly differs from the “classic” structure.

To start the analysis, each single cell image was at first adjusted, and region of interest (ROI)
was selected on the basis of thresholding. Then, a 16-bit maximum intensity picture was
selected, ROI was marked, and the amount of vimentin in the chosen area was measured

(percentage value).
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Figure 17 Adjustment of the Region of Interest for the “whole area occupied by vimentin” analysis. MEF cell
cultured on PLA, with a ‘nutshell” vimentin structure. A) Initial adjustment of Image parameters for cropped
cell image. B) Selected ROI (Region of Interest) - vimentin cytoskeleton 16-bit (B&W) image - outlined
with the yellow line, based on colour thresholding.

The same technique was used for the 10 x 10 gm square regions. Since the aim was to evaluate
the presence of vimentin above and below the nucleus, the squares selected for the analysis

were placed in the area closest to the center of the nucleus.

Figure 18 Steps performed during the analysis of vimentin cytoskeleton in the selected 10 x 10 pm square ROIs.
Indicating regions under the cell nucleus (A), in the middle of the cell height (B), and below the nucleus (C).
Al, B1, C1 - magnified regions of interest, after image thresholding, showing the final amount of vimentin in
the selected regions.
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The analysis of the original microscopic pictures of vimentin cytoskeleton subtypes
led to preliminary assumptions, that the “nutshell” structure differs significantly from the
“classic” network, especially in terms of the amount of vimentin under the nucleus. The
quantitative analysis, presented in Figure 17 and Figure 18 provided measurable evidence, that
the assumptions were correct. The calculations showed that in the “nutshell” structure vimentin
was almost completely missing below the nucleus, and in the middle of the cell height. The
“classic” network, however, has different amounts of vimentin both - below and above the
nucleus, and in the middle of the cell height, where multiple vimentin fibres cross the nucleus,
squeezing into the nuclear grooves or invaginations. The analysis was performed for PLA and
P(3HO) cultures, and in both cases, the classic network is occupied by vimentin in 91+5% of
the area, whereas in the nutshell variant - 84+10%. These values are not statistically important,
and also not significantly different. For the 10 x 10 gm squares however, the values confirm

differences, dependent of the substrate used.

Figure 19 The amount of vimentin in selected 10 x 10 gm squares regions of interest under the nucleus, in the
middle of the cell height, and above the nucleus for “Classic” vimentin network. The table shows the
calculated average values % =+ standard error value.

Calculations performed for the regions selected under the nucleus, in the middle of the cell

height and above the nucleus, show significant differences between the two types of vimentin
52



network (confidence level = 95%). For the upper cell area, the classic network of cells cultured
on P(3HO) has much less vimentin, than in cells cultured on PLA and glass. Nevertheless, the
trend is similar for all areas - the presence of vimentin is confirmed both under the nucleus, and
above the nucleus, and the values are quite high, in comparison to the same areas for the

“nutshell” structure.

Figure 20 The amount of vimentin in selected 10 x 10 gm squares regions of interest under the nucleus, in the
middle of the cell height, and above the nucleus for the “Nutshell” structure. The table shows the calculated
average values % + standard error value. Chart of “Nutshell structure” is rescaled for the “Under” and
“Middle” region, to present the data more accurately for these areas, in comparison to “Above” region.
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For all substrates, in “classic’” network, there 1s also a presence of vimentin confirmed
i the middle of the cell height. It is related to the presence of vimentin thicker fibres, creating
bundles in “classic™ network, that are associated to the grooves and invaginations of the nuclei
of MEF cells. Considering only “nutshell” structure, for all substrates used (PLA, P(3HO) and
glass), the amount of vimentin in the middle of the cell height, and under the nucleus is
approximately 0. In the area above the nucleus — the amount of vimentin varies between 61%
and 69%, but the difference between the samples is not statistically significant. The results,
with a confidence level of a = 95%, support the hypothesis, that there are minimal amounts of
vimentin in the middle of the cell height and under the nucleus for the “nutshell” structure, and
also, that much lower amount of vimentin is present in the middle of the cell height for the

“classic™ network.

8.4  Vimentin association to nuclear grooves

Analysis of vimentin cytoskeleton subtypes, fruited with some other findings. The
close proximity of VIFs to the nuclear area, and the differences in the arrangement of vimentin
in relation to the nucleus for “nutshell” and “classic” network, led to more focused analysis of
the perinuclear areca of MEFs. In “classic” vimentin subtype, there could be noticed some slight,
but clearly distinguishable thickenings on the top of the cell, right above the nucleus. The
observations of the cells with these thickenings showed the association of vimentin with similar,

thicker filaments of microtubules and actin.
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Figure 21 The visualization of two cells cultured on glass, stained for vimentin (Red), actin (Green), and nucleus
(Blue) (A-D) and vimentin (Red), microtubules (Green) and nucleus (Blue) (E-H). Nucleus, magnified
presented on pictures D and H. In both cell's nuclei, the thickened fibers of vimentin, actin and microtubules,

align to the grooves visible in the nucleus.
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Figure 21 shows the examples of two cells cultured on glass, with stained vimentin, nucleus,
and actin or microtubules. Both, microtubules and actin, align with the thickened vimentin
fibers, and also with the grooves presented in the D and H. The nuclei with these types of
grooves, are called “coffee beans” nuclei, have the invagination in the central, upper area,
resembling coffee seeds [105]. Deeper analysis of the data allowed identifying these
invaginations not only on the top, but also on the sides and bottom of the nuclei. And another
step was eventually observing vimentin association not only to the grooves, but also to different

deformations of the nucleus.

To confirm these findings, some further analysis was conducted, and the examples are presented

in Figure 22.

Figure 22 The examples of grooved and deformed nuclei of MEF cells cultured on P(3HO) (A-C), PLA (D-F),
and glass (G-1). Two single images of cross section of the nucleus were selected for each cell.

56



The grooves, deformations and nuclear distortions observed in MEF cells, cultured on
glass, PLA and P(3HO) are presented in Figure 22. For cells cultured on polymeric films, the
grooves can be noticed not in the central top area, as in the “coffee beans” nuclei, but on the
sides, and bottom of the nuclei. The invaginations are irregular, and the nuclei are significantly
deformed. For the cell cultured on glass, one edge of the nucleus is narrower than the other, and
also a nuclear blebbing can be noticed. For all the indicated grooves, there is a colocalization

of vimentin fibers, running exactly along the invaginations.

Figure 23 The amount of cells [%] with nuclear grooves, cultured on various substrates.

In Figure 23 the bar chart presents the percentage number of cells with grooved nuclei that were
cultured on different substrates — P(3HO) - 47%, PLA—59%, and glass—50%. The of x2 test

analysis indicated that this was not statistically significant.

To present the nuclear deformations in the clearer way, 3D reconstruction was prepared for an

example of a cell cultured on P(3HO).

Figure 24 Example of 3D reconstruction of the nuclei of cell cultured on P(3HO).

In Figure 24 the presented nucleus has few longitudinal invaginations, that can be clearly visible

under different angles. There is also a nuclear bleb present for that nucleus, and since blebs
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were observed in many cells cultured on different substrates, an analysis was conducted,

considering the dependency between blebbing and substrate used.

8.5 Occurrence of nuclear blebs in association to
the substrate used for cell culturing

The invaginations and grooves of the nuclei are leading to changes in nuclear shapes.
Cells, that are subjected to compressive stress, have to adapt their shape, and the nucleus is also
forced to modification of its original figure. This often leads to formation of nuclear blebs,
which might be appearing spontaneously, when cell migrate through narrow spaces. Another
explanation of the presence of blebs, might be the expression of specific isoforms of lamins
during migration [46]. For the analysed MEFs, nuclear blebs were identified in 23% of cells on
PLA, 15% of cells on P(3HO), and 6% on glass. The 9% test was performed, in order to
determine the relation between the substrates used, and the occurrence of nuclear blebs. The
final results showed that the presence of blebs might be dependent on the matrix for culturing
(x20.01 =10.810), and the test was statistically significant. This can lead to another assumption,
that the used substrate is influencing the nuclei deformations. Also, since the highest number
of cells with blebs was cultured on PLA, the explanation for this might be the fact, that PLA

influences the pH of the culture medium, as it easily hydrolyses in aqueous solutions.

Figure 25 Nuclear blebs for selected single cells cultured on P(3HO) (A), PLA (B), and glass (C). The chart
presents percentage of cells with blebs from the groups of cells cultured on PLA, P(3HO), and glass.
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8.6  Vimentin — Nuclear Grooves coalignment
review

Vimentin was observed to align to the nuclear grooves, and invaginations. To check
correlation of vimentin with actin and microtubules in nuclear furrows, cells were stained for
vimentin, and nucleus, and at this point — the third element that was stained was actin in the
first group, and microtubules in the other. The images captured were then analysed as cross-
sections, with special consideration of the grooved arcas. The objective of those analysis was
to observe the position of vimentin fibers in relation to both, nucleus, and at the same time to
actin or microtubules. Cells cultured on all substrates (P(3HO), PLA and glass), were
mvestigated, and for each case vimentin was closer to the nucleus, than actin or microtubules,
although all fibers were accurately adhering to invaginations. The examples of cells are

presented in Figure 26.
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Figure 26 Examples of grooved nuclei for MEF cells cultured on Glass, P(3HO) and PLA. Actin or
microtubules - green, vimentin - red, nucleus - blue. Points marked with “+” signs (red, yellow and blue)
indicate the spots selected for cross-section pictures. The magnified areas are marked with yellow frames,
yellow arrows show the regions of interest.

After thorough analysis of Figure 26, there can be noticed firm red and green fibers, that run
above the nuclei. Three spots were randomly selected in each cell, and then magnified. In the
regions of interest, marked with the yellow frame, there were spots indicated by arrows -
showing the arrangement of fibers of vimentin and microfilaments or microtubules closest to
the nucleus. In each case presented vimentin can be noticed nearest the nucleus, which opens

questions on the potential role of vimentin in the appearance of the grooves in the nuclei.
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9. Discussion

9.1 Influence of the substrate used for cell
culturing on formation of classic vimentin vs
“nutshell” structure

It is commonly established that material roughness influences cell adhesion and
proliferation. Also, for the polymers with various Young's moduli, the distribution of the local
changes in a material's stiffness is extremely likely to affect cell adhesion, motility, and
spreading. Considering this, the first step taken was to evaluate the influence of the substrate

on formation of vimentin cytoskeleton.

Vimentin's spatial architecture, as demonstrated in the current study, is diverse in MEF
cells. It can be expressed as the classic vimentin network, which is tightly bound to the nucleus
and present throughout the cell volume, or as a "nutshell" structure, which encloses the cell
from above and is only connected to the top of the nucleus. Atthe beginning of the experiments,
it was shown, that the amount of cells with classic vs. "nutshell” vimentin structure varied for
various substrates, which led to the conclusion that the substrate affects the morphology of the
vimentin cytoskeleton. However, because the Young's modulus seemed not to have an
influence on the frequency of occurrence of various vimentin subtypes, other factors were

considered.

It was noted that higher hydrophilicity of the substrate and reduced crystallinity may lead
to an increase in the presence of vimentin's nutshell structure (Figure 14). The idea that more
crystalline P(3HO) films induce better fibroblast adhesion might be supported by the fact that
crystallinity also increases roughness. This could lead to formation of more focal contacts
between the cell and the substrate, which in turn increases the presence of vimentin at the
bottom of the cell and underneath the nuclear region. Since substrates with higher crystallinity
often result in stronger adhesion [106], this may imply that the classic network form of the

vimentin cytoskeleton is the favoured one.

Wettability and crystallinity of P(3HO) and PLA were further analysed, as these
characteristics are known to have an effect on the biological performance of the materials. This,
in turn, influences cellular behaviour, attachment, migration, and proliferation [107]. This
allowed to perform a more thorough assessment of the potential impact of the PLA and PHO
films' features on cellular behaviour. P(3HO) was more hydrophobic than PLA, according to

the hydrophilicity tests carried out in the prior experiments [108].

61



For PLA, the measured contact angle was 68° (+ 2°), while for P(3HO), it was 100° (£ 6°).
In terms of phase composition, which was examined in the earlier resecarch, PLA films were
less crystalline than semi-crystalline P(GHO) (Xc psc = 4% vs. 37%, respectively) [108]. Also,
the migration process in a wound-healing model was mvestigated, as crystallinity and
wettability are known to influence cell migration. Less hydrophobic and less crystalline PLA 1s
associated with slower single cell migration rates than more hydrophobic and semi-crystalline
P(3HO). According to the findings, wound-healing processes on P(3HO) and on glass occurs

quickly and dynamically, whereas on PLA, the wound overgrowth is significantly slower [108].

Considering that materials of higher hydrophilicity have a positive impact on cellular adhesion
and proliferation as well as a better capacity for protein adsorption, they might also have
implications for single-cell behaviour in terms of vimentin structure. Therefore, based on these
characteristics, it might be claimed, that the occurrence of the nutshell vimentin subtype in MEF

cells is greatly influenced by the wettability and the crystalline structure of the substrate used.

9.2  Influence of the substrate for cell culturing
on the occurrence of nuclear grooves,
invaginations and blebs

Although grooved nuclei can be seen in a variety of healthy cell types, they are a hallmark
of some tumours [109] and are used to diagnose several cancers. It is known that nuclear
mvaginations occur in some cells depending on dappa2 (developmental pluripotency associated
factor 2) [110]. For the 288 MEF cell nuclei, that were examined for the purpose of this thesis,
it was found, that vimentin not only fills the spaces created by the nuclear grooves, but also
reaches deeper regions of the invaginations toward the interior of the nucleus. So far, the
formation of nuclear grooves was mostly linked to microtubules [111]. The question is whether
vimentin causes the grooves to form during cell movement and migration, or if the grooves are
mitially formed by microtubules, and vimentin serves only as a protection against nucleus
rupture. It has been noted that vimentin serves as a protection from the external mechanical
forces, and as a maintenance of nuclear integrity [46]. Vimentin bundles appear to extend
farther into the nuclear region than either actin or microtubules, regardless of the size, depth, or
position of the grooves that have been found. Although the creation of grooves is not affected
by the lack of actin [112], this is not the case for microtubules. Microtubules have been
demonstrated to affect the mechanical regulation of chromatin dynamics as well as the structure
of the nuclear envelope [113]. Vimentin, however, fills the grooves and delves into the
mvaginations deeper, aligning with microtubule bundles, which raises the possibility that its

presence may be necessary for the development of these structures. Since intermediate
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filaments are known for their affinity to histones [114], and for their protective functions
towards cell nucleus and cellular integrity [46]. Considering the above-mentioned facts, the
question is whether VIFs work in with microtubules to deepen the fluctuations in the nuclear
envelope and create the grooves, or do they act as a protective layer against microtubules or
other factors that invaginate the nucleus? Does vimentin just show up in the deeper parts of the
grooves to guard the nucleus from additional harm that is initiated by microtubules? After all,
for the processes of transcription, initiation and elongation, it has been postulated that oligomers
of intermediate filaments can remove histone octamers from nucleosomes and deposit them on
their coiled-coil domains [115]. Vimentin role around the nuclear envelope is still to be

mvestigated.

Another issue worth to discuss is to consider the occurrence of nuclear grooves in cells,
as if they were in special circumstances: when the cells are exposed to certain conditions, the
grooves appear. Nuclear grooves have been so far mostly connected to cancer cells.
Nevertheless, the nuclei with different kinds of grooves were identified in almost a half of MEF
cells (on glass and P(3HO) studied in this work, with a slightly higher rate for PLA substrate
(58%). This could imply that "coffee-bean" nuclei aren't always a characteristic of cancer cells,
but rather of cells with a strong mesenchymal phenotype. The existence of cells with nuclear
grooves and blebs on PLA substrate also increases the possibility that the presence of these
structures 1s influenced by the microenvironment. It may be assumed that the type of a substrate
used might have an impact on the occurrence of the blebs as it is known that extracellular acidic
pH is generally related to cancer cells [116]. The fact that PLA was hydrolysed into lactic acid
(pKa = 3.86) during cell growth might explain why cells grown on PLA displayed a larger
frequency of nuclei with blebs [117]. As a result, the medium's pH might be impacted,
potentially making it more acidic. PLA is well known for degrading quickly during the
hydrolysis process. Although PHO is a bit more resistant to that process, it also degrades and
affects the pH of the cellular medium [118-120]. However, because the presence of the grooves
is statistically insignificant in relation to the type of substrate used, further research should
concentrate on examining the grooves themselves as well as the relationship between their
mcidence and dependencies with cytoskeleton. The situation is quite the opposite in terms of
blebbing. There were substantially more cells with nuclear blebs discovered on PLA than on
the other substrates, thus the incidence of the blebs might be further explored in terms of the

external, microenvironmental settings.

Cancer cells are frequently noticed in grooved nuclei and are typically linked to an acidic
microenvironment. Because of this, additional investigation into that phenomenon could be a
good place to start based on the identification of these structures on the PLA substrate. For
PHO, the proportion of grooved cells was comparable to that of glass (reference), suggesting
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that this substrate might be useful for medical equipment. It should be noted, though, that PHO
experiences hydrolysis in similar environments. PHO degrades mostly to dimers of (R)-3-
hydroxyacids and in a lesser amount to (R)-3-hydroxyoctanoic acid (pKa = 4.84), which is
significantly less acidogenic than lactic acid [121]. Consequently, the pH change has less of an
impact on the cell's surroundings. The final question that can be asked, in terms of the
substrate's impact on the occurrence of blebs and grooves is, whether the expression of
vimentin is noticeably different on various substrates? Do the characteristics of the
microenvironment cause vimentin to encourage the development of nuclear alterations? These,

and many more questions still remain unanswered, but open to follow up on.
10. Summary of the results and comments

The results of this work were published in two publications, that support the thesis of
this work. They both focus on the role of vimentin in the cytoskeleton, cell behaviour,
migration, and morphology. They both describe the effects of sensing the external stimuli from
the physicochemical features of the cellular substrates, on internal cellular structure, and the

potential role of vimentin in transducing signals to the core of the cell.

The research presented in this thesis also explores the co-dependencies between
vimentin fibers and nuclei, shedding light on their interaction and potential influence on nuclear

morphology.

One of the important findings in the first publication is the presence of vimentin fibers
in nuclei grooving, indicating a potential connection between intermediate filaments and
nuclear deformations. The study suggests that these deformations in the nucleus may have
implications on gene transcription, emphasizing the importance of understanding the precise

mechanisms underlying nuclear invaginations.

The second publication refers to the observation of the two various types of vimentin
assembly, which has not been observed before. This suggests that intermediate filaments may
have more functionalities and importance in cell development than previously assumed. The
study emphasizes the importance of understanding the diversity of vimentin structures and their
potential roles in cellular processes. The publication also notes the clear expression of
mechanotransduction signals from the external environment through the shape of vimentin in
mouse embryonic fibroblast cells. Nevertheless, more research is needed to make definitive
statements about the ultimate implications of these findings in the context of cell development

and mechanotransduction.

64



10.1 Vimentin association with nuclear grooves

in normal MEF 3T3 cells

Highlights:

Vimentin role in transferring signals between the exterior of the cell and the nucleus is
proven, yet not entirely studied and understood

Cell nuclei are often with shape irregularities, invaginations, grooves, or blebs
Nuclear grooves, also known as “coffee beans nuclei ”, have been associated with
multiple cancers, and serve as an important marker for recognition of the disease
Confocal microscopy imaging showed the overlap of the nuclear grooves,
mvaginations, and distortions with the vimentin intermediate filaments arrangements
Migration of cells, especially in a rough environment or through narrow spaces, causes
nuclear distortions, and might lead to appearance of nuclear blebs, that are more
frequent in vimentin depleted cells

Vimentin is tightly associated with the nucleus, and is present in nuclear distortions,
invaginations and grooves

Nuclear blebs are frequent in MEFs, and the frequency of their occurrence is associated
to the substrate used for cell culturing

Vimentin function is protective against the external conditions, like for example:
changes of pH in the culture medium, and VIFs goal might be to prevent the nuclei

from the further damage.

Publication I describes the observed deformations of nucler in MEF 3T3 cells, that were

cultured on PLA and P(3HO) films, and glass for reference. The noticed invaginations, nuclear

grooves and nuclear blebs were captured by confocal microscopy images, where vimentin fibers

could be carefully studied, and presented in terms of their co-dependencies with the nuclei. The

ifluence of the physicochemical characteristics of the substrates used was also considered, and

the association of vimentin with nuclear grooves and blebs was found.

In Publication I intermediate filaments of MEF cells —vimentin fibres - were observed to have

an important role in the nuclei grooving. The deformations of the nucleus might lead to the

effects in transcription of genes, thus this is highly important to learn about the exact

mechanisms causing the invaginations of the nucleus.
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10.2  Vimentin cytoskeleton architecture analysis
on polylactide and polyhydroxyoctanoate
substrates for cell culturing

Highlights:

Contemporary science and industry are leaning towards the use of biopolymers of
eco-friendly background — either the well-known ones, or the novel materials

The examples of these polymers are PLA, and P(3HO), which were carefully
selected for the experiments, due to their valuable characteristics

PLA and P(3HO) were dissolved in ethyl acetate, and formed as thin films, that
served as substrates for cell culturing

Physicochemical features of these polymeric films were studied in terms of their
mfluence on the behaviour of MEF 3T3 cells, as the materials have the potential
to be used for tissue engineering, for instance: wound healing plasters, skin
regeneration scaffolds, bone plates, cardiovascular patches, nerve guides, surgical
sutures or as drug release 3d platforms (carriers)

The morphology and behaviour of the MEF 3T3 cells was thoroughly studied on
both materials in multiple research, yet still vimentin, that is an IF crucial in wound
healing procedure, has been omitted so far

The influence of the P(3HO) and PLA on the morphology and assembly of
vimentin cytoskeleton network is attentively described in this work

Vimentin has two types of assembly — “classic network™ and a “nutshell”, which
has been identified during experiments conducted for this thesis; The external
stimuli from the microenvironmental features of the substrate can influence the

appearance of the mentioned subtypes of VIFs.

Publication II describes the influence of two materials of a high potential of use in tissue

engineering and medicine, on behaviour of the intermediate filaments in normal mouse

embryonic fibroblast cells. The focus on the IFs, namely: vimentin, was due to its significant

engagement in wound healing process. Since the studied polymers P(3HO) and PLA, were

considered as materials, that could potentially help in accelerating the treatment of injuries,

observation of their influence on one of the crucial proteins in the process is extremely

important. Experiments allowed observations of two subtypes of vimentin intermediate

filaments — classic vimentin network, and “nutshell” structure. The frequency of occurrence of

these subtypes was correlated with some characteristics of the substrates used.
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In Publication I, vimentin was identified to form two various assemblies, which has not been
observed before. This suggests that intermediate filaments might have much more
functionalities and importance in cell development, than previously assumed. The
mechanotransduction of signals from the external environment was clearly expressed by the
vimentin shape in MEF cells, yet still more research is needed to provide the ultimate

statements.

11. Final remarks

Nowadays, in the face of an ecological disaster, most industries are seeking for the
effective solutions, that could allow further work, but with no harm for the environment.
Medicine and related areas, that use huge amounts of single-use plastics, are truly balancing on
the border of human welfare. On one hand the use of disposables is indispensable, due to the
basic hygiene procedures. Whole world has been forced to appreciation of disposable masks
during recent pandemic of Covid-19. On the other hand, the amount of single-use products, that
are essential for our safety, turned into another huge problem of wastes on the environmental
side. Only for those reasons, seeking new bioplastics is justified, and broadly encouraged.
Given the fact, that some of the novel polymers have excellent properties in terms of the
influence on the patient's health, the focus on finding the environmentally friendly materials
constantly grows. The primary goal of using a material in patient's tissues is to provide more
benefits by using the treatment, than harms that this treatment could potentially cause. One of
these materials is PLA, that not only is non-toxic and biocompatible, but also biodegradable,
and of natural origin. PLA has been broadly used in medicine, however as any material, it has
its limitations. Therefore, the need of finding other candidates with improved characteristics is
pursued, and fortunately achieved. The example of such material is P(3HO), that not only is of
bacterial origin, but also characterizes with biodegradability, non-toxicity, and has a great
potential of use in tissue engineering and medicine. Its physicochemical features and
possibilities of modifications suggest that this material could be used for wound healing, thus
it has been studied first as a film for culturing fibroblast cells. Fibroblasts as cells, that take part
in wound healing in vivo, serve as a model culture for cytoskeleton observation regarding
migration and motility. Both, microfilaments and microtubules are quite well studied, and their
behaviour on different materials is broadly described. Intermediate filaments however are a
challenging field for investigation, due to the abundance of their subtypes. Nevertheless, for the
purpose of this work, the selected IF protein was vimentin, as it has been reported to be a crucial
element of initiation and conduct of the wound healing process. The observations allowed

identifying two types of the assembly of vimentin intermediate filaments and opened the
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discussion on the external environment influence on the appearance of specific subtype of
vimentin. The research also showed that more observations are needed to identify the exact role
of intermediate filaments in mechanosensing and mechanotransduction, as well as its interplay

with the core of the cell — the nucleus.

Cell nucleus is the core organelle, a command centre for the cell, responsible for crucial
cellular processes. It manages cellular life, and determines key cellular actions, such as
proliferation, homeostasis, nutrition and migration. For the appropriate functioning of all these
activities, there is one, most important condition, that has to be fulfilled: communication. The
nucleus is tightly connected with other cellular organelles, but the cytoskeleton provides a
connectivity network with the external environment. Mammalian cells migration often requires
movement through tight spaces, 1.e. during wound healing or metastasis, which influences
nuclear size and shape. It has been noticed, that at the very beginning of migration process, the
expression of vimentin starts immediately. Vimentin is an intermediate filament protein, that
spreads out from the juxtanuclear cage to the cell edges and plays an important role in cell

protection.

Nuclei of multiple cells are imperfect, involving numerous malformations or blebs;
grooved nuclei (aka “coffee beans nuclei”™) are associated with multiple cancers, as markers for
recognition of the presence of the tumours. The origin of these grooves is not fully understood,
yet observations of MEF 3T3 cells under different microenvironmental conditions, allowed to
claim, that vimentin intermediate filaments might be associated with shaping the nucleus to the
extent, that has not been considered before. Observation of the same cells and their nuclear

blebs is also suggesting an active involvement of vimentin in the formation of these distortions.

The presented thesis focuses on the interplay of the intermediate filaments, with the
external environment signals, that induce cascades of changes, and processes influencing cell
behaviour. Solving the mechanotransduction “puzzle” might be crucial for discovering the
mechanisms of development of multiple diseases, hence could contribute to their treatment.
Therefore, various studies on the smallest organelles of cells are needed, to enable
understanding the process of cooperation of all organelles within the cell, as well as with the

external environment.

Focusing on one of the key elements of the cell — cytoskeleton, allowed observation of
cell morphology, behaviour, and dependencies between the external environment of the cell,
and cooperation of the internal cytoskeletal elements. Finally, vimentin being one of a key
protein for wound healing process, and a driving force of epithelial — mesenchymal transition,

leaves us with many questions, that remain unresolved, but ready to be answered.
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