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ABSTRAKT

V dnesni dobé zadind vyuziti polymert v biomedicing, zejména v perspektivnim oboru
tkanového inzenyrstvi, pfevladat nad tradi¢nimi materialy, jako je kov, keramika ¢i sklo.
Predlozena diplomova prace pojednava o vlivu povrchovych charakteristik polymert, jako
je chemicka struktura, fyzikalni a mechanické vlastnosti, v€etné (an)izotropie a riznych
zpusobl povrchovych Uprav na bunéénou kompatibilitu. V ramci praktické ¢asti probehly
analyzy zaméfené na polyuretanové nanovlakenné netkané textilie vyrobené electro-
spinningem. Byly hodnoceny u¢inky orientace vlaken a polypyrrolovych, albuminovych
a zelatinovych povrchovych povlakid na chovani mySich fibroblasti a embryonalnich
kmenovych bunck a to vSe za Ucelem rozsifeni baze znalosti, kterd mize pomoci zlepSit

optimalizaci scaffoldli pro dosazeni rastu specifickych tkani.

Klicova slova: polymerni biomaterial, bunéfnd kompatibilita, anizotropie, povrchové

modifikace

ABSTRACT

Nowadays, the utilization of polymers in biomedicine, especially in the promising field of
tissue engineering, starts to predominate over traditional materials such as metal, ceramics,
or glass. The submitted master's thesis discusses the impact of surface characteristics of
polymers, such as chemical structure, physical and mechanical properties, including the
(an)isotropy and various ways of surface modifications, on the cytocompatibility. In the
experimental part, analyzes focused on electrospun polyurethane nanofibrous nonwoven
mats. The effects of fiber alignment and polypyrrole, albumin, and gelatin surface coatings
on the behavior of mouse fibroblasts and mouse embryonic stem cells were assessed for
the purpose of knowledge base expansion that may improve scaffold design optimization

for specific tissue growth achievement.

Keywords: polymeric biomaterial, cytocompatibility, anisotropy, surface modifications
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INTRODUCTION

After polymers showed up in the field of biomedicine, the use of traditional
materials such as metals, ceramics, and glass decreased considerably. Recently polymers
became the most important and largest family of materials used in medical technologies,
including today's very promising field of tissue engineering research. In comparison to the
other biomaterials, polymers gained their popularity mainly due to the ability to easily and
widely modify not only shapes but also the chemical structure, physical and mechanical
properties. However, it has to be kept in mind that all of these mentioned characteristics
and their changes have a certain impact on biological systems and although many studies
were already carried out, this problematics is still not wholly understood. Since the missing
pieces of this puzzle may have a great effect on the biocompatibility, it is essential to
deepen current knowledge about how polymeric surface properties affect cellular behavior

and how they can be modified and functionalized.

In addition to general information about which polymeric biomaterials are utilized
and where and review of how their surface properties affect cytocompatibility and the
ways they can be modified, this master’s thesis also focuses on less studied areas that are
expected to have a substantive impact on the success rate of polymeric biomaterial
application too, such as structural and mechanical anisotropy and cell cultivation in
dynamic in vitro conditions that are important to mimic the natural environment in vivo.
The analysis attention was particularly driven to polyurethane nonwoven mats produced by
electrospinning that were preferably chosen due to its specific properties, such as
biocompatibility, viscoelasticity, and nanofibrous structure, which are supposed to mimic
the natural cell surroundings — extracellular matrix. The effect of nanofiber alignment and
several surface modifications, specifically polypyrrole, albumin, and gelatin coatings, on
the behavior of mouse fibroblasts and mouse embryonic stem cells was observed for the
purpose of knowledge base expansion that may improve scaffold design optimization for

specific tissue growth achievement.
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1 POLYMERS USED AS BIOMATERIALS

Biomaterial refers to any material designed to interact with biological systems within
or on the human body. (Schmalz et al., 2009) Polymers have great potential as biomaterials
due to the ability to easily and broadly modify their chemical structure, physical and
mechanical properties, and also shapes. It allows us to adapt polymers to the specific needs
of individual biological systems and to develop such combinations of properties that
cannot be achieved by using other materials, such as metal or ceramic. In addition to its
tailoring-ability, polymers also have easy manufacturing, easy secondary processability,
and reasonable cost. (Bronzino & Peterson, 2015) In this section, biomedical applications

of the most commonly used polymers will be briefly discussed.

Polyethylene (PE) is the most common thermoplastic in the world and it is classified
by its density, crystallinity, molecular weight, and type of branching in several classes,
each having different applications due to the differences in mechanical properties. For
example, high-density polyethylene (HDPE) is used in pharmaceutical bottles and medical
nonwoven fabrics, in contrast with low-density polyethylene (LDPE), which is used in
medical disposable supply and flexible packaging. (Bronzino & Peterson, 2015) However,
of all PE classes, ultra-high molecular weight polyethylene (UHMWPE) plays a major role
in biomedical applications as it is used in orthopedic implants due to great abrasion
resistance and high load-bearing capacity. As shown in Figure 1, UHMWPE is utilized (a)
in an acetabular cup of a hip joint prosthesis and (b) in a tibial plateau in a knee joint

prosthesis. (Paita & Dahotre, 2008)

Femoral
component

Tibial
component

Figure 1 Application of UHMWPE in (a) hip joint
and (b) knee joint prostheses. (Paita & Dahotre, 2008)
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Polypropylene (PP) is possible to apply in finger joints prostheses due to its high flex
life and stress-cracking resistance. PP also has received significant importance as
disposable hypothermic syringes, blood oxygenator membranes, packaging for medical
devices, nonwoven fabrics (Bronzino & Peterson, 2015), wound dressing, surgical suture,

hernia repair, and blood transfusion bags (Gogoi et al., 2014).

Polystyrene (PS) is mostly utilized in the fabrication of tissue culture flasks for use in
biological laboratories. (Bronzino & Peterson, 2015) Also, PS latex particles can serve as
carriers for the immobilization of proteins in various diagnostic systems and assays.

(Bousalem et al., 2003)

Polyvinylchloride (PVC) is used in different shapes. Sheets and films, made of PVC,
are used for surgical packaging, blood and solution storage bags. PVC tubes can be found
in catheters, cannulae, and connectors, for example serving as an intravenous set (Bronzino
& Peterson, 2015) or can be used for artificial blood vessel production (Paita & Dahotre,

2008).

Polymethylmethacrylate (PMMA) is one of the most used polymers in medical
applications. Due to its excellent optical properties, PMMA is used in conventional hard
contact lenses and used in implantable ocular lenses. Due to good physical and coloring
properties, it is used for the production of dentures and facial prostheses. Other
applications of PMMA are in intravenous systems, blood dialyzers, pumps, and reservoirs,
but its most specific use is in bone cement' earmarked for joint prostheses fixation. PMMA
together with other acrylates, such as polyhydroxyethylmethacrylate (PHEMA), are used
for the manufacture of medical hydrogels that are popularly utilized as soft contact lenses.

(Bronzino & Peterson, 2015)

Polyurethane (PU) occurs in various implants, mostly in the cardiovascular system,
such as pacemakers, artificial heart valves, or intra-aortic balloon pumps, but also in other
devices, for example, artificial tympanic membrane or stent-like extensions for the
esophagus. Recently, PU is attractive in the field of regenerative medicine, where PU
scaffolds have already been used for engineering of nerve tissue, cartilage tissue (Kupka,

2015), skin tissue, and bone tissue. (Mani et al., 2019)

' However, a condition of functionality is the filling with hydroxyapatite particles, since PMMA itself does
not promote bone adhesion. (Chauhan et al., 2019)
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Polytetrafluoroethylene (PTFE), commonly known as Teflon (DuPont), is non-
adhesive, hydrophobic, and it has superior chemical and physical properties than other
fluorocarbon polymers. Hence PTFE has found the utilization as a biomaterial in artificial

heart valves. (Chauhan et al., 2019)

Polyamides may have different properties depending on the number and distribution
of -CONH- (amide) groups in polymer chains. These factors affect interchain hydrogen
bonding, degree of crystallinity, thus fiber-forming ability, and hygroscopicity, thus in vivo
strength. Polyamides are mostly used for sutures, catheters, and packaging films.

(Bronzino & Peterson, 2015)

Liquid crystal polymers (LCPs) are also used as biomaterials, especially as retinal
and neural prosthetic implants (Chauhan et al., 2019). LCPs are suitable for mentioned
applications in reason of the dependency of molecular alignment and physical properties of
LCPs on temperature, electric or magnetic fields, and molecular or surface interactions

(Adamow et al., 2020).

Polyesters have also found widespread use in medicine. Polyethyleneterephthalate
(PET), the most common representative of polyesters, is frequently used in non-
biodegradable sutures, artificial vascular graft and heart valves, or catheter housings.
Moreover, there is an important subgroup: poly-o-hydroxy acids that are mainly
represented by polylactic acid (PLA), polyglycolic acid (PGA), and their copolymer
poly(lactic-co-glycolic) acid (PLGA). In reason of their good biocompatibility and
controllable biodegradability, those acids are used primarily for bioresorbable sutures,

tissue-engineered repair scaffolds, and drug delivery systems. (Bronzino & Peterson, 2015)

Polyethers are highly thermally, chemically, and mechanically resistant polymers
with various applications. Since the 1990s, polyetheretherketone (PEEK) has been
commercially used as spinal implants (Kersten et al., 2015). Polyethersulfone (PES) is
mostly used for the fabrication of separation membranes for micro- and ultra-filtration,
which are employed in the field of medical applications for hemodialysis. (Michaljani¢ova
et al.,, 2016) Polyetherimide (PEI) is not yet widely used as a biomaterial, although it is
a potential candidate for parts of biosensors, neuroprostheses, intraocular lenses, and

oxygenators. (Seifert et al., 2002)

Electrically conductive polymers, specifically polyaniline (PANI), polypyrrole
(PPy), and polyethylenedioxythiophene (PEDOT), are preferably used in scaffolds for
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regeneration of neural lesioned tissue. (Shrestha et al., 2019) Conductive polymers, as well

as conductive hydrogels, are also utilized in biosensors. (Gajendiran et al., 2017)

Rubbers have also found their medical applications. Natural rubber in its genuine
form is compatible with blood. After vulcanization, its biocompatibility depends on the
type of used crosslinking initiator, for example, X-rays and organic peroxides are
preferable than conventional sulfur. (Bronzino & Peterson, 2015) Of synthetic rubbers,
only silicone rubber was developed for medical use, especially for finger joint prosthesis,

tracheal tubes, and gastrointestinal segments. (Paita & Dahotre, 2008)

Natural polymers are frequently used in clinical practice. Silk and cellulose (cotton)
are non-degradable biopolymers that are used as semipermeable membranes for
hemodialysis or drug delivery systems. On the other hand, degradable biomaterials could
be made of collagen (Chauhan et al., 2019), fibrin, alginate, silk, hyaluronic acid and
chitosan (Bose et al, 2018), or natural polyhydroxyalkanoates, such as poly(3-
hydroxybutyrate) (PHB), poly(4-hydroxybutyrate) (P4HB), poly(3-hydroxyvalerate)
(PHV), poly(3-hydroxyhexanoate) (PHHx), poly(3-hydroxyoctanoate) (PHO) and their
copolymers, that are produced by bacterial biosynthesis. They are suitable for
bioresorbable products, for example, sutures, coronary stents, or porous membranes and

scaffolds for soft tissue, cartilage or bone tissue regeneration. (Bonartsev et al., 2019)

Many other polymers that are used in biomedical applications have not been
mentioned before mainly because of their rarity, less use, high price, or unknownness. For
example, polysulfones and also polyacetals are being tested as implant materials;
polycarbonates are used in the heart/lung assist device; polycaprolactone (PCL) has found
its application as a biocompatible and biodegradable coating for conventional polyester
fibers (Bronzino & Peterson, 2015); polyvinylpyrrolidone (PVP) was originally used as
a blood plasma expander, but these days it is rather an ingredient in drug manufacture

(Chauhan et al., 2019); and other polymers.
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2 BIOMATERIAL SURFACE CHARACTERISTICS AFFECTING
THE CYTOCOMPATIBILITY

It should be understood that the interaction of any biomaterial with cells, tissues,
biological fluids, or immune system always begins on the surface of the material. Often,

this interaction is not ideal and there are many properties of biomaterial that affect it:

o ability to adsorb adhesive proteins to the surface, which is an essential property
to ensure cytocompatibility and is controlled primarily by chemical structure and

physical properties of the surface (Wilson et al., 2005),

o electrical conductivity and magnetic properties that help cells communicate with

each other (Gajendiran et al., 2017),

o topography and morphology that are also capable of eliciting specific cellular

responses (Unadkat et al., 2011),

o mechanical properties of the surface that enhance the mimicking the natural

environment of cells - extracellular matrix, (Ma, 2008).

2.1 Ability to adsorb adhesive proteins to the surface

The most crucial property of biomaterials is an ability to adsorb adhesive proteins to
the surface. The explanation is traceable in the natural environment of the cells, as showen
in Figure 2. In a living multicellular organism, cells are anchored in the natural
extracellular matrix (ECM), which is composed of a network of fibril proteins and
proteoglycans. The binding between cells and macromolecules of the ECM is ensured by
receptors in the cell membrane called integrins and adhesive proteins, mainly fibronectin
and vitronectin, located in the ECM. (Wilson et al., 2005) These adhesive proteins contain
a tripeptide consisting of amino acids Arginine, Glycine, and Aspartate (Arg-Gly-Asp,
RGD) that can be recognized by the integrin in the cell membrane. Following binding of
integrin to RGD sequence initiates signal transduction cascades in the cell, which

positively influences its attachment and proliferation. (Ke et al., 2017)



TBU in Zlin, Faculty of Technology 16

Proteoglycan Proteoglycan
molecule complex Collagen fiber

Fibronectin Integrin Microfilaments Plasma
of cytoskeleton membrane

21399 Addigon Wesley Longman. Inc.

Figure 2 A schematic illustration of a cell anchored

in its natural environment. (Imbeau, online)

The binding between cells and cultivation surfaces in vitro works similarly. It is
typically mediated by the binding of integrins to adhesive proteins, especially fibronectin
and vitronectin, which are contained in a cell culture medium. It means that the cell
adhesion in vitro depends primarily on the ability of the material to adsorb these adhesive
proteins (in the active state) from serum to the surface’. (Wilson et al., 2005) Lack of
adherence of anchorage-dependent cells to the substrate surface results in apoptosis termed
anoikis. (Nikkhah et al., 2012) Various components such as growth factors and other signal
molecules that contribute to cell proliferation or differentiation may also bind to the
surface of the material or the already adsorbed proteins. (Wilson et al., 2005) Exactly these
interactions of proteins and other molecules with the surface are the first events that occur
once a biomedical device is placed in the biological environment and they have
a significant impact on further biological responses, such as the aforementioned adsorption
of proteins to the biomaterial surface, as well as cell attachment, biofilm formation, and
biomineralization, or triggering of biological cascades, for example, blood coagulation.
Thus, biomedical surface sciences are the basis of both in vitro and in vivo tissue

engineering. (Vogler, 1998; Castner, 2017)

* Cell adhesion may occur even in the absence of serum proteins, in which case these are non-physiological
interfaces. Nevertheless, these interactions are not desirable as they exhibit reduced cellular activity and may
contribute to cell death. (Wilson et al., 2005)
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The ability of biomaterials to adsorb the adhesive proteins and other components to
the surface is driven by the affinity of those molecules for the surface of the observed

biomaterial, and it may be affected by:

o chemical structure of the surface of the biomaterial and its polarity (Curtis et al.,

1983; Maitz et al., 2019),

o physical properties, such as surface energy, wettability and the nature of the

surface charge (Schmalz et al., 2009; Vogler, 1998),

o environmental conditions, such as pH, temperature, types of adhesive proteins,
their size, charge, affinity to the surface, concentrations, and rate of diffusion,

presence of detergents/surfactants or flow rate (Puleo & Bizios, 2009),

o time because there are often time-dependent changes in conformation and spatial
orientation of the surface-bound proteins as well as in the distribution of the

proteins and composition of the protein films. (Castner, 2017).

2.1.1 Chemical structure of the surface

As mentioned above, it is essential to understand how proteins interact with surfaces
and there are many bonding mechanisms, including both covalent and non-covalent
binding formations, which are controlled by the chemical structure of the proteins and the
surfaces of materials simultaneously. (Castner, 2017) In the field of tissue engineering,
glass was used for many years as a culture surface in vitro until 1965 when polymers
proved to be good enough to replace the glass. Polystyrene (PS), which is currently used
most, is non-polar in its natural state, so for cultivation purposes, it is necessary to modify
its surface. (Curtis et al., 1983) Surface modifications can be made in a variety of ways,
which is discussed in chapter no. 4 ‘Surface modifications of polymeric biomaterials’. In
this case, the necessity of surface treatment is that the oxidized surface of the biomaterials
adsorbs more adhesive proteins from the serum and better preserves their bioactivity,
which is reflected by the higher number of adhered cells. (Curtis et al., 1983; Wilson et al.,
2005) This positive effect on the cytocompatibility is attributed mostly to formed hydroxyl
and carboxyl groups’. (Curtis et al., 1983) Limits appear when there are too many hydroxyl

or other polar groups on the surface together bounding water molecules by hydrogen bond

> In the case of viable neuronal stem cells, surfaces functionalized with amino groups provide under
physiological conditions higher efficiency than surfaces functionalized with hydroxyl and carboxyl groups.
(Ke et al., 2017)
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and hence creating a strongly bound hydration layer that suppresses protein interaction
with the surface. However, this effect may be useful when enhancing the hemo-
compatibility of biomaterials is desired. It may be achieved by using selected polymers,
such as polyhydroxyethylmethacrylate (PHEMA) or polyethyleneglycol (PEG). (Maitz
et al., 2019)

2.1.2 Physical properties of the surface

Adhesion of proteins is influenced not only by the chemical properties of the material
but also by its physical properties, such as surface energy and wettability. (Schmalz et al.,
2009) The measured values of surface energy or surface tension correlate with the values
of the so-called contact angle, which is the angle of contact of a water drop with a solid
surface that characterizes the wettability of the observed biomaterial. If the contact angle is
greater than 65°, the surface is hydrophobic; if the contact angle is less than 65°, the
surface is hydrophilic. (Vogler, 1998)

The adsorption of proteins (and various surfactants) from water to the mildly
hydrophobic surface is driven by the reduction of surface energy while replacing water
molecules on the surface with the adhesive proteins, this is so-called surface dehydration.
(Vogler, 1998) However, when the observed surface shows high hydrophobicity, which is
determined by its chemical composition, or superhydrophobicity, which also depends on
specific nanostructured geometry of the surface, suppression of protein interactions with
the surface appears. The reason is an energy barrier that prevents liquid from entering the
cavities of the nanostructure, resulting in water droplets rolling off from the surface.
However, the repelling capacity of these surfaces dwindles in physiological conditions

since the high protein concentration in blood decreases the surface tension. (Maitz et al,,

2019)

On the other hand, the hydrophilic surface does not promote adsorption by surface
dehydration since the water molecules are bound to the surface strong enough to make the
process energetically unfavorable. (Vogler, 1998) However, the adsorption can be assumed
to occur in an alternative manner, for example, charges on mildly hydrophilic surfaces are
capable of binding adhesive proteins due to electrostatic interactions. The positivity or
negativity of the charge may then affect the selectivity and orientation of the bounded
proteins. (Wilson et al., 2005) Still, it should be remembered that highly increasing

hydrophilicity decreases protein interaction with the surface. (Maitz et al, 2019)
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Nevertheless, this could be useful in applications where biomaterials are in contact with
blood, such as prosthetic valves, artificial vascular grafts, heart and heart-lung machines, or
hemodialysis membranes and tubes, because it prevents the formation of blood clots.

(Bronzino & Peterson, 2015)

2.1.3 Vroman effect

Once a biomedical device is placed in a biological environment, a protein film is
formed on its surface within a few seconds. A question is the composition of the protein
film. Molecules in a protein mixture solution (blood or a culture medium) diffuse to the
surface of biomaterial at different rates. Proteins of a smaller molecular weight and more
highly concentrated in a solution adsorb first to the surface but after some time, these
proteins may be displaced by proteins, typically of a larger molecular weight and/or lower

concentration in the solution, due to the higher affinity for the surface. (Horbett, 2018)

This competitive displacement of earlier adsorbed proteins by other proteins with
stronger binding affinities was first observed with dilute blood plasma protein mixtures
(Vroman & Adams, 1969) and nowadays it is a general phenomenon known as the Vroman
effect. Three possible protein exchange processes (illustrated in Figure 3) have been
identified and are well-accepted in the literature as interpretations of this phenomenon. The
simplest explanation of the protein exchange process is a desorption/adsorption model
shown in Figure 3A, in which a surface adsorbed protein (blue) naturally desorbs back into
the solution and leaves a vacancy on the surface for a different protein (red) to adsorb.
However, this desorption/adsorption model was only found to be consistent at long time
scales. The protein displacement observed at shorter time scale may be due to a so-called
competitive exchange, shown in Figure 3B, in which a surface adsorbed protein (blue) is
displaced by the spreading of a different protein (red) on the surface due to its large and
flexible structure, which enables them to adhere with greater attachment strength through
broader surface contacts. Both of these models predict that the concentration of the first
blue protein on the surface continually decreases and the second red protein continually
increases. If not, this could be described by the third protein exchange process which is
illustrated in Figure 3C in three steps: (1) an initial layer of protein (blue) adsorbs and then
a different protein (blue) embeds itself into the initial layer forming a joint structure, which
was termed as a “transient complex” (2) the transient complex turns itself and exposes the
earlier adsorbed protein layer (blue); (3) proteins from the earlier adsorbed layer (blue)

desorb into the solution resulting in a final adsorbed protein composition that is enriched in
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proteins from the second layer (red). The atomic force microscopy (AFM) images (see

Figure 4) support the above interpretation for the “transient complex” facilitated protein

exchange. (Hirsh et al., 2013)
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Figure 3 Schematic illustrations of three possible protein exchange

processes as an interpretation of the Vroman effect. (Hirsh et al., 2013)

Figure 4 AFM images with the schematic illustration of the protein

exchange process via transient complex. (Hirsh et al., 2013)

2.2 Electrical conductivity

The effects of externally applied electrical stimuli on tissues were demonstrated in the

1960s when low intense direct electrical stimuli were found to induce osteogenic

differentiation and bone formation in adult dogs. (Bassett et al., 1964) Then the revolution

in the biomedical fields began with the use of conductive biomaterials precisely because of

their electrically conductive and magnetic properties, which affect cell activities, improve

cell growth and help cells communicate with each other. (Gajendiran et al., 2017)

Electrical conductivity is a property that is particularly important for biomaterials intended

to be used in tissue engineering of cardiac or neural tissue. Therefore, it is preferable to

investigate the interaction of conductive biomaterials with cardiomyocytes and neurocytes
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or the effect of conductive substrates on cardiomyogenesis and neurogenesis from stem
cells. (Humpoli¢ek et al, 2015) In clinical practice, scaffolds integrated with these
conductive polymers provide strong evidence of axonal regeneration after transplantation

into the harmed tissue. (Shrestha et al., 2019)

The potential of polymers in the field of conductive materials has been proven by the
Nobel Prize awarded in 2000 to three scientists, Heeger, MacDiarmid & Shirakawa, for the
invention of polyacetylene-based polymer conductors. Other supervenient organic
conductive polymers are polyaniline (PANI), polyethylenedioxythiophene (PEDOT), or
polypyrrole (PPy). The conductive properties of organic polymers come from the presence
of conjugated m-bonds, which are along the entire polymer chain, allowing electrons to
delocalize relatively easily. (Gajendiran et al., 2017) The conductivity can also be greatly
enhanced by so-called doping, incorporating dopants (anions or cations) into the neutral
polymer during synthesis. This process produces charged polarons or bipolarons that serve
as charge carriers which enable ‘electron hopping’ along and between the polymer chains.
(Ravichandran et al., 2010) In addition to the ability of organic conductive polymers to
respond to externally applied electrical stimuli and thereby control cell differentiation, their
importance in tissue engineering is also due to their soft nature, which is capable of
mimicking ECM and creating a more appropriate cellular environment than conventional

electrically conductive inorganic materials, such as metals. (Gajendiran et al., 2017)

Among the conductive polymers, especially the PPy is promising for commercial
applications due to its relatively high conductivity, facile synthesis, and flexibility of
surface characteristics. (Padmapriya et al., 2019; Wang et al., 2004) However, in bio-
medical applications, also the biocompatibility is a crucial material property that should be
investigated. For example, researches have addressed cytocompatibility when an electric
current is applied to the PPy, although evidence of cytotoxicity could be seen after long-
term exposure to the current. (Ravichandran et al., 2010) The study of Wang et al., 2004,
demonstrated that the PPy extraction solution in vivo has no evidence of acute and
subacute toxicity, hemolysis, allergen, or mutagenesis. The PPy surface improves Schwann
cell migration and neurite extension in vitro in comparison to bare glass. (Wang et al.,
2004) On the other hand, other studies showed low cytotoxicity of PPy when in contact
with various biological tissues. (Hsu et al., 2008) According to Ravichandran et al., 2010,
the major limitation in the cytocompatibility of PPy (and conductive polymers in general)

is its hydrophobicity that decreases successful entrapping of proteins to the surface.
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(Ravichandran et al.,, 2010) However, specific properties of PPy, such as topography,
electrical conductivity, surface chemistry, and physical properties, and hence its
cytocompatibility, are influenced by a host of other variables: the polymerization
technique, which could be chemical or electrochemical, and various synthesis parameters,
for example, used solvent, dopant, and substrate as well as pH, temperature (Fonner et al.,
2008), and polymerization initiators — (NHy),S,0g (ammonium persulfate, APS), FeCls,
H,0,, K,Cr,07, and CeSOy, that are the most commonly used oxidants. (Padmapriya et al.,
2019)

An interesting area where conductive biomaterials, including conductive polymers, are
applied is biosensors that are devices that transform biochemical information into
an analytically useful signal. Sensors usually contain two basic components connected in
series: a chemical molecular recognition system (receptor) and a physico-chemical
converter (detector, sensor, or electrode). The main purpose of the receptor is to provide
a high degree of selectivity for the component to be analyzed. Biosensors may be more or
less selective for various analytes, which may be ions, gases, antibodies or antigens,
proteins, and other different substrates. Transducers can be of various types, such as
electrochemical, optical, piezoelectric, or thermal. The most commonly used converter is
the electrochemical one, which provides bi-directional signal transmission - chemical to
electrical and vice versa. (Thévenot et al., 2001) Electro-chemical converters must be
conductive (or semiconductive) biomaterials. For example, some conductive polymers may
act as excellent materials for the immobilization of biomolecules. Conductive hydrogels,
that have unique properties such as swelling, high porosity, permeability, and hydro-

philicity, are suitable for converters as well. (Gajendiran et al., 2017)

2.3 Topography and morphology

Topography is a term that describes surfaces from a quantitative perspective, for
example, an amount and size of surface irregularities, whereas morphology describes
surfaces from a qualitative point of view, such as surface appearance. (Maszybrocka et al.,

2017)

Topography and morphology are other important properties of biomaterials that affect
cells-surface interactions. Cytocompatibility is dependent on the topography primarily at
the micro-scale but also at the nano-scale. For the best results, topography should be

modified at both scales depending on the type of cultured cells. (Slepicka et al., 2012)
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Topographical treatments of materials are an economically effective way of improving the
biological activity of any biomaterial surface, which is a great advantage. On the other
hand, interactions between cells and surfaces are complex and still incompletely

understood. (Unadkat et al., 2011)

The effect of topography on osteoblasts was studied by Woo, Chen & Ma (2003).
Specifically, nanofibrous and smooth scaffolds made of polylactic acid (PLA) were
compared. Nanofibrous scaffolds showed better bioactivity, because of a greater amount of
adhered osteoblasts. This success has been attributed to an enlarged surface area, due to
which a greater amount of fibronectin and vitronectin has been adsorbed, improving the

adhesion of osteoblasts. (Woo et al., 2003)

Smooth polystyrene (PS) foils together with PS foils illuminated by a polarized UV
laser beam, which induced formation of self-organized ripple structure on the surface of
the PS foils with various periodicity, depth, and direction, were used to an investigation of
the behavior of human embryonic kidney cells, Chinese hamster ovary cells, and skeletal
myoblasts. In comparison to the cell activity on the pristine smooth PS, the adhesion and
proliferation of observed cells were enhanced on surface-structured PS foils. Furthermore,
it has been found that the cell alignment strongly depends on the ripple direction and the

critical value of its periodicity that varies with cell type. (Rebollar et al., 2008)

In addition to cell adhesion, proliferation, and alignment, topography has also a major
effect on other cell processes, including differentiation of stem cells. The principle is that
a surface structure affects the availability of suitable binding sites for adhesive proteins,
thereby affecting their surface distribution. As a result, biomaterials with topographic
modifications acquire capabilities that were originally reserved for growth factors only.
(Wilson et al., 2005) The study that used mathematical algorithms to design impartial,
random topography features contributed considerably to the need for a broad mapping of
this issue. A total of 2,176 PLA chips were produced, each having a different topography.
Human mesenchymal stem cells (MSCs) were subsequently grown on these chips. As
shown in Figure 5, the cells were induced by these surface structures to proliferate,
differentiate, and develop different morphological structures. Based on the results of this
study, correlations between topographic parameters and cellular responses were stated.

(Unadkat et al., 2011)
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Figure 5 Morphology of human MSCs on different PLA chips. (A-D): Elongated cells
aligned according to topographic features (fluorescence microscope, green - actin, red -
nucleus, scale: 90 um). (E—H): Cells with different morphologies (SEM scanning electron
microscope, scale: 90 um.) (I-J): Morphology of rounded cells on two different chips,
which differ in cell membrane structure. (SEM, scale: 10 um.) (Unadkat et al., 2011)

2.4 Mechanical properties of the surface

In addition to the chemical structure and physical properties, the mechanical cues also
have a great influence on cell migration, proliferation, morphogenesis, and stem cell
differentiation. These mechanical signals present themselves in the form of shear stress,
hydrostatic pressure, environment (ECM or/and biomaterial) topography and stiffness, and
also intercellular tugging. The effect of mechanical forces on cellular activities was first
introduced in 1892 by Julius Wolff in describing the changes in bone structures in response
to load-bearing. In the 20th century, mechanical factors were ignored until recent days,
when their roles in embryogenesis, development, and many adult life pathological
conditions, such as atherosclerosis, osteoporosis, myopathies, and cancer, have been
studied. There are numerous of technologies currently being used for studying mechano-
biology, including micropipette aspiration, optical or magnetic tweezers, and traction force
microscopy. (Nikkhah et al., 2012) In tissue engineering, the purpose of scaffolds is to

mimic the appropriate properties, including the mechanical properties, of natural ECM as
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far as possible. (Ma, 2008) Polymers have a great advantage in this field compared to
metal and ceramic, since their mechanical properties, such as strength, elasticity, or
durability, can be controlled very significantly and relatively simply. (Bronzino &

Peterson, 2015)

One of the breakthroughs in studying cell mechanics has been with the use of flexible
microscale post or pillar arrays. For example, effects of surface rigidity on the
cytocompatibility were researched in a study of Fu et al. (2010) which was based on
micromolded elastomeric micropost arrays made of polydimethylsiloxane (PDMS). Each
post behaves like a cantilever or a spring characterized by the nominal spring constant
(Figure 6C). The microposts have the same top surface geometry but three different
heights, determining the degree of the micropost deflection in response to the horizontal
traction force (Figure 6A, 6B) which is exerted by cells adhered to these arrays. (Fu et al.,
2010) The length of displacement can be used to quantify the traction force, as described
by

F=k x=(3nED)- Ax 1)

where F is the traction force, k is the spring constant, Ax is the micropost displacement
length, E is Young's modulus, and r and L are the radius and height of each pillar.
(Nikkhah et al., 2012)

Human MSCs were deployed on these elastomeric micropost arrays together with
a differentiation medium promoting osteogenesis and adipogenesis. Cells cultivated on
short rigid micropost arrays had high focal adhesion (Figure 6D) with highly organized
actin fibers and osteogenic differentiation was favored. In contrast, cells on soft micropost
arrays exhibited rounded morphology (Figure 6F) with disorganized actin fibers and low

focal adhesion, adipogenic differentiation was favored. (Fu et al., 2010)
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Figure 6 (a): PDMS micromolded elastomeric micropost arrays with three different heights

in response to the horizontal traction force. (b): Dependence of the micropost deflection on

the horizontal traction force. (c): Dependence of the nominal spring constant on the

micropost height. (d—f): Human MSCs cultivated on the microposts of different heights

and rigidity. SEM, scale: 100 um (top), 50 um (bottom left), 30 pm (bottom center) and

10 pm (bottom right). (Fu et al., 2010)

In addition to all the aforementioned chemical, physical, and mechanical properties of

biomaterial surfaces, it has been found that isotropy and even more anisotropy of these

properties have a considerable impact on cellular activities. The following chapter will be

focused on this topic.
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3 BIOMATERIAL ISOTROPY VERSUS ANISOTROPY

As discussed in the previous chapter, biomaterials such as scaffolds act as an artificial
ECM due to mimicking its chemical composition and physical architecture with certain
mechanical and conductive properties to ensure the surface cytocompatibility by
facilitating cell adhesion, migration, proliferation, and differentiation. In the subsequent
theoretical part, it is addressed the role of isotropic versus the anisotropic nature of the

biomaterial systems in affecting cell behavior in the field of tissue engineering.

Isotropic material is one that exhibits the same properties or structures when viewed
from any direction, for example, the shape of a sphere is isotropic because it has a single

characteristic diameter the same in all directions.

Anisotropic material is one which exhibits dissimilar properties or structures when
viewed from different directions, for example, the shape of a rod is anisotropic because its

characteristic dimensions vary along its length and across its diameter.

Clearly the definition of both isotropy and anisotropy requires a specification of scale
because various properties and structures may be observed at different scales, for example,
the direction of fibers at a macroscopic scale, the shape of pores at a microscopic scale or
the molecular level interactions at a mesoscopic scale. In case of polymers, the molecular
anisotropy is very present due to the anisotropic angular distribution of the chemical bonds
in a polymer chain, or the polymer chains alignment with the fiber axis in fibrous
scaffolds, or the polymer chain incorporation into folded lamellar crystals which is a
feature of semi-crystalline polymers such as polycaprolactone (PCL) or polyethyleneglycol
(PEG). The internal structure of polymer biomaterials may be affected by diverse additives

and processing characteristics. (Mitchell & Tojeira, 2013)

Many of the natural tissues are anisotropic and viscoelastic due to different
mechanical loading environments. Bone is a prominent example that possesses anisotropy
both in morphology and mechanical properties and that is due to the complex porous
structure that differs across the bone and mechanical properties that are higher axially than
transversely, for example, trabecular bone has longitudinal modulus (129.07 + 49.48) MPa,
while transverse modulus is only (38.23 + 20.18) MPa. The viscoelasticity is one of the
specific properties of natural bones and is strictly connected to its porous structure. In
addition, the bone has unique properties of remodeling to adapt its microstructure to

external mechanical stress. Therefore, tissue differentiation and bone regeneration might be
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influenced by the porosity and pores distribution, Young's modulus and dissolution rate of
the biomaterial, and load condition of the scaffold which are properties that may be

anisotropic and vary in different directions. (Hoque, 2017)

3.1 Effect on cell behavior

Most types of cells are capable of sensing the orientation, texture, and physical
properties of biomaterials, most importantly scaffolds. (Mitchell & Tojeira, 2013) The
interaction and response of cells with their physical environment is mediated by
a phenomenon called contact guidance which is known to affect cellular behaviors such as
adhesion, morphology, migration, and differentiation. These changes in cell function are
achieved with a process known as mechanotransduction which integrates and converts
various physical cues in a cell's surrounding environment into biochemical, intracellular
signaling responses. (Nikkhah et al., 2012) Among a number of cellular structures that are
involved in the probing and sensing of the microenvironment®, the integrins are the most
important in the field of tissue engineering since they mediate contacts between cells and
adhesive proteins located in the ECM, optionally on the surface of scaffolds (Ke et al.,
2017; Wilson et al., 2005). This kind of mechanotransduction initiates with transmembrane
integrins binding via adhesive proteins to the substrate outside the cell which then
transmits force across the cytoplasmic membrane to the focal adhesion complex (FAC) that
links to intracellular components, as shown in Figure 7. Following FAC formation can
potentially signal via several downstream pathways and amplifications that lead to
morphological and behavioral changes since it can activate several signaling molecules,
including G-proteins, phosphatases, kinases, and other regulators that may be involved in
modulation of transcription factors and gene expression. The most significant are actin
dynamics regulators, such as the RhoGTPase that play a pivotal role in cell shape, polarity,
and migration. Integrins also transmit environmental physical forces directly through its
physical connection with the cytoskeletal actin filaments that further mediate force
transduction from the cell membrane to the nucleus, leading to the reorganization of
nuclear architecture. (Arvind & Huang, 2017) By understanding how cells interact with
their physical environment, it may be possible to control cellular behavior by producing

substrates with unique physical properties. However, despite its significance, this

4 Integrins in cell-ECM contact, cadherins in cell-cell adhesion, stretch-sensitive ion channels, Tyr kinase
receptors, and G protein-coupled receptors are the cellular structures involved in the probing and sensing of
the cell environment. (Nikkhah et al., 2012)
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phenomenon is still not completely analyzed and the underlying mechanisms of how
physical stimuli contribute to the regulation of cellular behaviors have yet to be fully

understood. (Nikkhah et al., 2012)
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Figure 7 A schematic illustration of cell-ECM mechanotransduction where cells respond
via integrin signaling to high and low stresses based on underlying substrate stiffness.

(Arvind & Huang, 2017)

3.1.1 Under static cultivation conditions

Cultivation of cells under the static conditions is a commonly used method to obtain
a basic knowledge of cellular behavior in vitro. (Nokhbatolfoghahaei et al., 2020) In the
case of static cultivation of cells on the surface of anisotropic scaffolds, topographic
anisotropy of the constructs represents the most important factor affecting cell motility,
alignment, and functions. (Mitchell & Tojeira, 2013) The effect of biomaterial topography
on the cytocompatibility has been already discussed in the subchapter 2.3 ‘“Topography and
morphology’. This part of the theory is focused on the impact of topographical anisotropy

in comparison to its isotropy.

The main principle of how cells react to the structural anisotropy initiates with cells
spreading and sensing the topographical features of the underlying substrate. Its specific
anisotropic organization, arrangement, availability, and distribution of binding sites for
integrins ultimately through a series of intracellular signaling cascades involving FAC and
cytoskeletal actin filaments alter the cytoskeletal organization and force balance which in
turn changes cell function and morphology. Hence, the topography, as well as the ECM,
conveys biophysical signals over a broad range of length scales, for example, at the micron

level, it influences cellular and supracellular characteristics, such as cell morphology,
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migration, or tissue organization, whereas, at the nanometer length scale, it affects sub-
cellular behaviors, such as the organization of the cell adhesion molecule receptors.
(Nikkhah et al., 2012) Grooved surfaces, aligned fibers, micro-channels, and cell-inspired
topographies are the commonly used anisotropic features of scaffold surfaces. When
comparing isotropic and anisotropic scaffold geometries, cell attachment and consequent
proliferation often are more prominent using the anisotropic scaffold. One of the reasons
may be an enlarged specific surface area, due to which a greater amount of adhesive
proteins can adsorb, improving the adhesion of cells. However, this does not have to be
necessarily true depending on the specific surface area of the compared isotropic surface.
(Mitchell & Tojeira, 2013) Another and much more important reason is the mimicking of
the ECM and the cell natural environment since many of the natural tissues are anisotropic.
(Hoque, 2017) For example, many studies have aimed to simulate the in vivo anisotropic
structure of the myocardium through a series of topographical features because contractile
properties of cardiac tissues are directly related to cellular orientation and elongation.
(Nikkhah et al., 2012) In the study of Bursac et al. (2002), cardiomyocytes cultured on
microabraded channels on a PVC substrate took their native in vivo phenotype - aligned
actin fibers, parallel sarcomeric arrangements’, and nuclear elongation. Furthermore, the
tissue exhibited faster propagation of action potential along the long axis of abrasions and
a directionally-dependent contractile behavior. (Bursac et al., 2002) However, not only
cardiomyocytes but the majority of cell types cultured on grooved features elongates,
orientates, and aligns along the major axis of grooves, especially with decreasing groove

width and increasing groove depth. (Nikkhah et al., 2012)

In addition to the morphologic changes, many cell types have also shown changes in
migration speeds and directions; cells have a higher average migration speed on
microgrooved substrates in comparison to flat surfaces and migrate along with the higher
anisotropy toward the denser regions of the topographical features. The physical structure
and geometry of the cell surroundings restrict sites of adhesion and directs migration
through the contact guidance. Cell motility is essential in natural processes, such as
morphogenesis, embryonic development, cancer metastasis, or wound healing, as well as
in regenerative medicine including tissue engineering. (Nikkhah et al., 2012) Furthermore,
it was found that anisotropic scaffolds, compared to the isotropic scaffolds, support

a higher metabolic activity of the tendon cells, which is an import assessment parameter

> A sarcomere is the basic unit of a muscle composed mainly of actin and myosin that cooperate to generate
contraction and relaxation of the muscle. (Cho et al., 2020)
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that informs about the health of the neo-formed tissue. The transport of nutrients and drugs
to cells adhered inside the scaffold structures depends on many factors such as the
diffusing molecule itself (size, charge, spatial configuration), the volume fraction of these
molecules in the environment, but also on the design the scaffold since the directional
components of the diffusion coefficient strongly depend on the porosity and structural
anisotropy, for example in the case of fibrous mats — the volume fraction of fibers and the

degree of fiber alignment. (Mitchell & Tojeira, 2013)

When discussing fibrous scaffolds, it should be known that the engineering of
scaffolds with control over fiber orientation is essential and a prerequisite for controlling
cell growth and related functions. (Murugan & Ramakrishna, 2007) In response to
nanotopography of aligned fibers, morphological changes, cytoskeletal rearrangements,
and nuclear elongation have been reported in many cell types including axon extrusion
enhancing from neuronal stem cells. Yin et al. (2010) fabricated an electrospun poly(L-
lactic acid) (PLLA) fibrous scaffolds with random and aligned fibers that then seeded with
human tendon stem/progenitor cells (hTSPCs) with a multipotent differentiation capacity.
However, it remains a great challenge to ensure their differentiation into tendon-forming
cells and avoid ossification in vivo, which hinders their application. It is known that
hTSPCs reside within a niche where the ECM comprises primarily parallel collagen fibers;
therefore, the uniaxial oriented electrospun nanofibers should mimic this natural
environment and help to regulate hTSPC function and differentiation. The fluorescence
microscopy and SEM micrographs, which may be seen in Figure 8, showed that hTSPCs
were well attached to both scaffolds but with significantly different morphology:
a stellate-patterned phenotype on the randomly-oriented nanofibers (Figure 8B, F) but the
classic fibroblastic phenotype on the aligned nanofibers (Figure 8A, E) expressing
a spindle-shaped morphology gradually more elongated parallel to the nanofibers direction.
Further, the nanofibers influence the cell-matrix interactions, their amount, and distribution
which play an important role in regulating cell functions such as migration, proliferation,
and differentiation. The expression of all integrin subunits was upregulated after culture on
the aligned scaffold and the filament-like extensions, which were suspected to be focal
adhesions, from the cell body attached to the nanofibers appeared especially at the
extremities of the elongated cells on aligned scaffolds (Figure 8C) whereas a lower degree
of integrin subunits expressed on the randomly-oriented scaffolds and the filament-like

structures were seen on any parts of the cells (Figure 8D). It was also confirmed the effect
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of matrix anisotropy on the cell nuclei that became more elongated and uniformly oriented
in the direction of the nanofibers (Figure 8E) in comparison to the nuclei of the cells
cultured on the randomly-oriented scaffolds (Figure 8F). To examine hTSPC attachment
and proliferation, cell density was measured at days 1, 3, 7, 11, and 14 and there was no
statistical difference between the scaffolds with random and aligned fibers (Figure 8G).
Results of differentiation tests suggest that the use of aligned nanofibers not only promotes
hTSPC differentiation to the teno-lineage but also significantly hinders the osteo-lineage
differentiation of hTSPCs when cultured under osteogenic conditions which reflect the fact
that an aligned nanotopography exerts an instructive function as effectively as chemical

cues. (Yin et al., 2010)
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Figure 8 Morphological changes of hTSPCs growing on the scaffolds with (A, C, E)
aligned fibers or (B, D, F) randomly-oriented fibers. (A, B): SEM images of hTSPCs.
(C, D): High magnifications of boxed areas in A, B. (Arrow in C): filament-like structures.
(E, F): Confocal micrographs of CFDA-stained hTSPCs. (G): Cell proliferation on the
scaffolds with aligned fibers or randomly-oriented fibers. Scale bars: 30 pm (A, B), 5 um
(C, D), and 50 um (E, F). (Yin et al., 2010)
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3.1.2 Under dynamic cultivation conditions

Nowadays, tissue engineering researchers rely on the vision of producing scaffolds
with appropriate mechanical properties similar to the host tissue in vivo, mostly meaning
viscoelastic and anisotropic, which are capable to tune tissue regeneration at a cellular
level. Relating to electrospun scaffolds, Yin et al. (2010) fabricated nonwoven mats with
aligned fibers biomimicking tendon anisotropic properties. As measurement results show
in Figure 9, the load—strain curve of the PLLA scaffold with aligned fibers was similar to
the native rabbit tendon, which is composed of aligned collagen fibers. Both curves
comprised (I) a toe region, (II) a linear region, and (III) a microfailure region — instability
in the curve just before failure (Figure 9G). For comparison, the load-strain curve of the
electrospun scaffold with randomly-oriented fibers did not have such typical regions

(Figure 9F). (Yin et al., 2010)
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Figure 9 The load-strain curves of (F) the electrospun PLLA scaffolds with
aligned and randomly-oriented fibers, (G) aligned scaffold (upper) and rabbit
native tendon (lower), which are composed of toe (I), linear (II), and failure (III)

regions. (Yin et al., 2010)

Although many studies have already focused on the impact of the scaffold mechanical
properties anisotropy on different cell lines, the majority of in vitro investigations are
conducted under static cultural settings, the main drawbacks of which are: neglecting the
pivotal role of mechanical stimulations together with a restricted diffusive transport of
nutrients to the scaffold core. In comparison to the static cultivation conditions, dynamic-
based bioreactors are designed to mimic the mechanical stimuli of the natural in vivo tissue
environment that are directly sensed by mechanosensitive compartments of cells and

tissues and may act as an active force for directing cellular function including stem cell
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differentiation. Of the designed bioreactor systems, the most straightforward and
commonly used bioreactors are shear-loading devices, such as spinner flasks, rotating wall
vessels, and perfusion bioreactors. These are based on applying hydrodynamic shear stress
to cells by streaming of culture medium fluid within the bioreactor chamber and the
scaffold secured therein. However, it has been evidenced that bioreactors utilizing
a combination of forces, for example, perfusion plus rotation, significantly enhance cell
growth and differentiation, at least the osteogenic one. Hence the tissue engineering using
combined practical approaches is an attractive strategy. (Nokhbatolfoghahaei et al., 2020)
In addition to the mentioned shear stress and rotation, there may be other external forces
that act on the cell cytoskeleton, such as tensile and compression forces, as well as cell-
induced contractile forces. All these forces are transmitted to cells through the adhesion
sites, actomyosin pathways, and cell stress fibers, and play a central role in determining
tissue morphology and properties. This was observed, for example, in Rosenfeld et al.
(2016) study where external mechanical stretching regimens applied on a co-culture of
fibroblasts and endothelial cells seeded within fibrin gel fabricated uniaxially between two
polydimethylsiloxane (PDMS) microposts to support vascular network creation were
studied. The resulting orientation of vessel-like structures varied depending on the form of
applied forces, as shown in Figure 10: cyclic stretching resulted in diagonal vessels, static
stretching in vertical vessels, and free-floating scaffolds in randomly orientated vessels.
Furthermore, a positive correlation between the intensity of force and vessel elongation

was noted. (Rosenfeld et al., 2016)
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Diagonal vessels

Cyclic stretch

Random vessels

Figure 10 The orientation of vessel-like structures

varying depending on the form of forces applied:

Vertical vessels

cyclic stretching resulted in diagonal vessels,
free-floating scaffolds in randomly orientated
vessels, and static stretching in vertical vessels.

Scale bars: 250 pm. (Rosenfeld et al., 2016)
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One of the few studies that assessed the impact of anisotropic properties of scaffolds
on cells under dynamic conditions was accomplished by Lee et al. (2005) who inoculated
cell line of human ligament fibroblasts (hLFs) on electrospun PU sheets with various
anisotropy and after 48-h static cultivation, 5% uniaxial strain was applied for 24 h at
a frequency of 12 cycles/min. Photographs of the cells on the nanofibrous scaffolds before
and after applying the strain may be seen in Figure 11. Before the stretching, the hLFs on
a scaffold with aligned fibers (Figure 11A) took spindle shapes, oriented in the direction of
the fibers and synthesized significantly more collagen even though the proliferation did not
differ statistically comparing to the hLFs seeded on randomly-oriented fibers (Figure 11D)
that were neither spindle-shaped nor oriented. After stretching the scaffolds, the cells
spread on the randomly-oriented fibers reorganized their cytoskeleton into the spindle
shapes (Figure 11E). Between the strained and unstrained hLFs on aligned fibers was no
significant histological difference (Figure 11B, C) except for the amount of generated
ECM in the intercellular regions which was higher around the hLFs exposed to strain in the
longitudinal direction. The results suggest that spindle-shaped hLFs oriented along aligned

nanofibers under longitudinal strain is preferable in producing parallel-oriented ECM

observable in intact ligaments. (Lee et al., 2005)

Figure 11 Morphology of fibroblasts grown on (A, B, C) aligned nanofibers: (A) before
stretching, (B) after longitudinal stretching, and (C) after perpendicular stretching, and on
(D, E) randomly oriented nanofibers: (D) before stretching and (E) after stretching. The
direction of stretching is represented by “<”. (Lee et al., 2005)
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3.2 Fabrication techniques for anisotropic scaffolds

In pursuit of understanding how cells interact with their physical environment,
conventional and additive manufacturing techniques together with macro-, micro- and
nanofabrication technologies are being widely used to construct scaffolds with unique
anisotropic physical properties. Conventional techniques are capable of creating highly
interconnected porous nets or micro-channel morphologies that are suited as biomedical
scaffolds and often with a less costly fabrication. (Mitchell & Tojeira, 2013) One of the
ways, how to introduce anisotropy through into a conventionally fabricated foam is by
incorporating fibers that are being oriented during processing. When 10 wt% 2.5 mm PGA
fibers were included in a PLGA foam, the compressive modulus in the axial direction
(32 MPa) was obtained up to six times higher than that in the transverse direction (5 MPa).
On the other hand, additive techniques, such as rapid prototyping, allow scaffold
manufacturing with uniform, defined and variable pores sizes and shapes, and accuracy of
their interconnectivity. Other advantages of the advanced fabrication techniques are
excellent reproducibility, ability to produce virtually any kind of structure within the
capacity of the used specific technique (Hoque, 2017), and that they do not require toxic
solvents or pore-forming chemicals which may endanger patient health. (Mitchell &

Tojeira, 2013)

Rapid prototyping and solid free-form fabrication have already proven their potential
in the scaffold fabrication for the use in the field of tissue engineering due to the capability
of producing the scaffolds with such structure and properties that reliably mimic the
natural tissue. (Hoque, 2017) These layer-by-layer processes can reproduce highly
complex three dimensional (3D) scaffolds using the computer-aided design (CAD) systems
or the medical imaging files, such as magnetic resonance imaging (MRI) or computed
tomography (CT). A variety of techniques may be utilized for the production of polymer

scaffolds with anisotropic structure and properties by rapid prototyping.

One of the most used is fused deposition modeling (FDM) that processes materials
above their melting point temperature that pass through a nozzle and deposit onto
an elevating platform in the shape of a strand that subsequently cools down and solidifies.
However, there is also a method called 3D fiber deposition (3DF) that, on the other hand,
uses room temperature conditions which makes it promising to produce cell-laden
scaffolds. In both cases, to form a 3D porous scaffold, each layer is deposited in a different

configuration, for example, different patterns are obtained by laying microfilaments in
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different deposition angles, such as 0°/90° or 0°60°, which is the main parameter that
affects the scaffold anisotropy. Fiber diameter, extrusion rate, and writing speed are the

other controllable parameters of the FDM process. (Mitchell & Tojeira, 2013)

Stereolithography is another widely used rapid prototyping technique where
photosensitive monomeric resins are polymerized or polymeric resins cross-linked using
a UV laser. (Nikkhah et al., 2012) Three different methods of stereolithography were
indicated: mask-based, focusing beam, and ink-jet-based processes. In the first mask-based
method, UV light crosses patterned mask and the patterned light further irradiates the
surface layer of the photosensitive material. In the second focusing beam method, the UV
beam directly draws a path on the surface layer of the photosensitive material. In the third
ink-jet-based method, which is largely applied to tissue engineering, the photosensitive
material layer is firstly jetted and then cured by UV irradiation immediately. (Mitchell &
Tojeira, 2013)

Another advanced method that could be used for polymeric scaffolds production is the
polymer solution phase separation. As the name suggests, a homogenous polymer solution
separates into a polymer-rich and polymer-poor phases which may be induced by cooling
the bimodal solubility curve that represents the thermodynamic equilibrium of liquid-liquid
demixing or by the exposure to a nonsolvent (Ishigami et al., 2014) or an immiscible
solvent (Mitchell & Tojeira, 2013). After the polymer solidified by glass transition or
crystallization, used dilutants, solvents, or nonsolvents are then extracted by solvent
exchange and evaporation (Ishigami et al., 2014) or lyophilization (Mitchell & Tojeira,
2013). Both these approaches produce isotropic microcellular scaffolds; however, it is
possible to obtain anisotropic structures when a uniaxial thermal gradient is applied
between two opposing sides of the matrix. In this case, the insulation of the walls during
the phase separation causes crystal formation longitudinally to the thermal gradient and so
microchannels are created instead of the common ellipsoidal pores. These microchannels
are oriented in the same axis, their diameter may be tuned by adjusting the polymer/solvent
ratio and the thermal gradient, and their microstructure, which can be ladder-like or
microtubular, is affected by the solvent choice. (Mitchell & Tojeira, 2013) These scaffolds
with oriented microchannels show anisotropy in both structure and mechanical properties

since they demonstrate higher longitudinal than transverse modulus. (Hoque, 2017)
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3.2.1 Electrospinning

In the field of tissue engineering, the use of electrospun materials as scaffolds is
a promising and rapidly growing area of research for generating replacements to damaged
tissues. The success of electrospun scaffolds lies in a straightforward, cost-effective, and
versatile method of engineering well-defined nanofibrous scaffolds that hold promise in
serving as a synthetic ECM providing not only structural support for the cells but also
guiding their growth in the three-dimensional space which may lead to creating of
a specific tissue. (Murugan & Ramakrishna, 2007) Electrospun scaffolds offer highly
customizable mechanical and microtopological properties that may be adjusted by a simple

set-up of electrospinning process parameters. (Fee et al., 2016)

Electrospinning repose the injection of a polymer solution, which is stored in a syringe
and pumped at a constant flow rate through a nozzle while a specific voltage is applied to
create an electric field between the nozzle tip and a collector, as shown in Figure 12.
A charge accumulates at the solution surface at the tip of the nozzle and when a critical
voltage is reached that overcame the solution surface tension, a conically shaped structure
known as the Taylor cone starts to form, and fiber is driven to draw a chaotic conical path
in direction of the collector. During the flight time, the solvent evaporates and a solid fiber
with a diameter in the nanometer scale is formed and finally at the collector creates
a highly porous nonwoven mat. By set-upping and adjusting of several processing
parameters, such as voltage, electric current, injection rate, and environmental factors, such
as temperature and humidity, some characteristics of the electrospun scaffolds may be
customized, such as porosities or fiber diameters, among other features. In the
conventional electrospinning apparatus, a collector has a plate form capturing the
disoriented fiber which leads to the isotropic scaffold formation. To obtain scaffolds with
aligned fibers and certain anisotropy, a cylindrical collector is rotating with the tangential
velocity slightly higher than the flight velocity of the electrospun fibers which leads to
tensioning and orientation of the fibers. (Mitchell & Tojeira, 2013)
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Figure 12 An electrospinning process scheme with a chaotic

fiber orientation SEM image. (Mitchell & Tojeira, 2013)

The nonwoven mats anisotropy was dealt with by Fee et al. who fabricated electrospun
fibers, made of polycaprolactone (PCL) and type A gelatin in a 90/10 (w/w) ratio, using
the rotating cylindrical collector whose surface velocity was modulated to produce
scaffolds with varying degrees of fiber alignment and anisotropy (Figure 13A-D) and
using the stationary flat collector as a reference which is known to produce scaffolds with
randomly oriented fibers and isotropic mechanical properties (Figure 13E). SEM images of
electrospun mats were taken and analyzed to quantify. Results are summarized in a table
(Figure 13F) that displays an increased fiber alignment expressed as the Von Mises
distribution parameter k with increasing collector velocity. The mechanical properties of
the scaffolds were determined from uniaxial tensile testing that showed an increased
degree of anisotropy with increasing alignment parameter k (Figure 14B). The degree of
anisotropy was defined as the ratio of the moduli measured in the parallel and the
perpendicular directions to the direction of fiber alignment (Figure 14A). The electrospun
scaffolds from the three highest collection speeds had a high degree of anisotropy since
they had significantly different moduli in the directions parallel and perpendicular to the
direction of fiber alignment. It is apparent that the electrospinning process can yield
nonwoven mats with mechanical anisotropy directly modulated by nanofiber alignment

within the scaffold. (Fee et al., 2016)
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F Mandrel Fiber

Alignment Velocity Diameter
Image K-Values (m/s) (um)
A 1.906 15.05 0.253
+0.13 +0.6 +0.066
B 1.367 8.35 0.277
+0.21 +04 +0.082
C 0.866 4.04 0.284
+0.19 +0.1 +0.078
D 0.255 1.06 0.334
+0.23 +01 +0.100
E 0.143 0 (static) 0.252
+=0.08 +0.057

Figure 13 The SEM images (scale=10 pum) of electrospun scaffolds collected on (A-D)
the rotating cylindrical collector with different velocities and (E) the stationary planar
collector. The inset plots display the Von Mises distribution representing the fiber
alignment. (F): Table with means + standard deviations of the fiber alignment, collector

velocity, and fiber diameter. (Fee et al., 2016)
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Figure 14 (A): Results of the uniaxial testing of scaffolds with different fiber alignment
parameter k showing elastic modulus for the directions parallel and perpendicular to the
direction of fiber alignment (* — one-way ANOVA, Tukey post-hoc, p<0.05; ** —
p <0.05, 2-sample t-test). (B): The linear dependence of the alignment parameter k on the
log of the anisotropy ratio (defined as the ratio of the modulus in the parallel and the

perpendicular direction). (Fee et al., 2016)
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4 SURFACE MODIFICATIONS OF POLYMERIC BIOMATERIALS

Interaction of any biomaterial with cells, tissues, biological fluids, or immune system
is complex and affected by many different properties of biomaterial and the environment
simultaneously. Therefore, when a material is not properly modified, this interaction is not
ideal, which may lead to unwanted consequences. For example, orthopedic implants should
ideally after implantation bind directly to the bone, but actually untreated orthopedic
implants get encapsulated with fibrous tissue after implantation, which may lead to implant

failure. (Unadkat et al., 2011)

In order to prevent these and other failures, considerable efforts have been invested in
various biomaterial treatments. Generally, bulk or surface treatments may be used to
achieve the desired cellular interactions with the biomaterial. In the case of polymer
biomaterials, bulk modification is usually accomplished by copolymerization or by
attaching a functional group to the polymer chain before the production of biomedical
products, such as scaffolds. The disadvantage of these bulk modifications is that it usually
changes the mechanical properties and processing possibilities of the treated polymeric
biomaterials. (Ma, 2008) Surface treatments are used more often because it is a post-
production process with a great advantage of the improvement of the surface properties
while keeping the benefits of bulk properties of treated biomaterial simultaneously.
(Michaljani¢ova et al., 2016) There are many different ways to modify and functionalize
biomaterial surfaces and they could be divided into six groups: chemical, biological,

physical, mechanical, combined, and special treatments.

4.1 Chemical modifications

Chemical treatments lead to chemical modifications of the biomaterial surface but that
may also affect physical properties such as surface energy and wettability, mechanical
properties such as hardness and elasticity, and other surface properties of the treated
biomaterial. Polymers, in comparison to other materials, have an advantage in a diversity
of chemical modifications that can be accomplished on them, for example, chemical
crosslinking of the polymer surface (Tallawi et al., 2015) or surface grafting of suitable
molecules via covalent bonds to the polymer chains. Amino acid grafting has been found
to facilitate cell adhesion and proliferation on the surface of modified polymers. (Slepicka

et al., 2012)
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Grafting of polyhydroxyethylmethacrylate (PHEMA), polyethyleneglycol (PEG), or
zwitterionic (betaines) hydrophilic brushes or hydrogels onto the surface are used to
improve the blood compatibility of the biomaterial due to the ability of these coatings to
strongly bound a hydration layer that suppresses blood protein adsorption and its
denaturation. (Maitz et al., 2019) Similar hemocompatible results, but with a different
approach, might be gained by surface attachment of highly hydrophobic octadecyl groups
or by coating with non-adhesive silicon-based, fluorocarbon, or polyurethane materials.
(Bronzino & Peterson, 2015) In general, surface coatings, which are nowadays widely used
to modify polymer biomaterials, may be based on various chemical structures and can
change almost any of the surface properties. Besides, coatings might also be applied to
more complex 3D structures, for example by immersing a porous scaffold in gelatin in

a solvent mixture - dioxane, water. (Ma, 2008)

Focusing on enhancing the cytocompatibility of biomaterials made by chemical
modifications that lead to increased binding of adhesive proteins to the surface, the
preparation of the carbon layers on PTFE by chemical vapor deposition from acetylene
may serve as an example. The cytocompatibility of coated PTFE, which was demonstrated
on endothelial cells growth, was comparable to the cytocompatibility of tissue PS
commonly used as the standard in cultivation in vitro, while pristine un-treated PTFE

showed itself cytotoxic. (Kubova et al., 2007)

However, the cytocompatibility of polymer biomaterials may be changed by classical
chemical treatments with acids, bases, and other chemicals. As was shown in the study of
Ke et al, 2017, alkaline treatment of poly(3-hydroxybutyrate) (PHB) membranes using
KOH or NaOH bases break the ester bonds to produce carboxylic groups on the surface
which increases hydrophilicity, protein adsorption, and proliferation of human osteoblasts.
It is also possible to introduce amino groups on the PHB surface by ethylenediamine
treatment that decreases the hydrophobicity and improves the attachment of porcine
urothelial cells. The chemical etching has major advantages in its simplicity and low cost,
but the functionality is affected by many factors, such as reaction time, reagents

concentrations, and crystallinity of the polymer substrate. (Ke et al., 2017)

Some chemical treatments may cause surface roughness changes. This could be used
for controlled morphological modifications of biomaterials that may enlarge the surface
area, help mimic ECM, increase tissue growth, and specify stem cell differentiation.

(Tallawi et al., 2015) For example, time-sequenced dosing of a mixture of good solvent
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(tetrahydrofuran, THF) and bad solvent (2-ethoxyethanol, ETH) on the surface of
a rotating polymer substrate (tissue polystyrene, PS) causes changes in surface roughness,
and the size and depth of the irregularities can be affected by sequencing variations,

temperature or solvent concentrations (see Figure 15). (Wrzecionko et al., 2017)

Cells cytoskeleton
changes

PS dish

Figure 15 Surface morphology of original tissue PS and two differently structured samples
in the schemes and SEM images (134 x 134) um. Cytoskeletons of mouse fibroblasts
cultivated on the structured samples are on the right in fluorescence microscope images

(magnification: 100x%, red color - actin). (Wrzecionko et al., 2017)

4.2 Biological modifications

Biological treatments modify biomaterial surfaces with bio-substances that change the
biological activity of the treated surface. (Tallawi et al., 2015) These biological treatments
mostly are based on immobilization of the bio-substances on the biomaterial surface which
is applied with a limitation in the clinical success due to a gradual loss of their activity
caused by saturation, consumption, and degradation during storage and physiological turn
over in vivo. However, the life-time of biomolecules on the biomaterial surface may be

increased via the reservoir capacity of the device. (Maitz et al., 2019)

Biomolecules introduced on the surface increase the biomaterial cytocompatibility and
stimulate specific cellular responses by mimicking the natural extracellular matrix.
Accordingly, collagen is one of the most commonly used structural proteins to construct
the biomimetic layers. (Ke at al., 2017) However, it is possible and also effective to treat
polymer surfaces with other various proteins and peptides, such as gelatin (Van
Vlierberghe et al., 2011), albumin, and fibrinogen, or with polysaccharides, such as algin

(Bronzino & Peterson, 2015) and chitosan, or with glycoproteins, such as laminin and
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fibronectin (Ke at al.,, 2017), or with specific antibodies, growth factors, and other
biomolecules. (Maitz et al., 2019) In clinical applications where blood is in contact with
biomaterials, such as prosthetic valves, artificial vascular grafts, heart and heart-lung
machines, or hemodialysis membranes and tubes, it is desirable to treat a surface with
antithrombotic agents®. (Bronzino & Peterson, 2015) Furthermore, surface bioactivated by
albumin exhibits good hemocompatibility because albumin serves as a transport molecule

for bilirubin and fatty acids in the natural bloodstream. (Maitz et al., 2019)

4.3 Physical modifications

Physical treatments lead to physical modifications of the biomaterial surface,
wettability primarily, but they may also affect surface chemistry, morphology, and
biocompatibility. The most commonly used treatment for polymer biomaterials is plasma.
Plasma treatment of the polymer surface creates radicals, ions, molecules, or molecular
fragments in excited states that increase surface energy and may facilitate subsequent
grafting of the surface with other bioactive agents, or they may recombine into more stable
structures (functional groups). The modification results have been found to depend
strongly on the type of plasma used, which can be gas, vacuum arc, or laser type (in the
case of gas, also depends on the type of gas used - Ar, He, Ne, N, H,O, CO,, SO,, NHj3,
halogens, or their mixtures), and also on the plasma exposure time and discharge power

that affect the depth of modification, which could be a few tens or hundreds of nanometres.

In addition to plasma, other important and commonly used treatments for modification
of polymer surface are corona discharge, irradiation with UV, X, gamma rays, by electron
or ion beams. Further, it should be known that some of the physical techniques, such as
pyrolysis, UV-light irradiation, plasma discharge, and ion implantation, may cause
carbonization of the polymer surface, which also affects the cell adhesion and proliferation.
(Slepicka et al., 2012) Another possible way to prepare a polymer-carbon structure is the
deposition of carbon layers, that could have different forms (diamond-like carbon,
amorphous hydrogenated carbon, amorphous carbon, pyrolytic graphite, and fullerene),
onto the sample surface. The reparation of such carbon layers may be carried out by
physical vapor deposition. (Kubova et al, 2007) For example, radiofrequency glow
discharge plasma decomposition was used to coat polycarbonate samples with diamond-

like carbon films that, as reported, improve blood biocompatibility. Amorphous

® Antithrombotic agents, such as anticoagulants (heparin, warfarin) or antiplatelets (aspirin, clopidogrel),
reduce platelet aggregation and prevent the formation of blood clots. (Watson, 2002)
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hydrogenated carbon films, that have also a positive effect on hemocompatibility, can be
produced by plasma immersion ion implantation or magnetron sputtering. Also, there are
next various physical methods of a thin layer deposition on the polymer surface, such as
plasma polymerization, evaporation induced by heating or electron bombardment,
sputtering (Slepicka et al., 2012), atomic layer deposition, and many other techniques

(Bose et al., 2018).

As well as selective chemical treatment, some physical treatments may also be used to
modify the surface morphology of polymeric biomaterials. The irradiation of UHMWPE,
which is used in orthopedic implants (Paita & Dahotre, 2008), by 532 nm wavelength laser
reduces the surface roughness closely to 1 pm, which is proximately optimal roughness to
bone bonding to the implant surface. (Chauhan et al., 2019) Using laser beam treatment
was also studied in the field of tissue engineering. It has been found that aromatic polymers
such as polyetheretherketone (PEEK), polyetherimide (PEI), and polyethersulfone (PES)
have a high absorption coefficient and that periodic structures of scaffold surface have
a positive impact on cytocompatibility. (Michaljani¢ova et al., 2016) The illumination of
the surface of PS foil by the polarized UV laser beam can induce the formation of self-
organized ripple structure with certain depth and periodicity (see Figure 16), the

dependence of which can be described by

A

A= )

- n—sin(6)

where A is the periodicity of the ripple structures, A is the wavelength of the excitation
laser light, n is the effective refractive index of the polymer material and 0 is the incidence

angle of the laser beam.

The formula (2) and Figure 16 show that the period of the surface ripples depends on
the angle of incidence of the radiation and the laser wavelength. Furthermore, the direction
of the ripples is related to laser beam polarization. All these characteristics have an impact
on the adhesion, proliferation, and alignment of the cells on the irradiated PS foils.

(Rebollar et al., 2008)
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Figure 16 AFM images of PS (a) smooth unmodified foil and (b—d) irradiated
samples under different angles of laser beam incidence: (b) 0° (A = 200 nm),

(c) 15° (A =270 nm), and (d) 30° (A = 340 nm). (Rebollar et al., 2008)

4.4 Mechanical modifications

Mechanical treatments naturally lead only to changes in morphology and topography
of treated biomaterial. Grit-blasting, sandblasting (Bose et al., 2018), polishing, grinding,
and abrasion (Hikkhah et al., 2012) of the polymer surface can serve as examples of such
a mechanical modification. Its main effect is an increase in tissue growth by enlarging the
surface area. (Tallawi et al., 2015) However, those mechanical methods, as well as already
mentioned chemical etching, have a disadvantage in the impossibility to fully define the
geometry of the patterns, the topography. This may be only done with computer numerical
control (CNC) approaches by using lasers, which were slightly discussed before in
physical treatments, or machinating technologies, such as micro-drilling, which are
considered mechanical treatments. (Henriques et al., 2017) Controlled topographic patterns
allow specifying cellular responses including stem cell differentiation which was largely
correlated by Unadkat et al., 2011. In cases where tissue integration is desired, it has to be
understood that macro, micro, and even nanoscale parameters have an impact on cell
adhesion, proliferation, and migration. However, it is should be noted that in some cases
textured surfaces impair the function of biomaterials, such as articulating surfaces or

cardiovascular devices. (Bose et al., 2018)
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4.5 Combined and special modifications

Not every treatment has to be strictly chemical, biological, physical, or mechanical.
Many modifying methods combine different approaches to achieve the desired surface
properties results. Very commonly used is a combination of chemical and physical
methods, for example, photochemical techniques, when the polymeric surface is treated
with hydrochloric acid or concentrated sulfuric acid and subsequently exposed to UV light
or it is exposed to UV radiation in a reactive ammonia atmosphere. (Curtis et al., 1983)
Another favorite double combined treatment is electrochemical deposition (Bose et al.,
2018) and there are many others but triple and multiple combinations are also used, for
example, a positive impact on human fibroblast proliferation showed a PHBV sample
which was treated by oxygen plasma, then grafted with acrylic acid, followed by insulin
immobilization mediated with a reaction using a water-soluble carbodiimide. (Ke et al.,
2017) These methods enhance the cytocompatibility by the creation of new functional
groups on the polymer surface. (Slepicka et al., 2012)

Some lithographic methods, which are used for nanopatterning of polymer surfaces,
may be considered as combined treatments as well. Photolithography, which was one of
the first fabrication methods applied to the field of biology, is based on a spin-coated layer
on the substrate of a light-sensitive polymer called photoresist that is selectively exposed to
UV light, X-rays or electron beams that causes cross-linking, polymerization, or
degradation of the exposed material. Stereolithography, which uses UV laser to polymerize
photosensitive monomeric or polymeric resins, and two-photon absorption lithography,
where an ultrafast laser is focused on photocurable resins, are mask-less fabrication
methods that have been used to create nerve guidance conduits more than to generate
topographies for biological studies. The pattern is then developed through various means
which results in the dissolution of selected areas, such as isotropically or anisotropically
etching using dry or wet chemical etching processes. Soft lithography with advantages of
low cost and ease of use refers to a set of techniques, which use elastomeric polymers to
develop patterns based on embossing, molding, and printing methods. In soft lithography,
polydimethylsiloxane (PDMS) is the most widely used material due to its biocompatibility,
transparency for optical imaging, and permeability to oxygen and carbon dioxide. Various
soft lithography topographies have been utilized in the biological sciences to study

mechanobiology and to modulate cell behavior. (Nikkhah et al., 2012)
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II. ANALYSIS
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S AIMS AND OBJECTIVES

The experimental part of this master’s thesis focuses on the cytocompatibility of

polymeric samples, specifically electrospun polyurethane (PU) nanofiber nonwoven mats

both in their pristine isotropic unmodified form and in their modified alternatives.

Stated objectives of the practical part were:

1)
2)

3)

4)

5)

6)

7)

Production of the PU samples by electrospinning.
Determination of cytotoxicity of sample extracts.
Modification of the samples:
o orientation of fibers in the PU mats to reach anisotropy,
o coating with polypyrrole (PPy) to enhance electro-conductivity,
o coating with gelatin and albumin to increase cytocompatibility.
Determination of changes made by modifications:
o SEM photography of (un)oriented fibers in the PU mats,
o defining effects of PPy, albumin, and gelatin coatings on cytocompatibility.

Observation of the influence of the samples on the behavior of mouse fibroblast
cell line and mouse embryonic stem cell line under static, tensile-dynamic, and

electric cultivation conditions.

Qualification and quantification of the cytocompatibility of the polymeric samples

and their modified forms.

Evaluation of the obtained results.

The main aim of this analysis was to supplement the knowledge about the influence of

PU nanofibrous material characteristics and their (an)isotropy on the cytocompatibility,

especially under tensile-dynamic cultivation conditions. The reason for this is that so far,

cell growth on fibrous materials has mostly been observed under static and non-tensile

dynamic cultivation conditions, although tensile stress is a matter of course in the natural

cellular environment.
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6 MATERIALS AND METHODS

6.1 Samples preparation and modification

6.1.1 Production

Three types of PU nanofibrous nonwoven mats, which were observed in this master’s
thesis, were produced using electrospinning in cooperation with the Centre of Polymer

Systems in Zlin, Czech Republic:
o sample 1 — Desmopan 385 S

Desmopan 385 S was dissolved in a solvent mixture of dimethylformamide (DMF)
and methylisobutylketon (MIBK) in a ratio of 3:1 to a concentration of 12.5 %. The final
solution had a viscosity of 1.3 Pa.s and a conductivity of 31.5 mS/cm due to the addition of
sodium chloride (NaCl). Then the solution was loaded into syringes that were filling 32
jets in total. The solution was extruded into a high-voltage electric field (75 kV). A planar
collector with a backing film drawn at a speed of 0.1 m/min was located 19 cm from the

jets. The final product had 4 deposited layers with a basis weight of 9.01 g/m’.
o sample 2 — Desmopan 439 T

Desmopan 439 T was dissolved in a solvent mixture of DMF and MIBK in a ratio
of 2:1 to a concentration of 13 %. The final solution had a viscosity of 1.88 Pa.s and
a conductivity of 98.4 mS/cm due to the addition of tetracthylammoniumbromide (TAEB).
Then the solution was loaded into syringes that were filling 32 jets in total. The solution
was extruded into a high-voltage electric field (75 kV). A planar collector with a backing
film drawn at a speed of 0.1 m/min was located 19 cm from the jets. The final product had
4 deposited layers with a basis weight of 5.46 g/m’.

o sample 3 — Permuthane SU-22-542

Permuthane SU-22-542 was dissolved in DMF to a concentration of 20 %. The final
solution had a viscosity of 1.19 Pa.s and a conductivity of 101.8 mS/cm due to the addition
of TAEB. Then the solution was loaded into syringes that were filling 32 jets in total. The
solution was extruded into a high-voltage electric field (65 kV). A planar collector with
a backing film drawn at a speed of 0.1 m/min was located 19 cm from the jets. The final

product had 4 deposited layers with a basis weight of 7.25 g/m’.
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6.1.2 Extraction

Extracts of the electrospun PU mats were prepared according to ISO 10993-12
standards. The tested materials were cut into small pieces and stored in the culture medium
(6 cm*/1 mL of the medium) for 24 hours at 37 °C with stirring. The parent 100 % extracts
were then diluted in the culture medium to obtain a series of dilutions with concentrations

of 75 and 50 %. All extracts were used up to the next 24 hours.

6.1.3 Purification and orientation

The PU mats produced by electrospinning were rinsed and stirred in ultrapure water
for at least 7 days, while the water changed every few days, to wash out residual monomers
and loose additives necessary for material synthesis and processing. The sample
purification may reduce its cytotoxicity. Then the samples were dried for 1 hour in a dryer
set on 50 °C. Subsequently, fibers in the PU mats were manually oriented above 150 °C
heat source and secured to microscope cover glasses with tape. Un-oriented samples also
were fixed in the same way. Overhangs were cut off to gain a united surface area
(22 * 22) mm. These prepared samples were placed in 6-well plates for more convenient
handling. The orientation of fibers in the PU mats was important to mimic the anisotropic
properties of the natural tissues. Scanning electron microscopy was used to picture the

effectiveness of this manual way of fibers orientation.

6.1.4 Coating with polypyrrole

The coating of the PU samples with electro-conductive polypyrrole (PPy) was used to
mimic the electrically conductive properties of the natural cellular environment. PPy has
been chosen for its higher conductivity in comparison to other conductive polymers, and
quick and facile synthesis of PPy coatings. The polypyrrole (PPy) was synthesized by

using pyrrole as a monomer and one of two different polymerization initiators:
o Ammonium persulfate (APS)
o Ferric chloride (FeCl3)

Solutions of monomer (0.2 M) and polymerization initiator (0.25 M) in ultrapure
water were prepared and allowed to stand for about 1 hour at room temperature to dissolve
the compounds well and stabilize the temperatures of both solutions. Next, the solutions
were mixed and poured into cell culture PS dishes (empty or containing the samples)

without delay. The polymerization reaction was carried out for about 10—15 seconds at
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room temperature. The longer polymerization time is unwanted because of the PPy
powdering. The PPy coatings were thoroughly rinsed with 0.2 M hydrochloric acid and
methanol and allowed to dry overnight at room temperature. Before any other processing,
the necessary sterilization of the samples surfaces was accomplished by UV illumination of

both sides for 30 minutes.

6.1.5 Coating with albumin and gelatin

Solutions of albumin (40 mg/mL) and gelatin (0.1 %) in ultrapure water were applied

on the PPy coatings to increase its cytocompatibility. The surfaces were covered with:
o 1 mL of albumin solution only (Alb)
o 1 mL of gelatin solution only (Gel)
o 0.5 mL of both albumin and gelatin solutions together (Alb/Gel)

The proteins were allowed to adhere to the surfaces from the solutions for 20 minutes.
Then the solutions with residual proteins were aspirated and surfaces were allowed to dry
out at room temperature for another 20 minutes at least. After this phase, the samples were

prepared for cell cultivation.

6.2 Cell lines and cultivation means

6.2.1 Mouse fibroblast cell line

One of the used cell lines was mouse fibroblast cell line NIH/3T3 (ATCC CRL-1658,
USA). Fibroblasts are heterogeneous cells of mesenchymal origin with diverse
appearances, activities, and locations. In biological laboratories, mouse fibroblasts are

commonly used due to their easy accessibility, rapid growth rates, and various experiment

possibilities. (Qui et al., 2016).

For the NIH/3T3 mouse fibroblast cell line culture medium, Dulbecco's modified
eagle medium (DMEM) was used as a basis, to which a fetal calf serum (in an amount of
10 % of the total volume of the medium) and antibiotics — Penicillin/Streptomycin of
concentration 100 pg/mL (in an amount of 1 % of the total volume of the medium with the
serum together) were added. Cells were cultivated in the incubator with controlled
atmosphere (5 % CO,), temperature 37 °C, and constant relative humidity. To prepare cells
for experiments, the medium was carefully aspirated from the culture vessel where the

NIH/3T3 mouse fibroblast cell line was grown. Cells were rinsed with phosphate-buffered
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saline (PBS) in an amount of 0.2 mL/cm’. Thereafter, the buffer was aspirated and then
0.1 mL/cm® of trypsin was added to the cells. The culture vessel containing the cells and
trypsin was placed in the incubator for a sufficient time (maximum 20 minutes) to release
all cells from the plastic surface which was continuously checked by phase-contrast
microscope. After the cells were completely released, the medium was added to the flask in
the same amount as trypsin (0.1 mL/cm?). The resulting solution (cell-medium-trypsin)
was pumped into a tube, which was then capped and placed in a pre-tempered centrifuge
(37 °C, 3 minutes, 1100 rpm — rounds per minute). The resulting supernatant was aspirated

and cells were diluted with the medium to a desired concentration.

6.2.2 Mouse embryonic stem cell line

Another of the used cell lines was mouse embryonic stem cell line R1 (Nagy et al.,
1993). These embryonic stem cells, which are derived from the inner cell mass of the
developing mouse blastocyst, can self-renew in vitro while preserving the developmental
potential to reconstitute all embryonic lineages, so-called ‘naive’ pluripotency, which
provides an important promise in areas, such as regenerative medicine and tissue

engineering. (Waisman et al., 2019).

For the R1 mouse embryonic stem cell line culture medium, Dulbecco's modified
eagle medium (DMEM) was used as a basis, to which a fetal calf serum (in an amount of
16.5 % of the total volume of the medium), antibiotics — Penicillin/Streptomycin of
concentration 100 pg/mL (in an amount of 1 % of the total volume of the medium with the
serum together), 100 mM non-essential amino acids, 0,05 mM b-mercaptoethanol, and
leukemia inhibitory factor (LIF) of concentration 5 ng/mL were added. Cells were
propagated in an undifferentiated state by culturing on gelatinized tissue culture dishes in
the complete medium. The gelatinization was performed using 0.1 % porcine gelatin in
water. Cells were cultivated in the incubator with controlled atmosphere (5 % CO,),
temperature 37 °C, and constant relative humidity. To prepare cells for experiments, the
medium was carefully aspirated from the culture dishes where the R1 mouse embryonic
stem cell line was grown. Cells were rinsed twice with 2 mL of phosphate-buffered saline
(PBS) two times. Thereafter, 150 puL of trypsin was added to the cells and then the culture
dishes containing the cells and trypsin was placed in the incubator for a sufficient time
(maximum 2 minutes) to release all cells from the plastic surface which was continuously
checked by phase-contrast microscope. After the cells were completely released, the

medium was added to reach a desired concentration.
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6.2.3 Cultivation with sample extracts

Cytotoxicity of sample extracts was determined using the mouse fibroblast cell line.
Fibroblasts in a concentration of 1x10° cells per 1 mL of the culture medium were seeded
in microtitration plates to pre-incubate. Then the medium was aspirated and replaced by
the extracts of the PU mats diluted with the medium to the following concentrations: 100,
75, and 50 % of parent extracts. References contained the medium without extracts.
Repetitions were performed five times. Plates were put in the incubator for 24 hours then

MTT assay followed.

6.2.4 Cultivation on sample surfaces under static conditions

The static cultivation of cells on the surface of the PU mats was performed with both
of the used cell lines. Fibroblasts or embryonic stem cells in a concentration of 1x10° cells
per 1 mL of the culture medium were seeded onto the sterilized and coated samples and
references to adhere and pre-incubate. After 2 hours, the aliquot part of the medium was
added to complete 2 mL volume. Repetitions were performed four times. The samples
were put in the incubator for 3—5 days with medium restitution every 2 days. The state of
the cells on the reference surfaces was regularly checked with the phase contrast optical
microscope. The cultivation was followed by MTT assay and optical or fluorescence

microscopy.

6.2.5 Cultivation on sample surfaces under tensile-dynamic and electric conditions

In this master’s thesis, a bioreactor, which is shown in Figure 17, was used to apply
hydrodynamic shear stress together with tensile strain and/or electric current to a scaffold
with adhered cells. These stimuli should mimic cell environment properties in natural
tissues. In the purpose of scaffold attachment within the chamber of the bioreactor, an
inner frame was constructed using 3D printing in cooperation with the Department of
Physics and Materials Engineering, Faculty of Technology, Tomas Bata University in Zlin,

Czech Republic.
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Figure 17 Photo of the bioreactor with the 3D-printed
inner frame holding and stretching electrospun PU
sample seeded with mouse embryonic stem cells while

a culture medium is streaming throughout.

The tensile-dynamic cultivation of cells on the surface of the PU mats was performed
with both of the used cell lines. Fibroblasts or embryonic stem cells in a concentration of
1x10° cells per 1 mL of the culture medium were seeded onto the sterilized sample and
references to adhere and pre-incubate. After 2 hours, 2 mL of the medium was added to the
sample, after which the cells were allowed to proliferate in a biological incubator for
another 3 days. Subsequently, the sample with cells was removed from the medium and
carefully secured to the inner frame of the bioreactor which was then filled with the culture
medium, closed, attached and connected to a whole construction and a computer, and
placed in the incubator. The bioreactor was planned on running for 3 days, during which
a cyclic stretching or an electric current or both were supposed to be applied to the scaffold
with cells. The set-up conditions would be: 1 mm stretching with a speed of 0.5 mm/sec for
15 minutes followed by 1 hour of static rest, and electric voltage 0.1 V. At the end of the
experiment, the bioreactor would be stopped, opened, the medium aspirated, and the
sample with cells carefully removed and placed in a tissue plastic for following

qualification and quantification.
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6.3 Obtaining of results

6.3.1 Scanning electron microscopy

The morphology of the samples, specifically the fiber alignment in the (un)oriented
electrospun PU nonwoven mats, was studied using a scanning electron microscope (SEM)

Phenom Pro.

6.3.2 Optical microscopy

In addition to the regular checks of the cell states, the phase contrast optical
microscope was employed to obtain cell proliferation results from coated and seeded PS
dishes. The optical microscope enables quick and easy observation of living cells.
Nevertheless, the possibility of using optical microscopy is limited by the translucency of

the samples. Therefore, the PU samples had to be analyzed by fluorescence microscopy.

6.3.3 Fluorescence microscopy

Fluorescence microscopy was used for a further determination of cell morphology.
First, the cell samples were rinsed with PBS and after aspiration they were fixed,
permeabilized, and stained with fluorescent dyes. Fixation was performed with 2 mL of
4 % formaldehyde in ultrapure water for 15 min, then the formaldehyde was aspirated and
the cells rinsed again with PBS. The cell membrane permeabilization was ensured by the
addition of 2 mL of 0.5% Triton in PBS, which was allowed to act for 5 min.
Subsequently, Triton was aspirated and the cells were washed three times with PBS. For
staining of fixed cells, 2 mL of PBS was first pipetted into which fluorescent dyes were
added in the dark: ActinRed (1 drop/mL) and Hoechst (20 pL/mL). The samples were left
in the dark for 20 minutes. During this time, ActinRed bound to the proteins contained in
the cytoskeleton of the cells and Hoechst penetrated the nuclei of the cells where it bound
to the DNA. After this time, PBS with dyes was aspirated and replaced with 2 mL of pure
PBS. Then the samples of PU mats secured to the microscope cover glasses were carefully
inverted. In this phase, the cells were prepared to be observed by a phase-contrast inverted

fluorescent microscope.

6.3.4 MTT assay

MTT assay was used to determine cell viability and to specify the PU extracts

cytotoxicity as well as the cytocompatibility of different surfaces. This colorimetric
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method is based on the reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) by mitochondrial enzymes of living cells. To complete the MTT assay,
a culture medium was aspirated, cells were washed with PBS and then 3 mL of medium
and MTT solution in ultrapure water (5 mg/mL) was applied in a ratio of 9:1. MTT was
allowed to interact with the cells for at least 4 hours in a biological incubator. After that
time, medium with the excess MTT was aspirated and replaced with an equal amount of
dimethylsulfoxide (DMSO) for 15 minutes. Then the absorbance values were measured on
a photometer at 570 nm with the reference wavelength set at 690 nm. The results are
presented as a reduction of cell viability in percentage when compared to the cells
cultivated on reference surfaces or, in the case of extracts, in pure medium without the PU

extracts.

6.4 Used chemicals

These chemicals were used to perform the experimental part of this master’s thesis:
polyurethane (PU; Desmopan 385 S and Desmopan 439 T — Covestro AG, Germany;
Permuthane SU-22-542 — Stahl, Netherlands), dimethylformamide (DMF; Brenntag,
Poland), tetracthylammoniumbromide (TEAB; Penta chemicals, Czech Republic), sodium
chloride (NaCl; Penta chemicals, Czech Republic), methylisobutylketon (MIBK; Penta
chemicals, Czech Republic), Dulbecco's modified eagle medium (DMEM; PAA
Laboratories GmbH, Austria; Gibco™, USA), antibiotics — Penicillin/Streptomycin (GE
Healthcare HyClone, Great Britain), fetal calf serum (BioSera, France; Gibco™, USA),
non-essential amino acids (Gibco™, USA), b-mercaptoethanol (Sigma-Aldrich; USA),
leukemia inhibitory factor (LIF; Chemicon, USA), porcine gelatin (Sigma-Aldrich; USA),
Dulbecco's phosphate buffered saline (PBS; BioSera, France), trypsin (PAA Laboratories
GmbH, Australia), pyrrole (Sigma-Aldrich; USA), ferric chloride (FeCls; IPL, Czech
Republic), hydrochloric acid (HCI; Penta chemicals, Czech Republic), methanol (Penta
chemicals, Czech Republic), bovine gelatin (Sigma-Aldrich; USA), bovine serum albumin
(Sigma-Aldrich; USA), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT; Duchefa Biochemie, Netherlands), dimethylsulfoxide (DMSO; Duchefa Biochemie,
Netherlands), formaldehyde (Penta chemicals, Penta chemicals, Czech Republic), triton X
100 (Sigma-Aldrich, Austria), fluorescent dyes: ActinRed 555 (Life Technologies, USA)
and Hoechst 33258 (Sigma-Aldrich, Austria).
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6.5 Used apparatus and equipment

These apparatus and equipment were used to perform the experimental part of this
master’s thesis: electrospinning device Nanospider (Elmarco, Czech Republic), scanning
electron microscope Phenom Pro (SEM; Phenom-World, Netherlands), laminar box with
controlled air circulation HERAsafe (Thermo Scientific, USA), laboratory centrifuge
Eppendorf 5702 R (Eppendorf, Germany), biological incubator HERAcell 1501 (Thermo
Scientific, USA), stimulation bioreactor (EBERS Medical Technology, Spain), phase-
contrast inverted fluorescent microscope Olympus IX 81 (Olympus, Japan) with camera
Leica DFC480 (Leica Microsystems, Japan), photometer NanoQuant infinite M200PRO
(Tecan, Switzerland), autoclave Tuttnauer 3870 ELPV (Tuttnauer, USA), ultrapure water
system Puranity TU3UV+ (VWR, Sweden), water bath (Memmert, Germany), automatic
pipettes and micropipettes (Eppendorf, Germany), analytical scales AS 220.R2
(RADWAG, USA), tissue plastic (TPP, Switzerland), and other laboratory equipment.
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7 RESULTS

For the sake of clarity, the results are divided into three sections regarding:
1. PU mats and their (an)isotropy
2. Surface modifications with PPy, albumin, and gelatin

3. Cell cultivation under different conditions

7.1 Electrospun samples and orientation

This subchapter shows the analysis results of the three different electrospun PU

nanofiber nonwoven mats:
o sample 1 — Desmopan 385 S
o sample 2 — Desmopan 439 T
o sample 3 — Permuthane SU-22-542

At first, the cytotoxicity of extracts of these samples was examined by the MTT assay.
After the manual orientation of fibers in these samples, its effectiveness was checked by
scanning electron microscopy. Then the impact of these three different PU samples and
their (an)isotropic properties on the mouse fibroblast cell line was observed using

fluorescence microscopy.
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7.1.1 Sample 1

- -
o N
1 )

e
(o]
1

Relative Cell Viability

o o 9o
D & o

0.0

Concentration

Figure 18 Results of MTT assay referring to the cytotoxicity of
the sample 1 extracts (a different number of stars indicates

a statistically significant difference, one-way ANOVA, p <0.05).

The results of the sample 1 extract cytotoxicity are shown in Figure 18. Concentrated
extract (100 %) gave mild cytotoxicity. As the extract dilutes, the cytotoxicity decreases.
The 50 % extract ended on the 0.8 cell viability relative to the reference — cells cultivated
in pure medium without the PU extract. The results were tested using one-way ANOVA,
Tukey's multiple comparison test, which proved that the means of the measured values are
statistically significantly different between reference and 50 % extract concentrations at
a probability value of p < 0.05 and between reference and 75 % or 100 % extract

concentrations at a probability value of p <0.001.
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Figure 19 The SEM photographs of PU nonwoven mat, sample 1,
in its (A) original form with un-oriented fibers, (B) modified form

with oriented fibers.

The difference between the original isotropic sample 1 (Figure 19A) and its oriented
anisotropic modification (Figure 19B) is significant. Although some fibers are torn after

mechanical orientation, the majority length of the fibers lays in one direction.
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Figure 20 The fluorescence microscopy photographs of mouse fibroblasts (NIH/3T3)
cultivated on the sample 1 in its (A, C) original form with un-oriented fibers, (B, D)

modified form with oriented fibers; (A, B) ActinRed — actin, (C, D) Hoechst — DNA.

The morphology of fibroblasts grown on the surface of sample 1 can be seen in Figure
20. Concerning the estimation of cell number, the modified form of this sample with
oriented fibers (on the right) suited mouse fibroblasts better than the original un-oriented
mat (on the left). The effect of the fiber orientation on the cell morphology is visible
preferably in the upper photos (20A vs. 20B) where the clear difference in the
cytoskeletons may be seen. Uneven distribution of round-shaped cells showed on the
isotropic un-oriented sample. Whereas, cells that grew on the anisotropic oriented samples
had taken prolonged shapes in the exact direction of the orientation of fibers. Many of
these cells showed also elongated nuclei (20D) in comparison to the rounded cell nuclei on

the pristine sample (20C).
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7.1.2 Sample 2
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Figure 21 Results of MTT assay referring to the cytotoxicity of
the sample 2 extracts (a different number of stars indicates

a statistically significant difference, one-way ANOVA, p <0.05).

The results of the sample 2 extract cytotoxicity are shown in Figure 21. Extracts in any
concentration (nor the 100 % one) were not cytotoxic as the cell viability was almost as
high as in the case of the reference — cells cultivated in pure medium without the PU
extracts. The results were tested using one-way ANOVA, Tukey's multiple comparison
test, which showed that the means of the measured values are not statistically significantly

different.
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Figure 22 The SEM photographs of PU nonwoven mat, sample 2,

in its (A) original form with un-oriented fibers, (B) modified form

with oriented fibers.

The SEM photographs show the difference between the original form of the sample 2
(Figure 22A), which consists of randomly oriented fibers with a few nodules, against the
modified sample 2 (Figure 22B) with oriented fibers. Although some fibers are torn after

mechanical orientation, the majority length of the fibers lays in one direction.
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Figure 23 The fluorescence microscopy photographs of mouse fibroblasts (NIH/3T3)
cultivated on the sample 2 in its (A, C) original form with un-oriented fibers, (B, D)

modified form with oriented fibers; (A, B) ActinRed — actin, (C, D) Hoechst — DNA.

Mouse fibroblasts that grew on the sample 2 are shown in Figure 23. Based on the
estimation of cell number, oriented fibers in the mat (on the right) are more sufficient for
mouse fibroblast proliferation than the randomly-oriented fibers (on the left). The impact
on the cell morphology is visible preferably in the upper photos (23A vs. 23B) where the
significant difference in the cytoskeletons may be seen. Cultivation of fibroblasts on the
un-oriented fibers led to the creation of stellate-patterned morphology similar to the
morphology of fibroblasts grown on the reference smooth cell culture PS dishes. While
cultivation on the oriented fibers resulted in cells with elongated shapes, more even
distribution on the surface, and orientation in the direction of the fibers. Some of these
cells showed also prolonged nuclei (23D) in comparison to the rounded cell nuclei on the

isotropic un-oriented mat (23C).
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7.1.3 Sample 3
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Figure 24 Results of MTT assay referring to the cytotoxicity of
the sample 3 extracts (a different number of stars indicates

a statistically significant difference, one-way ANOVA, p <0.05).

The results of the sample 3 extract cytotoxicity are shown in Figure 24. The extracts in
concentrations 50 and 75 % were not cytotoxic. However, the concentrated extract (100 %)
demonstrated mild cytotoxicity based on the cell viability relative to the reference — cells
cultivated in pure medium without the PU extracts. The results were tested using one-way
ANOVA, Tukey's multiple comparison test, which proved that the means of the measured
values are statistically significantly different between 100 % and 75 % or 50 % extract
concentrations at a probability value of p < 0.05 and between reference and 100 % extract

concentration at a probability value of p < 0.001.
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Figure 25 The SEM photographs of PU nonwoven mat, sample 3,
in its (A) original form with un-oriented fibers, (B) modified form

with oriented fibers.

The difference between the original isotropic sample 3 (Figure 25A) and its oriented
anisotropic modification (Figure 25B) is evident. Although some fibers are torn after

mechanical orientation, the majority length of the fibers lays in one direction.
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Figure 26 The fluorescence microscopy photographs of mouse fibroblasts (NIH/3T3)
cultivated on the sample 3 in its (A, C) original form with un-oriented fibers, (B, D)

modified form with oriented fibers; (A, B) ActinRed — actin, (C, D) Hoechst — DNA.

The morphology of fibroblasts cultivated on the sample 3 may be seen in Figure 26.
According to the estimation of the number of the cells, mouse fibroblasts proliferate more
on the surface of the oriented sample (on the right) than on the surface of the pristine un-
oriented sample (on the left). The effect of the fiber orientation on the cell morphology is
visible preferably in the upper photos (26A vs. 26B) where the significant difference in the
cytoskeletons may be seen. Fibroblasts cultivated on the original PU mats with un-oriented
fibers got lenticular morphology. In the case of the oriented mats, cells showed slightly
prolonged shapes, but not as much as cells on the samples 1 and 2. Neither the nuclei of
these cells are elongated, but instead retain their round shape (26D) as cell nuclei on the

un-oriented mats (26C).
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7.2 Surface coatings

This subchapter shows the analysis results of four different coatings and their various
combinations. Firstly, electrically conductive polypyrrole (PPy) coatings were synthesized

using pyrrole as monomer and two different polymerization initiators:
o ammonium persulfate (APS)
o ferric chloride (FeCls)

As the results show, the PPy cytocompatibility had to be increased which was reached

by biofunctionalization of the surface by adhesion of selected proteins, peptides:
o albumin (Alb)
o gelatin (Gel)

The distinctions in the cytocompatibility (NIH/3T3 mouse fibroblast cell line)
acquired by coating the cell culture PS dishes with mentioned PPy, albumin, and gelatin

were observed by optical microscopy.
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Figure 27 The optical microscopy photographs with 40x magnification of mouse
fibroblasts (NIH/3T3) cultivated on cell culture PS dishes coated with PPy using APS as
polymerization initiator: (A) PPy only, (B) PPy + Alb, (C) PPy + Gel, (D) PPy + Alb/Gel.

Fibroblasts cultivated on cell culture PS dishes coated with PPy using APS as the
initiator are shown in Figure 27. As the photograph (27A) shows, PPy alone is not
cytocompatible enough for the tested cell line of mouse fibroblasts. Coating with albumin
(27B) resulted in a similar enhancement of PPy surface biocompatibility as with gelatin-
coating (27C). Nevertheless, the combination of both albumin and gelatin (27D) brought

the biggest cytocompatibility improvement.
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Figure 28 The optical microscopy photographs with 40x magnification of mouse
fibroblasts (NIH/3T3) cultivated on cell culture PS dishes coated with PPy using FeCl; as
polymerization initiator: (A) PPy only, (B) PPy + Alb, (C) PPy + Gel, (D) PPy + Alb/Gel.

The viability of fibroblasts cultivated on cell culture PS dishes coated with PPy using
FeCls as the initiator can be seen in Figure 28. This PPy alone (28A) is not cytocompatible
with mouse fibroblasts. Coating with albumin (28B) or with gelatin (28C) increased the
PPy cytocompatibility but the combination of both albumin and gelatin together (28D)
gave the most significant improvement in cell adhesion and subsequent proliferation.
When comparing the two types of observed PPy coatings (Figures 27 vs. 28), the results
seem very similar, only this PPy with FeCl; tends to generate less powder possible to wash

out.
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7.3 Conditions of cell cultivation

This subchapter was supposed to show the analysis results of cell cultivation under
four different conditions — static, tensile-dynamic, electric, and a combination of the last

two.

Of the three observed electrospun PU nanofiber nonwoven mats, the sample 1
(Desmopan 385 S) was chosen as the most appropriate to perform these experiments.
Despite its extract show mild cytotoxicity (Figure 18), the sample 1 was chosen due to the
suitable mechanical properties, such as elasticity which is important in the tensile-dynamic
cultivation, cohesion and rift resistance essential during the orientation process, and due to
the most significant impact of fiber orientation on the fibroblast morphology (Figure 20).
In addition to the orientation of fibers in the chosen PU mat that causes anisotropy, the
sample was coated with PPy to enhance electro-conductivity of the polymeric substrate and
with proteins to increase the surface cytocompatibility. Of the two types of observed PPy
coatings, the PPy with FeCl; used as a polymerization initiator was chosen due to its higher
electrical conductivity and less powder formation. The surface functionalization was
secured by coating with both albumin and gelatin together due to the highest
cytocompatibility of this combination (Figure 28). The results of mouse fibroblast cell line
NIH/3T3 and mouse embryonic stem cell line R1 cultivation under static conditions on
these modified polymer samples are shown hereinafter. Unfortunately, it was not possible
to complete the cultivation under tensile-dynamic and electric conditions because of both

the restriction related to SARS-CoV-2 pandemic and software technical issues.

7.3.1 Cultivation under static conditions

The results of static mouse fibroblast (NIH/3T3) and embryonic stem cell (R1)
cultivation on the PU nonwoven mat (the sample 1), which was (un)oriented and
(un)coated with PPy using FeCl; initiator and with both albumin and gelatin together, are
shown hereinafter. The impact of these polymer surface modifications on the two cell lines
was observed using fluorescence microscopy. Since all observed samples had the same
culture surface area (22 x 22) mm, it was possible to perform not only qualification but

also quantification by the MTT assay.
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Figure 29 The fluorescence microscopy photographs of mouse fibroblasts (NIH/3T3)
cultivated on the sample 1 in its original form with un-oriented fibers: (A, C) uncoated,

(B, D) coated with PPY + Alb/Gel; (A, B) ActinRed — actin, (C, D) Hoechst — DNA.

Fibroblasts cultivated under static conditions on the surface of the isotropic PU mat
are shown in Figure 29. Cells on the pristine sample, photographs of which are situated on
the left, established preferably round-shaped cytoskeletons (29A) and also nuclei (29C).
This morphology was expected in a view of results obtained in the sample 1 analysis (see
Figure 20A, C). Isotropic samples, which were coated with PPy, albumin, and gelatin, are
located on the right. Here, the cells took diverse shapes, from round to considerably
elongate (29B) with a random direction because of the randomly oriented fibers in the

substrate. Nuclei of these cells are classically rounded (29D).
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Figure 30 The fluorescence microscopy photographs of mouse fibroblasts (NIH/3T3)
cultivated on the sample 1 in its modified form with oriented fibers: (A, C) uncoated,

(B, D) coated with PPY + Alb/Gel; (A, B) ActinRed — actin, (C, D) Hoechst — DNA.

The morphology of fibroblasts cultivated under static conditions on the surface of the
anisotropic PU mat with oriented fibers can be seen in Figure 30. Photographs of cells that
grew on the oriented but un-coated sample are shown on the left. Their cytoskeletons
(30A) and also most of the nuclei (30C) are elongated. However, the cell elongation effect
is not as significant as in the sample 1 analysis (see Figure 20B, D) which was caused
probably by a two days shorter time of cell cultivation. When focusing on the anisotropic
sample treated with PPy, albumin, and gelatin, photographs of which are located on the
right, the cells have taken various morphologies: round, lenticular, elongated (30B). In
both cases, un-coated and coated, the cytoskeletons oriented strictly with the direction of
fibers in the mats (30A vs. 30B). On the other hand, it seems that the surface treatment
prevents the cell nuclei to elongate (30D) in comparison to the un-coated sample results

(30C).
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Figure 31 Results of MTT assay referring to the cytotoxicity

of the samples under static cultivation conditions.

Cell quantification was performed by the MTT assay. Results are shown in Figure 31
where the number of viable cells is presented as the cell viability relative to the references
which were the cell culture PS dishes clear or coated with PPy, albumin, and gelatin in the
same way as the observed samples were. As the graph shows, the only sample comparable
to the reference surface is the pristine isotropic un-oriented un-coated sample. It seems that
the orientation of the fibers led to the reduction of viable cells, despite the previous results
where it looked like the cells proliferated more on the oriented samples (see Figures 20, 23,
and 26). The number of viable cells is also lower on the treated surfaces, but this was
expected because of the poor cytocompatibility of PPy coatings (see Figures 27 and 28).
However, it is still a success that albumin and gelatin enabled to increase the PPy

cytocompatibility to a usable state.

Nevertheless, it should be known that several complications accompanied the MTT
assay that could have affected the accuracy of the results. Firstly and most importantly, the
dimethylsulfoxide (DMSO) used to complete the MTT assay dissolved all the PU samples
and the PPy coating as well which unfavorably influenced the solution color, the
absorbance of which was subsequently measured. Therefore, it was necessary to prepare
blind samples with no cells seeded and measured results relate to them during the
evaluation. Secondly, the number of repetitions was low, only three times for every column
with the PU samples. Unfortunately, it was not possible to repeat the MTT assay with
a higher repetition number because of the emergency state caused by the SARS-CoV-2

epidemic.
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Figure 32 The fluorescence microscopy photographs of clusters of mouse embryonic stem
cells R1 cultivated on the sample 1 in its original form with un-oriented fibers coated with:

(A, C) Alb/Gel, (B, D) PPY + Alb/Gel; (A, B) ActinRed — actin, (C, D) Hoechst — DNA.

Mouse embryonic stem cells cultivated under static conditions on the surface of the
isotropic PU mat are shown in Figure 32. For the sake of embryonic stem cells, all samples
had to be coated with albumin and gelatin for higher compatibility. Photographs of cells on
the sample including the PPy coating may be seen on the right (32B, D) whereas without
the PPy on the left (32A, C). However, the cells behaved the same in both cases; there was
no significant difference between the proliferation, cells managed to survive in an un-
differentiated state (in the presence of medium containing LIF), and did not tend to grow

apart on the surface at all, contrariwise they clustered.
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Figure 33 The fluorescence microscopy photographs of clusters of mouse embryonic stem
cells R1 cultivated on the sample 1 in its modified form with oriented fibers coated with:

(A, C) Alb/Gel, (B, D) PPY + Alb/Gel; (A, B) ActinRed — actin, (C, D) Hoechst — DNA.

The morphology of mouse embryonic stem cells cultivated under static conditions on
the surface of the anisotropic PU mat with oriented fibers can be seen in Figure 33. For the
sake of embryonic stem cells, all samples had to be coated with albumin and gelatin for
higher compatibility. Cells behaved the same in both cases — on the sample without the
PPy coating shown on the left (33A, C) either with the PPy coating located on the right
(33B, D). There was no significant difference between the proliferation, cells managed to
survive in an undifferentiated state (in the presence of medium containing LIF), and did
not tend to grow apart on the surface at all, contrariwise they clustered. When comparing

the fiber alignment (32 vs.33), the result seems quite similar.
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8 DISCUSSION

Three types of electrospun PU nanofiber nonwoven mats were used as a subject of the
experimental part of the master’s thesis. The samples differ in used PUs, solvents,
conductive additives, their ratios, and electric voltage during the electrospinning, which led
to different basis weights of the nonwoven mats. Thermoplastic PU was stated as
biocompatible by many studies, for example, Jaganathan et al. (2019). To verify this
assertion and to get acquainted with the samples, the cytotoxicity of extracts was assessed.
In summary, the results (Figures 18, 21, 24) showed only slight cytotoxicity, mild in
maximum, no extract was neither moderate nor severe cytotoxic. Therefore, all three
samples of PU electrospun mats may be considered cytocompatible as expected. However,
100 % extract of the sample 1 gave mild cytotoxicity close to the lower critic line (0.6 cell
viability relative to the reference — cells cultivated in pure medium without the PU
extracts). This outcome is sufficient on behalf of fibroblasts but for more susceptible
embryonic stem cells not so much, hence it was necessary to ensure an improvement in the
cytocompatibility of the sample before seeding the stem cells onto its surface. In agreement
with Javaid et al. (2019), there always is a remained space for improvement of the

biological behavior of petrochemical-based polyurethanes.

One of the many possible ways of biomaterial bioactivity improvement is to modify its
topography so the surface imitates the natural cellular surroundings. The nanofibrous
structure of electrospun mats is supposed to be excellent in mimicking the ECM.
Nevertheless, attention should be paid to mechanical and structural anisotropy that
increases with fiber alignment (Fee et al., 2016). The uniaxial orientation of fibers in the
nonwoven mats is essential since most of the natural tissues are anisotropic (Hoque, 2017).
Randomly-oriented fibers within the isotropic electrospun samples were aligned manually
above 150 °C heat source with results shown in SEM images (Figures 19, 22, 25). The
impact of the fiber alignment on the NIH/3T3 mouse fibroblast morphology is significant
as demonstrated in all three samples (Figures 20, 23, 26). Fibroblasts cultivated on the
isotropic sample with randomly-oriented fibers got rounded, lenticular, or stellate-
patterned morphology, whereas cells that grew on the anisotropic sample with aligned
fibers had taken prolonged spindle shapes in the exact direction of the fiber orientation.
Many of these cells showed also elongated nuclei in comparison to the rounded cell nuclei
on the pristine un-oriented sample. Cell cultivation on the aligned fibers also results in

higher cell proliferation and more even distribution of cells on the surface. These results
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confirm the claim of Yin et al. (2010), that cells respond to fiber orientation with
morphological changes, cytoskeletal rearrangements, and nuclear elongation. The
explanation probably lies in contact guidance and cell-matrix interactions, whose amount
and distribution are influenced by the nanofiber alignment, and that plays an important role

in regulating cell functions, including mentioned proliferation and migration (distribution).

Another PU bioactivity improvement manner was surface coating with an electrically
conductive polymer that, according to Gajendiran et al. (2017), should help cells
communicate with each other and hence improve cell growth. Specifically, polypyrrole
(PPy) coatings were synthesized using two different oxidants: ammonium persulfate or
ferric chloride. Although many studies stated PPy as cytocompatible material (Wang et al.,
2004; Ravichandran et al., 2010) or low-cytotoxic (Hsu et al., 2008), cell death of NIH/3T3
mouse fibroblasts cultivated on PPy surfaces in this thesis showed otherwise (Figures 27A,
28A). When comparing the cytocompatibility of the two types of observed PPy coatings
with different oxidants, the results seem similarly bad. Under Ravichandran et al. (2010),
the major limitation of the PPy cytocompatibility lies in its hydrophobicity that decreases
the successful entrapping of proteins from the medium to the surface. This restriction may
be influenced by using other oxidants and synthesis conditions, or there is also another
path, which was carried out in this analysis, the surface coating with bio-substances that
change the biological activity of the treated surface. (Tallawi et al., 2015) As the results
show (Figures 27B-D, 28B-D), coating with albumin or gelatin increased the PPy
biocompatibility considerably, but surprisingly, the combination of both albumin and
gelatin together provided an even more significant improvement in cell proliferation. These
positive results, which have likely been achieved due to the functional carboxyl and amino
groups of proteins and peptides, are in compliance with studies of Wu et al. (2019) and
Van Vlierberghe et al., (2011) that confirm the biocompatibility and cell-interactive

properties of albumin and gelatin.

After the cytocompatibility of PPy overlay with albumin and gelatin on the surface of
reference PS tissue dishes was confirmed, the next step was the coating of the electrospun
mats. Despite its mild-cytotoxic concentrated extract (Figure 18), the sample 1 was
evaluated as the most appropriate representative of the three observed electrospun PU
nonwoven mats for following experiments due to a cohesion and rift resistance which is
essential during the fiber orientation process, the most significant impact of fiber alignment

on the fibroblast morphology (Figure 20), and the suitable mechanical properties, such as
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elasticity which is important in the cultivation under tensile-dynamic conditions. Of the
two types of observed PPy coatings, the PPy with FeCl; used as an oxidant was chosen due
to its higher electrical conductivity and less powdering. The surface bioactivity was
secured by coating with both albumin and gelatin together due to the effectiveness of this

combination (Figure 28).

The way in which selected surface coatings affects the impact of fiber alignment on
the mouse fibroblast cell line NIH/3T3 was observed by a fluorescence microscope
(Figures 29, 30). As expected, cells cultivated on the pristine sample with un-coated
randomly-oriented fibers established preferably round-shaped cytoskeletons and also
nuclei. When the PPy, albumin, and gelatin coatings were applied, cell cytoskeletons
demonstrated various shapes, from round to considerably elongate with a random direction
because of the randomly-oriented fibers in the substrate; nuclei of these cells were
classically rounded. Focusing now on the oriented but un-coated samples, most of the cells
had elongated cytoskeletons and also most of the nuclei. In this case, the surface PPy,
albumin, and gelatin coatings again led to various cell morphologies: round, lenticular,
spindle-shaped; however, cell nuclei did not elongate and remained rounded. In both cases,
un-coated and coated, the cells oriented strictly with the direction of fibers in the mats. In
summary, the surface coatings significantly influenced cell morphology and prevented
nuclei elongation, nevertheless, cell orientation maintained still according to fiber

orientation.

Since all of these samples had the same culture surface area (22 % 22) mm, it was also
possible to perform cell quantification using the MTT assay. The results (Figure 31)
determined that the only sample that could compare to the reference surfaces, which were
the cell culture PS dishes clear or coated, is the pristine isotropic un-oriented un-coated
sample. It seems that the orientation of the fibers led to the reduction of viable cells,
despite the previous results whereby guesstimate it seemed that the fibroblasts proliferated
more on the oriented samples (Figure 20). The number of viable cells is also lower on the
treated surfaces, but this was kind of expected because of the poor cytocompatibility of
PPy coatings (Figure 28). Nevertheless, it is still a success that albumin and gelatin enabled
to increase the PPy cytocompatibility up to a usable state. However, it should be known
that several complications accompanied the MTT assay that could have affected the
accuracy of the results. Firstly and most importantly, the dimethylsulfoxide (DMSO) used
to complete the MTT assay dissolved all the PU samples and the PPy coating as well
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which unfavorably influenced the solution color, the absorbance of which was
subsequently measured. Therefore, it was necessary to prepare blind samples with no cells
seeded and measured results relate to them during the evaluation. Secondly, the number of
repetitions was low, only three times for every group with the PU samples. Unfortunately,
it was not possible to repeat the MTT assay with a higher repetition number or to perform
another quantification method, for example, ATP assay, because of the emergency state

caused by the SARS-CoV-2 epidemic.

Furthermore, the R1 mouse embryonic stem cell line was cultivated on the surface of
these electrospun PU mats (Figures 32, 33). For the sake of the cells, all samples had to be
coated with albumin and gelatin for higher surface bioactivity. The embryonic stem cells
behaved the same in all observed samples — there was no significant difference between the
proliferation, cells managed to survive in an undifferentiated state (in the presence of
medium containing LIF), and did not tend to grow apart on the surface at all, contrariwise
they clustered. This means that neither the fiber orientation nor the PPy coating has

a visible impact on the morphology of the embryonic stem cell in the undifferentiated state.

However, all aforementioned results were obtained from cell cultivation under static
conditions and, as it is well known, the static cultivation is neglecting the pivotal role of
mechanical stimulations that are a matter of fact in the natural tissue environment and may
act as an active force for directing cellular morphology and functions including stem cell
differentiation. (Nokhbatolfoghahaei et al., 2020) For this purpose, a bioreactor with a 3D
printed inner attachment frame (Figure 17) was used in this master’s thesis to apply
hydrodynamic shear stress together with a tensile strain to a scaffold with cells. This
should let manifest the effect of mechanical anisotropy of scaffold on cell behavior,
similarly as was done in studies of Lee et al. (2005) or Rosenfeld et al. (2016).
Furthermore, it was planned to undergo cultivation with an electric current applied which
should help to show the impact of electrically conductive PPy coatings. According to
Gajendiran et al. (2017), organic conductive polymers affect cell activities, improve cell
growth, help cells communicate with each other, and can control stem cell differentiation
under external electrical stimuli. Some of the latest studies that prove the effectiveness of
electric current applied on (neural) stem cells were implemented by Yan et al. (2020) or
Shrestha et al. (2019). Unfortunately, it was not possible to complete the cultivation under
tensile-dynamic and electric conditions because of both the restriction related to SARS-

CoV-2 pandemic and bioreactor software issues.
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CONCLUSION

The main topic of this master’s thesis was the cytocompatibility of polymeric
biomaterials and material properties and modifications affecting it. The attention of the
experimental part was particularly driven to electrospun polyurethane (PU) nanofiber
nonwoven mats. All three tested PU samples exhibited only slight and mild cytotoxicity, so
they may be considered cytocompatible as expected. However, a space for improvement of
the bioactivity remained, especially in terms of their surface properties. Thus, several
modifications were suggested and implemented. First, the uniaxial orientation of fibers in
the PU mats was provided to mimic structural and mechanical anisotropy of the natural
extracellular matrix. The impact of the fiber alignment on the morphology of mouse
fibroblasts was significant. Not only cytoskeletons but also cell nuclei demonstrated
prolonged shapes with a uniform orientation strictly along the fibers. Second, the samples
were coated with two types of polypyrrole-based coatings (PPy) in order to enhance
electrical conductivity. Although the PPy was supposed to improve cell growth, the results
showed conversely the cell death of mouse fibroblasts in both cases. Therefore, the third
surface modification was carried out to increase the cytocompatibility. As the results
manifest, the most significant improvement in cell proliferation was achieved with
a combination of albumin and gelatin applied together. After the application of these
coatings on the PU samples, mouse fibroblasts were prevented from cytoskeleton and
nuclei elongation but the orientation of the cells maintained still according to the fiber
direction. In the case of mouse embryonic stem cells, neither the fiber alignment nor the
PPy coating had a visible impact on the clusters of the stem cells. Furthermore, the
quantification of fibroblasts was performed but sadly, it was found that the MTT assay is
not an entirely suitable method because dimethylsulfoxide dissolved the PU samples and
the PPy coatings which led to the results against expectations. Another objective of the
analysis was to supplement the knowledge about the influence of the PU samples and their
modifications on the cytocompatibility under tensile-dynamic or/and electric cultivation
conditions. Unfortunately, it was not possible to fully complete these experiments because
of both the restriction related to SARS-CoV-2 pandemic and bioreactor software issues.
Even though the aims were not completely accomplished, the results of this master’s thesis
may help in further deepening of current knowledge about the impact of polymeric surface
properties on cell behavior and hence contribute to scaffold design optimization on behalf

of specific tissue growth achievement.
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