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ABSTRACT
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Many tissues have a distinctly aligned microstructure which is critical for their optimal function
such as muscle tissue and vasculature. Therefore, in order to regenerate or model those tissues,
tissue engineering constructs need to be able to mimic their native cellular alignment and orien-
tation. In addition to mimicking the alignment, the three-dimensionality of tissues needs to be
considered in order to obtain more physiologically accurate solutions. Biopolymer fibres and hy-
drogels have emerged as promising materials due to their versatility and tailorable properties.
Fibres can be used to prepare organised constructs that mimic fibrous tissues and to guide cel-
lular alignment. Hydrogels, on the other hand, are excellent materials for creating a three-dimen-
sional growth environment for cells due to their permeability and capability to mimic the native
extracellular environment.

Fibrin is a fibrous polymer formed from the plasma glycoprotein fibrinogen by the action of the
serine protease thrombin. Fibrin is a highly appealing material for tissue engineering since it can
promote cell attachment, migration and proliferation. In addition, it has unique mechanical prop-
erties, such as viscoelasticity and strain hardening. Previously, fibrin fibres have been success-
fully produced by extrusion and their ability to guide cellular alignment has been studied. However,
in only two studies, fibrin fibres have been placed inside a hydrogel. In those studies, fibre encap-
sulation was noticed to affect the behaviour of cells enclosed inside fibres. Also, cell alignment
was limited to cells close to fibres when encapsulated in fibrin gel matrix.

The objective of this thesis was to fabricate fibrin fibres with a simple extrusion method and to
investigate the capability of the fibres to provoke cellular alignment. In addition, the physical and
mechanical properties of the fibres were characterised. All polymers used in this thesis were pre-
pared using published methods. A gelation test and an initial extrusion test were conducted to
find the optimal fibrin composition for fibre production and cell culture. Changes in fibre diameter
after various processing steps were monitored using a light microscope, by measuring the diam-
eter of the fibres. Fibre swelling and stability was studied by incubating the fibres in medium as
such and between two layers of gellan gum-gelatin hydrogel. Alignment of the fibrin fibril network,
due to stretching during the fabrication process, as well as the morphology and surface structure
of the fibres was examined with a scanning electron microscope (SEM). A tensile test was con-
ducted to characterise the mechanical properties of the fibres. Cell alignment was studied by
culturing WI-38 fibroblasts on fibrin fibres placed on top of gellan gum-gelatin hydrogel as such
or when encapsulated in the gel.

The results show that fibrin fibres were successfully fabricated with different compositions.
Stretching during the fabrication process significantly decreased fibre diameter, however, less
than anticipated due to high elasticity of fibrin. The produced fibres had good stability since they
stayed intact during long-term incubation. Also, the fibres did not swell back to their initial wet,
stretched diameter upon rehydration. SEM images of the fibres showed clearly aligned fibrils al-
beit there were differences in the degree of alignment between different areas. In terms of me-
chanical properties, the fibrin fibres were highly extensible and elastic. Also, despite a manual
fabrication method there was no big difference between the measured fibres. Cell culture studies
with fibroblasts showed that the fibres were capable of provoking cellular alignment. However,
this phenomenon was observed only when the cells were in direct contact or close vicinity of
them. Therefore, alternative cell seeding methods and culture setups need to be considered to
further improve the outcome. In conclusion, fibrin fibres with a longitudinally oriented fibril network
could be easily fabricated with the simple extrusion method. The obtained fibres were highly ex-
tensible and elastic. Cellular alignment was observed when the cells were in close proximity of
the fibres.

Keywords: fibrin, fibre, extrusion, hydrogel, cellular alignment, tissue engineering
The originality of this thesis has been checked using the Turnitin OriginalityCheck service.
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Monilla kudoksilla, kuten lihaskudoksella ja verisuonistolla, on hyvin tarkasti jarjestaytynyt mik-
rorakenne, mika on aarimmaisen tarkeaa niiden optimaalisen toiminnan kannalta. Jotta kyseisia
kudoksia pystyttaisiin regeneroimaan tai mallintamaan, on kehitettyjen kudosteknologisten raken-
teiden kyettava jaljittelemaan natiivien solujen jarjestaytymista. Tdman lisksi on otettava huomi-
oon myo6s kudosten kolmiulotteisuus fysiologisesti tarkempien ratkaisujen kehittdmiseksi. Biopo-
lymeerikuidut ja hydrogeelit ovat nousseet esiin lupaavina materiaaleina niiden monipuolisuuden
ja raataloitavien ominaisuuksien vuoksi. Kuituja voidaan kayttaa jarjestaytyneiden rakenteiden
valmistamiseen, mitka jaljittelevat syisia kudoksia, seka ohjaamaan solujen jarjestaytymista. Hyd-
rogeelit puolestaan ovat erinomaisia materiaaleja kolmiulotteisen solukasvuymparistén luomi-
seen niiden lapaisevyyden ja luonnollista soluvaliainetta muistuttavan rakenteen vuoksi.

Fibriini on kuitumainen polymeeri, joka muodostuu, kun veriplasmassa oleva glykoproteiini fib-
rinogeeni reagoi seriiniproteaasi trombiinin kanssa. Fibriini on erittéin kiinnostava materiaali ku-
dosteknologian kannalta, silla se pystyy edistdmaan solujen kiinnittymista, likkumista ja lisdanty-
mista. Lisaksi silla on ainutlaatuiset mekaaniset ominaisuudet, kuten viskoelastisuus ja muok-
kauslujittuvuus. Aikaisempia tutkimuksia fibriinikuitujen valmistamisesta ekstruusion avulla on
tehty ja kuitujen kykya ohjata solujen jarjestaytymista on tutkittu. Kuitenkin vain kahdessa tutki-
muksessa fibriinikuidut on sijoitettu hydrogeelin sisalle. Naissa tutkimuksissa havaittiin, etta kui-
tujen ymparoéiminen geelilld vaikuttaa kuitujen sisalla olevien solujen toimintaan. Lisaksi, kun so-
luja viljeltiin kuituja ymparoivassa fibriinigeelissa, solujen jarjestaytyminen rajoittui kuitujen lahella
oleviin soluihin.

Taman diplomityon tavoitteena oli valmistaa fibriinikuituja yksinkertaisen ekstruusiomenetel-
man avulla, seka tutkia kuitujen kykya ohjata solujen jarjestaytymista. Lisaksi kuitujen fysikaaliset
ja mekaaniset ominaisuudet karakterisoitiin. Diplomitydssa kaytetyt polymeerit syntetisoitiin kayt-
taen vakiintuneita menetelmia. Geeliytymistesti ja alustava ekstruusiotesti tehtiin optimaalisen fib-
riinikoostumuksen I6ytamiseksi kuitujen tuotantoa ja soluviljelya varten. Eri kasittelyvaiheiden ai-
heuttamia muutoksia kuitujen halkaisijassa seurattiin mittaamalla niiden halkaisija mikroskoopin
avulla. Kuitujen turpoamista ja stabiiliutta tutkittiin inkuboimalla kuituja mediumissa sellaisenaan
ja kahden gellan gum-gelatiini hydrogeelikerroksen valissa. Valmistusprosessin aikaisen venyt-
tdmisen aiheuttamaa fibriinin fibrilliverkoston suuntautumista, seka kuitujen muotoa ja pintaraken-
netta tutkittiin pyyhkaisyelektronimikroskoopin (SEM) avulla. Vetokoe tehtiin kuitujen mekaanis-
ten ominaisuuksien maarittdmiseksi. Kuitujen vaikutusta solujen jarjestaytymiseen tutkittiin vilje-
lemallad WI-38 fibroblasteja gellan gum-gelatiini hydrogeelin pinnalle asetettujen fibriinikuitujen
paalla sellaisenaan tai geeliin sekoitettuna.

Tulokset osoittavat, etta fibriinikuituja onnistuttiin valmistamaan eri koostumuksilla. Valmistus-
prosessin aikainen venytys pienensi merkittavasti kuitujen halkaisijaa, mutta ei kuitenkaan niin
paljon kuin alun perin ajateltiin fibriinin suuren elastisuuden vuoksi. Valmistetut kuidut olivat hyvin
stabiileja, silla ne pysyivat ehjina pitkankin inkuboimisen jalkeen. Lisdksi kuidut eivat turvonneet
takaisin kuivausta edeltdneeseen kokoonsa uudelleenkostutuksen yhteydessa. Fibrillien suun-
tautuminen nakyi selvasti kuiduista otetuissa SEM kuvissa, mutta suuntautumisen maarassa oli
eroja eri alueiden valilla. Mekaanisilta ominaisuuksiltaan fibriinikuidut olivat erittdin venyvia ja
elastisia, ja huolimatta manuaalisesta valmistusmenetelmasta testattujen kuitujen tulosten valilla
ei ollut suurta eroa. Fibroblasteilla tehdyt soluviljelytutkimukset osoittivat, ettd kuidut pystyivat oh-
jaamaan solujen jarjestaytymista. TAma ilmié huomattiin kuitenkin vain, kun solut koskivat kuitui-
hin tai olivat niiden I&hettyvilla. Siksi paremman lopputuloksen aikaansaamiseksi on mietittava
vaihtoehtoisia solunsyéttémenetelmia ja viljelyjarjestelyja. Yhteenvetona voidaan todeta, etta
tydssa kaytetyn yksinkertaisen ekstruusiomenetelman avulla saatiin valmistettua fibriinikuituja,
joilla oli pituussuunnassa jarjestaytynyt fibrilliverkko. Valmistetut kuidut olivat erittdin venyvia ja
elastisia. Lisaksi solujen uudelleenjarjestaytymista havaittiin, kun solut olivat lahella kuituja.

Avainsanat: fibriini, kuitu, ekstruusio, hydrogeeli, solujen jarjestaytyminen, kudosteknologia
Taman julkaisun alkuperaisyys on tarkastettu Turnitin OriginalityCheck —ohjelmalla.
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1. INTRODUCTION

Fibrinogen is a fibrous protein that is essential for haemostasis, wound healing, inflam-
mation, angiogenesis and several other biological functions. It is mainly produced in the
liver by hepatocytes which secrete it into blood stream. Fibrinogen itself is soluble but,
upon coming in contact with the serine protease thrombin, it forms an insoluble gel on
conversion to fibrin. In the body, thrombin is activated by a cascade of enzymatic reac-
tions triggered by vessel wall injury, activated blood cells or a foreign surface (through
contact activation). Fibrin polymerisation begins when fibrinopeptides, in the central re-
gion of fibrinogen, are cleaved by thrombin. Cleavage of the fibrinopeptides exposes
binding sites (knobs) complementary to holes always exposed at the ends of the fibrino-
gen molecules. Interactions between the knobs and holes lead to the formation of half-
staggered, double stranded fibrin oligomers. As the oligomers lengthen, they turn into
protofibrils which aggregate laterally to form fibrils, which then branch to yield a three-
dimensional (3D) network. [1] Fibrin gel is stabilised by the coagulation factor Xllla
(FXIlla) because mechanical stability is essential in preventing blood loss and promoting
wound healing [1, 2]. Dissolution of fibrin is controlled by the fibrinolytic system, that
consists of series of enzymatic reactions with positive and negative feedback. The main
enzyme involved in fibrinolysis (proteolytic dissolution of fibrin) is the serine protease

plasmin. [1]

Fibrin has achieved widespread use in medical applications because of its versatility and
unique properties as a biomaterial [1, 3]. It was first used as a haemostat already in 1909,
over 70 years before the first commercially available fibrin product (fibrin sealant) came
to the market in Europe in 1982 [4]. Since then, fibrin has been used in various other
applications including tissue engineering of muscle, nervous and vascular tissue. Fibrin
is a highly appealing material for tissue engineering due to its unique biological and phys-
ical properties as well as its biocompatibility and biodegradability. [1] It has the ability to
direct cell signalling through integrin-based mechanisms, because it contains binding
sites such as arginine-glycine-aspartic acid (RGD) and alanine-glycine-aspartic acid-va-
line (AGDV) [2, 5]. In addition, fibrin can bind and interact with various growth factors
and other proteins such as fibronectin [6]. As for the unique mechanical properties, fibrin
is a viscoelastic material meaning that it can undergo reversible (elastic) or irreversible

(inelastic or plastic) deformation under stress depending on the strain and time scale [1,



7]. It also undergoes strain hardening which helps in preventing damage at high strains
[3]. Moreover, fibrin is highly extensible, and the fibril network is able to align along the

direction of stretching, creating an ordered structure [1, 8].

In the past couple of decades, fibrin has also been used in forms other than a hydrogel
such as fibres [5, 9, 10]. One reason for the interest in making fibrin fibres is that many
tissues have a distinctly aligned microstructure that is critical for their optimal function
such as nervous tissue and vasculature. Fibrin fibres offer a new strategy to create tissue
engineering constructs that mimic the cellular alignment and orientation of native tissues.
[9] In addition, it has been acknowledged that a shift from two-dimensional (2D) to 3D
cell culture is necessary in order to obtain a more physiologically accurate environment.
3D cultures allow the production of cells that are more like their in vivo counterparts and
help in creating more accurate tissue models among having several other benefits. [11—
13]

Within this thesis, the fabrication of fibrin fibres and their ability to affect cell alignment
will be explored. The physical properties such as swelling behaviour, stability and net-
work structure as well as mechanical properties will be investigated. The theoretical part
of this thesis will give an overview of the structure of fibrinogen and how it is converted
into fibrin. Next, the mechanical properties of fibrin and where they arise from are ex-
plained after which the influence of different elements on the network structure and prop-
erties are summarised. A brief overview about fibrin degradation is given before moving
onto a literature review addressing previous publications about fibrin fibres. After that,
the need to move from 2D to 3D cell culture is explained as well as the advantages of
hydrogels as a 3D cell culture matrix. Lastly, a promising natural hydrogel is described,
which will later be used in the experimental part of this thesis. The experimental part of
this thesis will begin with a materials and methods chapter that first describes the prep-
aration of used polymers. Next, the test by which the optimal fibrin composition for fibre
making and cell culture is chosen is explained followed by a description of the fibre fab-
rication method. After that, the used fibre characterisation methods are explained. Lastly,
the used cell culture setup and statistical analysis method are described. In the results
chapter, the criteria for choosing the optimal composition for fibre production and cell
culture will be explained. After that, the physical and mechanical properties of the fibres
as well as their capability to guide cell alignment will be examined. In the discussion
chapter, observations about each conducted test and possible explanations to those will
be given. Finally, improvement ideas for future work will be given and conclusions about

the project will be drawn.



2. THEORETICAL BACKGROUND

2.1 Structure of fibrinogen

Fibrinogen is a 340 kDa fibrous glycoprotein which is 45 nm long and made up of three
pairs of polypeptide chains, called Aa, B and y (Figure 1). Fibrinopeptides A and B (FpA
and FpB) comprise the N-terminal ends of the Aa and B3 chains. No fibrinopeptides are
attached to the y chains. The six polypeptide chains are connected with 29 disulphide
bonds to make two symmetrical half molecules. The N-termini of the six chains are all
connected to a central globular region, E, with a-helical coiled coils. Several interchain
disulphide bonds connect different parts and hold the whole molecule together. Three
disulphide bonds connect the two halves of the molecule together. One bond links the
two Aa chains and two bonds link the two y chains. One interchain disulphide bond con-
nects the Aa and B chains together within each half-molecule. Also, there are interchain
disulphide bonds within each chain as the Aa chains contain one bond, the B chains

contain three and the y chains contain two. [1, 2]

The fibrinogen molecule is comprised of three regions, two distal globular D regions and
one central globular E region, which all contain a part of the a-helical coiled coils that
connect the distal regions to the central region. The D and E regions are further organ-
ised into independently folded structural units, called domains. The central E region has
four domains and each D region contains seven domains. In the E region, the C-termini
of the Aa, B3 and y chains form a coiled-coil-E domain with a triple a-helical structure,
on the distal ends of the E region. The N-termini of the y chain form an asymmetric yN-
domain in the centre of the E region and parts of the Aa and BB chains form a funnel-
shaped domain on the opposite side of the region. The central globular part of the E
region, without the domains, is generally called the central nodule. In the distal D regions,
the N-termini of the Aa, B8 and y chains form a triple a-helical coiled-coil-D domain. The
C-termini of the B and y chains form a 3-nodule and y-nodule, also called the - and y-
modules, respectively. The B- and y-modules are both made of three domains (A-domain
(N-terminal), B-domain (central) and P-domain (C-terminal)). The C-termini of the Aa
chains, called aC-regions, fold back from the distal end of the triple a-helix in the D region
to form a fourth strand which then extends outwards via a flexible connector part (aC-
connector) to a relatively compact structure, called an aC-domain. The compact aC-do-

main interacts with the central globule of fibrinogen. [1, 2]



{rF'nEt ®Ac@®Bp Oy
S, _ not resolved with
carbohydrate ' :;i"-"n ® X.ray crystallography
" “ FpA 3,
| _E_—::cdulc I 1o aC region \ I".# .‘{4 - 1 FpB il

1 A carbohydrate, % )
b N

J - x A= ! . {
LA coiled-coil I central nodule i Icmb:ohydm: P-nodule ™,
D region E region D region

w0 ol region

Figure 1. Fibrinogen structure. Approximately two-thirds of the atomic structure of
fibrinogen has been determined by X-ray crystallography. Modified from [1].

Fibrinogen molecules have high- and low affinity Ca?* binding sites in the B and y chains,
which are important, for example, in fibrin polymerisation, lytic stability and other func-
tions. Low-affinity Ca?* binding sites in the B chains have been proposed to regulate
tissue-type plasminogen activator binding to fibrin(ogen) and thus the rate of plasmin-
mediated fibrinolysis. Also, when Ca?* is bound to the high-affinity binding sites in the y
chains, it protects the chains from enzymatic degradation. Ca?* binging modulates fibrin
polymerisation by enhancing lateral aggregation which leads to the formation of thicker
fibrils. [1, 2]

Since fibrinogen is a glycoprotein, it has four oligosaccharide chains bound to it by N-
glycosidic bonds. The attached carbohydrates can be desialylated to a different degree
and have significant effects on fibrin polymerisation and network structure. Fibrin net-
works made from fibrinogen with highly desialylated carbohydrates have thinner fibrils
with a higher density of branch points. Complete removal of the carbohydrates, on the
other hand, has an opposite effect on the fibril thickness resulting in fibrin networks made
up of very thick fibrils. These findings suggest that lateral aggregation can be modulated

by changing the charge or mass of the carbohydrate moieties. [1, 2]

2.2 Polymerisation of fibrin

The conversion of fibrinogen to fibrin can be divided into two major steps: enzymatic and
non-enzymatic (Figure 2). At the enzymatic step, fibrin polymerisation is triggered when
a serine protease thrombin cleaves the FpA and FpB from fibrinogen to form a fibrin
monomer. At the non-enzymatic step, fibrin monomers spontaneously self-assemble into
fibrin oligomers and eventually into two-stranded protofibrils. The formed protofibrils un-
dergo lateral and longitudinal aggregation to form branched fibrils and to yield a 3D net-
work. [1, 2]
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Figure 2. Schematic diagram of fibrin polymerisation. Fibrin polymerisation begins
with the release on fibrinopeptides by thrombin which leads to the formation of fibrin oli-
gomers as knobs can now interact with holes at the ends of the molecules. The oligo-
mers then form half-staggered protofibrils which laterally aggregate to form fibrin fibrils.
As the fibrils grow, they will start to branch in two ways to yield a 3D network. [1]

FpA and FpB are cleaved by thrombin from the N-termini of Aa and B chains of fibrino-
gen, respectively. FpA is cleaved quicker than FpB since it seems that thrombin can
more easily access the N-termini of the Aa chain containing the FpA. The release rate of
FpB increases with polymerisation, since FpB cleavage occurs primarily from fibrin oli-
gomers. Cleavage of the FpA exposes knobs ‘A’ which then interact with holes ‘a’, always
exposed in the y-modules of fibrinogen and monomeric fibrin. Cleavage of FpB exposes
knobs ‘B’ which interact with holes ‘b’ located in the B-modules. The role of ‘B-b’ interac-
tion will be discussed later in this chapter. The formation of ‘A-a’ interactions is the first
step of fibrin polymerisation. Knobs ‘A’ bind to holes ‘a’ of nearby fibrin monomers and
form half-staggered oligomer as the central E region of one monomer binds to the distal
end of an adjacent monomer. Fibrin monomers continue to add to the oligomer further

lengthening it into a two-stranded protofibril which laterally self-aggregates into fibrils.



The fibrin fibrils have a 22.5 nm periodicity, half the length of fibrin(ogen) molecules, due
to the half-staggered monomer packing. Lateral aggregation increases fibril diameter,
but the process appears to have a limiting factor. When protofibrils are added to the
perimeter of a fibril, they must be stretched, since the fibrils are twisted, which increases
the protofibrils’ path length. Therefore, when the energy needed to stretch a protofibril
exceeds the energy of bonding, lateral aggregation stops. [1, 2] Many of the mecha-
nisms, structural elements and driving forces behind lateral aggregation of protofibrils
are still unknown [1, 14]. One factor that has been found is that, protofibrils self-aggre-
gate only after they have reached a certain length implying that individual bonds between
protofibrils are weak and several bonds are needed to hold them together. The exact
role of ‘B-b’ interactions is not quite clear, but it seems that they enhance lateral aggre-
gation of protofibrils which leads to thicker fibrils. Although, ‘B-b’ bonds are not necessary
for lateral aggregation and fibril formation, they do have functional importance as they
affect fibrin structure and properties such as susceptibility to plasmin-mediated fibrinoly-
sis. [1, 2]

The aC-domains also enhance lateral aggregation of protofibrils [1, 15]. A study by Collet
et al. comparing the structure and properties of fibrin gels with and without aC-domains
and crosslinking found that networks formed from fibrin lacking the aC-domains had thin-
ner fibrils and smaller pores [15]. In addition, the aC-domains stabilise the network mak-
ing it stiffer and more elastic. A reason for the increase in uncrosslinked gels is most
likely that the aC-domains interact with each other which subsequently increases the
stiffness. The increase in network stiffness was more pronounced when the networks
were crosslinked due to reasons which will be explained in the next paragraph. The ab-
sence of the aC-domains also has a significant impact of the fibrinolytic stability of the
gels since gels without the aC-domains lyse significantly faster due the difference in

chemical structure. [15]

As fibrin fibrils grow in diameter, they also begin to branch in order to form a 3D network.
The formed branches can be divided into bilateral junctions and equilateral junctions
based on the formation mechanism. Branching is an opposite event to lateral aggrega-
tion. Therefore, conditions that favour lateral aggregation yield a network with thick fibrils
and fewer branch points and conditions that impede lateral aggregation yield a network

with thinner fibrils and many branch points. [1, 2]

In the body, the polymerised fibrin network is further covalently crosslinked (ligated) by
plasma transglutaminase, FXllla. The inactive precursor, FXIII, is activated by thrombin

in the presence of Ca?". FXllla catalyses the bond formation between the C-termini of



the y chains and to a lesser extend between the C-termini of the a chains (aC regions)
between and within protofibrils. The crosslinking stabilises the fibrin network making it

mechanically stronger and more resistant to plasmin-mediated fibrinolysis. [1, 2]

2.3 Mechanical properties of fibrin and their structural origins

Fibrin is a viscoelastic polymer which means that is has both elastic and viscous proper-
ties [1]. As an elastic material, fibrin can regain its initial shape, to a varying degree, after
applied stress is removed. As a viscous material, fibrin undergoes slow plastic (irreversi-
ble) deformation under constant stress (creep). In fibrin, creep occurs after very long
times. At low strains and over short times, the elastic modulus of fibrinogen is constant,
meaning that the stress is directly proportional to strain, and that there is no inelastic
(viscous) component. At larger strains, the slope of the stress-strain curve steepens
meaning that the elastic modulus (stiffness) of the fibrin network increases. The non-
linear behaviour of the elastic modulus is called strain hardening. The structural changes

behind fibrin’s strain hardening are explained later in this chapter. [1, 7]

In addition to being elastic, fibrin is a highly extensible polymer which means that it can
stretch a considerable amount under stress before breaking [1]. In a study by Zhmurov
et al. the mechanism of forced unfolding of a single fibrin(ogen) molecule was investi-
gated [16]. The study revealed that molecular elongation of fibrin(ogen) (without consid-
ering the aC regions) is determined by combined sequential unfolding of the C-terminal
y chain modules and limited extension-contraction of the a-helical coiled coil connectors.
The first step in the unfolding process is the partial unwinding of the coiled coils and the
unfolding of the central B-domain of the y-modules (Figure 3). In the next two steps, the
N- and C-termini of the y-modules unfold accompanied with partial unravelling of the
coiled coils. The unfolding of the N- and C-termini occur second or third with equal prob-
ability. Each step of the unfolding process is accompanied by a small spring-like contrac-
tion of the a-helical coiled coils. [16] Studies about the unfolding mechanism of fi-
brin(ogen) have also revealed that the 22.5 nm periodicity in fibrin is not significantly
altered when the fibrils are stretched. This implies that fibrin(ogen) molecules unfold in-
dividually, meaning that in a stretched fibrin network some molecules are completely
extended while others remain fully folded. [1, 16] Theoretically, if all the currently known
folded structures of fibrin(ogen) would fully elongate, it would result in a ~4.7-fold elon-
gation [1]. In the study by Zhmurov et al., fibrin(ogen) monomers were successfully ex-
tended to ~3.8 times their initial length [16].
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Simultaneously during the fibrin(ogen) unfolding process, as the a-helical coiled coils
unwind they transform into p-sheets (Figure 4). This a-helix to B-sheet transition is re-
sponsible for the strain hardening of fibrin networks at large strains. The transition pro-
cess has three distinct regimes when looking at a force-extension curve taken during the
unfolding. During the first regime (linear force elastic regime), at low forces and exten-
sions (< 8 nm), the a-helical coiled coils unwind, and short B-sheet beginnings and ran-
dom coils form in the Aa, B and y chains. In the linear force elastic regime, the coiled
coils refold fully when stress is removed. The next area in the force-extension curve is
the constant force plastic regime where the force levels off, reaching a long plateau. In
this regime, the a-helical coiled coils stretch and gradually transform into three-stranded
parallel B-sheets. In addition, the random coils in the Aa, BB and y chains rewind back
to their original state. The constant force plateau regime persists up to ~35-40 nm and
in this area the coiled coils partially refold to their initial state in a short timescale (2 ps)
when stress is removed. The third and last regime is the non-linear force regime where
the force begins to increase again. In the last regime, the Aa, BB and y chains, including
the B-sheets, fully elongate and lastly, after each previous process has finished, the cen-
tral nodule of the fibrin molecule unfolds. No refolding happens in the non-linear force

regime. [17]
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for double three-stranded coiled coil portions of fibrin(ogen) showing three distinct re-
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(2-5) and fully unfolded state (6). Modified from [17].

When a fibrin gel network is stretched, in addition to unfolding, the volume of the gel
decreases due to water expulsion. Water expulsion from the gel might be caused by an
inward force caused by the fact that fibrin fibrils buckle more easily than stretch. Another
possible explanation can be that as the network is stretched, and the fibrils unfold, they
also align along the direction of the force, come closer together and bundle. [8] The
alignment of fibrils due to uniaxial stretching has been observed in several studies. How-
ever, it has also been observed that the fibrils can recover back to their initial random
orientation after stress is removed. [5, 7, 9, 18] The same phenomenon of fibril alignment
has been observed in fibrin networks formed under flow [12, 19]. As the fibrils unfold,
hydrophobic groups in the structure are exposed which then interact with each other (e.g.
bundle) and expel water. So, the volume decrease in this case is a combined result of

fibril bundling and a decrease in fibril diameter. [8]

The viscous (inelastic) properties of fibrin become prominent when the network is under
constant stress for a long period of time or with fast changes to the applied stress. Alt-
hough fibrin undergoes irreversible deformation, it nearly regains its original stiffness af-

ter the stress is removed meaning that there are not net changes to its structure. This
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attribute makes fibrin a ‘self-repairing’ structure which can reshape itself as a result of
being stressed. For thin fibrils, the explanation behind the ability to self-repair might be
that the knob-hole bonds that hold the fibrils together may sometimes break and then re-
form in a different location. However, this explanation is plausible only for thin fibrils
where only a couple of bonds would need to be broken instead of many, as in the case
of thicker fibrils. As for thicker fibrils, the most likely explanation is that protofibrils slide
past each other as the bonds that hold them together are weaker than those within the
protofibrils. As fibrin has a 22.5 nm periodicity, each 22.5 nm longitudinal shift of protofi-
brils brings a new set of binding sites into alignment and thus thicker fibrils are capable

of maintaining their stiffness (self-repair). [7]

It is known that FXIllla crosslinked protofibrils stretch and unfold more rather than slide
past each other as they do if the protofibrils are not crosslinked [8]. However, the effect
of fibrin crosslinking, to the unfolding process itself, is not completely known [16]. Due to
sliding, fibrin monomers stretch individually and, therefore, when a fibrin gel is stretched
the fibrils have different stages of elongation. [8] Fibrin crosslinking increases the elastic
modulus of the fibrin network up to six times greater what is measured for an uncross-
linked fibrin gel [20]. In addition, crosslinked gels do not show the stress-induced rear-
rangement of molecules seen in uncrosslinked gels [21]. Covalent crosslinks between
the a chains are primarily responsible for the increased modulus but y chain crosslinks
have also been showed to have an effect. The crosslinks between a and y chains are
also responsible for the reduced extensibility of crosslinked gels [22]. In addition, small
changes happen in fibril diameter, branch point density or fibril density due to the cova-
lent crosslinks. [7, 15, 20, 23, 24]

2.4 Influence of fibrinogen, thrombin and Ca?* concentration as
well as covalent crosslinking on fibrin network structure
and mechanical properties.

Fibrin network morphology and properties can be manipulated by varying the concentra-
tions of fibrinogen, thrombin and Ca?* and by controlling crosslinking (Table 1) [7]. In-
creased fibrinogen concentration leads to an increase in fibril and branchpoint density
which together with increased protein mass increase the stiffness (elastic modulus) of
the fibrin gel. Average pore size and porosity of the network also decrease with increas-
ing fibrinogen content which in turn, together with increased fibril density, decrease the
permeability and fluid flow through the gel. [20, 21, 25-27] It has been studied that at

lower concentrations (< 6 mg/ml), increase in fibrinogen decreases fibril diameter but at
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higher concentrations (5—-50 mg/ml) there is no significant difference. Increased fibrino-
gen content has also been found to increase fibrin's gelation time as a result of de-

creased thrombin-to-fibrinogen ratio. [21, 27]

An increase in thrombin concentration also decreases the average pore size, porosity
and permeability of the network. However, increase in thrombin has only a small negative
effect on the fluid flow through the gel. In addition, thrombin and fibrinogen concentra-
tions have a bigger effect on small pores than larger pores. [25] Such as fibrinogen,
increased thrombin content increases fibril and branchpoint density which in turn in-
crease network stiffness but to a lesser extent. However, at high concentrations (= 25
U/ml), the network stiffness begins to decrease. An increase in thrombin also decreases
fibril diameter which most likely is the reason for the network softening. The softening
begins at a point where stiffening caused by the increase in density is outweighed by
softening caused by the decrease in fibril diameter. In addition to decreasing fibril diam-
eter, an increase in thrombin decreases fibril length and gelation time of fibrin gel. [21,
27-30] An explanation to the decrease in diameter and length is that at higher thrombin
concentrations the rate of fibrinopeptide cleavage increases resulting in a faster produc-
tion of fibrin monomers. Because lateral aggregation and lengthwise growth of protofi-
brils is slower than monomer production, several short oligomers form before protofibrils

start to assemble, resulting in a network of thin, short fibrils. [21]

Ca?" has the opposite effect on fibril diameter, length, and density as well as branchpoint
density than thrombin as increases in Ca?* increases fibril diameter and length and de-
creases fibril and branchpoint density. One suggestion for the increase in diameter and
length is that Ca?* binding to fibrinogen decreases its net charge which in turn enhances
lateral aggregation. Ca?* binding has also been associated with the cleavage of fi-
brinopeptide B, thereby stabilising protofibrils and promoting their lateral aggregation and
lengthwise growth. Such as thrombin, increased Ca?* content decreases the gelation
time of fibrin. Reason for the decrease in gelation time is that Ca?* has been shown to
enhance, one or more, polymerisation events subsequent to fibrinopeptide cleavage.
[21]

Covalent crosslinking the fibrin network with FXllla increases network stiffness as de-
scribed in the previous chapter. Crosslinking also increases fibril length and density as
well as decreases fibril diameter and network pore size. The decrease in diameter is
most likely caused by tightening of the lateral bonds (between aC-aC and y-y) holding
the fibrin monomers together. [15, 21, 22]
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Table 1. Effects of different fibrin gel components on the network structure and properties. 1 in-
dicates increase and | indicated decrease.

Altered
component

Fibrinogen T Stiffness/elastic modulus, fibril and branchpoint density T [275 2217’]
Permeability, average pore size, porosity, fluid flow
through the gel l
Thrombin T Stiffness/ elastic modulus, fibril and branchpoint density T ‘[2271’301
Permeability, average pore size, porosity, fibril diameter
and length, gelation time i
caz 1 Fibril diameter and length 1 [21]
Fibril and branchpoint density, gelation time l
Covalgnt_ Stiffness/elastic modulus, fibril length and density T [15,
crosslinking 20-22]
with FXllla

Fibril diameter, average pore size i

In order to create a fibrin gel with maximal stiffness, there needs to be a balance between
fibril thickness and branchpoint density as they seem to have the highest impact on the
elastic modulus. High branching and thick fibrils, however, are antithetical as more
branching leads to thinner fibrils and thicker fibrils yield less branching. Maximal stiffness
is therefore obtained in gels with intermediate fibril diameter, length, density and
branchpoint density. [7, 21] Viscous behaviour of fibrin gels seems to be more pro-
nounced in networks with thicker fibrils as they more commonly have a high degree of

inelasticity during deformation [7].

Two interesting, recent studies about the effect of fibril diameter on the stiffness, protein
density and bond density of individual fibrils found that fibril stiffness decreases with in-
creasing diameter [14, 30]. In a study by Ryan et al. conducted using near-physiological
fibrinogen concentrations (0.5-6 mg/ml), the storage and loss modulus of the fibrin gels
increased up to a certain point, as branchpoints increased and fibril thickness decreased,
after which it started to decrease [21]. However, after the peak value, the stiffness was
still considerably higher than in the gels with few branches and thicker fibrils. Similar
phenomenon was also observed with Young’s modulus in a study by Duong et al. con-
ducted with much higher fibrinogen concentrations (1-25 mg/ml) [27]. The increase in

stiffness is generally attributed to increased branching but based on a study by Li et al.,
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the increase in Young’s modulus might also be due to an increase in the Young’s mod-
ulus of single fibrils that form the network [30]. A new fibrin fibril model, to explain this
behaviour, is proposed in both articles. In the models’, cross-sectional bond density de-
creases, as fibril diameter increases, causing the fibrils to have a higher density in the
core and a lower density in the periphery, and therefore thicker fibrils are less dense than
thinner fibrils. [14, 30] Other studies have also suggested that fibril density may decrease
with increasing density [31-33]. However, the mechanisms that restrict bond formation
between protofibrils are not resolved [30]. Moreover, the network that has the highest
stiffness most likely will not lyse the slowest, because of factors explained in the following
chapter [21].

2.5 Fibrinolysis

The main enzymes involved in fibrin degradation (fibrinolysis) are serine protease plas-
min (Pn) and matrix metalloproteinases (MMPs) [34]. Pn is converted from its inactive
precursor, plasminogen (Plg), to the active form by activators such as tissue-type plas-
minogen activator (t-PA) and urokinase-type plasminogen activator (u-PA). Activation of
Plg by t-PA happens on fibrin surface and thereby fibrin can regulate its own degradation
by enhancing Pn generation. u-PA, on the other hand, can activate Plg with and without
the presence of fibrin. The formed Pn then cleaves fibrin at specific sites, creating frag-
ments that contain more binding sites for Plg and t-PA, as a positive feedback mecha-
nism. [1, 7, 35] The activity of fibrinolytic components and subsequently the rate of fibri-
nolysis is controlled by several inhibitory proteins such as plasminogen activator inhibi-
tors and az-antiplasmin (a2-Pl) [36]. When lytic agents are applied externally, fibrils are

transected laterally rather than being degraded layer by layer from the outside in [7, 37].

MMPs degrade fibrin independently of the Plg mediated system. MMPs have the ability
to degrade fibrin (crosslinked and uncrosslinked), fibrinogen and FXIII. Different mem-
bers of the MMP family have varying capabilities to break down fibrin and to confer fibrin-
invasive activity to cells. Cells that express membrane type 1-, membrane type 2- or
membrane type 3-MMP (MT1-MMP, MT2-MMP and MT3-MMP, respectively) have the
ability to invade and degrade fibrin. In addition, several other MMPs, expressed by dif-
ferent cells in varying amounts, are capable of fully (e.g. MMP-3 and MMP-7) or partially
(e.g. MMP-1 and MMP-2) degrading fibrin. MMPs can be activated by many different
substances such as molecules belonging to the Plg-system, proprotein convertases or

even by themselves. [38—40]
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Fibrin network structure directly affects the rate of Plg mediated fibrinolysis (Figure 5) [7].
A more widely accepted phenomenon, even though some studies [41, 42] have shown
an opposite effect, is that fibrin networks made from thin and tightly packed fibrils are
more resistant to fibrinolysis. However, individually thin fibrils are lysed faster than thick
fibrils. [22, 37] In a study by Collet et al., where fibrin networks were degraded by putting
them in contact with t-PA loaded platelet-poor plasma, it was noticed that the binding-
and lysis-front velocities were significantly lower in tight networks [37]. In loose networks
with large fibrils and pores, t-PA has a higher accessibility to fibrin and thicker fibrils may
also have more potential for local enhancement and acceleration of fibrinolytic process
as the lysis proceeds. In tight networks, it might also take more time for Pn to reach new
fibrils, even though thin fibrils are cleaved at a faster rate than thick fibrils. [37] The ob-
servation that thin fibrils lyse faster has been, at least partially, explained by several
phenomena. One explanation is that as thin fibrils are made from fewer protofibrils and
have a smaller diameter, fewer molecules need to be cleaved to transect a fibril therefore
making it faster. In addition, thin fibrils are more densely packed, so t-PA and Pn binding
sites are closer together, and they are also more suitable for Plg activation by t-PA than
thick fibrils. Another explanation, made based on modelling and experiments, is that as
fibrils are lysed, they lose their inherent tension, caused by their twisted structure, and
began to elongate which subsequently slows down the degradation. Elongation is more
prominent in thicker fibrils, because they are most likely under more tension than thin
fibrils, and therefore thinner fibril lyse faster than thicker ones. [40] Flow has also been
detected to influence Plg mediated fibrinolysis by increasing its rate. Flow enables fibri-
nolytic agents to travel further into the network prior to binding, enhancing the inner-

network fibrinolytic rate. [22, 43]
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Figure 5. Diagram showing the influence of different factors on the rate of Plg medi-
ated fibrinolysis. Modified from [22].

FXIllla also controls Plg mediated fibrinolysis with several different mechanisms. Firstly,
it catalyses the formation of crosslinks between the a-a, a-y and y-y chains of adjacent
protofibrils which stabilise the structure and increase its resistance to fibrinolysis. [1, 15,
22, 24, 44] Reasons for the increased resistance are that a-chain crosslinking reduces
t-PA and Plg binding sites, decreases motility of molecules between protofibrils and tight-
ens protofibril packing making them denser. The decreased t-PA and PIg binding pre-
vents the positive feed-back loop that activates fibrinolysis from working. In addition, Plg
binds weaker to crosslinked fibrin causing a significant decrease in plasmin association
rate. [22, 24, 36, 44] Secondly, FXllla crosslinks fibrinolytic inhibitors to fibrin, the most
important being the a>-Pl. The a2-Pl has many ways of hindering fibrinolysis including
rapidly inhibiting Pn and disrupting Plg binding to fibrin. Crosslinked a.-Pl also has a
much greater inhibitory effect than uncrosslinked a»-Pl. [22, 24, 44] Lastly, crosslinking
causes changes in the network structure, e.g. increased fibrin density and reduced pore
size, thus making the network less susceptible to fibrinolysis [22, 44]. As for MMP medi-
ated fibrinolysis, based on a study by Miihleder et al. conducted with MT1-MMP, MT2-
MMP or MT3-MMP transfected cells, (crosslinked) fibrin network structure did not affect

the cells’ ability to penetrate, invade or degrade the gels [45].

Plg and MMP mediated fibrinolysis can be inhibited with many natural or synthetic sub-
stances [34]. Two of the most common antifibrinolytic agents used to prevent Plg-driven

fibrinolysis are serine protease inhibitor aprotinin and plasminogen inhibitor tranexamic
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acid (synthetic) [34, 46]. MMP-driven fibrinolysis, on the other hand, can be inhibited for
example with tissue inhibitor of metalloproteinases-2 or with synthetic batimastat (BB-
94) or marimastat (BB-2516) [39, 47]. Different MMP inhibitors work selectively on differ-
ent MMPs [30]. Also, it seems that at least aprotinin has no effect on MT1-MMP activity,
which is one of the main MMPs responsible for MMP-driven fibrinolysis [45, 48].

2.6 Fibrin fibres to guide cellular alignment

The idea of making fibrin fibres has risen from the desire to combine the cell signalling
properties of a fibrin matrix with the structural and mechanical properties of fibre-based
matrixes. In general, fibre-based matrixes have higher mechanical strength than gel ma-
trixes and the mechanical properties can be tuned to better suit the application. [5, 49,
50] Biopolymer fibres have also other advantages such as they are a platform technology
that can be used in a variety of applications and they can be made into organised con-
structs that mimic fibrous tissues. Fibres made from biopolymers can, for example, be
used in tissue engineering or as delivery vehicles for cells, growth factors or other sub-
stances. In addition, they can be manufactured (e.g. woven or braided) into larger and
stronger constructs with controlled porosity. [5, 9, 50, 50] Moreover, fibres could be used
to create blood vessel or nerve networks into tissue engineered organs or large tissues.
Many studies have shown that cylindrical substrates with a small diameter (< 100 ym)
can guide the alignment of cells and cytoskeletal components, via contact guidance, ul-
timately leading to aligned matrix deposition and tissue regeneration. [5, 9, 50, 52, 53]
Fibrin, on the other hand, being the building material of the provisional matrix that pro-
motes tissue regeneration in in vivo would healing, can promote migration, attachment
and proliferation of cells while directing cell signalling through integrin-based mecha-
nisms [5, 53].

In previous studies [5, 9, 49-58], fibrin fibres have mostly been made with extrusion
methods and therefore in this thesis the focus will be on those. There are two main ways
that research groups have used to produce fibrin fibres. [5, 9, 49-54, 56-58] The older
production method, reported by Cornwell and Pins and Cornwell can be done in a fully
or semi-automated way [5, 55]. The newer method by Keijdener et al. is fully manual and
does not require any expensive or powered equipment [9]. Cornwell and Pins’ method
[5] has been adapted and repeated by several other groups for various applications such
as for making a composite cardiac patch, cell delivery vehicle to restore skeletal and
heart muscle and to deliver growth factors [49, 50, 52, 53, 56-58]. In the original study
by Cornwell and Pins, a stabilised crosshead on a threaded rod was used to co-extrude
fibrinogen (70 mg/ml in HEPES buffered saline (HBS)), and thrombin (6 U/ml in 40 mM
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calcium chloride (CaCly)) in 1:1 volume ratio through a blending applicator tip [5]. Fibrin
fibres were extruded through a 0.38 mm diameter tubing into a Teflon coated pan with
10 mM HBS (pH 7.4) after which they were air dried under the tension of their own weight.
In other semi-automated versions, reported by other groups, the components were co-
extruded with the help of a dual-syringe pump. In addition, in these studies, the solutions
were warmed only up to room temperature, instead of 37 °C, a different tube diameter
was used in some cases, and some groups stretched the fibres after extrusion. [49-54,
56-58]

In the novel, manual method presented by Keijdener et al. fibrinogen (10 mg/ml in TRIS
buffered saline (TBS)) and thrombin (40 U/ml in 50 mM CacCl; in TBS) were co-extruded
by hand into 0.5 mm or 1.0 mm diameter tubes using a double syringe holder [9]. The
extruded fibres were allowed to polymerise inside the tubes before they were ejected
into a pool of medium by injecting medium into the tubing. After the fibres were ejected
from the tubes, they were stretched and used for further testing without drying them first.
In addition, Keijdener et al. fabricated cell laden fibres in which cells were incorporated
into the fibres during the extrusion process. The average diameter of fibres obtained by

different groups, along with other information, is presented in Appendix A.

In their article, Cornwell and Pins hypothesised that cell alignment, along the longitudinal
axis, is due to contact guidance of the cylindrical fibre shape since the cells also aligned
when they were cultured on top of polypropylene sutures, that were used as controls [5].
However, cell alignment is also most likely due to guidance by oriented fibrils. The fibrin
fibrils most likely oriented during the drying stage as the fibres were said to elongate
considerably when they were hanged to dry. This theory is supported by Keijdener et al.
as in their study cell alignment was observed only with stretched fibres in which fibrin
fibrils had aligned along the direction of stress [9]. In addition, Keijdener et al. were able
to produce a cell laden fibrin sheet with aligned cells by stretching the sheet to 160% of

its original length.

Grasman et al. reported in another article, where they studied how stretching affects the
mechanical properties of fibrin fibres, that ultimate tensile strength (UTS) did not increase
when fibres were stretch right after extrusion [51]. The UTS did, however, increase when
fibres were dried and rehydrated prior to stretching. However, Keijdener et al. reported
that there was a significant increase in the UTS due to stretching, when fibres were
stretched right after drying [9]. In their article, Grasman et al. also reported that stretching
did not influence Pn-mediated fibrinolysis even though in a previous study stretching was

observed to slow down fibrinolysis [51]. Varju et al. formed fibrin fibres by first combining
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thrombin to fibrinogen and then quickly transferring the mixture into 3 mm diameter tubes
which were then stretched to 200 or 300% of the initial length [43]. In the study, they
discovered that fibrin fibril diameter and network porosity decreased with increasing
stretch. Stretching also hindered both Plg activation, i.e. Pn generation, and fibrin lysis.
Plg activation was hindered because stretching slowed down t-PA binding and penetra-
tion. In addition to network densification, Varju et al. suspected that another possible
reason for the hindered t-PA binding could be that as fibrin monomers unfold hydropho-
bic regions are exposed which subsequently leads to water expulsion and blocking of t-
PA and Pn-cleavage sites. However, the degradation tests were done on fibres that were
formed under tension and never released, so that they were under constant stress during
the experiments. In their article, Grasman et al. hypothesised that stretching plastically
deformed the fibrin network rather than protected discrete degradation sites [51]. Inter-
estingly, Keijdener et al. observed that stretched fibres containing Schwann cells de-
graded faster with increasing stretch but the basis of the accelerated degradation re-

mained unclear [9].

In two articles by Keijdener et al. and Chroback et al., fibrin fibres have also been incor-
porated into a fibrin hydrogel matrix (hydrogels will be discussed more in the next two
chapters) [9, 50]. In the study by Chroback et al., a composite layer, with evenly spaced
fibrin fibres inside a fibrin gel matrix containing myocytes, was made for use in a cardiac
patch [50]. The number of fibres in the composite was varied between 5-20 to see if the
mechanical strength of the construct could be increased by changing the fibre content.
As the number of fibres increased, so did the tensile strength and Young’s modulus of
the composite. Another important factor in the design of composite layer, according to
Chrobak et al., was to see if the embedded fibres would guide cellular alignment. Results
of a nuclear alignment analysis showed that cell alignment was most noticeable when
cells were within 100 um of the fibres. Cells further away appeared to have random ori-
entation regardless of the number of fibres in the composite layer. Keijdener et al., on
the other hand, wanted to gain insight about the behaviour of cells inside fibres if the
fibres are incorporated into a larger 3D construct [9]. As for the results, all the tested cells
(endothelial cells, muscle cells/fibroblasts and Schwann cells) stayed within the bound-
aries of stretched fibres and aligned along their longitudinal axis. Based on their results,
Keijdener et al. hypothesised that cell laden fibres could be used to create prevascular-
ized tissue engineering constructs or to regenerate various orientated tissues such as

peripheral nerve, skeletal muscle or tendon.
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2.7 Three-dimensional cell culture

The most common way of culturing cells, till this day, is a 2D culture on a flat surface
such as a petri dish or a well plate [59]. The 2D environment, however, does not accu-
rately represent the conditions that cells face in vivo. Therefore, it has been acknowl-
edged that a shift from 2D to 3D is necessary in order to obtain a more physiologically
accurate environment. 3D cultures allow the creation of more accurate models, e.g. for
drug testing and disease modelling, and they can be used to grow cells for clinical tissue

engineering. [11, 60, 61]

Significant limitations of 2D cultures include lack of cell-cell and cell-matrix interactions,
which effect or cause unnatural changes in the cells’ vitality, morphology, responsive-
ness to stimuli, cellular function, gene expression and protein synthesis, which subse-
quently effect cellular proliferation and differentiation [11, 13, 60—63]. In addition to these,
lack of resistance to migration and unlimited access to substances, such as nutrients
and growth factors in medium, cause changes in cell behaviour and reduce the accuracy
of 2D cultures compared to in vivo conditions [13, 63]. 3D cultures allow proper cell-cell
and cell-matrix interactions, thus allowing cells to have similar gene expression, signal-
ling and metabolism as cells in vivo [11, 13, 60]. However, there are also challenges
when conducting cell experiments in 3D such as repeatability and finding suitable anal-
ysis methods and protocols to, for example, monitor cell count, morphology, or mass
transport [13, 61].

There are different ways that cells can be cultured in 3D such as hanging drop, forced
floating or with the help of a scaffold/matrix [59]. Hydrogels are highly appealing matrix
materials due to their versatility, in terms of material choice, mechanical and chemical
properties, and because of their excellent permeability and capability to mimic the native
extracellular matrix (ECM) microenvironment [60, 61, 64]. Hydrogels are crosslinked 3D
polymer networks with the ability to retain large amount of water due to their hydrophilicity
[65]. For cell culture, the most important properties that hydrogels should have include
mechanical characteristics, such as stiffness, that mimic the native tissue, microstructure
that enables permeation and diffusion of nutrients, gases and waste products to and from
the cells. The hydrogel microstructure should also allow cell migration and the polymer
network must provide cell attachment sites and possibly guide growth and differentiation.
[11, 61, 64, 66, 67]

Hydrogels can be classified in many different ways based on, for example, their origin or

crosslinking method [61]. Based on their origin, hydrogels can be divided into natural,
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synthetic or hybrid. Natural hydrogels include polysaccharides (e.g. gellan gum, hyalu-
ronic acid and cellulose) and proteins (e.g. collagen, gelatin and fibrin). These polymers
can be either ECM-derived components or ECM analogues of which chemical constitu-
ents and fibrous structure is similar to that of native ECM. Due to being found in natural
ECM or having similar structure, natural hydrogels usually interact favourably with cells.
Additionally, ECM-derived hydrogels are naturally bioactive as endogenous factors pre-
sent in the molecular structure promote cellular activity. In addition, their degradation
products are usually non-toxic, and they are able to gel in mild and cytocompatible con-
ditions. [61, 63, 64, 68] Disadvantages of natural hydrogels include batch-to-batch vari-
ations, complex and sometimes undefined structure and having less control over their
chemical and physical properties [61, 63, 68]. Synthetic hydrogels are commonly thought
as permissive biomaterials for cell culture due to their bioinert properties. As bioinert
materials, synthetic hydrogels have no inherent cell attachment sites, but cell attachment
can be increased by adding proteins or peptides to their structure through chemical mod-
ification. In addition, synthetic hydrogels have a defined structure, highly tuneable me-

chanical properties and they are reproducible. [61, 64, 68]

2.8 Gellan gum-gelatin hydrogels

Gellan gum (GG) is an anionic extracellular polysaccharide produced by Sphingomonas
elodea bacteria. GG is composed of repeating linear tetrasaccharide units, of 1,3--D-
glucose, 1,4-B-D-glucuronic acid, 1,4-B-D-glucose and 1,4-ap-L-rhamnose, containing
one carboxyl side group (Figure 6). [69] In a water solution, GG exists as a disordered
coil at higher temperatures (> ~40 °C). Upon cooling, GG forms an ordered double-helix
structure that has weak gel characteristics due to residual ions, present even in purified
GG, that slightly crosslinks the structure. [69, 70] GG is available in different forms of
which the deacylated version is the most commonly used because without the acyl and

glyceryl groups GG is able to form a tighter double-helix [71, 72].
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Figure 6. Chemical structure of GG in the deacetylated form.

A stable GG hydrogel is achieved through ionotropic physical crosslinking in which cati-
onic species interact with the anionic polysaccharide chains [69, 70, 73]. Conventionally,

the used cations are monovalent or divalent such as Na*, K*, Ca?* and Mg?*. Divalent
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cations form stronger gels since they can directly bridge two carboxylate groups of neigh-
bouring helixes. Monovalent cations, on the other hand, can only reduce repulsion be-
tween the anionic chains via charge screening and therefore form weaker gels. [69, 70]
A downside of ionotropic crosslinking is the loss of stability and weakening of mechanical
properties due to ion exchange from higher to lower valence number over time [74, 75].
However, this can be mitigated by crosslinking GG using bioamines, with even higher
valence number than two, such as spermidine (trivalent) or spermine (tetravalent) [76,
77]. In addition to physical crosslinking, GG hydrogels can be crosslinked using chemical
methods. One common method involves chemical modification by methacrylation fol-
lowed by photocrosslinking the methacrylated GG with ultraviolet light. Disadvantages of
this method, however, are the phototoxicity of ultraviolet light and chemical reactivity of
the photoinitiator. [74, 78] Advantages of GG, in terms of cell applications, are the ab-
sence of possibility for disease transmission, since its produced by bacteria, and com-
mercial products are free of endotoxins which eliminates the risk of an immune reaction.
Moreover, GG is affordable, biodegradable and it has good stability. [79-82]

Gelatin is a linear denatured protein derived either by partial acid (gelatin type A) or
alkaline hydrolysis (gelatin type B) of animal collagen, most commonly from bovine or
porcine skin, bone and other leftover collagenous connective tissue (Figure 7) [83, 84].
As collagen is denatured and broken down into smaller pieces, a variety of different size
polypeptide fragments with different constituents and properties are created causing lot-
to-lot variation [84]. In addition, differences in collagen sources also cause variation in
the physical properties of gelatin [66]. Gelatin molecules are polyampholytes with hydro-
philic groups having both cationic and anionic moieties as well as hydrophobic groups in
the structure in approximately 1:1:1 ratio. The choice of processing method (acid or al-
kaline hydrolysis) effects the incidence of different constituent peptides and subse-
quently the specific polyampholyte nature (e.g. isoelectric point) of the gelatin molecules.
[83] However, the processing method does not affect the functionality of cell attachment
peptides (e.g. RGD), cell cleavable MMP-sites and other bioactive sites in the molecule
[85].
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Figure 7. Chemical structure of gelatin with the RGD-peptide sequence highlighted
in blue [86].

Gelatin has been widely used in cell culture applications due its numerous advantageous
characteristics such as being affordable, readily available, biocompatible and biode-
gradable. In addition, gelatin has relatively low antigenicity, due being denatured, and it
does not produce harmful degradation products as it is derived from collagen which nat-
urally occurs in the body. Moreover, as mentioned before, gelatin contains cell attach-
ment motifs, which improve its biological behaviour, and a high number of accessible
functional groups for modification (e.g. crosslinking) and targeting ligands (e.g. drug de-

livery vehicles) due to its intrinsic protein structure. [83, 85]

Native gelatin does not form a hydrogel at body temperature without further stabilisation
even though it undergoes coil-to-helix self-assembly and entanglement and is capable
of forming a similar triple helix tertiary structure as collagen. Therefore, in order to pro-
duce a hydrogel at 37°C, gelatin needs to be chemically modified with stronger cross-
linking. [84, 85] One attractive option is to modify gelatin to contain hydrazide functional
groups to enable hydrazone crosslinking. Hydrazone crosslinking is a pseudo-click re-
action with moderate bio-orthogonality, and it is based on an aldehyde-hydrazide cou-
pling reaction (Figure 8). [87] A click chemistry reaction is a stereospecific modular re-
action with a wide scope and a high yield and in which only innocuous side products are
generated. Moreover, a click reaction uses simple reaction conditions and harmless sol-
vents. [88] A bio-orthogonal reaction, on the other hand, refers to a reaction which does
not interfere with biological processes [89]. Hydrazone crosslinking has only moderate
bio-orthogonality due to the possibility of free aldehyde groups which can react with var-
ious unintended amine containing targets causing a possible cytotoxic effect. However,
if there are only low concentrations of aldehydes and highly reactive electrophiles, to
react with the strongly nucleophilic hydrazides, the toxicity is negligible in the relevant
conditions. [87, 90] Hydrazone crosslinking is an attractive option for cell encapsulation

into 3D hydrogels due to its simplicity, versatility, reversibility, absence of toxic reagents
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and side products [87]. In addition, the properties of hydrazone crosslinked hydrogels
can be modified by altering the number of available crosslinking groups, ratio of gel com-

ponents, water content and molecular weight of the polymers [78].
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Figure 8. Hydrazone crosslinking which is based on an aldehyde-hydrazide cou-
pling reaction.

Hydrazide modified gelatin can be combined with modified GG, that contains aldehyde
groups, to form hydrogels with an improved gelation environment and biofunctionality
compared to GG alone [78]. GG, on the other hand, increases the strength of the hydro-
gel [86]. In a recent study, Koivisto et al. observed that gelatin-GG hydrogels made with
hydrazide modified gelatin and periodate oxidised GG supported a higher degree of 3D
elongation and viability of fibroblasts, than many other hydrogel studies, indicating the

suitability of these hydrogels for 3D encapsulation and cultivation of cells [91].
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3. EXPERIMENTAL PART

3.1 Modification of polymers for hydrogel fabrication

3.1.1 Preparation of oxidised gellan gum

GG was modified by periodate oxidation (product name GGA) to create aldehyde groups,
to enable hydrazone crosslinking, according to a previously reported method [92] which
was slightly modified. First, 500 mg of GG (Gelzan™ CM-Gelrite®, low acyl, molecular
weight 1000 kg/mol, Sigma Aldrich, St. Louis, USA) was dissolved in 100 ml of ultra-pure
(u-p) water at 90°C for 30 min and then cooled down in a refrigerator overnight. The next
day, 60 mg of sodium periodate was dissolved in 4 ml of u-p water, added dropwise, and
stirred for 4 h at 40°C under nitrogen atmosphere. Then, 0.3 ml of ethylene glycol was
added, to inactivate possible unreacted periodate, and the reaction was stirred for 1 h at
40 °C. The GG derivate was dialysed against deionised water (Spectra/Por® 4, 12-14
kD molecular weight cut-off, Spectrum LifeSciences, LLC, Rancho Dominguez, USA) for

2 days and then freeze dried for 4 days.

3.1.2 Preparation of carbohydrazide modified gelatin

Gelatin was modified with carbohydrazide (CDH) to enable hydrazide crosslinking ac-
cording to a previously reported method which was modified for gelatin [78, 93, 94]. Here,
1000 mg of type A gelatin (Rousselot® X-Pure® 10 P, Darling Ingredients Inc., Irving,
USA) was dissolved in 300 ml of u-p water overnight at room temperature (RT). The next
day the gelatin solution was heated at 37°C for 1 h and then cooled down to RT before
adding 1000 mg of CDH. The pH of the solution was adjusted to 4.7 with 1.0 M hydro-
chloric acid (HCI) or 0.1 M sodium hydroxide (NaOH) under nitrogen atmosphere. Then,
300 mg of N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) and 212
mg of 1-hydroxybenzotriazole hydrate (HOBt) were divided into three glass vials and
dissolved into 2.0 ml of dimethyl sulfoxide/u-p water (vol 1:1). Every hour, one vial of the
EDC-HOB solution was added dropwise into the solution while keeping the pH at 4.7.
After the last vial, the reaction was allowed to continue overnight under the nitrogen at-
mosphere. The next day, the gelatin derivate was purified with a salting-out method. To
begin with, the derivate was removed from the nitrogen atmosphere, placed into an ice
bath, and salted out with sodium chloride (NaCl, 5% of the obtained volume, let to dis-
solve for 60 min). Once all the NaCl was dissolved, the derivatised gelatin was precipi-

tated by slowly adding cold ethanol (two volume equivalents), and the mixture was mixed
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for 30 min. The precipitate was separated by centrifugation and it was dissolved into 100
ml of u-p water at 37°C. To verify complete precipitation and to avoid polymer waste,
possible leftover polymer was precipitated by dissolving 5 g of NaCl into the supernatant
after which cold ethanol was added (one volume equivalent of the initial volume) and the
precipitate was separated by centrifugation. The obtained gelatin-CHD solution was di-
alysed (Spectra/Por® 4, 12—14 kD molecular weight cut-off) against 5 | of deionised water
for 2 days after which the total volume was increased to 200 ml with u-p water. After that,
the solution was heated up to 37°C and stirred for 30 min before filtering it with 0.2 pym
filters (Whatman FP 30/0.2 CA-S, Whatman plc, Maidstone, UK). The filtered gelatin-
CDH was then freeze dried for 4 days.

3.1.3 Preparation of purified gellan gum

GG was purified, to remove divalent cations (Ca?* and Mg?*), which can induce unwanted
gelation, according to a previously published method [95, 96]. The only remaining cation
is sodium; hence it is named NaGG. First, 2.0 g of GG was dissolved into 400 ml of
deionised water after which the solution was heated up to 60°C under constant stirring.
Then, 5.0 g of Dowex cation exchange resin (H* form, 50-100 mesh, pre-rinsed with HCI
(1.0 M) and deionised water, Sigma Aldrich) was added and the mixture was stirred for
30 min in the 60°C water bath. After 30 min, the resin was first allowed to set before
removing it by filtration through a rough filter paper (grade 4). The obtained filtrate was
then moved to a new flask and kept in a 60°C water bath. NaOH (1.0 M) was added
dropwise into the filtrate until the pH reached 7.5 after which the solution was stirred for
further 5 min. In order to precipitate the formed NaGG, the solution was divided into 100
ml portions and combined with 200 ml of isopropanol. The precipitated NaGG was then

dried with a vacuum filter and then freeze dried for 2 days.

3.2 Preparation of fibrin

Lyophilised fibrinogen from human plasma (Calbiochem®, Sigma Aldrich) was dissolved
into u-p water in a 37°C water bath and subsequently dialysed (Spectra/Por® 3, 3.5 kD
molecular weight cut-off) against 250 ml of 4-(2-Hydroxyethyl)piperazine-1-ethanesul-
fonic acid (HEPES) buffered saline (HBS, 10 mM HEPES, 154 mM NaCl, pH 7.4) over-
night. The next day, the fibrinogen solution was heated up to 37°C and sterile filtered
through a 0.2 um filter (Whatman FP 13/0.2 RC-S, Whatman plc). After sterile filtration,
the fibrinogen concentration was determined by using a Pierce™ BCA protein assay kit

(Thermo Fisher Scientific, Waltham, USA) according to the manufacturer’s instructions
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and by measuring the absorbance at 562 nm with a NanoDrop™ 2000 spectrophotom-
eter (Thermo Fisher Scientific). Stock solutions of fibrinogen were stored at -80°C and
working solutions (5—40 mg/ml) were diluted from the stock with HBS. Lyophilised throm-
bin from human plasma (Sigma Aldrich) was dissolved in u-p water and stock solution
was stored at -20°C. Working solutions were diluted from the stock to a final concentra-
tion of 6—40 U/ml in 50 mM CaCl; with HBS. Fibrin gel was formed by mixing fibrinogen

and thrombin working solutions in a 1:1 volume ratio.

3.3 Gelation screening

Gelation screening was done to help finding the optimal concentrations of fibrinogen and
thrombin for fibre production and cell culture. The gelation screening was conducted by
making 100 pl gels into cut-off 2 ml syringes by first pipetting fibrinogen (5, 10, 20 or 40
mg/ml) into the syringe and then thrombin (6 or 40 U/ml) was mixed with the fibrinogen
by simultaneously pumping the mixture in and out of a pipette and by moving the pipette
tip around the mould. The samples were allowed to polymerise for 20 min at RT before
testing if they had gelated. Additionally, the stability of the fibrin gels was tested by incu-
bating the samples with equal amount of DMEM/F-12 (Gibco™, Thermo Fisher Scien-
tific) for 24 h in a humidity chamber inside a 37°C static incubator. For the stability testing,
the syringe moulds were treated with 1% Pluronic F-127 (Sigma Aldrich) overnight to
prevent the gels from sticking to the sides of the syringe and getting damaged during

demoulding.

3.4 Fabrication of fibrin fibres

Fibrin fibres were prepared by partially following a previously reported method [9]. The

fibres were produced with a two-syringe extrusion system presented in Figure 9.



27

Figure 9. The two-syringe extrusion system with a self-made cardboard holder, sy-
ringe connector and dispensing tip with a silicone tube, where the extruded fibrin fibre
is left to gelate, attached fo it.

The extrusion system consisted of a self-made cardboard holder, two 1 ml syringes
(Jargen Kruuse A/S, Langeskov, Denmark), a syringe connector (Fibrijet® SA-3670, Mi-
cromedics Inc., St Paul, USA) and a dispensing tip (Drifton A/S, Hvidovre, Denmark).
Fibrinogen (10—40 mg/ml) and thrombin (6—40 U/ml) solutions were pushed from the
syringes and then mixed in the dispensing tip before they were extruded into a ~5.5 cm
long silicone tubing with 1 mm inner diameter (VWR International, Haasrode, Belgium).
Prior to use, the silicone tubing was autoclaved, treated with 1% Pluronic F-127 (Sigma
Aldrich) for 24 h (including 1 h in a sonicator batch) and rinsed with DMEM/F-12 to pre-
vent the fibres from adhering to the tubing wall. Several tubes were filled in series and
the fibrin fibres were allowed to polymerise inside the tubes for 15 min before ejecting
them with DMEM/F-12 into a Petri dish also filled with DMEM/F-12. After the fibres were
ejected, they were allowed to stabilise in the medium for 10 min before stretching them
to 160% of their initial length. The stretching was done with tweezers and a ruler, and
the fibres were held in the stretched position for 10 sec before slowly releasing them.
After stretching, the fibres were hanged onto a self-made drying rack and dried in a vac-
uum desiccator. Dried fibres were stored in the desiccator or in a box filled with silica gel
until use. The ease of fibre making and handling (number of produced fibres and fibre
durability) as well as the appearance of the fibres was observed during the fabrication
process. All the fibrinogen-thrombin combinations tested to make fibres are presented in
Table 2.
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Table 2. Compositions of produced fibres. Compositions presented as
concentration of fibrinogen working solution:concentration of thrombin working solution
(mg/ml:U/ml). To make fibres, the two components are mixed in a 1:1 vol ratio.

10:6 10:20
20:6 20:10 20:20
40:6 40:10 40:20 40:40

3.5 Fibre diameter, swelling and stability

The diameters of unstretched, stretched, dry and rehydrated fibres (40:40, 40:20, 40:10
and 40:6) were determined with a Zeiss Axioscope 5 microscope and an AxioCam 105
colour camera system (Carl Zeiss, Oberkochen, Germany). The average diameter of
each fibre was calculated from four measurements taken along the length. Stretching %

of the fibres was determined as

diameter before stretching — diameter after stretching

Stretching % = ( ) X 100% (1)

diameter before stretching
to see how much the stretching actually affected the fibre diameter. Selling ratio and
selling % of the fibres were determined as follows:

diameter after rehydration

. L )
Swelling ratio dry diameter (2)

diameter after rehydration

Swelling % = ( ) X 100% (3).

diameter after stretching
Fibre swelling and stability were studied by gluing max 2 cm fibre pieces with silicone
glue (1S808, Momentive Performance Materials, Waterford, USA) to the bottom of a 35
mm diameter Petri dish. Once the glue had cured, the fibres were covered with DMEM/F-
12 and imaged with the microscope after 20 and 30 min at RT. After imaging, the sam-
ples were placed into a 37°C static incubator and imaged every 2—-3 days up to 28 days

starting from day 1. Each sample type had at least 4 parallel samples in each test.

Additionally, the swelling and stability of the 40:20 fibres were studied when the fibres
were placed inside a hydrogel sandwich structure (between two layers of gel). Three
different sample types were prepared with the composition of top gel/bottom gel:
NaGG/NaGG, GGA-gelatin-CDH/NaGG and GGA-gelatin-CDH/GGA-gelatin-CDH. One
sample of each sample type was made and the NaGG/NaGG sample was used as a

negative control. Components for the hydrogels were prepared by dissolving 40 mg/ml
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of GGA and 60 mg/ml of gelatin-CDH into DMEM/F-12 at 37°C for 20 min and then at
25°C overnight. NaGG was dissolved in HEPES/sucrose (5 mg/ml in 25 mM HEPES pH
6.5, 10% sucrose) in the same way. The bottom layer of the hydrogel sandwiches was
made either by crosslinking NaGG with spermidine (1 mg/ml in 10% sucrose) or GGA
with gelatin-CDH. Before preparing the gels, all the components were heated up to 37°C
in a water bath and then sterile filtered with a 0.2 um filter (Whatman FP 30/0.2 CA-S,
Whatman plc). The NaGG gel was made by pipetting 34 ul of spermidine into a 48-well
plate and then quickly mixing in 170 pyl of NaGG (1:5 volume ratio). GGA-gelatin-CDH
gels were prepared by first pipetting 100 ul of gelatin-CDH into a well and then mixing in
100 pl of GGA. The bottom gels were let to polymerise for 20 min at RT before placing
1-2 fibre pieces (~8 mm) on top of the gels. The top gels were made by premixing the
aforementioned components in a small tube and then quickly pipetting the mixture on
top of the fibres. The top gels were allowed to gelate for 30 min at 37°C before adding
400 pl of WI-38 medium, consisting of 10 vol% foetal bovine serum (South American
Origin, Biosera, Nuaille, France) and 25 U/ml penicillin/streptomycin (pen/strep, Lonza,
Basel, Switzerland) in DMEM/F-12, on top of the samples. After adding the medium, the
samples were incubated at 37°C, 5% CO- and the medium was changed every 2-3 days.
The diameter of the fibres was determined with a Nikon Eclipse Ts2-FL inverted micro-
scope (Nikon, Tokyo, Japan) and DFK 33UX174 camera (The Imaging Source Europe

GmbH, Bremen, Germany) every 2—3 days.

3.6 Scanning electron microscopy

Scanning electron microscopy was used to investigate fibrillar orientation, fibre morphol-
ogy and surface topography. To investigate the fibrillar orientation, freshly made fibres
(40:20), stretched and non-stretched, were first fixed in 5% glutaraldehyde in DPBS
(without Ca or Mg, BioWhittaker™, Lonza, Basel, Switzerland) for 2 h at RT. After fixa-
tion, the fibres were dehydrated in a graded ethanol series (10% steps from 40 to 99.5%,
15 min per step). Lastly, the fibres were dried by evaporation of hexamethyldisilazane
(HMDS) by immersing them in 299.0% HMDS (Sigma Aldrich) for 5 min after which they
were taken out and left to dry in a fume hood at RT. Dried fibres were cut into small
pieces, mounted on aluminium stubs coated with double-sided carbon tape and sputter
coated with gold (S150, Edwards Vacuum, Burgess Hill, UK). Images were acquired us-
ing high-vacuum mode at 10 kV with JEOL JSM-IT500 (JEOL Ltd., Tokyo, Japan) elec-
tron microscope. To investigate the morphology and surface topography of the fibres,
vacuum dried, stretched fibres were mounted on carbon tape coated aluminium stubs

and images using low-vacuum mode at 15 kV.
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3.7 Mechanical characterisation

Mechanical properties of the fibrin fibres were characterised with a custom-built micro-
tensile testing platform with a 100 g force cell (LSB200, FUTEK Advanced Sensor Tech-
nology Inc., Irvine, USA) and a 5 megapixel camera with a resolution of 2456x2054 pix-
els and a pixel size of 3.9308 um/pixel (UI-3280CP-M-GL_Rev_2, IDS Imaging Devel-
opment Systems GmbH, Obersulm, Germany). The platform was improved from ver-
sions reported in earlier studies [97—-100] and it was equipped with micropositioners
providing six degrees of freedom and nanometre movement resolution. The camera was
used to monitor the micromanipulation and experiments. An in-house software written in
Python language was used to drive and control hardware components and data commu-

nications.

Approximately 4 mm fibre pieces were rehydrated in DMEM/F-12 for 40—65 min prior to
testing. After rehydration, one end of a fibre piece was clamped between a gripper and
an image was taken, to later determine the diameter of the fibre with ImagedJ software
(U.S National Institutes of Health, Bethesda, USA), to plot stress-strain curves. After tak-
ing the image, the other end of the fibre piece was clamped with a gripper, leaving the
fibre with a 0.5 mm initial gage length. Then, the fibre was covered with DMEM/F-12 to
prevent drying during the experiment. The fibres were uniaxially stretched at 1.0 mm/min
strain rate until failure. Each measurement was recorded and later inspected to exclude
fibres that had slipped or broke inside the grippers from the data analysis. Stress-strain
curves were plotted from the obtained load and axis position values. Engineering stress
was calculated as load divided by the initial cross-sectional area and strain was calcu-
lated as the change in extension divided by the initial gage length. An initial Young’s
modulus, maximum Young’'s modulus (MYM), UTS, strain at failure (SAF) and peak load
were determined from the stress-stain curves. Average values were calculated based on
six successful measurements. The initial tensile modulus and MYM were defined as the
initial slope after the toe region and maximum slope of the stress-strain curves, respec-
tively. UTS and peak load were defined as the highest stress point and the corresponding

load, respectively.

3.8 Cell culture

Human fibroblasts WI-38 (passage 7-9, Sigma Aldrich/Culture Collection, Public Health
England, London, England), were expanded for 4 days in WI-38 medium until confluent.
Cell culture samples were prepared the same way as the sandwich samples for the sta-

bility test, with the exception that now the top layer contained cells and 4 fibre pieces



31

were put between the gel layers. The NaGG samples were used a negative control in
this experiment as well. For the top layer, fibroblasts (500 000 cells/ml) were suspended
either in NaGG or gelatin-CDH (40 or 60 mg/ml) in a small tube and then spermidine or
GGA was mixed with the first gel component, respectively, before casting the mixture on
top of the bottom gel and fibres. In addition to the 3D samples, 2.5-dimensional (2.5D)
samples, with fibres on top of GGA-gelatin-CDH gel (60 mg/ml), were made. In the 2.5D
samples, the cells were seeded either on top of dry fibres (100 000 cells/ml, 250 pl of
cell suspension) or fibres which had been rehydrated for 20 min with WI-38 medium at
RT (500 000 cells/ml, 20 pul of cell suspension). Each 2.5D and 3D sample type had 3—4
parallel samples. Microdroplet samples, seeded with 20 pl of the cell suspension, were
made to observe if cell attachment to the fibre’s surface and cell alignment along the
fibres could be improved by seeding the cells directly on top of the fibres in a small
amount of suspension medium. Two 2D samples, with 1-2 fibre pieces placed onto the
bottom of a well, were used as controls. In the controls, 250 ul of cell suspension
(100 000 cells/ml) was seeded on top of the fibres. The names of the samples along with

their composition and appearance are presented in Table 3.

Table 3. Abbreviations for the different samples and their compositions, number of cells and an
illustration of their appearance.

mm

2D NaGG Top: NaGG (5 mg/ml) + spermidine (1 mg/ml) 100 000 cells
Bottom: NaGG (5 mg/ml) + spermidine {1 mg/ml) Cells —
) Top: GGA (40 mg/ml) + gelatin-CDH (60 mg/ml) /s ﬁ
3D 40:60 GGA-CDH 100 000 cell /
Bottom: GGA (40 mg/ml) + gelatin-CDH (60 mg/mi) cels

Top: GGA (40 mg/ml) + gelatin-CDH (40 mg/ml)
Bottom: GGA (40 mg/ml) + gelatin-CDH (80 mg/ml)

~
3D 40:40 GGA-CDH 100 000 cells Hydrogel  Fibrin fibres

2 .50 basic Bottom: GGA (40 mg/ml) + gelatin-CDH (60 mg/ml) 25 000 cells @

2 5D microdroplet  Bottom: GGA (40 mg/ml) + gelatin-CDH (60 mg/ml) 10 000 cells

2D No gel 25000 cells  Well plate _.

The cells were cultured for 3 days and the medium was changed after the first day. The
samples were images with a Zeiss Axio Vert.A1 microscope and an AxioCam ERc 5s
camera system (Carl Zeiss) on days 0, 1 and 3. Viability of the cells was tested with
live/dead staining and cell cytoskeleton and nuclei were imaged using phalloidin-tetra-
methylrhodamine (TRICT) and 4',6-diamidino-2-phenylindole (DAPI) staining after 3
days of culture. Live cells were stained with calcein acetoxymethyl (0.1 uM, final concen-
tration) and dead cells with ethidium homodimer-1 (0.5 pyM, final concentration) diluted
in phosphate buffered saline (PBS). The samples were first washed with PBS (1x) and

then stained for 30 min at RT on an orbital shaker before removing the dye and covering
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the samples with PBS. After the live/dead imaging, the samples were washed with PBS
(2x) before permeabilising and fixing them for 15 min at RT with 0.2% Triton™ X-100
(Sigma Aldrich) in 4% paraformaldehyde. To block non-specific binding, the samples
were washed with PBS (3x) and incubated for 60 min at 4°C in 1% bovine serum albumin
(BSA, Sigma Aldrich). To image the actin cytoskeleton and cell nucleus, the samples
were stained with phalloidin-TRICT in 1% BSA (1:3000, 0.5 mg/ml stock solution) for 45
min at RT, washed with PBS (4x) and stained with DAPI in PBS (1:2000, 1 mg/ml stock
solution) for 10 min at RT. After the DAPI staining, the dye was removed and replaced
with PBS. Live/dead and immunostaining images were obtained with an Olympus 1X51
inverted microscope and Olympus DP30BW digital camera (Olympus Oy, Tokyo, Japan).
The obtained images were analysed with ImageJ software (U.S National Institutes of
Health).

3.9 Statistics

All the quantitative data is presented as mean + standard deviation (SD). One-way anal-
ysis of variance was performed with confidence level of 95% and a p value less than

0.05 was considered as statistically significant.
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4. RESULTS

4.1 Gelation screening and fibre fabrication

To find the most suitable fibrin composition for fibre making and cell culture, a gelation
screening with different fibrinogen and thrombin concentration combinations was con-

ducted. The results of the test are presented in Table 4.

Table 4. Evaluation criteria and results of the a) initial gelation screening and b) fibre fabrication
test. Discarded compositions are indicated in red and the most suitable formulation used in later
experiments is marked with the green rectangle.

* = Concentration of fibrinogen working solution:concentration of thrombin working solution.

a)
BT - o : . .
A0:-40 > ++ ++ ++ ++ ++
A0:20 ++ ++ ++
A0:40 ++ ++ ++
++ Sufficient mixing time (=5 pumps), strong gel ++ Easy fibre production and handling, intact
which holds its shape before and after fibres with smooth surface.
incubation. + CQuite easy fibre production and handling,
+  Almost sufficient mixing time (4-5 pumps), not mostly intact fibres with quite smooth surface.
as strong gel and partially holds its shape - Difficult fibre production (fibres damaged in
before and after incubation. demoulding or fibrin gelated inside the
- Very short mixing time (1-3 pumps), very weak dispensing tip), fibres had a bit damaged
and soft gel which did not hold its shape before surface and were damaged quite easily when
or after incubation. handled.
- Could not be mixed, no gelation, gel mostly or — Very difficult fibre production (fibres badly
completely degraded after incubation. damaged in demoulding), fibres visibly
damaged looking and very hard/impossible to
handle without damaging them.

Based on the first three results (gelation time, gel structure and stability in DMEM/F-12)
it was decided whether to continue making fibres with each formula. Formulas 5:6, 5:40,
10:40 and 20:40 were discarded because the gels were too weak and/or unstable. Fibre
fabrication was tested with the remaining formulas in addition to some new ones. New
formulas were chosen based on the gelation screening results. The composition that
would be used in further experiments (scanning electron microscopy, mechanical testing
and cell tests) was chosen based on three criteria: ease of production and handling and
fibre appearance. The chosen formula was 40:20. The 10:6 and 10:20 formulas were

discarded since the fibres were too weak and hard to handle. The appearance and ease
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of handling improved as thrombin concentration increased. However, despite the im-
provements, fibres made with 20 mg/ml fibrinogen were not as strong as the ones made
with 40 mg/ml. The fibres with 20 mg/ml fibrinogen were a bit soft and sticky, thus, when
they were demoulded, they got easily stuck to the bottom and sides of the Petri dish.
Also, the fibres would sometimes get damaged when trying to detach them. On the other
hand, when thrombin concentration was increased to 40 U/ml, the gelation time de-
creased substantially. Only 3 tubes could be filled, instead of the usual 7, before the
40:40 fibrin gel gelated in the small space between the blending connector and the dis-
pensing tip, blocking the flow. Therefore the 40:40 composition was rejected. Out of the
three remaining options (40:6, 40:10 and 40:20), the 40:20 was chosen as the fibres
seemed the strongest. Based on literature, fibrin network’s strength increases with in-
creasing fibrinogen and thrombin concentration [7, 21, 26, 27]. In addition, the fibrin net-
work becomes denser which can decrease its susceptibility to Plg mediated fibrinolysis
[22, 23].

4.2 Changes in fibre diameter, swelling behaviour and stability

Optical microscopy was used to gain more insight on how each processing step affected
the fibre diameter (Table 5).

Table 5. Fibre diameter before and after various processing steps and the stretching % of the
fibres. Significant difference compared to (*) wet, unstretched, (*) wet, stretched and (*) 30 min,
rehydrated. p < 0.05.

1 406 | 4010 | 40220 [ 40140 |
Average SD Average SD Average SD Average SD
964 59 952 90 965 60 922 67
757* 42 773* 152 774* 75 748* 129
23 1 20 7 21 10 20 6
by ] 152 22 157 15 174 15 150 15
361 18 366 37 389 41 352 55
364 18 370 40 391 43 355 57

13 (40:20) or 28 day,
rehydrated 530# 29 511# 63  593# 129  513# 71

The initial fibre diameter was close to the diameter of the silicone tubing where the fibres

were polymerised. When the fibres were stretched, they partially recovered from the
stretching after releasing the tension. On average, the fibre diameter decreased ~20%
(instead of the thought 60%) and there was no significant difference between the formu-
las. As expected, drying noticeably decreased the fibre diameter, to ~20% of the wet
diameter. When rehydrated, the fibres swelled up to ~50% of the wet, stretched diameter
and the swelling of the fibres was not quick enough to cause a significant increase in the
diameter between 20 to 30 min (Figure 10). When incubated for a longer period (40:20
for 13 days and the rest of the compositions for 28 days) it was noticed that the swelling

was most rapid in the first day, as there was a significant difference in the swelling %
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between 30 min and day 1 but not between 1 and 13 days. After the initial, rapid phase,
the swelling % settled to ~70% of the original wet, stretched, diameter. So, even though
the fibres swelled significantly during the long incubation period, they were still signifi-
cantly smaller than what they were originally before drying. In addition, there was no
significant difference between the long-term swelling ratio of different fibre compositions

even though 40:20 fibres were not incubated as long as the other ones.
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Figure 10. Swelling % and swelling ratio of fibrin fibres with different thrombin con-
centrations at different time points, * = significant difference, p < 0.05.

Distribution of diameters (histograms) for each formula are shown in Appendix B. Initially,
before and after stretching, all the histograms looked quite similar but after drying, the
histograms started to look more like a normal distribution (Gaussian distribution). After
rehydration, the histograms continued to look more normal-like. As for stability, fibres
from all compositions stayed intact for at least 17 days in DMEM/F12. When the fibres
were incubated in a well plate between two hydrogel layers again most of the swelling
happened in the first day but now the swelling was very minor. Fibres placed between
GGA-gelatin-CDH gels swelled the most but even then, the difference between days 3—
28 was only ~22 ym (Appendix C). During the 28-day incubation, the fibres in the sand-
wich samples did not show any signs of degradation. However, the 40:60 GGA-CDH gel
began to degrade after approximately 2 weeks of incubation.
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4.3 Fibre structure, appearance and mechanical properties

To investigate the effects of stretching, the chosen fibre formulation (40:20), was fixed
with glutaraldehyde and imaged with a scanning electron microscope (SEM) (Figure 11).
Good cross-sectional images were hard to obtain because as the fibres were cut into
smaller pieces the cutting surface condensed, covering up the fine structure. However,
orientation of the fibrils could still be detected in the stretched fibres and in some areas
of the unstretched fibres. On the surface of the fibres, the fibril network was a lot more
visible, although, there were some condensed areas. Orientation of the fibril network
could be seen in most sample pieces, but the degree of orientation varied between sam-
ples, based on visual inspection. Thicker fibrils seemed to have orientated more while

thinner fibrils acted as crossbars between them.

Figure 11. SEM images of the fibril network of fibrin. a) and d) unstretched and b),
c), e) and f) stretched fibres. Images (a—c) scale bar = 10 um and (d—f) scale bar = 1
um. Dotted lines indicate the orientation of the fibres’ longitudinal axis.

Morphology and surface structure of the fibres were studied by SEM analysis of vacuum
dried, stretched fibres. The surface of the fibres was textured with submicron surface
topographies, grooves and cracks (Figure 12). A few denser areas could also be de-
tected on the surface. Most sample pieces were covered with light specs and in some
cases the whole outer layer of a fibre was lighter than the interior. Cross-sectional images
showed light, branched areas and channels in the interior of the fibres. The lighter areas
revealed to be mainly sodium and chloride based on an elemental analysis done with
the SEM (data not shown).
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Figure 12. SEM images of the fibres’ morphology and surface structure. Image a)
scale bar = 100 um, b) and c) scale bar = 50 um and d) scale bar = 10 um.

Mechanical properties of the fibrin fibres were investigated by conducting a tensile test.
Stress-strain curves of the samples are shown in Figure 13. A characteristic initial toe
region could be observed in all the curves, where the fibrin fibrils straighten and thus
elongate without a noticeable increase in the stress [101]. After the toe region, the curves

first gently sloped for a while before ramping up.
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Figure 13. Stress-strain curves of six successful tensile measurements conducted
on the 40:20 fibrin fibres.

Mean UTS, SAF, initial Young’s modulus, MYM and peak load are summarised in Table
6. The fibres proved to be highly ductile since on average they stretched over 13 times
their original gage length. Also, as the MYM is higher than the initial modulus, the fibres
underwent strain hardening when stretched. After the fibres had broken, they recovered
noticeably as their length was then only approximately five times their original gage

length.

Table 6. Mechanical properties of the 40:20 fibres.

Initial Young's
Fibre formula | UTS {MPa) |SAF (mm/mm}| modulus MYM (MPa) | Peak load (N)
MPa

40:20 462 +1.06 12.34 £1.02 017 £ 0.03 0.34 +0.08 0.32+0.04

Images taken during one measurement are presented in Appendix D.

4.4 Cell response

Human WI-38 fibroblasts were cultured in 2.5D and 3D hydrogel samples with fibrin fi-
bres for 3 days. 2D samples with fibres were used as a control. The cells were alive after
3 days in all the samples as seen from the live/dead images in Figures 14—16. On day
1, in the 2D controls, cells had elongated and proliferated a lot, as expected, but they
had not started to grow along the borders of the fibres. Also, no clear signs of migration
towards the fibres could be detected. The fibres, on the other hand, had degraded quite

a lot already at that point. After 3 days of incubation, the fibres were fully degraded, and
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the cells were growing like the fibres were never in the well. The cells had proliferated
and elongated more, as expected. Live/dead and immunostaining images confirmed that
there were no signs on fibre presence and that the cells were highly viable. During the
live/dead staining procedure, however, the cells partially detached from the bottom of
the wells and formed small aggregates. In addition, some cells were washed away during

the immunostaining process.

Figure 14. WI-38 fibroblasts in the 2D control samples after 3 days in culture. Image
a) light microscope, b) live/dead staining where green indicates live cells and red dead
cells and c¢) immunocytochemistry where actin filaments are stained red and cell nuclei

blue.

On day 1, light microscope images of the 3D NaGG samples showed no signs of cell,
elongation, migration or fibre degradation, as expected. On day 3, the cells were still
round and no elongation or migration towards the fibres could be spotted based on mi-
croscope and live/dead images. The fibrin fibres, however, had begun to degrade but
mostly from their tips. Immunostaining of the NaGG samples confirmed the observations
of the light microscope and live/dead images. The cells appeared round and randomly
distributed. In the 3D 40:60 GGA-CDH samples, a couple of cells had slightly started to
elongate already on day 1 based on light microscope images. On day 3, more cells were
clearly highly elongated but still a bigger part of them were round. No clear signs of
migration could be detected but some of the cells had begun to grow along the borders
of the fibres. In addition, fibre degradation was more pronounced than in the NaGG sam-
ples. The elongation of the fibroblasts can also be seen in the live/dead images, alt-
hough, not as clearly as with the light microscope. Immunostaining of the 40:60 GGA-
CDH samples did not give any new information about the cell shape due to double stain-
ing and because the cells were stained quite lightly making it hard to visualise the cyto-
skeleton and nucleus. No signs of cell elongation or fibre degradation could be detected
on day 1 in the 3D 40:40 GGA-CDH samples with the light microscope. After 3 days of
incubation, a couple of cells showed signs of elongation and the fibres had begun to
degrade in the same way as in the 40:60 GGA-CDH samples. Live/dead images of the
samples showed that in a few areas the cells had migrated and aligned along the borders

of the fibres, which was not detected with the light microscope, but had not elongated. In
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one area, it was not clear whether the cells spontaneously happened to arrange in a
fibre-like formation or used an actual fibre as a mould since a fibre could not be detected
from the image. Also, a couple of elongated cells as well as dead cells could be detected.
More dead cells were present in the 40:40 GGA-CDH than in the 40:60 GGA-CDH sam-
ples. Immunostaining the cells also did not reveal any new information. Based on the
sandwich cell culture test, fibroblasts seemed most viable, in terms on elongation and
incidence of dead cells, in the 40:60 GGA-CDH samples but migrated and aligned along
the borders of fibrin fibres more in the 40:40 GGA-CDH samples.

"Vl

Figure 15. WI-38 fibroblasts in the 3D NaGG (a—c), 40:60 GGA-CDH (d—f) and 40:40

GGA-CDH (g—i) samples after 3 days in culture. Images (a, d and g) light microscope,

(b, e and h) live/dead staining where green indicates live cells and red dead cells and

(c, fand i) immunocytochemistry where actin filaments are stained red and cell nuclei
blue.

Two types of 2.5D samples were prepared using different cell seeding methods. In the
microdroplet method, cells were seeded directly on top of fibrin fibres in a small amount
of suspension medium whereas in the basic method cells were seeded randomly in a
larger amount of medium. On day 0, right after cell seeding, cells in the basic 2.5D sam-
ples looked evenly distributed in the wells and some cells were spotted on top of the
fibres. A few small aggregates could also be seen. On day 1, in most of the samples,

some of the cells had begun to elongate but most were still round. The cells had also



41

begun to proliferate and there were some sings of fibre degradation. In one separate
sample, which was made at a different time than the others, cells were highly elongated
already on day 1 and they had started to migrate towards the fibres and align as well as
elongate along their borders. Slight signs of fibre degradation could also be detected. On
day 3, the fibres had begun to degrade in all the samples and in the one separate sample
they were fully degraded. Some fibres had also moved during incubation making it hard
to detect whether the cells aligned a fibre or not. Cells in the separate sample had pro-
liferated and elongated even more and almost fully aligned the edges of the fibres. In
intersections of fibres the cells fully aligned one fibre and at the same time cut off the
cells aligning the other fibre as seen in the Figure 16 b). In a couple of areas, some cells
were “inside” a fibre and they had also aligned along its longitudinal axis. However, cells
further away from the fibres displayed random orientation. Also, not all the cells had
migrated towards the fibres and there were differences in cell density in different parts of
the sample well. Immunostaining images of the separate sample supported the findings
of the light microscope and live/dead images. In rest of the samples, the cells had also
proliferated and elongated more but still majority of the them appeared round. Some cells
had migrated and begun to align parts of the fibres. Live/dead images of the rest of the
samples showed that the cells were actually more elongated than what could be seen
with the light microscope. The cells also aligned parts of the fibres in several spots and
were usually elongated when doing so. In a few areas, the cells had aligned but not
elongated and there were also more dead cells present. Immunostaining of the samples
confirmed that the cells were more elongated than what could be determined from the

light microscope images.



1 1.0 mm

Figure 16. WI-38 fibroblasts in the 2.5D basic (a—f) and microdroplet (g—i) samples
after 3 days in culture. Images (a—c) are from the one separate basic sample and (d—f)
from the rest of the basic samples. Images (a, d and g) light microscope, (b, e and h)
live/dead staining where green indicates live cells and red dead cells and (c, f and i) im-
munocytochemistry where actin filaments are stained red and cell nuclei blue.

Microscope images of the microdroplet samples on day 0 showed that some cells were
successfully seeded on top of the fibres. However, majority of the cells were next to the
fibres and randomly distributed since there were large areas with no cells. On day 1,
some cells had begun to slightly elongate and in one sample there was an area where
cells were already very elongated. In that area, cells close to a fibre had also begun to
align along its borders. No signs of fibre degradation could be detected on day 1. On day
3, the cells had clearly proliferated and continued to elongate but there were still some
round cells. In the area, where the cells were already very aligned on day 1, the cells
aligned the nearby fibres but not all the cells had migrated towards the fibres even though
they were very close to them. Also, in other areas, cells had not begun to grow along the
borders of the fibres even though they were very close to them. After 3 days of incuba-
tion, the fibres had begun to degrade and in a couple of areas fibres had moved from
their original position. Live/dead images of the microdroplet samples revealed that the
cells had aligned along the border of the fibres more than what could be detected with

the light microscope. There were also two areas where it was not clear whether the cells
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actually aligned a fibre or just happened to grow in a straight line or in a tube-like form
since in some areas the fibres were stained so lightly making it hard to detect them.
Almost all the cells were elongated, especially the ones that were growing on the fibres’
borders. Immunostaining of the cells confirmed the findings of the live dead images. Also,
an area with a lot of cells growing in a tube-like form was found on the edge of one well.
However, it is not clear whether the cells used a fibre as a template to arrange like that.
Based on the results of the 2.5D cultures, it appears that the microdroplet cell seeding
method had a small positive effect on cell alignment along the borders of the fibres even
though most of the cells were attached to the surrounding matrix gel instead of the fibres.

Main results of the cell studies are summarised in Table 7.

Table 7. Summary of the results of the cell studies after 3 days in culture. Results of 2.5D
basic samples presented as one separate samples / rest of the basic samples.

. Cells aligned | Cell migration Fibre
Sample type Cell elongation towards fibres| degradation

3D NaGG - - - -

3D 40:60 GGA-CDH + - - +

3D 40:40 GGA-CDH - + + +
250 basic ++ [+ ++ [+ ++ [ + ++ [+

25D microdroplet + + + +

++ Cells very elongated and very few nonelongated cells, fibres almost fully or fully
aligned by cells, cells clearly migrated towards fibres, fibres fully degraded.

+ Moderately elongated cells and some nonelongated cells, fibres partially aligned by
cells, some cells had migrated towards fibres, fibres partially degraded.

- Few elongated cells, fibres aligned by some cells, a few cells had migrated
towards fibres, fibres slightly degraded.

— No signs of cell elongation, alignment or migration towards fibres, fully intact fibres.
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5. DISCUSSION

In this thesis, fibrin fibres were produced with a simple extrusion method and stretched
to provoke fibril alignment which would subsequently promote cellular alignment. Differ-
ent fibrinogen and thrombin concentrations were tested to find the best composition for
fibre making and cell culture, in terms of ease of production, fibre appearance and dura-
bility and resistance to fibrinolysis. During the gelation test, it came apparent that the
gelation time of fibrin decreased as fibrinogen or thrombin concentration increased. It is
well known that the gelation time decreases as the ratio of thrombin to fibrinogen in-
creases [21], so based on that the gelation time should have increased instead of de-
crease as the fibrinogen concentration grew. Small differences in the gelation time can
possibly be due increase in the fibrinogen solution’s viscosity and mixing method. As the
viscosity of the solution increases, it is more difficult to rapidly pipet it in out of the pipet,
in order to mix the gel, thus seemingly shortening the gelation time. Another interesting
finding was that so many of the gels did not fully hold their shape. Even more surprising
was that even though some gels had good structure they degraded when incubated for
24 h in DMEM/-F12 (10:6, 10:40 and 20:40) and that the 20:6 gel was much more stable
than the 20:40 gel. As for the gel structure, it was hard to accurately determine because
the gels stuck to the sides of the syringe moulds and thus the samples got easily dam-
aged when they were demoulded. Due to the sticky nature of fibrin gel, the moulds used
in the stability test were first treated with Pluronic F-127 to prevent the gels from sticking
to the sides. As for the poor stability of the gels, one explanation might be that it was due
to insufficient mixing since stable fibrin gels have previously been made with a wide
range of fibrinogen and thrombin concentrations [21, 27]. In addition, although the fibrin-
ogen’s manufacturing process contains a purification step of Plg and Pn, the number of
leftover molecules is not measured. Therefore, another reason for the poor stability can

be that the samples were degraded due to the presence of Pn.

After the initial gelation test, fibre production was tested, with the most promising com-
positions based of the gelation test, and the ease of fabrication and handling and fibre
appearance was monitored. A general challenge in the fibre production was that it de-
spite that the pistons of the syringes, containing the gel components, were attach to a
joint holder it was still somewhat challenging and required good focus to press them at
the same rate. A common challenge with all the tested compositions was that even
though the tubes, into which the fibres were extruded and allowed to polymerise in, were

treated with Pluronic F-127 the fibres still stuck to the inner walls of the tubes in some
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places making the demoulding sometimes a bit difficult. This happened because not all
bubbles could be removed inside of the tubes when they were treated. To eliminate these
problems and to ensure uniform fibre composition, a better syringe holder and degassing
method would need to be found. Another option to ensure uniform fibre composition and
to ease fibre production would be to use a dual syringe pump. In addition, a proper mixing
tip would be useful to ensure proper mixing and uniform fibre structure. In this work, the
components were only mixed in the space between the syringe connector and dispens-

ing tip as well as when the mixture travelled inside the dispensing tip and tube.

Once the most suitable fibre composition was found, changes in fibre diameter after dif-
ferent processing steps and the fibres’ swelling behaviour was recorded. Based on a
literature search, this was the first time that these properties were monitored in such a
detailed manner. In previous studies (Appendix A), fibre swelling has been investigated
but the effect of long-term incubation on fibre diameter has not been reported. Nor the
actual change in fibre diameter caused by stretching. The percentual SD of fibres rehy-
drated for 30 min is in good agreement with previous results regardless of fibre produc-
tion method (semi-automated or manual) [5, 9, 51, 53]. Moreover, the SD did not notice-
ably change at any point for any composition. The biggest change was between the 30
min and 13-day rehydrated diameters of the 40:20 fibres, the values being 11.0% and
21.8%, respectively. However, the increase in percentual SD was due to one out of four
samples. Change in the shape of the diameter distribution histograms after drying can
be due fibre cutting. In order to fit the fibres in the small Petri dishes, most of them had
to be cut a shorter length. Therefore, the change to a more normal-like (Gaussian) dis-
tribution might just be because a more uniform fibre piece was selected for the rehydra-
tion test. However, the reason can also be that drying densifies the fibrin network affect-
ing its swelling behaviour. This in turn, evens out differences in fibre diameter when they
are rehydrated. This theory is supported by the fact that the fibres did not swell back to

their original wet, stretched diameter even after a long rehydration period.

As for the swelling ratio, the obtained results were also in good agreement with previous
studies (Appendix E). An interesting finding from the swelling test was that the increase
in thrombin concentration did not have a significant effect on the diameter, stretching %
or swelling behaviour of the fibres. However, in each composition, there was always 1—
2 fibres which stretching % was noticeably smaller than what others had, causing the SD
to be very large. This was probably due to the fact that fibre stretching was done manu-
ally. In addition, to the aforementioned properties, the change in thrombin concentration

most likely did not have an effect on the stability of the fibres when incubated in DMEM/F-
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12. Reasons why the 40:20 were either degraded or contaminated already after 17 days
were most likely mechanical stress and the test setup. The mechanical stress was
caused by moving medium as the samples were moved between the incubator and mi-
croscope and because some medium had to be taken from the sample dishes in order
to obtain good images. In addition, more medium had to be put back in after imaging to
prevent the fibres from drying which can also have caused mechanical stress to them.
Moreover, some fibres broke before they degraded which might have accelerated their
degradation. The contamination, on the other hand, is most likely due to the fact that the
swelling test was conducted in basic laboratories instead of a clean room. Therefore, as
the sample dishes were opened to remove excess medium and to image the samples,

contaminants can quite easily have ended up in the samples.

SEM imaging was done to gain insight on how stretching affected the network structure
and to see what kind of morphology and surface structure the fibres had. Stretching of
the fibres caused fibrils to orientate along the direction of the stress, but the level of
orientation varied between different areas. In addition, fibre diameter decreased only
~20% even though they were stretched to 160% of their original length. This kind of
behaviour is explained by the viscoelastic nature and high extensibility of fibrin(ogen).
Due to the elastic properties and high extensibility of fibrin, the fibres can be easily
stretched over their original length and after the stress it removed, they can partially or
fully revert to their original state depending on the stress level and duration. When fibrin
is stretched with a high enough force, the molecules begin to unfold and align. In a fibrin
network, fibrils unfold individually meaning that during stretching some fibrils can be fully
elongated and highly aligned while others are still completely folded and have a random
orientation. [1, 16] Thus, a higher stress would have been needed to increase fibril un-
folding, and subsequently the stretching % of the fibres, and alignment. In addition, un-
crosslinked fibrils tend to slide past each other rather than unfold when stretched [8].
Moreover, although fibrin undergoes irreversible deformation (creep) under constant
stress, creep occurs only after a very long time [1, 7]. Therefore, the 10 s the fibres were
at the stretched position was not enough to cause creeping and to increase the amount
of fibre elongation or fibril alignment. In a study by Brown et al., crosslinked fibrin gels (5
mg/ml fibrinogen, 5 pug/ml FXIIl and 0.5 U/ml thrombin) were imaged while being
stretched to monitor fibril alignment [8]. When strain was 1, a good portion of the fibrils
had already aligned, and the orientation of fibrils increased linearly between strains ~0.5—
2. At a strain of 2, clearly more fibrils had orientated and at strain ~2.5 the level of orien-
tation plateaued (based on their analysis method). In this thesis, the fibres were stretched

to a strain level of 0.6. It is interesting that the SEM images presented in this thesis,
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resemble images taken at strains of 0-2 in the study by Brown et al. [8] as crosslinked
fibrils are supposed to stretch and unfold more readily than uncrosslinked fibrils. How-
ever, only one SEM image at each strain rate is shown in their article. In addition to there
being differences in fibril alignment in the stretched fibres, slight alignment was also spot-
ted in some areas of the unstretched fibres. One explanation for this might be that, the
flowing motion as the fibrin solution moves inside the tubing can cause orientation along
the direction of the flow [12, 19, 43]. Another reason might be that, in some areas, the
fibres stick to the inner walls of the tubes and as they are ejected fibrils on the surface of
these areas might stretch and subsequently orientate. This can also partially explain why

fibrils some areas in the stretched fibres were so highly aligned.

As for the appearance of the fibres, grooves and cracks were found in the middle of the
fibres that were parallel to the longitudinal of axis. These features are caused by the
stretching of the fibres as they have also been spotted in the study by Grasman et al.
where the appearance of fibres stretched to different degrees were compared to each
other [51]. In addition to the grooves and cracks, light specs and areas were found all
over the surface and inside of the fibres which turned out to be mainly sodium and chlo-
ride. The ions are most likely from the DMEM/F-12, that the fibres were ejected into and
what was used in the demoulding process, as it contains quite a lot of NaCl (~7 g/l) and
sodium bicarbonate (~2.4 g/l) [102] and because the fibres absorbed some of the me-
dium as they turned slightly pink. Also, the fibrinogen and thrombin working solutions
themselves contained sodium and chloride as they were diluted with HBS that had 154
mM of NaCl. It is also possible that more sodium and chloride ions from the medium

were absorbed by the fibres as they were demoulded due to high pressure.

A tensile test was conducted to characterise the mechanical properties of the fibres. In
comparison to previous studies, the UTS, SAF, initial Young’s modulus and peak load of
the tested 40:20 fibres were generally much higher than what have been reported (Ap-
pendix E). Only the UTS reported by Cornwell and Pins is in good agreement with the
value obtained in this thesis. The reported MYM values, however, are either much
smaller [9] or a lot bigger [5, 54]. The most probable reason for the big difference in the
SAF values is that in all the previous studies the tested fibres must have dried before or
during the measurement, even though they were rehydrated, as the samples were not in
contact with any liquid during the tensile test. When the fibres are dry, they are more
brittle than when they are wet as based on observations made during test measure-
ments. A reason for the difference between UTS values of fibres made with different

methods (semi-automated [5, 51, 53] or manual [9]) might be that the fibres tested by
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Keijdener et al. [9], had a bigger diameter and thus they dried slower. In addition, their
fibres were not dried at any point so they might have been more saturated. The SAF
values obtained in this thesis are in good agreement with the fact that fibrin(ogen) is
highly extensible and individual fibrils can theoretically elongate even up to ~4.7 times
their original length [1]. As for the peak load, the difference in reported values is simply
due size difference of the measured fibres as it directly depends on their diameter. In
addition, the fibres in the previous studies (except in [9]) seem to be weaker than the
fibres tested in this thesis based on the UTS values [5, 51, 53]. However, due to differ-
ences in test conditions (e.g. strain rate and whether the fibres were submerged in liquid
during the measurement) and fibre compositions, all the results cannot be directly com-
pared. The possible drying and increased brittleness of the fibres in the previous studies
are supported by the fact that in all the other studies, except in the one by Keijdener et
al. [9], the reported MYM values are much higher than what is presented in this thesis.
In other words, the rapid steepening of the stress-strain curves is due to sample drying
and is clearer the smaller the measured fibre is. One reason behind the deviant results
reported by Keijdener et al. [9] might be that the fibres measured in their study were not
dried and rehydrated before conducting the tensile test. It seems that drying noticeably
increases the mechanical strength (UTS, initial Young’s modulus and MYM) of the fibres
as all these values are much smaller in their study compared to the others and to this
thesis. However, strain rate can have some influence on the results, but the same strain

rate was used in this thesis as in the study by Keijdener et al.

Human fibroblasts were cultured in different culture setups to study how the fibrin fibres
effect cell alignment. 2D samples with fibre pieces on the bottom of a culture well were
used as a control. Fibroblasts readily proliferated and elongated in 2D, as expected, but
they did not begin to align the fibres at any point during the 3-day culture period. This
might be because the fibres degraded very quickly, as they were almost complete de-
graded already on day 1, that the cells did not have enough time react to them. In addi-
tion, the fibres might have started to slightly float after culture medium was added reduc-
ing the contact area between the fibres and cells. Interestingly, based on visual inspec-
tion, fibroblasts elongated more in the 3D 40:60 GGA-CDH samples but aligned and
migrated more in the 40:40 GGA-CDH samples. In the NaGG samples, the cells did not
show signs of elongation or migration towards the fibres. Based on this, it seems that the
cells had a hard time migrating in the stiffer 40:60 gels than in the softer 40:40 gels. In
addition, composition of the matrix gel had a significant effect on cell behaviour. It seems
that the cells were able to sense the fibres, and subsequently align along their border, at

least when they were in close vicinity of them or in direct contact. It is not clear how far
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away the cells can still sense the fibres. Mechanical cues can influence a wide range of
cell behaviours including cell spreading and migration [50, 103]. In a study by Rudnicki
et al. fibroblasts were cultured on top of different thickness fibrin and collagen gels, which
were on glass coverslips, cells exhibited changes in spreading at distances as great as
150 um and maybe even further away [103]. Thickness of the cell laden gel layer in the
3D samples, studied in this thesis, was ~2100 um, so it is possible that some of the cells
were too far away from the fibres for them to cause any changes in the cells’ migratory
behaviour. In addition, the migration speed of the cells might have also been so slow due
resistance caused by the surrounding gel matrix, that even if the cells were able sense
the fibres, they did not have enough time to reach them. As for the 2.5D samples, fibro-
blasts were much better able to migrate towards the fibres and one sample the cells had
almost fully aligned the edges of the fibres after 3 days. However, the cells that were
further away from the fibres still displayed random orientation supporting the idea that
the cells might not be able sense the fibres beyond a certain distance. The dependence
of cell alignment and distance was also noticed in the study by Chrobak et al., in which
myocytes were cultured in a fibrin composite consisting of fibrin fibres surrounded by
fibrin gel containing the cells [50]. The myocytes aligned along the longitudinal axis of
the fibres but only when they were within a 100 ym distance from them. These findings
also support the idea that cell alignment is caused by contact guidance of the aligned
fibrin fibrils [5, 9]. Last notable observation was that the cells did not seem to envelop
the fibres in any of the 2.5D or 3D samples. In the one separate 2.5D sample, some of
the cells did grew within the boundaries of the fibres but based on the light microscope
and live/dead images it looks that all the cells were, for the most part, in the same focus
plane. To improve cell cove, one option would be to increase the number on cells at-
taches to the surface of fibres. This could be done by bundling several fibres together in
order to increase the surface area to be seeded. Another option would be to make cell

laden fibres by incorporate cells directly into the fibres during the fabrication process.

The relatively quick degradation speed of the fibres was somewhat expected based on
previous studies with fibrin [9, 54]. The fibres degraded the fastest in the 2D and 2.5D
samples as they were in direct contact with the fibroblasts and culture medium which
made it easy for fibrinolytic agents to reach the them. As the fibrinogen used in the fibres
possibly contained Plg and Pn, it might have accelerated their degradation as then the
fibres would have been degraded by Pn as well as MMPs. As for the difference in cell
behaviour between the one basic 2.5D sample, made at a different time, and the rest of
the 2.5D samples (basic and microdroplet), it is hard to say why the cells did not elongate

as much or as quickly as in the other samples than they did in the one. In both cases,



50

the cells were confluent before use and there were not a lot of dead cells present. In
addition, the sample preparation methods and culture conditions were the same. It
seems that cells in the other samples were less active as fibres in those samples were
only partially degraded at day 3 whereas they were already fully degraded in the one
separate sample. This possible difference in cell activity might have also been the reason
why cells in the 3D 40:40 GGA-CDH samples did not elongate as much as they did in
the 40:60 samples, even though the 40:40 samples were made at the same time as the
2.5D samples (except the one basic 2.5D sample). As for how fibrinolysis of the fibres
could be slowed down, aprotinin and tranexamic acid are the most commonly used in-
hibitors to prevent fibrinolysis by Pn [34, 46]. MMP mediated degradation, on the other
hand, can be inhibited for example with tissue inhibitor of metalloproteinases-2, batimas-
tat and marimastat [39, 47]. However, based on a literature search, MMP inhibitors have

not been used to prevent fibrinolysis.

When comparing the 3D GGA-CDH sample results to a study by Koivisto et al. [91], in
which the same hydrogel compositions and cells were used, live/dead images of the
40:60 GGA-CDH samples look highly similar to what is presented in the article. Images
of the 40:40 samples, on the other hand, are not that similar as in the article, cells look
much more elongated than in the images presents in this thesis. This, however, is most
likely due to the unknown factor that effected the viability and activity of the cells in the
40:40 samples as discussed previously. A direct comparison of the cell culture results to
other studies about fibrin fibres is challenging due to the differences between used cells
and culture methods. In general, in all the previous studies listed in Appendix A, cells
have been able to attach to the surface of fibrin fibres and align along their longitudinal
axis. In the study by Cornwell and Pins, human dermal fibroblasts were cultured on top
of bundles of 10 fibres [5]. Already on day 1, the cells showed signs of alignment and
proliferation and after a week the fibres were fully covered by the cells. These results,
however, cannot be directly compared to the ones presented in this thesis as in the arti-
cle, the fibroblasts were obtained from a different source and seeded directly on top of
the fibre bundle. As to what could be done to improve the reliability of the cell culture
results, obtained in this thesis, both the 2.5D and the 3D 40:40 GGA-CDH cell cultures

would need to be repeated.
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6. CONCLUSIONS

In this thesis, fibrin fibres were successfully extruded with different compositions. The
fabricated fibres were stretched right after they were demoulded to achieve fibril align-
ment that later on would provoke cellular alignment. The stretching decreased fibre di-
ameter, however, less than anticipated due to the high elasticity of fibrin. Drying seem-
ingly made the fibril network more compact as the fibres did not swell back to their orig-
inal size, that they had before drying, upon rehydration. Increase in thrombin concentra-
tion did not influence the swelling behaviour (swelling % and ratio) of the fibres. The
produced fibres had good long-term stability when incubated in DMEM/F-12 (40:40,
40:20, 40:10 and 40:6) and when placed between two hydrogel layers and incubated
with WI-38 medium (40:20). SEM images of the fibres revealed that fibril alignment was
achieved by stretching the fibres. As for their mechanical properties, the fibres were
highly extensible with the average SAF being over 12. The average UTS of the 40:20
fibres was ~4.6 MPa. Despite the manual fabrication method, there was no big difference
in any of the quantitative properties of the fibres. Cellular alignment was studied in 2.5D
and 3D with human fibroblasts. The stretched fibrin fibres were able to provoke cellular
alignment in both dimensions. Cellular alignment was more pronounced in the 2.5D sam-
ples as in one sample the fibres were almost fully aligned with the cells after 3 days in
culture. In 3D, the cells had difficulties in migrating towards the fibres but were still able
to align in some areas. However, in both 2.5D and 3D, cell alignment happened only
when the cells were in contact or close vicinity of the fibres. Also, for some unknown
reason, there was a difference in cell activity between different cell culture rounds, raising

concerns about the accuracy of some of the results.

In the future, to improve the uniformity of the fibres and to ease the fabrication process,
a more stable syringe holder or alternatively a dual syringe pump is needed. Also, a
proper mixing tip and a better surface treatment method for the tubes, where the fibres
were extruded into, would be beneficial. To better induce fibril and cellular alignment, the
fibres would need be stretched with a higher strain or for a longer period. A simple
stretching device would allow multiple fibres to be stretched simultaneously for an ex-
tended period. To improve the reliability of the tensile test results, more samples would
need to be tested. In addition, it would be good to tensile test the other compositions as
well (40:40, 40:10 and 40:6) to see how much the mechanical properties change with

the thrombin concentration. Moreover, the measurements could be done on freshly made
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fibres, without the drying and rehydration steps, to see how much the drying phase ef-
fects the fibres’ mechanical properties. As for the cell tests, it would be recommended to
redo most of the cell cultures in order to obtain more reliable results. To avoid variability
between samples, it would be good to perform all experiments at the same time. Also,
the incubation time could be extended to better investigate cell migration. Aprotinin could,
for example, be used to help extend the culture time. In addition, it would be good to
increase the number of seeded cells and the volume of the cell suspension in the 2.5D
microdroplet samples so that more cells would adhere to the fibres. Overall, the produced
fibrin fibres were capable of provoking cellular alignment but a better cell seeding method
and cell culture setup are needed to envelop the fibres with cells. One option would be
to incorporate cells directly into the fibres during the fabrication process or to bundle up
several fibres in order to increase the surface area of the fibres thus making cell seeding

easier.
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APPENDIX A: SUMMARY OF PREVIOUS STUDIES ABOUT FIBRIN FIBRES

Table 8. Summary of previous studies about fibrin fibres. Stretching % and state of fibres is indicated in parenthesis. * = Initial wet diameter, ** = with/without
rehydration in distilled water for 2h before drying again and *** = with/without a drying step.

Year | Fibre composition | Extrusion parameters Average fibre Cells and cell culture or Important results Ref
(final concentra- diameter experiment set up
tions)
2007 | Fibrinogen (35 mg/ml | Co-extruded at 37°C with | 60 pm (dry) Human dermal fibroblasts, | Supported fibroblast attachment and proliferation. Cells aligned | [5]
in HBS) and throm- | a stabilised crosshead 35 uym (= 30 min a bundle on 10 fibres, along the longitudinal axis of the fibres and in the grooves be-
bin (3 U/mlin 20 mM | on a threaded rod and a | rehydration in PBS) | cells seeded on top. Cul- |tween fibres. Cells covered the fibres confluently.
CacCl2). blending applicator tip ture time 7 days.
through a 0.38 mm diam-
eter tube with a 4.25
mm/min extrusion rate.
2011 | Fibrinogen (35 mg/ml | Co-extruded at 37°C with | Not available (N/A) | Human dermal fibroblasts, | FGF-2 was evenly distributed along and across the fibres. [53]
in HBS), thrombin (3 | a stabilised crosshead a bundle of 10 fibres, cells | FGF-2 increased cellular outgrowth and proliferation.
U/mlin 20 mM on a threaded rod and a seeded on top. Culture
CaCl2) and fibroblast | blending applicator tip time 7 days.
growth factor-2 through a 0.38 mm diam-
(FGF-2) (100 ng/ml | eter tube with a 4.25
in PBS and 0.1% mm/min extrusion rate.
BSA).
2011 | Fibrinogen (35 mg/ml | Co-extruded at 37°C with | 100 pm* Human mesenchymal Supported mesenchymal stem cell attachment, proliferation [49]
in HBS) and throm- | a stabilised crosshead stem cells, a bundle of 8 | and survival. The cells were able to maintain their multipotency.
bin (3 U/ml in 20 mM | on a threaded rod and a fibres, cells seeded on Cells remained viable after a seeded fibre bundle was sutured
CacCl2). blending applicator tip top. Culture time 5 days. |through a collagen gel.
through a 0.38 mm diam-
eter tube with a 4.25
mm/min extrusion rate.
2011 | Fibrinogen (35 mg/ml | Co-extruded at 37°C with | N/A Human muscle progenitor | Supported muscle progenitor cell attachment. Reduced scar [52]

in HBS) and throm-
bin (3 U/ml in 20 mM
CaCl2).

a stabilised crosshead
on a threaded rod and a
blending applicator tip
through a 0.38 mm diam-
eter tube with a 4.25
mm/min extrusion rate.

cells, individual fibres,
cells seeded 360° around
the fibres. Fibres were
placed into a skeletal
muscle defect in mice for
120 days.

formation and promoted native muscle regeneration and the
formation of near-native tissue architecture. Improved recovery
of muscle strength.
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2012 | Fibrinogen (35 mg/ml | Co-extruded at room 62/58 pm** (dry, Mouse myoblasts, bundle | Supported myoblast attachment and proliferation. Cells aligned |[54]
in HBS) and throm- | temperature with a dual | 225%) of 10 fibres, cells seeded | along the longitudinal axis of fibres and in the grooves between
bin (3 U/ml in 20 mM | syringe pump and a 132/136 pm** (wet, |on top. Culture time 7 the fibres. The cells covered the fibres confluently.
CaCl2). blending applicator tip 225%, 260 min days.
through a 0.86 mm diam- | rehydration in PBS)
eter tube with a 0.225
ml/min extrusion rate.
2013 | Fibrinogen (35 mg/ml | Co-extruded at room 80 um (hydrated Human mesenchymal Supported mesenchymal stem cell attachment. Cell seeded fi- | [58]
in HBS) and throm- | temperature with a dual | with distilled water) | stem cells, a bundle of 24 | bres could be delivered to a beating rat heart through the left
bin (3 U/ml in 20 mM | syringe pump and a fibres, cells seeded on ventricular myocardial wall. The fibre-based cell delivery
CaCl2). blending applicator tip top. fibres sutured through | method increased cell delivery efficiency and delivery distribu-
through a 0.86 mm diam- the heart wall of a rat. Ex- | tion compared to an intramyocardial injection.
eter tube with a 0.23 periment time 1 hour.
ml/min extrusion rate.
2014 | Fibrinogen (35 mg/ml | Co-extruded at room 68/69 um*** (dry) Mouse myoblasts, single | Stretched without drying: no increase in UTS or maximum load |[51]
in HBS) and throm- | temperature with a dual |42/48 pm*** (dry, fibre, cells seeded on top. | as stretch increased. Slight decrease in strain at failure (SAF)
bin (3 U/ml in 20 mM | syringe pump and a 200%) Culture time 2 days. when stretch increased.
CaCl2). blending applicator tip 156/164 pm*** (wet, Stretched after drying and rehydration: UTS and maximum
through a 0.86 mm diam- | 2 60 min rehydration Young’s modulus (MYM) increased as stretch increased. SAF,
eter tube with a 0.225 in deionised water) dry and wet diameter and swelling ratio decreased as stretch
ml/min extrusion rate. 97/132*** (wet, increased. Fibre topography changed from smooth to more
200%, = 60 min re- complex and aligned grooves appeared as stretch increased.
hydration in deion- Myoblasts aligned along the longitudinal axis of the fibres and
ised water) alignment increased as stretch increased. Stretching had no ef-
fect on Pn mediated fibrinolysis.
2015 | Fibrinogen (35 mg/ml | Co-extruded at room N/A Mouse myoblasts, 3 indi- | Rapid release of HGF from fibres which increased myoblast [57]

in HBS) and throm-
bin (3 U/ml in 20 mM
CaCl2). fibres loaded
with hepatocyte
growth factor (HGF)
before cell seeding.

temperature with a dual
syringe pump and a
blending applicator tip
through a 0.86 mm diam-
eter tube with a 0.225
ml/min extrusion rate.

vidual fibres per sample,
cells seeded on top. Cul-
ture time 24 hours. Fibres
also implanted into a mus-
cle defect in mice for 60
days.

proliferation in vitro but active release occurred only within the
first 24h. Increased force production in vivo but values were still
significantly lower than values measured before the defect. In-
voked a robust infiltration of adipocytes in vivo.
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2017 | Fibrinogen (35 mg/ml | Co-extruded at room 130 uym (wet, 150%, | Rat cardiomyocytes, 5-20 | Mechanical properties of the fibre-gel composite could be im- [50]
in HBS) and throm- | temperature with a dual |= 60 min rehydration | fibres were spaced evenly | proved by increasing the number of fibres. Cardiomyocytes re-
bin (3 U/mlin 20 mM | syringe pump and a in PBS) and fibrin gel containing tained their phenotypic and functional properties. Cells in close
CaCl2). blending applicator tip the cells were casted on | contact with the fibres (< 100 pm) aligned along their longitudi-
through a 0.86 mm diam- top. Culture time 14 days | nal axis.
eter tube with a 0.225 (medium contained 50
ml/min extrusion rate. pm/ml of aprotinin).
2018 | Fibrinogen (35 mg/ml | Co-extruded at 37°C with | N/A Human pluripotent stem Supported hPS-CM attachment. Average and maximum con- [56]
in HBS) and throm- | a stabilised crosshead cell derived cardiomyo- tractile strain, contractile frequency and conduction velocity in-
bin (4 U/ml in 20 mM | on a threaded rod and a cytes (hPS-CMs), 3 indi- | creased over 21 days in culture. The contraction direction of the
CaCl2). blending applicator tip vidual fibres per sample, | cells also became more aligned with the fibres over the 21
through a 0.38 mm diam- cells seeded on top. Cul- |days. The cells aligned and elongated along the longitudinal
eter tube with a 0.23 ture time 21 days (me- axis of the fibres and the alignment increased over time.
ml/min extrusion rate. dium contained 50 pm/ml
of aprotinin).
2020 | Fibrinogen (5 mg/ml | Co-extruded by hand 490 pm Human umbilical vein en- | UTS and initial Young’s modulus increased as stretch in- [9]

in TBS), thrombin (20
U/ml in 25 mM CaCi2
in TBS) and cells.

into tubes using a double
syringe holder fitted with
a dual injection head and
a mixer. Fibres were
ejected from the tubes
by injecting media into
them.

320 pm (wet, 130%)
175 uym (wet, 160%)
Fibres made into 0.5
mm tubes.

dothelial cells (HUVECSs)
or smooth muscle cells/fi-
broblasts (SMCs/fibro-
blasts) or rat Schwann
cells (SCs). Cells incorpo-
rated into the fibres, indi-
vidual fibres free floating
in medium or encapsu-
lated with fibrin gel. Free
floating fibres with HU-
VECs 8 or 14 days,
SMCs/fibroblasts 2—3
days or SCs 3 days. En-
capsulated fibres with HU-
VECs 14 days, SMCs/fi-
broblasts 14 days or SCs
3 days.

creased. MYM increased significantly when stretch increased
from 130 to 160%. Diameter decreased linearly as stretch in-
creased. Fibrils on the surface and inside the fibres aligned
along the direction of stretching and alignment increased with
increasing stretch. Fibre stretching did not affect SMCs/fibro-
blasts' or HUVECs' viability but had a small effect on the SCs.
Free floating fibres: SMCs/fibroblasts aligned only in the
stretched fibres when seeded with a lower cell density than ini-
tially planned. With the higher density, the fibres contracted into
a dense bundle. SCs and their processes also aligned only in
the stretched fibres. HUVECs migrated to the surface of the fi-
bres and formed a monolayer. Layer formation was fastest in
the 160% fibres. HUVECs deposited main ECM components
and formed a complete endothelial layer. All live HUVECs mi-
grated to the surface of the fibres.

Encapsulated fibres: SMCs/fibroblasts aligned and stayed in-
side the stretched fibres. Cell alignment increased with increas-
ing stretch. Cell deposited ECM components aligned along the
stretched fibres. SCs and their processes aligned in the
stretched fibres. HUVECSs did not migrate outwards, instead
they formed a network of cells and interconnected type IV colla-
gen. Network formation was most prominent in unstretched fi-
bres. Stretched fibres had only small 2—3 cell clusters. Cell de-
posited ECM aligned along the stretched fibres.
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DISTRIBUTION OF DIAMETERS AFTER VARIOUS PROCESSING

APPENDIX B
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Figure 17. Distribution of diameters of wet, unstretched (a; and b1), wet, stretched (a2 and b), dried (azand bs), 30 min, rehydrated (as and

bs) and 13/28-day (asand bs), rehydrated fibres. Graphs (a+—as) 40:10 fibres and (b+—bs) 40:20 fibres
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APPENDIX C: FIBRE SWELLING AND STABILITY
BETWEEN HYDROGEL LAYERS
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Figure 18. Change in fibre (40:20) diameter over time when incubated between hy-
drogel layers in WI-38 medium.
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APPENDIX D: FIBRE APPEARANCE DURING
TENSILE TEST

Figure 19. Image of a 40:20 fibre a) to determine its diameter, b) before starting a
tensile test measurement, c) and d) during the measurement and e) after the measure-
ment.
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APPENDIX E: SUMMARY OF DIFFERENT PHYSICAL AND MECHANICAL
PROPERTIES OF FIBRIN FIBRES

Table 9. Summary of different physical and mechanical properties of fibrin fibres obtained in this thesis and in literature. Stretching % of the fibres is indi-
cated in parentheses. * = with/without rehydration in distilled water for 2h before drying again and ** = with/without a drying step.

Average Initial Young's
fibre or tube| Swelling ratio UTS (MPa) SAF (mm/mmi) dulus (MP Peak load (N)
diameter modulus (MPa)

391 pm
(160%)

35 pm

132/136 um
(225%)

156/164
97/132
(200%)

1000 um
(tube
diameter)

222+028

(30 min in

DI"."I EM/F-12)
409 +£1.48

(& 30 min in PBS)
21202
25103

(& 60 min in PBES)

462 £1.06 12.34 £1.02 017+ 0.03 034+0.08 0321004 Own
results

448+1.79 031015 - 607 +£2571 - [5]

154 + 0.9 0522 + 0199 - 509+ 259/ 0.0206 £ 0.0137/ [54]

135+ 0.77* (225%) 0.580 + 0.210% (225%) 338 £ 2317 (225%) 0.0175 + 0.0097* (225%)

131086/ 0.899 £ 0.217/ s 0.023 £ 0.011/ [51]

13+£07% 0.755 + 0.318* 0.027 + 0.015**

19+07/ 0.419 + 0.136/

09403 (200%) 0.699 £ 0.130* {200%)

0.037 + 25 4 0.007 0.017 £ 0.003 s [9]

0.05+0.04(130%) 3.5(130%) 0.017 £ 0.003 (130%) 0.015 £ 0.005 (130%)

0.21+0.2 (160%) 3.5 (160%) 0.039 + 0.0075 (160%)0.095 + 0.008 (160%)



