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Abstract

Materials based on orientated fibers have great potential for use in tissue engi-
neering for tissues, where the arrangement of extracellular matrix is fundamen-
tal for tissue functionality. The drawing method is extremely suitable method
for such applications. It is based on mechanical pulling of a polymer solution
out of its base droplet, resulting in a single solidified fiber of determined geo-
metrical characteristics. A new machine designed for lab scale drawing was in-
vented enabling a repeatable quality of drawing conditions. The results demon-
strate that by changing the speed of drawing and polymer solution concentra-
tion it is possible to influence and define the fiber diameter and its distribution.
From the in vitro experiments, it is evident that the aligned fibers guide the cell
growth in the direction of the fibers. Moreover, the prepared fibers were func-
tionalized with polypyrrole as an example of their versatility. The results from
in vitro experiments show, that polypyrrole enhanced the biocompatibility of the
fibers. These fibers were further used for the preparation of the novel compos-
ite spinal cord bridges, which were tested in vitro and in vivo. The results from
in vitro experiments show that the oriented fibers support the guidance of neu-
rite outgrowth and narrow the axonal spread which is more focused around the
fibers. This phenomenon is even more pronounced, if the fibers are coated with
polypyrrole. The new spinal cord bridges were successfully implanted into mice’
spinal cord for in vivo experiments. The results suggest the non-immunogenicity
of the fibrous bridge samples. Moreover, the results show the activation of the
pro-healing immune response in the both fibrous bridges. Also, the bridges with
PCL fibers show higher axon infiltration compared to control. About 20 % of
these axons are myelinated, 75 % of this myelin is derived from the Schwann
cells. On the other hand, the axonal infiltration into the bridges with PPy-coated
fibers is lower compared to bridges with PCL fibers or compared to control. Nev-
ertheless, the obtained results show, that the oriented fibers enhance the axon
infiltration into the spinal cord bridges and that the combination of the currently
available approaches with new functionalization methods will be the method of

choice for neural tissue engineering.
Keywords:
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Abstrakt

Materialy zaloZené na orientovanych vlaknech maji velky potencial pro vyuziti
v tkafiovém inZenyrstvi a to zejména u tkani, kde je organizace mezibunétné
hmoty zcela zdsadni pro funkénost tkdné. Velmi vhodnou metodou pro tyto
aplikace je drawing. Ten je zaloZen na mechanickém taZeni polymerniho roztoku
z kapky polymeru umisténé na podloZce, coZ vede k vytvofeni vldkna o defino-
vanych geometrickych charakteristikdch. Pro tyto tcely byl navrZen a vyvinut
laboratorni pfistroj, ktery umoZnuje taZeni vldken za stdlych podminek.
Vysledky ukazuji, Ze zménou rychlosti taZeni vlaken a zménou koncentraci poly-
mernich roztokt 1ze ovlivnit a regulovat primér vldken a zdroven i distribuci
jejich priméra. Z in vitro experimentd je patrné, Ze orientovand vldkna ovliviiuji
smér rastu buné€k ve sméru orientace vldken. Na zdkladé téchto experimentt
byly tyto scaffoldy dale funkcionalizovdny polypyrrolem, ¢imZ se prokazala
jejich univerzalnost pro pouziti v tkariovém inZenyrstvi. Vysledky z in vitro
experimentti s popyrrolovanymi vlakny ukazuji, Ze polypyrrole zvysuje biokom-
patibilitu vlaken. Popyrrolovana vlakna byla dale pouZita pro pfipravu novych
kompozitnich mi$nich mtstk, které byly testovany in vitro a in vivo. Vysledky
z in vitro experimentli ukazuji, Ze orientovand vlakna podporuji rtist a orientaci
axonti okolo vldken. Tento jev je jesté vice patrny, pokud jsou vldkna potaZend
polypyrrolem. In vivo experimenty byly provedeny na mySich, jimZ byly mtstky
implantovdny do mich. Hodnoceni pro-zanétlivych a apoptotickych markerti
naznacuje, Ze vlakenné misni miistky jsou neimunogenni. Tyto vysledky ukazuji
aktivaci imunitni reakce, zodpovédné za procesy hojeni v téle, a to u obou
vlakennych misnich mistkd. MiSni mtstky obsahujici PCL orientovana vlakna
dokonce vykazuji vyssi infiltraci axontt do miistk(i oproti kontrole bez vldken.
Okolo 20 % téchto axont je myelinizovanych, 75 % z tohoto myelinu je odvozeno
od Schwanovych bunék. Na druhou stranu, u miSnich miustki s popyrrolo-
vanymi vldkny je infiltrace axont do mtistki oproti kontrole niZzsi. Nicméné
vysledky ukazuji, Ze orientovand vldkna zvySuji infiltraci axont do miSnich
mistki a Ze kombinace dostupnych pfistupti a metod funkcionalizace materidlt

budou volbou do budoucna pro tkaniové inZenyrstvi nervové tkané.
Klic¢ova slova:

drawing, vladkna, tkadtiové inZenyrstvi nervové tkané, micha, in vitro, in vivo
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Chapter 1

Introduction

The first successful organ transplanted to human was kidney in 1954 by Joseph
Murray and his team (Murray, Merrill, and Harrison, 1955). This breakthrough
gave rise to new fields of reconstructive medicine, the transplantation biology
and immunology. Over the next 25 years, transplantations of kidneys together
with transplantations of bone marrow evolved rapidly. Transplantations of other
organs remained experimental until the late 1970s. Short after the boom of or-
gan transplantations at the late 1970s it started to be evident that even though
the organ transplantations were promising and successful way to replace the non-
functional organs, the supply of donor organs highly exceeded the demand (Va-
canti et al., 1988). It was clear that the inoculation of the cells only will not
be sufficient to repair or replace the whole tissue. Even then, scientists knew
that there is a need to immobilize the cells within a scaffold. The scaffold should
serve as and should resemble a native extracellular matrix, provide the cells suit-
able environment for proliferation, harbor the cells from the hostile environment
and help the cells to survive after implantation. Probably the first experiment
carried out with scaffolds seeded with cells and implanted into an animal model
was carried out by Vacanti and co-workers in 1988 (Vacanti et al., 1988). They pre-
pared different types of scaffolds (from different polymers and by different tech-
niques), which were seeded with cells isolated either from liver, pancreas or in-
testine. Seeded scaffolds were implanted into mice 3 to 4 days after cell seeding.
These experiments can be definitely considered to be the first evidence of mod-
ern tissue engineering. Nevertheless, it took several years to establish this new

discipline as an independent scientific field.

Even though tissue engineering is young developing discipline interconnecting
a huge variety of sometimes very unrelated scientific disciplines, their goal

is the same - to develop and replace nonfunctional tissue.
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In the case of healing the spinal cord, tissue engineering might be one of the key
approaches. Each year 250,000 to 500,000 people in the world suffer from spinal
cord injuries (World Health Organization, 2013), with the annual incidence
of 17 thousand people in the USA. In the Czech Republic, the annual incidence
of acute spinal cord injury ranges between 250 and 300 cases (Kriz et al., 2017).
These pathologies represent a great health risk for patients. It affects their quality
of life, the incorporation of the patients back into society and increases the costs
of living. And yet, there is no effective treatment for spinal cord injuries. Current
treatment options are the use of high dose methylprednisolone to suppress
the immune system and decrease inflammation, surgical intervention to stabilize
and decompress the spinal cord and rehabilitative care (Mothe and Tator, 2013).
However, none of these approaches does support active regeneration of neural
tissue. Therefore, enormous efforts are being made to enable neural regeneration
by various approaches. Neural tissue engineering offers a promising approach
to treating nervous system injuries. But scaffolds alone are not sufficient for
the regeneration of neural tissue. Neural cells proliferate through the injury
with difficulties and do not extend their neurites enough, the cells forming
glial scars instead (Li and Lepski, 2013). In the literature, there are studies
into the implementation of stem cell therapy and the combination of stem cells
with various types of scaffolds (Liu et al., 2012). Although, hydrogels (from
synthetic or natural polymers) are very favored materials because they are able
to mimic the mechanical properties of natural tissues due to their high water
content (Grijalvo et al., 2019), fabrication of fibrous scaffolds for neural tissue
engineering is also highly pronounced. Nowadays, electrospinning is mainly
used to prepare fibrous scaffolds for neural tissue engineering due to its ver-
satility to use different polymers (Yang et al., 2004; Novikova et al., 2008; Lee
et al., 2009). Scaffolds are made from synthetic (poly-B-hydroxybutyrate - PHB,
poly(lactic-co-glycolic acid) - PLGA) (Yang et al., 2004; Novikova et al., 2008; Lee
et al., 2009) as well as bio-polymers (collagen) (Liu et al., 2012), but the results
of these studies of neural regeneration are often inconsistent and neither of which
has been successfully introduced into practice so far. The latest studies show
that the future for neural scaffolds is in the combination of methods for scaffold
fabrication with surface functionalization and drug release (Chudickova et al,,
2015; Dumont et al., 2018; Smith et al., 2019).

It has been shown that the neural cells prefer aligned scaffolds that guide their
neurite outgrowth (Corey et al.,, 2007). They also prefer microfibers instead
of nanofibers; microfibers promote the neurite extension better than nanofibers.

The aligned microfibers also promote the migration of Schwann cells (Wang
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et al.,, 2010). And there are also many other factors that can influence neuron
proliferation and neurite extension, such as the use of conductive polymers
(Guimard, Gomez, and Schmidt, 2007; Lee et al., 2009), and the addition

of growth factors and other signal molecules (Chudickova et al., 2015).

The goal of this work is to develop and optimize functional scaffold, which
will foster the growth of neural cells and neurite outgrowth enough to bypass
the injury and which will promote the recovery of neurotransmission. To achieve
this goal, various techniques of scaffold fabrication and surface modification
were combined. Drawing was used to prepare oriented microfibers. The surface
of these microfibers was further functionalized with polypyrrole and such
scaffolds were incorporated into the complex composite spinal cord implant

to enhance the infiltration of neural cells into the inner structure.



Chapter 2
Summary

This thesis is focused on the fabrication of scaffolds with oriented structure made
by drawing, which are used for neural tissue engineering, specifically spinal cord.
There are many approaches dealing with the healing of the spinal cord, including
various nonwoven technologies or specific functionalization techniques. Draw-
ing is very specific method of fiber fabrication, which produces highly oriented
structures and would thus be very promising method of choice for such applica-

tion.

2.1 Tissue engineering

Tissue engineering is a multidisciplinary field combining diverse scientific disci-
plines ranging from engineering, material sciences to cell biology, immunology,
medicine and many others. And even thought the idea of tissue replacement ac-
companies the humankind from time immemorial, the term “tissue engineering”
was first, but loosely used since the mid 1980". However, by that time it was
mostly used for the manipulation with tissues, organs or when using prosthetics.
The beginning of the independent scientific discipline called tissue engineering,
as we know it today, is dated to 1988 and attributed to J. Vacanti (Vacanti, 2006;
Meyer, 2009). Since that time the number of publications related to tissue engi-
neering grows exponentially every year reaching over 85 thousand titles in 2020
(total) (Web of Science [0.5.34] - Web of Science Core Collection Result Analysis 2020),

out of which, over 3,000 publications are related to neural tissue engineering.
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Number of publications

Year of publication

FIGURE 2.1: Diagram of the numbers of published articles about tissue engineering. (Web
of Science [v.5.34] - Web of Science Core Collection Result Analysis 2020)

Tissue engineering is using scaffolds to replace the impaired tissue. Scaffolds
should mimic the extracellular matrix (ECM) of the native tissue. They support
the cells and guide the cells” growth to form the desired tissue, and they provide
mechanical stability of the nascent tissue (Theocharis et al., 2016). The require-
ments for the scaffold vary according to the targeted tissue. Biocompatibility
is the key factor of each scaffold. Other requirements as mechanical properties
and scaffold architecture consistent with the targeted tissue are no less impor-
tant. Additionally, bioactivity or in some cases even biodegradability of the scaf-
fold can be beneficial. Depending on the tissue being replaced, its architecture
and properties, the appropriate combination of method of scaffold fabrication
and material is chosen to address the structural, mechanical, biochemical, physi-
cal and other properties of the tissue (O’Brien, 2011).

2.1.1 Neural tissue engineering with emphasis on spinal cord
injuries

Neural tissue is highly organized structure. It is divided in to the central and pe-

ripheral nervous system (CNS and PNS, respectively). It is built from many types

of neural and supporting cells, which form various structures as nerves, spinal

cord to the brain tissue (Fig. 2.2). The neural cells, which are responsible for

the transmission of the action potential (neural signal), have many cytoplasmic

projections called dendrites (conduct impulses towards the cell body) and axons

(conduct impulses away from cell body) which can be up to tens of centimeters
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long. Depending on the architecture of dendrites and axons we distinguish be-
tween the anaxonic, bipolar, unipolar and multipolar neurons. They are usually
site specific for different neural structures and function. The supporting cells
called neuroglia are also specific for the CNS (microglia, astrocytes, oligodendro-
cytes, ependymal cells) and for the PNS (Schwann cells, satelite cells). They pre-

serve the physical and biochemical structure of neural tissue.

\‘. il a
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matter @
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gap

FIGURE 2.2: Diagram of the neural cells’ architecture in the white and gray matter
of the spinal cord (downloaded from (LaPres, 2009))

There are studies using the cell therapy for spinal cord injuries by implanting
stem cells into the injury site in vivo (Vawda et al., 2019). Some researchers
use the stem cells in the combination of carrier scaffold for the cells (Liu et al.,
2012; Dumont et al., 2018). There are also ongoing clinical trials implanting stem
cells (clinicaltrials.gov). Yet, non of such research was translated into the prac-
tice. One of the main reasons is the poor regeneration capability of the neural
tissue. The neural cells have slow proliferation rate, the axons do not extend
enough to reconnect and the injury site is filled with fibroblasts instead, forming
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a glial scar (Li and Lepski, 2013). Once the glial scar is formed it acts as physi-
cal and chemical barrier which prevents repair and regeneration of the damaged

neural tissue.

Because the neural tissue suffers from poor regeneration potential, it is desir-
able in neural tissue engineering to design complex scaffolds, which will support
the cell attachment, proliferation, axon elongation and myelination. This will be
achieved by a combination of various scaffold fabrication techniques and func-

tionalization.

The spinal cord is a highly organized structure with predominantly rostral-
caudal alignment of axons and myelin. Thus, the aligned spinal cord implants
represent ideal microenvironment for directed axonal growth (Pawar et al,,
2015). Moreover, those polymer spinal cord bridges are characterized by high
degree of porosity, allowing for infiltration of progenitors that differentiate into
myelinating oligodendrocytes resulting in axon re-growth and also myelination
of these axons (Thomas et al., 2013). On the other hand, such polymeric spinal
cord implants do not meet other biophysical parameters of the spinal cord,
as modulus and viscoelastic properties (Thomas et al., 2013). One possibility
is to inject the hydrogels directly into the injury site (Macaya and Spector, 2012).
The big advantage of such in situ-forming scaffold is that there is no need for
surgical invasive procedures, the hydrogels can conform specifically to the shape
of the defect and can create an integrative implant-tissue interface. On the other
hand, these injectable materials do not have a high degree of control over
the porosity or alignment and do not provide good axonal guidance (Rose et al.,
2018). To overcome the problem with the cell guidance and directional growth,
hydrogels can be mixed e.g. with magnetically responsive additives such
as superparamagnetic iron oxide nanoparticles (Rose et al., 2018). Alternatively,
the hydrogels can be mold in specific shapes prior to implantation. The hydrogel
implants can thus provide an orientation to guide axon regeneration following
spinal cord injury. For instance, photosensitive hydrogels can utilized by stere-
olithography to form specific 3D implants (Arcaute, Mann, and Wicker, 2010).
Eventually, the primary hydrogel beads are annealed into a tubular structure,
which is later assembled into a larger implant filling the injury (Dumont et al,,
2019). The advantage of this approach is that the hydrogel microspheres control

the porosity of the structure and facilitate regenerative support cells.

Other group of spinal cord implants are non-woven fibrous scaffolds, out

of which the aligned fibrous scaffolds had been shown as the most suitable ones
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in vitro (Corey et al., 2007). The oriented structure guides the cell growth and ori-
entation of the cytoplasmic projections in the direction of the fiber alignment.
This phenomenon is especially important in the axon orientation. The aligned
fibrous scaffold could enhance the axon elongation and could improve the axon
guidance in the required direction. This would lead to reconnection of the inter-

rupted axons and to the functional recovery.

Oriented structures in tissue engineering are most often prepared by electro-
spinning using different polymers (Yang et al., 2004; Novikova et al., 2008; Lee
et al., 2009). Eventually, forcespinnig can be used to prepare oriented fibers
as well (Li et al., 2003; Liu et al., 2013). Different studies used synthetic (poly-
B-hydroxybutyrate - PHB, poly(lactic-co-glycolic acid) - PLGA) (Yang et al., 2004;
Novikova et al., 2008; Lee et al., 2009) as well as natural polymers (collagen)
(Liu et al., 2012). These methods produce mainly nanofibers and are reasonably
productive. On the other hand, the degree of orderliness of the fibers is often
not very high, but can be sufficient depending on the application. Nevertheless,
it was shown that the neural cells prefer microfibers to nanofibers (Wang et al.,
2010). The axons elongate along the microfibers compared to nanofibers where
the cells spread their axons in all directions. Also, the oriented fibers support
the migration of Schwann cells (Wang et al., 2010), which are crucial for the tissue
regeneration and proper function of the tissue.

Nevertheless, the fibrous scaffolds alone are not sufficient enough to sup-
port the full regeneration of the injured tissue and further functionalization
or combination of several methods is needed. Some approaches use growth
factors or other signaling molecules to functionalize the surface of the scaf-
folds (Chudickova et al.,, 2015). Furthermore, it is possible to use advanced
molecular techniques such as lentivirus delivery into the implant to deliver
specific anti-inflammatory molecules (Park et al., 2018) or molecules supporting
the neural cells’ regeneration (Tuinstra et al., 2013). It is also possible to modify
the surface by conducting polymers such as polypyrrole, polyaniline and others
(Guimard, Gomez, and Schmidt, 2007; Lee et al., 2009). It had been shown
that the conducting polymers promote the axon elongation and they also
promote the propagation of action potencial along the neural cell. Transmission
of the action potential is a crucial property of the neural cells which leads
to functional recovery of the whole system (Zeng et al., 2013; Yang et al., 2015).
Due to the enormous complexity and functional specificity of the neural tissue
it is necessary to combine various techniques of scaffold fabrication and its
functionalization (Chudickova et al., 2015; Dumont et al., 2018; Park et al., 2018).
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2.2 Scaffolds

2.2.1 Scaffold fabrication techniques

Depending on the scaffold’s application, suitable fabrication method is used (Ta-
ble 2.1). Below are listed some of the methods that can be used depending on
the achieved final structure of the scaffold.

Highly porous structures can be made by solvent casting / particle leaching
method for preparing scaffolds for orthopedics (Mikos et al., 1993; Prasad,
Sankar, and Katiyar, 2017). Another approach is gas foaming / salt leaching
method used for example for fabrication of spinal cord bridges (Mooney et al.,
1996; Yang et al., 2009).

Microspheres can be made by various techniques as well, of which solvent evap-
oration (Woo et al., 2001), freeze drying (Kim and Park, 2004; Quian and Zhang,
2013), cryopreparation (Ando et al., 1999; Yang et al., 2005b), or even electro-
spraying (Zhou et al., 2019; Giménez et al., 2020) can be named. These methods
are most widely used in the drug / protein / DNA delivery systems and for
the gradual release of these substances.

Very popular these days are scaffolds made by inject printing (Yeong et al., 2006)
or melt-based rapid prototyping (Mironov et al., 2003; Rampichova et al., 2018).
These methods are usually used for fabrication of whole 3D organs, namely
e.g. cartilage, bone and others.

Interesting method of scaffold preparation is the decellularization process (Ce-
botari et al., 2002; Hopkins, 2005). This method is completely different from
the other mentioned. It uses native tissue as template, washes out all the cells,

but preserves its extracellular matrix, which then serves as scaffold.

Nevertheless, from all of the methods available, probably the most widely used
methods nowadays are the nonwoven techniques. They produce fibrous matrix
(nano- and microfibers) resembling the extracellular matrix. Worth mentioning
is definitely electrospinning (Prabhakaran et al., 2008; Duan et al., 2013; Krchova
et al., 2014; Horakova et al., 2018), melt-blown (Erben et al., 2015, Erben et al.,
2016) or centrifugal spinning (Li et al., 2019; Lukasova et al., 2019). Electrospun
scaffolds are mainly used for wound healing, neural tissue regeneration, vascular
grafts fabrication and others. Centrifugal spinning yields fluffy structure and is
thus suitable for loading with cells or cell derivatives as platelets and is further
used for other tissue engineering applications. Melt-blown also produces mainly
fluffy structure and was used for example for bone tissue engineering. But there
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are other nonwoven techniques which have a big potential in tissue engineer-
ing such as drawing (Tokarev et al., 2015; Yuan, Cambron, and Keynton, 2015;
Strnadova et al., 2019) or AC spinning (Pokorny et al., 2014).

TABLE 2.1: Polymer based scaffolds” fabrication techniques in tissue engineering appli-
cations (Dhandayuthapani et al., 2011)

Method Polymers Unique factors Application

Biodegradable porous scaffold fabrication

Solvent casting/salt Absorbable poly- Biodegradable con-  Bone and cartilage
leaching method mer (PLLA, PLGA, trolled porous scaf-  tissue engineering
collagen, etc.) folds
Ice particle leaching PLLA & PLGA Control of pore Porous 3D scaffolds
method structure and pro-  for bone tissue en-
duction of thicker gineering
scaffolds
Gas foaming/salt PLLA, PLGA & Controlled porosity =~ Drug delivery
leaching method PDLLA and pore structure  and tissue engi-

sponge

neering

Microsphere fabrication

Solvent evapora-

PLGA, PLAGA

High-density

Bone repair

tion technique cell culture, due

to the extended sur-

face area
Particle aggregated = Chitosan, HAP High mechanical Bone, cartilage,
scaffold stability or osteochondral

tissue engineering
Freeze drying PLGA, PLLA, PGA, 3D poroussponge  Tissue engineering
method PLGA/PPF Colla-  structure durable scaffolds
gen, and Chitosan  and flexible

Thermally induced  PEG, PLLA Highly porous scaf- Complicated

phase separation

fold for cellular

transplantation

shapes for tissue
engineering appli-

cations

Injectable gel scaffold fabrication

Ceramic-based in-
jectable Scaffolds

CP ceramics, HAp,
TCP, BCP and BG

Porosity and biore-

sorbability

Cartilage tissue

engineering
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Hydrogel- Hydrophilic/ hy- Biomimetically, Cartilage, bone
basedinjectable drophobic di- exhibit biocompat-  tissue engineering,
scaffolds block and tri- ibility and cause and drug delivery
block copolymer minimal inflam-
combinations matory responses,
of PLA, PGA, thrombosis, and tis-
PLGA, and PEG. sue damage
Copolymers of PEO
and PPO and poly-
oxamer, alginates,
collagen, chitosan,
HA, and fibroin
Hydrogel scaffold fabrication
Micromolding Alginate, PMMA, Microgels, bio- Microgels, mi-
HA, PEG logically degrad- crosensors, cell-
able, mechanical based diagnostics
and physical Com-
plexity
Photolithography Chitosan, fi- Microwells, Microdevices,
bronectin, HA, microarrays, biosensors, growth
PEG, PNIAAm, controlled size factors, matrix
PAA, PMMA, and shape components, forces,
PAam, and and cell-cell inter-
PDMAEM actions
Microfluidics PGS, PEG, calcium  Microbeads, mi- Sensing, cell sepa-
alginate, silicon crorods, valves, ration, cell-based
and PDMS and pumps microreactors,
and controlled mi-
croreactors
Emulsification Gelatin, HA, Microgels, mi- Sustainable
and collagen crosensors, cell- and controllable
based diagnostics drug delivery ther-
apies
Emulsification Gelatin, HA, Microgels, mi- Sustainable

and collagen

crosensors, cell-

based diagnostics

and controllable
drug delivery ther-

apies
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Acellular scaffold fabrication

Decellularisation

process

Biological tissues

Retain anatomical
structure, native
ECM, and simi-

lar biomechanical

Tissue engineering

properties
Keratin scaffold fabrication
Self-assembled pro- Keratin Biocompatibility Drug delivery,
cess wound healing,

soft tissue augmen-
tation, synthetic
skin, coatings for
implants, and scaf-

folds for tissue en-

gineering
Fibrous scaffold fabrication
Nanofiber electro- PGA, PLA, PLGA, High surface area, Drug delivery,
spinning process PCL copolymers, biomechanical, wound healing,

collagen, elastin,

and so forth

and biocompati-
bility

soft tissue synthetic
skin, and scaffolds

for tissue engineer-

ing

Microfiber wet- PLGA, PLA, chi- Biocompatible fi- Solar sails, rein-

spinning process tosan, and PCL bres with good me-  forcement, vascular

chanical properties  grafts, nonwetting

textile surfaces,
and scaffolds for
tissue

Nonwoven fibre Polyesters, PGA, Submicron fiber Filtration, mem-

by melt-blown pro- and PDO size, highly porous  brane separation,

cess scaffold protective military

clothing, biosen-

sors, wound dress-
ings, and scaffolds
for tissue engineer-

ing
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Functional scaffold fabrication

Growth factor’s Growth factor’s

release process release process

Membranes, hydro-

gels, foams, micro-

Angiogenesis,

bone regeneration,

sphere, and parti- and wound healing
cles
Ceramic scaffold fabrication
Sponge replication =~ PUsponge, PVA, Interconnected Bone tissue engi-
method TCP, BCP or cal- porous ceramic neering
cium sulfate scaffolds
Simple calcium Coating on: metals, Improve biocom- Orthopedic appli-
phosphate coating  glasses, inorganic patibility or en- cation
method ceramics and or- hance the bioreac-
ganic polymers tivity
(PLGA, PS, PP, sil-
icone, and PTFE),
collagens, fibres
of silk, and hairs
Automation and direct organ fabrication
Inkjet printing pro-  Sodium alginate To build complex Biosensor develop-
cess tissues composed ment, microdepo-
of multiple cell sition of active pro-
types (Hydrogel teins on cellulose,
scaffold) biochips and acel-
lular polymeric
scaffolds
Melt-based rapid Biodegradeable Complex 3D solid =~ Honey comb struc-
prototyping Pro- polymers object, good me- ture scaffold, hard-
cess or Blends chanical strength tissue scaffolds

Computer-aided
design (CAD) data

manipulation tech-

Design and fabri-
cation of patient-

specific scaffolds

Develop a program
algorithm that can

be used to design

niques and automated scaffold internal
scaffold assembly architectures
algorithm

Organ printing Tubular collagen Layer by layer de-  To print com-

gel

position of cells

or matrix

plex 3D organs
with computer-

controlled
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All the above mentioned methods of scaffold fabrication as well as the used ma-
terials define the surface structure and properties, which are very important fea-
tures of the scaffold. They affect the biocompatibility of the material, cell adhe-
sion and proliferation. Nowadays, we can combine various techniques and mate-
rials together to achieve specific characteristics of the fabricated scaffold and thus
enhance the biocompatibility (Erben et al., 2016; Rampichova et al., 2018; Fuchs
etal., 2019; Romanova et al., 2019). Moreover, the surface properties can be modi-
tied by functionalization step. There are many ways how to functionalize the scaf-
fold (section: 2.4) from different surface modification techniques (Lerman et al.,
2019; Lukasek et al., 2019; Peng et al., 2019), various drug delivery (Mickova et al.,
2012; Buzgo et al., 2013; Wang and Windbergs, 2019) / gene delivery systems (La-
porte, Yan, and Shea, 2009; Park et al., 2018) to loading the scaffolds with specific
cell lines (Dumont et al., 2018; Hausherr et al., 2018).

2.2.2 Nonwovens in tissue engineering

In general, very promising methods currently used in tissue engineering are non-
woven technologies. These technologies produce micro- and nanofibers, which
resemble the fibrous extracellular matrix of native organs (Fig. 2.3). Depending
on the targeted tissue, its architecture and physical and mechanical properties,
the method of scaffold fabrication and the polymer are chosen (Table 2.2).
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Ftracellular matnx Nonwovens

FIGURE 2.3: Comparison of SEM images of the extracellular matrixes and nonwoven

textiles. (A) ECM of the decellularized porcine aortic valve (scale bar: 10 um) (Ye et al.,

2013), (B) Force-spun PCL fibers (scale bar: 50 ym), (C) Fibrin clots (scale bar: 3 um)

(Neergaard-Petersen et al., 2013), (D) Melt-blown PCL fibers (scale bar: 100 ym), (E) ECM

of the decellularized bovine corneal stroma (scale bar: 2 um) (Dai et al., 2012), (F) Elec-

trospun PCL fibers (scale bar: 10 um), (G) ECM of the decellularized tendon (scale bar:
10 um) (Youngstrom et al., 2013), (H) Drawn PCL fibers (scale bar: 500 ym).
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TABLE 2.2: Functions of ECM in native tissues and of scaffolds in engineered scaffolds

(Chan and Leong, 2008)

Functions of ECM in native
tissues

Analogous functions of
scaffolds in engineered
tissues

Architectural, biological,
and mechanical features of
scaffolds

1. Provides structural sup-
port for cells to reside

Provides structural support
for exogenously spplied
cells to attach, grow, migrate
and differentiate in vitro an

Biomaterials with binding
sites for cells; porous struc-
ture with interconnectivity
for cell migration and for

in vivo nutrients diffusion; tempo-
rary resistance to biodegra-
dation upon implantation
2. Contributes to the me- Provides the shape and Biomaterials with sufficient

chanical properties of tissues

mechanical stability to
the tissue defect and gives
the rigidity and stiffness to
the engineered tissues

mechanical properties filling
up the coid space of the de-
fect and simulating that of
the native tissue

3. Provides bioactive cues
for cells to respond to their
microenvironment

Interacts with cells actively
to facilitate activities such as
proliferation and differentia-

tion

Biological cues such as cell-
adhesive binding sites;
physical cues such as sur-
face topography

4. Acts as the reservoirs of
growth factors and potenti-
ates their actions

Serves as delivery vehicle
and reservoir for exoge-
nously appleid growth-
stimulating factors

Microstructures and other
matrix factors retaining

bioactive agents in scaffold

5. Provides a flexible phys-
ical environment to allow
remodeling in response to
tissue dynamic processes
such as wound healing

Provides a void volumen
for vascularization and new
tissue formation during
remodeling

Porous microstructures for
nutrients and metabolites
diffusion; matrix design
with controllable degrada-
tion mechanism and rates;
biomaterials and their de-
graded products with ac-
ceptable tissue compatibility

There is a wide range of synthetic as well as natural polymers, containing
both biodegradable and non-biodegradable polymers, which can be utilized
by the nonwoven technologies. Typical synthetic degradable polymers are
polycaprolactone (PCL) (Ebersole et al., 2012; Erben et al., 2015), poly(lactic-co-
glycolic acid) (PLGA)(Wang et al., 2017), poly-L-lactic acid (PLLA) (Yang et al.,
2004, Yang et al., 2005a), polyvinylalcohol (PVA) (Porto et al., 2019), or polyethy-
lene glycol (PEG) (Dumont et al., 2019). From the non-biodegradable polymers,
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polyamide-6 (PA6) (Valtera et al., 2019), polyvinylbutyral (PVB) (Valtera et al,,
2019), polyurethane (PU) (Khil et al., 2003), or poly-B-hydroxybutyrate (PHB)
(Novikova et al., 2008) can be named.

The most widely used natural polymers are silk (Wenk, Merkle, and Meinel,
2011), collagen (Fullana and Wnek, 2012; Bacakova et al., 2017), gelatin (Adeli-
Sardou et al., 2019), fibrin (Bacakova et al., 2017), hyaluronic acid (Qian et al.,
2015), and others. Usually, the biopolymers are combined with synthetic poly-
mers due to the better spinnability and to achieve desired mechanical and func-
tional properties of the scaffold (Schnell et al., 2007; Ghasemi-Mobarakeh et al.,
2008; Wenk et al., 2009; Duan et al., 2013). The combination of synthetic polymers
with biopolymers enhances the scaffold’s cytocompatibility, modifies the cellular
response and enhances the cell adhesion, because often these natural polymers
are part of the native ECM.

Depending on the used method, the polymers can be combined by various ap-
proaches. Polymer blends are mixtures of different polymers, which are then
spun together, resulting in the fibers with randomly distributed polymers within
the fiber (Schnell et al., 2007; Ghasemi-Mobarakeh et al., 2008). The second ap-
proach is to spun two or more polymers separately from separate reservoirs, re-
sulting in the scaffold with two or more types of fibers. The polymers can be
either spun together, the fibers are mixed randomly, or individually one by one,
the fibers form different layers (Fu et al., 2014). The third approach is the co-axial
spinning, which results in the formation of the core-shell fibers (Buzgo et al., 2013;
Wang and Windbergs, 2019). Different approach is to use co-polymers, which are
then spun with desired method (Rentsch et al., 2014; Horakova et al., 2018).

Considering various nonwoven technologies, morphologically different scaffolds
can be prepared. Most of the methods produce meshes with randomly oriented
nano- / microfibers (Qu et al., 2013; Erben et al., 2015). The fiber diameter
is influenced by the method itself (e.g. melt-blown produces mainly microfibers),
but also by the used polymer, solvent system and also by the machine settings
(Yang et al., 2005a; Wang et al., 2010). The thickness of the scaffold can be
controlled by the spinning settings as well, although, some techniques produce
thicker structures than others (e.g. melt-blown) (Erben et al., 2015, Erben et al.,
2016), thus producing 3D scaffolds rather than thin layers (e.g. electrospinning)
(Wang et al., 2010; Qu et al., 2013). Also, some of the methods can be adjusted
to produce oriented structures. It can be achieved either by using the rotating
collector in the case of electrospinning (Yang et al., 2004; Novikova et al., 2008;
Lee et al., 2009), or by changing the rotation speed of the nozzle in the case
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of forcespinning (Li et al., 2003; Liu et al., 2013; Badrossamay et al., 2014).
Different case is the method called drawing, where the single fibers are produced
by mechanical force only and can be placed in any direction, thus controlling
the orientation of single fibers (Yuan, Cambron, and Keynton, 2015; Strnadovéa
et al., 2020).

Regarding the nonwoven technologies, the most widely used method in TE
is definitely direct current (DC) electrospinning. Electrospinning produces
micro- to nanofibrous mats, which are widely used as wound dressings (Rujita-
naroj, Pimpha, and Supaphol, 2008; Krchov4 et al., 2014; Vazquez-Torres et al.,
2019), vascular grafts (Wang et al., 2017; Horakova et al., 2018), hernia meshes
(Ebersole et al., 2012), or for tendon (Olvera et al.,, 2019; Ramos et al., 2019)
or bone repair (Carvalho et al., 2019), or even for neural tissue repair (Qu et al.,
2013; Zeng et al., 2013; Yang et al., 2015).

Centrifugal spinning or melt-blown uses either centrifugal force or airflow, re-
spectively, to produce fibers. They can be used for production of thin layers
as well as thicker fluffy scaffolds (Rampichova et al., 2014; Erben et al., 2015,
Erben et al., 2016; Lukasova et al., 2019). Such scaffolds can be used for bone /
cartilage replacement.

Another promising nonwoven technique is AC (alternating current) electrospin-
ning (Kessick, Fenn, and Tepper, 2004; Pokorny et al., 2014; Valtera et al., 2019).
AC electrospinning has no need for a collector compared to DC electrospinning,
producing a smoke-like plume of nanofibers. It is highly productive method,

but it was not used in tissue engineering so far.

Very unique nonwoven method is drawing. Drawing uses mechanical power
to pull fibers from polymer solution or melt. Its uniqueness lies in the single
tiber production enabling to produce very specific structures (Yuan, Cambron,
and Keynton, 2015; Strnadové et al., 2019). This could be advantageous in tissues

with oriented structure, e.g. tendons, nerves or neural tissue in general.

2.2.3 Drawing

Drawing is one of the many non-woven techniques, which can be used for scaf-
fold preparation. Drawing is a method of pulling a single fiber from a droplet
of polymer solution without using an electrical field (Fig. 2.4) (Boys, 1887; On-
darcuhu and Joachim, 1998), and it is possible to do it even by hand. The fibers

can be made from various types of polymers, varying in diameter from nano-
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to micro-scale. Also, different structures can be obtained; it depends on the direc-
tion of the fiber-pulling, the combination of nano- and microfibers, and the com-
bination of polymers. With additional processing we can also obtain yarns (Fig.
2.5).

FIGURE 2.5: Aligned microfibers made by drawing from polycaprolactone, oriented ei-
ther in one (A) or in two (B) directions (scale bar: 100 um). C: Yarn made from different
types of polymers (PVB and PVA) (scale bar: 240 um). (Stanislav and Bajakova, 2013)

Mechanical drawing of fibers has been known for centuries. It can be divided
into two categories: drawing from a melt (Xing, Wang, and Li, 2008) or a solution
(Nain, Amon, and Sitti, 2005, Nain, Amon, and Sitti, 2006; Nain et al., 2006; Yang
et al., 2008). The first attempt to draw a fiber was already realized in the 19th
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century. The fiber was prepared by shooting an arrow from a droplet of a melted
polymer by a crossbow (Boys, 1887). The resulting fiber was several hundreds
of meters long. By that time there was no imaging technique available to ex-
amine the fiber diameter. Nevertheless, by using the existing instruments they
estimated the fiber diameter to be under 2,5 um (Boys, 1887). In 1988, Vacanti et
al. (Vacanti et al., 1988) used drawn fibers (drawn from molten polymers, 30 um
in diameter) for one of the first experiments in the tissue engineering field. Since
then, nobody showed any interest into this method. In 1998 a modern experi-
ment on a microscopic scale was conducted by Ondarcuhu and coworkers. They
were able to draw a single nanofiber from a droplet of a polymer solution us-
ing a retracting tip of STM (Scanning Tunneling Microscope). The fiber was tens
of nanometers in diameter and was hundreds of micrometers long (Ondarcuhu
and Joachim, 1998). Nowadays, drawing is used to produce fibers mainly for op-
tical devices: optical sensing, nanophotonic fibers in the range of tens of nanome-
ters in diameter and up to tens of centimeters in length (Gu et al., 2008; Xing,
Wang, and Li, 2008; Yang et al., 2008; Meng et al., 2011).

Drawing is not common method when talking about tissue engineering. One
of the reasons can be the low productivity of fibers compared to other nonwoven
technologies, e. g. electrospinning, forcespinning, melt-blown and others, which
are often used for fabrication of micro- or nanofibers from various types of poly-
mers (Yarin, Pourdeyhimi, and Ramakrishna, 2014). They are reasonably produc-
tive, nevertheless, they can produce the oriented structures just in layers, and of-
ten the orderliness is not so accurate as well. The other reason, why drawing
is not widely used, might be the lack of information about the fiber production
as well. It is know that the fiber drawing is influenced by various extrinsic pa-
rameters as humidity, temperature, solvent evaporation, trajectory and the speed
of drawing (Nain, Amon, and Sitti, 2005, Nain, Amon, and Sitti, 2006; Nain et al.,
2006). Also the concentration of the polymer solution as well as the molecular
weight of the polymer play very important role in drawing (Mckinley and Srid-
har, 2002). Often, these correlations are described just theoretically, occasionally
by basic experiments, but the description of the physical principles is missing.

On the other hand, even Vacanti in 1988 used drawn fibers as one of the scaffolds
in his experiments (Vacanti et al., 1988). He had drawn the fibers from a polymer
melt, the fibers were 30 um in diameter and formed tufts. He seeded the tufts
with cells and implanted them into rats and mice to examine the biocompatibility,
angiogenesis and immune response (Vacanti et al., 1988). Recently, drawing was

used to fabricate various random and oriented polymers structures by S. Minko
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and colleagues (Tokarev et al., 2015), or by R. S. Keynton and co-workers (Yuan,
Cambron, and Keynton, 2015).

In contrast to other methods, drawing has lower fiber productivity, but is able
to produce highly oriented structures and patterns. This is enabled due to the ma-
nipulation of a single fiber. Every single emerging fiber can be manipulated while
drawing. This way we can prepare more complicated structures and patterns.
Even though electrospinning with a rotational collector provides aligned fibers
as well (Li et al., 2003), the fibers can be oriented just in one direction in one layer
without the possibility to manipulate the fibers, thus unable to provide more so-
phisticated fibrous structures. These feature make drawing a suitable method for
the fabrication of scaffolds for specific tissues with oriented extracellular matrix
and cells. Muscles and tendons are a good example of such tissue. Another use
of these scaffold could be in neural tissue engineering. The neural tissue as nerves
have highly oriented structure. Even the neural cells alone, specifically their ax-
ons need to be extended and oriented in specific direction. It had been shown
previously that oriented scaffolds enhance the axon elongation and orientation
along the fibers (Novikova et al., 2008; (Lee et al., 2009); Wang et al., 2010; Yang
et al., 2015). So this makes drawing the method of choice for such application.

Due to the possibility of manipulation with single fiber during drawing we can
prepare various fibrous patterns. This feature opens up new possibilities of ap-
plication. One of them is definitely the hernia, or rather the hernia meshes (see
chapter 4.11).

Other promising field of study is the life cell imaging of the cell behavior on
the polymer grits made by drawing. This method enables us to study the bio-
compatibility of the used material by following the cell behavior in contact
with the polymer fiber. By drawing we can define the spacing between the fiber
and thus define the size of the pores. The big advantage of this approach is that
we track the cells life with no need of any fluorescent staining. This is completely

impossible to do with other nonwoven textiles (see chapter 4.10).
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2.3 Materials

2.3.1 Materials used in tissue engineering

Materials used in tissue engineering can be divided to several groups, i. e. metals,
ceramics (including carbons, glass-ceramics, and glasses), polymers and natural
materials (including those from both plants and animals). It is essential to rec-
ognize that no one material is suitable for all biomaterial applications. Thus,
very often, the combination of different materials is favorable. Such materials

are called composites (Ratner et al., 2013; Rampichova et al., 2018).

Metals mechanically and chemically stable and immunologically inert and are
mostly used for replacement or reinforcement of hard tissue, i.e. orthopedic im-
plants, prostheses, bone replacement, oral, maxillofacial implants, periodontal
treatment, alveolar ridge augmentation and others. The implants are mostly pre-
pared by investment casting (the “lostwax” process), conventional and computer-
based machining (CAD/CAM), forging, powder metallurgical processes (e.g.,
hot isostatic pressing, or HIP), and a range of grinding and polishing steps. There
is a variety of methods because different alloys often require different fabrication
process. Another step in the fabrication process is the surface treatment, which in-
volves various coatings or introduction of surface roughness. The surface coating
or roughening can take various forms and require different fabrication technolo-

gies, but it improves the fixation of implants in bone (Ratner et al., 2013).

Ceramics, glasses, and glass-ceramics include a broad range of inorganic/non-
metallic compositions. These materials are generally used to repair or replace
skeletal hard connective tissues. In the medical industry, these materials are used
for eyeglasses, diagnostic instruments, chemical ware, thermometers, tissue cul-
ture flasks, etc.. Ceramics are also widely used in dentistry as restorative materi-
als such as in gold—-porcelain crowns, glass-filled ionomer cements, and dentures.
There is variety of fabrication methods, which correlates with the amount of ma-
terials used (Ratner et al., 2013).

Polymers represent the largest class of biomaterials used in tissue engineering.
Polymers may be derived from natural sources, or from synthetic organic
processes. The natural polymers include plant materials such as cellulose,
sodium alginate, and natural rubber, animal materials include tissue-based heart
valves and sutures, collagen, glycosaminoglycans (GAGs), and hyaluronic acid,
and other natural materials (Table 2.3) (O’Brien, 2011). Their big advantage is that
they are often very similar to other macromolecules in the body, thus functioning
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biologically at the molecular level. They are easier processed metabolically,
but on the other hand, natural polymers are often immunogenic. Moreover,
they are structurally more complex than synthetic polymers, their technological
manipulation is more complicated. Also, natural polymers have structural
variability not only between species but also between one tissue to another,
which makes the processing difficult (Ratner et al., 2013).

TABLE 2.3: General properties of certain natural polymers (Ratner et al., 2013)

Polymer Incidence Physiological function
Silk Synthesized by arthropods Protective cocoon
Keratin Hair Thermal insulation
Collagen Connective tissues (tendon, skin,...) Mechanical support
A. Proteins Qelétin Partly amorphous collagen (Industrial .product)
Fibrinogen Blood Blood clotting
Elastin Neck ligament Mechanical support
Actin Muscle Contraction, motility
Myosin Muscle Contraction, motility
Cellulose (cotton) Plants Mechanical support
Amylose Plants Energy reservoir
B. Polysaccharides Dextran Synthesized by bacteria Matrix for growth of organism
Chitin Insects, crustaceans Provides shape and form
Glycosaminoglycans Connective tissues Contributes to mechanical support
C. Polynucleotides D?oxyrib?nuc{eic acids (DNA) Cell nucleus D%rect prote?n b?osynfhes?s
Ribonucleic acids (RNA) Cell nucleus Direct protein biosynthesis

On the other hand, there is a huge variety of synthetic polymers available.
Synthetic polymeric biomaterials range from hydrophobic, non-water-absorbing
materials such as polyesters (polycaprolactone (PCL), polylactic acid (PLA),
polyvinylalcohol (PVA), polyglycolic acid (PGA) and their co-polymers such
as poly(lactic—co-glycolic acid) (PLGA)), silicone rubber (SR), polyethylene (PE),
polypropylene (PP), poly(ethylene terephthalate) (PET), polytetrafluoroethylene
(PTFE), and poly(methyl methacrylate) (PMMA) to more polar materials such
as poly(vinyl chloride) (PVC) or nylons, to water-swelling materials such as poly-
(hydroxyethyl methacrylate) (PHEMA) and beyond, to water-soluble materials
such as poly(ethylene glycol) (PEG) (Gunatillake, Adhikari, and Gadegaard,
2003; (Ratner et al., 2013)).

Some polymers are hydrolytically unstable and degrade in the body while others
may remain essentially unchanged for the lifetime of the patient. The advantage
of biodegradable scaffolds is, that after some time after implantation the scaf-
fold degrades, the degradation products are metabolized, and at the same time
the scaffold is replaced by new tissue. However, this is associated with the ful-
fillment of stringent requirements in terms of their biocompatibility compared
to non-degradable materials. In addition to the potential problem of toxic con-
taminants leaching from the implant (residual monomers, stabilizers, polymer-

ization initiators, emulsifiers, sterilization by-products, crosslinking agents), one
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must also consider the potential toxicity of the degradation products and subse-
quent metabolites (Ratner et al., 2013). Polymers can be used both for the hard
tissue replacement as well as for soft tissue replacement. Depending on the fabri-
cation method, various structures can be prepared, e.g. 2D / 3D materials made
of random / oriented fibers, highly porous, fluffy materials or hydrogels (physi-
caly / chemicaly crosslinked), etc. (Table 2.4)

TABLE 2.4: Degradable polymers and representative applications under investigation

(Ratner et al., 2013).
Degradable polymer Current major research applications
Synthetic degradable polyesters
Poly(glycolic acid), poly(lactic acid), and copolymers Barrier membranes, drug delivery, guided tissues regeneration (in dental applica-
tions), orthopedic applications, stents, staples, suturers, tissue engineering
Polyhydroxybutyrate (PHB), Polyhydroxyvalerate (PHV), and Long-term drug delivery, orthopedic applicatons, atents, sutures
copolymers thereof
Polycaprolactone Long-term drug delivery, orthopedic applications, staples, stents
Polydioxanone Fracture fixation in non-load-bearing bones, sutures, wound clip
Other synthetic degradable polymers
Polyanhydrides Drug delivery
Polycyanoacrylates Adhesives, drug delivery
Poly(amino acids) and "pseudo"-Poly(amino acids) Drug delivery, tissues engineering, orthopedic applications
Poly(ortho ester) Drug delivery, stents
Polyphosphanzenes Blood contracting devices, drug delivery, skeletal reconstruction
Poly (propylene fumarate) Orthopedic applications

Some natural resorbable polymers

Collagen Artificial skin, coatings to improve cellular adhesion, drug delivery, guided tissue
regeneration in dental applications, orthopedi applications, soft tissue augmentation,
tissue engineering, scaffold for reconstruction of blood vessels, wound closure

Fibrinogen and fibrin Tissue sealant

Gelatin Capsule soating for aoral drug delivery, hemorrhage arrester
Cellulose Adhesion barrier, hemostat

Various polyxaccharides such as chitosan, alginate Drug delivery, encapsulation of cells, sutures, wound dressings
Starch and amylose Drug delivery

2.3.2 Polycaprolactone

Among the most widely used polymers in tissue engineering belong
aliphatic polyesters such as poly-e-caprolactone (PCL), polylactide (PLA),
and poly(lactide-co-glycolide) (PLGA) and their co-polymers (e.g. poly(L-
lactide-co-e-caprolactone).  These polymers were approved by the Food
and Drug Administration of the United States of America (FDA) for many
medical applications. They are biodegradable, bioresorbable and biocompatible.
They have reactive groups which are the target for functionalization, to alter
their hydrophobicity, degradation rate, cell adhesion and other properties (Nair
and Laurencin, 2007; Tian et al., 2012).

Poly-e-caprolactone (PCL) has been used most frequently from the mentioned
polymers. It is synthesized by the ring-opening reaction. It is a semi-crystalline
polymer, and has a good solubility in a variety of organic solvents, therefore it can
be blended with wide range of polymers. PCL has low melting point (55 - 60 °C)
and glass transition temperature (-60 °C). The physical, thermal and mechanical
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properties of the polymer mainly depend on the molecular weight and the degree
of crystallinity. PCL is highly hydrophobic, which leads to lower cell adhesion
rates, therefore PCL is often spun with other polymers or bioactive molecules
(Nair and Laurencin, 2007; Bacakova et al., 2019).

The polymer undergoes hydrolytic degradation due to the presence of hydrolyt-
ically labile aliphatic ester linkages and products of its degradation are non-toxic
in the nature (Wang et al., 2005). The acid by-products of polyester degrada-
tion can result in inflammatory reaction in vivo (Bergsma et al., 1995; Ceonzo
et al., 2006). Important factor which is influencing the inflammation responses
is the site of implantation, e.g. the poor vascularization or low metabolic activ-
ity, may lead to local accumulation of the degradation by-products, which causes
the inflammation (Bostman et al., 1990). However, due to the slow degradation
of PCL, this risk is significantly lower (2 - 3 years) compared to PLA and PLGA,
which degrade significantly faster (Woodruff and Hutmacher, 2010). The slow
degradation can be beneficial for some specific applications, such as drug deliv-
ery (Freiberg and Zhu, 2004).

PCL is used in many different forms and for various applications (Fig. 2.6).
Because PCL is more hydrophobic than PLA and particularly PLGA, and thus
it is less supportive for cell adhesion (Bacakova et al., 2019), it is often used
as a blend with other polymers or bioactive molecules (Schnell et al., 2007;
Ghasemi-Mobarakeh et al., 2008; Merrell et al., 2009).
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FIGURE 2.6: Structures made from PCL: Nanospheres (a, b). Nanofibres (c, d). Foams
(e, f). Knitted textiles (g, h, i). Selective laser sintered scaffold (j - o). Fused deposition
modeled scaffolds (p — u) (Woodruff and Hutmacher, 2010).

2.4 Functionalization of scaffolds

2.4.1 Functionalization in tissue engineering

The functionalization means that the scaffold obtains additional advantageous
properties. Typically, the functionalization helps with cell adhesion and prolif-
eration (Zeng et al., 2013), or the scaffold gains specific properties, e.g. antibac-
terial (Madhavan et al., 2011; Paneva et al., 2011). In general, functionalization
of the scaffolds increases the biocompatibility of the scaffold and contributes
to the cell-scaffold communication, triggering numerous cellular responses in-
cluding proliferation and differentiation. The modifications in the scaffold can be

of different types, mechanical, physical or chemical.

Mechanical improvement involves using different polymers or co-polymers
(Ghasemi-Mobarakeh et al., 2008) or even different fabrication techniques to gain
desired mechanical properties (Erben et al., 2015; Rampichova et al., 2018).
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Physical improvement of the scaffold involves changing the surface roughness,
porosity or hydrophilicity by using many different approaches (Yang et al., 2004;
Jahani et al., 2015).

The chemical improvements include surface modification of micro-/nanofibrous
scaffolds with drugs or other chemicals by dip-coating (Sun et al., 2014; Schnei-
der, Giinter, and Taubert, 2018; Kim et al., 2019), chemical surface deposition (Str-
nadovd et al., 2016, Strnadov4 et al., 2020), or covalent bonding of the already fab-
ricated scaffold (Bezuidenhout et al., 2010; Korzhikov-Vlakh et al., 2018). Other
possibility is to blend drugs or other particles with polymer solution prior to spin-
ning, using the solution either for direct spinning (Merrell et al., 2009) or for coax-
ial spinning (Mickova et al., 2012; Buzgo et al., 2013; Wang and Windbergs, 2019)
or for emulsion spinning (Sinha-Ray et al., 2012; Hu et al., 2015). The chemicals
can be of synthetic (Yan et al., 2014; Hu et al., 2015) or natural origin (e.g. proteins
or nucleic acids) (Losi et al., 2013; Chudickova et al., 2015) and influence various
cellular processes. One of the many examples of chemical modifications are con-
ducting polymers, which are either deposited on the scaffold surface (Lee et al.,
2009; Zeng et al., 2013; Strnadov4 et al., 2020) or are blended with the polymer
solution prior to spinning (Chronakis, Grapenson, and Jakob, 2006). In neural
tissue engineering the conductive polymers are believed to help differentiation
of neural stem cells (Stewatr et al., 2015), help the axonal elongation and spread-
ing and to help with the transmission of the electrical signal between cells (Zhang
et al., 2007; Zeng et al., 2013; Nguyen et al., 2014).
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FIGURE 2.7: Drug loading and release (desorption and diffusion) from polymeric mi-

cro/nanofibers fabricated by (a) surface modification, (b) blending, (c) coaxial and (d)

emulsion electrospinning. The green color stands for polymer, blue for drugs and ma-

roon for surfactant. The red arrows represent the direction of the drug release (Zhang
etal., 2017).

While the mechanical and physical changes in the scaffold usually target the bio-
compatibility of the scaffold and the cellular response indirectly, chemical modi-

fications can be very specific.

Another very specific funtionalization approach is the loading of scaffolds
with cells (mostly the stem cells) (Dumont et al., 2018), cells” derivatives (throm-
bocytes) (Lukadsova et al., 2019) or viruses (for the gene delivery therapy) (Park
et al., 2018; Smith et al., 2019).

Depending on the targeted tissue, different types and methods of scaffold func-
tionalization is chosen. Usually the combination of several approaches can fulfill

the demands of the targeted tissue.

2.4.2 Conductive polymers

From the very beginning, polymers were considered to be insulators, until
the discovery of conducting properties of m-conjugated polyacetylene (PA)
using iodine as dopant in 1977. Since the discovery of conductive PA, many
other conductive polymers had been reported and described. Among the most
widely studied conductive polymers (CPs) belong polypyrrole (PPy), polyaniline
(PANI), polythiophene (PT) or polyacetylene (PA), of which only PA is non-cyclic
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polymer (Fig. 2.8). The other listed polymers are aromatic CPs and are much

more stable due to their aromatic structure.
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polyacetylene polypyrrole  polythiophene poly(3,4-ethylene
(PA) (PPy) (PT) dioxythiophene)
(PEDOT)
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n
polyaniline
(PANI)
FIGURE 2.8: Chemical structure of representatives of CPs (Guimard, Gomez, and
Schmidt, 2007).

Their conductivity varies in the range of tens to thousands of S-cm™ and is in-
fluenced by the type of dopant, method of synthesis and temperature, length
of polymer chain and crystallinity, etc. (Fig. 2.9, table 2.5, 2.6) (Guimard, Gomez,
and Schmidt, 2007; Wan, 2008).

Conducting polymers

Insgulator Semiconductor Metal
Conductivity ‘ ‘ ‘ ‘ ‘ ‘
piem) 1014 10-10 106 102 107 10¢
10-1¢ 10-12 10% 104 100 104 108
Quartz  Diamond Glass Silicone Cu, Fe, Ag

FIGURE 2.9: Schematic illustration of conductivity distribution (Guimard, Gomez, and
Schmidt, 2007) [12].
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TABLE 2.5: Conductivity of common CPs (Guimard, Gomez, and Schmidt, 2007).

Conducting polymer | Maximum conductivity [S-cm™]
Polyacetylene (PA) 200 - 1000
Polypyrrole (Ppy) 40 - 200
Polythiophene (PT) 10 - 100

Polyaniline (PANI) 5

TABLE 2.6: Doping levels and conductivities of a variety of CPs. Film: electrochemically
polymerized films; pp: pressed pellet from chemically synthesized powder (Guimard,
Gomez, and Schmidt, 2007) [12].

Polymer Dopant (X) | Structure Conductivity (S-cm™)
Polypyrrole (PPy) CF350;3 (C4H3N)Xo3 | 150 (film)
10 (pp)
ClOy” (C4H3N)Xp3 | 100 (film)
Polythiophene (PT) SO3SF3” (C4H,S)So 3 10-20 (pp)
None (C4H29)Xp01 | 1.5x107 (pp)
BF4 or PFg™ | (C4H25)X0.06 | 0.02 (pp)
Poly(3-methylthiophene) SO5;CF5° (CsH4S)Xp 3 30-50 (pp)
SO3CFs (CsH4S)Xos5 | 100 (pp)
None (CsH4S)Xo.005 | 107 (pp)
PFg (CeHeS)Xo12 | 1 (pp)
Poly(3,4-dimethylthiophene) | SO3CF;5 (CeHgS)Xo.3 10-50 (pp)
Polyfuran SO;CF5° (C4H,0)Xo3 | 20-50 (pp)
Polyazulene ClOy” (C10Hg) X025 | 102-107 (pp)

2.4.3 Polypyrrole

Polypyrrole was first discovered in 1968 by Dall’olio and his co-workers and was

called pyrrole black. It took more than 10 years (1979) until Diaz and Kanazawa

were able to electrochemically synthesized highly conductive and stable PPy.

Nowadays, both methods, i.e. chemical and electrochemical, are used to syn-

thesize PPy.

The most common chemical synthesis is the radical polymerization. The electro-

chemical oxidation involves the polymerization of pyrrole monomers on an an-

odic electrode in the presence of electrolyte salt and suitable solvent in the form

of thin film. The electrochemical polymerization yields high conductive PPy

films, it is fast and easy.
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Chemical oxidation of pyrrole is performed in the presence of oxidizing agent
and dopant dissolved in a solvent. As a result of a chemical polymerization,
PPy powder is formed (which adheres to surfaces as well). The powder has
lower conductivities than the film prepared by electrochemical polymerization,
but is more suitable for mass production with controllable PPy properties. How-
ever, chemical synthesis is very sensitive to polymerization conditions as concen-
tration and type of dopant and oxidizing agent, reaction temperature and time,
stoichiometry or used solvent (Skothiem and Reynolds, 2007).

2.4.4 Advantages of conductive polymers for tissue engineering

Conducting polymers have wide variety of possible applications, ranging from
the technical, i.e. chemical sensors, solar cells, polymeric batteries, electrochromic
displays, light emitting diodes, to the biotechnological, i.e. biosensors, neural
probes, drug delivery, bio-actuators up to tissue engineering (Table 2.7) (Ramakr-
ishnan, 1997; Guimard, Gomez, and Schmidt, 2007; Ziadan, 2012). Great advan-
tage of CPs is the possibility of their modulation by modification of the synthesis
conditions (different dopants and their concentration, copolymerization, cova-
lent modification of monomer) and thus modulation of their final properties, i.e.
conductivity, biocompatibility, hydrophobicity, surface roughness, 3D geometry,
or redox stability (Guimard, Gomez, and Schmidt, 2007). On the other hand,
these possible modifications lead to enormous variety of PPy-derived products
and thus the literature in this scientific field is very extensive and the results are
often incomparable.
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TABLE 2.7: Conducting polymers in biological applications (Guimard, Gomez, and
Schmidt, 2007).

Application

Description of applica-
tion

Advantages of conducting
polymers

Limitations of conducting
polymers

Polymers currently
explored

Tissue engineering

Neural probes

Biosensors

Drug Delivery

Bio-actuators

Biocompatible, biodegrad-
able scaffolds containind
stimuli to enhance tissue
regeneration

Implantable electrodes for
recording or stimulating
neurons, primarily

in the brain

Devices containing
biomolecules as sensing
elements, integrated with
electrical transducers

Devices for storage and
controlled release of drugs

Devices to create mechan-
ical force that could be
used as "artificial muscle"
- type actuators

* Biocompatibility

* Good conductivity

® Possible modification to
include chemical cues

* Biocompatibility

* Good conductivity

* Good stability

¢ Electrochemical synthesis on
metal electrodes

¢ Increased surface area
(decreased impedance)

* Ability to entrap
biomolecules in films

* Possible surface modification

* Efficient electric charge
transfer from biorestrictions

* synthesis on metal electrodes

* Ability to entrap
biomolecules

¢ Controlled release with
reduction

* Biocompativility

* Good conductivity

* Can control depant uptake/
release (control volume)

o Lightweight

* Work at body temp. and with
body fluids

* Not biodegradable
* Not highly porous
¢ Hydrophobicity

® Decreased electrial contact at

interface

¢ Hydrophobicity can denature
entrapped proteins

« Diffusion barriers for
entrapped enzymes

* Hydrophobicity can denature
entrapped proteins
* Rapid release

 Short-term redox stability

® Delamination of CP films

® Response limited by ion
mobility

® PPy and derivatives
o PANI

® PT and derivatives
* Novel CPs

* PPy
e PEDOT

* PPy
* PEDOT

* PPy

* PANI

¢ Polymer-carbon nanotube
composites

There are many factors influencing the behavior of cells in contact with CP. It is
assumed that, among the others, probably the most important factors are the cho-
sen dopant, the level of conductivity, oxidation level of polymer or the thick-
ness of polymer film, which are again related to synthesis of the polymer. For
example, a reducing potential applied on PPy causes an expulsion of negative
ions, in the case of small dopants, or, the uptake of positive ions from medium
in the case of large dopants. In the case of Na*, which can be scavenged from
medium when electrical current is applied, it is speculated that it affects protein
adsorption to the scaffold surface and cell cycle. It is assumed that the local re-
lease of cations or anions influences the ionic transport across the neighboring cell
membranes (Guimard, Gomez, and Schmidt, 2007 ; Balint, Cassidy, and Cartmell,
2014). The information about the effect of CPs on biological tissues also differ
with the cell line used for in vitro tests and the field of tissue engineering, ranging
from wound healing system, muscle or bone tissue engineeringup to the probably
most promising field of neural tissue engineering (Ateh, Navsaria, and Vadgama,
2006; Ravichandran et al., 2010).
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The well-known fact about the cells is that they possess a membrane potential,
where the inside of the cell is more negative than the outside. The potential out-
side the cell is called zero potential, thus the value of membrane potential is usu-
ally ranging from —60 to —100 mV (Matthews, 2002). This potential is maintained
in the resting cell and is also called the resting potential (Paul, 1975). The cells can
decrease and increase the membrane potential if it is necessary by uptake or dis-
tribution of ions through membrane. The cells can even control or rectify current
flow. All these processes are influenced by electrical signals. One of the most
electrically-active cells, among the skeletal muscle cells or heart, are the cells
of nervous system. Nerve cells undergo electrical changes when stimulated.
The neural impulse than travels along the axon as a wave, which is maintained
by depolarization and repolarization of membrane potential. Briefly, the neu-
ral cell receives the signal, which causes the Na* channels to open, Na* enters
the cell, which moves the potential to =55 mV. This shift drives further influx
of Na* and causes depolarization of membrane potential to +30 mV. At this point
the K* channels open and the repolarization occurs. At the end of repolarization
the membrane potential shifts up to -90 mV, which is called hyper-polarization
and it prevents the neuron from receiving another signal (Ghasemi-Mobarakeh
etal., 2011).

The signal can be either chemical, which is the case of transmission of the neu-
ral signal in nervous system, or artificial electrical stimulation. It was also re-
ported that cells generate electrical field during basic cellular behavior as cell
division, migration or differentiation (McCaig and Zhao, 1997; Zhao, Forrester,
and McCaig, 1999; Stewatr et al., 2015; Snyder, DeJulius, and Willits, 2017). Thus,
applying electric current into biological systems can influence many cellular pro-
cesses, but the exact mechanisms are still poorly understood. In the case of neural
cells it was reported that application of electric current stimulates the neurite ex-
tension and direction of their outgrowth (Zhang et al., 2007; Chang et al., 2013;
Nguyen et al., 2014). There are several theories that explain the effect of electric
stimulation on neural regeneration as the redistribution of cytoplasmic material,
accumulation of surface molecules responsible for neurite growth and cell ad-
hesion, increase in gene expression and protein synthesis (Patel and Poo, 1982;
Sisken et al., 1989; Kimura et al., 1998). The increased absorption of fibronectin
to electrically stimulated PPy surface was also reported (Kotwal and Schmidt,
2001). Another study described upregulated mitochondrial activity in fibroblasts
when treated by constant electric field (Ghasemi-Mobarakeh et al., 2011).
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Among different conducting polymers used in tissue engineering, polypyrrole
was reported as the least immunogenic (Guimard, Gomez, and Schmidt, 2007;
Balint, Cassidy, and Cartmell, 2014). In vitro and in vivo biocompatibility
of polypyrrole was proven by many authors (Williams and Doherty, 1994; Wang
et al., 2004). On the other hand, polypyrrole is a non-biodegradable and quite
brittle polymer and little is known about its behavioral after the long-term
implantation in vivo. It may induce chronic inflammation, which would re-
quire surgical removal. There are several approaches to address the drawbacks
of the non-biodegradability of CPs. The most widely used methods are the blend-
ing of CPs with biodegradable polymers, chemical modification of the polymer’s
backbone with ionizable or hydrolysable side groups, or synthesis of very small
chains of CPs, that would undergo gradual erosion and further renal clearance
(Guo, Glavas, and Albertsson, 2013; Balint, Cassidy, and Cartmell, 2014).

To enhance the biocompatibility of CPs, the physico-chemical, electrical
and mechanical properties of CPs can be modified by various functionalization
techniques. For example, the neural electrodes’ functionality can be improved
by changing the roughness or porosity (Yang et al., 2004, Yang and Martin, 2004b,
Yang and Martin, 2004a) or by the incorporation of cell adhesion peptides (Cui
et al., 2001), proteins (Buchko, Kozloff, and Martin, 2001) or anti-inflammatory
drugs (Abidian, Kim, and Martin, 2006). There are countless techniques
of the surface modifications of CPs. One very interesting approach was applied
by the group of prof. Stibor (Lukasek et al., 2019). The pyrrole monomers
were chemically modified by cyclodextrines (CDs) prior to the polymerization
reaction. The Py-CD is mixed with the plain pyrrole in desired ratio in the poly-
merization reaction, introducing the CD into the PPy backbone. The used ratio
defines the concentration of CDs in the scaffold. Cyclodextrines are naturally
occurring glucose-based cyclic oligosaccharides. The cavity of CDs is able
to harbor lipophilic guests in the aquatic environment. Such property enables
e.g the sequestration of growth factors (Grier et al., 2018) or even the drug
release during cell culturing (Prabaharan and Jayakumar, 2009). This is very
versatile functionalization, because it can be used for any tissue just by using
tissue-specific biomolecules which will be entrapped within the CDs. However,
the most relevant use of such scaffolds is for the electrically active tissues such

as neural tissue due to the PPy backbone.
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The aim of this work was to prepare scaffold made of higly oriented fibers, which

would be further functionalized by polypyrrole and to test such scaffold for bio-

compatibility in vitro. This scaffold was then used for fabrication of novel com-

posite spinal cord bridge implant, which was tested in vitro and in vivo on mice.

Its biocompatibility was evaluated in terms of the immunogenicity and axon in-

filtration and myelination.

3.1 Materials and equipment

3.1.1 List of chemicals

3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT)
4’ 6-diamidin-2-fenylindol (DAPI)

5/0 Chromic gut

50x B27

Acetic acid

Acetone

antibiotics

Baytril (enrofloxacin)
Chloroform
D-(+)-Glucose

Dextran from Leuconostoc spp.

DMEM (high glucose)
D-Sucrose

Ethanol

FeCl3

Fetal bovine serum

Sigma Aldrich

Sigma Aldrich

CP Medical

Gibco

Penta

Penta

Lonza

VetOne

Penta, Sigma Aldrich
Sigma Aldrich
Sigma Aldrich

Lonza

Sigma Aldrich
Penta, Sigma Aldrich
Sigma Aldrich

Biosera



Chapter 3. Materials and methods

36

Flouromount G

Formic acid

Gelfoam®
Glutaraldehyde
Glutaraldehyde 25%
Glycogen

HCl

Hoechst 33342
Isopropylalcohol

KCl

KH,;PO,4

Lactate Ringer solution
Laminin (10 yg / ml)
L-Glutamine
L-glutamine (GlutaMAX 100x)
Methanol
Na,HPO4-12H,0
NaCl

NaHCO3

NaOH

Neural growth factor 2.55 (100 pyg / ml,

murine)

Neurobasal medium, w/o L-glutamine

Normal Donkey Serum
Normal Goat Serum

Paraformaldehyde

Penicilin /streptomycin (10,000 U / ml)

Phalloidin-FITC
Polyamide-6, Ultramid B27
Polycaprolactone, M, 45,000
Polycaprolactone, M, 80,000

Poly-lactide-co-glycolide acid, M, 75,000 -

85,000

Polyvinylacohol, My, 130,000, MOWIOL 20-98

p-toluensulfonic acid

Pyrrole

Reflex 7 wound clips, 203 - 1000, 7 mm
Sudan Black, high purity biological stain

Southern Biotech
Penta

Pfizer

Sigma Aldrich

Sigma Aldrich
Ambion

Penta

Thermo Fisher Scientific
Penta

Penta

Penta

VetOne

Sigma Aldrich

Biosera

Gibco

Penta

Penta

Penta, Fisher Scientific
Sigma Aldrich

Sigma Aldrich

Invitrogen

Gibco

Jackson ImmunoResearch
Vector Laboratories
Sigma Aldrich

Gibco

Sigma Aldrich

BASF

Sigma Aldrich

Sigma Aldrich
Polyscitech

Merck

Sigma Aldrich
Sigma Aldrich
Cellpoint Scientific
Acros Organics
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Tissue-Tek O.C.T. Sakura
Triton X-100 Sigma Aldrich
Trizma hydrochloride solution 10x, pH 7,4 Sigma Aldrich
TRIzol™ Reagent Thermo Fisher Scientific
Tween® 20 Sigma Aldrich

3.1.2 Primary antibodies
Mouse anti-B-tubulin Abcam
Goat anti-arginase Santa Cruz Biotechnology
Rat anti-F4/80 Abcam
Rabbit anti-NF200 Sigma Aldrich
Goat anti-MBP Santa Cruz Biotechnology
Chicken anti-P0 Aves Lab

3.1.3 Secondary antibodies
AF555 goat anti-mouse IgG Life Technologies
CF555 donkey anti-goat IgG Invitrogen
AF647/633 goat anti-rat IgG Invitrogen
CF555 donkey anti-rabbit IgG Sigma Aldrich
CF488 donkey anti-goat IgG Invitrogen
CF633 donkey anti-chicken IgY Sigma Aldrich

3.1.4 Primers
18s rRNA forward; 5 -GCAATTATTCCCCATGAACG-3" Invitrogen
18s rRNA reverse; 5 -GGCCTCACTAAACCATCCAA-3’ Invitrogen
MHC II forward; 5"-GACGCTCAACTTGTCCCAAA-3’ Invitrogen
MHC II reverse; 5’ -GCAGCCGTGAACTTGTTGA-3’ Invitrogen
iNOS forward; 5"-CCCTTCAATGGTTGGTACAT-3" Invitrogen
iNOS reverse; 5 -ACATTGATCTCCGTGACAGC-3~ Invitrogen
CD86 forward; 5 -TTGTGTGTGTTCTGGAAACG-3" Invitrogen
CD86 reverse; 5 -AACTTAGAGGCTGTGTTGCT-3" Invitrogen
Arginase 1 forward; 5"-GAACACGGCAGTGGCTTTA-3* Invitrogen
Arginase 1 reverse; 5 -TGCTTAGCTCTGTCTGCTTT-3" Invitrogen
CD206 forward; 5" -TCTTTGCCTTTCCCAGTCTC-3" Invitrogen
CD206 reverse; 5 -TGACACCCAGCGGAATTTC-3~ Invitrogen
Cytochrome C forward, 5’-GAGGCAAGCATAAGACTGGA-3" Invitrogen

Invitrogen
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Caspase 3 forward; 5 -CCTCAGAGAGACATTCATGG-3" Invitrogen
Caspase 3 reverse; 5'- GCAGTAGTCGCCTCTGAAGA-3’ Invitrogen

3.1.5 Commercial kits

iScript™ cDNA Synthesis Kit Bio-Rad
iQ™ SYBR® Green Supermix Bio-Rad
Direct-zol™ RNA MiniPrep Plus Zymo Research

3.1.6 Cell cultures and animals

3T3 mice fibroblasts, Swiss Albino ATCC
C57Bl16 mice Charles River

3.1.7 Polymer solutions

Polymers Composition Notes

¢ Solutions of 4%, 6%, 8%,
12%, 16% and 20% polymer

e PCL, M, 80,000 by weight
PCL, M, 80,000
e Chloroform ¢ Dissolve O/N on magnetic
stirrer
* Do not store
e Solutions of 8 %, 12 %, 16 %,
20 (yo, 24 (yo, 28 % and 32 %
| b ight
e PCL, M,, 45,000 polymer by welg
¢ Dissolve in the solution
e Chloroform )
PCL, M,, 45,000 of chloroform, acetone, acetic
* Acetone acid mixed in the ratio of 8:1:1
* Acetic acid * Dissolve O/N on magnetic
stirrer

¢ Do not store
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e PVA, M,,130,000

PVA, M,, 130,000

¢ Distilled water

e Solutions of 8 %, 12 %, 16 %,
20 %, 24 % and 28 % polymer
by weight

¢ Dissolve O/N on magnetic
stirrer

® Do not store

e PA-6, Ultramid B27

PA-6 e Acetic acid

¢ Formic acid

e Solutions of 8 %, 12 %, 16 %,
20 % polymer by weight

¢ Dissolve in the solution
of acetic and formic acid

mixed in the ratio of 1:1

¢ Dissolve O/N on magnetic

stirrer

® Do not store

3.1.8 Cultivation media and solutions

Medium / Composition Notes
solution
e NaHCOj is filter-sterilized
¢ 88 ml DMEM
. (0.2 ym)
(high glucose)

¢ 10 ml Fetal bovine
serum (FBS)

DMEM medium

¢ 1 ml L-Glutamine

¢ 1 ml Antibiotics

©20ul7.5%
NaHCO3

¢ FBS is inactivated for 30 min
at 55 °C

¢ All components mixed to-
gether and filter-sterilized
(0.2 um filter) in a flow hood.

e Store at4 °C

® Warm up to 37 °C prior to use
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¢ 10 ml Neurobasal
medium, w/o L-

Glutamine

* 200 ul 50x B27

* 100 pl L- * Mix all components
Glutamine (Glu- e Filter-sterilize (0.2 ym filter)
Neurobasal taMAX 100x) in a flow hood
medium * 2.5 pl Neural * Make fresh before use
Growth Factor
2.55 (100 pg /ml, * Warm up to 37 °C before use
murine)
* 50 ul Penicilin
/ Streptomycin
(10,000 U / ml)
* 8 g NaCl ¢ Dissolve in 800 ml of dH,O
* 0.2 g KCl on magnetic stirrer
*3.63¢g ¢ Adjust pH to 7.4 by HCl
Phosphate NapHPO, 12H0 Adjust volume to 1000 ml
Buffered Saline * 024 g KHPO, ¢ Filter through filter paper
(PBS) * Distilled water

(up to 1000 ml to-
tal)

¢ Sterilize by autoclave

e Store at room temperature

3.1.9 Solutions for biological experiments

Solutions Composition Notes
° 0.1 g3-(4,5 ¢ Dissolve MTT in PBS
dimethylthiazol- * Heat up to 37 °C if needed
2_ l _2,5_ . _ o1 .
MTT solution .Y ) . ¢ Filter-sterilize (0.2 um filter)
diphenyltetrazolium in a flow hood
bromide (MTT) e Store at 4 °C
* 50 ml PBS

® Warm up to 37 °C prior to use




Chapter 3. Materials and methods

41

* 1 mg Phalloidin-

¢ Dissolve Phalloidin-FITC
in PBS to make a STOCK solu-
tion (1 mg / ml)

Phalloidin- FITC o ¢ 20 °C
e Store at -20 °
FITC * 1 ml PBS
¢ Dilute 1:1000 in PBS prior
to use
* 50 ml IPA
o * Mix throughoutly
Isopropylalcohol e 2 ul concentrated S RT
(IPA) HCl tore at
* 5ml 25% Glu-
o " * Mix throughoutly
Glutaraldehyde taraldehyde
e Store at RT
* 45 ml PBS
* 1 mg4’,6- ¢ Dissolve DAPI in PBS to make
DAPI soluts diamidin-2- a STOCK solution
solution _
fenylindol (DAPT) e Dilute 1:1000 in PBS prior
* 1 ml PBS to use
e Heat dH,O to 60 - 65 °C
on magnetic stirrer / heater
¢ Dissolve parafolmaldehyde
in pre-heated water while stir-
* 40 g Paraformalde- ring
hyde ¢ Continue stirring and add
e 100 ml 10x PBS NaOH until the solution is
Paraformalde- o 200 - 1000 ul 1M no more cloudy
hyde NaOH * Remove from heat

¢ 750 ml Deionized

water

e Add PBS
¢ Filter the solution

* Make up total volume
to 1000 ml by adding dH,O

* Store at 4 °C, longer storage
at-20 °C
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* 100 ml Trizma hy-
drochloride solu-
1x TRIS tion 10x, pH 7,4

* 8,5 g Na(l
e MilliQ water

¢ Adjust the volume to 11 with
MiliQQ water

* Add 8,5 g NaCl to 11 of solu-
tion

* Mix throughoutly

e Store at RT

3.1.10 List of equipment

See System for WCA

Cryostat Microm HM525

Cycler C1000 Touch Thermal Cycler
Fluorescent microscope, AxioObserver
Fluorescent microscope, Nikon Eclipse Ti-e

Manipulator

Multimeter, Agilent 34401A
Multimeter, HP 34401A
Multimeter, HP 4339B
Multimeter, Keithley 614 Electrometer
NanoDrop™ Spectrophotometer
Pressure vessel

S 25N -8 G ST Dispersion Tool
SEM, Nova 200 Nanolab

SEM, Quanta 3D

SEM, Vega3 SB Easy Probe
Spectrophotometer ELx808

T25 Digital ULTRA-TURRAX® homogenizer

Tensile testing machine, LabTest 2.010
Tensiometer, PocketDyne

Thermal cycler, BIO-RAD C1000 Touch
Viscometer, HAAKE RotoVisco 1

Advex Instruments, Czech
Republic

Thermo Fisher Scientific
Bio-Rad

Zeiss

Nikon

Technical University

of Liberec

Agilent

HP

HP

Keithley

Thermo Fisher Scientific
Custom made

IKA Dispensers

FEI

FEI

Tescan

BioTek

IKA Dispensers
LaborTech

Kriiss

Bio-Rad

Thermo Scientific
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3.1.11 Software

Image analysis  Image] National Institute of Health
NIS Elements software Nikon
Zen Pro Zeis
MATLAB MathWorks
Instrumental See System E Advex Instruments
software
isiMotion system isiMotion
Genb software BioTek
LabTest software LaborTech
Data analysis GraphPad Prism 6 GraphPad
Microsoft Excel Microsoft

3.2 Methods

3.2.1 Drawing fibers and their characterization
3.2.1.1 Preparation of polymer solutions

The PCL (M, 80,000) solutions were prepared in the concentrations of 4 %, 6 %,
8 %, 12 %, 16 % and 20 % by weight in chloroform. The PCL (M, 45,000) so-
lutions were prepared in the concentration of 8 %, 12 %, 16 %, 20 %, 24 %,
28 % and 32 % by weight in the solution of chloroform, ethanol and acetic acid
in the ratio of 8:1:1. The PVA (M,, 130,000, MOWIOL 20-98) solutions were pre-
pared in the concentrations of 8 %, 12 %, 16 %, 20 %, 24 % and 28 % by weight
in distilled water. The polyamide-6 (PA6; Ultramid B27) solutions were prepared
in the concentrations of 8 %, 12 %, 16 %, 20 % by weight in the solution of acetic
acid and formic acid in the ratio of 1:1. Depending on the type of the experiment,
different polymer solutions were used. Solutions were prepared the day before
use in the volume of 10 ml up to 100 ml for drawing or for measuring the solution
properties, respectively. All solutions were mixed on magnetic stirrer over night

at room temperature.

3.2.1.2 Solution characterization

All solutions were analyzed by rotational viscometer and by surface tensiome-
ter. The viscosity of PCL, M, 80,000 was measured three times per individual
concentration using the HAAKE RotoVisco 1 viscometer with 35/1 Ti L plate
at the linearly increasing shear rate (10 — 60 s-1).
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The surface tension was measured several times (at least five times) per individ-

ual concentration using the PocketDyne tensiometer.

Mean values of all measurements were used for further processing.

3.2.1.3 Drawing samples

All fibrous samples were drawn by the Manipulator using a plastic tip (OKI
International). The polymer solution was dosed once per cycle (on both sides)
at a constant pressure and time just before the tip touched the surface. The sy-
ringe with the tip was attached to the moving element perpendicular to the un-
derlay. The motion program consisted of the circular interpolation with a 0.1 s
break at the dead point.

For the experiment studying the drawing spinnability of various polymers at dif-
ferent concentrations were chosen following polymers, PCL My, 45,000, PVA M,
13,000 and PA-6. All solutions of the PCL, My, 45,000 (8 %, 12 %, 16 %, 20 %,
24 %, 28 % and 32 %), the PVA (8 %, 12 %, 16 %, 20 %, 24 % and 28 %) and PA-6
(8 %, 12 %, 16 % and 20 %) were drawn using a 20G plastic tip. Constant pres-
sure of 25 kPa and time of 1 + 0.4 s was used for dosing. All solutions were drawn
with the acceleration of 0.5 m-s™! and the velocity of 1 m-s™. The length of the fiber
was set to 0.18 m. Fiber drawing was carried out under ambient conditions: room
temperature 20 - 25 °C, relative humidity 30 — 35 %.

The influence of the velocity and solution concentration on the fiber diameter
was studied and evaluated. For the evaluation of the impact of the drawing con-
ditions on the fiber morphology, all solutions of PCL, My, 80,000 (4 %, 6 %, 8 %,
12 %, 16 % and 20 %) were drawn using the 25G plastic tip. Constant pressure
of 60 kPa and time of 0.6 s was used for dosing. The established velocities, i.e.
0.1,0.5,1, 2 and 3 m's™!, were used to study the morphology of resultant fibers.
The length of the fiber was set to 0.18 m. Fiber drawing was carried out under
ambient conditions: room temperature 20 — 25 °C, relative humidity 30 - 35 %.

For the in vitro and in vivo experiments the chosen polymer (PCL, My, 80,000) con-
centration was 12 % and the drawing speed was 2 m-s™'. The rest of the parame-
ters was set as mentioned above. The fibers were either fixed within the fixation
ring (in vitro experiments, WCA measurement) or within the Teflon frame (in vivo

experiments and conductivity measurement).
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3.2.1.4 Fiber characterization and image analysis

For the fiber morphology analysis, the samples were observed by SEM. For
the image analysis on the Tescan SEM the samples were sputter coated with gold
(7nm). The cross-section of the fibers was done either in the liquid nitrogen with
a scalpel or by the SEM (FEI Nova 200 Nanolab), where a thin layer of platinum
was deposited on the side of the cut and the fibers were subsequently cut
by a laser. Fiber diameter was measured by NIS Elements software. Other image

analyses were done in Image].

3.2.1.5 Mechanical testing of drawn fibers

The mechanical properties were measured (Hauzerova, 2018) using the tensile
testing machine LabTest 2.010 with the 1N sensor. The tensile strength measure-
ment was done according to the standard CSN EN ISO 5079 (Textiles - Fibers
- Determination of breaking force and elongation at break of individual fibers;
identical with EN ISO 5079:1995). Each sample was measured until failure. 15

to 20 measurements were done for each sample.

The samples for testing the breaking force and the elongation at break were
prepared by drawing (chapter 3.2.1.3) from PCL M, 80,000. 200 fibers were
drawn into a bundle of 0.2 m of length on a plastic underlay. The bundles were
collected from the underlay with tweezers and attached into the upper grip.
The bundle was pre-loaded with 0.1 g weight to even the fibers and attached
into the bottom grip. The weight was removed. The tested gauge length was set
to 30 mm, the strain rate was 20 mm x min™l. The measurement was controlled

using the LabTest software.

The force value and the gauge length was used to calculate the tension ¢ (equa-
tion 1) and the relative elongation € (equation 1) at brake.

S)
I

(3.1)

Q
Il
Aol la s TR e o]

Equation. 1: Tension and the specific tension of the tested sample (Neckaf and Dipayan,
2012)

The tension is the force F, where F is the function of area s. When testing the fi-
brous materials we use the specific tension, where the force F is the function

of fiber fineness t.
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Y

Tl

(3.2)

Equation. 2: Relative elongation of the sample (Neckar and Dipayan, 2012)

The elongation, or deformation, is the increase in the sample’s length Al com-
pared to the initial length Iy (here 10 mm).

The linear area was used to calculate the Young’s modulus (E) according

to the equation:

(3.3)

™1

3.2.1.6 Functionalization of the fibers by polypyrrole

The prepared PCL scaffolds were subsequently functionalized by a thin layer
of conductive polypyrrole (PPy). The polymerization reaction of pyrrole (10 mM)
was maintained for three days at room temperature in the presence of FeCl3
(23 mM) and p-toluenesulfonic acid (11 mM) under constant stirring. After
the polymerization, samples were washed and sonicated in methanol and dH,O.
Samples were dried and stored in vacuum desiccator at RT. The fibers” morphol-

ogy was evaluated using scanning electron microscope.

3.2.1.7 Water contact angle (WCA) measurement

Samples for the WCA analysis were prepared by drawing 300 fibers from 12%
solution of PCL M,, 80,000 as described in chapter 3.2.1.3. The fibers were fixed
within the fixation ring (Fig. 3.1). Two sets of samples were analyzed, plain PCL
fibers and PPy-coated PCL fibers (coated with PPy according to the protocol,
chapter 3.2.1.6). The 3 ul droplet of dH,O was pipetted on the sample and the im-
age of the droplet was captured using Advex Instruments See System camera
right after pipetting the water on the sample. The WCA was measured using See
System software. The WCA was measured on five samples per each condition,

measuring two or more droplets per sample.
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FIGURE 3.1: Measuring the WCA on the drawn samples fixed within the fixation ring.

3.2.1.8 Conductivity measurements

Conductivity was measured by different approaches. First, bundles of fibers were
drawn by Manipulator (chapter 3.2.1.3). The bundles contained either 100 or 200
tibers depending on the experiment. The fibers were fixed within a Teflon frame

(Fig. 3.2, inner diameter 4 x 4 cm) and coated with polypyrrole.
Experiment at the Department of Material Engineering, TUL

The first measurement was done using a multimeter (Agilent 34401A and HP
4339B) at the Department of Material Engineering (Technical University
of Liberec). The bundle of 100 fibers was fixed between two clamps in defined

distances (from 1 to 5 cm) and the change in the resistance was measured.
Experiment at the Department of Material Science, TUL

For the second experiment (Krabicovéd, 2017), bundles of 200 fibers (2,000 fibers
total) were fixed within a Teflon frame in between an aluminum foil. The alu-
minum foil was connected to a multimeter (HP 34401A) with automated range

and the resistance was measured.
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FIGURE 3.2: Polypyrrole-coated PCL fibers made by drawing, fixed within a Teflon frame
in between an aluminum foil.

Experiment at the Department of Surface and Plasma Science, Charles University

in Prague

The third measurement was done at the Charles University in Prague (Faculty
of Mathematics and Physics, Department of Surface and Plasma Science).
The bundles of 100 fibers were used. The resistance was measured by multimeter
Keithley 614 Electrometer in the range up to 200 GQ.

3.2.2 Biological testing
3.2.2.1 Drawing fibers for the in vitro and in vivo experiments

The 12% PCL solution (M, 80,000) was drawn using the 25G plastic tip
and the drawing speed 2 m-s’!. Constant pressure of 60 kPa and time of 0.6 s
was used for dosing. The length of the fiber was set to 0.18 m. Fiber drawing
was carried out under ambient conditions: room temperature 20 - 25 °C, relative
humidity 30 — 35 %. The fibers were either fixed within the fixation ring (in vitro
experiments) or within the teflon frame (PPy-samples for in vivo experiments).
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3.2.2.2 In vitro experiments - oriented fibers

The in vitro samples were prepared from the 12% PCL using the velocity of 2 m-sL,

The prepared structures were fixed within a supporting ring (Fig. 4.17). The size
of the fixation ring is designed to fit in 24-well cultivation plate and allows bet-
ter manipulation with the fibers as well as it keeps the scaffold in the designed
pattern. The fixation ring was made by injection molding from PMMA at TUL.

Two sets of experiments were carried out. The first experiments were focused
on the direction of cell growth. For these experiments two types of scaffolds were
prepared varying in the orientation of fibers. Fibers were ordered either in one
or in two directions (Fib I, Fib II) (Fig. 3.3 A,B). Fib I and Fib II samples were
prepared using 1,000 repeats per 0.01 m (Y) or twice 500 repeats per 0.01 m (X
and Y), respectively.

The second set of experiments was focused on the evaluation of biocompatibility
of the functionalized fibers. Fib I samples were used for the functionalization
experiments. For these experiments, two types of scaffolds were prepared, which
differed in the surface modification - plain PCL fibers and PPy-coated PCL fibers
(Fig. 3.3 C).

FIGURE 3.3: Macroscopic picture of in vitro samples fixed within a supporting ring — (A)
fibers ordered in one (Fib I) or (B) two directions (Fib II).(C) in vitro sample ordered in one
direction functionalized by polypyrrole. Scale bar: 1 cm

The prepared scaffolds were sterilized in 70% ethanol for 30 minutes and washed
several times in phosphate buffer saline (PBS, pH 7.4), followed by one wash with
complete DMEM medium prior to cell seeding.

3T3 mice fibroblasts were used for the in vitro experiments. Cells were seeded

in the concentration of 1-10° per well in 24-well plates and were maintained
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in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% (v/v)
fetal bovine serum (FBS) and 1% (v/v) penicillin / streptomycin / ampho-
tericin B. Cells were cultured in an incubator (37 °C, 5% CO,). The medium was
changed three times a week and the second passage was used for the in vitro

experiments.

Cell viability and proliferation was measured by MTT assay on day 1, 3, 7,
14 and 21 after cell seeding. 50 ul of MTT solution and 150 pl of DMEM was
added to all the samples and the samples were incubated for three hours
at 37 °C, 5% CO,. After the incubation period the fixation rings were disas-
sembled and the fibers were collected and deposited in to the new 24-well
plate. The formazan crystals were dissolved in 200 pl of acidic isopropyl alcohol
and the absorbance was measured at 570 nm with the reference wavelength
at 650 nm using the ELx808 spectrophotometer with Gen5 software. The solu-
tions were diluted prior to the measurement when the absorbance exceeded 1.
The final absorbance is related to the dilution.

Within all testing days, the samples were analyzed by scanning electron mi-
croscopy. All the samples were washed with PBS prior to fixation to remove
unattached cells. The scaffolds were fixed with 2.5% glutaraldehyde. After
the fixation the samples were washed with PBS and then dried up with up-
grading concentration of ethanol (60 %, 70 %, 80 %, 90 %, 95 % and 100 %).
After the drying, the samples were sputter-coated with gold and were analyzed
by scanning electron microscope (VEGA3 SB easy probe).

The samples were analyzed by fluorescent microscopy within all testing days
as well. All the samples were washed with PBS prior to fixation to remove
unattached cells. The scaffolds were fixed with ice-cold methanol. After the fixa-
tion the samples were rinsed with PBS. Next, the samples were either stained with
DAPI or with DAPI together with phalloidin-FITC, depending on the experiment.
The Fib I and Fib II samples tested for the direction of cell growth were stained
with DAPI only and were incubated for 15 minutes with DAPI at room tempera-
ture in the dark. The Fib I samples functionalized with polypyrrole were stained
with phalloidin-FITC and DAPIL. First, the cells were permeabilizedin 0.1% Tri-
ton for 5 minutes at room temperature (RT). After permeabilization the samples
were washed with PBS and stained with phalloidin-FITC (1 mg/ml stock solu-
tion diluted 1:1000 in PBS) for 30 minutes at RT. Then the samples were washed
with PBS and stained with DAPI for 5 minutes at RT. After incubation period,

the samples were rinsed with PBS and analyzed by the fluorescent microscope.
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3.2.2.3 Fabrication of in vivo scaffolds for in vitro testing

New composite scaffold was designed for the in vivo experiments. The well estab-
lished method of spinal cord bridge production was used (Thomas et al., 2013).
The bridges were developed and tested in the laboratory of professor Shea (Uni-
versity of Michigan, USA). They are made from PLGA (poly-lactide-co-glycolide
acid) microparticles. Briefly, PLGA microspheres are mixed with salt crystals
(sodium chloride) of defined size (63 - 106 um). Dextran with glucose and su-
crose and with distilled water are mixed in extra beaker. This mixture is boiled
and caramelized. From the caramelized sugar are drawn fibers of the diameter
of 150 to 250 ym. The microsphere mixture together with the sugar fibers are
placed into a specific mold to make a half-cylinder with evenly distributed sugar
tibers (7 fibers per mold). The mold is placed into a pressure vessel and the bridge
is foamed in a CO; atmosphere under a high pressure (> 5,5 MPa) for 16 to 24
hours. After the foaming, the bridges are cut into a specific length and washed
with deionized water to wash out the sugar fibers and salt crystals. After dry-
ing out the bridges are sorted under the microscope. The resulting bridges are
porous with 6 to 7 longitudinal channels (Fig. 3.4 A). The channels, which are
around 150 ym in diameter, allow the cell infiltration through a specific region
of the implant, however, the channels itself do not actively guide the cells since
the size of the channels is larger compared to the cells and their axons. The chan-
nels lined with the fibers were prepared to increase the neural cell infiltration
as well as the infiltration of axons into the bridge. The original method was mod-
ified to place the oriented fibers into the channels. The polymer fibers are sticked
to the sugar fibers, thus resulting in the deposition of the polymer fibers along
the channels (Fig. 3.4 B). Three different types of scaffolds were made, one with
no fibers (plain PLGA bridge; NoF), one with PCL fibers (PCL) and one with
PCL-PPy fibers (PCL coated with polypyrrole; PCL-PPy).

To be able to test this scaffolds in vitro, the shape of the bridge had to be modified.
The in vitro scaffolds were flat from both sides (top and bottom) and had a block
shape with just one or two channels with or without fibers (Fig. 3.4 C,D).

3.2.2.4 In vitro testing of the in vivo implants

The in vitro samples were sterilized by 70% ethanol for several minutes
and washed with distilled water. Then the samples were incubated with laminin
(10 pg/ml) for one hour. After the incubation the samples were washed with

Neurobasal medium. The samples were dried before the seeding of the DRGs.
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FIGURE 3.4: SEM images of the in vivo (A, B) and in vitro (C, D) scaffolds. (A) A transver-

sal section of multiple-channel bridge (scale bar 400 um). (B) Magnification of one partic-

ular bridge channel (arrows pointing at the aligned fibers; scale bar 50 um). (C) in vitro

sample with oriented PCL-PPy fibers (scale bar 1 mm). (D) In vitro samples wit channels
only (scale bar 500 ym).

The dorsal root ganglia (DRGs) were isolated from two days old mice pups
(C57Bl16). The DRGs were washed and kept in the HBSS buffer (Hanks * Balanced
Salt Solution) before use. The DRGs were placed on the scaffold specifically
under the microscope so that the DRG covered the channel. The DRGs were
kept dry for another two minutes and after the incubation the medium was
added (Neurobasal medium supplemented with B27, L-glutamine, Penicillin /
Streptomycin and NGF).

The medium was changed every other day. After 7 days of incubation the sam-
ples were fixed in 4% paraformaldehyde and they were stained using the primary
antibody against 3-tubulin (mouse anti-$-3-tubulin, 1:1000) and AF555 goat anti-
mouse IgG as secondary antibody (1:1000). Nuclei were stained with Hoechst
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(Hoechst 33342, 1:2000) (Table 3.12). The samples were observed under the in-
verted fluorescent microscope (AxioObserver) using a 10x dry objective and ana-
lyzed by Image].

TABLE 3.12: Sudan Black and (3-3-tubulin staining

WASHING 1x 2 min 1x TRIS

FIXING 10 min at RT in cold (4°C) 4% paraformaldehyde

WASHING 2 x 5 min in 1x TRIS

BLOCKING 4 hr at RT in 0,12 g of Sudan Black / 40 ml 70% ethanol
(filtered)

WASHING 3 x 5 min in 1x TRIS with 0,1% Triton X-100

BLOCKING In 10% NGS in 1x TRIS with 0,1% Triton X-100 for 1 hr
at RT

PRIMARY Mouse anti-33t 1:1000 in 10% NGS in 1x TRIS with
0,1% Triton X-100

INCUBATION O/N at 4°C (let samples warm up for 30 min before
continuing)

WASHING 3 x 5 min in 1x TRIS with 0,1% Triton X-100

SECONDARY AF555 goat anti-mouse IgG 1:1000 in 1% NGS in 1x
TRIS with 0,1% Triton X-100

INCUBATION 60 min at RT

WASHING 3 x 5 min in 1x TRIS with 0,1% Triton X-100

COUNTERSTAINING Hoechst 33342 1:2000 in 1x TRIS for 2 min

WASHING 1 x 5 min in 0,1% Triton X-100 in 1x TRIS, 2 x 5 min
in 1x TRIS

3.2.2.5 Surgeries and sample collection

All animals housing conditions, surgical procedures, and postoperative care
was conducted according to IACUC guidelines at the University of Michigan,
Michigan, USA. Four weeks old female mice aged 6 - 8 weeks (C57Bl6) were
anesthetized using isoflurane (2%). Mice received a T9 laminectomy, followed
by a left-sided double lateral hemisection and removal of a unilateral 1 -1.1 mm
segment of the spinal cord to enable bridge implantation into the resulting gap.
The length of the bridge was greater than the length of the hemisection to ensure

good apposition of the multichannel bridge to the spared rostral and caudal
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spinal cord. The bridges were sterilized by 70% ethanol and washed by distilled
water prior to implantation. PLGA multichannel bridges were implanted into
the gap immediately after SCI. After the bridge implantation, the dorsal surface
of the spinal cord above the injury site was covered with gelfoam, the muscle
sutured with 5/0 chromic gut, and the skin closed using wound clips. Postoper-
ative care included administration of Baytril (enrofloxacin 2.5 mg/kg, once a day
for 2 weeks), buprenorphine (0.1 mg/kg twice a day for 3 days), and lactate
ringer solution (5 ml/100g, once a day for 5 days). Bladders were expressed
twice daily until function recovered, and mice monitored daily thereafter.

46 mice were used for this study, one mouse died and two mice had to be eu-
thanized. No animals were excluded from the histological assessments or RNA
isolation. The bridges were explanted after 2 or 8 weeks. Bridges isolated after 2
weeks were either used for RNA isolation with subsequent qPCR, or were deep-
frozen into a mounting media and sectioned transversally in 12 ym thick slices
(cryostat Microm HM525). The slices were collected from rostral to caudal end
of bridge in series of 7 slides (series named A, B, C, etc.; resulting in Al to A7
slides), gradually 1 slice per slide (from Al to A7), until 3 slices per slide were
collected (Fig. 3.5). This technique let to the distance of 72 ym (6 x 12 ym) in col-
lected tissue on one slide. The bridges isolated after 8 weeks were only collected
for sectioning. The sections were fixed and subjected to immunohistochemistry.

Section number
1= 8= 15
(Y (X

Slide number
F

e (X))t (X)) dmm GX)emn ((3<) ¢mn

FIGURE 3.5: Diagram of the section deposition on the slides.
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3.2.2.6 RNA isolation

Upon retrieval, the samples were deep frozen on dry ice. Four mice per each
condition (NoF, PCL, PCL-PPy, control = no bridge) were euthanized except for
the bridge with PCL fibers, where only three mice survived. Samples were ho-
mogenized by IKA T25 Digital Ultra Turrax homogenizer with S 25 N - 8 G ST
dispenser in 1 ml of TRIZOL Reagent. RNA was isolated using TRIZOL Reagent
according to the protocol. After the isolation, the RNA was purified by Direct-
ZOL™ RNA MiniPrep Plus. The RNA concentration and purity was checked
by NanoDrop. Isolated RNA was stored at -20 °C.

3.2.2.7 cDNA Synthesis

The cDNA was synthesized from the isolated RNA using iScript™ c¢DNA Syn-
thesis Kit. For each reaction, 1 ug of RNA was used. The reverse transcription
was done according to the manufacturer ‘s protocol using BIO-RAD C1000 Touch
Thermal Cycler. The cDNA was stored in -20 °C.

3.2.2.8 qRT-PCR

The quantitative PCR (qPCR) was performed in triplicates for all samples
using iQTM SYBR® Green Supermix according to the manufacturer ‘s protocol.
The qPCR was performed on the BIO-RAD C1000 Touch Thermal Cycler.
The primer sequences are listed in the table 3.13. Samples from four mice were
collected for each condition (except for PCL, where one mouse died). All genes

were run in triplicates.
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TABLE 3.13: Gene primers’ sequences used for qRT-PCR

Gene Primer Reference
18s rRNA forward 5’-GCAATTATTCCCCATGAACG-3’ )
Uchida et al., 2010
18s rRNA reverse 5’-GGCCTCACTAAACCATCCAA-3’
MHC II forward 5’-GACGCTCAACTTGTCCCAAA-3’ .
Kigerl et al., 2010
MHC II reverse 5"-GCAGCCGTGAACTTGTITGA-3’
iNOS forward 5’-CCCTTCAATGGTTGGTACAT-3" )
- Kigerl et al., 2010
iNOS reverse 5 -ACATTGATCTCCGTGACAGC-3°
CD86 forward 5 -TTGTGTGTGTTCTGGAAACG-3" )
- - Kigerl et al., 2010
CD86 reverse 5’-AACTTAGAGGCTGTGTTGCT-3
arginase forward 5"-GAACACGGCAGTGGCTTTA-3" )
- - y Kigerl et al., 2010
arginase reverse 5’-TGCTTAGCTCTGTCTGCTTT-3
CD206 forward 5°-TCTTTGCCTTTCCCAGTCTC-3* )
y y Kigerl et al., 2010
CD206 reverse 5"-TGACACCCAGCGGAATTTC-3
cytochrome C forward | 5'-GAGGCAAGCATAAGACTGGA-3’ Xu et al. 2016
uetal,
cytochrome C reverse | 5°-TACTCCATCAGGGTATCCTC-3*
caspase 3 forward 5’-CCTCAGAGAGACATTCATGG-3" Xu et al.. 2016
uetal,
caspase 3 reverse 5 -GCAGTAGTCGCCTCTGAAGA-3

qPCR started with a 3 min hot start at 95 °C followed by 40 cycles of the follow-
ing: 95 °C for 10 s, 55 °C for 30s. The reaction ended with 95 °C for 10s, 65 °C
for 5sand 95 °C for 5.

The 224CT method (Livak and Schmittgen, 2001) was used to calculated fold
changes in mRNA levels for all genes compared to the negative control (mice
without bridge) using 18s rRNA as the internal control gene.

3.2.2.9 Immunohistochemistry

Bridges were implanted into the mice” spinal cord for 2 (4 mice for each
condition) or for 8 (6 mice for each condition) weeks. Bridges were sectioned
and the sections were collected as described above. One slide from rostral,
middle and caudal region was chosen per each animal. Bridge sections after
2 weeks implantations were fixed in pre-chilled 100% acetone (-20 °C) for 5
min at room temperature and stained using the following primary antibodies
to detect neutrophils (goat anti-arginase 1, 1:100) and M1 macrophages (rat
anti-F4/80, 1:200) and CF555 donkey anti-goat IgG (1:1000) and AF647/633 goat
anti-rat IgG (1:1000) as secondary antibodies. Nuclei were stained with Hoechst
(Hoechst 33342, 1:2000) (Table 3.14).
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TABLE 3.14: Arginase 1, F4/80 staining

DRYING Warm to RT

FIXING 5 min at RT in pre-chilled (-20°C for 30 min) 100% acetone

WASHING 1 x 5 min in 1x TRIS

BLOCKING 4 hr at RT in 0,12 g of Sudan Black / 40 ml 70% ethanol
(filtered)

PERMEABILIZATION 10 min in 0,5% Triton X-100

WASHING 3 x5 min in 0,1% Tween in 1x TRIS

BLOCKING 10% NDS in 0,1% Tween in 1x TRIS for 1 hr

PRIMARY Goat anti-arginase 1 1:100 in 1% NDS in 0,1% Tween in 1x
TRIS

INCUBATION O/N at 4°C

WASHING 3 x 5 min in 0,1% Tween in 1x TRIS

SECONDARY CF555 donkey anti-goat 1:1000 in 1% NDS in 0,1% Tween
in 1x TRIS for 2 hr

WASHING 3 x 5min in 0,1% Tween in 1x TRIS

PRIMARY Rat anti- F4/80 1:200 in 1% NGS in 0,1% Tween in 1x TRIS

INCUBATION O/N at 4°C

WASHING 3 x 5 min in 0,1% Tween in 1x TRIS

SECONDARY AF647 goat anti-rat 1:1000 in 1% NGS in 0,1% Tween in 1x
TRIS for 2 hr

WASHING 1 x5 min in 0,1% Tweenin 1x TRIS, 1 x 5 min in 1x TRIS, 1 x
5 min in dH,O

COUNTERSTAINING  Hoechst 33342 1:2000 in dH,O for 2 min

WASHING 1 x 5 min in dH,O

COVERING Flouromount G - cover and let dry for 30 min at RT, store

in 4°C

Bridges retrieved from mice after 8 weeks were fixed in cold 4% PFA for 12 min
at room temperature and stained using the following primary antibodies to de-
tect neurites (rabbit anti-NF200, 1:200), oligodendrocytes " myelin (goat anti-MBP,
1:500) and Schwann cells " myelin (chicken anti-P0, 1:250) and CF555 donkey anti-
rabbit IgG (1:1000), CF488 donkey anti-goat IgG (1:1000) and CF633 donkey anti-
chicken IgY (1:1000) as secondary antibodies. Nuclei were stained with Hoechst
(Hoechst 33342, 1:2000) (Table 3.16).
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TABLE 3.16: NFM 200, MBP, PO, staining

DRYING Air dry section for 10 min

FIXING 12 min at RT in cold (4°C) 4% PFA

WASHING 3 x 5 min in 1x TRIS

PERMEABILIZATION  0,5% Triton X-100 in 1x TRIS for 15 min

BLOCKING 10% NDS in 0,1% Triton X-100 in 1x TRIS for 1 hr at RT

PRIMARY Rabbit anti-NFM200 1:200, goat anti-MBP 1:500, chicken
anti-P0 1:250 in 10% NDS in 0,1% Triton X-100 in 1x TRIS

INCUBATION O/N at 4°C (let warm up for 30 min before continuing)

WASHING 2 x 5 min in 0,1% Triton X-100 in 1x TRIS

SECONDARY CF555 donkey anti-rabbit, CF488 donkey anti-goat, CF633
donkey anti-chicken all 1:1000 in 1% NDS in 0,1% Triton
X-100 in 1x TRIS

INCUBATION 90 min at RT

WASHING 1 x 5 min in 0,1% Triton X-100 in 1x TRIS

COUNTERSTAINING  Hoechst 33342 1:2000 in 0,1% Triton X-100 in 1x TRIS for 2
min

WASHING 1 x 5 min in 0,1% Triton X-100 in 1x TRIS, 1 x 5 min in 1x
TRIS, 1 x 5 min in dH,O

COVERING Flouromount G - cover and let dry for 30 min at RT, store

in 4°C

Images were captured at 20x by the fluorescent microscope (AxioObserver).
Stitched images were created using the Zeiss software (Zen Pro) and used for
cell counting. The bridge area content was counted using Image]J. Three tissue
sections per region (rostral, middle, caudal) per animal, and four animals per
condition were used for the quantification of the 2 weeks long implantations.
The counting was done manually using Image]. Three tissue sections per region
(rostral, middle, caudal) per animal, and six animals per condition were used
for the quantification of the 8 weeks long implantations. The counting was
semi-automated using MATLAB according to McCreedy (McCreedy et al., 2016).
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3.2.3 Statistics

The obtained data were processed by Microsoft Excel. Statistical analysis was
performed using GraphPad Prism 6 software. Data were analyzed either by mul-
tiple comparison analysis using one-way analysis of variance (ANOVA) or by
t-test and Scheffe post-hoc analysis with a p-value < 0.05 defined as significant
depending on the dataset. For all conditions, n = 6 mice for histological analy-
sis of neurofilament, while n = 4 was used for histological analysis of immune
response and qRT-PCR analysis. The fiber diameter was analyzed from n =100
and higher. All values are reported as mean +/- standard deviation or standard

error of the mean, noted at each analysis.
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Chapter 4

Results and discussion

Drawing was used for fabrication of oriented fibers and the drawing conditions
were monitored and evaluated. The most suitable conditions were used for fab-
rication of oriented scaffolds functionalized with polypyrrole, which were subse-
quently tested in vitro an in vivo. Results of this experiments were compared and

discussed in context to other studies.

4.1 Drawing technology

Drawing is not particularly the method of choice for scaffold fabrication, there-
fore any commercially available lab - scale production device is missing. The ad-
vantage of this method is that it is possible to draw the fibers just by hand, but
the samples are often inhomogeneous, because it is impossible to keep the same
conditions during drawing individual fibers. To improve the drawing technology
a lab-scale manipulator for drawing fibers from polymer solutions was designed
and constructed. The mobile drawing element of the manipulator moves from
one side to another in a repeating manner and produces single fibers one by one,
laying them separately on an underlay. A basic production scheme can be seen
in4.2.
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FIGURE 4.1: The manipulator representing the drawing movement (Strnadové et al.,
2020)

The manipulator is able to move at high speeds (several m-s!) and consists of
three axes. The manipulator enables to program the trajectory of a drawing ele-
ment and arrangement of fibers, and to set the speed in a wide range of velocities.
This enables us to keep constant conditions during the fiber spinning, thus being
able to study the influence of particular conditions on the fiber formation (solu-
tion viscosity, speed and trajectory of drawing, solvent evaporation etc.) on the
properties of the fibers.

The Manipulator is a universal machine with an extendable manner of design.
The core of the machine is a high precision positioning system. The machine
is extendable due to an aluminum-profile building system. It is equipped with
a polymer dosing device and lighting and it is possible to equip the Manipula-
tor with additional modules, such as twisting, protective cover, etc. The machine
is built on an ITEM24 construction system. To ensure its fluent motion, profes-
sional positioning axes (BAHR Modultechnik GmbH) with a synchronous belt
were used. Three axes are set up to a Cartesian coordinate system, where X-Z is
connected to a gantry X-shape (ELZI) system, and axis Y is doubled and joined
with a synchronizing rod. Pulleys are connected to a servomotor through an
elastic clutch. The servomotors possess 2x 0.45 Nm and 0.84 Nm, at 4500 rpm
nominal. The machine is controlled by isiMotion system, connected to a panel
PC. The workspace dimensions are 1x 0.2 x 0.2 m and the repeating accuracy
of this system is + 0.1 mm. A digital dispenser (OKI International) connected



Chapter 4. Results and discussion 62

to a standard air compressor with an air accumulator is used as a polymer dosing

device.

FIGURE 4.2: Image of the Manipulator. (A) the dosing system, (B - D) the positioning

axes working in the X, Y and Z coordinates, (E) the computer with controlling software,

(F) the dispenser, (G) the workplace, (H) the servomotors. The detail of the workplace is
shown in the upper corner of the image.

Previously, the fibers were drawn for example by the tip of the STM microscope
(Ondarcuhu and Joachim, 1998) resulting in a very short fibers (hundreds of mi-
crometers long). Nain and coworkers used a glass micropipette attached to a mo-
torized positioner, which was dosing the polymer solution continuously, but also
their fibers were only several millimeters long (Nain, Amon, and Sitti, 2005; Nain,
Amon, and Sitti, 2006). On the other hand, Yang (Yang et al., 2008) or Xing (Xing,
Wang, and Li, 2008) used silica rod / taper to pull fibers from a polymer solution,
or a polymer melt, respectively. Both obtaining fibers of tens of centimeters long.
All of the authors were able to obtain fibers ranging from several micrometers
to sub-100 nanometers in diameter. All of those published papers show either
production of a single fiber or very simple and porous meshes fixed to an under-
lay. None of the previously reported structures were suitable for tissue engineer-
ing applications, because the cells would preferentially attach to the underlay.
In 2015 Tokarev et al. (Tokarev et al., 2015) published an article about brush-
spinning, which is basically drawing. They can produce highly oriented struc-
tures from nanofibers (hundreds of nanometers) up to microfibers. The structure
can be very dense, the fibers can be oriented in different directions by placing
the layers of the fibers on top of each other, each produced under different angle.
Different 3D structures can be made as well by using various collectors. But from
the nature of this method, the fibers cannot be manipulated separately to form
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more complicated structure. This problem is solved by Yuan et al. (Yuan, Cam-
bron, and Keynton, 2015). They developed a 3-axis robot with dispensing system,
allowing them to dose the polymer at given time and location and to draw very
complex structures. Compared to their machine, the Manipulator has a larger
working area, thus we can produce longer fibers. It works with higher speeds of
drawing, which is beneficial while drawing fiber from low polymer concentra-
tions. It can be adjusted to draw the fibers not only from polymer solution, but

also from a polymer melt or from a polymer surface.

4.2 Influence of the polymer concentration and draw-

ing speed on the fiber diameter

The influence of extrinsic conditions on the fiber production are indisputable.
Several parameters were followed during drawing as well. The PCL (M, 80,000,
Sigma Aldrich) fibers were drawn using Manipulator by established velocities
(0.1,0.5, 1, 2 and 3 m-s!) and concentrations (4%, 6%, 8%, 12%, 16% and 20% by
weight) (see chapter 3.2.1.3). From our results it is evident that under the ambient
conditions the fiber diameter decreases with an increasing speed of drawing and
a decreasing polymer solution concentration (Fig. 4.3). Furthermore, we found
that the fiber diameter distribution decreases with an increasing speed of drawing
(Fig. 4.4). The 6% PCL solution drawn at a speed of 3 m-s! resulted in the signif-
icantly smallest mean value of a fiber diameter (2.51 + 0.12 um), whereas the 20%
PCL solution drawn with the speed of 0.1 m-s™ resulted in the significantly high-
est mean value of fiber diameter (9.56 + 0.49 um). The lowest fiber diameter mea-
sured throughout all the samples was 190 nm for the 6% PCL at the speed of
2 m:s!. The 6% PCL solution was also the lowest concentration capable of fiber
drawing, although only at a drawing speed of 1 m-s™! and higher (Strnadové etal.,
2020). Nevertheless, the fibers prepared from 12% solution have the lowest fiber
diameters distribution, especially at drawing speeds above 1 m-s'. The fibers
prepared at these conditions were therefore used for cell culturing experiments.
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FIGURE 4.3: Diagram of the fibers” morphology depending on the speed of drawing and
the polymer concentration. The fiber diameters are presented as mean in um + SEM and
are marked in yellow. Scale bar: 50 ym
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FIGURE 4.4: Histograms showing the fiber diameter distribution

There were two types of defects observed on the prepared fibers from the PCL of
M 80,000. The fiber narrowing (Fig. 4.5) was one of the phenomena. The forma-
tion of thinner regions is significantly less frequent for fibers prepared from poly-
mer solutions at a concentration of 12% and 16%. The SEM examinations of fibers
reveal that the fibers are prone to multiple necking in some cases, which means
the contraction of the fiber diameter from 1,000 nm to nearly 100 nm. The necks
are not evenly spaced along the fibers. The necking and crazing was first de-
scribed in the electrospun nanofibers by Zussman (Zussman, Rittel, and Yarin,
2003) as the failure mode. Therefore, we hypothesize, that the neck structure on
a drawn fiber appears as a result of a fast solvent evaporation and strong stretch-

ing of solidified fibers during the fiber drawing.
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FIGURE 4.5: SEM image of the fibers drawn from the 8% PCL solution at a speed of
1 m-s!,one of the defects (fiber necks) is indicated by arrowheads, Scale bar: 50 um.

The other type of defects observed during drawing was a nanostructured sur-
face (Fig. 4.6). Unlike during the manual drawing of fibers, the fibers drawn
by Manipulator possess nanostructured surface pattern. The pores are hundreds
of nanometers wide and deep. The pores are formed by the solvent evaporation
and their structure is influenced by the polymer and the solvent system used.
Similar structures were described previously on electrospun fibers (Zussman,
Rittel, and Yarin, 2003; Cui, Zhou, and Chang, 2010; Yang et al., 2015), and are
known to be beneficial for the cell-fiber interaction and to enhance the cell adhe-
sion (Megelski et al., 2002).

FIGURE 4.6: SEM images showing the morphology of the fibers. (A) A uniform circular

cross-section (scale bar: 20 um), (B) nanostructured porous surface (scale bar: 10 um)

and (C) a cross-section of the fibers (scale bar: 5 um) and (D) pore depth indicated by
arrowheads (scale bar: 3 ym).
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Other types of polymers were drawn using Manipulator as well to show
the versatility of this method (PCL (M, 45,000, Sigma Aldrich), PVA (M
130,000, MOWIOL 20-98, Merck) and PA6 (Ultramid B27, BASF)). All solutions
(see chapter 3.2.1.1) were drawn with the acceleration of 0.5 m-s™ and the ve-
locity of 1 m-s™l. Fiber diameter was typically more than one micrometer. PVA
was spinnable from the concentrations above 20%. Average fiber diameters
were 1,056 + 236 nm for 20% solution, 1838 + 648 nm for 24% solution and
1,868 + 763 nm for 28% solution. In case of PCL (M, 45,000, Sigma Aldrich),
concentration of 28% and higher led to fiber formation. The diameter of PCL
fibers was higher than PVA fibers having the fiber diameter of 5,949 + 4,188
nm (28%) and 4,019 = 1,471 nm (32%). No fibers were obtained using PA6.
Morphology of drawn fibers is depicted in Figure 4.7.

Compared to the fiber diameter of PCL M;, 80,000 (all used concentrations) drawn
at the 1 m:s! speed, which was 4.31 um and higher, the PVA had significantly
lower fiber diameter (maximum mean value 1.9 ym for the highest concentra-
tion). In the case of PCL M, 45,000, the mean values of the fiber diameter were
comparable to PCL M, 80,000. Both PVA and PCL M, 45,000 were drawn from
higher concentrations then PCL M, 80,000 in the previous experiment. Below
are shown the concentrations of polymer solutions (PVA, PCL M,, 45,000) from
which it was possible to draw the fibers.
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FIGURE 4.7: Images from SEM showing the drawn fibers of PCL (M, 45,000) and PVA
(Mp, 130,000) at different concentrations. Scale bar: 50um.
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All three polymers (PVA, PCL M, 45,000, PCL M, 80,000) were of different
molecular weight and were also dissolved in different solvents / solvent sys-
tem. Both of these parameter influence the solubility of the polymer and the
viscoelastic properties of the polymer solution and thus its spinnability and
the resultant fiber appearance(Ziabicki, 1976; Koski, Yim, and Shivkumar, 2004;
Reneker and Yarin, 2008). For example, the solvent system of chloroform :
ethanol : acetic acid (used for PCL M,, 45,000) is mostly used for electrospinning
of PCL. Acetic acid and ethanol lowers the surface tension, which enhances
the spinnability of the solution via electrospinning by helping with the formation
of the polymer jet by electric field. On the other hand, in the case of drawing, this
feature can be undesirable. The whole process of fiber formation by drawing is
significantly longer compared to electrospinnig and lowering the surface tension
of the solution may lead to breakage of the fluid thread, also called as Rayleigh
instability (Ziabicki, 1976). This leads to lower fiber production and defects
forming along the fiber (Fig. 4.7).

The defects occurring during electrospinning have been described Ziabicki, 1976;
Zussman, Rittel, and Yarin, 2003; Koski, Yim, and Shivkumar, 2004; Reneker
and Yarin, 2008). The breakup of the polymer jet has been shown to depend
on polymer concentration and molecular weight (Koski, Yim, and Shivkumar,
2004). At low molecular weight the destabilization of the jet occurs, which leads
to the beads formation. As the molecular weight increases, the polymer jet is sta-
bilized and typical fibers are formed. As the molecular weight of the polymer
grows even higher, the solvent evaporation at the jet surface is fast enough to
form a skin, the fibrous structure collapses and flat ribbons instead of fibers are
formed (Koski, Yim, and Shivkumar, 2004; Reneker and Yarin, 2008). As the so-
lution concentration increases, there is a gradual shift from circular to flat fiber.
In low molecular weight polymers, this shift occurs at a higher values of concen-
trations than in the high molecular weight polymers (Koski, Yim, and Shivku-
mar, 2004). These findings are in contrast what was observed during drawing.
The beads and ribbons occurred simultaneously at the lower concentration of the
low molecular weight PCL. We hypothesize that this discrepancy is caused by dif-
ferent mechanism of fiber formation during electrospinning and drawing. Draw-
ing uses mechanical energy and the fiber is pulled from the polymer droplet.
The speed of single fiber formation is incomparably slower during drawing than
electrospinning. On the other hand, these defects were seen only in one experi-

ment and more data are needed for final conclusions
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4.3 Viscosity and surface tension

The viscosity and surface tension influence the fiber formation, fiber diameter
and distribution. The viscosity and surface tension was measured for the PCL M,
80,000. The viscosity grew exponentially depending on the polymer concentra-
tion and was ranging from 0.33 Pa-s for the 6% PCL up to 32.91 Pa-s for the 20%
PCL (Fig. 4.8). The surface tension was ranging from 35.32 mN-m! for the 6%
PCL up to 110.64 mN-m™ for the 20% PCL (Fig. 4.8).
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FIGURE 4.8: Comparison of viscosities and surface tensions of the polymer solutions
in the dependence on solution concentration

The values of the surface tension are also not linearly arranged, but that could
be caused by the inaccuracy in the measurements, as well as by the varying hu-
midity conditions in the lab, since the measurements were not taken at the same

time.

This experiment revealed the limit values for drawing under the set parameters
(see chapter 3.2.1.3). The lowest concentration tested within this experiment,
i.e. 6% polymer solution, which refers to value of 0.33 Pa-s for viscosity and
35.32 mN/m for surface tension, was the lowest concentration of the polymer
which was possible to draw, but the limit speed of drawing was 1 m-s™'. Whereas

at higher concentrations (and viscosity), the speed limit of drawing was below
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0.1 m-s’l. With increasing viscosity and surface tension, the fiber diameter in-

creases and so grows the fiber diameter distribution.

The solution viscosity and surface tension influences the spinnability of the so-
lution. These parameters are influenced mainly by the solution concentration
and its composition (polymer and its molecular weight and the solvent system)
and each spinning method requires different parameters. In general, e.g. elec-
trospinning requires lower surface tension for the fibers to be formed, whereas
e.g. bubble-spinning requires higher surface tension, because first the polymer

bubble needs to be formed prior to spinning

4.4 Mechanical testing

The polymeric materials used in tissue engineering are very often mechanically
stressed. Mechanical properties of the implanted material are very important, be-
cause they should mimic the mechanical properties of the targeted tissue as much
as possible. Not only they have to sustain the same stress as the neighboring tis-
sue, while staying soft at the same time, but also these properties contribute to
the cellular response. Mechanical properties can be tested by several approaches
and they determine the breaking force and elongation at break and the collected
data are used for calculations of the tension and relative elongation.

The mechanical properties were measured using the bundles of 200 drawn fibers
made from PCL M, 80,000 (see chapter 3.2.1.3). The test was done according to
the standard CSN EN ISO 5079. The diagrams show the measured force F, which
is a function of the gauge length (Fig. 4.9).The diagram 4.10 shows the beginning

of the measurement, thus the linear area of the curve is visible.

The Young’s modulus of the 200-fiber bundle was 240.73 MPa. The force, tension
and relative elongation at break were 0.1 N, 41.08 MPa and 527.89 %, respectively.
All values are the mean value of all the measurements.

The tension values of the drawn samples are comparable to some results obtained
from the measurement of electrospun fibers or fibers obtained by gravity spin-
ning, which have the fiber diameter higher than 1 micrometer. The samples with
the fiber diameter below 1 micrometer have the values of tensile strength up to
ten times lower (Table 4.1).

It is evident from the results and also from the shape of the curve that the setup of
this method of mechanical testing is not suitable. In neither case have the curves
smooth shape, which is typical for testing the fibers. The instability of the tensile
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TABLE 4.1: Comparison of the fibers’ tension made by different spinning techniques.

Spinning Technique Tenm(l;ﬁ)t:)e ngth Fibers” Morphology | Reference
o Oriented fibers
Electrospinning 22-9.6 350 - 550 nm Thomas et al., 2006
Fujihara, Kotaki,
Electrospinning 4.7 600 nm and Ramakrishna,
2005
. . Fujihara, Kotaki,
Electrospinning 40 Orleilt4edrﬁbers and Ramakrishna,
ks 2005
. o Williamson and
Gravity spinning 1.8-99 147 - 190 ym Coombes, 2004
82-743 Followed by Williamson and
) ’ cold drawing Coombes, 2004

curve and the fluctuating shape is given by the non-homogeneity of the particular
fiber bundles (Fig. 4.9).
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FIGURE 4.9: Diagram of the tensile curves of the individual measurements. The red rect-

angle shows the abnormality in the tensile measurement - the drop of the force value,

which starts growing immediately again. The green rectangle shows the graph area de-
picted in closer detail in Fig. 4.10.
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FIGURE 4.10: Diagram of the tensile curves whit the emphasis on the beginning of
the measurement showing the linear area of the curves, which are used for the calcu-
lations.

Also, the fiber diameter of individual fibers in the bundle is not homogeneous,
both along the entire fiber length and in between the fibers in the bundle. This is
not different from the electrospun fibers. But while electrospun fibers form
a tissue-like structure with countless number of fibers and the whole structure is
measured as one sample, the drawn samples are bundles of individual 200 fibers.
That means that the mechanical properties of individual fibers in the bundle
differ. This phenomenon can be observed from the shape of the curve. If there is
a drop in the force value and immediately the force starts growing, that means
that one or more fibers broke, but there are still many other fibers that can
elongate (Fig. 4.9).

Another factor affecting the measurement is the attachment of the sample alone.
The fibers are drawn in the bundle, that means that not all of the fibers are at-
tached to the grip evenly and that increases the probability of fiber slipping be-
tween the neighboring fibers. That affects the behavior of individual fibers and

of the whole bundle during the measurement.

This problem could be solved in the future by measuring the properties of indi-
vidual fibers. It had been shown by Baker et al. and others (Baker et al., 2016;
Neugirg et al., 2016), that mechanical properties of the individual fibers can be
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tested by the tip of AFM (atomic force microscopy). The fibers measured by these
authors were made from PCL and were 400 nm to 1,000 nm thick. It is question-
able, whether our PCL fibers, which are usually above 1,000 nm thick would be
suitable for such measurement. Otherwise, drawing is suitable method of fab-
rication for AFM testing. The fibers can be drawn in desired length, they are
drawn separately and can be attached to the underlay. This avoids the problems
of Baker et al. of aligning the electrospun fibers and attaching them separately to
the underlay.

4.5 Functionalization of drawn scaffolds

by polypyrrole

The drawn samples with fibers oriented in one direction were coated with thin
layer of polypyrrole for further biological experiments (Fig. 4.11; see chapter 2.4),
since PPy is widely used conducting polymer in tissue engineering and has very
good stability and promotes the adhesion and proliferation of various cell types
(see chapter 2.4.2) (Zeng et al., 2013; Spearman et al., 2015; Yang et al., 2015).

FIGURE 4.11: Macroscopic image of the in vitro samples. Left - the PPy-coated sample.

The PPy layer was investigated under SEM (Fig. 4.12, 4.13 ). It is homogeneous
and 50 - 100 nm thick (Fig. 4.13). The PPy layer comparably thick and smooth to
other studies reported in the literature (Lee et al., 2009; Yang et al., 2015; Tiwari et
al., 2018). Moreover, drawing produces highly porous structure, which remains
preserved even after the PPy coating (Fig. 4.12).
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FIGURE 4.12: SEM images showing the PPy modified PCL fibers. (A) The coating of PPy
is uniform and retains porous structure of the fibers. (B) The cross-section of the fiber
with detailed image of the PPy layer thickness (C).

FIGURE 4.13: SEM images of PPy coated PCL fibres. The PPy layer was disrupted using
the SEM (FEI Helios 650 Nanolab) retracting tip (A). (B) The disrupted PPy layer. (C, D)
represent higher magnifications of the cracked PPy layer.
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4.6 Conductivity measurement

The conductivity was measured by three different approaches, which differed
in the used multimeter, number of fibers and the experiment setup, but used
the measurement of resistivity for all approaches (see chapter 3.2.1.8). First exper-
iment used 100 PPy-coated fibers, which were fixed between clamps in different
distances (1 to 5 cm). Second experiment used 10 bundles of 200 PPy-coated fibers
(2,000 fibers total) placed between aluminum foil and fixed within a Teflon frame
and the resistance was measured from the aluminum foil. Third experiment was

similar to the first one, but used much more sensitive multimeter.

All of the experiments were unsuccessful (the multimeters were not sensitive
enough to measure the resistivity) and all our samples showed no conductiv-
ity value. On the other hand, if we use planar samples made by electrospinning
from PCL and cover those by polypyrrole in the same chemical reaction, the resis-
tance on those samples is measurable (approximately 3-10* Q) /square) (Martinek,
2014). These data are consistent with other publications (Lee et al., 2009; Yang
et al., 2015), where the fibers are prepared by electrospinnig. Yang et al. used
the four-point probe method. Their PPy layer was around 100 nm thick and they
measured the conductivity from 35 to 50 mS depending on the polymerization
time. Lee et al. measured the resistivity of the sample by placing two silver
wires on the sample in the distance of 1 cm. Their PPy layer was also around
100 nm thick and the measured resistivity was ranging approximately from 9-10*
to 7.5-10° O/ square, which refers to the conductivity of 11 to 130 uS/square.
However, both experiments anyway do not correspond to the data published by
Guimard et al. (Guimard, Gomez, and Schmidt, 2007), where the conductivity of
PPy is reported to be 40 - 200 S-cm™, depending on the method of polymerization
and polymerization conditions.

Probably, the impossibility to measure the conductivity of the drawn PPy-coated
tibers is due to the density of the fibers and overall appearance of the sample.
Electrospinning produces fibrous mats with thousands of fibers layered over each
other, whereas drawing produces separate fibers which never really form a layer
even if they are drawn dense.

According to the parameters of our samples (fiber diameter, PPy layer thickness,
length of the fibers), the conductivity should be around hundreds of nanoam-
pere. Yet, after the consultation with Dr. Stejskal (Institute of Macromolecular
Chemistry CAS, Conducting Polymers Department) and his experience, the con-
ductivity on such samples as a bundle of 100 or 200 microfibers is negligible, and
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therefore immeasurable. For the next experiment, much deeper discussion about

the sample nature is needed to design proper drawn sample.

FIGURE 4.14: The SEM image of the micro fractures of the PPy layer on PCL fibers
after the fiber stretching (scale bar: 30 ym) with the detailed image of the same
(scale bar: 10 um).

It is visible from Fig. 4.14 that after the fiber stretching, the homogeneous co-
herent layer of PPy breaks. This can be caused by inappropriate sample ma-
nipulation. Such sample disruption would cause big complications and inaccu-
racy in the conductivity measurement. On the other hand, such samples should
not represent a big problem for the in vitro and in vivo system, because we ex-
pect the cells to elongate along the fibers, thus superimposing and connecting

the gaps, which should overcome the problem of the layer conductivity.

4.7 Water contact angle

Samples for the analysis were prepared by drawing. 300 fibers from PCL
M, 80,000 were fixed within the fixation ring for the analysis and the drops were

placed on the fibers as shown in Fig. 4.15 right before the measurement.

The WCA was measured on the plain PCL fibers and the PCL fibers coated with
PPy (see chapter 2.4). Measured values of the WCA for both samples were above
120°. The values of WCA for plain PCL and PCL-PPy were 122.5° (+3.54) and
121.5° (+£3.74), respectively (Fig. 4.15). The WCA values of both samples show no
significant difference. The value of WCA for PCL is consistent with other authors
(Prabhakaran et al., 2008; Jahani et al., 2015). The WCA values for PPy surfaces
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vary according to the synthesis conditions (Vernitskaya and Efimov, 1997; Fonner
et al., 2008; Ravichandran et al., 2010; Stewatr et al., 2015).
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FIGURE 4.15: The diagram of water contact angles for PCL and PCL-PPy samples.

Although, PPy is mostly referred as hydrophobic (Guimard, Gomez, and
Schmidt, 2007), in some cases can be prepared as hydrophilic (Fonner et al., 2008;
Stewatr et al., 2015). This property is dependent on the synthesis conditions (see
chapter 2.4.2), mostly the used dopants (Vernitskaya and Efimov, 1997; Fonner
et al., 2008; Ravichandran et al., 2010; Stewatr et al., 2015).

Generally, it is stated that cells prefer hydrophilic surfaces to hydrophobic
(Ghasemi-Mobarakeh et al.,, 2008; Gupta et al., 2009; Jahani et al., 2015).
On the other hand, some studies suggest, that desired surface properties are
specific to the cell type.

It is known that the surface roughness / porosity influences the surface
properties. As the roughness increases, the hydrophobic substrate becomes
more hydrophilic. For instance, a drop placed on a porous medium does not
merely spread on the surface but also penetrates the depth of the support,
thereby modifying its wetting properties (Gennes, Brochard-Wyart, and Quéré,
2004; Szewczyk et al., 2018). According to our porous fibers, which keep its
porosity even after the PPy-coating, it is likely that this porosity contributes to
the hydrophilicity of our samples (Fig. 4.16).
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FIGURE 4.16: Comparison of the surface structure of (A) the plain PCL fibers (scale bar:
10 ym) and (B) the PPy coated fibers (scale bar: 20 ym).

On the other hand, it is to discuss, weather this method is suitable for our sam-
ples. It is evident that the drops sit on several fibers at the time and thus the den-
sity of the fibrous sample will influence the result to a large extent. Also, the water
droplet will behave differently if placed on a single fiber, as it had been reported
previously that the surface geometry was determining factor in wetting contact
angle analysis on electrospun meshes (Szewczyk et al., 2018).

4.8 In vitro assessment of sample biocompatibility

4.8.1 Fibruous samples drawn in two different directions

The scaffolds made of fibers ordered either in one or in two directions (Fib I, Fib
II) (Fig. 4.17) were tested in vitro (see chapter 3.2.2.2) and should confirm that
the oriented microfibers support the oriented cell growth. The biocompatibility
of these scaffolds was tested by MTT assay on day 1, 3, 7, 14 and 21 after cell
seeding (showing the cell adhesion and proliferation), and by fluorescent and
scanning electron microscopy. The results from the MTT assay as well as from
the microscopy analysis show, that the scaffolds are capable of supporting cellular
attachment and the proliferation during our in vitro tests (Figures 4.18, 4.19, 4.20).
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FIGURE 4.17: Images of the in vitro samples. (A) Macroscopic image of the fibers fixed
within the fixation ring (the ring fits the well in 24-well plate), (B) and (C) SEM images of
the fibers ordered in one (Fib I) or two (Fib II) directions (scale bar: 1 mm).

The data from the MTT assay reveal similar rates of cell adhesion (day 1) in both
types of scaffolds (Fig. 4.18). Also during the following testing days the prolif-
eration rate of Fib I and Fib II is comparable. This was an expected result, since
the number of seeded cells was the same for both scaffolds and the cell adhesion

was similar as well.
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FIGURE 4.18: Results from the MTT assay showing the cell proliferation on two different
scaffolds (Fib I, Fib II). Error bars representing SEM.

Fluorescent microscopy reveals very important phenomenon that the cells prefer
the growth in the direction of fibers (Fig. 4.19), which can be seen from the orien-
tation of the oval shape of cell nuclei. It had been shown previously that the cells
grow in the direction of fibers (Corey et al., 2007, Wang et al., 2010; Yang et al.,
2015). Wang et al. showed that the neurite outgrowth along the fibers was more
directed and longer on the large (around 1,300 nm) and intermediate diameter
(around 800 nm) fibers, which means that our microfibers are suitable for fur-
ther experiments with neural cells. In addition, our samples have fibers ordered

in two different directions, and the cells follow the fibers in both of them.

FIGURE 4.19: Images from the fluorescent microscope representing the samples Fib I and
Fib II 14 days after cell seeding with mice fibroblasts. Scale bar: 100 um.
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Further, the SEM images show, that the cells are capable of overgrow the holes
between the fibers of tens of micrometers in diameter (Fig 4.20).

FIGURE 4.20: SEM images of the samples Fib I and Fib II 21 days after cell seeding with
mice fibroblasts. Scale bar: 50 um.

4.8.2 Fibruous samples coated with polypyrrole

The fibers oriented in one direction (Fib I) were used for further experiments.
The drawn samples were coated with thin layer of polypyrrole (Fig. 4.11), since
PPy is widely used conducting polymer in tissue engineering and has very good
stability and promotes the adhesion and proliferation of various cell types (Zeng
et al., 2013; Spearman et al., 2015; Yang et al., 2015).

The images from fluorescent microscope show very good cell adhesion on
the PPy-coated fibers. The cells also proliferate within the testing days (Fig.4.21).
The viability (Fig.4.22) tested by MTT assay at day 14 after cell seeding also shows
higher values for the PPy-coated samples. These results are consistent with other
studies (Lee et al., 2009; Yang et al., 2015) and should show, that the PPy samples
are not cytotoxic and support the cell adhesion and proliferation. Moreover,
according to the oval shape of the nuclei and their orientation it is evident, that
the cells grow and spread along the fibers, copying the orientation of the fibers.
Thus, the PPy-coated PCL fibers are suitable for the further experiments with
neural cells.
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FIGURE 4.21: Images from fluorescent microscope showing the cells seeded on the plain

PCL fibers (PCL) and on the PPy-coated fibers (PPy) 1, 7 and 14 days after cell seed-

ing. Nuclei stained with DAPI (blue), cytoskeleton stained with Phalloidin-FITC (green).
Scale bar: 100 ym.
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FIGURE 4.22: Diagram of the viability measured by MTT assay at day 14 after cell seed-
ing.

4.9 In vivo study - development, construction

and characterization of the scaffold

It had been shown previously that the aligned PPy fibers support the growth
and orientation of the cells (Wang et al., 2010; Yang et al., 2015; Strnadov4 et al.,
2020). But the problem of such scaffolds is their integrity and the implantation
of such fibrous scaffolds in vivo. That is why new composite scaffold harboring
the aligned PPy fibers was developed. This scaffold keeps the aligned structure
of the fibers even after implantation.

The previously developed and tested spinal cord bridge from PLGA (Yang et al.,
2009) was used as the fiber carrier. The microfibers were placed along the chan-
nels (Fig.4.23) (see chapter 3.2.2.3). The channels are around 150 um in diameter,
which allows the cell infiltration through a specific region of the implant, how-
ever, the channels itself do not actively guide the cells since the size of the chan-
nels is larger compared to the cells and their axons. The aligned PCL and PCL-
PPy fibers were incorporated into the bridges to enhance the cell infiltration at
a scale easily detected by cells, unlike the large channels (150 — 250 ym) that run
through the bridge. Each channel was lined with a bundle of 100 fibers. The size
of the in vivo sample was approximately 1.1 mm in length, 1.5 mm in width and
0.75 mm in height. The overall porosity is about 70 % (Thomas et al., 2013). How-
ever, some of the PCL-PPy bridges were bigger (higher) than the average size of
the bridge, since it very much depends on the manual fabrication of the bridges.
Also, it was often observed that the PCL-PPy fibers did not align along the whole
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channel, but stayed gathered in the bundle on one side of the channel. This in-
homogeneity of the samples definitely influences the final in vivo results, since
the size of the bridge influences the side of the injury in vivo (can cause much
severe injury after implantation). The distribution of the fibers along the channel
influences the contact area of the fibers with the cells, and the bundles of PCL-PPy
fibers thus have smaller area to be in contact with the cells.

In the case of the in vitro experiments, the samples were designed to be flat-
bottomed (see chapter 3.2.2.3). The plain PLGA sample had 2 plain grooves,
whereas the PCL a PCL-PPy samples had one bundle of 100 fibers incorporated
into the groove. The size of the in vitro sample was approximately 2.6 mm
in length to 1.5 mm in width.

FIGURE 4.23: A - D: The SEM images of the fibers aligned along the channels.
(A) Transversal cut of the bridge (scale bar: 400 um).
(B) Magnification of the particular channel (scale bar: 50 um).
(C, D) Longitudinal cut of the bridge (scale bar: 200 um (C) and 100 ym (D)).
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The modified spinal cord bridges were tested in vitro (see chapter 3.2.2.3).
The in vitro samples were seeded with DRGs isolated from two days old mice
pups. The DRGs were placed on the scaffold specifically under the microscope so
that the DRG covered the groove / fibers. After 7 days of incubation the samples
were fixed in 4% paraformaldehyde and they were stained against p-tubulin (nu-
clei were stained with Hoechst). The samples were observed under the inverted
fluorescent microscope. The axonal spread of neural cells was evaluated using
the Image].

The results show statistically significant decrease in the axonal length to width
ration on the samples without fibers, with PCL fibers and with PPy-coated fibers.
That means, that the axons of the neural cells follow rather the fibers, if available,
than the plain channels. The effect is stronger if the fibers are coated with PPy
(Fig. 4.24).



Chapter 4. Results and discussion 86

axonal length to width ratio

0.0

NoF PCL PCL-PPy

FIGURE 4.24: Axonal spread and axon elongation in vitro. A — C: Fluorescent images of

DRGs 7 days after seeding on scaffolds. In vitro scaffolds with (A) no fibers, (B) PCL fibers

and (C) Ppy-coated fibers. Yellow line represents the axonal spread. D - F: SEM images

of the in vitro samples (scale bar: 1 mm). (D) sample without fibers (NoF), (E) sample

with PCL fibers, (F) sample with PCL-PPy fibers. (G) Axonal length to width ratio. Data
presented as mean + SD. * denotes p < 0,05.
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According to these results the prepared spinal cord bridges were implanted into
the mice’s spinal cord after lateral hemisection at T9 (Fig. 4.25). Four weeks old
female mice aged 6 - 8 weeks (C57Bl6) were used for this experiment. 46 mice to-
tal were used for this study, one mouse died and two mice had to be euthanized.
The bridges were explanted after 2 or 8 weeks. Bridges isolated after 2 weeks
were either used for RNA isolation with subsequent qPCR, or were deep-frozen
into a mounting media and sectioned transversally in 12 um thick slices (cryo-
stat Microm HM525) and used for immunohistochemistry (immune response to
the bridges). The slices were collected from rostral to caudal end of bridge in se-
ries of 7 slides (see Fig. 3.5, chapter 3.2.2.6). The bridges isolated after 8 weeks
were only collected for sectioning. The sections were fixed and subjected to im-
munohistochemistry (cell infiltration into the bridges). For RNA isolation, four
mice per each condition (NoF, PCL-PPy, control = no bridge) were euthanized
and three mice euthanized with bridges with PCL fibers. For immunohistochem-
istry, four mice were euthanized for each condition after 2-week implantations

and six mice were euthanized for each condition after 8-week implantations.

FIGURE 4.25: Lateral hemisection at T9 spinal cord region (left) and hemisection after

the bridge implantation (right). The bridge implanted into the hemisection is depicted

in the middle. The images are illustrative. The samples used for the in vivo study were
half the size of the depicted bridge.

The samples were explanted 2 and 8 weeks after implantation. The 2-week time-
point samples were tested for the immune response by immunostaining followed
by fluorescent microscopy (Fig. 4.26) and by RT-PCR (Fig. 4.27). The images from
the fluorescent microscope show similar immune response in all tested samples
(bridges without fibers, with PCL fibers and with PPy-coated fibers). The im-
mune response evaluated with immostaining primarily evaluated pro-inflamma-
tory M1 macrophages (F4/-80* cells) and anti-inflammatory M2 macrophages
(F4/-80" Arginasel™ cells), as both are necessary at this time point for clearing
cellular debris and laying down matrix for attachment of infiltrating cells. To-
gether, the absence of qualitative differences in macrophage populations suggests
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that the inclusion of the PCL fibers or PPy-coated fibers do not exacerbate the im-

mune reaction to the bridges making them suitable for further evaluation.

The results from the RT-PCR show the expression of immunogenic markers
compared to the control SHAM mice (mice with laminectomy only). There is
significant increase in CD86 in non-fibrous samples compared to SHAM samples,
and moderate increase in MHC II and iNOS, which suggests the activation of
pro-inflammatory M1 immune response. The CD86 marker is significantly
lower in the PPy-coated samples compared to the non-fibrous samples, but it
is comparable to SHAM samples, with the iNOS expression lower than SHAM
mice. Also, the Arginase 1 marker is significantly higher in the both fibrous sam-
ples (PCL and PPy-coated fibers) compared to SHAM and non-fibrous sample,
which suggests the activation of the pro-healing M2 immune response. Other
pro-inflammatory markers as MHC II, iNOS, CD206 and apoptotic markers
cytochrome C and caspase 3 from all samples are comparable to the SHAM

samples, suggesting the non-immunogenicity of the bridge samples.

These findings support our immunostaining results demonstrating that the ad-
dition of the PCL fiber or PPy-coated fibers do not lead to increase immuno-
genicity, but rather they increase pro-healing immune cell infiltration compared
to the bridge alone. PPy is considered as the least immunogenic from the all con-
ducting polymers used in tissue engineering (Guimard, Gomez, and Schmidt,
2007; Bendrea, Cianga, and Cianga, 2011). Still there are some reports of its im-
munogenicity, mostly after electrical stimulation (Williams and Doherty, 1994;
Wang et al., 2004). Also it had been shown that the biocompatibility is dependent
on the synthesis method, the conditions and used dopants. The biocompatibil-
ity is dependent on the washing step of the PPy layers before cell seeding (Ateh,
Navsaria, and Vadgama, 2006; Fonner et al., 2008).
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FIGURE 4.26: Immune response to the bridges with PCL / PPy fibers. F4/80 and

Arginasel fluorescence (Arginase 1 in red, F4/80 in green, nuclei in blue) at 2 weeks after

bridge implantation. (A) Plain bridge, (B) bridge with PCL fibers, (C) bridge with PPy

fibers. The bridges with PCL / PPy fibers do not reveal any excessive immune response
compared to the plain bridge. Scale bar: 50 ym.
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FIGURE 4.27: Quantification of immune response using qPCR. Samples collected 2 weeks
after implantation. (A) qPCR data for M1 (A) and M2 and inflammation markers (B). ***
denotes p < 0,001 vs. SHAM, ## denotes p < 0,01 vs. NoF, # denotes p < 0,05 vs. NoF.

The 8-week timepoint samples were tested for the axonal infiltration into

the spinal cord bridge and for the axonal myelination by immunostaining
(Fig. 4.28).
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FIGURE 4.28: Axon infiltration and myelination 8 weeks after injury. Immunofluores-
cence from bridges of Schwann cell (NFM+/MBP+/P0+: red/green/blue, respectively)
and oligodendrocyte (NFM+/MBP+/P0-) derived myelin fibers from bridge with no
fibers (A), PCL (B) and PPy fibers (C). White arrow show fibers wrapped by Schwann
cell-derived myelin. Brightness and contrast were adjusted for clarity. Density of axons
(D), oligodendrocytes (E), Schwann cells (F), and percentage of oligodendrocyte derived
myelinated axons (G) in bridge with no fibers, PCL and PPy fibers conditions (mean +/-
SD). Scale bar: 50 ym. ** denotes p < 0.01 vs. PCL bridge, * denotes p < 0.05 vs. PCL
bridge, $ denotes p < 0.05 vs. bridge only.

Axons (NFM density) were present throughout the bridges (Fig. 4.29 - D) 8 weeks
after SCI under all experimental conditions. NFM-positive axons were typically
observed in small groups or bundles as previously reported for multichannel
PLG bridges (Tuinstra et al., 2013; McCreedy et al., 2016). The plain bridges had
a mean of axons approximately 1,100 axons / mm?. The bridges with PCL fibers
show higher axon infiltration compared to control (plain bridges) with the mean
of approximately 2,000 axons / mm?, but the difference was statistically signifi-
cant only in the caudal region. The PPy-PCL laden brides had the mean of axon
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infiltration approximately 600 axons / mm?. However, these findings are statisti-
cally significant only for the middle and caudal region compared to PCL bridge.
About 20% of these axons are myelinated, 75% of this myelin is derived from
the Schwann cells (Fig. 4.27 G). The myelination of axons is important, because
it allows the neural cells to conduct the nervous impulses. In the peripheral ner-
vous system it is the Schwann cells who are responsible for the myelination of
axons. Nevertheless, it is expected that Schwann cell - derived myelin is less ef-
fective for CNS function (Zhang et al., 2013). The number of infiltrating axons
as well as the percentage of myelination is comparable to other studies (Dumont
et al., 2018; Smith et al., 2019).

The lower axonal infiltration into the bridges with PPy-coated fibers compared
to bridges with PCL fibers or compared to control is not consistent with the
in vitro experiment. That could be caused by several factors. First, the PPy-
coated fibers tend to form bundles. That results in the non-homogeneous dis-
tribution of the PPy-coated fibers around the channel perimeter, thus the surface
area and therefore the contact surface of the PPy-coated fibers is much lower than
in the case of PCL fibers. Second, the bridges with PPy-coated fibers were visibly
bigger (Fig. 4.28) in perimeter than the control bridges and the bridges with PCL
tibers. That resulted in the compression of the remaining half of the spinal cord,
causing more severe injury, which is harder to heal. More experiments with more
precise samples with emphasis on the fiber distribution would be needed, how-
ever, these results suggest that the inclusion of fibers within the bridge channels

can improve regenerative outcomes following spinal cord injury.

On the other hand, despite these shortcomings, the bridges with PCL-PPy fibers
do not reveal any excessive immune response compared to other two types of
samples and the cell infiltration is comparable to bridges without fibers.
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410 Using drawing for the biocompatibility assess-

ment of fibrous materials

Another project where the drawing is used as a very unique method of scaffold
fabrication is the biocompatibility assessment of polymeric materials. Drawing
serves as the tool for fabrication of specific scaffold - polymeric grid of defined
parameters. Such scaffold is seeded with cells. The biocompatibility is evalu-
ated using the live cell imaging technology (cooperation with the Faculty of Fish-
eries and Protection of Waters, University of South Bohemia in Ceské Budgjovice).
The time the cells need to over-grow the grid is compared between the materials
(Fig. 4.29).

SEM

60h 120 h

FIGURE 4.29: Using the polymer grid made by drawing for the biocompatibility assess-

ment. (A) SEM - image of the grid from the scanning electron microscope (scale bar:

200 um). (B — D) Following the behavior of the cell culture in time by live cell imaging;
0 hours - beginning of the experiment (B), and after 60 (C) and 120 (D) hours.

The advantage of this method is that we observe the cells” behavior in time.
We can study the movement of individual cells on the fiber (until they start
to multiply to big numbers), cell division, how they grow on the scaffold and
the overall dynamics of the cell culture until it fills all the gaps between the fibers.
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It is new and unique method how to study the cellular response to the mate-
rial. Other methods of scaffold fabrication are not suitable for live cell imaging,
because the cells itself are invisible if attached to the material using optical mi-
croscope. The only way how to visualize the cells on such materials is fluorescent
staining and imaging. The fluorescent dyes often influence at least some part of
the cell cycle, thus influencing the cellular response to the material. Moreover,
the immunostaining requires fixation of the cells prior to staining (so-called end
point assay), thus, there is different sample for each testing day. This may lead
to inconsistent results e.g. due to the cell seeding inaccuracy. Second option is to
use the commercially available ready-to-use fluorescent cell lines, which express
fluorescent protein gene sequences as free cytoplasmatic proteins. This feature
is advantageous because the gene expression is permanent and thus we can use
the same sample every testing day, or, we could use such cell line for the live cell
imaging as well. Problem with this approach is that the expression of such flu-
orescent protein is unnatural and may as well influence the behavior of the cell
line. The comparison to the non-transfected cell line would be necessary.

411 Using drawing for the fabrication of hernia

meshes

Thanks to the possibility of manipulation with single fiber during drawing we
can prepare various fibrous patterns. This feature opens up new possibilities of
application. One of them is definitely the hernia, or rather the hernia meshes.
One such project was conducted at our Department (Department of Nonwo-
vens and Nanofibrous Materials; Nanofibrous materials for tissue engineering,
reg. no. CZ.1.05/3.1.00/14.0308). The hernia meshes were prepared by drawing
from PCL. The results showed that these hernia meshes improved the healing

process and the mechanical properties of the incision site.
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FIGURE 4.30: Hernia meshes prepared by drawing implanted into rabbits in vivo after

abdominal incision. (A) Proposed hernia mesh, the frame (in gray) is made by electro-

spinning from PCL, the mesh itself is made by drawing from PCL. The fibers are mainly

oriented in one direction, with a few slant fibers for support, (B) Implanted hernia mesh
in vivo on the suture after the abdominal incision.



96

Chapter 5

Conclusion

Drawing is a unique method to produce precise fibrous structures. To ensure sta-
ble drawing conditions, a new drawing machine called Manipulator was used.
Several polymers were used to for drawing to show the versatility of this spin-
ning method. Finally, drawing was used for the fabrication of scaffolds for tissue
engineering and these scaffolds were tested in vitro and in vivo.

¢ Fiber production by drawing is dependent on the polymer concentration,
molecular weight and speed of drawing. These parameters also influence
the fiber diameter. It had been shown using the PCL M;, 80,000, that under
ambient conditions the fiber diameter decreases with an increasing speed
of drawing and a decreasing polymer solution concentration. Furthermore,
the fiber diameter distribution decreases with increasing the speed of draw-
ing. With decreasing polymer concentration, higher speed of drawing is

necessary to prepare the fibers.

¢ Also high molecular weight PVA and low molecular weight PCL was pos-
sible to spun with drawing, although much higher concentrations had to be
used. That is due to the solubility of these polymers in their solvents and

also due to the chosen molecular weight.

* During drawing, formation of some common defects was observed. Almost
all of the drawn fibers are porous. The pores are hundreds of nanometers
wide and deep. The pores are formed by the solvent evaporation and their
structure is influenced by the polymer and the solvent system used. Similar
structures were described previously on electrospun fibers, and are known
to be beneficial for the cell-fiber interaction and to enhance the cell adhesion.

Other defects found were necking as a result of a fast solvent evaporation
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and strong stretching of solidified fibers during the fiber drawing, and for-
mation of beads and ribbons, which are influenced by the molecular weight
of the polymer and the polymer solution concentration.

* Mechanical testing revealed that the tension values of the drawn samples
are comparable to some results obtained from the measurement of electro-
spun fibers or fibers obtained by gravity spinning, which have the fiber di-
ameter higher than 1 micrometer. The results also revealed that more suit-
able method for measuring the mechanical properties of drawn fiber would

be beneficial.

* WCA measurement shows that both samples have the WCA higher than
120°. The value of WCA for PCL is consistent with other authors. The WCA

values for PPy surfaces vary according to the synthesis conditions.

* The conductivity was measured by three different approaches, but all of
the experiments were unsuccessful and all our samples showed no conduc-
tivity value. The failure of those experiments is probably given by the over-
all appearance of our samples. First, the PPy layer is very thin (70 nm),
second, the samples contained only 100 or 200 fibers which is in this case

very little number.

* The in vitro experiments of the oriented fibers show that all the samples
are capable of supporting cell adhesion and proliferation during our exper-
iment. Also, the results confirm that the cells prefer the growth in the direc-
tion of fibers.

¢ The in vitro experiment of the PPy-coated fibers very good biocompatibility
of the PPy-coated fibers. These fibers were subsequently used for the prepa-

ration of the novel composite spinal cord bridges.

* New composite spinal cord bridge was developed using previously tested
PLGA bridges as matrix for harboring aligned PCL and PPy-coated fibers.

¢ The new spinal cord bridges were tested in vitro for the axonal spread of
neural cells. The results show that the oriented fibers support the guid-
ance of neurite outgrowth. This phenomenon is even more pronounced, if
the fibers are coated with PPy.

¢ The new spinal cord bridges were successfully implanted into mice for
in vivo experiments. The bridges were implanted into mice spinal cord after
lateral hemisection. After two and eight weeks the samples were explanted
and subjected to further analysis. The assessment of the pro-inflammatory
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and apoptotic markers after two weeks of implantations were comparable
to the SHAM samples, suggesting the non-immunogenicity of the fibrous
bridge samples. Moreover, the expression levels of Arginase 1 was sig-
nificantly higher in the both fibrous bridges compared to SHAM and
non-fibrous sample, which suggests the activation of the pro-healing M2
immune response.

¢ Samples explanted 8 weeks post surgery were evaluated for the axon
infiltration and axonal myelination. The bridges with PCL fibers show
higher axon infiltration compared to control. About 20 % of these axons
are myelinated, 75 % of this myelin is derived from the Schwann cells.
The axonal infiltration into the bridges with PPy-coated fibers is lower
compared to bridges with PCL fibers or compared to control. This result is
not consistent with the in vitro experiment. That could be caused by several
factors. First, the PPy-coated fibers tend to form bundles. That results
in the non-homogeneous distribution of the PPy-coated fibers around
the channel perimeter, thus the surface area and therefore the contact sur-
face of the PPy-coated fibers is much lower than in the case of PCL fibers.
Second, the bridges with PPy-coated fibers were visibly bigger in perimeter
than the control bridges and the bridges with PCL fibers. That resulted
in the compression of the remaining half of the spinal cord, causing more
severe injury, which is harder to heal. The obtained results show, that
the oriented fibers enhance the axon infiltration and that the combination
of the currently available approaches with new functionalization methods

will be the method of choice for neural tissue engineering.

* Drawing appears to be a suitable tool also for other applications such as
fabrication of hernia meshes or development of new and unique method

for the biocompatibility evaluation of polymer scaffolds.

This work proved that drawing is very unique and suitable method for fabrica-
tion of specific fibrous scaffolds for tissue engineering. The obtained results will
help us to precisely control the fiber morphology in the future, design different
patterns of scaffolds and fulfill the needs of tissue engineering, where other non-
woven methods are often inadequate. Moreover, this technique can be used to
study the real-time dynamics of the population and the cell - material interac-
tions (cytocompatibility), for which other spinning techniques are inadequate.
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