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Abstract
Materials based on orientated fibers have great potential for use in tissue engineering for
tissues, where the arrangement of extracellular matrix is fundamental for tissue function-
ality. 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 geometrical characteristics. A new machine designed for lab
scale drawing was invented enabling a repeatable quality of drawing conditions. The results
demonstrate that by changing the speed of drawing and polymer solution concentration 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 functionalized 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 composite 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 neurite 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 re-
sults 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. Nevertheless, 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:

drawing, fibers, neural tissue engineering, spinal cord, in vitro, in vivo



iii

Abstrakt
Materiály založené na orientovaných vláknech mají velký potenciál pro využití v tkáňovém
inženýrství a to zejména u tkání, kde je organizace mezibuněčné hmoty zcela zásadní pro
funkčnost tkáně. Velmi vhodnou metodou pro tyto aplikace je drawing. Ten je založen
na mechanickém tažení polymerního roztoku z kapky polymeru umístěné na podložce, což
vede k vytvoření vlákna o definovaných geometrických charakteristikách. Pro tyto účely byl
navržen a vyvinut laboratorní přístroj, který umožňuje tažení vláken za stálých podmínek.
Výsledky ukazují, že změnou rychlostí tažení vláken a změnou koncentrací polymerních
roztoků lze ovlivnit a regulovat průměr vláken a zároveň i distribuci jejich průměrů. Z in
vitro experimentů je patrné, že orientovaná vlákna ovlivňují směr růstu buněk ve směru ori-
entace vláken. Na základě těchto experimentů byly tyto scaffoldy dále funkcionalizovány
polypyrrolem, čímž se prokázala jejich univerzálnost pro použití v tkáňovém inženýrství.
Výsledky z in vitro experimentů s popyrrolovanými vlákny ukazují, že polypyrrole zvyšuje
biokompatibilitu vláken. Popyrrolovaná vlákna byla dále použita pro přípravu nových
kompozitních míšních můstků, které byly testovány in vitro a in vivo. Výsledky z in vitro
experimentů ukazují, že orientovaná vlákna podporují růst a orientaci axonů okolo vláken.
Tento jev je ještě více patrný, pokud jsou vlákna potažená polypyrrolem. In vivo experi-
menty byly provedeny na myších, jimž byly můstky implantovány do mích. Hodnocení pro-
zánětlivých a apoptotických markerů naznačuje, že vlákenné míšní můstky jsou neimuno-
genní. Dokonce tyto výsledky ukazují aktivaci imunitní reakce, zodpovědné za procesy
hojení v těle, a to u obou vlákenných míšních můstků. Míšní můstky obsahující PCL ori-
entovaná vlákna dokonce vykazují vyšší infiltraci axonů do můstků oproti kontrole bez
vláken. Okolo 20 % těchto axonů je myelinizovaných, 75 % z tohoto myelinu je odvozeno
od Schwanových buněk. Na druhou stranu, u míšních můstků s popyrrolovanými vlákny je
infiltrace axonů do můstků oproti kontrole nižší. Nicméně výsledky ukazují, že orientovaná
vlákna zvyšují infiltraci axonů do míšních můstků a že kombinace dostupných přístupů
a metod funkcionalizace materiálů budou volbou do budoucna pro tkáňové inženýrství ner-
vové tkáně.

Klíčová slova:

drawing, vlákna, tkáňové inženýrství nervové tkáně, mícha, in vitro, in vivo
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1 Introduction
The first successful organ transplanted to human was kidney in 1954 by Joseph Murray
and his team [34]. 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. Transplan-
tations of other organs remained experimental until the late 1970s. Short after the boom
of organ transplantations at the late 1970s it started to be evident that even though the or-
gan transplantations were promising and successful way to replace the non-functional
organs, the supply of donor organs highly exceeds the demand [59]. 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 resemble a native extracellular matrix, provide the cells
suitable 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 [59]. They prepared different types of scaffolds (from different
polymers and by different techniques), which were seeded with cells isolated either from
liver, pancreas or intestine. 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 modern
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 va-
riety of sometimes very unrelated scientific disciplines, their goal is the same - to develop
and replace nonfunctional tissue.

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 [66], 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 [20]. These patholo-
gies represent a great health risk for patients. Itaffects their quality of life, the incorporation
of the patients back into society and increases the costs of living. And yet, there is no effec-
tive treatment for spinal cord injuries. Current treatment options are the use of high dose
methylprednisolone to suppress the immune system and decrease inflammation, surgical in-
tervention to stabilize and decompress the spinal cord and rehabilitative care [33]. However,
none of these approaches does support active regeneration of neural tissue. Therefore, enor-
mous efforts are being made to enable neural regeneration by various approaches. Neural
tissue engineering offers a promising approach to treating nervous system injuries. But scaf-
folds alone are not sufficient for the regeneration of neural tissue. Neural cells proliferate
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through the injury with difficulties and do not extend their neurites enough, the cells form-
ing glial scars instead [23]. In the literature, there are studies into the implementation of stem
cell therapy and the combination of stem cells with various types of scaffolds [25]. 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
[13], fabrication of fibrous scaffolds for neural tissue engineering is also highly pronounced.
Nowadays, electrospinning is mainly used to prepare fibrous scaffolds for neural tissue en-
gineering due to its versatility to use different polymers [69], [39], [21]. Scaffolds are made
from synthetic (poly-β-hydroxybutyrate - PHB, poly(lactic-co-glycolic acid) - PLGA) [69],
[39], [21] as well as bio-polymers (collagen) [25], 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 com-
bination of methods for scaffold fabrication with surface functionalization and drug release
[5], [9], [48].

It has been shown that the neural cells prefer aligned scaffolds that guide their neurite out-
growth [6]. They also prefer microfibers instead of nanofibers; microfibers promote the neu-
rite extension better than nanofibers. The aligned microfibers also promote the migration
of Schwann cells [62]. And there are also many other factors that can influence neuron
proliferation and neurite extension, such as the use of conductive polymers [15], [21], and
the addition of growth factors and other signal molecules [5]. The electrospun scaffolds can
be functionalized by polypyrrole or polyaniline or others [15], [21].

2 Purpose and the aim of the thesis
The aim of this work is to design, develop and optimize novel functional spinal cord bridges,
which will foster the growth of neural cells and neurite outgrowth enough to bypass the in-
jury 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 function-
alized with conductive polypyrrole. These aligned fibers were incorporated into the com-
plex composite spinal cord implant to enhance the infiltration of neural cells into the inner
structure.

3 Overview of the current state of the problem

3.1 Tissue engineering

Tissue engineering is a multidisciplinary field combining diverse scientific disciplines rang-
ing from engineering, material sciences to cell biology, immunology, medicine and many
others. And even thought the idea of tissue replacement accompanies 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
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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 [58],
[32]. Since that time the number of publications related to tissue engineering grows expo-
nentially every year reaching over 85 thousand titles in 2020 (total) [64], out of which, over
3,000 publications are related to neural tissue engineering.

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. They provide mechanical stability
of the nascent tissue [53]. The requirements for the scaffold vary according to the targeted
tissue. Biocompatibility is the key factor of each scaffold. Other requirements as mechan-
ical properties and scaffold architecture consistent with the targeted tissue are no less
important. Additionally, bioactivity or in some cases even biodegradability of the scaffold
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, physical and other properties of the tissue
[40].

3.2 Neural tissue engineering with emphasis on spinal cord
injuries

Neural tissue is highly organized structure. It is divided in to the central and peripheral
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.
The neural cells, which are responsible for the transmission of the action potential (neu-
ral 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 long. Depending on the architecture of dendrites and axons we distinguish
between the anaxonic, bipolar, unipolar and multipolar neurons. They are usually site spe-
cific for different neural structures and function. The supporting cells called neuroglia are
also specific for the CNS (microglia, astrocytes, oligodendrocytes, ependymal cells) and for
the PNS (Schwann cells, satelite cells). They preserve the physical and biochemical structure
of neural tissue.

There are studies using the cell therapy for spinal cord injuries by implanting stem cells into
the injury site in vivo [60]. Some researchers use the stem cells in the combination of car-
rier scaffold for the cells [25], [9]. There are also ongoing clinical trials implanting stem
cells (clinicaltrials.gov). Yet, non of such research was translated into the practice. 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 a glial scar [23]. Once the glial scar is formed
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it acts as physical and chemical barrier which prevents repair and regeneration of the dam-
aged neural tissue.

Because the neural tissue suffers from poor regeneration potential, it is desirable in neu-
ral 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 functionalization.

The spinal cord is a highly organized structure with predominantly rostral-caudal align-
ment of axons and myelin. Thus, the aligned spinal cord implants represent ideal microen-
vironment for directed axonal growth [43]. Moreover, those polymer spinal cord bridges
are characterized by high degree of porosity, allowing for infiltration of progenitors that
differentiate into myelinating oligodendrocytes resulting axon re-growth and also myelina-
tion of these axons [54]. On the other hand, such polymeric spinal cord implants do not
meet other biophysical parameters of the spinal cord, as modulus and viscoelastic proper-
ties [54]. One possibility is to inject the hydrogels directly into the injury site [27]. The big
advantage of such in situ-forming scaffold is that there is no need for surgical invasive pro-
cedures, 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 ax-
onal guidance [47]. To overcome the problem with the cell guidance and directional growth,
hydrogels can be mixed e.g. with magnetically responsive additives such as superparamag-
netic iron oxide nanoparticles [47].

Alternatively, the hydrogels can be mold in specific shapes prior to implantation. The hy-
drogel implants can thus provide an orientation to guide axon regeneration following spinal
cord injury. For instance, photosensitive hydrogels can utilized by stereolithography to form
specific 3D implants [1]. Eventually, the primary hydrogel beads are annealed into a tubular
structure, which is later assembled into a larger implant filling the injury [10]. The advan-
tage 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 nonwoven fibrous scaffolds, out of which
the aligned fibrous scaffolds had been shown as the most suitable ones in vitro [6]. The ori-
ented structure guides the cell growth and orientation 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 interrupted axons and to the functional recovery.

Oriented structures in tissue engineering are most often prepared by electrospinning us-
ing different polymers [69], [39], [21]. Eventually, forcespinnig can be used to prepare ori-
ented fibers as well [22], [24]. Different studies used synthetic (poly-β-hydroxybutyrate
- PHB, poly(lactic-co-glycolic acid) - PLGA) [69], [39], [21] as well as natural polymers
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(collagen) [25]. 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 [62]. 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 [62], which are crucial for the tissue regeneration
and proper function of the tissue.

Nevertheless, the fibrous scaffolds alone are not sufficient enough to support the full regen-
eration of the injured tissue and further functionalization or combination of several methods
is needed. Some approaches use growth factors or other signaling molecules to functional-
ize the surface of the scaffolds [5]. Furthermore, it is possible to use advanced molecular
techniques such as lentivirus delivery into the implant to deliver specific anti-inflammatory
molecules [42] or molecules supporting the neural cells’ regeneration [57]. It is also possible
to modify the surface by conducting polymers such as polypyrrole, polyaniline and others
[15], [21]. 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. Transmis-
sion of the action potential is a crucial property of the neural cells which leads to functional
recovery of the whole system [76], [68]. Due to the enormous complexity and functional
specificity of the neural tissue it is necessary to combine various techniques of scaffold fab-
rication and its funtionalization [5], [9], [42].

3.3 Nonwovens in tissue engineering

In general, very promising methods currently used in tissue engineering are nonwoven tech-
nologies. These technologies produce micro- and nanofibers, which resemble the fibrous
extracellular matrix of native organs (Fig. 3.1).

Depending on the targeted tissue, its architecture and physical and mechanical properties,
the method of scaffold fabrication and the polymer (polymers) are chosen.
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FIGURE 3.1: Comparison of SEM images of the extracellular matrixes and nonwoven textiles. (A)
ECM of the decellularized porcine aortic valve (scale bar: 10 μm) [73], (B) Force-spun PCL fibers (scale
bar: 50 μm), (C) Fibrin clots (scale bar: 3 μm) [38], (D) Melt-blown PCL fibers (scale bar: 100 μm), (E)
ECM of the decellularized bovine corneal stroma (scale bar: 2 μm) [8], (F) Electrospun PCL fibers
(scale bar: 10 μm), (G) ECM of the decellularized tendon (scale bar: 10 μm) [74], (H) Drawn PCL

fibers (scale bar: 500 μm).

3.4 Drawing

Drawing is one of the many non-woven techniques, which can be used for scaffold prepa-
ration. Drawing is a method of pulling a single fiber from a droplet of polymer solution
without using an electrical field (Fig. 3.2) [4], [41], 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- to micro-scale. Also, different structures can be obtained; it depends on the direction
of the fiber-pulling, the combination of nano- and microfibers, and the combination of poly-
mers. With additional processing we can also obtain yarns.
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FIGURE 3.2: Drawing a polymer fiber from a droplet of polymer solution.

Mechanical drawing of fibers has been known for centuries. It can be divided into two cat-
egories: drawing from a melt [67] or a solution [35], [36], [37], [70]. The first attempt to
draw a fiber was already realized in the 19th century. The fiber was prepared by shooting
an arrow from a droplet of a melted polymer by a crossbow [4]. The resulting fiber was
several hundreds of meters long. By that time there was no imaging technique available to
examine the fiber diameter. Nevertheless, by using the existing instruments they estimated
the fiber diameter to be under 2,5 μm [4]. In 1988, Vacanti et al. [59] used drawn fibers
(drawn from molten polymers, 30 μm in diameter) for one of the first experiments in the tis-
sue engineering field. Since then, nobody showed any interest into this method. In 1998
a modern experiment on a microscopic scale was conducted by Ondarcuhu and cowork-
ers. They were able to draw a single nanofiber from a droplet of a polymer solution using
a retracting tip of STM (Scanning Tunneling Microscope). The fiber was tens of nanometers
in diameter and was hundreds of micrometers long [41]. Nowadays, drawing is used to
produce fibers mainly for optical devices: optical sensing, nanophotonic fibers in the range
of tens of nanometers in diameter and up to tens of centimeters in length [14], [67], [70], [31].
Drawing is not common method when talking about tissue engineering. One of the rea-
sons 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 polymers [72]. They are reasonably productive,
nevertheless, they can produce the oriented structures just in layers, and often the orderli-
ness 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 parameters as humidity, temperature, solvent evaporation,
trajectory and the speed of drawing [35], [36], [37]. Also the concentration of the polymer
solution as well as the molecular weight of the polymer play very important role in drawing
[30]. Often, these correlations are described just theoretically, occasionally by basic experi-
ments, 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 [59]. He had drawn the fibers from a polymer melt, the fibers were 30 μm
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in diameter and formed a tufts. He seeded the tufts with cells and implanted them into
rats and mice to examine the biocompatibility, angiogenesis and immune response [59]. Re-
cently, drawing was used to fabricate various random and oriented polymers structures by
S. Minko and colleagues [56], or by R. S. Keynton and co-workers [75].

In contrast, drawing has lower fiber productivity, but is able to produce highly oriented
structures and patterns. This is enabled due to the manipulation 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 collec-
tor provides aligned fibers as well [22], the fibers can be oriented just in one direction in one
layer without the possibility to manipulate the fibers, thus unable to provide more sophisti-
cated 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 neu-
ral tissue engineering. The neural tissue as nerves have highly oriented structure. Even
the neural cells alone, specifically their axons need to be extended and oriented in specific
direction. It had been shown previously that oriented scaffolds enhance the axon elonga-
tion and orientation along the fibers [39], [21], [62], [68]. So this makes drawing the method
of choice for such application.

4 Methods used, studied material

4.1 Drawing fibers and their characterization

4.1.1 Preparation of polymer solutions

The polymer solutions of PCL, PVA and PA6 were prepared in various concentrations (% by
weight) in corresponding solvent system. Depending on the type of the experiment, differ-
ent 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.

4.1.2 Solution characterization

All solutions were analyzed by rotational viscometer (HAAKE RotoVisco 1 viscometer with
35/1 Ti L plate ) and by surface tensiometer (PocketDyne). Mean values of all measurements
were used for further processing.

4.1.3 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 syringe with the tip was attached to
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the moving element perpendicular to the underlay and moved with constant acceleration
and velocity. 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 collected on plastic underlay (for mechanical testing) or fixed within
the fixation ring (in vitro experiments, WCA measurement) or within the Teflon frame
(in vivo experiments and conductivity measurement).

4.1.4 Fiber characterization and image analysis

The fiber morphology was observed by SEM. 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 ImageJ.

4.1.5 Mechanical testing of drawn fibers

The mechanical properties were measured using the tensile testing machine LabTest 2.010
with the 1N sensor [16] and the measurement was controlled using the LabTest software.
The tensile strength measurement was done according to the standard ČSN 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. 200 fibers were drawn into a bundle of 0.2 m
of length on a plastic underlay, from which the fibers were collected and the whole bundle
of fibers was used for measurement.

4.1.6 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 dH2O. Samples were dried and stored in vacuum desiccator at
RT. The fibers’ morphology was evaluated using scanning electron microscope.

4.1.7 Water contact angle (WCA) measurement

Samples for the WCA analysis were prepared by drawing 300 fibers from 12% solution
of PCL, Mn 80,000. The fibers were fixed within the fixation ring. The 3 μl droplet of dH2O
was pipetted on the sample and the image of the droplet was captured using Advex In-
struments See System camera right after pipetting the water on the sample. The WCA was
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measured using See System software. The WCA was measured on five samples per each
condition, measuring two or more droplets per sample.

4.1.8 Conductivity measurements

Conductivity was measured by different approaches. The fibers were drawn with Manipu-
lator and fixed within a Teflon frame (Fig. 4.1) and coated with polypyrrole.

FIGURE 4.1: Polypyrrole-coated PCL fibers made by drawing, fixed within a Teflon frame in between
an aluminum foil [19]

Three different measurements were carried out using different multimeters, different num-
ber of fibers, or even different setup of the experiment (where the fibers were fixed in be-
tween an aluminum foil and the aluminum foil was connected to a multimeter).

4.2 Biological testing

4.2.1 In vitro experiments - oriented fibers

The prepared samples were fixed within a supporting ring. The size of the fixation ring is
designed to fit in 24-well cultivation plate and allows better manipulation with the fibers as
well as it keeps the scaffold in the designed pattern.

First experiments were focused on the direction of cell growth and so the fibers were drawn
in two directions (Fib I, Fib II). The second set of experiments was carried out with the Fib I
samples and was focused on the evaluation of biocompatibility of the functionalized fibers
with polypyrrole (PCL-PPy fibers). The PCL-PPy fibers were compared to plain PCL fibers
used as control.

The samples were seeded with 3T3 mice fibroblasts and were cultured in an incubator (37°C,
5 % CO2). Cell viability and proliferation was measured by MTT assay. The samples were
also analyzed by scanning electron microscopy (VEGA3 SB easy probe) and by fluorescent
microscopy (Nikon Eclipse Ti-e).
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4.2.2 In vitro and in vivo experiments - spinal cord bridges

4.2.2.1 Bridges for in vitro testing / in vivo implantations

New composite scaffold (spinal cord bridge) was designed for the in vivo experiments.
The well established method of spinal cord bridge production was used [54] and modified
to place the oriented fibers along the channels. The bridges are sorted under the microscope
and the resulting bridges are porous with 6 to 7 longitudinal channels (Fig. 4.2 A, 4.2 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. 4.2 C, 4.2 D).

FIGURE 4.2: SEM images of the in vivo (A, B) and in vitro (C, D) scaffolds. (A) A transversal section
of multiple-channel bridge (scale bar 400 μm). (B) Magnification of one particular bridge channel
(arrows pointing at the aligned fibers; scale bar 50 μm). (C) in vitro sample with oriented PCL-PPy

fibers (scale bar 1 mm). (D) In vitro samples wit channels only (scale bar 500 μm).

4.2.2.2 In vitro testing of the spinal cord bridges

The dorsal root ganglia (DRGs) were isolated from two days old mice pups (C57Bl6).
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 cultured in the complete Neurobasal
medium. After 7 days of incubation the samples were fixed in 4% paraformaldehyde and
they were stained using the primary antibody against β-tubulin and AF555 goat anti-mouse
IgG as secondary antibody. Nuclei were stained with Hoechst (Hoechst 33342, 1:2000).
The samples were observed under the inverted fluorescent microscope (AxioObserver)
using a 10x dry objective and analyzed by ImageJ.
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4.2.2.3 In vivo experiments

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) 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. After the bridge implantation,
the dorsal surface of the spinal cord above the injury site was covered with gelfoam, the mus-
cle sutured with 5/0 chromic gut, and the skin closed using wound clips. Postoperative care
included administration of Baytril, buprenorphine, and lactate ringer solution. Bladders
were expressed twice daily until function recovered, and mice monitored daily thereafter.

The bridges were explanted after 2 or 8 weeks. The isolated bridges were either used for
RNA isolation with subsequent qPCR, or were deep-frozen into a mounting media and sec-
tioned transversally in 12 μm thick slices (cryostat Microm HM525).

4.2.2.4 RNA isolation

Upon retrieval, the samples were deep frozen on dry ice. Samples were homogenized in TRI-
ZOL Reagent and the RNA was isolated using TRIZOL Reagent according to the protocol.
After the isolation, the RNA was purified by Direct-ZOLTM RNA MiniPrep Plus. The RNA
concentration and purity was checked by NanoDrop. Isolated RNA was stored at -20°C.

4.2.2.5 cDNA Synthesis

The cDNA was synthesized from the isolated RNA using iScriptTM cDNA Synthesis Kit.
For each reaction, 1 μg 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.

4.2.2.6 qPCR

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 per-
formed on the BIO-RAD C1000 Touch Thermal Cycler. All genes were run in triplicates.
The 2-∆∆CT method [26] 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.

4.2.2.7 Immunohistochemistry

For the immunohistochemistry, one slide from rostral, middle and caudal region was cho-
sen per each animal. Bridge sections after 2 weeks implantations were fixed and stained
using the following primary antibodies to detect neutrophils (goat anti-arginase 1, 1:100)
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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).

Bridges retrieved from mice after 8 weeks were fixed and stained using the following
primary antibodies to detect 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).

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 counting
of the 2 weeks long implantations was done manually using ImageJ. The counting of the
8 weeks long implantations was semi-automated using MATLAB according to McCreedy
[29].

4.3 Statistics

pngThe obtained data were processed by Microsoft Excel. Statistical analysis was performed
using GraphPad Prism 6 software. Data were analyzed either by multiple comparison anal-
ysis 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 the in vivo ex-
periments and all conditions, n=6 mice for histological analysis of neurofilament, while n=4
was used for histological analysis of 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.

5 Summary of the result achieved

5.1 Drawing technology

Drawing is not particularly the method of choice for scaffold fabrication, therefore any com-
mercially available lab - scale production device is missing. The advantage of this method
is that it is possible to draw the fibers just by hand, but the samples are often inhomo-
geneous, 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 ma-
nipulator 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
in Fig. 5.1.
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FIGURE 5.1: The manipulator representing the drawing movement [51]

The manipulator is able to move at high speeds (several m·s-1) and consists of three axes.
The manipulator enables us to program the trajectory of a drawing element and arrange-
ment of fibers, and 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 par-
ticular conditions on the fiber formation (solution 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 (Fig. 5.2).
It is equipped with a polymer dosing device, professional positioning axes (BAHR Modul-
technik GmbH) with a synchronous belt. The machine is controlled by isiMotion system,
connected to a panel PC. The repeating accuracy of this system is ± 0.1 mm. A digital dis-
penser connected to a standard air compressor with an air accumulator is used as a polymer
dosing device.

FIGURE 5.2: Image of the Manipulator. (A) the dosing system, (B - D) the positioning axes work-
ing 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.
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5.2 Influence of the polymer concentration and drawing
speed on the fiber diameter

The influence of extrinsic conditions on the fiber production are indisputable. Changing
the extrinsic parameter can influence the final fiber morphology, e.g. the fiber diameter and
its distribution within the sample. Therefore, several parameters were followed during fiber
drawing. The PCL (Mn 80,000, Sigma Aldrich) fibers were drawn using Manipulator by
established velocities (0.1, 0.5, 1, 2 and 3 m·s-1) and polymer concentrations in spinning so-
lutions (4%, 6%, 8%, 12%, 16% and 20% by weight). 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. 5.3). Furthermore, we found that the fiber
diameter distribution decreases with an increasing speed of drawing. The 6% PCL solution
drawn at a speed of 3 m·s-1 resulted in the significantly smallest mean value of a fiber di-
ameter (2.51 ± 0.12 μm), whereas the 20% PCL solution drawn with the speed of 0.1 m·s-1

resulted in the significantly highest mean value of fiber diameter (9.56 ± 0.49 μm). The lowest
fiber diameter measured throughout all the samples was 190 nm for the 6% PCL at the speed
of 2 m·s-1. The 6% PCL solution was also the lowest concentration capable of fiber drawing,
although only at a drawing speed of 1 m·s-1 and higher [51]. Nevertheless, the fibers pre-
pared from 12% solution have the lowest fiber diameters distribution, especially at drawing
speeds above 1 m·s-1. The fibers prepared at these conditions were therefore used for cell
culturing experiments.

FIGURE 5.3: Diagram of the fibers’ morphology depending on the speed of drawing and the polymer
concentration. The fiber diameters are presented as mean in μm ± SEM and are marked in yellow.

Scale bar: 50 μm
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There were two types of defects observed on the prepared fibers from the PCL of Mn 80,000.
The fiber narrowing (Fig. 5.4) was one of the phenomena. The formation of thinner regions
is significantly less frequent for fibers prepared from polymer solutions at a concentration
of 12 % and 16 %. The SEM examinations of fibers reveal that the fibers are prone to 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
described in the electrospun nanofibers by Zussman [79] 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 stretching of solidified fibers during the fiber drawing.

FIGURE 5.4: SEM image of the fibers drawn from the 8% PCL solution at a speed of 1 m·s-1,one
of the defects (fiber necks) is indicated by arrowheads, Scale bar: 50 μm.

The other type of defects observed during drawing was a nanostructured surface (Fig. 5.5).
The pores are hundreds of nanometers wide and deep. The pores are formed by the sol-
vent evaporation and their structure is influenced by the polymer and the solvent system
used. Similar structures were described previously on electrospun fibers [79], [7], [68], and
are known to be beneficial for the cell-fiber interaction and to enhance the cell adhesion
(Megelski et al., 2002).

FIGURE 5.5: SEM images showing the morphology of the fibers. (A) A uniform circular cross-section
(scale bar: 20 μm), (B) nanostructured porous surface (scale bar: 10 μm) and (C) a cross-section

of the fibers (scale bar: 5 μm) and (D) pore depth indicated by arrowheads (scale bar: 3 μm).
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5.3 Spinability of different polymers by drawing

The PCL (Mn 45,000), PVA (Mw 130,000) and PA6 at various concentrations were chosen
for this experiment. 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, 1,838 ± 648 nm for 24 % solution and 1,868 ± 763 nm for 28 % solution.
In case of PCL (Mn 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 Fig. 5.6.

FIGURE 5.6: Images from SEM showing the drawn fibers of PCL (Mn 45,000) and PVA (Mn 130,000)
at different concentrations. Scale bar: 50μm.

Compared to the fiber diameter of PCL Mn 80,000 (all used concentrations) drawn at
the 1 m·s-1 speed, which was 4.31 μm and higher, the PVA had significantly lower fiber
diameter (maximum mean value 1.9 μm for the highest concentration). In the case of PCL
Mn 45,000, the mean values of the fiber diameter were comparable to PCL Mn 80,000. Both
PVA and PCL Mn 45,000 were drawn from higher concentrations then PCL Mn 80,000
in the previous experiment, and below the shown concentrations it was impossible to draw
the fibers.

All three polymers (PVA, PCL Mn 45,000, PCL Mn 80,000) were of different molecular weight
and were also dissolved in different solvents / solvent system. Both of these parameter in-
fluence the solubility of the polymer and the viscoelastic properties of the polymer solution
and thus its spinnability and the resultant fiber appearance [78], [18], [46]. For example,
the solvent system of chloroform : ethanol : acetic acid (used for PCL Mn 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
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breakage of the fluid thread, also called as Rayleigh instability [78]. This leads to lower fiber
production and defects forming along the fiber (Fig. 5.6).

The breakup of the polymer jet has been shown to depend on polymer concentration and
molecular weight [18]. The destabilization of the jet occurs at low molecular weight poly-
mers, which leads to the beads formation. As the molecular weight increases, the polymer
jet is stabilized 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 fi-
brous structure collapses and flat ribbons instead of fibers are formed [18], [46]. As the solu-
tion concentration increases, there is a gradual shift from circular to flat fiber. In low molec-
ular weight polymers, this shift occurs at a higher values of concentrations than in the high
molecular weight polymers [18]. These findings are in contrast what was observed dur-
ing 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. Drawing 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 experiment and more data are needed for final
conclusions.

5.4 Viscosity and surface tension

The viscosity and surface tension influence the fiber formation, fiber diameter and distribu-
tion. The viscosity and surface tension was measured for the PCL Mn 80,000 of the polymer
concentration of 6 %, 8 %, 12 %, 16 % and 20 %. The viscosity grew exponentially depending
on the polymer concentration and was ranging from 0.33 Pa·s for the 6% PCL up to 32.91 Pa·s
for the 20% PCL (Fig. 5.7). The surface tension was ranging from 35.32 mN/m for the 6%
PCL up to 110.64 mN·m-1 for the 20% PCL (Fig. 5.7).

FIGURE 5.7: Comparison of viscosities and surface tensions of the polymer solutions in the depen-
dence on solution concentration
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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 humidity 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. 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-1.
Whereas at higher concentrations (and viscosity), the speed limit of drawing was below
0.1 m·s-1. With increasing viscosity and surface tension, the fiber diameter increases and so
grows the fiber diameter distribution.

The solution viscosity and surface tension influences the spinnability of the solution.
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. electrospinning 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.

5.5 Mechanical testing

The mechanical properties were measured using the bundles of 200 drawn fibers made from
PCL Mn 80,000. The test was done according to the standard ČSN EN ISO 5079 and each
sample was measured 15 to 20 times. The diagrams show the measured force [N], which is
a function of the gauge length [mm] (Fig. 5.8). 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 represent the mean value of all the measurements.

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 curve and the fluctuating
shape is given by the non-homogeneity of the particular fiber bundles (Fig. 5.8).
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FIGURE 5.8: Diagram of the tensile curves of the individual measurements. The red rectangle shows
the abnormality in the tensile measurement - the drop of the force value, which starts growing im-

mediately again.

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 count-
less 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. 5.8).

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 attached to the grip evenly
and that increases the probability of fiber slipping between the neighboring fibers. That af-
fects the behavior of individual fibers and of the whole bundle during the measurement.

5.6 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, 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 [76], [49], [68].
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The PPy layer was investigated under SEM (Fig. 5.9, 5.10). It is homogeneous and 50 -
100 nm thick (Fig. 5.10). The PPy layer comparably thick and smooth to other studies re-
ported in the literature [21], [68], [55]. Moreover, drawing produces highly porous structure,
which remains preserved even after the PPy coating (Fig. 5.9, 5.13).

FIGURE 5.9: 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 5.10: 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.

5.7 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 re-
sistivity for all approaches. All of the experiments were unsuccessful (the multimeters were
not sensitive enough to measure the resistivity) and all our samples showed no conductivity
value. On the other hand, if we use planar samples made by electrospinning from PCL and
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cover those by polypyrrole in the same chemical reaction, the resistance on those samples is
measurable (approximately 3·104 Ω/square) [28].

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

It is visible from Fig. 5.11 that after the fiber stretching, the homogeneous coherent layer
of PPy breaks. This can be caused by inappropriate sample manipulation. Such sample
disruption would cause big complications and inaccuracy 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 expect the cells to elongate along the fibers, thus superimposing
and connecting the gaps, which should overcome the problem of the layer conductivity.

FIGURE 5.11: The SEM image of the micro fractures of the PPy layer on PCL fibers after the fiber
stretching (scale bar: 30 μm) with the detailed image of the same (scale bar: 10 μm).

5.8 Water contact angle

Samples for the analysis were prepared by drawing. 300 fibers from PCL Mn 80,000 were
fixed within the fixation ring for the analysis and the drops were placed on the fibers as
shown in Fig. 5.12 right before the measurement.

The WCA was measured on the plain PCL fibers and the PCL fibers coated with PPy. Mea-
sured 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. 5.12). The WCA
values of both samples show no significant difference. The value of WCA for PCL is con-
sistent with other authors [44], [17]. The WCA values for PPy surfaces vary according to
the synthesis conditions [61], [11], [45], [50].
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FIGURE 5.12: The diagram of water contact angles for PCL and PCL-PPy samples.

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 [12],
[52]. According to our porous fibers, which keep its porosity even after the PPy-coating
(Fig. 5.13), it is likely that this porosity contributes to the hydrophilicity of our samples.

FIGURE 5.13: Comparison of the surface structure of (A) the plain PCL fibers (scale bar: 10 µm) and
(B) the PPy coated fibers (scale bar: 20 µm).

5.9 In vitro assessment of the biocompatibility of drawn
samples

The scaffolds made of fibers ordered either in one or in two directions (Fib I, Fib II) (Fig. 5.14)
were tested in vitro and should confirm that the oriented microfibers support the oriented
cell growth. The biocompatibility of these scaffolds was tested by MTT assay (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 scaf-
folds are capable of supporting cellular attachment and the proliferation during our in vitro
tests (Fig. 5.15, 5.16, 5.17).
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FIGURE 5.14: Images of the in vitro samples. (A) Macroscopic image of the fibers fixed within the fix-
ation 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. 5.15). Also during the following testing days the proliferation 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.

FIGURE 5.15: 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. 5.16), which can be seen from the orientation of the oval shape
of cell nuclei. In addition, this experiment showed that our samples have fibers ordered
in two different directions, and the cells follow the fibers in both of them.
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FIGURE 5.16: Images from the fluorescent microscope representing the samples Fib I and Fib II 14
days after cell seeding with mice fibroblasts. Scale bar: 100 μm.

Further, the SEM images show, that the cells are capable of overgrow the holes between
the fibers of tens of micrometers in diameter (Fig. 5.17).

FIGURE 5.17: SEM images of the samples Fib I and Fib II 21 days after cell seeding with mice fibrob-
lasts. Scale bar: 50 μm.

5.10 In vitro biocompatibility assessment of the oriented
PPy fibers

The images from fluorescent microscope show very good cell adhesion on the PPy-coated
fibers. The cells also proliferate within the testing days (Fig. 5.18, 5.19). The viability
(Fig. 5.18) tested by MTT assay also shows higher values for the PPy-coated samples.
These results are consistent with other studies [21], [68] and 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 (Fig. 5.19) 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 5.18: Diagram of the viability measured by MTT assay at day 14 after cell seeding.

FIGURE 5.19: 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 seeding. Nuclei stained with

DAPI (blue), cytoskeleton stained with Phalloidin-FITC (green). Scale bar: 100 μm.

5.11 Development, construction and characterization of
the composite scaffold for in vitro / in vivo experiments

It had been shown previously that the aligned PPy fibers support the growth and orientation
of the cells [62], [68], [51]. But the problem of such scaffolds is their integrity and the im-
plantation of such fibrous scaffolds in vivo. That is why new composite scaffold harboring
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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 [71] was used as
the fiber carrier. The channels within the bridges, are around 150 μm 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 channels lined with the fibers were prepared to increase the neural cell
infiltration as well as the infiltration of axons into the bridge. The microfibers were placed
along the channels (Fig. 5.20). The aligned PCL and PCL-PPy fibers were incorporated into
the bridges. 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 % [54]. However, 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 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.
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 5.20: A – D: The SEM images of the fibers aligned along the channels. (A) Transversal cut
of the bridge (scale bar: 400 μm). (B) Magnification of the particular channel (scale bar: 50 μm). (C,

D) Longitudinal cut of the bridge (scale bar: 200 μm (C) and 100 μm (D)).
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5.12 In vitro testing of the novel spinal cord bridges

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 β-tubulin (nuclei were stained with
Hoechst). The samples were observed under the inverted fluorescent microscope. The ax-
onal spread of neural cells was evaluated using the ImageJ.

The results show statistically significant decrease in the axonal length to width ration (ax-
onal spread) 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. 5.21).

FIGURE 5.21: 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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5.13 In vivo experiments with the novel spinal cord bridges

According to the in vitro results the prepared spinal cord bridges were implanted into
the mice’s spinal cord after lateral hemisection at T9 (Fig. 5.22). Four weeks old female
mice aged 6 - 8 weeks (C57Bl6) were used for this experiment. 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 μm thick slices and used for immunohistochemistry (immune response to the bridges).
The bridges isolated after 8 weeks were only collected for sectioning. The sections were
fixed and subjected to immunohistochemistry (cell infiltration into the bridges).

FIGURE 5.22: Lateral hemisection at T9 spinal cord region (left) and hemisection after the bridge im-
plantation (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 2-week timepoint samples were tested for the immune response by immunostaining
followed by fluorescent microscopy (Fig. 5.23) and by RT-PCR (Fig. 5.24). 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 immune response evalu-
ated with immunostaining primarily evaluated pro-inflammatory M1 macrophages (F4/80+
cells) and anti-inflammatory M2 macrophages (F4/80+Arginase1+ cells), as both are nec-
essary this time point for clearing cellular debris and laying down matrix for attachment
of infiltrating cells. Together, the absence of qualitative differences in macrophage popula-
tions suggests that the inclusion of the PCL fibers or PPy-coated fibers do not exacerbate
the immune 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 sam-
ples, 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 samples (PCL
and PPy-coated fibers) compared to SHAM and non-fibrous sample, which suggests the ac-
tivation 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
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comparable to the SHAM samples, suggesting the non-immunogenicity of the bridge sam-
ples.

These findings support our immunostaining results in demonstrating that the addition
of the PCL fiber or PPy-coated fibers do not lead to increase immunogenicity, but rather
they increase pro-healing immune cell infiltration compared to the bridge alone. PPy is
considered as the least immunogenic from the all conducting polymers used in tissue en-
gineering [15], [3], still there are some reports of its immunogenicity, mostly after electrical
stimulation [65], [63]. Also it had been shown that the biocompatibility is dependent on
the synthesis method, the conditions and used dopants. The biocompatibility is dependent
on the washing step of the PPy layers before cell seeding [2], [11].

FIGURE 5.23: Immune response to the bridges with PCL / PPy fibers. F4/80 and Arginase1 fluores-
cence (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 μm.

FIGURE 5.24: Quantification of immune response using qPCR. Samples collected 2 weeks after im-
plantation. (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. 5.25).



Chapter 5. Summary of the result achieved 31

FIGURE 5.25: Axon infiltration and myelination 8 weeks after injury. Immunofluorescence 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 percent-
age of oligodendrocyte derived myelinated axons (G) in bridge with no fibers, PCL and PPy fibers
conditions (mean +/- SD). Scale bar: 50 um. ** 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. 5.25 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 [57], [29]. The plain
bridges had a mean of axons approximately 1,100 axons/mm2. The bridges with PCL fibers
show higher axon infiltration compared to control (plain bridges) with the mean of approx-
imately 2,000 axons/mm2, but the difference was statistically significant only in the caudal
region. The PPy-PCL laden brides had the mean of axon infiltration approximately 600
axons/mm2. However, these findings are statistically 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. 5.25 G). The myelination of axons is
important, because it allows the neural cells to conduct the nervous impulses. In the pe-
ripheral nervous 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 effective for
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CNS function [77]. The number of infiltrating axons as well as the percentage of myelination
is comparable to other studies [9], [48].

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 distribution of the PPy-coated fibers around the chan-
nel 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. 5.23) 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. More experiments with more precise
samples with emphasis on the fiber distribution would be needed, however, 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.

6 Evaluation of the results and new findings
Drawing is a unique method to produce precise fibrous structures. To ensure stable drawing
conditions, a new drawing machine called Manipulator was used. Several polymers were
used to for drawing to show the versatility of this spinning 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 Mn 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 drawing. 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 possible 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
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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 and strong stretching of solidified fibers during the fiber drawing,
and formation 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 electrospun fibers or fibers obtained
by gravity spinning, which have the fiber diameter higher than 1 micrometer. The re-
sults also revealed that more suitable 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 conductivity value. The failure of those
experiments is probably given by the overall 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 experiment. Also, the results
confirm that the cells prefer the growth in the direction 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 preparation of the novel com-
posite 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 guidance 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 experi-
ments. The bridges were implanted into mice spinal cord after lateral hemisection. Af-
ter two and eight weeks the samples were explanted and subjected to further analysis.
The assessment of the pro-inflammatory and apoptotic markers after two weeks of im-
plantations were comparable to the SHAM samples, suggesting the non-immunogenicity
of the fibrous bridge samples.Moreover, the expression levels of Arginase 1 was signif-
icantly higher in the both fibrous bridges compared to SHAM and non-fibrous sample,
which suggests the activation of the pro-healing M2 immune response.
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• Samples explanted 8 weeks post surgery were evaluated for the axon infiltration and ax-
onal 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 there-
fore 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 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 her-
nia meshes or development of new and unique method for the biocompatibility evalua-
tion of polymer scaffolds. This work proved that drawing is very unique and suitable
method for fabrication 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 nonwoven
methods are often inadequate. Moreover, this technique can be used to study the real-
time dynamics of the population and the cell - material interactions (cytocompatibility),
for which other spinning techniques are inadequate.
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