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Abstract

There is a pressing need to develop vascular graft since no clinically available
appropriate prosthesis with inner diameter less than 6 mm works in a long term
after implantation. In the thesis, blood vessel substitutes made from biodegradable polymers
were created and characterized as potential candidates for such a medical device. The idea
of tissue engineering scaffolds is based on mimicking natural environment - extracellular
matrix. Therefore ideal bypass graft was designed as double layered structure with defined
morphology of each layer. The proposed structure was created by electrospinning
of polycaprolactone (PCL). The morphology of the resulting fibers resembled inner
and medial layer of native arteries suggesting that this similarity will help body to regenerate
functional tissue after implantation. Besides PCL, novel polymer from the same group
of polyester - copolymer polylactide-polycaprolactone (PLC 70/30) was electrospun into
a tubular form. Vascular graft made from copolymer PLC created only single layered
prosthesis.

Further tests were conducted with both presented electrospun materials in order
to compare their bulk and surface properties. Copolymer PLC was slightly more hydrophilic
than polycaprolactone. Thermal behavior revealed that copolymer is mostly amorphous with
melting temperature about 110°C whereas polycaprolactone is semicrystalline polymer with
melting temperature about 57°C. Mechanical strength and elongation at break of electrospun
graft made from copolymer PLC was about ten times higher compared to electrospun graft
made from polycaprolactone.

Biological tests wusing fibroblast and endothelial cell line proved
the biocompatibility of both tested electrospun polymers. Higher proliferation rate was found
when cells were cultured on electrospun copolymer PLC suggesting that higher hydrophilicity
contributes to favorable cell adhesion. Hemocompatibility testing of produced samples were
carried out using platelets. It was found that fibrous layers are more thrombogenic than
smooth surface when compared with foils made from the same materials. Platelets became
activated and aggregated after incubation with fibrous materials. The level of activation
increased in dynamic conditions.

Electrospun fibers were successfully used as a drug delivery system of nitric oxide
(NO) that has many beneficial effects on cardiovascular system. Polycaprolactone fibers were
blended with NO donors from the group of S-Nitrosothiols that are capable of long term NO
release in physiological levels up to 42 days in vitro. After implantation of such grafts as
a replacement of rat abdominal aorta, the NO release was found to strongly inhibit cellular
infiltration into the medial and luminal regions of the vascular graft. The reduced presence
of inflammatory cells within these regions may confer increased protection against neointimal
hyperplasia from smooth muscle cells.
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Anotace

V soucasnosti neni v klinické praxi cévni ndhrada s vnitfnim primérem
pod 6 mm, ktera by spolehlivé fungovala v dlouhodobém horizontu. Disertacni prace se
zabyva piipravou maloprimérovych cévnich nahrad z biodegradabilnich polymert, které jsou
testovany jako potencidlné vhodné materialy pro piipravu tkanovych nosici
pro vaskularni cévni systém. Hlavni mysSlenkou tkanového inzZenyrstvi je napodobovani
piirozeného prostiedi - mezibunéné hmoty. Proto byla idedlni cévni nahrada navrzena jako
dvouvrstva tubularni struktura s definovanou morfologii vlaken. Tato struktura napodobujici
vnitini a stfedni vrstvu nativni cévy byla vytvofena -elektrostatickym zvlaknovanim
polykaprolaktonu (PCL). Podobnost morfologie vldken s mezibunécnou hmotou piedpoklada,
ze po implantaci do organismu probéhne regenerace funkéni tkané. Kromé polymeru
polykapronu byl testovan polymer ze stejné tiidy polyesteri - kopolymer polylatidu
a polykaprolaktonu (PLC 70/30). Cévni nahrada pfipravena z toho polymeru byla tvotfena
pouze jednou vrstvou.

Pro porovnani vlastnosti polymeri byla provedena charakterizace obou elektrostaticky
zvlaknénych materidli. Kopolymer PLC je mirné€ hydrofilnéjSi nez polykaprolakton.
Termické vlastnosti obou polymert se znac¢né lisi. Zatimco kopolymer PLC je pievazné
amorfni s teplotou tani okolo 110°C, polykaprolakton je semikrystalicky polymer s teplotou
tani kolem 57°C. Mechanickd pevnost a prodlouzeni je pfiblizn¢ desetkrat vétsi
u elektrostaticky zvlaknéného kopolymeru PLC nez u polykaprolaktonu.

Biologické testovani elektrostaticky zvldknénych materidlti potvrdilo biokompatibilitu
obou testovanych polymert s fibroblasty i S endotelovymi bunikami. Vyssi proliferacni stupen
byl pozorovan pfi kultivaci bun¢k na mirné hydrofilngj§im kopolymeru PLC, ktery ziejmé
umoziuje lepsi bunéénou adhezi. VIdkenné materidly byly rovnéZz testovany po interakci
s krevnimi destickami, které se po inkubaci aktivovaly a agregovaly. Mirn¢jsi aktivace byla
pozorovana po interakci s hladkymi foliemi vyrobenymi ze stejnych materialti, coz doklada,
ze na aktivaci desticek ma vliv morfologie povrchu. Zvysena aktivace trombocyti byla pak
také pozorovana pii dynamické inkubaci vlakennych tubularnich vzorkd.

Vldkenné tkanové nosice byly vyuzity jako systém cileného uvoliiovani léCiv,
konkrétné oxidu dusnatého (NO), ktery ma mnohé pozitivni G€inky na kardiovaskularni
systém. VIdkna polykaprolaktonu byla obohacena o donory NO ze skupiny S-Nitrosothiold,
které umoznuji uvoliiovani NO ve fyziologickém rozmezi po 42 dni béhem testovani
in vitro. Po implantaci cévnich nahrad jako nahrada bfi$ni ¢asti aorty u potkant bylo zjisténo,
ze NO inhibuje bunécnou infiltraci do vnitini a stfedni vrstvy cévni ndhrady. Tento snizeny
vyskyt zanétlivych bun€k miZze branit vzniku neointimalni hyperplazie zpisobenou
hladkosvalovymi buitkami v pozdé&jSich stadiich implantace.

Klic¢ova slova: Cévni nahrady, Nanovlakna, Elektrostatické zvlaknovani, In vitro testovani,
Oxid dusnaty
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1 Introduction

The development of new medical care and treatment lead to the ageing
of the population and more tissues are needed to be repaired or restored. Transplantation is
considered to be a gold standard of tissue replacement; however it could be limited due
to the lack of appropriate donors. Government and other funding institutions are bewaring
of this fact therefore a lot of grants and projects dealing with so called tissue engineering are
funded nowadays. The development of tissue engineering scaffold, making them off-the shelf
available in various sizes is a real challenge in today's world. Especially in the field
of vascular tissue engineering there is a demand of an appropriate scaffold since no small
diameter synthetic vascular graft successful in a long term after implantation has been
successfully translated to clinic yet.

Cardiovascular diseases (CVDs) are the number one cause of death globally. More
people die annually from CVDs than from any other cause according to World Health
Organization. A large number of patients suffer from vascular damage, resulting in the need
for bypass surgery. Blood vessels can be blocked through a process called atherosclerosis.
Cholesterol and fibrous tissue make up a plaque and blood vessels become narrow and stiffen.
If the vessel is completely occluded, new pathway for blood flow has to be created during
a surgery. A graft can be either autologous using patient own vessel or man-made synthetic
tube.

Since there are still limitations in the replacement of small diameter vascular grafts,
the need and demand for developing more desirable grafts is increasing day
by day. The thesis is focused on a contribution to the development of ideal bypass graft
scaffolding material. Currently used materials are commercially fabricated from inert
polymers such as expanded polytetrafluorethylene or polyethylene terephtalate known
as Dacron. In the thesis, the usage of biodegradable materials is preferred since these
materials possess many advantages over the inert ones. After implantation of biodegradable
material, the body will start the healing response. Ideally, the scaffold structure and
composition would be able to promote healing of the injured or damaged tissue. In this case,
scaffold material serves as a temporary support that starts self-renewal of the tissue.

Purpose and the aims of the thesis

The aim of the dissertation was to create a vascular graft that will fulfill requirements
of small diameter vascular graft in terms of morphological structure that resembles native
extracellular matrix (1), possess appropriate mechanical properties (2) and surface properties
that will facilitate cell adhesion, especially endothelial cell adhesion to prevent further
thrombosis (3). Synthetic vascular grafts could be improved by incorporation of nitric oxide
releasing substances. The aim of long term nitric oxide release (4) was hypothesized to reach
in the last experimental part of the thesis.

Overview of the current state of the problem

Tissue engineering is an interdisciplinary field that applies the principles of chemistry,
physics, material science, engineering, cell biology and medicine to the development
of biological substitutes that restore, maintain or improve tissue/organ functions (Langer,
1993). The combination of classical engineering and life sciences is essential. Biomedical
engineering requires the cooperation of materials engineers, cell culture biologists, clinicians
and many other experts in different fields in order to develop functional scaffold.

Tissue engineering scaffolds are designed as structural and functional analogues



of extracellular matrix (ECM) assuming that cells recognize their natural environment
and undergo the regeneration of the damaged tissue. To reach this goal, many scaffold
fabrication techniques has been studied, for example rapid prototyping, solvent casting
and particulate leaching, electrospinning or decellularization of tissues. Specific requirements
are demanded for each application but some of them are generally accepted. Scaffolds have to
be fabricated from biocompatible materials that will further promote normal cell growth
without any adverse tissue reactions (Boland, 2004).

The issue of small diameter blood vessel replacement remains a major challenge yet
to be overcome in the production of appropriate vascular grafts. Specific properties of such
grafts have to be maintained not only in time of surgery but also in a long term after
the implantation. The production of vascular grafts has to be cost effective, environmental
friendly with consistent quality. The final product has to withstand selected sterilization
technique. The graft should be available in different sizes, various inner diameters, wall
thickness and length. During implantation, the graft has to be easily sutured and provided
initial mechanical strength to withstand blood pressure with no bleeding. An ideal vascular
graft must meet an extended list of criteria including the strength and elasticity of the vessel
wall, biocompatibility, blood compatibility and biostability in the long term (Greenwald,
2000; Arrigoni, 2006). It also needs to adapt to the hemodynamic conditions. Vascular graft
should enable the regeneration of the vessel wall therefore inert materials are replaced
by biodegradable ones. The materials have to be non-immunogenic and non-toxic (Thomas,
2003; Kakisis, 2005).

Vascular grafts could be classified as small caliber diameter (< 6 mm), medium size
(6-8 mm) and large caliber diameter (> 8 mm) (Chlupac, 2009). The latter are successfully
used in clinical praxis for years but there is still a pressing need to develop small diameter
vascular grafts that can replace failed small diameter arteries when there is an absence
of endogenous grafting material. Vascular grafts could be classified into two groups based
on their material composition as biological and synthetic. Biological grafts are usually
the first choice in clinical use. Autologous veins are preferred for bypass grafting of arteries.
These grafts provide mechanical stability and natural antithrombogenicity (Angelini, 1989;
Cameron, 1996). However, increase in the indications for the surgical revascularization,
elderly patients’ population and increased number of re-operations could be limiting
for the availability of suitable autologous grafts. Unavailability of the autologous grafts could
be an invitation for the usage of prosthetic conduits.

Synthetic grafts are represented by biostable grafts made from expanded
polytetrafluorethylene (ePTFE) and polyethylene terephtalate (PET). These inert materials are
succesfully used for large and medium size vascular grafts. However, in small diameter
locations the grafts became occluded. The major causes of synthetic vascular graft failure
have been thrombosis and intimal hyperplasia (Esquivel, 1986). In the last years, new
biodegradable materials are under development amongst which polyurethane (PUR)
and polyesters has been successfully investigated. Biodegradable polyesters, such as poly-e-
caprolactone or poly-L-lactic acid have been successfully used in research for tissue
engineering applications, including vascular replacement (Vaz, 2005; Notellet, 2009; Dong,
2008; He, 2008; Wu, 2010; Hu, 2012; Huang, 2012). The representative candidates, namely
PCL and copolymer composed of polylactic acid and polycaprolactone (PLC) were used
in experimental part of the thesis. Polymer PCL has been reported for different tissue
engineering applications such as bone tissue engineering (Rampichova, 2013; Erben, 2015).
Based on literature, electrospun vascular grafts made from PCL were reported by several
groups to be a promising candidate for vascular replacement (Pektok, 2008; Notellet, 2009).
PCL possesses intrinsically slow degradation rate, desirable mechanical properties,
and general biocompatibility (Woodruff, 2010). However, insufficient regeneration



of the vascular wall as well as graft calcification was reported by Valence et al. (2012).
Therefore novel material besides PCL was tested in order to improve function of such grafts.

Copolymer PLC composed of polylactic acid and polycaprolactone in different ratios
has also been reported as a promising candidate for vascular graft replacement. Mo et al.
studied electrospinning conditions of copolymer PLLA and PCL in ration 75/25 proving its
biocompatibility with endothelial cells and smooth muscle cells in vitro (Mo, 2004). Dong
et al. tested copolymer PLLA and PCL in ration 70/30 with endothelial cells for 105 days
proving its long-term compatibility with the endothelial cells that is a crucial task for vascular
graft function after implantation (Dong, 2008). He et al. rotationally seeded endothelial cells
in the lumen of the graft made from copolymer PLLA and PCL in ration 70/30.
After 10 days endothelial cells covered the lumen of the prepared graft during culturing
in vitro. This construct was subsequently implanted in the rabbit showing patency for 7 weeks
(He, 2008).

The final vascular graft could be designed as multi layered tube that will match
the properties of native tissues. Different polymers, fabrication techniques as well as drug
delivery systems could be employed in order to produce ideal vascular graft. Such approach
has been published for example by Han et al. The scaffold was prepared by electrospinning
of  poly(ethylene glycol)-b-poly(L-lactide-co-e-caprolactone)  (PELCL), copolymer
of polyglycolic acid and polylactic acid (PLGA) and PCL to ensure sufficient mechanical
properties. Specific growth factors such as vascular endothelial growth factor (VEGF)
and platelet-derived growth factor (PDGF) were incorporated into the inner and middle layer
of the graft. The structure od prepared graft together with drug delivery system supported new
blood vessel formation and maturation in vivo when sutured as a replacement of rabbit
common carotid artery for 8 weeks (Han, 2013). Similar study using double layered
electrospun scaffold was performed by Zhang et al. The combination of gelatin, elastin, PCL
and poliglecapron (PGC) was used to promote endothelialization. Human aortic endothelial
cells favored the biomechanics and biochemistry of such scaffold for at least 11 days in vitro
(Zhang, 2010). A three layered electrospun scaffold made from PCL, collagen and elastin was
described by McClure et al. The combination of polymers led to construction of vascular graft
with distinct properties for each layer such as fiber diameter, suture retention and compliance.
Mathematical modeling was implemented in order to achieve the best mechanical
combination of materials and to help the prediction of future graft optimization (McClure,
2010). Fiber orientation in vascular graft was studied by Wu et al. through the combination
of regulating the electric field and the rotation of collector leading to tubular scaffolds with
different nanofiber orientation (circumferential, axial and its combination). They stated that
such a complex nanofiber orientation can be constructed to achieve desirable macroscopic
mechanical property and cell responses along specific directions (Wu, 2010).

Fabrication of biodegradable synthetic vascular grafts seems to be a promising
approach to generate appropriate scaffolds in terms of morphological similarity
to the native ECM, appropriate bulk and surface properties. However, limitations
in the healing response of electrospun vascular grafts made from PCL were described
(Valence, 2012). To overcome the issues of thrombogenicity of the grafts, lack
of endothelialization of the graft lumen, intimal hyperplasia development as well as
inflammatory reaction, the incorporation of nitric oxide releasing substances was introduced
in the experimental part of the thesis. NO is a diatomic free radical, known as
the endothelium-derived relaxing factor (EDRF). Endothelial cells produce NO that has many
beneficial effects on cardiovascular system. NO is thromboresistant due to the inhibition
of platelet aggregation, adhesion and activation (Radomski, 1987). The affects of NO differs
for certain cell types in blood vessels. Whereas NO stimulates endothelial cell proliferation
(Ziche, 1994) and prevents endothelial cells apoptosis (Tzeng, 1997), it also inhibits smooth
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muscle cells growth and migration (Garg, 1989; Mooradian, 1995). NO possess anti-
inflammatory properties due to the inhibition of leukocyte adhesion and migration (Lefer,
1997). NO has limited solubility in water (2-3 mM), and it is unstable in the presence
of various oxidants. This makes it difficult to introduce into biological systems in a controlled
manner. Consequently, the development of chemical agents that release NO is important
(Wang, 2005). One promising group of NO donors is S-nitrosothiols (RSNO), which can be
readily incorporated into a polymeric vascular graft. S-Nitrosothiols are present in biological
systems, where they serve as a reservoir and transporter of NO (Jourd'heuil, 2000).

Materials and Methods

Materials used

Synthetic polyesters were used for fabrication of small diameter vascular grafts,
namely polycaprolactone (PCL, M,=45,000, Sigma Aldrich) and copolymer of poly-L-lactide
and polycaprolactone (PLC, 70/30, PURASORB). Polymer PCL supplied by Sigma Aldrich
has the average number molecular weight of 45,000 (M, 40,000-50,000) and polydispersity
index between 1,2 and 1,8 with the mass average molecular weight of 48,000-90,000.
Copolymer PURASORB PLC 7015 is a GMP grade (Good Manufacturing Practice)
copolymer of L-lactide and e-caprolactone in a 70/30 molar ratio. Content of L-lactide is
determined by the supplier in the range of 67-73 mol % and caprolactone between 33 and 27
mol %. Instead of molecular weight of the polymer, inherent viscosity is determined
by the supplier. The midpoint of inherent viscosity is 1,5 dl/g (ranging between 1,2
and 1,8 dl/qg).

Fabrication of small diameter vascular grafts

Synthetic vascular grafts were prepared by electrospinning with special set up that is
depicted in figure 1. Special collector in the form of rotating stainless steel was used
for obtaining tubular scaffolds. Electrospinning parameters like speed of polymer dosage,
voltage, distance between needle tip and collector, speed of mandrel rotation, relative
humidity and temperature were recorded. The parameters are described together with
resulting structures in each experiment.

The custom designed electrospinning apparatus consisted of a positive high-voltage
power supply (Spellman SL 150, Direct Industry), a syringe pump, a plastic syringe,
a hypodermic needle and a grounded stainless steel rotating mandrel (1-6 mm diameter, 20 cm
length). The speed of rotation varied between 250 rpm and 15 000 rpm. The data of rotation
speed are specified later in each chapter together with the results. Reciprocal movement of the
needle spinning electrode was achieved using a linear actuator. Polymeric solution dosage
was set to 1,5 ml/h. Time of electrospinning was adjusted to the required thickness of the gatft
that was measured during the fabrication using micrometer screw gauge. After
electrospinning, the tubular scaffold was dried overnight and then removed from the madrel
by manually pushing.
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Figure 1: The schema (a) and photo (b) of electrospinning setup used for small diameter vascular

grafts. Syringe pump (2) doses polymeric solution in the syringe (1) that is connected to the positively
charged needle (3). Forming fibers are collected on the rotating mandrel (4).

Mechanical properties of tubular scaffolds

Microfibrous samples with similar morphology were prepared by electrospinning
of 18 wt% PCL and 10 wt% PLC on rotating mandrel collector having the inner diameter
of 6 mm. Mechanical properties were investigated in single layered tubular scaffolds based
on the hypothesis that media layer of final vascular graft is responsible for its mechanical
properties. These tubular samples were cut into rectangular shapes with a constant width
of 10 mm. The thickness of the graft wall was measured using micrometer screw gauge before
each experiment. The samples were clamped into jaws and stretched using loading rate
of 50 mm/min until break. The active length of measured sample was 50 mm. During
the tensile test, force and elongation of the scaffold were recorded to obtain stress-strain
curves of each tested material (n=3).

In vitro tests of electrospun layers

Electrospun layers made from PCL and PLC were analysed in vitro. Firstly, fibroblasts
(3T3 mouse fibroblasts, ATCC) were used to assess the overall cell behavior on prepared
layers. Further, these layers were tested with Human umbilical vein endothelial cells
(HUVEC, Lonza). Finally, the layers were tested for their thrombogenic potential after
incubation with thrombocytes. Specific in vitro tests (endothelial cell seeding,
thrombogenicity testing) regarding final the usage of scaffolds in vascular tissue engineering
was carried out with nanofibrous PCL (PCL nm), microfibrus PCL (PCL um)
and microfibrous PLC (PLC) since the copolymer is not able to create fibers in nanoscale.
Therefore material composition influence as well as its morphology was evaluated.

To test cell adhesion and proliferation, colorimetric test using 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT test) was used for measurement of cell
viability during the cultivation time. Fluorescence microscopy and scanning electron
microscopy (SEM) was used for analyses of cellular morphology on the fibrous layers.
Fibroblasts/endothelial cell lines were seeded onto ethanol sterilized scaffolds having circular
size of 6 mm in diameter. The above mentioned analysis were done after 1, 3, 7 and 14 days
of cell culturing.

Thrombogenicity tests were carried out in static conditions by incubation
of the scaffolds in 96well plates (6 mm in diameter) with thrombocytes rich solution (TRS).
In order to compare different surface morphology, samples made from PCL (foils
and nanofibrous electrospun layers) and PLC (foils and microfibrous electrospun layers) were
prepared in the same way as in previous experiment and incubated with TRS. The analysis
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was carried in a similar way as in culturing method — the viability was measured after 2 hours,
1 day, 4 days and 7 days by MTT assay. Scanning electrone microscopy was done
in the same intervals to depict thrombocyte morphology.

Dynamic conditions were simulated using bioreactor that allow the flow of solution.
Blood flow is an important aspect that contributes to thrombocyte activation. The first
prototype of such a device was designed and constructed in the Technical University
of Liberec. Two double layered PCL vascular graft (inner layer interacting with thrombocytes
was composed of nanofibers) and two single layered microfibrous PLC grafts were attached
in bioreactor followed by thrombocyte rich solution circulation through each tested graft for 2
hours (10 mi/min). The analysis was done by SEM only to observe the change of thrombocyte
shape.

Modification of vascular grafts by nitric oxide donors

This part of the thesis was done in Michigan Technological university (MTU),
Department of Biomedical Engineering. The project was focused on the development
of a long-term NO-releasing polymeric vascular graft by blending different NO releasing
compound from the group of S-Nitrosothiols with PCL by the way of electrospinning. Newly
synthesized compound, S-Nitrosoacetyl-D-penicillamine derivatized cyclam (SNAP-cyclam),
was studied for long term NO release.

Vascular grafts made from poly-g-caprolactone (PCL, Sigma Aldrich, M,=45000)
were obtained by electrospinning a 16 wt% solution of PCL dissolved
in chloroform/ethanol/acetic acid (8/1/1 v/v/v) using similar device as described in figure 1.
Vascular grafts with long-term NO release were prepared by mixing the SNAP-cyclam
(0,2734 wt%) into the PCL electrospinning solution. The final concentration of NO releasing
compounds  was  optimized by: the amount of compounds  added
to the electrospinning solution (a), the way of preparation of electrospinning solution (b),
the release Kkinetics of produced grafts (c). After a series of optimization procedure
of electrospinning solution preparation, the electrospinning parameters were set as follows:
the solution was charged at 20 kV and ejected through a 22 G needle at a constant rate
of 2,54 ml/h. The fibers were collected on a rotating stainless steel mandrel at a rotational
speed of 250 rpm. The mandrel was placed 15 cm from the needle tip.

Measurement of NO release was carried out using a Siever’s Nitric Oxide Analyzer
(NOA) that is based chemiluminiscence reaction of NO with ozone:

NO + O3 — NO, + O,

NOZ_ — N02 +hv
The device offers the most versatile detection system for NO analysis. Samples releasing NO
were measured immersed in phosphate-buffered saline (PBS) at 37°C to imitate conditions
in the body. S-Nitrosothiols release NO group in the presence of copper ions and ascorbic
acid. Therefore when NO release declined, these agents were added to PBS and further NO
release was detected.

In order to simulate body conditions, vascular grafts were incubated in PBS
and in complete medium between NO release measurements. Vascular grafts made from PCL
modified by SNAP-cyclam (length 1 cm) were weighted and incubated in PBS as well as
complete medium consisting of Dulbecco's Modified Eagle's Medium (DMEM), 10% fetal
bovine serum and 1% penicillin/streptomycin. The data obtained by incubation
in PBS/complete medium should simulate the environment in vivo where the same vascular
grafts were further implanted for time period of 10 days.

Six Sprague Dawley rats received an abdominal aorta replacement graft with an inside
diameter of 1,65 mm and wall thickness of 685,5 + 53,3 um, of which three were pure



electrospun PCL controls, and three were experimental NO releasing, electrospun vascular
grafts containing SNAP-cyclam.

After 10 days, the grafts were collected with the host distal and proximal ends
of the artery. The samples were embedded in freezing medium (Neg 50; Thermo Scientific),
snap frozen in liquid nitrogen and cryosectioned. Basic histological assessment (hematoxylin
eosin staining, fluorescence staining of cell nuclei) was carried out in order to characterize
the scaffodls engraftment.

Summary of the results achieved

Electrospinning of polycaprolactone

One of the goal of the thesis was mimicking of structure of native blood vessel that is
naturally composed of 3 layers. The histological investigation of blood vessel composition is
also a part of the thesis and yields in the design of ideal double layered vascular graft that will
be mimicked by electrospinning. The idea was to mimic only 2 layers (inner and medial)
assuming that the third outer layer will create naturally after implantation into the body.
The proposed structure is depicted in figure 2. The inner layer supports the endothelial cells
that are crucial for vascular graft function within the body. Endothelialization of the graft
lumen will ensure the antithrombotic surface. Medial layer should allow smooth muscle cell
penetration into many layers that are naturally found in native vessels and ensure mechanical
stability of the vessel.

Inner layer: nanofibrous, thickness tens of micrometers,
C non-thrombogenic, facilitating endothelialization

Media layer: microfibrous, radially oriented fibers,
thickness hundreds of micrometers, porous structure
AN facilitating smooth muscle cell migration; elastic properties
with sufficient mechanical strength

Figure 2: Structural design of double layered vascular grafts.

Electrospinning of PCL solution led to the production of proposed structure designed
in the figure 2. The inner layer was composed of nanofibers that were electrospun from
16 wt % PCL. It has been discovered that the addition of acetic acid into electrospinning
solution decrease the fiber diameter therefore PCL for inner layer was dissolved
in chloroform/ethanol/acetic acid 8/1/1 (v/v/v). The solution led mostly to the fibers having
about 150 nm diameter with a few deformed fibers and beads as depicted in figure 3 a.
Nanofibrous structure also serves as a barrier for migration of other cell types into this layer
that could cause severe complications such as intimal hyperplasia. The thickness of the layer
was adjusted by the time of electrospinning that was set to 5-10 minutes for the thin inner
layer (giving the thickness of tens of micrometers). There was no requirement for fiber
orientation therefore the rotation speed was set between 3 000 and 5 000 rpm. The media
layer has to ensure the mechanical strength and support for smooth muscle cells that are
radially oriented in many layers. The infiltration of the smooth muslce cells are supported
by microfibrous structure allowing cells to penetrate the middle part of the graft. The media
layer was prepared by electrospinning of 18 wt % PCL dissolved in chloroform/ethanol 9/1



5.2

(v/v) having diameter of around 1 um (figure 3 b). The layer was thicker (250-300 pm set
by the time of electrospinning that was about 1 hour) in order to ensure appropriate
mechanical strength of the graft. The speed of collector rotation was adjusted to 10 000 rpm
in order to obtain fiber orientation. The electrospinning parameters were the same for both
layers: temperature 22-23°C, relative humidity 50-60%, voltage 15 kV, distance 20 cm, feed
rate 3 ml/h. Cross section of double layered PCL graft is seen in figure 3 c.

and outer layer composed of oriented microfibers (b), scale bars 20 um. Cross section of double
layered PCL graft composed of nanofibers in the inner side (1) and microfibers in the outer side (O).
Scale bar100 um (c).

Electrospinning of copolymer PLC

Copolymer PLC was succesfully electrospun from electrospinning solution composed
of 10 wt % PLC dissolved in chloroform/ethanol/acetic acid 8/1/1 v/v/v for production
of tubular scaffolds. The structure of fibers electrospun on rotating mandrel as well as tube
cross section is depicted in the figure 4. Electrospinning parameters were set as follows:
needle diameter 0,6 mm, volage 15 kV, distance between the tip of the needle and collector
20 cm, speed rotation of the mandrel 5 000 rpm, feed rate 3 mi/h. Copolymer PLC did not
enable the creation a double layered vascular graft with morphology resembling native ECM.
Electrospinning of PLC on rotating mandrel led to the structure composed of uniform
microfibers. Changing of electrospinning solution composition nor electrospinning conditions
did not enable the creation of nanofibers from this copolymer.

View fieid: 207 pm | Date(midly): 102011 TUL Liberec

Figure 4: Fiber morphoogy of electrospun copolymer PLC (a), scale bar 50 um and cross section
of vascular graft made from PLC (b), scale bar 100 um.
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5.4

Mechanical properties

Mechanical behaviour of tubular samples reflected different mechanical behavior
between PCL and PLC fibrous layers. The maximum strength of PCL tubular samples
reached the values between 2,3 and 4,4 MPa (the average engineering tension
of 3,3 + 1,1 MPa). The elongation of tubular samples made from PCL ranged between 32
and 48% (the average value of 37,5 + 8,8 %). The scaffolds made from copolymer PLC
showed different shape of measured stress-strain curves than in PCL reaching the maximum
strength between 26 and 43 MPa (the average of 37,2 = 9,2 MPa) and elongation at break
of 230-450% with average value of 377,4 + 157,4 %. Representative stress strain curves
for each tested tubular sample with similar wall thickness is depicted in figure 5. Electrospun
copolymer PLC is capable to withstand higher engineering tension and elongation at break
that are considered to be important aspects of functional vascular grafts.
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Figure 5: Comparison of stress-strain curves of PCL tubular fibrous layer (blue line, 29 um thickness)
and PLC layer (red line, 29,5 um thickness).

Biological performance of fibrous layers

Cell viability seeded on PCL and PLC microfibrous scaffold was measured
by MTT test during the time of cultivation in days 1, 3, 7 and 14. Data were expressed herein
as mean =+ standard deviation of measured absorbance. Tests for significant differences used
a two-tailed Student's t-test and required p<0,05 to claim significance. After the first
and the third day of cultivation, the adhesion of fibroblasts did not show statistically
significant difference between both tested materials. After a week of cultivation, higher
proliferation rate was found in PLC layer. After 7 and 14 days of cell culture, the viability
of fibroblasts on copolymer PLC was significantly higher compared to PCL fibers as depicted
in graph in figure 6.
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Figure 6: Cell viability measured by MTT test after 1, 3, 7 and 14 days of scaffold cultivation
with 3T3 mouse fibroblasts (* indicates p < 0.05).

Endothelial cells cultured on the same materials showed similar trend of increasing
cellular viability during the period of cultivation time. Cell morpohology is depicted in figure
7 after 1, 3, 7 and 14 days of cultivation after double staining with phalloidin-2-(4-
amidinophenyl)-1H -indole-6-carboxamidine (DAPI).

3 14

Figure 7: Fluorescence microscop pices of hman umbilical vein endothelial cells stained
with phalloidin-FITC (green) and DAPI (blue) during cell culture (1, 3, 7 and 14 days):
a) PCL, b) PLC. Scale bar 100 um.

When different morphology of PCL fibers was compared (microsized and nanosized),
surprisingly microfibers supported endothelial cell attachment and proliferation more than
nanofibers. Viability measured by MTT test was higher in microfibrous layers. After 14 days
of culturing, more microfibrous surface scaffold was covered by endothelial cells compared
to nanofibrous one as depicted in figure 8.
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after14 days of culturing on: @) PCL nm, b) PCL um. Scale bars 50 um.

The main failure of vascular grafts after implantation is the acute thrombogenicity that
is affected by chemical composition of surface, morphology of exposed surface and other
factors. In order to characterize an extent of thrombogenicity of the electrospun layers,
samples were tested with thrombocyte rich solution in static and dynamic conditions.
The highest metabolic activity of adhered thrombocytes after 2 hours of static incubation
measured by MTT test was found in nanofibrous layer from PCL but the difference did not
claim significance (see figure 9). Platelets lost their viability during the incubation time.
After 4 and 7 days of incubation the metabolic activity was very low that is in agreement
with the life-time of thrombocytes.

0,8 - EPCLnm
HPCLum

0,6
K PLC

Absorbance [570-650nm]

A 9 © Q
Time of incubation

Figure 9: Metabolic activity of thrombocytes adhered to electrospun layers after 2 hours, 1,4
and 7 days.

After 2 hours of static incubation with TRS the nanofibrous PCL layer (PCL nm)
contained the highest number of thrombocytes that corresponds with the result of MTT test.
The surface of nanofibrous layer was fully covered with adhered thrombocytes (figure 10a).
On the other hand, microfibrous structures allow the platelets to penetrate the layer inside
(figure 10 b, c) and they were found not only on the surface as in case of nanofibrous
structure. This could be an explanation of similar metabolic activity measured by MTT test.
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Fiure SEM pictures dhered toboctes after 2 hours of mcubatlon in thrombocyte
rich solution on PCL nm (a), PCL um (b) and PLC (c). Scale bars 20 um.

In order to examine the influence of surface roughness, foils and electrospun layers
made from PCL and copolymer PLC were tested in similar way. Viability measurement
showed that fibrous layers activated more thrombocytes than foils prepared from the same
materials. The rate of platelet activation was also visible in scanning electron microscopic
pictures. While fibrous layers were fully covered with spread thrombocytes as shown
in previous figure 10, smooth surfaces of foils were covered by individual platelets
in different stages of their activation. Circular resting platelets (indicated by blue arrows) as
well as irregular shapes of thrombocytes with pseudopodia (indicated by red arrows) were
found as seen in figure 11.

SEMHV: 200KV | SEMMAG: 10,0 kx piliig VEGA3 TESCANMl SEMHV: 200KV | SEMMAG: 100k Lol VEGA3 TESCAN|
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Figure 11: SEM pictures of platelets incubated in PLC foils. Red arrows mark activated
spread platelets, blue arrows sign resting circular platelets. Scale bars 5 um.

Thrombogenicity of the tubular scaffolds were tested in dynamic conditions. After 2
hours of thrombocytes rich solution flow through the vascular grafts made from double
layered PCL and microfibrous PLC, different morphology of adhered thrombocytes were
found in SEM pictures. Thrombocytes adhered to nanofibrous structures were activated
and almost no circular platelet was found such as in the picture 10a after static incubation.
The fibrous structure was completely covered by spread thrombocytes. In case
of microfibrous PLC graft, the platelets were also spread but some of the circular platelets
with pseudopodia were found. Nanofibers have high surface to volume ratio therefore it was
assumed that the activation of thrombocytes will be higher. No quantitative data were
obtained from this experiment but different morphology of platelets was found as depicted
in figure 12. The flow of thrombocytes rich solution contributed to higher platelet activation
compared to static conditions.
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Figure 12: SEM pictures of vascular graft throbogenicity tests under flow conditions: inner
nanofibrous layer of PCL vascular graft (a) and microfibrous PLC vascular graft (b). Scale
bars 20 um.

5.5 Modification of vascular grafts by nitric oxide donors

Vascular grafts made from PCL were blended with NO releasing substances in order
to improve their functions. Control PCL scaffolds and NO modified grafts were about 5 cm in
length, 1,65 mm inner diameter with a wall thickness between 500 and 700 um. Tubular
scaffold made from PCL had average fiber diameter of 143 + 80 nm, PCL modified
by SNAP-cyclam 179 + 182 nm. In addition to fibers, polymeric beads were present
in the structures of both control and NO-releasing PCL grafts.

Nitric oxide releasing PCL grafts were evaluated for NO release after 1 hour
incubation period bathed in PBS (figure 13, blue line) and in complete DMEM (figure 13, red
line) which are conditions that are known to promote NO release from the polymer composite.
The grafts display an initial burst of NO immediately after soaking in PBS between 2x10™*°
moles/(min*cm?) and 4,5x10™ moles/(min*cm?) that is similar to physiological levels
released from endothelial cells (Vaughn, 1998). NO release decreased with time until CuCl,
and ascorbic acid were added after 60 minutes. Addition of exogenous solutions caused
an increased NO release to comparable levels as measured during the initial burst in PBS.
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Figurel3: NO release from a SNAP-cyclam PCL graft after 1 hour bathing in PBS
(blue line) and in complete DMEM (red line). After 60 minutes, CuCl, and ascorbic
acid were added to the PBS solution, stimulating the further release of NO (indicated
by an arrow). Green lines displays physiological NO release by endothelial cells.
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Both PCL and NO-releasing PCL vascular grafts exhibited excellent surgical handling
and suture retention properties during implantation as a replacement of rat abdominal aorta.
No significant blood leakage was observed after restoration of blood flow and pressure.
After 10 days in vivo, none of the six implanted grafts demonstrated thrombosis or aneurysm
formation. Longitudinal cross sections revealed extensive cellular infiltration within the wall
of the grafts (figure 14, 15). However, the presence and distribution of cells in the control
graft differed from that of the NO-releasing grafts. The PCL control graft was homogeneously
infiltrated with cells. In contrast, a high density of cells was present in the luminal
and adventitial margins of the NO-releasing graft, but cells were nearly absent from
the central region. Cells had penetrated the NO-releasing graft largely from the adventitial
side, with only a relatively thin band of cells observed along the luminal side of the graft.
No evidence of cell injury or necrosis was detected in the NO-releasing graft cross sections
(figure 15 D, E, and F).

Quantification of the cells present in each graft confirmed that the PCL control was
homogeneously infiltrated by cells. The mean cellular density for the PCL control graft was
similar throughout the entire graft (23,5 + 0,8 cells/100x100 pm) relative to the middle region
(24,2 + 0,6 cells/100x100 um). In contrast, the NO-releasing graft exhibited an average cell
density of 18,1+ 1,0 cells/100x100 um compared to 6,5 + 0,5 cells/100x100 um in the middle
region of the graft. Both the average cell density and the density of cells from the middle
of the graft were significantly reduced in the NO-releasing graft relative to the control PCL
grafts. Specific cell staining in order to distinguish different cell phenotype has not been
carried out. However, after 10 days of implantation it is expected that most of the cells were
immune cells. This suggestion was also noticeable from morphology of cells when observed
with higher magnification objective. The majority of the cells belonged to macrophages and
neutrophils.

G S G LRSS R e
Figure 14: H&E and DAPI staining of PCL vascular graft after 10 days
of implantation: Graft-artery junction showing host artery to the right (A), transverse
cross section of graft's wall H&E stained (B) and DAPI stained (C); scale bars 500 um.
Detailed images of luminal side of the graft (D), middle part (E) and adventitial part
(F); scale bars 50 um.
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Figure 15: H&E and DAPI staining of a NO-rele
of implantation: Graft-artery junction showing host artery to the right (A), transverse
cross section of graft's wall H&E stained (B) and DAPI stained (C); scale bars 500 um.
Detailed images of luminal side of the graft (D), middle part (E), and adventitial part
(F), scale bars 50 um.

6 Evaluation of results and new finding

The first experimental part of the thesis was focused on appropriate scaffold material
development. The idea was based on mimicking the structure of native blood vessel
morphology by electrospinning of 2 chosen biodegradable polymers: PCL and copolymer
PLC. An ideal model of vascular graft morphology was designed as double layered graft
with defined morphologies of certain layers. In case of PCL, the proposed model was created
and the double layered graft was produced. When PLC was used for production of tubular
scaffolds, only single layer graft was prepared.

The second tested hypothesis was the mechanical performance of vascular grafts.
Copolymer PLC created tubular scaffolds possessing excellent elongation properties
of 377,4 £ 157,4 % of elongation until break compared to only 37,5 + 8,8 % achieved
with tubular scaffolds made from PCL. Mechanical strength of electrospun PLC was also
higher than PCL (37,2 = 9,2 MPa in case of PLC compared to 3,3 + 1,1 MPa for PCL). Based
on the mechanical behavior, copolymer PLC seems to be more appropriate candidate
for production of vascular grafts even if double layered structure has not been achieved.

Biocompatibility of the electrospun layers was tested in vitro. The first test compared
PCL and PLC having similar fibrous structure. Copolymer PLC significantly supported
fibroblast proliferation on those scaffolds compared to PCL one probably due to the lower
hydrophobicity of the surface. Similar results were obtained by using endothelial cells.
Copolymer PLC was endothelialized faster than PCL. Another tested hypothesis was whether
nanofibers support endothelial cell adhesion but this condition has not been proved. In case
of PCL, nanofibers did not fasten the endothelialization of the scaffold surface. The effect
seemed to be in the opposite way - microfibers were more beneficial for endothelialization
than nanofibers. Based on these results, endothelialization is dependent on fiber diameter
and chemical structure; however nanofibers did not show the enhanced endothelialization as
expected when cultured under static conditions.

Incubation of nanofibrous and microfibrous scaffolds with thrombocytes did not show
significant difference between PCL and PLC nor between nanofibrous and microfibrous layer
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made from PCL in terms of measured thrombocyte viability. There was a difference
in platelet colonization of the scaffold. Nanofibrous layers did not allow the penetration
to the inner structure therefore platelets were abundantly found on the surface.
On the contrary, platelets incubated with microfibrous structures made from PCL and PLC
were poorly spread over the surface but the platelets reached the inner parts of the scaffolds
due to bigger pore sizes. Thrombocyte aggregate formation was typical in these pores.

Roughness of fibrous structure contributes to thrombocytes activation that was
manifested by testing the same materials in 2 forms - electrospun fibers and smooth foils. It
was found that smooth surface with the same chemical composition is less thrombogenic than
corresponding fibrous surface. Electrospun layers were fully covered with thrombocytes
whereas foils were covered by single platelets in different stage of their activation that was
clearly visible from SEM pictures in figure 11.

Taken together, even if copolymer PLC was not able to create previously designed
double layered graft, other materials properties in general became more important when
considering ideal material for usage in vascular tissue engineering applications. Copolymer
PLC has excellent mechanical properties and it supports cell adhesion and proliferation. Even
if PLC was not able to create the designed double layered structure, copolymer PLC is
appropriate in terms of better surface wettability properties, higher elongation, mechanical
strength, cytocompatibility with both tested cell lines (fibroblasts and endothelial cells)
and lower thrombogenicity compared to PCL. Another important property of polyesters is
their degradation rate that strongly influenced in vivo performance. The degradation studies
will be carried out as well in order to fully characterize suitability of presented materials.

The last experimental part was focused on modification of polymeric vascular grafts
made from PCL. Nitric oxide donors were added to electrospinning solution and release
kinetics was studied in vitro. Newly synthesized compound, SNAP-cyclam, was able
to release NO in a long term that was proved in in vitro as well as in vivo conditions. Newly
synthesized compound, SNAP-cyclam, was able to release NO at physiological levels up
to 42 days measured in PBS after blending with PCL by the way of electrospinning. Similar
results were achieved when vascular grafts were incubated in complete medium that more
closely simulate conditions within the body. After implantation in vivo, vascular grafts were
patent after 10 days of implantation. There were differences between control PCL grafts and
NO releasing grafts, especially in the way of cellular distribution within the graft thickness.
The NO release strongly inhibits the harmful infiltration of inflammatory cells
into the middle and inner regions of the vascular grafts. Additional long-term studies should
be conducted to confirm a reduced intimal hyperplasia relative to control grafts and measure
the rate of re-endothelialization.
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Yalcin 1., Horakova J., Mikes P., Gok Sadikoglu T., Domin R., Lukas D. Design
of Polycaprolactone Vascular Grafts. Journal of Industrial Textiles, 2014, 1-21.

Cheng, T., Hund R.D., Cherif Ch., Aibibu D., Horakova J., Cherif Ch. Pure Chitosan
and Chitosan/Chitosan Lactate Blended Nanofibres Made by Single Step Electrospinning.
Autex Research Journal, 2013; 13:128-33.

Horakova J., Yalcin I. Structure optimization of small diameter nanofibrous vascular tube.
Workshop pro doktorandy FS a FT TUL — sbornik, Technicka univerzita v Liberci, 2013, 46-
49, ISBN 978-80-7372-987-5.

Voriskova J. Testovani nanovlakennych tkanovych nosic¢a in vitro. Workshop pro doktorandy
FS a FT TUL — shornik, Technicka univerzita v Liberci, 2012, 124-128, ISBN 978-80-7372-
891-5.

Contriburion in conference proceedings

Poster presentation

Horakova J., Mikes P., Saman A., Ackermann M. Electrospun Polylactide-Polycaprolactone
Copolymer for Vascular Tissue Engineering, European Society for Biomaterials (ESB) 2015,
Krakow, Poland.

Horakova J., Yalcin I., Telem G.S., Mikes P. Nanofiber Morfology Optimalization for Using
as a Tubular Artificial Blood Vessels, Tissue Engineering and Regenrative Medicine Society
(TERMIS) 2013, Istanbul, Turkey.

Soukupova J., Horakova J., Mitura K. Nanofibrous Layer Containing Diamonds for Tissue
Engineering Applications, Nanomed International Conference on Nanotechnology
in Medicine 2012, London, United Kingdom.
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8.2.2 Oral presentations
Horakova J., McCarthy C., Frost M., Goldman J., Lukas D., Mikes P. Nanofibrous Vascular
Grafts Releasing Nitric Oxide, European Society for Biomaterials (ESB) 2014, Liverpool,
United Kingdom.

Horakova J., Prochazkova R., Jencova V., Mikes P., Cudlinova M. Polycaprolactone
Nanofibrous Layer Functionalized by Thrombocyte Rich Solution, Human Skin Engineering
and Reconstructive Surgery (HUSKIEN) 2013, Praque, Czech Republic.

Horakova J., Soukupova J., Rockova K. Cell Adhesion and Proliferation on Modified
Nanofibrous Layers, Strutex 2012, Liberec, Czech Republic.

Laourinne E., Voriskova J., Al-Rez M.F., Cherif Ch. Nanofiber Tubes as Vascular Grafts,
NANO2012 XI International Conference on Nanostructured Materials, Rhodes, Greece.
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Curriculum Vitae

Personal details:

Name: Jana Horakova

Address: Na Strani 258, 471 25 Jablonné v Podjestédi
Date of birth: 10.2.1987

Telephone: +420 602 356 789

Email: jana.horakova@tul.cz

Education and Training:

e From 2011 Technical University of Liberec, Czech Republic
Faculty of Textile
Doctoral studies Textile Material Engineering

e 2009-2011  Charles University in Prague, Czech Republic
Faculty of Pharmacy in Hradec Kralové
Specialist in Medical Instrumental Methods (Master Degree)
Diploma Master of Science with distinction

e 2006-2009  Charles University in Prague, Czech Republic
Faculty of Pharmacy in Hradec Kralové
Laboratory technician (Bachelor Degree)
Diploma Bachelor of Science with distinction

e 2002-2006 Gymnazium Ceska Lipa, Czech Republic
Grammar school

Work experience:

e 2013-2014  Michigan Technological University (10 months)
Biomedical Engineering
Multilayered Nanofibrous Scaffolds for Vascular Tissue Engineering
e 2011-2012  Technical University Dresden (4 months)
Institute of Textile Machinery and High Performance Material
Technology
Electrospinning of pure chitosan, Modification of nanofibrous tubes
for vascular tissue engineering
e 2011 Hospital in Mlada Boleslav (3 weeks)
Department of Clinical Biochemistry
e 2009-2011  University Hospital in Hradec Kralové
Department of Gerontology and Metabolism
Research of DNA damage in patients lymphocytes with lung carcinoma
e 2010 Contipro Group s.r.0. Dolni Dobrou¢ (4 weeks)
Molecular biology, fermentation and analytical chemistry
e 2007-2009  University of Defence in Hradec Kralové
Department of Toxicology
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Research of DNA damage in cells, effects of antioxidants

e 2009 University Hospital in Hradec Kralové (3 weeks)
Institute for Clinical Immunology and Alergology
e 2008 Generi Biotech s.r.0. Hradec Kralové (2 weeks), molecular biology

Professional awards:

e 2013-2014 Fulbright-Masaryk stipendium (10 months)
e 2009, 2011 Roche’s company award for excellent study results
e 2008, 2009, 2010  Scholarship for excellent study results

Community Service:

e A member of Academic Senate of Technical university of Liberec, October 2012-May
2013

¢ A member of Filharmonic Choir (Severecesky filharmonicky sbor), since January
2010 a member of artistic board of the Choir

Additional information:

e Interested in music (playing the musical instruments, singing in a choir), sport
(voleyball, badminton, tennis, swimming), culture (visiting theatre) and reading

Lanquage Skills:

e English — advanced
e German — basic
e Czech — mother tongue

Other details:

e Driving licence category B
e Computer Literate - MS Windows, MS Office (Word, Excell, PowerPoint),
Internet
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Brief description of the current expertise, research and scientific

activities
Doctoral studies

Studies

Exams

SDE

Teaching activities

Teaching

Leading
Bachelors/Master
Students

Textile Engineering

Textile Technics and Materials Engineering

Full time

Specialization in the field (Stereology), 11.5.2012

Basic of Applied Subjects (Macromolecular Chemistry), 20.8.2012
Main Subjects of the Field (Tissue Engineering), 20.3.2013

Bascis of Natural Science (Mathematical Statistics and Data
Analysis), 26.4.2013

State Doctoral Exam completed on 23.2.2015 with the overall
result passed.

Medical Textiles, 2011-2012
Stereology, 2012-2015
Materials for Tissue Engineering, 2013-2015

Aneta Hnili¢kova, Development and biodegradability testing
of nanofibrous scaffoldfor tissue engineering, 2012.

Bc. Pavla Sykackova, The influence of hydrophilic/hydrophobic
properties of nanofibrous scaffolds on cell adhesion, 2014.

Bc. Tereza Pavlikova, In vitro testing of small-diameter
biodegradable vascular grafts, 2015.

Bc. Petra Kryskova, Biological testing of degradable polyesters
used for small diameter vascular grafts, 2015/2016.
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Research projects

Nanofibrous Biodegradable Small-Diameter Vascular Bypass
Graft (Ministry of the Health of the Czech Republic), co-
investigator, 2015.

Nanofiber materials for tissue engineering (VaVpl, Ministry
of Education Youth and Sports of the Czech Republic), co-
investigator, 2013-2015.

The relationship between nanofibrous structure and cell
distribution (Student Grant Competition), investigator, 2013.

Development of nanofibrous scaffolds for tissue engineering
and cell proliferation testing (Student Grant Competition),
investigator, 2012.

Research of Nanomaterials and Progressive Technologies
Applications for Protection against CBRN Agents (Ministry
of the Interior of the Czech Republic), co-investigator, 2012.

Polymer Solution in External Electrical Field: Molecular
Understanding of Electrospinning Process (Czech Science
Foundation), co-investigator, 2012.
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Record of the state doctoral exam

\ TECHNICKA UNIVERZITAV LIBERCI

Q’ Fakulta textilnf L

ZAPIS O VYKONANI STATNi DOKTORSKE
ZKOUSKY (SDZ)

Jméno a ptijmeni doktorandky: Mgr. Jana Horakova
Datum narozeni: 10. 2. 1987

Doktorsky studijni program: Textilni inZenyrstvi

Studijni obor: Textilni technika a materialové inZenyrstvi
Termin konani SDZ: 23. 2. 2015
N "
prospéla neprospéla
Komise pro SDZ: Podpis
Predseda: prof. RNDr. Oldfich Jirsak, CSc. // ///*L
o ' e sl
Mistoptedseda: |doc. Ing. Lukas Capek, Ph.D. =7
Clenové: prof. RNDr. EvZzen Amler, CSc. CITLYVERS
; /)
prof. Ing. Ivan Stibor, CSc. P ,\\ /N had

1

=
doc. Mgr. Irena Lovétinska-Slamborové, Ph.D. ’;/77 . ((77 — /Z A

. N——
doc. RNDr. Miroslav Sulc, Ph.D. \*\(A St
o /@\-‘

V Liberci dne 23. 2. 2015

O prubéhu SDZ je veden protokol.

TECHNICKA UNIVERZITA V LIBERCI | Fakulta textilni | Studentska 1402/2 | 461 17 Liberec 1 =li= .

tel.: +420 485 353452 | jmeno.prijmeni@tul.cz | www.ft.tul.cz | IC: 467 47 885 | DIC: CZ 467 47 885 EEE
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Reccomendation of the supervisor

TECHNICKA UNIVERZITA V LIBERCI

Fakulta textilni ]
Katedra netkanych textilii a nanoviakennych material( | Studentska 1402/2 | 461 17 Liberec 1 =l= -
tel.: +420 485 353146| david.lukas@tul.cz | www.ft.tul.cz | IC: 467 47 885 | DIC: CZ 467 47 88 EEE

Liberec 17.2.2016
Disertaéni prace: NANOVLAKENNE CEVNI NAHRADY
Autorka: Mgr. Jana Horakova
Hodnoceni skolitele

Disertani prace Mgr. Jany Hordkové ,Nanovldkenné cévni nahrady se zabyva vyzkumem a
aplikaci vlakennych materidli pro tkanové inZenyrstvi. Zejména se vénuje piipravé a testovani
nanovldkennych cévnich ndhrad s malym priumérem (men$im nez 6 mm). Aktualni téma této
disertatni prace je postaveno na jedineéné vlastnosti textilnich materialdi strukturovanych na
rozmeérech stovek nanometrti, které jsou schopny napodobovat morfologii mezibun&¢né hmoty. Pro
pfipravu cévnich ndhrad pouzila doktorandka biodegradabilni polyestery, konkrétné
polykaprolakton (PCL) a jeho kopolymer PLC. Laboratorné vyrobené cévni nahrady analyzovala
z hlediska jejich fyzikdlné-chemickych vlastnosti, morfologie a testovala je in vitro v laboratofich
tkanoveho inzenyrstvi na Technické univerzité v Liberci a na Michigan Technological University.

S podporou obou pracovist provedla také in vivo testy na laboratornich potkanech.

Od samého zadani disertacni prace projevovala Mgr. Hordkova nejenom hluboky zajem o zvolenou
problematiku, ale také nevsedni pracovni nadSeni, nasazeni a invenci. P¥i prvotnim upfestiovani
tématu se b&hem staze na Technische Universitdt Dresden rozhodla vénovat maloprimérovym
cévnim ndhradam. ZkuSenosti s elektrostatickym zvldkiovani chitosanu na specidlni kolektor
ucinéné v Némecku déle rozvijela na nasi univerzité. Problematika kontaktu textilniho materialu
maloprimérové cévni ndhrady s komplexné a disipativné se chovajicimi bun&¢nymi strukturami
organismu piedstavuje gigantickou problematiku ve srovnani s nasazenim technickych textilii pro
prumyslové aplikace. S védomim této slozitosti se doktorandka soustiedila na vybrané materialy a
testy. Za polymery pro umélé cévy zvolila biodegradabilni polyestery. Z po¢atku pracoval s PCL a
poté objevila na trhu kopolymer PLC, ktery vyrazné zlepsil mechanické vlastnosti nanovlakenného
materidlu ndhrady. Pii pobytu v USA se naucila nanovldkenné materidly funkcionalizovat
prekurzory kysliéniku dusnatého, ktery ma mnohé G¢inky na kardiovaskularni systém. Ve své praci
hled4 souvislosti mezi morfologii, fyzikalné chemickymi vlastnostmi grafti a reakci chovani
nahrady pfi in vitro a in vivo testech.

Doktorandka pfispéla podstatnou mérou k pochopeni vzajemnych souvislosti mezi materidlovymi a
procesnimi parametry vyroby nanovldkennych cévnich ndhrad a odezvou pii jejich interakci
s tkanémi modelovych zvifat a laboratornich buné¢nych populaci. O kvalité jeji prace svéd¢i i to, Ze
v roce 2013 ziskala Fulbrightovo stipendium. Pozitivnim vysledkem préce jsou testy in vitro, které
prokazali cytokompatibilitu zvolenych materiali. Doktorandka prokézala, Ze nanovlakenn4 cévni
nahrada plni svoji funkci v téle potkana po dobu 10 dnd, je-li pouzita jako nahrada ¢asti biisni
aorty.

Jako skvélou hodnotim publika¢ni ¢innost Mgr. Jany Hordkové, ktera k dnesnimu dni ¢&ita 7
konferencnich prispévki a 8 casopiseckych publikaci. Jeji h-index je 1. Podtrhuji i tu skute¢nost, Ze
se doktorandka velmi aktivné podilela na p¥ipravé 6 projekti.

Navrhuji, aby prace Mgr. Jany Horakové byla pfijata k obhajobé.

Skolitel: prof. RNDr. David Lukas, CSc. ‘ \/\J\/;ﬁ S
Skolitel specialista: Ing. Petr Mikes, CSe. - s
olitel specialista: Ing. Petr Mikes, CSc g /
/ €& .
/



Opponents’ reviews

( ' FAKULTNI NEMOCNICE

OLOMOUC

Oponentsky posudek
doktorandské dizertac¢ni prace Mgr. Jany Horakoveé:

Nanovlakenné cévni nahrady

Doktorandska dizerta¢ni prace ma celkem 119 stran vlastniho textu véetné
velmi pfehlednych tabulek, grafi a vyobrazeni. Velmi rozsahly je i seznam literarnich
odkazl. Prace ma klasické ¢lenéni dizertacni prace se véemi nalezitostmi. Po for-
malni strance je prace velmi peclivé zpracovana. Svym rozsahem i hloubkou infor-
maci, které jsou v ni obsazeny, prace, podle mého nazoru, vysoce prevysuje naroky,
kladené na tento typ praci. Svéd¢i to o autoréinych rozsahlych znalostech zpracova-
vané problematiky.

Téma prace je z klinického hlediska vysoce aktualni a je zvoleno spravné.
Jak autorka konstatuje, doposud nebyla vyvinuta takova uméla cévni nahrada o ma-
Iém praméru, ktera by se dala pouzit ke kontrukci bypassu na véncitych tepnach.
Kardiochirurgie je tak stale odkazana pouze na pouziti vhodnych autolognich cévnich
material(l pacienta, jejichz mnozstvi je pochopitelné omezené a jsou i situace, kdy uz
u nemocného vhodnou cévni nahradu nemame k dispozici.
Kdyby se tedy podafilo pouZitelnou cévni nahradu vyvinout, znamenalo by to zcela
nepochybné prilom v této oblasti klinické mediciny.

Myslenka, vyvinout biodegradabilni protézu, ktera by slouZila jako matrix pro
endotelialni buniky, které by vytvofily v pribéhu vhojovani jakousi neocévu, ktera by,
diky pfitomnosti endotelu, byla odolna proti tromboze, je velmi originalni.

Prace ma velmi podrobné rozpracovanou teoretickou ¢ast, ve které se Ctenar
seznamuje s teoretickymi zaklady, ze kterych autorka projektu vychazela. V dalSi
¢asti autorka popisuje, jakym zplsobem postupovala pfi tvorbé vlastni cévni nahra-
dy. Analyzovala sténu nativni cévy a na tomto zakladé zvolila material a rozmérové
parametry cévni nahrady. Dale je podrobné popsan proces pfipravy cévni protézy,
ktera byla nasledné podrobena riiznym testlim (mechanickym a nasledné i biologic-
kym). Ve je v praci velmi podrobné dokumentovano obrazové i graficky.

Prvni, takto pfipravené protézy byly pouzity (chirurgicky implantovany) i in vivo

v experimentalnim modelu na krysach. Vysledky, byt jen kratkodobé, jsou velmi po-
vzbuzujici (nedoslo k trombdze protézy). Nasledné byly vzorky zpracovany i histolo-
gicky a vysledky této analyzy jsou také soucasti prace. Zavérem tedy autorka mize
konstatovat, Ze cil prace splnila a Ze byl Uspésné uginén prvni krok k vyvoji nového

typu cévni nahrady.

I. P. Paviova 6 fax: +420 588 442 377 Bank. spojeni: Ceska spofitelna, a. s. 1C: 00098892
775 20 Olomouc e-mail: Cislo Gctu: 2934392/0800 DIC: CZ00098892
tel: +420 588 442 344 kardiochirugie@fnol.cz

www.fnol.cz
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Je nezbytné zdlraznit, Ze se jedna o rozsahlou experimentalni praci, ktera da-
le pokracuje.

Zaveér:

Téma prace je vysoce aktualni a jeji cile byly spinény. Prace je ¢tiva, velmi za-
jimava a pfinasi nové poznatky. Autorka prokazuje velmi hluboké znalosti dané pro-
blematiky.

Dizertace prinesla nové poznatky a ma vyznam nejen pro souc¢asnou kardio-
chirurgii, ale i pro celou rfadu obord, které bylo nutné do experimentu zapojit. Metody
prace byly spravné zvoleny a vysledky jsou zajimavé a originalni a byly publikovany.

Mohu konstatovat, Ze Mgr. Jana Horakova predlozila nadstandardné kvalitni
dizertacni praci. Prokazala v ni, Ze ma hluboké a velmi rozsahlé znalosti dané pro-
blematiky, Ze umi védecky pracovat, Ze je schopna pojednat o feSeném problému, Ze
dovede logicky a exaktné formulovat zjisténé vysledky. Dizertaéni praci doporuéuji
pfijmout v predlozené formé k obhajobé (podle § 47 VS zakona 111/98 Sb.) a po je-
jim uspésném absolvovani doporuéuji, aby byl Mgr. Jané Horakové pfiznan akade-
micky titul doktor ve zkratce Ph.D.

(oY CULTH NEaf

prof. MUDr. Vladimir Lonsky, Ph.D., FETCS
prednosta Kardiochirurgicke kliniky FN a LFUP OIomouc
Olomouc, 17.2. 2016
I. P. Pavlova 6 fax: +420 588 442 377 Bank. spojeni: Ceska sporitelna, a. s. IC: 00098892
775 20 Olomouc e-mail: Cislo Gétu: 2934392/0800 DIC: CZ00098892
tel: +420 588 442 344 kardiochirugie@fnol.cz

www.fnol.cz
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Doc. MUDr. Mgr. Zbynék Tonar, Ph.D.
Ustav histologie a embryologie
Lékarska fakulta UK v Plzni

Karlovarska 48

301 66 Plzen

tel.: +420607818614, +420377593320
tonar@Ifp.cuni.cz

Oponentni posudek

na dizertaCni praci pani Mgr. Jany Horakové, doktorandky Fakulty textilni Technické univerzity
v Liberci, na téma ,,Nanovlakenné cévni nahrady*.

Doktorandka pfedlozila anglicky psanou dizertacni praci o 130 stranach, v niz se zabyva
vytvarenim a testovanim maloprimérovych cévnich nahrad z biodegradabilnich polymerd.
Vlastni text prace je rozdélen do sedmi kapitol, dale je pfipojen obsahuje soupis 130 citovanych
literarnich pramend, seznam pouzitych zkratek a CD s elektronickou verzi prace.

Vyznam dizertacni prace pro obor: Potieba vyvoje novych typ cévnich nahrad je v praci
velice dobfe zdlvodnéna. Téma povazuiji za vhodné zvolené a jednoznaéné aktualni. Jednim
z hlavnich pfinosu prace je vybér a $ife pouZitych metod, které pokryvaji navaznost od vyvoje
materialu protéz aZ k jejich in vivo testovani. Strategii pfizptsobeni nové vyvijenych nahrad
vlastnostem a mikroskopické stavbé skuteénych cév povaZuiji za proziravé zvolenou. Kromé
vyuZziti v evoluci osvédéenych principl totiz umoZfiuje pfizplisobit cévni nahradu tomu, ze
konkrétni tepna &i jeji segment vznika a béhem ristu jedince se remodeluje a pfizpUsobuje
mistnim anatomickym a fyziologickym podminkam dané¢ &asti fecisté. Takto vyvijené cévni
nahrady jevi slibnou 8anci na adaptaci pii implantaci do cilové tepny.

Postup feseni problému: Uchazecka formulovala hlavni otazky fe$ené svou doktorskou praci
jako porovnani fyzikalné-chemickych viastnosti jednovrstvych a dvouvrstvych cévnich nahrad
pripravenych ze dvou riznych polymerd. Dale nahrady charakterizuje z hlediska mechanickych
vlastnosti, mikrostruktury, cytotoxicity, trombogenicity a interakce s burikami pfi kultivaénich
testech in vitro. Dal$i &asti prace je in vivo studie s obohacenim tkarfiového nosiée o latku
uvolnujici oxid dusnaty. V uvodu prace formuluje jednotlivé problémy jednoznaéné a na zakladé
podrobného rozboru soucasného stavu poznani, ktery podrobné rozebira v druhé, teoreticky
zamerené kapitole. Ve tfeti kapitole podava popis vyroby a testovani nahrad, na coz navazuje
ve Ctvrté kapitole popisem a provedenim in vitro testi. Pata kapitola je vénovana vyvoji a in vivo
testovani nahrad uvolfujicich NO. V Sesté kapitole jsou jednotlivé okruhy diskutovany ve svétle
jiz publikovanych vysledki, v sedmé kapitole jsou pak shrnuty do zavérd.

Pouzité metody: Ke spinéni vytéenych cilll byly pouzity Upravy a optimalizace vyrobnich
postupl nanovlakennych nahrad, mikroskopické sledovani jejich struktury, mechanické zkousky,
testy biokompatibility s fibroblasty, testy kultivace s endotelovymi buiikami, testy trombogenicity
a morfoglociké (histologické) vyhodnoceni nahrad pouZitych v in vivo experimentu u potkana.
Volbu metod pro jednotlivé cile a zejména jejich vzajemnou navaznost povazuiji za velmi silnou
stranku prace. Metody jsou fadné dokumentovany, jejich pouZiti je vzhledem k cildm vhodné

1/4
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zvolene a vyvazené, popis provedené prace umoziuje pfipadnou reprodukovatelnost a takto
ziskané vysledky Ize povaZovat za validni.

Spinéni cili prace: Jak vyplyva z kapitol 3-5, dizertadni prace jednoznaéné spinila v tivodu
formulované cile. Jejich shrnuti je piehledné podano v kapitole 7.

Vysledky prace a pfinos doktoranda: Doktorandka prokazala svoje hluboké znalosti pfi
formulace védeckého problému z oblasti vyvoje a technologie pfipravy cévnich nahrad,

z oblasti in vitro i in vivo testovani, to v8e na zakladé kritického rozboru souasné drovné
védeckého poznani. Prokazala dale schopnost planovat, provést a vyhodnotit vhodné navrzené
experimenty v dosti netrivialnim usporadani. Doktorandka je schopna mezinarodni spoluprace
s konkrétnimi vystupy, je schopna vysledky kriticky interpretovat a z téchto vysledku vyvodit
odpovidajici zavéry. Celou praci je schopna shrnout do srozumitelné psaného, piehledné
usporadaného a logicky provazaného védeckého textu. Vysoce hodnotim skuteénost, Ze
naprostou vétsinu praci provadéla doktorandka osobné a osvojila si Sirokou $kalu dovednosti
prekracujicich hranice nékolika obortl. Autorka v diskusi navic nastifiuje dal§i sméfovani prace
ve svém oboru, ke které ma dle predloZzené dizertace vynikajici predpoklady.

Formalni zpracovani a jazykova uroveii: Prace je logicky a piiehledné ¢lenéna, jednotlivé
oddily jsou dobfe logicky provazany, typografické a grafické zpracovani je na vysoké urovni,
text je dobre Citelny, popisky obrazkl jsou samovysvétiujici, vSechny zkratky jsou vysvétleny.
Prace je psana ¢tivou, srozumitelnou a gramaticky zcela spravnou americkou angli¢tinou na
vysokeé stylistické arovni.

Pfipominky k formalnimu zpracovani: V anglicky psaném textu je tfeba pouzivat i pfislusnou
formu oddéleni desetinnych mist od jednotek, tj. nikoliv Eeskou verzi desetinné ¢arky ,1, 47
MPa*“, ale tzv. decimal point “1.47 MPa”. V textu jsou naprosto ojedinélé preklepy (str. 11
possess--> possesses, podmétem je ,graft” v jednotném Cisle). Na nékterych mistech autorka
pouZiva dvé rizné konvence zapisu &isel v exponencialnim tvaru (4x10° vs. 6*10'12). Na
ojedinélych mistech textu jsou navic mezery mezi Cislem a znakem procent. VétSina zdroju pro
anglictinu (v€etné védecké anglictiny) doporucuje vypisovat Cislovky < 10 slovné, nikoliv
Cislicemi, tj. napr. ,three pillars“ namisto autorkou pouzivaného ,3 pillars”.

Vyjadreni k publikacim studentky: Doktorandka doklada publikaci osmi ¢lanki ve sbornicich
a Casopisech. U péti z nich je prvni autorkou, tfi jsou uvedeny v databazi Web of Science, u
dvou se jedna o periodika s faktorem impaktu dle Thomson Reuters Journal Citation Reports.
Dale jsou doloZena tfi posterova sdéleni z mezinarodnich konferenci a pfedneseni Ctyr
prednasek. Schopnost autorky publikovat a obhajit védecké prace v mezinarodnim méfitku tak
povaZzuji za presvédcivé doloZzenou. | na vysoké trovni vlastni disertacni prace je patrné, Ze
dosavadni zkuSenosti s psanim védeckych sdéleni autorka zde bohaté zurodila.

Pripominky a dotazy:
Na str. 19 je uvedeno, Ze ,proliferation rate could be estimated by the area occupied by the
cells* — k tomu bych podotkl, Ze plocha zarostla burfikami nezavisi pouze na jejich proliferaci, tj.

poctu, ale i na velikostni distribuci, ktera se mlze v ¢ase ménit. K vyhodnoceni proliferace by
mozna byl vhodnéj$i dobfe definovany a standardizovany proliferani index.
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Na str. 21 je jako typicky rozmér krevnich destiéek uveden 1-2 um. Jednalo se o rozméry
nativnich trombocytl pred aktivaci nebo o rozméry az po aktivaci? Jednalo se o méfeni

v izotonickém prostredi? U lidskych destiek totiz uvadi vétsina zdroji obvyklé velikostni rozpéti
2-3 um.

Na str. 22 byla pfi charakteristice tunica media uvedena popis typicky pro medii tepen
elastického typu, tj. nejvétSich a srdci nejblizsich tepen. Odstavec je viak sou&asti oddilu 2.2.
s nazvem ,Small diameter vascular grafts“. Patrné by bylo vhodnéj§i podat zviast
charakteristiku medie u tepen elastického typu a tepen svalového typu, protoZe prave stavba
medie je u téchto skupin tepen dosti rozdilna.

Diky obsaznosti a mezioborovému presahu prace je otazek, které se nabizeji, velmi mnoho a
doktorandka si zcela spravné nékterych z nich sam v&ima v kapitole vénované diskuzi a
vyhleddm do budoucna. K diskuzi pfi obhajobé si dovolim polozit uchazeéi nasledujici dotazy:

Berete pii vyvoji materialdl pro cévni protézy poZzadavky cévnich chirurgd? Jak je napf.
okraj textilnich $t€pl nachyiny k otiepu z hlediska retence cévniho stehu v protéze?
Vyskytuji se poZadavky na kompatibilitu s tkafovymi lepidly? Lze s nanovlakennymi
cévnimi nahradami manipulovat nejen pfi otevienych chirurgickych operacich, ale i pfi
endovaskularnich zakrocich?

Je pro Vami vyuzivané materialy znam &asovy pribé&h jeho rozkladu v organizmu
vyjadfitelny napr. jako polo¢as degradace po implantaci do nékterého &asto vyuZivaného
standardizovaného mista v cévnim fegisti?

Jaka je naopak poZadovana celistvost a neporusenost cévni nahrady tak, aby bylo
moZné predejit riziku jejich predéasného rozpadu?

Je vstiebatelnost vyhodou u vSech aplikaci cévnich nahrad nebo naopak existuiji
aplikace, kdy je pfi nahradé vhodnéj$i nevstiebatelny material?

Jak se liSi se vyvoj cévni nahrady pro elastické tepny a tepny svalového typu? Je tieba
toto zohlednit nebo Ize vychazet z totoZného materialu nahrady a jeho usporadani?

Na str. 25 popisujete oblast cévy, ktera je dlouhodobé bez endotelu. UdrZuje si povrch
nahrady potiebné antitrombogenni vlastnosti i dlouhodobé&?

Muzete se vyjadiit k riziku infekce cévnich nahrad? Lze pii vyvoji vhodného materialu
toto riziko néjak snizit?

V jakém rozsahu prdmérl a tloustky stény Ize z Vami testovanych materialu vyrabét
cévni nahrady?

Na str. 26 zminujete diferenciaci monocytl v makrofagy typu M1 a M2. Na &em zavisi, do
ktereho fenotypu se monocyty v cévni nahradé diferencu;ji?

Slozky cévni stény maji in vivo predpéti. Je nutno pfi vyvoji nahrady brat v potaz predpéti
materialu? Mikroskopicka vysetieni véetn& morfometrie se vztahuiji na klidovy
(relaxovany) stav nahrady, av8ak po implantaci do rliznych &asti tepenného fecisté je
rozpinana krevnim tlakem. PovaZujete tento rozdil za vyznamny &i zanedbatelny?

Jsou studované nahrady odolné proti zalomeni?

Maji Vami vyvijené nahrady srovnatelnou poddajnost (compliance) jako nativni cévy?
Jak ovliviiuje pfitomnost cévni nahrady $ifeni pulzové viny?
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e Na str. 32 je uvedeno, Ze ,thrombocytes preferentially attach to hydrophilic surfaces” a
hned dale, Ze ,hydrophilic materials could contribute to prevent acute thrombosis”. Neni
v tom rozpor?

* Na str. 38 by bylo vhodné doplnit, s jakymi typy kolagenu se v cévni sténé setkavame.

* Na str. 40 (Fig. 8) je popisovan radialni priibéh viaken v medii. Pfitom na
mikroskopickych snimcich medii se s radialnim priib&hem nesetkavame, ten je
spiralovity. Ma radialni pribéh viaken nahradit kohezi, mezibuné&né spoje a propojeni
pres matrix mezi jednotlivymi vrstvami spiraly?

» Skenovaci elektronova mikroskopie (napf. str. 44 a jinde) ma pomérné vysokou hloubku
ostrosti, coz pfinasi i problémy s perspektivou. MiZe to vyznamné ovlivnit méfeni
rozmérl vidken bliz8ich a vzdalenéjsich vi&i pozorovateli?

e Str. 57: dochazi pfi méfeni mechanickych viastnosti k tam vyraznym deformacim, ze by
bylo tieba prirez/tloustku vzorku uvedenou ve vzorci na str. 57 korigovat b&hem
samotného méreni?

e Str. 73: Cim si vysvétlujete nerovnomeérny rust endotelovych bunék pfi in vitro kultivaci
Vv porovnani s rovhomeérnéj$im rastem fibroblasta?

e Str. 73: Hovofite o adhezi endotelu — Ize tuto néjak objektivizovat ve fyzikainim smyslu
pomoci mikromanipulaénich technik (napf. jako silu nutnou k odtrzeni od povrchu) &i $lo
pouze o vyhodnoceni nasedani bunék na testovany podklad bez vyhodnoceni miry
adheze?

o Lze né&jak kvantifikovat povrch vidken? Event. jej vypoditat pfi znalosti délek a distribuce
prameéru viaken?

e Jsou znamky néjaké kritické rozméry vlaken, pfi nichz se nékteré z testovanych
vlastnosti skokové méni?

Zavér a doporuceni: Z predloZené prace vyplyva, Ze doktorandka prokazala schopnost a
pripravenost k samostatné Cinnosti v oblasti vyzkumu a vyvoje a k samostatné teoretické i tviréi
Cinnosti. Dizertaéni prace spliiuje poZadavky kladené na doktorskou dizertaci zakonem &.
111/1998 Sb. o vysokych 8kolach v platném znéni. Proto jednoznaé&né doporuéuiji jeji prijeti

v predlozené podobé jako podklad k obhajobé a za predpokladu Gsp&$né obhajoby doporuéuiji,
aby pani Mgr. Jané Horakové byl udélen akademicky titul ,doktor* (Ph.D.) v pfislusném oboru
podle § 47 Zakona o vysokych Skolach ¢. 111/98 Sb.

V Plzni dne 29.1.2016

V@“W
MUDr. Mgr. Zbynék Tonar. Ph.D.
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Department of Biomedical Engineering

309 Minerals and Materials Engineering Building

Michigan Technological University P &73,%%3333 i

906-487-2772 Fax 906-487-1717

February 15™, 2016
PhD Defense Committee:

I have read and carefully considered Jana Horakova’s PhD dissertation. Prior to reading this work, I was
already very familiar with Jana’s accomplishments, as she worked in my lab during her Fulbright
Scholarship. Over a relatively short time, she made a strongly favorable impression on me. She
demonstrated an existing expertise in electrospinning methodology, and she learned sophisticated NO
chemistry as well as histological characterization techniques while she was here. From numerous first-
hand interactions, I developed a high confidence in her intellectual ability, her command of the scientific
knowledge of her field, her high level of motivation, her fluency in English, and her collegiality.

Presently, there is no suitable non-autologous vessel for bypassing diseased small diameter arteries.
Therefore the scientific and industrial community is still searching for a solution. Jana’s work furthers
the development of synthetic vascular graft materials in an effort to meet a pressing need in human
health. Specifically, her contributions relate to polymer processing and characterization, graft design,
incorporation of NO-releasing compounds into polymers, and the biological response to materials.

The methodology that Jana used is appropriate for achieving the aims of the study. Jana developed
expertise in electrospinning methodology, polymer processing, and materials characterization, which was
leveraged to fabricate an experimental vascular graft for in vivo implantation. She provides an extensive
characterization of PCL and PLC mechanical properties and in vitro cell response. The work includes
many beautiful SEM and histological images and their interpretations, demonstrating her broad expertise
with various imaging modalities and her intellectual ability. A sophisticated NO release functionality
was successfully incorporated and used to increase the biocompatibility of the polymers. The work
opens up broad avenues for future endeavors.

A major contribution of her work relates to the biological response to the NO releasing graft vs. the
control graft. Jana discovered that the NO release strongly inhibited the migration of harmful
inflammatory cells from the blood circulation into the graft wall. This effect may be exploited to protect
a vascular graft from harmful inflammation and intimal hyperplasia.

The layout and organization of the dissertation is effective from the standpoint of clarity. The English
language level is very good. Although there are many minor mistakes, none of them detract from the
overall clarity of the work. The English quality is on par with or generally exceeds publications in
leading scientific journals penned by non-native English speakers.

[ strongly recommend the PhD thesis for approval by the defense committee.

Sincerely,

Jeremy Goldman, PhD

Associate Professor

Biomedical Engineering Department
Michigan Technological University
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