Charles University in Prague
2"d Faculty of Medicine

Field of study: Medical Biophysics

Mgr. Andrea Mi ¢kova

Biodegradable Nanofibers for Tissue Engineering an€ontrolled Drug
Delivery

Biodegradabilni nanovlakna pro ti@vé inZenyrstvi éizené dodavani g/

PhD Thesis

Supervisor: prof. RNDr. Evzen Amler, CSc.

Prague, 2015



Statement of originality:

| hereby declare that this thesis and the workntepdherein was composed by and originated
entirely from me. This thesis has not been subthifte any degree or other purposes.
Information derived from the published and unpuidis work of others has been

acknowledged in the text and references are givéine list of sources.

| agree with prolonged accumulation of an electorersion of my work in the Theses.cz
interuniversity database system project for theppses of systematic checks on similarities

among theses.

Prague, 31.03.2015

Apd Mikova



Identifikacni zaznam:

Mickova, Andrea.Biodegradabilni nanovlakna pro thkavé inZzenyrstvi aizené dodavani
léciv. [Biodegradable Nanofibers for Tissue Enginegriand Controlled Drug Delivery].
Praha, 2015Pcatet stran 161, pet @iloh 4. Disert&ni prace (Ph.D.). Univerzita Karlova

v Praze, 2. Lékaka fakulta, Ustav biofyziky. Vedouci prace AmlEyzen.

Key words: Functionalization, Blend Electrospinnir@oaxial Electrospinning, Controlled

Drug Delivery, Tissue Engineering, Liposomes, Réds$ea-granules.

Klicova slova: Funkcionalizace, %$8smé elektrostatické zvldkvani, Koaxialni
elektrostatické zvlatovani, Rizené dodavani bioaktivnich latek, Tk&é inZenyrstvi,

Liposomy, Trombocytyg-granule.



First of all, | would like to express my gratituttemy supervisor, prof. RNDr. EvZzen Amler,
CSc., for his kind and valuable advice, and for ynsunggestions concerning my experimental

work and the writing of this manuscript.

| appreciate the kind help of my colleagues from ltistitute of Experimental Medicine of
the Academy of Sciences of the Czech Republic. latéso grateful to prof. RNDr. David
LukdS, CSc. and his research team from the Depattwie Nonwovens and Nanofibrous
Materials, Technical University of Liberec, for théhelp and valuable advice on the
preparation of nanofibers by electrospinning teghas. Mr. Robin Healey from the Czech

Technical University in Prague is gratefully ackhesged for his language revision of the

thesis.

| owe a great debt of gratitude to my family - esakly to Erik and to grandpa - and to

friends for their support throughout my studies.



List of Abbreviations

ACI Autologous Chondrocyte Implantation
ANTS 8-Aminonaphthalene-1,3,6-trisulfonic acid
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CPP Critical packing parameter

DIiOC6 3,3 -diethyloxacarbocyanine iodide

DPX p-xylene-bis-pyridinium bromide

dsDNA double stranded Deoxyribonucleic acid
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FBS Fetal bovine serum
FDA Food and Drug Administration

FESEM Field emission scanning electron microscopy

FGF Fibroblast growth factor

FGF Fibroblast growth factor

FITC Fluorescein isothiocyanate
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HRP Horseradish peroxidase

IGF Insulin-like growth factor

LUV Large unilamellar vesicles

MEM Minimum essential media
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tetrazolium)

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetzalium Bromide
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PC Phosphatidylcholine
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PDGF Platelet-derived growth factor

PEG Polyethylene glycol
PEO Polyethylene oxide
Pl Propidium iodide
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PVA Polyvinyl alcohol

PVA/PCL Polyvinyl alcohol/Polycaprolactone

RPR Platelet-rich plasma

SEM Scanning electron microscopy
SUV Small unilamellar vesicles
TBS Tris-buffered saline

TGF Transforming growth factor-beta
VEGF Vascular endothelial growth factor

a-granule Alpha granules
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1 Indroduction

Regenerative medicine is one of the most dynanyickVeloping medical fields, and its main
goal is to promote tissue repair. One of the keyes in tissue engineering is the material
design of scaffolds. Nanofibers formed by electiusing have been shown to mimic the
structure and the biological function of the exédadar matrix. Electrospun nanofibers have a
small diameter that closely matches the size sohtbe extracellular matrix, and the high
surface area-to-volume ratio of nanofibers is idieal cell attachment, proliferation and
differentiation (Yarin et al. 2001). These uniqueperties of electrospun nanofibers make

them suitable for various tissue engineering appbaos.

In addition to serving as scaffolds, nanofibrousshes can be designed to serve as
delivery vehicles for bioactive factors (Dahlinat 2011). The main considerations for the
development of successful delivery systems fouéssngineering are the bioactivity of the
biomolecules incorporated within the scaffolds atite controlled release of these

biomolecules according to the time frame of tissgeneration (Ji et al. 2011).

1.1 Electrospinning

In recent years, electrospinning has gained muemtatn as a highly efficient fiber-forming
nanotechnology process that enables the creatiosubMmicrometer fibers drawn from
polymer solutions and melts (Cipitria et al. 203arg and Bowlin 2011). The earliest
theoretical work related to electrospinning phenoangas written in the 19th century by
Lord Rayleigh (Rayleigh 1882). The principle of deeelectrospinning originated through
the work of Zeleny, who designed an apparatusttaitysng electrical discharges from liquid

points (Zeleny 1914). The process of electrospigmas patented in 1934 by Formhals, who
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outlined an experimental setup for the productiérpa@ymer filaments using electrostatic
force (Formhals 1934). A theoretical investigatiorthe area of electrospinning was made by
Taylor, who followed Zeleny’s works (Zeleny 1914elény 1917) and formulated instability
criteria for spherical drops of liquid when subgettto an external electrostatic field (Taylor
1964). Nowadays, a unique needleless electrosgjntieichnology, Nanospideét, based on
the patent of Jirsak et al. (2005), from the TecahiUniversity of Liberec, has been
developed by Elmarco, a Czech company based inrddb@irsak et al. 2005). Research in
electrospinning started gaining popularity, esdbcafter Doshi and Reneker spun various
kinds of polymers to characterize their proper{@sshi and Reneker 1995). Since then, there
have been many theoretical developments of thendrimechanism of the electrospinning

process (Feng 2002; Lukas et al. 2008b; Reznik 2084; Theron et al. 2005).

1.1.1 Principle of electrospinning

The basic configuration required for the processle€trospinning is a high-voltage source, a
capillary tube with a spinneret, a metering pumat tbontinuously supplies the polymer
solution, a polymer and a collector (Figure 1.1heTprinciple of electrospinning is based on
the application of strong electric fields eithergolymer solutions or to melts. A charge is
induced in the polymer, and charge repulsion octoutbe solution. Above a certain critical
value of the applied electric field strength, tr@ymer liquid surface starts to self-organize
on a mesoscopic scale due to the “fastest formrmetability” mechanism. This instability is
represented by the fastest growing stationary leapilwave with “Taylor cones” and
electrospinning jets originating from the wave tse#s the jets move, the solvent evaporates

and ultrafine fibers are produced on the colle@itokas et al. 2009).
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Figure 1.1 Schematic diagram of an electrospinningetup

Adapted from Lukas D. et al.,, 2008 [Nonwoven Fafjri@Principles of Electrospinning,
Lukas D., Sarkar A., Chaloupek J, (Chapter subdjiftdonwoven Fabrics, Edited by V. K.
Kothari, IAFL Publications, New Delhi, India (Luk&$ al. 2008a)

1.1.2 Working parameters and their effect on the electroginning process

Solution parameters (e.g. concentration, moleculaight, viscosity, surface tension and
conductivity/surface charge density), processingumaters (e.g. voltage, flow rate, distance
between the collector and the tip of the syringed ambient parameters (e.g. humidity,
temperature) have strong influence on the conwersiopolymer solutions into nanofibers
during the electrospinning process (Li and Wang320Electrospun fibers with desired
morphologies and diameters can be produced by ratiglthese parameters (Teo et al.

2011).

1.1.2.1 Solution parameters

The concentration of the polymer solution is onetlod most effective parameters for
controlling the structural morphology of electrospanofibers, e.g. when the concentration

is very low, electrospraying occurs instead of tspinning, resulting in the formation of
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polymeric micro(nano)particles (Deitzel et al. 2D0When the concentration is increased,
smooth fibers are obtained. However, if the cormedioin is very high, micro-ribbons are
formed (Eda and Shivkumar 2007). Very high molecwaight of the polymer also favors
the formation of micro-ribbons, even if the polynmoemcentration is low (Zhao et al. 2005).
Surface tension, as a function of solvent compmsitalso plays an important role in the
electrospinning process. Beaded fibers can be cwuwvénto smooth fibers by reducing the
surface tension of a solution with a fixed concatndn (Yang et al. 2004). The viscosity of
the solution is the critical parameter for detenmgnthe fiber morphology. It has been
confirmed that low viscosity solutions are unsugalfor the production of smooth and
continuous fibers, while high viscosity causes hgedtion of jets from the solution (Sukigara
et al. 2003). It is also very important to rememthet viscosity, polymer concentration and
polymeric molecular weight are related to each otheand Wang 2013). The conductivity
of the solution is determined mainly by the typegpofymer, the salt and the type of solvent.
Published data indicates that increasing the cdnuiycof the solution leads to the formation

of thinner fibers (Huang et al. 2006a).

1.1.2.2 Processing parameters

The voltage that is applied is another crucialdat the process of electrospinning, due to its
direct influence on the fluid flow dynamics. An iease in applied voltage has been found to
affect the structural morphology of nanofibers @lemc et al. 2010). Some groups have
observed that higher voltages facilitate the foramabf bead fibers with a thick diameter

(Deitzel et al. 2001; Rodoplu and Mutlu 2012). Thtie level of influence on the fiber

diameter is obvious, but the level of significarspends on the polymer concentration and
on the distance between the tip and the collectoe{dem et al. 2008). It has also been
confirmed that the effect of decreasing the tidembr distance is almost the same as the
effect of increasing the voltage (Homayoni et &102). Greater distance may enhance the
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evaporation of the solvent, leading to the formmatmf thinner fibers. A short distance
between the tip and the collector could cause thmdtion of wet fibers with a flattened
cross-section (Chowdhury and Stylios 2010). Flowe res another important processing
parameter. If the flow rate is too high, thickeodis with higher occurrence of beads are
formed, due to the short drying time prior to reaghhe collector, and low stretching forces

(Li and Wang 2013).

1.1.2.3 Ambient parameters

Several studies have examined the effect of ambpanameters on the electrospinning
process. Reneker and Chun performed the electrgsgiprocess under a vacuum in order to
obtain higher electric fields for the productionlafge diameter fibers and yarns (Reneker and
Chun 1996). Mituppatham et al. (2004) observedniirelectrospun polyamide-6 fibers at
60°C compared to fibers prepared by electrospinrbetpw 30°C. They attributed the
formation of thinner fibers to the decrease inufseosity of the polymer solution at a higher
temeparture (Mit-uppatham et al. 2004). The infkeenof humidity on the surface
morphologies of the polystyrene fibers was obsetyeGasper et.al (2004). Their experiment
showed that at 31-38% of humidity, pores startefdnm on the fiber surface, and increasing

the humidity further to 60—72% led to fusion of f@res (Casper et al. 2004).

1.1.3 Collectors

Collectors have a significant impact on the proitgt and on the resulting nanofiber mesh
properties. Special collectors can be classifiem i main groups: static and rotating

collectors (Figure 1.2).
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Figure 1.2 Schematic depiction of the electrospinng process

(A) A charged solution is drawn from the tip ane tresidual random fibers collect on a
grounded plate. (B) A spinning disc technique comiypoemployed to create aligned
electrospun fibers. Corresponding random and alidiers produced from the setup shown
here (unpublished data). Adaptedm Li et al., 2010 Biomimetics Learning from Nature,
book edited by Amitava Mukherjee (Ed.), ISBN: 938-807-025-4, InTech, (2010), Chapter
24 Biomimetic Architectures for Tissue Engineerisignming Li, Sean Connell and Riyi Shi.,
DOI:10.5772/8773 (2010)
http://www.intechopen.com/books/biomimetics-leagrnmom-nature/biomimetic-architecture
s-for-tissueengineerinf.i et al. 2010).

The design of the collector is always adapted ¢éopttoduct requirements. Various collectors
are therefore used to collect nanofibers, e.gicstat rotating plate collectors (Ding et al.
2009); static or rotating patterned collectors amdiating drum collectors to achieve
nanofibers with aligned structures (Neves et a072MNiu et al. 2009); wire drum collectors
(Sundaray et al. 2004); disk collectors (Huanglef@l13); water bath collectors (Ki et al.
2007), etc. Jirsak et al. (2010) used a movingtsatesto collect nanofibers in their system

(Jirsak et al. 2010). The distance between therig the collector determines the way the
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fibers arrive on the collector, and thus has aiBgg@mt influence on the mesh properties

(Gomes et al. 2007).

1.2 Improved electrospinning techniques

On the basis of the spinneret and the spinning edetrospinning can be broadly classified

into needle electrospinning and needleless elqutromg.

1.2.1 Conventional needle electrospinning

In conventional needle electrospinning, also knasrcapillary electrospinning, a needle-like
spinneret is used. A polymer solution is injectetigh a needle, which is charged with high
voltage. The applied voltage induces a charge erstinface of the liquid droplet at the needle
tip. If the applied voltage is high enough, the pherical surface of the fluid elongates and
a Taylor cone is established. When the appliedageltis further increased, a charged liquid
jet is ejected from the Taylor cone and is attrddte the collector, as shown in Figure 1
(Lukas et al. 2008a). The disadvantage of the auimeal electrospinning technique based
on the use of a syringe is that the nanofibers moEluced at a low production rate

(approximately 0.1-1 gram per hour), which is aadisntage for commercialization (Jirsak
et al. 2010). Multi-jet electrospinning systems dgh®n multi-spinneret components were
designed to increase fiber productivity and theecimyg area, and to prepare mixed fibers
from various materials (Ding et al. 2004). Howeube multi-jet electrospinning method has
been shown to alter the electric field profile indd by adjacent jets, which may lead to
reduced fiber production and decreased quality hef fibers (Theron et al. 2005). To

overcome this problem, the usage of a secondacyretke connected to multiple nozzles has
been proven to stabilize the initial spun jets (Katral. 2006). Varesano et al. (2009) studied

the effect on nanofiber morphology of various myjdti configurations (from 2 to 16 jets),
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with positive and negative polarity respectivelgdahey estimated the inter-jet repulsion by
measuring the divergence angles. Large area depositith quality nanofibers was
accomplished with a maximum collector dimensiob@fcm x 50 cm (Varesano et al. 2009).
The main problem with the traditional needle elespinning method, which may limit the
continuous nanofiber production process, is polymkgging at the spinneret nozzle.
Clogging may occur when high solution concentrabogomposite blends (e.g. nanopatrticles

embedded in blends) are used for electrospinniagséo et al. 2013).

1.2.2 Needleless electrospinning

A much more productive process, suitable for indaisscale production of nanofibers, is
needleless electrospinning. Yarin and Zussman teg@ new approach for mass production
of nanofibers based on a combination of normal reagrand electric fields acting on a
two-layer system. In their study, nanofibers wdeeteospun from numerous cones located at
the free surface of the upper layer, a polymertsmiypunched by the lower layer, a magnetic
fluid. Steady vertical spikes were formed, pertagbihe interlayer interface, when a normal
magnetic field was applied during the spinning pssc When in addition a high voltage was
applied to the system, thousands of jets ejectedargy as in an ordinary electrospinning
process (Yarin and Zussman 2004). However, thisangwlectrospinning system required a
complicated setup, and the nanofibers that werairdd were large in diameter and had a
wide diameter distribution.

Jirsak et al. (2009) invented and patented a p=d# electrospinning nanofiber
production technology, in which the polymer solatie delivered into the electrostatic field
by the surface of a rotating charged electrodelendnspinning surface is formed on a part of

the circumference of the charged electrode nearctmunter elelctrode (Jirsak et al. 2009).
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Under favourable conditions (appropriate viscosfythe polymer solution, appropriate
surface tension, and an appropriate value of teetrgt conductivity of the solution) the
polymer solution is able to generate multiple Taylones in the electric field, not only while
being discharged from the spinning jet but alsdhensurface of the rotating electrode partly
immersed in a container with this polymer soluti(figure 1.3). This setup has been

commercialized by Elmarco Company, under with tretd name Nanospidé.
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Figure 1.3 The principle of the needleless electrpsning device

(a) Schematic diagram (b) A photograph of the ralectrostatic spinner. Reprinted by kind
permission of the first author from Hindawi Pubiiglh Corporation [Journal of
Nanomaterials]olyamic acid nanofibers produced by needlelesstr@gpinning, Jirsak O.,
Sysel P., Saneternik F., Hruza J. and Chalupekaurnal of Nanomaterials, 1-7, (2010),
00i:10.1155/2010/84283 1Copyright © (2010) (Jirsak et al 2010).

The NanospidéM system has undergone further development, andvanmedel has been

created, where the rotating electrode is replagea Wire spinning electrode. In the optimized
system, the polymer is applied continuously on i@ wlectrode using a moving solution tank,
thus preventing volatilization of the solvent andjinlg of the polymer solution on the

electrode.
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Lukas et al. described electrospinning from thee feurface of conductive liquids and
validated their hypothesis, which explained thd-sejanization of jets on one-dimensional
free liquid surfaces in terms of the electro-hygmamic instability of surface waves (Lukas
et al. 2008). During the electrospinning processnfia free liquid surface, above the critical
field intensity value, the liquid jet starts to belf-organized. Due to the electric force, the
amplitude of one characteristic wavelength greviefathan the others. The fastest growing
stationary wave marks the onset of electrospinfiom a free liquid surface with polymer

jets originating from the crests of the stationagve (Lukas et al. 2008; Lukas et al. 2009).
The self-organization of jets on the free liquidface is illustrated in Figure 1.4, using the
motion of a droplet of a viscous epoxy resin unihereasing external field strength. The
droplet is deposited on a bulky metallic rod apprately 1 cm in diameter, which serves as

an electrode. A collector, which is not shown heglaced above the electrode.

(a) (b)

Figure 1.4 The self-organization of jets on a frekquid surface

(a) The hemispherical shape of a highly viscousxgpesin droplet at zero field strength. (b)
The shape of the droplet changes after the higlagelsource is switched on. Attractive
Coulombic forces between the net charge on theplpery of the droplet and the collector
develop a swelling droplet rim and bring about atgllike shape of the droplet. (c) On the
previously smooth rim a stationary wave is orgashingth further field strength increment.
(d), (e) If the field intensity is mounted eventher, the jets appear simultaneously from the
crests of the stationary wave. Reprinted from Thegtile Institute, Taylor and Francis Group
[Textile Progress]|Physical principles of electrospinning. Electrasping as a nano-scale
technology of the twenty-first century, Lukas, ®arkar A., Martinova L., Vodsedalkova K.,
Lubasova D., Chaloupek J., Pokorny P., Mikes P.ydj{da J. and Komarek M. Textile
Progress, 41(2):59-140, (2009), doi: 10.1080/00488102904641  opyright © (2009) [The
Textile Institute] Courtesy of Sandra Torres, TacAhUniversity of Liberec (Lukas et al.
2009).
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Niu et al. compared needleless electrospinning gushree rotating fiber generators (a
cylinder, a disc and a spiral coil wire), and dlad the influence of spinneret shape on the
electrospinning process, fiber diameter and pradigt(Figure 1.5). They found that disc
spinneret required the lowest voltage to initidberf formation, and finer fibers with narrower
diameter distribution were produced from the digiiseret and the coil spinneret than from
the cylinder spinneret. It was also found that thgiral coil had a much larger
polyacrylonitrile (PAN) fiber production rate thancylinder spinneret of the same dimension.
Electric field analysis indicated that higher irgégy of the electric field was formed by the
disc and coil spinnerets, which concentrated onctrimferential edge of the disc and coil
wire surface respectively. The cylinder spinneoeirfed an unevenly distributed electric field,

which concentrated mainly on the end and middla &xeu et al. 2009; Niu et al. 2012).
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Figure 1.5 Schematic illustration of needleless a&ospinning and cylinder, disk and
spiral coil spinnerets; and photos of the three et#rospinning processes.

A schematic illustration of needleless electrospigrand fiber generators, and a photo of a
spiral coil (c) needleless electrospinning proceswinted and adapted from [Journal of
Engineered Fibers and Fabric§]pfvard Needleless Electrospinning of Nanofibersijtéta
Niu, Xungai Wang and Tong Lin, Journal of Engineefgbers and Fabrics, SPECIAL
ISSUE - July 2012 — FIBERS, (2012Fopyright © (2012). Reproduced courtesy of Jalurn
of Engineered Fibers and Fabrics, P.O. Box 1288y,Q¥orth Carolina 27512-1288, USA.
Tel: (919) 233- 1210 Fax: (919) 233-1282 Interngww.jeffjournal.org. Photos of the
cylinder (a) and disc (b) neddleless electrospigrprocesses reprinted by permission from
Wiley Periodicals, Inc. [Journal of Applied Polym®@cience] Needleless Electrospinning. .
A Comparison of Cylinder and Disk Nozzles, Haitao, Nlong Lin, Xungai Wang, Journal of
Applied Polymer Science, 114, 3524-3530, (2009),1dd.002/app.30891 Copyright ©
(2009), [Wiley Periodicals, Inc.]http://onlinelibrary.wiley.com/doi/10.1002/app.3038df.
(Niu et al. 2009; Niu et al. 2012).

All these findings indicate that a spinneret thah generate a narrowly distributed electric
field overlapping the fiber generating area wiladeto the development of large scale
needleless electrospinning systems for the masduption of high quality nanofibers for
advanced applications (Lin and Wang 2013).
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1.2.3 Electrospinning of core/shell fibers

Several electrospinning techniques are availabtepfoducing nanofibers with a strictly

organized core/shell structure, especially emulaioth coaxial electrospinning.

1.2.3.1 Emulsion electrospinning

Emulsion electrospinning is a simple technique gozducing nanofibers with a core/shell
structure from blends via a needle or needlelesstrelspinning technique. The emulsion
electrospinning method depends on the immiscibdityhe prepared solutions, in which one
is present as a continuous phase and another @mesant as droplets, distributed throughout
the continuous phase. The major steps in emuldiectrespinning include the process for
emulsifying the core materials, dissolving the fibBorming materials, and finally

electrospinning the emulsion (Figure 1.6).
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Figure 1.6 Schematic illustration of emulsion elecbspinning

Schematic illustration of emulsion electrospinnirgprinted by permission from John Wiley

& Sons, Ltd. [Polymers for Advanced Technologie§)n(the way to clean and safe

electrospinning—qgreen electrospinning: emulsion au$pension electrospinning, Seema
Agarwal, Andreas Greiner, Special Issue: Selectguacs in electrospinning, 22, 3, 372—
378,(2011), DOI: 10.1002/pat.1883Copyright © (2011), [John Wiley & Sons, Ltd.],

http://onlinelibrary.wiley.com.ezproxy.is.cuni.cpitiL0.1002/pat.1883/epdf. (Agarwal and
Greiner 2011).
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As a result of emulsion electrospinning, composliers of sub-micrometer diameter with a
core/shell morphology can be prepared by dispersiowater drops containing bioactive
molecules in the organic phase comprising electnogmlymer solutions (Yarin 2011).

Because the drug is dispersed within the polaymet during emulsion electrospinning,
the process is suitable for encapsulating drugs dha sensitive to organic solvents. The
feasibility of electrospinning an oil-in-water typenulsion was also evaluated. The emulsions
contained an aqueous solution of poly(ethylene &x{PEQO) as the continuous phase and
either mineral oil or a polystyrene (PS) in a toleesolution as the drop phase (Angeles et al.
2008).

Though emulsion electrospinning is a very simplethad for fabricating core shell
nanofibers, the diameter of the fibers is hardatiol and usually leaves some defects in the

fiber mesh (Qu et al. 2013).

1.2.3.2 Coaxial electrospinning

Modifying the conventional needle electrospinnietup led to the preparation of nanofibers
with unique structures and properties. Compoundciab&ozzles were designed to enforce
the formation of composite functionalized nanoftbewith a rather strictly organized
core/shell structure (Song et al. 2005; Yarin 20Chaxial electrospinning of nanofibers was
first demonstrated by Sun et al. (Sun et al. 20BR)llow interior nanofibers were also
fabricated using the coaxial electrospinning s€fgure 1.7).Xia et al. demonstrated the
coaxial morphology of nanofibers by producing Tifollow nanofibers with controllable
dimensions, removing the oil phase as the coreea¢ihd of the process (Li and Xia 2004).
The spinning electrode of the coaxial electrosipigmpparatus consists of two capillaries
that are placed together coaxially. The shell smhjtwhich most commonly consists of a
spinnable polymeric material, is injected through buter needle, while the core solution is
injected through the inner needle and consiststioéropolymers or encapsulated masses,
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including simple liquids (Bazilevsky et al. 2007arth 2011). From the technological point of
view, the core fluid may or may not be spinnablece the physics of spinnability is
governed mostly by the surface of the jet (Lukasle2009). This finding opened up the
possibility of creating composite fibers that camdtion as drug delivery vehicles for
susceptible bioactive substances. Biomolecules aaamtibiotics, drugs, DNA, proteins and
living cells have been directly incorporated inte hanofiber core, affording protection from
the environment by the shell (Reznik et al. 2008; &d von Recum 2008; Wenguo et al.
2010).

During the process of coaxial electrospinning, shell and core fluids are drawn out
from spinneret and form a compound Taylor cone fribim tip of which a coaxial jet is
emmited. The jet is subsequently elongated to foomtinuous ultrathin fibers. Evaporation
of the solvents contained in the jet results inftirenation of a core/shell structure fiber on
the collector (Figure 1.7; Loscertales et al. 2004)e shell and the core may or may not be
miscible, because the short duration of the prodaessg which the jet solidifies in the fibers
prevents fluids from mixing significantly (Yu et. &004; Lukas et al. 2009).

For successful coaxial electrospinning, the altiactors are the selection of the
polymers and solvents, the applied electric fighe, size of the core/shell capillaries, and the
viscosity and conductivity of the core/shell fluidsd also the balance between the strength
of the electric field and an appropriate injectrate of the inner and outer fluid (Khajavi and
Abbasipour 2012). The effects of various procesgiatpmeters on coaxial electrospinning

were evaluated by Saraf et al. (2009).
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Figure 1.7 Coaxial electrospinning of nanofibers

Two immiscible (or poorly miscible) liquids (red @nblue) are injected through two
capillaries placed together coaxially. A compourayldr cone is developed, from the tip of
which a coaxial jet is emitted. Evaporation of 8wvents contained in the jet results in the
formation of a core/shell structure fiber (or avidfilled hollow fiber) on the collector.

The coaxial elelctrospinning setup sketch is répdnand adapted with permission from
[Journal of the American Chemical Societ\ildctrically Forced Coaxial Nanojets for
One-Step Hollow Nanofiber Design, Ignacio G. Lotaes, Antonio Barrero, Manuel
Marquez, Ruben Spretz, Raffet Velarde-Ortiz, andt&w Larsen, Journal of American
Chemical Society, 126 (17), 5376-5377 (2004), O0I11021/ja049443j Copyright © 2004
American Chemical Society. SEM image of a uniayialigned array of Ti@ @natase)
hollow fibers reprinted with permission from [Nahetters] Direct fabrication of composite
and ceramic hollow nanofibres by electrospinningni and Younan Xia, Nano Letters, 4 ,
933-938 Nano Letters, 4 (5), 933-938, (2004), DiDI11021/nl0495%). Copyright ©2004
American Chemical Society. (Loscertales et al. 2004nd Xia 2004).

In addition to the use of a coaxial setup, otheregches to the production of core shell
nanofibers have also been presented. Blends ofdoinié polymethylmetacrylate (PMMA)
and polyactrilonitrile (PAN) polymers were dissalveseparately in DMF to prepare
nanofibers with a core/shell structure using alsimgzzle approach. The authors claimed that
the outer shell flow was strong enough to strehehitiner droplet into the Taylor cone, thus

forming a core/shell jet (Bazilevsky et al. 2007).
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Lee et al. used a single nozzle technique for preggpoly (ethylene oxide) (PEO) and
chitosan (CS) coaxial nanofibers. They investigdhedfraction effect of each component in
the solution, and found that the core shell patteansformation is caused by various phase
separation mechanisms with a continuous decreatbe IREO fraction (Lee et al. 2010). The
effectiveness of the technology and the coaxialicstre of the nanofibers were also
confirmed by Sun et al. (2003). Unfortunately, fiber productivity of coaxial fibers utilizing

a single nozzle technique was not suitable for mpsesduction of nanofibers. A
straightforward way to increase the electrospinnihgoughput was to use multi-jet
spinnerets. The productivity of nanofibers could ihereased simply by increasing the
number of jets (Varesano et al. 2009). However,tifetl electrospinning showed strong
repulsion among the jets, and this may lead toaedyproduction of nanofibers. Moreover,
poor quality nanofibers were prepared, which waobstruction for practical applications.
For the mass production of nanofibers, the jetasulshbe set at an appropriate distance, in

order to reduce jet repulsion (Niu et al. 2012).

The low productivity of needle-based coaxial psses led to the development of novel
methods modified from free surface electrospinniagmassive production of core/shell
nanofibers. Forward et al. (2013) presented a noweakial electrospinning technology by
developing coaxial jets directly from compound detg of immiscible liquids entrained on
wires. The authors declared that they had achieeatiol over mass transfer processes for
the production of uniform, core/shell fibers (Ford/at al. 2013). Jiang and Qin developed a
novel stepped pyramid-shaped spinneret. A two-l@gdymer system, with the lower layer
consisting a core polymer solution and the uppgerl@onsisting a sheath polymer solution,
subjected to a sufficient electrical field, resdlta the formation of multiple coaxial jets from
the edges of the spinneret. The authors claimedtliey achieved more than 100 times

greater productivity than for traditionally obtatheore/shell nanofibers (Jiang and Qin 2014).
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The proposed technologies create an opportunityabwicate nanofibers with core/shell
structures on an industrial scale for a wide vgradtapplications.

Electrospinning has proven to be the best fibemifiog manufacturing process, due to its
simplicity, material compatibility, and cost effecness. Moreover, the process is performed
at atmospheric pressure and at room temperatures, The electrospinning process affords
the opportunity to prepare fibers with a micro-emnscale topography, large surface
area-to-volume ratios, tunable porosity and surfa@perties, high permeability, ability to
retain electrostatic charges, flexibility and gowdchanical properties. These remarkable
features of electrospun nanofibers have made tham preferred materials for many
biomedical applications, including tissue enginegriapplications and controlled drug

delivery (Ma et al. 2005; Pham et al. 2006; Sill mon Recum 2008).

1.3 Applications of nanofibers in tissue engineering

The versatility of the material, combined with fibavithin biologically relevant length scales
makes electrospinning a highly attractive method fwooducing biodegradable and

biocompatible scaffolds for tissue engineering mapilons (Ma et al. 2005; Pham et al. 2006).

1.3.1 Tissue engineering

The term tissue engineering was introduced at aingeef the National Science Foundation
in 1987. The first recorded use of the term tissogineering, as it is applied today, was in a
paper entitled, “Functional Organ Replacement: Nlbes Technology of Tissue Engineering”
in “Surgical Technology International” in 1991 (\Mati and Vacanti 1991). The definition, as
stated by Langer and Vacanti, is that “Tissue eswiimg is an interdisciplinary field that
applies the principles and methods of engineerimg) lde sciences toward the fundamental

understanding of structure-function relationshipsniormal and pathological mammalian
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tissue, and the development of biological subgt#ub restore, maintain, or improve tissue

function® (Langer and Vacanti 1993).

The common principle of tissue engineering appibcs is the ability to exploit living
cells in a variety of ways. The tissue could bewgroinside or outside the patient and
transplanted; or growin vitro and tested for drug metabolism and uptake, toxiaitd
pathogenicity. Three main components, and comlainatof these components, are required

for optimal tissue engineering:

1. Scaffoldsto provide temporary support for cells to regeteerseew extracellular matrix
(ECM) prepared from biodegradable and biocompatidéerials.

2. An appropriate source atllssuch as autologous cells, allogeneic cells, xemeigecells,
stem cells, or genetically engineered cells. Emighas cell expansiom vitro, cell and
tissue growth on scaffolds (cultivation in bioreas), following possible implantation
into the defect site to form new tissue.

3. Stimulating factors, including growth factors, angiogenic factorsfaliéntiation factors,
small molecules, etc., added to culture mediavitro or in combination with drug
delivery vehicles (scaffolds and liposomes) to twluaccelerate, enhance and/or control

cellular differentiation and tissue formation.

An example of the tissue engineering concept isesgnted in Figure 1.8
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Figure 1.8 An example of a tissue engineering corethat involves seeding cells within
porous biomaterial scaffolds

(a) Cells are isolated from the patient and may bdivateéd (b) in vitro on two- or,
three-dimensional surfaces for efficient expansfonNext, the cells are seeded in porous
scaffolds together with growth factors, small males, and micro- and/or nanoparticles. The
scaffolds serve as a mechanical support and a sl@pemining material, and their porous
nature provides high mass transfer and waste rdm@yarhe cell constructs are further
cultivated in bioreactors to provide optimal comahs for organization into a functioning
tissue(e) Once a functioning tissue has been successfullyineared, the construct is
transplanted on to the defect to restore functReprinted by permission from Macmillan
Publishers Ltd: [Nature Nanotechnologylahotechnological strategies for engineering
complex tissues Tal Dvir, Brian P. Timko, Danielk®&hane, and Robert Langer, Nature
Nanotechnology, 6, 13-22, (2011) doi:10.1038/nn2di0.246) Copyright © (2010) (Dvir
et al. 2011).

1.3.1.1 Nanofiber scaffolds for tissue engineering

The development of nanofibers has greatly enhatteedcope for fabricating scaffolds that
mimic the structure and the biological functiontloé extracellular matrix (ECM) in terms of
chemical and physical structure. Various technicaresavailable for fabricating nanofibers:

self-assembly, phase separation, drawing and esgtming. Of these techniques, nanofiber
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scaffolds prepared by electrospinning techniques tf&nown the most promising results in
terms of applications in tissue engineering andegenerative medicine (Filova et al. 2013;
Rampichova et al. 2013). Nanofibers offer distimcivantages of biocompatibility and
biodegradability, versatility of chemistry and manlcal properties. Nanofibers are
characterized by a large surface area-to-volume;ratgh porosity and a diameter of the
nanofibers that closely matches the size scalbeBCM. They are therefore, ideal for cell
attachment, proliferation, differentiation and drlgading (Keun Kwon et al. 2005).
Typically, an electrospun matrix has porosity aghhas 90% and a pore diameter of less than
100 nm. Cell infiltration depends strongly on tharosize and the porosity of the polymer
mesh. The optimal pore size for cell attachmenrtliferation and migration varies from 5 to
500 um (Pham et al. 2006). The pore size of elsptno scaffolds can be adjusted by
modifying the fiber diameter or the fiber alignmeot by introducing sacrificial components
(Rnjak-Kovacina and Weiss 2011; Vaquette and Couyite 2011).

The availability of a wide range of natural andtéetic polymers has broadened the
framework for developing and fabricating nanofilsoscaffolds, using the electrospinning

technique (Vasita and Katti 2006).

1.3.1.1.1 Natural and synthetic polymers

Owing to their bioactive properties, naturally ded materials have the advantage of
biological recognition, which may positively suppoell adhesion, proliferation and function.
However, they may exhibit immunogenicity and cantaom pathogenic impurities. There is
also less control over their mechanical properéied biodegradability (Liu and Ma 2004).
Natural polymers can be classified as proteins @lagen, gelatin, silk, fibrinogen, elastin
etc.), polysaccharides (cellulose, dextran, chiglycosaminoglycans, hyaluronan etc.), or

polynucleotides (DNA, RNA) (Dhandayuthapani et2411).
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Natural polymers often lack the desired physicalpprties or are difficult to electrospin on
their own. Natural polymers are therefore oftembed with synthetic polymers (Shalumon
et al. 2010; Zhou et al. 2007) in order to enhaheemechanical properties, the degradation
stability, and to provide enhanced affinity to ol components. Huang et al. fabricated a
hybrid, chitosan/polyvinyl alcohol (CS/PVA) nanafilus membrane by the electrospinning
technique. The stabilized chitosan nanofibrous nranm# supported enzyme immobilization
and improved the pH and the thermal stabilitiesliphse on the chitosan nanofibrous
membrane (Huang et al. 2007). Ultrafine nanofibregaffolds were fabricated using a
natural polymer, chitosan (CS) and the synthetitymer, poly€-caprolactone (PCL).
CS/PCL nanofibers were blended in various conceatrg and compositions using a formic
acid/acetone solvent mixture. The author revediatl fibers obtained from 1% chitosan and
8% PCL in 1:3 compositions resulted in the formataf fine nanofibers 102 £ 24 nm in

diameter (Shalumon et al. 2010).

A wide variety of synthetic polymers have beendude form biodegradable or
non-degradable scaffolds. Biodegradable scaffolge Hoeen particularly popular, because
they eliminate the need to remove the implanteffaddasurgically (Hammouche et al. 2012).
Synthetic polymers offer the advantage of reprdalecimass production with controlled
degradation rate properties, microstructure, tensitength and elastic modulus; synthetic
polymers are also often cheaper than biologicafada (Gunatillake et al. 2006). Synthetic
polymers also show physicochemical and mechanicapegsties comparable to those of
biological tissues. A wide variety of synthetic yolers have therefore been used to form
nanofibers for various tissue engineering applicetiand for controlled drug delivery. A
biocompatible and biodegradable poly-lactic acidLAR poly-glycolic acid (PGA),
poly-e-caprolactone (PCL), poly(lactic-co-glycolic acidPLGA), polyurethane (PU),

polyethylenglycol (PEG), pluronic (PEO-PPO-PEO) gmalyvinylalcohol (PVA) are the
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most commonly used synthetic polymers for drugveeli and tissue engineering applications

(Park et al. 2010; Patel et al. 2011; Yeganegi.&2(4.0; Karuppuswamy et al. 2015).

Poly-e-caprolactone (PCL)is a semi-crystalline, FDA approved polymer. laisather
hydrophobic, relatively inexpensive, non-toxicstis compatible, chemically stable, highly
elastic polyester with good mechanical properties @ slow degradation rate (approximately
1-2 years) resulting from the hydrolysis of itseeslinkages (Figure 1.9). During the
degradation process, the ester groups undergomoymaatic hydrolytic cleavage followed by
rapid intracellular degradation in phagosomes otnoghages and giant cells when the
molecular weight of the polymer is reduced (Woodivat al. 1985). PCL nanofibers are
widely used as scaffolding materials for cell-basedural, bone and cartilage tissue
engineering (Gomes et al. 2015; Rampichova etC3R PCL electrospun nanofibers have
been formed for a tissue-engineered cardiac graisl{imoto et al. 2003). The interconnected
structure of electrospun nanofibers has been shiwprovide efficient encapsulation of
various chemical agents, such as drugs, siRNAbiatits, proteins, and growth factors (Hu
et al. 2014; Cao et al. 2010; Dave et al. 2013;ldd&tColangelo and Baeumner 2014;

Wenguo and et al. 2010).
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Figure 1.9 Chemical structure of polye-caprolactone (PCL)

Polyvinylalcohol (PVA) is an important water-soluble, highly hydrophilimpntoxic, and
biocompatible, semicrystalline polymer obtaineddoyntrolled hydrolysis (or alcoholysis) of
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polyvinyl acetate (PVAc) (Figure 1.1L0Electrospun PVA nanofibers find use in a broad
range of applications, such as filtration materiabgtics, protective clothing, enzyme

immobilization, drug delivery vehicles, anti-adhesimembranes, and scaffolds for tissue
engineering, due to their excellent properties agktrength, elasticity, gas permeability and
thermal characteristics (Peresin et al. 2010). Tree hydroxyl groups in the chemical

structure of PVA provide easy water solubility, tbe use of organic solvents for nanofiber
preparation via electrospinning is eliminated. Mwer, the —OH side groups are accessible

for further chemical modifications (Lin et al. 2012
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Figure 1.10 Chemical structure of polyvinylalcoho(PVA)

However, excessive hydrophilicity is limiting forssue engineering applications, due to
limited adhesion of cells to the surface of PVA eidvers. Various alternatives have therefore
been triggered to improve the hydrophilicity ande timechanical properties of PVA
nanofibers, such as post-treatment (e.g. cold-@asnodification, gamma irradiation)
physical or chemical cross-linking and blendingu@det al. 2009; Blanes et al. 2010; Kim et
al. 2007; Santos et al. 2014). Asran et al. (20d@pared biocompatible and degradable
polyvinyl alcohol/polyhydroxybutyrate (PVA/PHB) lid nanofibers of various compositions
for skin tissue engineering applications. Theiutssindicated the possibility of fabricating
bilayered nanofiber scaffolds. They suggested irgdhe top layer from PVA/PHB (50/50)

blend fibers, which could promote adhesion and g¢noaf human keratinocyte cell line
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(HaCaT) but inhibit fibroblasts generating an epidla& layer. The dermal equivalent could be
prepared from pure PHB or PVA/PHB (10/90) to proen@ibroblast adhesion and growth
only (Asran et al. 2010). The solubility of PVA eleospun nanofibers in water is an

advantage preferably used for targeted delivellyi@dctive substances (Scott et al. 2013).

1.3.1.2 Source of cells for tissue engineering applications

The source of the cells is an important choiceamser, when applying tissue engineering
strategies to restore lost tissues and their fangiiaurencin and Nair 2008). A range of cell
types, as discussed below, can be combined witfiokt® to produce tissue-engineered
constructs. Conventional tissue engineering apbesmasually utilize the fully differentiated
adult cell types that make up the target organssug, e.g. chondrocytes for cartilage repair
and regeneration, etc. However, the proliferatiapacity of fully differentiated cells is very
limited. Moreover, differentiated adult cells tetwdlose their phenotype or to dedifferentiate
during in vitro cultivation (Schulze-Tanzil et al. 2004). Attemtidhas therefore become
focused on the use of stem cells, including embcyastem (ES) cells and bone marrow

mesenchymal stem cells (MSCs), etc. (Howard €1G48).

1.3.1.2.1 Chondrocytes

Chondrocytes are the only mature cell type fountiealthy human cartilage (Figure 1.11),
their use in cartilage tissue engineering is tleeeeévident. These spherical cells, originating
from chondroblasts and located in cartilaginousuis are characterized by their special
ability to produce cartilage matrix and their higllleveloped cytoskeleton of actin filaments.
The extracellular matrix that is produced consjstisnarily of collagen type Il, which is
responsible for the structure, and cartilage-spepifoteoglycans (aggrecan), which make up
5% to 10% of the wet weight of the cartilage (Bxttg and Gersoff 2010). Actin filaments

provide biomechanical support and also connecthimmdrocyte to the articular matrix. The
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interactions are important both, for the developrreemd for the maintenance of the cartilage
(Guilak 1995). Chondrocytes originate from mesenadlystem cells (MSCs) found in the
bone marrow in mature individuals. During embryoggs, MSCs start to differentiate into
chondrocytes and secrete a cartilaginous matrixubdaarticular chondrocytes embedded in
cartilage appear rounded and are not capable bfiisgtion in vivo (Temenoff and Mikos
2000). With an advanced Golgi apparatus and plarftyough endoplasmic reticulum,
chondrocytes are scattered in cartilage cavitiss, ealled lacunae (Muir 1995). The blood
supply of chondrocytes is facilitated through therighondrium and the synovial fluid

(Brittberg and Gersoff 2010).

Figure 1.11 Spherical chondrocytes

(A) Spherical chondrocytes from cartilage spreadissue culture flasks after 7 day culture.
(B) A cross section of native pig cartilage showshesical chondrocytes in lacunae.
Magnification (A) 200x; (B) 100x.

Since cartilage is avascular, mature chondrocytead proliferate and cartilage lesions do
not have the capacity to heal (Schulze-Tanzil eR@02). The limited self-repair capacity of
cartilage forced researchers to find methods tadedcartilage repair. Driven by urgent
medical needs, a variety of surgical techniqueshsen used for cartilage repair, including

bone-marrow stimulation (e.g. abrasion, drillinglanicrofracturing), osteochondral autograft

transfer and autologous chondrocyte implantatioGljAMakris et al. 2014). ACI can also be
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used in combination with scaffolds (Cole et al. 200rhe most suitable treatment options
have to be chosen individually, according to thgetydefect size, depth, location, etc.) of
defect that is to be regenerated. For small defesteochondral autograft transplantation or
bone-marrow stimulation is suitable (Steadman et 28l03). Two-step ACI has been
developed to treat large full-thickness chondréicalar defects. This approach is based on
implanting in vitro cultured autologous chondrocytes into the deféet @nutsen et al.
2007). Recently, matrix-assisted autologous chandeoimplantation has become the most
widely used scaffold-plus-cell-based two-step GEge repair technique in present day

clinical practice (Makris et al. 2014).

Articular chondrocytes are responsible for thequei properties of articular cartilage.
Committed chondrocytes are therefore used to eagietilagéan vitro orin vivoin order to
repair a cartilaginous defect (De Boer et al. 2008jondrocytes can be isolated by enzymatic
digestion from pieces of cartilage. Pieces of tzagé pieces can be harvested arthroscopically
from a healthy part of the joint. As was mentioradxbve, articular cartilage contains only a
limited number of cells (only about 1%), sovitro expansion of the cells is necessary before
implantation. However, cells grown as a monolagedtto lose their chondrogenic phenotype
with type Il collagen production or dedifferentiataringin vitro cultivation (Schnabel et al.
2002). The use of specific growth factors (GFs)hsas basic fibroblast growth factor
(FGF-2) or transforming growth factor (TGd) stimulates cell proliferation. Moreover,
these specific growth factors maintained the cdiyabof cells to re-differentiate when
transferred to a 3D environment (Jakob et al. 20@D cultures imitate physiological
conditions, so chondrocytes are able to maintagir thorphology. Cells could be cultured on
natural polymeric substrates such as aggrecamagasil (Darling and Athanasiou 2005) or
fibrinogen (Brodkin et al. 2004). Chondrocytes halso been found to maintain their

phenotype for a longer period when seeded at higdwesity (Watt 1988).
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Other sources of human autologous chondrocytes f@s$g, rib, and ear) have also been
considered for nonarticular reconstructive surgefpeir regeneration potential can be

enhanced by using a combination of various growatiolrs (Tay et al. 2004).

1.3.1.2.2 Stem cells

Stem cells provide alternative cell sources fasueengineering applications. Stem cells are
unspecialized cells capable of long term self-raaleWwhey maintain their capacity to
differentiate into multiple specialized cell typesder the right conditions or given the right

signals (Figure 1.12).

R
‘w Fortilised
Epgg

@ Zygote
@ Morula

& [ vilro Goerm Cells

Pluripotamnt Blastocyst differentistion EClodernm
. :: » Mesoderm
Endaderm
/ | Ty
zf ""\-

Tatipotent

ESCsisolated from
blastocyst innercell mass

Multipotent %Si, @ c%?

hamatopoaitic SCs newra|3Cs  mesanchymal SCa

® & 1 >

b s
Linsage & ,_h‘f'_
Committed  giood cans cwlis ofthe nervous system  Connectivetssue bone,

carilage, fal ate

Figure 1.12 Schematic diagram illustrating the stencell hierarchy

Adult stem cells are multipotent, and have a mesricted ability to differentiate, being
committed to a specific lineage. Embryonic stemsc@tSCs) are pluripotent, and have the
capacity to differentiate into cells of all threergn layers (endoderm, mesoderm and
ectoderm). Reprinted from BioMed Central Ltd: [@al Care](Clinical review: Stem cell
therapies for acute lung injury/acute respiratongtdess syndrome - hope or hype?, Mairead
Hayes,Gerard Curley, Bilal Ansariand John G. LaffeyCritical Care, 16205 (2012)
doi:10.1186/cc10570x%0pyright © 2012 BioMed Central LtgHayes et al. 2012).
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Depending on the development stage of the tissume Which the stem cells are isolated, stem
cells can be divided into adult stem cells and gic stem cells (Thomson et al. 1998).
Adult stem cells are considered to be multipoteat/ing the potential to differentiate into a
more limited range of mature cell types. An exaaptis induced pluripotent stem cells
(IPSCs), which are derived from adult cells thatdhbeen reprogrammed to de-differentiate
following transduction with transcription factorg/¢iss et al. 2011). Adult stem cells can be
found and isolated from many adult tissue typesluoing bone marrow, peripheral blood,
adipose tissue, neural tissue, muscle, dermis Adtier isolation, stem cells can be cultivated
in vitro for several passages without loss of differerdrapotential, and then differentiated

into a desired cell phenotype (Uccelli et al. 2008)

Among adult stem cells, mesenchymal stem cellsnfimone-marrow (MSCs) have
attracted great interest in tissue engineeringiegins (Prosecka et al. 2011; Prosecka et al.
2015). MSCs are cells of stromal origin that arpatde of self-renewal and differentiation
into cells of mesodermal origin, including chondras, osteocytes and adipocytes (Weiss et
al. 2011). The ability to differentiate into mulgptissue types is also dependent on growth
factors, chemical composition, and the physical lsncthechanical properties of the scaffolds,
as well as different biomechanical loading of thatenal (Jelen et al. 2008; Pittenger et al.
1999). MSCs have been shown to have great potdatiahutologous cell-based therapy
(Pittenger et al. 1999). Their potential allogenge without immunosuppressive therapy in

regenerative medicine has also been consideredafagd)and Pittenger 2005).

An interesting source of mesenchymal stem celtigsadipose tissue. The advantage of
using adipose tissue as a source of cells is tlatively easy isolation procedure, and the
large number of cells that can be obtained (Damisev al. 2009). Adipose tissue-derived
mesenchymal stem cells (and also MSCs) may, ungeropriate culture conditions,

differentiate into cells and tissues of mesoderangin, including adipocytes, chondrocytes,

41



osteoblasts, and skeletal myocytes, and can be tssagknerate the respective tissue,

including fat, muscle, bone, and cartilage (Masuetkal. 2006; Zuk et al. 2002).

Stem cells have been found not only in the adksties mentioned above, but also in fetal
tissues such as umbilical cord blood and Whastgally (Trivanovt et al. 2013). Other
sources of stem cells include muscles, synoviumtaageriosteum (Bueno et al. 2008; Kim

et al. 2014; Ferretti and Mattioli-Belmonte 2014).

Embryonic stem cells (ES) or embryonic germ c¢H<5) can self-renew without
differentiation for much longer time than MSCs. $&epluripotent cells have high
proliferative potential and the capacity to diffetiate into cells of all three germ layers, i.e.
endoderm, mesoderm and ectoderm (Kramer et al.)280Gbryonic stem cells are therefore
attractive cell sources for tissue engineering iappbns, where a large number of cells are
needed. ES cells are derived from the inner cefisntd blastocysts, and EG cells are isolated
from the developing gonadal ridge. In 1998, ancathcontroversy surrounding stem cells
erupted with the creation of human ES cells deriyein discarded human embryos
(Thomson et al. 1998). Although significant ethicahcerns have been raised, ES cells may
hold the secret to multiple cures and groundbrepkievelopments in regenerative medicine

(Laurencin and Nair 2008).

1.3.1.3 Stimulating factors for tissue engineering and druglelivery

As the third component of the tissue engineeringdir stimulating factors have been
employed to induce, accelerate, and/or enhanagetigsmation. For example, synthetic GFs,
natural sources of GFs, such as platelet derivatigad other additives may be added to
culture median vitro or incorporated into drug delivery vehicles sushsaaffolds, liposomes

etc. to control cell differentiation and tissuerf@tion.
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1.3.1.3.1 Natural source of growth factors

Tissue engineering and regenerative medicine recdiie development of regulated drug
delivery and growth factors. The delivery of mukigrowth factors in optimized ratios is
desirable in order to mimic physiological microeviments, and this can be achieved by

using natural sources of growth factors, such atelgt derivatives (Chen et al. 2010).

1.3.1.3.1.1Platelet derived growth factors

Platelets are blood cells that play a primary nolehemostasis (White 1987). They also
initiate wound repair by releasing locally-actingpgth factors vian-granule degranulation.
Platelets also contribute directly to matrix symsiBe and they induce cell proliferation and
differentiation and the formation of new tissue rfhaet al. 2014). Platelet bioactive
substances are entrapped witlahgranules, dense granules, or lysosomal granulesyeo
present in the cytoplasm. Alpha granules contagt amounts of platelet bioactive substances
(Blair and Flaumenhatft 2009). They are essentiahfomal platelet activity and are released
when activated. Interestingly, recent findings hatewn that multiple alpha granule
subpopulations are sensitive to different activatipathways (ltaliano et al. 2008).
Polypeptide GFs entrapped within platelet alphangjes are the key factors orchestrating
tissue regeneration (Burnouf et al. 2013). Reguiatihe synthesis of specific adhesion
molecules, growth factors regulate differentiatiprgliferation, migration and metabolism in
target cells. Each GF can have either one or skeessential functions for a specific cell,

depending on the specific conditions in the cellimmment (Ramos-Torrecillas et al. 2014).

Platelet-derived growth factor (PDGF) was the ioay growth factor found in alpha
granules. It is released by platelets, macrophdgastinocytes, fibroblasts, and endothelial

cells. Platelet-derived growth factor (PDGF) corsesi a group of homodimeric (PDGF-AA,
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PDGF-BB, PDGF-CC, and PDGF-DD) and heterodimeribGF-AB) polypeptide dimers
linked with disulfide bonds. PDGF plays an impottesie in wound healing of hard and soft
tissues and in CNS development. It is a major neitofpr osteoblasts and undifferentiated

osteoprogenitor cells, fibroblasts, smooth museliscand glial cells (Burnouf et al. 2013).

The transforming growth factor (TGB)-family includes three isoforms of 25 kDa.
TGF$ is an important factor in cell proliferation inftion. TGF{ has been observed to
promote synthesis and preservation of the extriadeelimatrix (Luttenberger et al. 2000).
TGF$ family members have a major role in cartilage dgwment; they induce
chondrogenesis in embryonic and adult MSCs, andhreseh proliferation of chondrocytes
(Chung and Burdick 2008). TGF induces initial chondrogenic differentiation andreases
the synthesis of aggrecan and collagen 1l (TuéleR003). TGH3 family members also play
regulatory roles in modulating wound healing reggsnand scarring (Beanes et al. 2003).
This growth factor is crucial in bone formation amealing, enhancing the chemotaxis and
mitogenesis functions of osteoblast precursors, simaulating osteoblast deposition on the
bone collagen matrix (Burnouf et al. 2013). T@Ramily member bone morphogenetic
protein (BMP)-2 plays a crucial role in the repafibone and of epidermis in more superficial

layers of the skin (Ramos-Torrecillas et al. 2014).

Insulin-like growth factor (IGF)-I, is involved igell proliferation, differentiation, and
migration. IGF-I favors reepithelization and protlan of granulation tissue. The presence of
the growth factor at the site of a vascular injogs been found to be essential for wound
healing. IGF-1, acts in an anabolic manner to meeethe production of proteoglycans and
type Il collagen (Gooch et al. 2001). IGF-1 is atesponsible for the bone formation-bone

resorption interaction (Zhang et al. 2013).
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The epidermal growth factor (EGF) family plays aaal role in wound healing and in
re-epithelization by acting as a potent mitogen karatinocytes and enhancing their

migration in acute wounds (Barrientos et al. 2008).

The fibroblast growth factor (FGF) family includ&8 members. Fibroblast growth
factors 1, 2, 7, 10 and 22 are expressed afteralénmury. FGF-1 and FGF-2 are produced
by inflammatory cells, vascular endothelial celdlsratinocytes and fibroblasts, and they play
roles in re-epithelization, angiogenesis, and geatimn tissue formation. FGF-2, also known
as basic FGF, contributes to matrix synthesis @&maodeling (Demidova-Rice et al. 2012).
FGF-2 stimulates DNA and RNA synthesis, and hastaganic effect on most types of cells.
It has been shown that FGF increased cell protiftaraand contributed to maintaining the

chondrogenic character of vitro cultivated cells (Miot et al. 2006).

Other proteins involved in the regulation of amginesis are vascular endothelial growth
factor (VEGF), and thrombospondin-1. Platelets agntain proteins involved in MSC and
epithelial cell migration (SDF-1, FGF-2) inflammati (IL-8, CLXL-4, RANTES, CLXL-7)
cell adhesion (VWF, fibrinogen, fibronectin), andtimicrobial defense (Blair and

Flaumenhaft 2009; Italiano et al. 2008; von Hunld@lsen and Weber 2007).

1.3.1.3.1.2Platelet-rich plasma

Platelet growth factors are currently used for pheposes of regenerative medicine in
platelet-rich plasmas (PRPs). PRP is defined adiane of the plasma fraction of autologous
blood with a platelet concentration above a certatue (Marx et al. 1998). PRP offers
several advantages, since it is neither toxic memunoreactive, and it can be obtained

inexpensively and readily from the patient (Ramaosrdcillas et al. 2014).
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PRP and platelet derivatives are nowadays usedrtitage, bone, tendon and ligament, skin,
and nerve tissue engineering and regeneration @a&oet al. 2009; Lacci and Dardik 2010;
Lana et al. 2014). PRP has been shown to enharmedityte proliferation and, most
importantly, matrix production (Akeda et al. 200BRP has been reported to provide healing
of complex wounds (Lacci et al. 2010). RecentlyPRRas been used to treat musculoskeletal
injuries both in people and in horses, where ipplied via a percutaneous injection or an

open surgical approach (Lana et al. 2014; Taylat.e2011).

The positive role of PRP in tissue regeneratiod wound healing is undeniable. The
major advantage of autologous PRP is that PRP bamdwverse effects. However, there are
number of variables involved in therapeutic use thake it difficult to standardize PRP as a
product. Preparation methods, activation, plat@ehcentration, and the effect of the
individual and physical form of the PRP are factivat have to be considered (Anitua et al.
2009). Production methods for platelet preparatidfer greatly according to the metabolic
state of the platelets and the presence of extudameproteins such as fibrinogen (Ehrenfest et
al. 2009). Because of the autologous nature of BRRdardized results may not be obtained
in all patients. In “personalized medicine”, eachtloe variables may be viewed as an
opportunity to tailor the PRP according to the dpecequirements of a particular individual
or a certain tissue. However, further experimergaéarch is required to optimize each of the
variables and to establish the role of PRP in thatient of tissue regeneration (Lana et al.

2014).

1.3.1.3.2 Synthetic growth factors

Numbers of promisingn vitro cell culture studies ana vivo studies in animal models have
shown enhanced healing when variety of synthetevgr factors is added. However, their

clinical use remains limited due to their high ¢@std mainly because methods for delivering
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these synthetic growth factors are still under stigation or need further development
(Demidova-Rice et al. 2012). Until now, the only ADapproved growth factors are
osteogenic growth factor bone morphogenetic prete(BMP-2 and BMP-7), and
recombinant human platelet derived growth factddb@F-BB) - becaplermin. PDGF-BB,
supplied in a gel form with sodium carboxymethyligielse acting as a drug delivery vehicle,
is relatively effecient in wound treatment (Beenkam Mohammadi 2009). However, the
remaining problem is rapid degradation of the gloWéctor due to the proteolytic wound
environment. Therefore there is insufficient coricaion of the PDGF in the site of action
(Tomic-Canic et al. 2008). Further development &feative drug delivery systems is
therefore required to protect the labile growthidacextend its presence at the injury site and
minimize the systemic absorption of the growth dactot just in wound healing but also in

other tissue engineering applications (DemidovaeRical. 2012).

1.4 Controlled drug delivery

The development of new drug delivery systems has leenployed to tune release kinetics, to
regulate biodistribution and to minimize toxic sieléects, thereby enhancing the therapeutic
potential of susceptible bioactive molecules omggru
An effective drug delivery system consists of anfolation or a device that enables

growth factors, supplements or drugs to be deltvesafely in a sustained and controlled
manner to the required site. The drug deliveryesysis aimed at delivering and retaining a
sufficient concentration of bioactive substancesdlrigs for an adequate period of time, thus
significantly enhancing the treatment efficacy, atgb minimizing potential adverse effects
associated with undesired fluctuations in drug eotr@ation or ineffectiveness of damaged

drug molecules and toxicity of drugs (Zamani efall3).

a7



During the past few decades, various methods haea bmployed for fabricating effective
drug delivery systems. Numerous nanotechnologyebasag delivery systems have been
prepared, such as micro/nanoparticles (e.g. lipidpalymeric particles, nanoemulsions,

liposomes) and electrospun nanofibers (Lima 2@l2; Sill and von Recum 2008).

1.4.1 Micro/nanopraticles

Micro/nanoparticles, such as lipid or polymerictmdes, nanoemulsions and liposomes, have
been used as carriers for controlled delivery apfibns due to their ability to encapsulate
variety of bioactive substances (e.g. low and hmghlecular mass therapeutics, antigens or
DNA). Thus nanopatrticles outperform conventiondivéey of free drugs in terms of delivery
of an encapsulated drug and its sustained reldaseh system has its advantages and
disadvantages. Polymeric drug-delivery systems lbansynthesized to generate specific
molecular weights and compositions, but their dcagying capacity is relatively low. In
contrast, liposomes have a high drug-carrying aajpalout their release profiles are more
difficult to regulate (Duncan 2003). Liposomes hgjed to the first generation of
nanocarriers approved by the US FDA, and they otlreemain among the most widely
used nanoparticles as carriers of drugs, smalifertence RNA (siRNA), peptides, proteins,

viruses and bacteria, etc. (Ignatius et al. 20@véry et al. 2011; Mufamadi et al. 2013).

1.4.1.1 Liposomes

Liposomes may be defined simply as spherical vesieh which an aqueous volume is
entirely enclosed by a membrane composed of lippteaules (Figure 1.13)hey were first

described by British hematologist, A.D. Bangham,1®65. His work led to the use of
liposomes as the main model system for studyinghbysicochemical and other properties of

biological membranes (Bangham et al. 1965).
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Figure 1.13 Schematic illustration of a liposome ah its various drug-loading and
surface functionalization modalities

Reprinted by permission from Future Medicine LtdNahomedicine] (Engineering
nanomedicines for improved melanoma therapy: pssgaed promises, Di Bei, Jianing Meng
and Bi-Botti C Youan, Nanomedicine, 5, 9, 1385-132010), DOI 10.2217/nnm.10.117),
Copyright © (2010) [Future Medicine Ltd] (Bei et a010).

1.4.1.1.1 Critical packing parameter (CPP)

Lipids that form liposomes are mainly those thateha critical packing parameter (CPP) in
the range of 0.74-1.0 (Kumar 1991). The CPP isneeffias the ratio of the cross-sectional

area of the apolar to polar regions of the amplephi

CPP = :
(Ix Ay

whereV andl are the volume and the length of the hydrophadils tespectively, andg is

the effective area of the hydrophilic head grouigFe 1.14).
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Figure 1.14 Parameters of the amphipathic molecule

Adapted from Kiraly Z., 2011 [Online] [Citacion 12911]
(koll1.chem.u-szeged.hu/colloids/staff/zoli/Pharmaegture%209.pdf. Kirdly,  Zoltan.
University of Szeged, Department of Colloid Chamigiolloid Stability)(Kiraly 2011).

This correlation predicts a range of structuresoating to the following conditions (Table

1.1)(Balazs and Godbey 2010).

Table 1.1 Structures predicted by the packing parareter

Critical
Packing Predicted
Parameter structures Examples
cpp< 1 Spherical SDS (sodium dodecyl sulphate)
micelle
Lysophospholipids
1 1 | cylindrical
3 <CPP< 2 | micelle Phosphatidylinositol
1 Flexible Phosphatidylcholine
—<CPP<1 | bilayers,
2 vesicles
Phosphatidylcholine
_ Planar
cPP=1 bilayers Sphingomyelin
Inverted Diacylglycerol
micelles,
cPP>1 (Hexagonal | Phosphatidylethanolamine
(H2) phase)
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1.4.1.1.2 Phase transitions and membrane permeability

The lipid bilayer of liposomes can be either in thalid-ordered (SO, also called the
crystalline, solid, or gel phase), or liquid-disered (LD, also called the liquid crystalline,
fluid, or liquid phase), or liquid-ordered (LO) @rmediate phase, based mainly on the
packing of the lipid hydrocarbon chains (Mourit205).

One consequence of the packing of the fatty adwdins within the center of a
phospholipid bilayer is an abrupt change in its qitgl properties over a very narrow
temperature range. The most consistently obserf/éteee phase transitions is the transition
occurring at the highest temperature, in whichrtteanbrane passes from a highly ordered gel
or solid phase to a more mobile liquid-crystal ghabhere is a considerable influence of
hydrocarbon chain length and unsaturation, andhef ibnic strength of the suspension
medium and the type of polar head group, on thesitian temperature ) value for bilayer
membranes composed of different phospholipids. gieese behavior of the lipid bilayer is
determined by the van der Waals interactions betveegacent lipid molecules. In general,
lipids with short or unsaturated fatty acyl chawmsdergo the phase transition at lower
temperatures than do lipids with long or saturatkdins. Lipids with a longer tail usually
form more rigid structures, as the tails have nawea to interact. An unsaturated double bond
can produce a kink in the alkane chain. This kink ereate extra free space within the
bilayer which allows additional flexibility in thadjacent chainsMembranes with a large
number of unsaturated hydrocarbon chains are trerehore fluid than bilayer membranes
with a low number of double bonds in the hydrocarbbains (Alberts et al.).

Most phospholipids have a phase transition of tigd bilayer, from the SO phase to the
LD phase, and vice versa. The LO phase only ocgben a membrane-active sterol, such as

cholesterol, is included in the phospholipid bilayBarenholz 2002). Bilayers in the LO

51



phase are less sensitive to temperature changasgrartherefore more rigid, less permeable
and more stable than bilayers in the LD phase (Msar 2005).

The phase behavior of a liposome membrane detestsnch properties as permeability,
fusion, aggregation, and protein binding, all ofiebhcan markedly affect the stability of
liposomes and their behavior in biological systenespecially the stability of drug loading

and the rate of drug release (Barenholz 2003).

1.4.1.1.3 Characterization of liposomes by size, morphologyral charge

When pure lipids or lipid mixtures suspended in agueous solution are assembled,
liposomes can exhibit a range of sizes and morgiedaJesorka and Orwar 2008). They can
range in size from the smallest vesicle (diam&@rnm) to liposomes with a diameter of a
micrometer or greater, equal to the dimensionsvofd cells. They can be characterized by a
single bilayer membrane, or may be composed ofiphelliconcentric membrane lamellae
stacked one on top of the other (Samad et al. 2007)

Due to their large aqueous core, Unilamellar \tesicare preferentially used for
encapsulation of hydrophilic drugs. Due to theighhiipid content, multilamellar vesicles
(MLV, > 0.5 um in diameter) are preferentially usedpassively entrap hydrophobic drugs.
MLV can then be downsized by various methods tonf@ither large unilamellar vesicles
(LUV, >100 nm in diameter) or small unilamellar i@ss (SUV, 20-100 nm in diameter).
Routine methods for downsizing liposomes includghhintensity low-frequency ultrasound
(LFUS) and extrusion (New 1990). SUVs have a longelf-life than MLVs. They are
therefore not eliminated from the blood circulatias rapidly as large liposomes. It is
therefore evident that the enhanced mononucleagagayte system (MPS) uptake of
liposomes by the liver is size-dependent (Harastatred. 1994).

Several approaches have also involved modulatiegiposome charge to reduce MPS

uptake. The overall charge is characterized byhyarophilic parts of the lipid molecules,
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and has a relevant influence on the stability eflthosome in the biological environment. In
general, anionic liposomes (such as phosphatidyinese phosphatidyl glycerol, and
phosphatidyl inositol) have a shorter half-life the blood than do neutral liposomes
(phosphatidyl choline molecule, sphyngomyelin andogphatidyl ethanolamine). The
negatively charged head group prevents efficienARNmpaction; gene delivery by anionic
lipids is therefore not very efficient (Nishikawa a. 1990). Cationic liposomes have been
widely used as efficient transfecting vectors imeelelivery applications (Li et al. 2011). A
solution of cationic lipids, often formed with neaithelper lipids, can be mixed with DNA to
form a positively charged complex reffered to dgpaplex (Wasungu and Hoekstra 2006).
However, positively charged liposomes (such as |gfimgphocholine) are unstable when
stored, exhibit some cytotoxicity both vitro andin vivo, and are quickly removed from

blood circulation (Senior 1986).

1.4.1.1.4 Stabilized liposomes

Many methods have been sought to stabilize liposprbecause of the stability problem,
rapid clearance from the blood, restricted contf@ncapsulated molecule release, and low or
non-reproducible drug loading with conventionaloBpmes. The use of synthetic polymers
for steric stabilization of liposomes led to thevelepment of “stealth liposomes”. The
surface of sterically stabilized liposomes is pcted by polyethylene glycol (PEG) or by
other polar surface ligands, such as carbohydratesse PEG-liposomes, which are invisible
to the immune system, showed decreased uptake tihi@oMPS, increased circulation
half-lives, increased stability to content leakaged dose-independent pharmacokinetics
(Immordino et al. 2006).

Immunoliposomes can be prepared by conjugatindp@ies either directly to the lipid
bilayer of liposomes in the absence (type 1) athim presence (type 2) of PEG chains, or to
the distal end of the PEG chain (type 3) (Figuféb)L.

53



Type 1 Type 2

Figure 1.15 Schematic representation of the threg/pes of immunoliposomes

(Type 1) Immunoliposome with the antibody covalently alfted to the bilayer in the absence
of PEG chains.Type 2) PEG-liposome with antibodies attached to thedgmoal bilayer in
the presence of PEG chainsype 3) PEG-liposome with antibodies attached at theatlestd

of the PEG chain in a site specific manner. Adagtedh Greplova J., 2009Gfeplova,
Jarmila. Vyuziti imunoliposoinpro tansport arizené uvalovani I&iv [Bachelor project]
Prague, Charles University, Faculty of Natural Swes, p.3P(2009) (Greplova 2009).

However, whole monoclonal antibodies (MAb) coupled liposomes are highly

immunogenic. This disadvantage can be circumvelyeitie use of fragment antigen-binding
(Fab-fragments) or single chain fragment varialsie={¢). Other targeting moieties include
peptides, growth factors, glycoproteins, carbohtgdraor receptor ligands (Sapra and Allen
2004). In addition, the number of ligand molecudeposed on the carrier surface can be

increased, enhancing ligand avidity and the degfeptake.

1.4.1.1.5 Application of liposomes

Liposome technologies have made considerable megned several important formulations
for the treatment of various diseases are now abvlailcommercially or in advanced clinical
trials. Commercial vaccines based on virosome t@ogy such as surface antigens derived
from the hepatitis A virus (Epaxal® [Berna Biotetld.] or from the influenza virus
Inflexal® V [Berna Biotech Espafia SA] have beendleped (Copland et al. 2005). As a
result of extensive research on liposomes, sewat#umor liposome delivery systems have
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been commerionalized, such as the doxorubicin-dipes system (DoxH, Myocef or
Lipo-dox®), and the camptothecin—liposome and daunorubigiosbme systems
(DaunoXome) (Bei et al. 2010; Mross et al. 200B8ye et al. 2002). However, PEGylated
liposomes (Doxil and Lipo-dox) displayed signifitamcidence of stomatitis in clinical trials,
which may be related to PEGylation (Chang and Y@h22. Many anti-angiogenic and
anticancer formulations based on cationic liposomigle to release their contents into the
cytoplasm following endocytosis have been develogétve and Heinrich 2006).
Thermosensitive Thermod&iiposomes have found applications in the treatnoéridenign
prostatic hyperplasia and clinical treatment ofdtepellular carcinoma (Wang et al. 2005).
PH-sensitive, light-activated and ultrasound-indlideug release systems have been widely
investigated (Kocer 2007; Puri 2014; Schroeden.e2@09). NOVC-DOPE is an example of
applying caged compounds in biological studieh@&design of light-sensitive lipids (Bochet
2002). Liposomes are also used in diagnostic ingagia they can incorporate multiple
contrast moieties, and they can specifically delthe agent to the target area and enhance the

contrasting signal (Immordino 2006).

High drug-carrying capacity is one of the most iegsive advantages of liposomes.
However, there are still many barriers to overcdméore the full therapeutic potential of
liposomes can be reached (Wang et al. 2005). The reason for the limited success is that
there are many design and application problems ditly delivery systems. These include
drug accumulation in tissues, short half-life, lstability, and poor interaction with certain
drugs. In addition poor control of drug release roaeprolonged period limit their use for
long-term drug delivery (Sharma and Sharma 199@miGning liposomes with polymeric
scaffolds could overcome the limitations of conv@mal liposomes and extend their use in

biomedical engineering.
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1.4.2 Elelctrospun nanofibers for drug delivery of bioactve molecules

In addition to serving as scaffolds, nanofibroushes can be designed to serve as bioactive
delivery vehicles to induce a desired cellularissue response (Dahlin et al. 2011). Bioactive
agents can either be immobilized or adsorbed onsthéace of nanofibers (e.g. proteins
(Huang et al. 2006b) or incorporated into the ndreofmesh e.g. drugs (Martins et al. 2010)
and proteins (Zeng et al. 2005). The main consiaerdor the development of successful
delivery systems for tissue engineering are thadtieity of the biomolecules adsorbed on
the scaffolds or incorporated within the scaffoldsd the controlled release of these

biomolecules according to the time frame of tissgeneration (Ji et al. 2011).

1.4.2.1 Functionalization of the nanofiber surface

Electrospun nanofiber surfaces have been funcimathlto achieve sustained delivery of
various bioactive substances, just by physical gdiem (Mattanavee et al. 2009). Nie et al.
loaded bone morphogenic protein-2 (BMP-2) into tetmpun PLGA scaffolds by dipping the
scaffold into an aqueous phase containing biomtgsciThey showed that bone morphogenic
protein-2 (BMP-2) adsorbed to PLGA scaffolds reacheer 75% release within 5 days and
almost complete release within 20 days (Nie et2808). Simple physical adsorption of
proteins on nanofiber surfaces has therefore selsk®n used, due to the uncontrolled release
profiles (Ji et al. 2011). Moreover, surface chamastics such as hydrophilicity/
hydrophobicity arising from the chemical compogsitiof nanofibers may not be satisfactory
for inducing selective cell adhesion, migrationg aumoliferation (Chung and Park 2007). The
surface chemistry can be modified for optimal tesssmgineering by cold plasma treatments,
surface graft polymerization UV-ozone treatmentset whemical methods and with
co-electrospinning of bioactive agents and polyn{®&teri et al. 1994; Darain et al. 2011,

Mattanavee et al. 2009; He et al. 2005). Naturdlyived biomolecules and specific cell
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ligands on nanofiber surfaces were immobilized todulate cell-matrix interactions, thus
achieving improved cell adhesion, proliferation adifferentiation (Wang et al. 2010).
Functionalized nanofibers have also been prepayeddbesion of bioactive factor-loaded
nanoparticles (Ruggeri et al. 2013). Immobilizedayzarticles interact with the targeted cells
and also with the nanofiber scaffold on which teéiscare cultured, thus creating a combined
sustained and local release system (Santo et 82)20hese combined release systems may
be used for delivering therapeutically active coompis to the intended injury site (Anitua et
al. 2008). The main disadvantages of using scaffoldthis kind are high burst release and

poor control over the release profile of the loabesmolecules (Ji et al. 2011).

1.4.2.2 Blend elelctrospinning for drug delivery of bioactve substances

Fibers prepared by blend electrospinning have hesed as drug delivery vehicles with the
ability to incorporate a wide range of bioactivelennles (Cui et al. 2010). Functionalized
nanofibers have been produced directly by electnospg polymer blends/mixtures with
various chemical agents such as antibiotics, cgtiast proteins, DNA, and small interfering
RNA (Sill and von Recum 2008; Wenguo et al. 20B))ccessful encapsulation of bacterial
cells and viruses into blend nanofibers was regamtported (Zussman 2011). However, a
common problem in this process is loss of the @gtof the incorporated biomolecules (e.g.,
enzymes and growth factors) due to conformationt@nges in the organic solution
environment. This problem was overcome by incorpagaproteins with precipitously
degradable polymers dissolved in polar solvent®irTability to maintain enzyme activity
was demonstrated by the incorporation of naturaltgms, such as lipase and casein,
horseradish peroxidase (HRP), alkaline phosphatase $-galactosidase (Xie and Hsieh

2003; Patel et al. 2006; Dror et al. 2008). Thadésintages of using these scaffolds are the
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low aqueous stability of the nanofibers, and algisbrelease and low adhesion of cells to the

hydrophilic polymer surface (Ji et al. 2011).

1.4.2.3 Coaxial electrospinning for drug delivery of suscefible biomolecules

Coaxial electrospinning is an attractive strategy delivering susceptible biomolecules,
because the core/shell fibers that are producee gaat potential to preserve proteins during
the electrospinning process. The hydrophilic comymper facilitates the loading and
preservation of protein bioactivity, while the hgghobic shell allows fiber formation (Saraf
et al. 2009). Nanofiber cores have been employedefcapsulating diverse bioactive
substances such as antibiotics, drugs, DNA anceimo{Sill and von Recum 2008; Wenguo

and et al. 2010).

Preparation of protein-compatible nanofibers haproved the preservation of protein
activity, and has allowed prolonged release of ginst from nanofibers. Electrospun
nanofibers have been used for delivering variousnvtr factors. Sahoo et al. prepared
nanofibrous scaffolds for the controlled delivefybasic fibroblast growth factor (bFGF), and
showed greater mesenchymal stem cell (MSC) pralifen on coaxial nanofibers than is
afforded by classical blend electrospun nanofid&ahoo et al. 2010). In addition, other
proteins such as lysozyme; platelet-derived grofatitor-bb (PDGF-bb) and nerve growth
factor (NGF) have been successfully incorporateéd mmanofibers by coaxial electrospinning

(Yang et al. 2008; Liao et al. 2006; Wang et alL20

Successful preservation of molecular bioactiviéguires a lesser amount of delivered
molecules to promote optimized tissue regeneratinpnaddition, coaxial electrospinning
provides homogeneous protein distribution throughthe fibers, and proteins can be
delivered in a controlled manner (Ji et al. 20Rgduced doses of biomolecules enable safe
and cost-effective strategies for tissue engingeapplications.
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Development of biodegradable and biocompatible fiaexs with prolonged and controlled
release of bioactive molecules prepared by elguinoghg techniques, are therefore believed

to be an important tool for modern regenerative iciee.

59



2 Aims of the study

1. Develop functionalized nanofibers as a simple @gliwsystem for growth factors, and
make nanofiber cell seeded scaffold implants astep-intervention.

2. Develop a novel drug delivery system based on tipwsenriched nanofibers,
concentrating on efficient delivery and on presegvithe enzymatic activity of the
delivered proteins. Demonstrate the potential o 8ystem for tissue engineering
applications by testing i vitro.

3. Develop a novel drug delivery system for preserviagd delivering platelet
derivatives, and demonstrate the potential of thistesn for tissue engineering

applications in aimn vitro study.
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3 Experimental part

The experimental part of this manuscript consist experiments divided into 3 sections.

In the first section of the experiments, a pldtélectionalized scaffold was prepared by
adhering washed platelets to PCL biodegradable fiteme prepared by the blend
electrospinning technique. The morphology of thetay was examined by cryo-FESEM,
and the adhered platelets exhibited strong interastvith the PCL nanofibeeven after two
hours of incubation with the nanofiber§he potential of the platelet immobilized
functionalized scaffold as a nanoscale deliverytesysfor natural growth factors was
evaluated by a chondrocyte cell culture studyitro, and a significant stimulation effect on
chondrocyte viability was revealed. In additiorge fhroduction of chondrocyte-specific ECM,
and thus the stimulation capacity of the functicread nanofiber scaffold to induce type Il
collagen production, was confirmed using indirenimunofluorescence staining. The main
advantage of a nanofiber system is the abilityrtmobilize the platelets, so that the release of
the growth factors from the nanofibers is more Ist@imd more sustained. A locally higher
concentration of natural growth factors appropridte cells can form promising
functionalized scaffolds in a useful drug delivesystemwith comparatively short time

scales.

In the preliminary study, functionalized PCL nabefs were prepared with synthetic
growth factors encapsulated in liposomes adheonipeém.The interaction of the liposomes
with the PCL nanofibers was visualized by FESEM.afiiative analyses showed that
around 29% of the liposomes remained tightly atddo the nanofiber mesh after overnight
washing. The potential of the liposome immobilized scaffdd a delivery system for
synthetic growth factors, and as a suitable systenMISCs adhesion and proliferation, was

evaluated by confocal microscopy asleDNA amountletermination. Theasults showed that
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the growth factors adhered to the surface of the R&hofibers stimulated cell proliferation
mainly up to day 7, and that subsequently thegatfivas significantly lower. By contrast, the
release of growth factors from liposomes resultaed gradual proliferation of MSCs
throughout the study period. Moreover, both systetimsulated type Il collagen production,
which was confirmed bymmunohistochemical staining using monoclonal adipagainst

type Il collagen. The results of the preliminarydst indicate that growth-factor enriched
liposomes adhered to PCL nanofiber system couldideful as a drug delivery tool for

application in short time scales, and could finddaler use in tissue engineering.

In the second section of the experiments, the bleledtrospinning technique was
employed to encapsulate liposomes into hydropRW& nanofibers. The incorporation ratio
and the preservation of the enzyme activity of HR&e tested in nanofibers prepared by
blend electrospinning. The effect of the PVA polymelution on liposome stability was also
tested. The results revealed by SEM and confocarascopy indicated that blend
electrospinning caused the liposomes to break aleése their encapsulated material. HRP
was encapsulated very effectively into the nanofibelowever, the incorporation ratio of the
free enzyme into the nanofibers was almost twicehigh as the ratio of incorporated
liposomes with embedded HRP. Moreover, the bioklgactivity of the encapsulated protein
was greatly depressed in both samples. The realdts confirmed that the PVA polymer
concentration has a significant effect on the §tglof the liposomes. Thus there are several
key challenges to be overcome before these namsfiten be implemented as a sustained

delivery system for bioactive agents in practicsdue engineering applications.

To overcome the problem with blend electrospinnofgconventional liposomes, a
coaxial electrospinning technique was employedrapare PVA-core/PCL-shell nanofibers
with liposomes embedded in the 5% PVA core in tiiedtsection of the experiments. The

study concentrated on delivery efficiency, and oesprving the enzymatic activity of the
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delivered model protein (HRP). The water conterdriynnanofibers was measured in order to
examine whether liposomes are able to maintain thegrnal aqueous environment. Finally,
the potential of the system was evaluated in avaiibn study using mesenchymal stem cells
(MSCs). Visualization of nanofibers by FESEM anddmynfocal microscopy confirmed that
the liposomes were embedded into the coaxial naexsiand remained intact during and after
the process of coaxial electrospinning. The cunudatelease profile of FITC-dextran from
PVA/PCL coaxial nanofibers with or without encadal liposomes was evaluated in a drug
release experiment. The results showed the pregecictivity of the liposomes and the
sustained release of encapsulated FITC-dextran. pfoiective effect of liposomes in the
nanofiber core on enzymatic activity was verifigthzymes encapsulated in liposomes can
better survive the electrospinning process, prgbbabtause of the shielding effect of the lipid
sphere. Interestingly, coaxial electrospinning éelhe retention of an aqueous environment
inside intact liposomes embedded in nanofibersséeral weeks of shelf storage. Finally,
nanofibrous scaffolds containing embedded liposowids encapsulated recombinant growth
factors were more potent for stimulating MSC pegfition than coaxial nanofibers without
liposomes. The results presented here show thefdtef this drug delivery system using
intact liposomes embedded for application in vasidields of tissue engineering and

regenerative medicine.

In the last study presented here, a novel druyelisystem was developed, based on
nanofibers containing encapsulated platelgranules as a source of natural growth factors.
a-granules contain most of the platelet secretedviirdactors, and are therefore an ideal
source for tissue engineering applications. Th&t task was therefore to isolategranules
from platelets. The second task was focused onesstid incorporation of isolated
a-granules into the core of PVA/PCL coaxial nanaffbelThis system should combine the

benefits of natural growth factors with sustainel@ase of the growth factor. Finally, a simple
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demonstration of the performance of the systentimusating the viability and chondrogenic
differentiation of MSCs was evaluatedgranules were introduced as an autologous sotirce o
growth factors. The isolated-granules were small enough to be encapsulated theo
nanofiber core, and were successfully incorporatgd PVA/PCL coaxial nanofibers.
Incorporation of a-granules into the 5% PVA was visualized by meafscanfocal
microscopy, and the encapsulation efficiency wagserddgned using overall protein
quantification. The system preserved the biologawlvity of the growth factors that were
delivered, and also stimulated the viability and tthondrogenic differentiation of MS@s
vitro. The results showed that coaxial nanofibers wittheddedu-granules are a promising

system for tissue engineering applications with garatively prolonged time scales.
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4 Methods

4.1 Preparation and characterization of platelet derivdives as natural

source of growth factors

4.1.1 Preparation of washed platelets

Platelet rich plasma (PRP) prepared by the bufft ceethod (2 x 19 platelets in 250 ml of
T-SOL buffer) was obtained from the Hematology &&r\of the General Teaching Hospital
(Prague, Czech Republic). First, the PRP was wagsbedeplte the blood plasma and
contaminating blood cells. Then, the PRP (volum@ @0, platelet concentration 225 x°0
was centrifuged (2250 g, 15 min), supernatant wasadded and resulting platelets were
washed in washing buffer (pH 6.5, 113 mM NaCl, Bl K2HPO4, 4.3 mM Na2HPO4,
24.4 mM NaH2PO4 and 5.5 mM glucose) as describe(Bbgnziger et al. 1971). Platelet
washing was repeated three to four times. Contammdeukocytes and erythrocytes were
removed by further centrifugation (120 g, 7 minatBlets were then resuspended in 40 ml of
washing buffer and centrifuged at 120 g for 7 namdcover platelets that sedimented in the
first 120 g spin. Platelets were pelleted by c&ngation (2000 g, 15 min) and washed once
and finally resuspended in buffer pH 7.5 (109 mMCNa4.3 mM K2HPO4, 16 mM
Na2HPO4, 8.3 mM NaH2PO4 and 5.5 mM glucose). Mdatmn of platelets and
platelet-rich solution (TRS) was carried out intarige tissue culture hood in a clean room.
TRS was stored in centrifuge tubes in a clean raatit use. Temperature in the clean room

was set at 22°C.
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4.1.2 a-granule isolation

The washed platelets were sonicated using a Miar$62000 sonicator (Misonix Inc., NY,
USA; output power 3 W, 3 cycles, 1 min. sonicatiand 1 min. cooling) and then stored
at -70°C.a-granules were isolated by 30-50% (w/v) sucroseigrd ultracentrifugation using
an Optima L-90K ultracentrifuge (Beckman CoulteA, @SA, rotor SW32Ti; 175 000 x g,
12h, 4°C). The resulting granules were separathd.r&€sulting granules were separated into
three fractions (lowesi-granule rich fraction (ALPHA); middle: fraction en(FR1); and
upper: fraction two (FR2), diluted in a washingfieufvolume ratio 1:1), and ultracentrifuged
again (175000 x g, 4 h, 4°C). The resulting psllsere resuspended in the washing buffer

and stored at -70°C.

4.1.3 Dot Blot

The isolated gradient fractions (ALPHA, FR1 and FR&d control sample (sonicated
platelets) were characterized by the dot blot teghe A nitrocellulose membrane (ProtFdn
Whatman) was incubated with 2 ul of each samplal(fowotein concentration of samples: 0.3
mg/ml, assayed in duplicate) and blocked by 5% hmwerum albumin (BSA) in TBS with
0.05% (v/v) Tween 20 (TBS-T; pH 7.5; Sigma-Aldridby 1 h. The blocked membrane was
washed twice with TBS-T and stained with a primantibody against P-selectin (1:1000
dilutions, 4 h, 4°C; Exbio). The membrane was wdsiwace with TBS-T and then stained
with a horseradish peroxidase-conjugated secondatypody (1:2000 dilution, 2 h, 4°C;
Promega). Finally, the membrane was washed in TBf#l ancubated with a
tetramethylbenzidine substrate solution (Promegag. reaction was stopped after 10 min by
rinsing the membrane with distilled water. The re¢di membrane was carefully scanned and
densitometric analysis was performed using a Dot Blnalyzer for ImageJ. The data are

represented as an integration of the area density.
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4.1.4 Fluorescent labeling ofa-granules

The isolatedx-granules were labelled with fluorescent carboxyfscein succinimidyl ester
(CFSE) molecular probes. The reaction mixture, @reg from 1 ml ofa-granule solution
(total protein concentration: 1 mg/ml) and 100 iC&SE (1.5 mg/ml), was incubated for 90
min. in the dark at RT. The labelettgranules were separated by gel chromatography
(Sephacryl HR-500, GE Healthcare). Prepared, fhaastly labeleda-granules were

electrospun by coaxial electrospinning and dry dammf nanofiber mesh were further

analysed by confocal microscopy.

4.2 Liposome preparation and characterization

4.2.1 Liposome preparation

Unilamellar liposomes were prepared from soybeaivee L-a-phosphatidylcholine or
L-a-phosphatidylcholine from egg yolk (PC; Avanti Rolapids, Inc.) using the extrusion
method (Mayer et al. 1986Briefly, 25 mg of soybean or egg yolk PC were daso in
chloroform (1 mL); to prepare fluorescently labelggbsomes (FITC-LIP, FITC — labeled
phospahtidylcholine purchased from Molecular Profg3C—-PC: PC from soybean in a
1:1,000 molar ratio) was added and subsequentlpagated under a flow of Nat 4°C to
form a thin lipid film. The dried lipid films prepad from PC were then resuspended in 1 mL
of Tris-buffered saline (TBS; 150 mM NaCl and 50 niMs, pH 7.4) for the preparation of
empty liposomes (LIP). For fluorescent spectroscaopgasurements lipid films were
resuspended in a 8-Aminonaphthalene-1,3,6-trisidfon acid (ANTS) +
p-xylene-bis-pyridinium bromide (DPX) system (1.5 aflsolution containing 15 mM ANTS,

45 mM DPX in TBS, pH = 7.4; Molecular Probe). Liposes with encapsulated substances
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were prepared by resuspending the dry lipid film4d.inl of TBS with 2 mg/mL HRP or 25
mg/mL fluorescein or 5 mg/mL FITC-dextran (10,000Wipurchased from Sigma-Aldrich)
or with a mixture of recombinant growth factorsl(@.g/ml TGFB; 5 pg/ml bFGF, 10 pg/ml
IGF-I in phosphate-buffered saline (PBS), LIPGFh @reate unilamellar liposomes, the
obtained multilamellar liposomes were extruded sdviemes through polycarbonate filters
with a well-defined pore-size (1 um diameter) usamgAvant? Mini-extruder (Avanti Polar
Lipids Inc.). Unencapsulated fluorescein and AN¥FDPX system was separated on a
Sephadex G-25 column (Sigma-Aldrich). Unencapsdl&ig C-dextran, HRP and a mixture
of growth factors were separated from the encap=iilgposomes using a Sephacryl HR-500

column (GE Healthcare).

4.2.2 Measurement of liposome size

The average diameter and size distribution of thesbmes were measured using dynamic
light scattering on a Zetasizer Nano ZS (model Z&N3 Malvern Instruments Ltd).

Experiments were carried out at 18°C with a detecéingle of 90°. The data were prepared
using the Contin mode, and the results were giveavierage mean diameters reported as

function of the size distribution and intensity.

4.3 Preparation and characterization of functionalizednanofiber scaffolds

4.3.1 Blend electrospinning of nanofibers

10% (w/v) solutions of poly-caprolactone (PCL) with a molecular weight (MW BGif
40 000 (Sigma-Aldrich) dissolved in chloroform:atbé (9:1) were prepared for platelet

adhesion studies. 24% (w/v) solutions of PCL witm@ecular weight (MW PCL) of 45 000
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(Sigma-Aldrich) dissolved in chloroform:ethanol ZB:were prepared for liposome and
growth factor adhesion studies.

A mixture of 12% (w/v) polyvinyl alcohol (PVA, Slol®) with empty liposomes or
TBS buffer was prepared for the quantification ipid incorporation and water content. A
mixture of 12% (w/v) PVA with 271 pg/mL HRP or 258/mL HRP encapsulated into
liposomes was prepared for enzymatic activity stsldA mixture of 12% (w/v) PVA with 5
mg/mL FITC-dextran (Sigma-Aldrich) encapsulatedoiniposomes was prepared for
visualization by confocal microscopy. Electrospimmiwas carried out on a Nanospider
device as described previously in detail (Lukaale2008). A high-voltage source generated
voltages of up to 56 kV, and the polymer solutievexre connected with the high-voltage
electrode. The electrospun nanofibers were dembsitea grounded collector electrode. The
distance between the tip of the syringe needle taedcollecting plate was 12 cm. All
electrospinning processes were performed at roompeéeature (RT; ~24°C) and a humidity

of ~50%.

4.3.2 Coaxial electrospinning of PVA/PCLnanofibers

A 10% (w/v) polye-caprolacton (PCL) solution was used as the sbaltisn for all prepared
samples. For confocal microscopy the core solutonsisted of 5% (w/v) PVA with
fluorescein (25 mg/mL) or liposomes containing grstdated fluorescein (25 mg/mL) (Fluka,
Sigma-Aldrich), or FITC-dextran (5 mg/mL) or liposes (25 mg/mL) containing
encapsulated FITC-dextran (5 mg/mL) (Sigma-Aldrjam)a-granules (total protein content:
0.3mg/ml). For the cell proliferation studies tharec solution contained either a mixture of
growth factors (0.1 pg/ml TGB: 5 pg/ml bFGF, 10 pg/ml IGF-I in PBS; GF) or liposes
containing an encapsulated mixture of growth fac{6r03 pug /ml TGH, 0,7 ug /ml bFGF,

3 pug/ml IGF-I; LIP-GF) dissolved in 5% (w/v) PVA.
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The coaxial spinneret apparatus consisted of 2leeg@daced together coaxially (Lukas et al.
2009). Two syringe pumps were utilized to delivez tore and shell solutions, respectively.
The flow rate was 5 mL/h for the core polymer anchi2h for the shell polymer in case of
liposomes, fluorescein, FITC-dextran and growthtdeexc For the preparation of coaxial
nanofibers with incorporated-granules, 12 ml of shell PCL solution and 4 mkofe PVA
solution containingx-granules (total concentration of inserted proteh2 mg/fiber mesh)
were used. Additionally, PVA/PCL nanofibers withautgranules were used as a control
using similar parameters. A high-voltage power $yp@s used to generate voltages of up to
55 kV, and an aluminium plate collector was usedthas receiving plate to collect the
electrospun nanofibers. The distance between pheftihe syringe needle and the collecting
plate was 12 cm. All electrospinning processes weréormed at room temperature (~24°C)

and a humidity of ~50%.

4.3.3 Coaxial electrospinning of PVA/PVA nanofibers

Readily dissolvable coaxial PVA/PVA nanofibers werepared for studies on water content
and enzymatic activity. A 12% (w/v) PVA (Sloviol Rplution was prepared as the shell
solution for all prepared samples. For water cantletermination, the core solution contained
empty liposomes or TBS buffer dissolved in 5% (WAXA. For determination of enzymatic
activity the core solution consisted of HRP (2 mig/ndissolved in 5% (w/v) PVA or
liposomes with encapsulated HRP (888 pg/mL) digsbln 5% (w/v) PVA. The coaxial
spinneret apparatus consisted of 2 needles plagedhier coaxially (Lukas et al. 2009). Two
syringe pumps were used to deliver the core anlll sblations, respectively. A high-voltage
power supply was used to generate voltages of &5 kv, and an aluminum plate collector

was used as the receiving plate to collect therelggun nanofibers. The distance between the
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tip of the syringe needle and the collecting plates 12 cm. All electrospinning processes

were performed at room temperature (~24°C) andnaidity of ~50%.

4.3.4 Scaffold composite preparation

Before cell seeding, PCL nanofibers were cut iotond patches of 6 mm diameter. Scaffolds
for adhesion of recombinant growth factor mixtu@F}, liposomes with encapsulated
mixture of recombinant growth factors (LIPGF) anhliofescently labeled liposomes
(FITC-LIP) prepared for confocal microscopy anadysiere sterilized using ethylene oxide at
37°C. Scaffolds for platelet adhesion were stexdiby immersing in 70 % ethanol for 30 min
and then washed three times in PBS (pH 7.4). Twlenadhesion, PCL nanofibers were
immersed in: 6 ml of GF (0.1 pg/ml TGE-5 pg/ml bFGF, 10 pg/ml IGF-I in PBS; GF); 6
ml of LIPGF (0,03 pg/ml TGH; 0,7 pug/ml bFGF, 3 pug/ml IGF-I in PBS; determinyl
ELISA; LIPGF) and incubated for 2 hours; 1 ml offEFLIP (25 mg/ml of FITC-PC: PC
from soybean in a 1:1,000 molar ratio) or immernsid a liposome solution of ANT$S DPX

for 60 seconds and rinsed with TBS (pH 7.4) ovdmi&CL nanofibers were immersed in a
platelet rich solution (380 x £@latelets/ml) for either 14 h (PCL14) or 2h (PCLA&jter the
incubation time, scaffolds were rinsed in TBS repély to remove non-adhered GF, LIPGF
and FITC-LIP and in PBS to remove non adhered lefste Additionally, pure PCL

nanofibers were used as control samples.

4.3.5 Fluorescent spectroscopy measurements of liposomasofiber interactions

Nanofibers with adhered liposomes containing ANE®PX after rinsed and washed with
TBS solution overnight, were subsequently dissoivedthanol to release the ANFSDPX

system. Fluorescence measurement were performesasibed in (Fiser and Konopasek

2009) on a FluoroMax-3 JY-Horiba spectrofluorimetexcitation and emission wavelengths
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were 370 and 505 nm, respectively (both with badtve of 4 nm). A suspension (1.5 ml)
was placed into a 1 x 1 cm quartz cuvette, andrélserded fluorescence intensities were
corrected for the background (vesicles without ANArl DPX, about 2% of total intensity)

and for the effect of dilution due the addition®X and Triton X-100.

4.3.6 Cryo-field emission scanning electron microscopy

Cryo-field emission scanning electron microscopg$EM) was used to visualize nanofiber
morphology, liposomes and platelets. Briefly, tlanple was frozen rapidly in liquid N2
(-210°C). The sample was then transferred to tlye-stage of the preparation chamber
(ALTO2500), where it was freeze-fractured at —140fi€eze-etched by raising the sample
temperature until the sublimation of water staéed95°C for 10 min, and then coated with
gold at —135°C for 60 s. After this preparatione t)ample was placed on a cold-stage
microscope and examined in the frozen state atnpdeature of approximately —135°C. The
specimen was observed at 1 kV in the GB-high maaka 3 kV in the GB-low mode on a
Jeol 7401-FE microscope.

Electrospun scaffolds were characterized in terinBber diameter pore size and porosity
using mathematical stereological methods, as destrin detail by (Pan and Phil 2006).
Briefly, stereological parameters were measurednfiarbitrarily selected sections of the
FESEM images in LUCIA software (Laboratory Imagsgo., CZ). The distribution of fiber
diameters was determined quantitatively from 20Ggsneements. The most probable void
space radiug,p, that is the most probable radius of a sphepoat, was estimated using the

method of Masounave et al. (1981).

whereNs is the number density of fiber hits in a randomwssrsection of the specimen.
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The probability density of a void space radiysyas estimated using a Masounave’s formula

(Masounave et al. 1981).

N mr?

p(r)=2mNgre”

Additionally, the size of the liposomes embeddeaaaxial nanofibers was also evaluated

from SEM micrographs using Ellipse software (Vensi O, 7, 1, ViDiTo).

4.3.7 Scanning electron microscopy

Air-dried samples of blend electrospun PVA nanalbeere mounted on aluminum stubs
and sputter-coated with a layer of gold (~60 nrokhusing a Polaron Sputter-coater (SC510;
Now Quorum Technologies Ltd.). The samples wereméxad in an Aquasem (Tescan)

scanning electron microscope in the secondaryrelechode at 15 kV.

4.3.8 Confocal microscopy

Visualization of fluorescently labeled liposomesaikd to PCL nanofibers, prepared by the
addition of FITC-labeled phosphatidylcholine taxtphosphatidylcholine from soybeans, and
the distribution of encapsulated FITC-dextran daodrescein within the prepared nanofibers
was observed using a Zeiss LSM 5 DUO (FITC fluoeese Aex = 488 nmAem = 520 nm)
confocal laser scanning microscope.

Visualization of platelets adhered to PCL nanaBb@Adher) were performed using
P-selectin and actin staining. Platelets were iated in 4% paraformaldehyde solution (pH
7.2) in TBS (50 mM Tris—HCI, 150 mM NaCl, pH 7.4rf20 min at 4°C, then washed twice
in TBS (pH 7.4). To permeabilize and block nonsfiedinding, the platelet solution was
incubated with 5% BSA and 0.5% Triton X-100 for 1at RT and washed twice again in

TBS (pH 7.4). Phalloidin (phalloidin—tetramethyldamine B isothiocyanate;
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Sigma-Aldrich) and anti-P-selectin (CD62P antib@@g) (FITC); Abcam) were added to the
platelet-rich solution and incubated overnight &C.4Phalloidin—tetramethylrhodamine B
isocyanate (1:50) and anti-P-selectin—FITC (1:5001% BSA and 0.05% Triton X-100
solution were used to visualize the proteins. Aftershing twice in TBS, platelets were
resuspended in TBS (pH 7.4) solution (5 ml) befoeeng observed using a Zeiss LSM 5
DUO confocal microscope (phalloidin—tetramethylraodne B isothiocyanatiesx = 540-545
nm andikem = 570-573 nm, anti-P-selectin-FITG = 494 nm anden= 518 nm).

The dry samples of fluorescently labekedjranules encapsulated into coaxial nanofiber
mesh were analysed by confocal microscopy usingiss4A.SM 5 DUO (CFSE fluorescence,

}\,ex =494 nm}\,em =515 nm).

4.3.9 Stability of liposomes in PVA solution

To quantify the degradation rate, unilamellar lipoes with the encapsulated fluorescent
probe 8-aminonaphthalene-1,3,6-trisulfonic acidsodium salt (ANTS) and quencher
p-xylene-bis-pyridinium bromide (DPX; Invitrogen)sgiolved in TBS were prepared by the
extrusion method an separated, as described irstipe Preparation.

The liposomal suspension (1.25 mL) was mixed W&ko (w/v) PVA solution and TBS
to obtain 5 mL of liposome-PVA suspension with aAP&bncentration ranging from 1-12%
(w/v). Liposomes diluted with TBS buffer withoutetladdition of PVA were used as a control
sample. The solution was incubated for 30 min &eddiegradation ratio was calculated using
fluorescence spectroscopy on a microplate readere(8y HT;Aex. 360—-500 nmiem. 520—
540 nm). First, 10QL of the samples were diluted with 1QQ TBS in order to lower the
viscosity and fluorescence intensity of the lipossnn buffer (background intensitg), and
the liposomes diluted in PVA Y were measured. The intact liposomes in the dilstamples

were lysed by the addition of 20 of 2% Triton X-100, and theoTX for the control sample
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and ITX for the liposomes diluted in PVA were determinedheTdegradation ratio was

calculated as:

I—({yxC
DR(%):%,
TX — 10

where C represents the background correction faetoulated as:

I
L

ITX

All values represent the mean * standard devia{eD) of at least four independent

experiments.

4.3.10 Phosphorus determination

To quantify the incorporation of phospholipids inB&A nanofibers prepared by blend
electrospinning, we measured the amount of phosighiarthe nanofiber mesh. The nanofiber
samples containing empty liposomes were first watighnd cut into four small pieces to
determine the total amount of incorporated phogphis. The samples were placed into
calibrated tubes containing 0.3 mL of 70% perckl@tid. For combustion, the tubes were
placed in a sand bath heated to 180°C for 60 rhim §tandards did not require combustion).
The resulting metaphosphates were converted tomintisphate by adding 2 mL of redistilled
water to the cooled samples and mixing thorougldybsequently, 0.25 mL of 2.5%
ammonium molybdate solution followed by 0.25 mL1®P6 ascorbic acid solution (freshly
prepared) were added, mixed thoroughly, and hdatel min in a boiling water bath. After
cooling the samples in a cold water bath for 5 ntirg optical density at 820 nm was
measured using a Unicam SP1700 UV/VIS spectropheteim In each series of
measurements, parallel determinations were madeedblank values of the reagent solution

and a standard preparation. The weight of the puarated phospholipidSm{ncorporated =
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MQGphospholipiddMGsampld Was calculated from the amount of measured phwsgh(l mol of
phospholipids = 1 mol of phosphorus):

nxM
Mincorporated = )

Msample
wheren represents the amount of detected phosphdfugpresents the molecular weight of
phosphatidylcholine (760.09 g/mol), andafperepresents the weight of sample used for the
analysis.
The incorporation of phospholipidiRj was calculated as a ratio between the measured
weight of phospholipids in the samplesiigiorated= MGbhospholipiddMGsampld and the weight of

the total added phospholipids in the samplesdm MghospholipiddMGotal samplg):

m incorporated

IR (%) = x 100

Miotal

4.3.11 Measurement of the FITC-dextran release profile

To study the release profile of FITC-dextran, ndvef meshes with or without liposomes
were cut into round patches (6 mm diameter) andbated with 1 mL of TBS at RT. At
specific intervals, the TBS was withdrawn and repthwith fresh buffer. The time interval
was determined according to the balance betweenrdiease of a detectable amount of
FITC-dextran and the maintenance of the sink caditDrug release was quantified using
fluorescence spectroscopy. Briefly, 200 pL of sas@nd blank samples were measured on a
multiplate fluorescence reader (Synergy HEx 480-500 nmaem. 520-540 nm) and a
background subtraction was performed. All valugsasent the mean £ SD of at least three
independent experiments. The cumulative releasieod FITC-dextran was obtained, and
the release half-time was determined as the timeéhath the initial fluorescence intensity)|

decreased to | zlel.
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4.3.12 Determination of HRP activity

Nanofiber samples prepared either by blend elguinasg (PVA/HRP, PVA/liposomes with
encapsulated HRP) or by coaxial electrospinning{P¥A with HRP, PVA/PVA with HRP
encapsulated in liposomes) were dissolved in dH&@iexed, and incubated overnight at
4°C. The total protein concentration was determibgdthe Bradford assay (Bradford
QuickStart; BioRad) using an enzyme-linked immumbeat assay (ELISA) reader at 590 nm
(Biotec, Synergy HT). Enzyme activity was measuramblorimetrically using
tetramethylbenzidine (TMB) as the substrate. Theye® substrate reaction was terminated
by the addition of 5QL of 2M H2S0O4 after 30 s. Enzyme activity was meaduat 450 nm
using an ELISA reader (Biotec, Synergy HT). Allwas represent the mean + SD of at least 3

independent experiments.

4.3.13 Water Content Determination

To determine residual water content inside embedg®m$omes, coulometric Karl-Fisher
titration was performed. Dry PVA nanofiber mesheathwempty liposomes were prepared by
coaxial or blend electrospinning, whereas the cbnsamples were prepared without
liposomes, simply with TBS buffer. All samples weng into small pieces of equal size and
weighed [0 mg/sample). Subsequently, the samples were wdapp filter paper and
measured. Blind samples prepared without nanofibensisted simply of filter paper. Water
content was determined by coulometric Karl Fishaatton on an 831 KF Coulometer
(Methrom AG) with a diaphragm-free cell and HYDRANA oulomat AG (Sigma-Aldrich)

as the anolyte. All samples were measured in ¢apdi and the background was subtracted.
The water content corresponding to liposomes irofibers was calculated as the difference

between the values measured in the samples withwatidut liposomes. Overall water
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retention (%) was calculated as a ratio of the mmesswater content (mg) to the theoretical

overall water content in the liposomes (mg).

4.3.14 Determination of a-granule content

Another batch of coaxial nanofibers was produceddtermine thex-granule content. The
nanofiber mesh containirargranules (overall protein concentration: 1.2 mgofder mesh)
was incubated in 1 ml of chloroform for 4 h to dis® the PCL shell. The proteins were
denatured during chloroform extraction, which cobéle resulted in some protein loss. We
used the same protocol for all samples. The naeofibesh was dried by chloroform
evaporation, and 1 ml of distilled water was adttedissolve the PVA core and solubilize the
proteins. Protein concentration was measured u$iagQuick Start Bradford protein assay
(BioRad). Briefly, 200 ul of the sample or conttalgranule isolate) was mixed with 1 ml of
Quick Start Bradford protein assay reagent and tamd at 450 nm using an ELISA reader
(Synergy 2, BioTek), and the protein concentratiwas determined using a five-point
standard curve. The-granule incorporation efficiency was calculatednir the ratio of
proteins in the fiber mesh to the overall protamshe a-granules used for electrospinning

(1.2 mg/nanofiber mesh).

4.3.15 Enzyme-Linked Immunosorbent Assay

In order to determine the cumulative release pradil growth factors from nanofiber meshes
with (LIP-GF) and without liposomes (GF) were coto round patches (6mm in diameter)
and time dependent release study was performedpl8anvere incubated with 1mL of sterile
PBS at 37°C. At specific intervals, the PBS washdiawn and replaced with fresh buffer.
The concentration of TGB; IGF-I and bFGF in the medium was determined bydsach

Enzyme-Linked Immunosorbent Assay (ELISA; DuoSe&DR Systems) following the
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manufacturer’'s instructions. Briefly, the samplegrev prepared by acidification of the
collected medium with 1 M HCI for 10 min and nelitad by the addition of 1.2 M NaOH
with 0.5 M HEPES. Captured antibodies were preamainto 96-well plates and blocked by
5% (w/v) BSA dissolved in PBS-T overnight and wakh&ice with PBS-T. Then, 100 of
samples or standards were added to each of thes weltriplicate, and the plates were
incubated for 2 h at 4°C and washed twice with AB®#hich was followed by the addition
of 100ul of biotinylated primary antibodies and the platesre incubated for 2 h at 4°C. The
plates were washed twice with PBS-T, and each weak incubated with 10Qul
streptavidin-conjugated HRP (20 min, 4°C) and agasshed twice with PBS-T. The
antigen-antibody complex was detected by colorimeg&actions initiated by the addition of
100l of TMB substrate solution (R &D Systems) to eaatll and the reaction was stopped
after 20 min with 5Qul of 2 N H2SO4. The absorbance of the samples weasuored at 470
nm with ELISA reader (SynergyHT, Biotek) and thencentration was determined by a
six-point calibration curve. The cumulative relegsefile is represented as mass of released
growth factor per scaffold in time. All values repent the mean + SD of at least three

independent experiments.

4.4 |n vitro cell culture studies

4.4.1 Chondrocyte isolation, culture, and seeding on nariibber scaffolds

Chondrocytes were isolated and cultures as prelyialescribed, with slight modifications

(Filova et al. 2007). Briefly, thin slices of atiar cartilage were aseptically removed from
the left femoral trochlea of mature pigs (SlaughtEruse; Cesky Brod, Czech Republic)
within 2 h of sacrifice. The cartilage was thentgered into approximately 1 x 1 mm, placed

in a collagenase solution (0.9 mg/ml, collagenasiBB,NSERVA) and incubated in a
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humidified incubator (37°C, 5% CO2) for 14 h. Thellg were then centrifuged (300 x g, 5
min) and seeded in culture flasks. The chondrocoyi® then cultured in Iscove’s modified
Dulbecco’s medium supplemented with 10% foetal bevserum, penicillin/streptomycin
(100 IU/ml and 100 pg/ml), 400 mM L-glutamine, 100 dexamethasone, 40 pg/ml
ascorbic acid-2-phosphate and ITS — X (10 pg/mulins 5.5 mg/l transferrin, 6.7 pg/l
sodium selenite and 2 mg/l ethanolamine) at 37°€hmidified atmosphere with 5% CO2.
Three ethanol-sterilized scaffolds from each sampke PCL nanofibers with adhered
samples (Adher) and control PCL nanofibers (PCLyewdistributed on a 96-well plate.
Chondrocytes were seeded on the scaffolds withlladeasity of 20 x 18 cells/cnt. The
medium was not changed during the cultivation. Afté,10 and 15 days, cell viability and

immunofluorescence staining were determined.

4.4.2 Mesenchymal stem cells isolation, culture, and seied on nanofiber scaffolds

Bone marrow was aspirated from the iliac wing ofiaipig into a 5 mL-syringe containing 1
mL PBS and 25 IU heparin under general anaesth€s@mononuclear cells were isolated
using gradient separation with the plasma substi@glofusine®. Briefly, bone marrow was
mixed with 1.25 mL Gelofusine®. After 30 min, theper and medium layers containing
plasma, mononuclear cells, and erythrocytes wepigadsd, and centrifuged at 270%or 15
min. Subsequently, the medium layer with mononuctasdls was aspirated and seeded in
tissue culture flasks. Adherent cells were culturedinimum Essential Medium (MEM)
(with L-glutamine, PAA) containing 10% fetal boviserum (Mycoplex, PAA), 100 1U/mL
penicillin, and 100ug/mL streptomycin. The cells were passaged usiegttypsin—-EDTA
method before confluence was reached. The celts the second or third passage were used

for the cell culture study.
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PCL scaffolds with adhered GF, LIPGF were prep&oedhe cell culture studies as described
in the4.3.4 Scaffold composite preparatid®VA/PCL scaffolds with coaxially encapsulated
GF or LIP-GF were prepared for the cell culturedsgs as described in the3.2 Coaxial
electrospinning of PVA/PCL nanofibessction. Three scaffolds of each sample werentat i
circles with a diameter of 6 mm, sterilized usitigyéene oxide at 37°C, and put in a 96-well
plate. The scaffolds were seeded with MSCs (37 *cklls/cnf) and cultured in 20Q.L
MEM (Sigma-Aldrich), 1% fetal bovine serum, and pdhn/streptomycin for 14 days. The
medium was not changed during cultivation. After 3, 7, or 14 days, cell viability,
proliferation, and DNA content were determined awadal samples. DNA content was
determined and immunofluorescence staining analsis performed on GF and LIPGF
samples adhered on PCL nanofibers.

PVA/PCL scaffolds with coaxially encapsulatemtgranules (ALF) and pure coaxial
PVA/PCL scaffolds used as control samples weregrezbas described in td4e3.2 Coaxial
electrospinning of PVA/PCL nanofibers sectidhree ethanol sterilized scaffolds from each
sample were distributed in a 96-well plate. Theffelids were seeded with MSCs (37 x310
cells/cn) and cultured in 20QuL MEM (Sigma-Aldrich), 1% fetal bovine serum, and
penicillin/streptomycin for 15 days. The medium wast changed during cultivation.
Following 1, 7 or 15 days of cell seeding, cellbiidy and immunofluorescence staining

analysis was performed.

4.4.3 Viability of seeded chondrocytes and MSCs

Cell viability of MSCs on PVA/PCL coaxial nanofibescaffolds (GF, LIP-GF) was
determined using the CellTiter 96® Aqueous One wiuCell Proliferation Assay (MTS;
Promega). At 1, 3, 7, and 14 days of cultivatioa #taffolds, were transferred to a new

96-well plate containing 10QL of fresh medium per well and 20L of CellTiter 96®
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Aqueous One Solution Reagent. The formazan absoebem100uL of the solution was
measuredXsample = 490 NM Areference= 690 NmM) after a 2-h incubation at 37°C and 592CO
using an ELISA reader (EL800; BioTek). The absodeaof the samples without cells was
deducted from the cell-seeded samples.

Cell viability of chondrocytes on PCL scaffoldsdi#er and pure PCL as a control), and
MSCs on PVA/PCL coaxial nanofiber scaffolds (ALFdaRVA/PCL as a control) was
analysed using the3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazabiu bromide (MTT)
assay50 pL of MTT (1 mg/mL in PBS, pH 7.4) were added &) uL of the sample medium
and incubated for 4 h at 37°C. The MTT componens waduced by mitochondrial
dehydrogenase of metabolizing cells, to purple taram. Formazan crystals were solubilized
with 100uL of 50% N,N-dimethylformamide in 20% sodium dodesylphate (pH 4.7) were
added. The results were examined by spectrophotpnetan ELISA reader at 570 nm

(reference wavelength, 690 nm).

4.4.4 Cell proliferation evaluation

The proliferation of MSCs seeded on the PVA/PCLxtananofibrous scaffolds (GF and
LIP-GF) was determined using a colorimetric immwssay based on the measurement of
5-bromo-2-deoxyuridine (BrdU), which is incorporated durinDNA synthesis (Cell
proliferation ELISA, BrdU, colorimetric; Roche Diagstics GmbH, Germany). The assay
was performed according to the manufacturer sunstns. Briefly, on days 3 and 7, 120
BrdU labeling solution was added to each well, aonihg a scaffold and was allowed to
incorporate into the cells in a CO2-incubator &@Tor 2 h. Subsequently, the supernatant in
each well was removed, and the scaffolds were meabwith FixDenat solution to fix the
cells and denature the DNA at RT for 30 min. Theesnatant was removed and,

subsequently, 100L anti-BrdU-peroxidase (dilution ratio = 1:100) wadded and kept at RT
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for 60 min. After removing the unbound antibody jemate, 100uL of substrate solution
were added, allowed to stand for 6 min, and theti@a was completed by adding 2%

H2S0O4 solution (1 M). Then, 100L of solution was transferred to a 96-well platedan
measured within 5 min at 450 nm with a referencgelength of 690 nm using an ELISA
plate reader (EL 800; BioTek). The blank corresmohtb scaffolds without cells, with or

without BrdU.

4.4.5 DNA measurement

DNA content was determined using the PicoGreen YAKs@a(Invitrogen Ltd.) at 1, 3, 7, and
14 days on PCL scaffolds with adhered GF and LIRG# PVA/PCL coaxial scaffolds (GF,
LIP-GF) with cultivated MSCs. To process the samite the analysis of DNA content, 250
uL of cell lysis solution (0.2% (v/v) Triton X-10@,0 mM Tris (pH 7.0), 1 mM EDTA) was
added to each well containing a scaffold sampleprBpare the cell lysate, the samples were
processed through a total of 3 freeze/thaw cycles,the scaffold sample was first frozen at
—-70°C and then thawed at RT. Between each freese/tycle, the scaffolds were roughly
vortexed. The prepared samples were stored at —dffiCanalysis. To quantify the number
of cells on the scaffolds, a cell-based standardecwas prepared using samples with known
cell numbers (range 100-106 cells). DNA content wlasermined by mixing 10QL
PicoGreen reagent and 1Q0. DNA sample. Samples were loaded in triplicate and
florescence intensity was measured on a multiglateescence reader (Synergy HEx =

480-500 NMiem = 520-540 nm).

4.4.6 Fluorescence confocal microscopy

DIOC6 (3,3 -diethyloxacarbocyanine iodide) was utsedetect adhesion of chondrocytes to

PCL scaffolds (Adher, PCL) on day 1; and MSCs aellscaffolds on day 1 after seeding on

83



PCL scaffolds with adhered GF and LIPGF and PVA/RGaxial nanofibers (ALF, PCL as
control). 1 day after seeding of chondrocytes ar&id¢l on PCL functionalized scaffolds and
after 1, 7 and 14 days of cultivation on PVA/PClax@al nanofibers (GF, LIPGF), the
scaffolds seeded with cells were fixed with froreethanol (-20°C), rinsed twice with PBS,
incubated in 1Qug/mL 3,3-dihexyloxacarbocyanine iodide (DiOC6; Invitrogda) 45 min at
RT, and then incubated in&/mL propidium iodide in PBS for 10 min. The sc#ffavas
rinsed twice with PBS and scanned the same dayCBi&taining was used to visualize
mitochondria and inner membranes, while propidiwaide staining was used to visualize
cell nuclei. A Zeiss LSM 5 DUO confocal microscogielex = 488 and 560 nm aridm =

505-550 and 575-650 nm was used for DiIOC6 and ¢liropiiodide detection respectively.

4.4.7 Detection of chondrogenic markers using indirect iimTnunofluorescence staining

The presence of type Il collagen as a marker ohdrmgenic differentiation in PCL samples
(GF, LIPGF) on day 7 and 14; PCL samples (Adhen. )P&hd PVA/PCL coaxial samples
(ALF, PVA/PCL) on day 7 and 15 was confirmed usimgjrect immunofluorescence staining
as described previously (Filova et al. 2010). Byiefsamples were fixed with 10%
formaldehyde/PBS for 10 min and permeabilized b RBth 1% BSA/0.1% Triton X for 30
min at RT. The samples were incubated with the @nnantibody against type Il precollagen
(1:20 dilution, 1 h incubation at RT; Developmen&tldies Hybridoma Bank). Following
three washes with PBS/0.05% Tween 20 after 3, #i0l&mmin., samples were incubated with
a secondary antibody (Alexa Fluor 488-conjugatedt gmti-mouse IgG (H+L);Invitrogen),
diluted 1:300 and incubated for 45 min at RT. Thel cwuclei was counterstained by
incubating with Hoechst stain for 15 min and subsedly washed three times with

PBS/0.05% Tween 20. The stain was visualized usingeiss LSM 5 DUO confocal
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microscopélex = 488 and 560 nm andm = 505-550 and 575-650 nm was used for Alexa

Flour 488 and propidium iodide detection respetyive

4.4.8 Statistical analysis

The results were evaluated statistically using @fey Analysis of the Variance (ANOVA)
and the Student-Newman-Keuls method. The leveigsfificance was set at 0.05. The data

was presented as the mean = SD (standard deviation)
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5 Results and discussion

5.1 Functionalized nanofibers as a simple delivery sysin for growth

factors

5.1.1 Functionalization of PCL nanofibers with adhesion 6 platelets
5.1.1.1 Results

5.1.1.1.1 Adhesion of platelets to PCL nanofibers

The development of functionalized nanofibers setnise the major obstacle to their broader
application in tissue engineering. PCL nanofiberseren prepared by needleless
electrospinning. The surfaces of the PCL nanofibeme functionalized by adhering platelets
to the scaffold. In order to immobilize the platslethe nanofibrous scaffolds were
pre-incubated with a platelet-rich solution for @us (PCL2) and for 14 hours (PCL14)
(Jakubova et al. 2011). Cryo-FESEM microscopy wadied to demonstrate the interaction
of the platelets with the PCL nanofibers. The adteplatelets exhibited strong interactions
with the PCL nanofibers, even after 2 hours of bation (Figure 5.1). The fiber morphology
was not apparent due to residual frozen water. auars of incubation of PCL nanofibers
with a platelet-rich solution was therefore sufiti for adhesion of the platelets, and there
was no significant increase in the samples incub&be 14 hours. The interactions were
directly visualized by confocal microscopy. Thetplats were stained for actin and P-selectin
expression. P-selectin is expressed in the alphlauigs of the platelets and granules of
endothelial cells, and has previously been usetiraarker for platelet visualization (Yang et

al. 2009). As a major dynamic protein, actin ishitygabundant in platelets. Staining of these
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two markers provided evidence of the presenceaikfdts on the scaffolding system (Figure

5.1).

10kV X8,500 WDSOmm

Figure 5.1 Platelet visualization on nanofibers

FESEM of immobilized platelet on the PCL nanofiteraffold. The spherical element
adhering to the surface of the fibers typicallywsd 2-3 pm in diameter is platelet. The
thickness of the gold sputter coat used for vigadilbn increased the observed dimension of
the platelet slightly. The non-fibrous morphologitize scaffold is caused by residual frozen
water. The scale bar indicates 1um.

Figure 5.2 Confocal microscopy of platelets on PCkcaffolds

Visualization of platelets detected by anti-P-steagnmunostaining, with FITC, green (A),
and anti-CD62 antibody, with tetramethylrhodamins&cyanate (B), red. Part (C) represents
the superposition of (A) and (B), which resultecaim orange tint (a less intense red tint) due
to the high actin/P-selectin signal ratio. The sdadrs indicate 5 um.
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5.1.1.1.2 Chondrocyte cell culture studies on PCL nanofibersvith immobilized platelets

The biological effect of functionalized PCL nanaib was tested in a chondrocyte cultivation
study. A platelet-functionalized scaffold was pregghby the adhesion of washed platelets on
PCL nanofiber scaffolds (Adher). A PCL scaffold atut platelets served as a control.
Chondrocytes were seeded on both scaffolds, addTanassay was performed on days 1, 5,

10 and 15 (Figure 5.3).

MTT assay

0,7
0,6
0,5

Hdayl
04

| I'
hid

Adher PCL

day5S
m day 10
m day 15

Absorbance

Figure 5.3 Cell viability of chondrocytes on PCL naofibers with adhered platelets

The cell viability was measured by a 3-(4,5-Dimethydtinl-2-yl)-2,5-Diphenyltetrazolium
Bromide (MTT) Assay.The chondrocytes were cultivated on PCL scaffold wwdhered
platelets (Adher) and pure PCL nanofibers, withtbetaddition of platelets (PCL).

The Adher sample stimulated cell viability lineaffpm day 1 to 15. On day 1, there was no
difference in cell viability among the samples. TM& T assay showed higher viability of
chondrocytes on PCL scaffolds with adhered pla€glather) than on pure PCL nanofibers
(PCL) on days 5, 10 and 15 (Figure 5.3), indicatmugitive stimuli of the growth factors

released from the platelets.
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Cell adhesion on day 1 was visualized using comfozaroscopy (Figure 5.4). The cell
membranes were stained with DIOC6 (green), andningei were counterstained with
propidium iodide (red). Cells adhered to both sas@nd were well spread. However, the
adhesion to the PCL nanofibers containing adhelaiglpts was higher (Adher) than on the
pure PCL nanofibers (PCL). Interestingly, microdramf the Adher samples revealed that
not only chondrocytes, but also platelets were aete by DIOC6 staining. Chondrocytes

exhibited co-localization with platelets adheredhe scaffold.

In order to visualize matrix synthesis, immunastag with an antibody against
procollagen and immature type Il collagen was peréd on days 7 and 15. On the Adher
samples, it was apparent that the cells formectlaggregates and produced a large amount
of new type Il collagen. However, the chondrocytes the PCL scaffolds formed small
cellular aggregates with moderate type Il collageaduction, indicating lower metabolic
activity. Interestingly, the production of new @gken was lower on day 15 than on day 7 on

both samples. The results were in accordance ivghesults from the MTT assay.
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Figure 5.4 Confocal microscopy of chondrocytes ondkier and PCL scaffolds

Adhesion of chondrocytes on day 1 (A) to PCL sddfavith adhered platelets (Adher) and
(B) pure PCL nanofibers without the addition oftplats (PCL). Nuclei were stained using
propidium iodide (red) and membranes were deteatsihlg DIOCG6 staining (green).
Synthesis of type Il collagen on day 7 on (C) thdhér samples and (D) the PCL samples,
and on day 15 (E) Adher and (F) PCL samples. Typeollagen was visualized by
immunofluorescence (green) and cell nuclei werentergtained with Hoechst stain (blue).
The scale bars indicate (A, B) 100 um and (C-Fus0
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5.1.1.2 Discussion

5.1.1.2.1 A platelet-functionalized scaffold was prepared byadhering washed platelets

to PCL biodegradable nanofibers

Tissue engineering and regenerative medicine redgb& development of regulated delivery
of growth factors. Delivery of native autologougth factors, e.g. platelet derivatives, in
optimized ratios is desired for tissue repair assuie healing. Platelets are a natural source of
growth factors for TGR, IGF-I, PDGF, FGF2, and EGF (Blair and FlaumenBgafi9). Cells

of blood origin play a primary role in hemostasisitiate wound repair, and stimulate
proliferation and differentiation of cellgr vitro (White 1987; Mishra et al. 2009). The
disadvantages of platelet-rich preparations arelefadelocalization, short-term retention and
rapid washout from the application site (Isogaale2005). A suitable scaffolding system for
platelet immobilization would overcome these olstc Platelets have previously been
immobilized on various gels, e.g. gelatin or fibfAnitua et al. 2007; Hokugo et al. 2005). In
this study, platelets were immobilized on the stefaf PCL nanofiber scaffolds for tissue
engineering applications. Biocompatible and bioddgble PCL nanofiber scaffolds prepared
by the electrospinning technique immobilized pkilefficiently after only 2 hours of
pre-incubation in a platelet-rich solution. Thetplats were not removed even after intensive
rinsing with PBS buffer. A locally higher conceritom of natural growth factors appropriate

for cells can create promising functionalized salaf in a useful drug delivery system.

5.1.1.2.2 Platelet-functionalized scaffold enhanced chondrodg proliferation in vitro

The potential of a platelet-functionalized nanofilseaffold for cartilage tissue engineering
applications was evaluated by simple cell cultduelies. A study using porcine chondrocytes

was performed to characterize the response of rdiffeated cells. In accordance with
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previous reports (Drengk et al. 2009), a prolifemteffect of platelet-functionalized

nanofibers on chondrocytes was demonstrated iaxperimentsn vitro.

After an initial decrease, even the control PCéaffetds exhibited good proliferation of
chondrocytes. This result proved that PCL nano$iberovide a suitable matrix for
chondrocyte cultivation. The result showed that Adher sample stimulated cell viability
linearly throughout the experiment. Improved adtwesi of chondrocytes to
platelet-functionalized scaffolds on day 1 was atsmfirmed by confocal microscopy.
Additionally, the production of chondrocyte-specifiECM was characterized by
iImmunostaining type Il collagen. As has been memsttbabove, the antibody that was used
was specific for immature forms of type Il collagehe fluorescence signal was therefore
proportional to the production of ECM, and reflectbe stimulation capacity of the samples
to induce type Il collagen production. The resahliswed that the Adher samples induced cell
proliferation from the beginning. However, thereswawer matrix production on day 15 than
on day 7. It is assumed that the decrease in typalagen production in the Adher samples

is associated with the higher numbers of cells.

The role of platelets in tissue engineering appions is growing rapidly (Tonti and
Mannello 2008). A serum-free medium without theiadd of growth factors cannot cause
cell numbers to expanid vitro, so it is necessary to add growth factors. Nungenowitro
studies on cell growth and differentiation with tiee of a variety of growth factors have been
reported (Schuldiner et al. 2000; Drengk et al. DO0However, the application of
recombinant growth factors in human medicine ibeatestricted. Blood derivatives such as
platelets offer an acceptable solution, becausedhe a natural source of growth factors. The
main advantage of a nanofiber system is the aldiiynmobilize the platelets, and as a result
the release of growth factors from the nanofibemnore stable and more sustained. Another

advantage of nanofibers with adhered plateletsasthe cells are located in the close vicinity
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of the source of the growth factors. It is hypothed that the growth factors released from
immobilized platelets on the scaffold can directffect the cells. In a time-dependent study
of bioactive factors in the culture medium, whelne toncentration of TGBE-was used to
monitor the release of the growth factors from daspvith adhered platelets, Buzgo et al.
(2012) revealed that the half-time of T@HRelease was approximately 7 days. This system
therefore appears suitable for drug delivery ofwgho factors for tissue engineering
applications with comparatively short time scalesorder to improve the system, however, a
more complex study is needed, involving the dedadfect of dose and release kinetics from

platelet-derived growth factors and their effectcefl proliferation and differentiation.

5.1.2 Functionalization of PCL nanofibers with synthetic growth factor-enriched

liposomes

5.1.2.1 Results

5.1.2.1.1 Interaction of liposomes with the PCL nanofiber sc#old

Liposomes may be combined with nanofiber scafféddsromote local and sustained delivery
of loaded bioactive agents. PCL nanofibers prepdmngdheedleless electrospinning were
employed as a model for fiber functionalizationlippsomes. Functionalization was achieved
by proper nanofiber incubation with liposomes, whiommobilized the liposomes on the
surface of the PCL mesh. The liposomes were prdpamn a fluorescent phospholipid
mixture (FITC—PC:PC in a 1:1 000 molar ratio), anete visualized by confocal microscopy
(Figure 5.5). Clearly, the liposomes adhered veeyl ¥o the PCL nanofibers and remained
tightly attached to them, even after intensive ingswith TBS buffer. Adhesion of the
liposomes was also confirmed quantitatively by fescence measurements of liposomes

containing DPX and ANTS, as described in the sacbo methods 4(3.5. Fluorescent
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spectroscopy measurements of liposome-nanofiberaictiong. Consequently, around 29%

of the liposomes remained tightly bound to the filbecs after they had been rinsed and

washed with TBS solution overnight.

Figure 5.5 Confocal microscopy of fluorescently lagled liposomes adhered to a PCL
nanofiber scaffold

Visualization of fluorescently labeled liposomeggared by the addition of FITC-labeled
phosphatidylcholine to l-phosphatidylcholine from soybeans using confocalroscopy.
(B) A pure PCL nanofiber mesh without liposomesi@®ntrol. The scale bars indicate (A, B)
10 pm.

In additional, cryo-FESEM was applied to visualthe interactions of liposomes with PCL
nanofibers. Tight interaction of the liposomes witie nanofiber surface was observed

(Figure 5.6).
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Figure 5.6 FESEM of adhered liposomes on PCL nandifers

(A) FESEM of liposome adhered to PCL nanofibenssért) A pure PCL nanofiber mesh
without liposomes, as a control. (B) Details ofilmtact liposome tightly adhered to PCL
nanofibers. The scale bars indicate (A, Insertjriignd (B) 500 nm.

5.1.2.1.2 In vitro testing of PCL nanofibers with adhered liposomespteliminary study)

In the preliminary study, a PCL nanofibrous scaffelith adhered liposomes was prepared
and tested as a possible drug delivery systemddows growth factors. TGE; bFGF and
IGF-I have been shown to increase MSC prolifera(®imanmugarajan et al. 2011). A mixture
of these growth factors was therefore either simgifered to the surface of the PCL
nanofibrous scaffold (GF) or was encapsulated posdomes (LIP-GF) in order to have a
positive influence on MSC adhesion and prolifematioThe PCL nanofibers were
functionalized by incubating the scaffolds with & @nd LIPG solution for 2 hours. To
increase the effect of the growth factors that wabvered, the cells were cultivated in a
medium containing only 1% FBS, and the medium watsrefreshed during the cultivation

period.

The number of cells on the scaffolds was quatifising a dsDNA-specific assay on

days 1, 3, 7 and 14 (Figure 5.7).
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Figure 5.7 Determining the amount of dsDNA using te PicoGreen method

MSCs were cultivated on PCL scaffolds functionalizeéith growth factors (GF) and growth
factors embedded in liposomes (LIPGF). This metloaived a lower number of cells on the
LIPGF scaffolds than on the GF scaffolds on dagndl an increased number of cells on day
14. The level of statistical significance for thesay is indicated above the mean values
(*p<0.05).

Statistically significant differences were detecteain the third day of cultivation. On day 7,
the number of cells on the GF scaffolds was sigaiftly higher than on the LIPGF scaffolds.
This suggested that the free GF adhered to thefibeanscaffold enhanced the proliferation
of MSCs in the 1% FBS medium from the early stagéshe experiment until day 7.
Interestingly, the concentration of DNA in the LIPGamples was significantly higher on day
14 than on the GF samples. It is assumed that theslewer release of growth factors from
the liposomes. The proliferation of MSCs graduabedthe PCL scaffold with liposomes
throughout the cultivation period, even in the moedi with 1% FBS with a lower

concentration of initial growth factors encpasulaiteo the liposomes.

The cell adhesion was visualized using confocalrosicopy (Figure 5.8a, b) on day 1.

The cell membranes were stained with DIOC6 (greanyl the nuclei were counterstained

96



using propidium iodide (red). The cells were welhared and were randomly distributed on

both scaffolds.

In order to visualize the matrix synthesis, immhistbochemical staining using
monoclonal antibody against type Il collagen wadquened on day 7 (Figure 5.8c,d) and on
day 14 (Figure 5.8e,f). Secondary anti-mouse adtilveas conjugated with AlexaFIfo488,
and was counterstained with propidium iodide. Tteffslds were visualized using confocal

microscopy.

On day 7, moderate type Il collagen was producedhe GF samples, and a larger
amount of new type Il collagen was produced in tHeGF samples. A greater amount of
type Il collagen in the LIPGF samples indicateg tirawth factor release from the liposomes
was sustained, and that it stimulated type Il gafa production in a controlled manner
(Figure 5.8c,d). Smaller cellular aggregates ofscelere formed due to the unfavorable
environment caused by the addition of 1% FBS to rttezlium, i.e. 10 times lower FBS
concentration than in a standard cell culture. praduction of collagen was higher in big

groups of cells, which stimulated chondrogeniceatghtiation of MSCs.
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Figure 5.8 Confocal microscopy of MSCs on GF and IBG scaffolds

Adhesion of cells on day 1 (A) to growth factord~jGdhered to PCL scaffolds, and (B) to
PCL scaffolds functionalized with growth factors ldded in liposomes (LIPGF). The

nuclei were stained with propidium iodide (red) ahel membranes were stained with DIOC6
(green). Synthesis of type Il collagen on day {@nGF and (D) LIPGF. Synthesis of type Il

collagen on day 14 on (E) GF and (F) LIPGF. Theesbars indicate (A,B) 50 pm and (C-F)

20 um. Type 1l collagen was visualized by immunofescence (green) and the cell nuclei
were stained with propidium iodide (red).
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5.1.2.2 Discussion

5.1.2.2.1 Liposomes adhere tightly to PCL nanofiber scaffolds

PCL nanofibers were used as a system for funcimatadn with liposomes. A tight
interaction between liposomes and PCL nanofiberss wdearly demonstrated by
cryo-FESEM. Quantitative analysis showed that ado@@% of the liposomes remained
tightly attached to the nanofiber mesh after beinged with TBS overnight. These results
were in accordance with the results of Rampichovaale and reflected the large
surface-to-volume ratio of the nanofibers (Rampiehoet al. 2012). Nanofibers are
extensively proposed for tissue engineering apfping, and also as drug delivery systems
(Dahlin et al. 2011). A unique advantage of lipogsns that the substances they encapsulate
are protected from the environment. Thus, liposoro@s serve as convenient delivery
vehicles for a variety of biologically active compals (Matteucci and Thrall 2000). A
disadvantage of conventional liposomes is theirtsieom retention and fast washout from
the site of application. Combining liposomes witmafiber scaffolds could overcome these
obstacles of conventional liposomes, and couldesasva local short-term delivery system for

susceptible bioactive molecules in tissue engingeapplications.

5.1.2.2.2 Liposomes with encapsulated growth factors adheredo PCL nanofibers

stimulate MSC proliferation in vitro

It is necessary to develop effective drug deliveygtems to protect labile synthetic growth
factors and to extend their presence at the sitgjofy (Demidova-Rice et al. 2012). Labile
synthetic growth factors were protected by incogiog them into liposomes, and PCL
nanofibers were used as a model for fiber functinaton by liposomes. A preliminary study
was made in order to evaluate the potential ofsffgtem as a nanoscale delivery system for

synthetic growth factors. In a preliminary studye tadhesion and proliferation of MSCs on
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functionalized scaffolds was confirmed by confocaicroscopy and dsDNA amount
determination. The cells were cultivated in a maditontaining only 1% FBS, and in order
to preserve the release of stimulating factors rtiedium was not refreshed during the

cultivation period.

Adhesion of GF or LIPGF to the nanofiber meshhi@a $ame location as the MSCs led to
the localization of synthetic growth factors in theinity of the cells. Free growth factors and
also growth factors incorporated into liposomesenermobilized on the nanofiber mesh, and
were seeded together with MSCs on the nanofibdaselr Free growth factors that were
adhered to the surface of the PCL nanofibers satadlcell proliferation fitfully in the early
stages of the experiment, mainly up to day 7, a$aquently their effect was significantly
lower. By contrast, sustained release of growtkofacfrom the liposomes to the neighboring

cells resulted in gradual proliferation of MSCsidgrthe study period.

Variousin vitro studies have demonstrated the effects of IGF, B&g-and bFGF in
stimulating the production of chondrocyte-specit®CM tissue (Luyten 1995). In the
preliminary study, the induction of chondrocyte-sfie ECM production and the expression
of type Il collagen were confirmed. The marker pmotwas produced on PCL scaffolds with
growth factors, and also on PCL scaffolds with adtddiposomes containing growth factors.
The results indicate that growth factors stimutpialitatively superior matrix production and
thus induce differentiation of MSCs even in 1% FB®e advantage of nanofibers with
adhered liposome-enriched growth factors is thetethis slower, sustained release of growth
factors. This system is therefore promising for diegelopment of a controlled drug delivery

system in tissue engineering, with shorter timdesca

High levels of free growth factors are correlateh an increased cancer risk. The

possible use of lower concentrations and proteatiogrowth factors from the surrounding
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environment would minimize any potential risks. Ham@r, in order to optimize the system it
will be necessary to carry out a more complex stsitsigwing in detail the influence of the
dosage and the release kinetics of growth factans fiposomes adhered to nanofibers on

MSC viability, proliferation and differentiation.

5.2 Incorporating bioactive substances into nanofibersby the blend

electrospinning technique

5.2.1 Results

5.2.1.1 Encapsulating phosphatidylcholine liposomes into n#ofibers by blend

electrospinning

Blend electrospinning was employed to encapsuigtessdémes into nanofibers to produce
functionalized nanofibers. Unilamellar liposomesrevdispersed in a 12% aqueous solution
of PVA, and nanofibers with liposomes were elegitmsusing needleless electrospinning. In
order to demonstrate that the blended nanofibergacted lipids, the total amount of
incorporated phospholipids was determined (Tabl&).5The incorporation ratio of

phospholipids into nanofibers prepared by blendtedgpinning was 57.1 + 5.8% (w/w).
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Table 5.1 Determining and calculating the phosphgbids incorporated into PVA
nanofibers prepared by blend electrospinning
The phosphorus concentration was determined qatwily. The total phospholipid
concentration was >50%.

concentration total Incorporation of
of phospholipids/total poratiol
Samples - sample phospholipids
phospholipids . sample (mg)
weight (%)
(mg/mg)
1 0,20 91,29 0,33 60,9
2 0,19 91,29 0,33 57,8
3 0,20 91,29 0,33 60,9
4 0,16 91,29 0,33 48,7
Arithmetic mean 57,1+5,8

Nanofibers with liposomes containing FITC-dextraargv visualized by means of scanning

electron microscopy (SEM) (Figure 5.9a) and cornfao&croscopy (Figure 5.9c). These

analyses did not show any intact liposomes; monmgovEl C-dextran was distributed in

nonfibrous areas. The results indicate that therspg technology caused the liposomes to

break and release their encapsulated material.
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Figure 5.9 SEM and confocal microscopy analysis difiend electrospun PVA nanofibers
with liposomes

SEM analysis of nanofibers with incorporated lippgs shows a large number of non-fibrous
areas. The blend spinning technology causes tbedipes to break and consequently release
their encapsulated material. The large non-fibransas are probably the result of the
dissolution of PVA nanofibers caused by liposomeakage. (B) PVA nanofibers without
liposomes as a control. (C) Visualization of lippss containing FITC-dextran by confocal
microscopy. Blend electrospinning of PVA nanofibevigh liposomes does not keep the
liposomes intact; consequently, FITC-dextran leliken the liposomes and shows signals
that are distributed throughout the sample. Théedears indicate (A) 50 um and (B, C) 20
pm.

5.2.1.2 Preservation of enzyme activity by blend electrospning

The incorporation ratio and the enzymatic actiatyHRP were tested in nanofibers prepared
by blend electrospinning. Samples were prepareth feo PVA solution containing HRP
(B-HRP), or from a PVA solution containing HRP epsalated in the liposomes (B-LIP;
Figure 5.10). The sample concentration was cogélatith the homogeneously distributed
incorporation value to calculate the incorporatioatio. Proteins were encapsulated
effectively, but the incorporation ratio of HRP wagher than the incorporation ratio of HRP
encapsulated into the liposomes (Figure 5.10ajddition, nanofibers prepared by blend
electrospinning preserved the enzymatic activitiABIP at a very low level (Figure 5.10b).
Electrospun nanofibers prepared by blend electnospg with liposomes were also tested for
water content in a dry state. The highly sensitwnel water-specific titration technique for
water determination, i.e. coulometric Karl-Fishiration, revealed that nanofibers prepared

by blend electrospinning with liposomes contain6®3 0.9%water.
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Figure 5.10 The incorporation ratio and enzymatic ativity of HRP in nanofibers
prepared by blend electrospinning

A comparison of HRP incorporation into nanofiberghw(B-LIP) and without (B-HRP)
liposomes prepared by blend electrospinning. Tleerporation of HRP into the nanofibers
was determined by the Bradford assay. (B) The eezgutivity in nanofibers prepared by
blend electrospinning (B-LIP and B-HRP) was deteedi by converting the TMB substrate,
and was correlated with the protein concentration.

5.2.1.3 The effect of the PVA polymer solution on liposomstability

In order to examine the effect of the PVA polymetution on liposomes, the degradation
ratio of liposomes in a 1-12% (w/v) PVA solution svdetermined. A higher degree of
liposome degradation was observed with increasotgnper concentration (Figure 5.11). The
degradation ratio of liposomes dissolved in 12% PM#ed for blend electrospinning, was
(53.7 £ 8.7%). This indicated that more than onk bhthe liposomes were disintegrated

before the electrospinning process started. Foostimes dissolved in 5% PVA, the
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degradation ratio was lower (29.3 + 2.5%), and apipnately 70% of the liposomes

remained intact.

Degradation of liposomes in PVA solutions
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Figure 5.11 Degradation rate of liposomes in PVA &ations

The concentration of PVA was from 1-12% (wl/v), ahelgradation was determined by
fluorescence spectroscopy using ANTS as a fluoramplend DPX as a quencher. The
degradation rate increased with the PVA concewnimatll values represent the mean + SD.

5.2.2 Discussion

5.2.2.1 Blend electrospinning does not conserve phosphatilityoline liposomes intact

Functionalized nanofibers have been produced djrebly electrospinning polymer
blends/mixtures with various chemical agents (Zwss2011). Progress in the preparation of
protein-compatible nanofibers has improved the grkedion of protein activity (Dahlin et al.
2011), but the proteins still remain in polymeratigions and are not in their natural aqueous
environment. This shortcoming could be solved bgoiporating proteins into liposomes.
Blend electrospinning was applied to encapsulgiesbmes with FITC-dextran into PVA

nanofibers. The results obtained by SEM and by amaifmicroscopy indicated that blend
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electrospinning technology caused the liposomesreak and release their encapsulated
material. This effect can be explained by the higbemotic pressure of the blend PVA
samples during the electrospinning process (Rezinéd. 2006). Osmotic pressure reportedly
affects the viability of electrospun bacterial selindicating that this parameter may play a
role in membrane systems, including liposomes (Balat al. 2006). A second factor
affecting liposomal stability during the electrasping process is shear stress (Reznik et al.
2006). The hypothesis is that during the procedslaid electrospinning, the hydrodynamic
forces disrupt the liposomal membrane and the largeunt of water that evaporates during

the fiber-forming process keeps the liposomes freforming.

5.2.2.2 Blend electrospinning is not suitable for preservig HRP activity

The ability of nanofibers to maintain enzyme atyiwwas demonstrated by the incorporation
of natural proteins such as lipase and casein, HRBline phosphatase, afiejalactosidase
(Dror et al. 2008; Patel et al. 2006; Xie and H®2603). Most proteins can only be dissolved
in aqueous media. The polymers used for blend relgainning of proteins are therefore
required to be water soluble. PVA nanofibers wérerdfore used in the enzyme activity
study. Blend electrospinning was applied for enakgi;g HRP or liposomes with
incorporated HRP into PVA nanofibers. The resutiafcmed that HRP was encapsulated
very effectively into the nanofibers. However, tineorporation ratio of free HRP into the
nanofibers was almost twice as high as the ratimadrporated liposomes with embedded
HRP. Moreover, the biological activity of the ensalated protein was highly depressed in
both samples and the measured water content indthpenanofibers prepared by blend
electrospinning with liposomes was less than 40%e Of the disadvantages caused by blend
electrospinning is that the enzyme is not only peatated inside the fibers, but also resides
on the surface of the nanofibers. Thus, loss ofymes and their activity occur during
measurement and storage. The loss of enzyme gctigilld be also explained by limited
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mobility, as the accessibility of the substrateahie enzyme is confined (Wang et al. 2009).
Fiber porosity also plays an important role in eneysubstrate interactions. To improve the
accessibility of the substrate to the active cantéithe enzyme, Patel et al. (2006) removed a
template compound (glucose and PVA) after elecinoépg silicate-PVA-glucose-HRP
nanofibers, achieving fiber formation with poreesizas large as 4 nm into fibers with average
diameter around 150 nm. Another problem — rele&sleecenzyme from the fibers — could be
alleviated by polymer coatings to the prefabricdteers, or by using coaxial electrospinning.
Further disadvantages of using such scaffoldsaaveajueous stability, burst release, and low
adhesion of cells to the hydrophilic polymer suefddi et al. 2011). Thus there are several
key challenges to be overcome before blended raarsfican be implemented in practical
applications as a sustained delivery system faadiiee factors in tissue engineering (Dahlin

et al. 2011).

5.2.2.3 PVA polymer concentration has a significant effecon liposome stability

The effect of PVA polymer solution, with a concetion from 1-12%, on liposome stability
was tested. Our results showed that the degradatae increased with the PVA
concentration. More than half of the liposomes waientegrated in a 12% PVA solution
before the electrospinning process started. Theadagjon rate was lower when 5% PVA was
used, and[70% of the liposomes remained intact before thectdspinning process.
However, it is difficult to achieve stable elecppoming process parameters when a low
concentration PVA polymer solution is used. Whemrreéhis a low concentration, an
electrospray occurs instead of electrospinning tdeéiet al. 2001). Concentration and other
solution parameters (e.g. viscosity, surface tenstonductivity, etc.) play an important role
in fiber formation during the electrospinning pres€Li and Wang 2013).

Successful incorporation of cerasomes - orgarocganic lipid carriers - into blend

nanofibers was reported recently (Zha et al. 20@rasomes were shown to survive
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encapsulation by blend electrospinning because Hreymore stable than conventional
liposomes. A modification of the liposomal compmsitthat promotes a more stable structure
and more stable solution parameters, in combinatiith the processing parameters, could

therefore enable the incorporation into nanofibers.

5.3 Core/shell nanofibers with embedded bioactive subshces as a novel

drug delivery system

5.3.1 Coaxial PVA/PCL nanofibers with embedded liposomesas a drug delivery

system

5.3.2 Results

5.3.2.1 Incorporating liposomes into nanofibers by coaxiaklectrospinning

To overcome the problem with blend electrospinmfigonventional liposomes, the coaxial
electrospinning method was used to prepare PVAA&ie-shell nanofibers with embedded
liposomes. The core medium contained liposomesedisg in a 5% PVA solution. Two
needles that were placed together coaxially tovedelithe core and shell solutions,
respectively, formed the main part of the coaxjahseret apparatus. Cryo-FESEM was
applied to visualize the outcome (Figure 5.12).r&imgical measurements identified two
main populations of nanofibers in the fibrous PVBIPmesh without liposomes. The first
population had an average fiber diameter that peak®0 nm and second peaked at 150 nm.
The sample also contained a fraction of microfib@tse mean porosity was 83%, and the
most probable void space radiysi.e. the most probable radius of a spherical poes 0.33
pum = 0.07um. Stereological analysis of the PVA/PCL fiber m@sth embedded liposomes

showed a similar radius distribution of nanofibérkin nanofibers with an average radius of
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50 nm dominated, followed by nanofibers with anrage radius of 150 nm and 350 nm. The
mean porosity was 90%, and the most probable yuades radiustp, was 0.17+ 0.04 pm.

Both samples also consisted of small fraction afrofibers.

When compared with control samples prepared withiposomes (Figure 5.12 Insert),
the morphology of the fibers, with the presenceonind bulges, indicated that the liposomes
were encapsulated in the PVA/PCL nanofibers (Figut®a). These bulges 233.4 + 36.9 nm
in size indicated the location of the embeddedviddial liposomes. The size of the liposomes
prepared for the electrospinning process was ctaraed by dynamic light scattering
measurements. It was confirmed that their sizeedrfgom 100 nm to 1 pm (Figure 5.13).

Detailed SEM micrograph observations using Elligsdgtware revealed nanofibers with

embedded liposomes 835.5 + 2.8 nm in size (Figur2ld.

Figure 5.12 FESEM of coaxially electrospun PVA-co®CL-shell nanofibers with
encapsulated liposomes

(A) FESEM of liposomes embedded within PVA-core/P&iell nanofibers. (Insert) A pure
PVA-core/PCL-shell nanofiber mesh without liposones a control. (B) Details of an
incorporated intact liposome in a coaxially preparenofiber with a smaller nanofiber
attached to the surface of the PCL nanofiber. Tdadesbars indicate (A, B) 300 nm and
(Insert) 2 pum.
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Figure 5.13 Size distribution of liposomes

The size distribution of the liposomes was detebiedynamic light scattering. The results
were given in average mean diameters reportedwascaon of the size distribution and
intensity.

Another batch of PVA/PCL nanofibers was preparedider to investigate whether the
embedded liposomes remained intact in the meskhigncase, 10% PCL nanofibers were
used as the shell solution, while the core soluttmmsisted either of liposomes with
encapsulated fluorescein dissolved in 5% PVA or lipbsomes with encapsulated
FITC-dextran dissolved in the same solution. Thg BVA/PCL nanofiber mesh with
embedded liposomes was visualized by means of cahfmicroscopy (Figure 5.14),
revealing distinct areas of liposomes containinghezi fluorescein (Figure 5.14a) or
FITC-dextran (Figure 5.14c). In contrast, nanofio@repared by coaxial electrospinning
without liposomes, but with the addition of fluotesn (Figure 5.14b) or FITC-dextran
(Figure 5.14d) in 5% PVA, showed a uniform disttibn of the fluorescent substances
throughout the nanofiber mesh. The localization tleé fluorescent substances in the
liposomes within a dry nanofiber mesh thereforegssts that the liposomes remained intact

during and after the coaxial electrospinning preces
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Figure 5.14 Confocal microscopy of PVA/PCL nanofibes prepared by coaxial
electrospinning

A dry coaxially electrospun PVA/PCL nanofiber mestth encapsulated liposomes
containing either (A) fluorescein or (C) FITC-dexttrwith signals distributed inside the intact
liposomes visualized by confocal microscopy. Codaxmenofibers prepared without
liposomes, but with the addition of either (B) ftascein or (D) FITC-dextran show signals
that are distributed throughout the fibers. Thdesbars indicate (A, B) 20 um and (C, D) 50
pm.

5.3.2.2 Cumulative release profile of FITC-dextran from coaial nanofibers with intact
liposomes

The system that had been developed was testedugrrdlease. To study the release profile
from coaxially electrospun nanofiber meshes with vathout liposomes, FITC-dextran

incorporated into the nanofiber core was employetha monitoring fluorescence probe. The
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FITC-dextran samples were incubated at RT in TBfebuwhich was subsequently replaced
by fresh buffer. The release profile of FITC-dertnaas then obtained. The fractions that
were collected were analyzed by fluorescence spmmipy, and the cumulative release

profile was calculated (Figure 5.15).
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Figure 5.15 Cumulative release profile of FITC-dextan from nanofibers

A comparison of FITC-dextran release profiles framnofibers prepared by coaxial
electrospinning of PVA/PCL with (LIP) and withouh@psulated liposomes (DEX). The
release profile of the DEX sample showed an intendiurst release (60.6%) that was
followed by a slow release. However, the releasdilprof the LIP sample showed a lower
initial release (20%), which was followed by a sirstd release. The release half-timg (t
was 20 h for the DEX sample and 112 h for the ldmsle.

Core/shell nanofibers containing FITC-dextran (withliposomes) showed an intense burst
release (60.6% of the FITC-dextran was releasedirwR24 h), and the fluorescence in the
collected TBS buffer was undetectable after 24TUHe release half-time was calculated as t
= 20 h. Core/shell nanofibers with liposomes enakgtsg FITC-dextran showed a slower

initial release. Only ~20% of the FITC-dextran vietected after 24 h of incubation, which

shows the protective function of the liposomes. fidlease half-time was shifted te=t112 h

for samples with FITC-dextran entrapped in liposemé&he wet (Figure 5.16a) and dry
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(Figure 5.16b) coaxial nanofiber meshes were coetpan order to explain the rapid

FITC-dextran release from the nanofiber core.

rmation of

Figure 5.16 A comparison of dry and wet nanofibersindicates the fo
submicrometer pores in the nanofiber shell

Nanofibers prepared by coaxial electrospinning 6LFRas a shell polymer with PVA and

liposomes as the core polymer. (A) FESEM visualrabf the wet nanofibers showed the
formation of submicrometer pores on the nanofiberfage (see arrows). (B) The dry
nanofibers visualized by FESEM microscopy exhibbsth surfaces without pore structures.
The scale bars indicate (A, B) 1 um.

A comparison of the dry and wet coaxial nanofibeeshres indicated the formation of
submicrometer pores in the PCL shell in the wetofibar samples (Figure 5.16a). These

results indicate that the core content is reledisenigh newly-formed pores.

5.3.2.3 Preservation of enzyme activity by coaxial electrgsnning

The enzyme activity of HRP was tested in orderedfy the protective effect on enzymatic

activity of liposomes in the nanofiber core. Nabefi samples were prepared by coaxial
electrospinning, where the shell solution was nfemi® PVA and the core solution consisted
either of PVA with HRP (K-HRP) or of PVA containingRP encapsulated in the liposomes
(K-LIP; Figure 5.17). The concentration of the s#mpwvas correlated with the

homogeneously distributed incorporation value tlwudate the incorporation ratio. Proteins
were encapsulated effectively and the total amof@itRP in the nanofibers was comparable

(Figure 5.17a). HRP activity was detected in batimgles. However, the K-LIP samples
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preserved HRP-specific activity (62.3 + 7.9%) aignificantly higher level than the K-HRP
samples (Figure 5.17b). In addition, nanofiberspared with empty liposomes or without
liposomes were tested for water content in a datestinterestingly, the samples prepared by
coaxial electrospinning with liposomes showed 6b5.2.8% water retention. These results

indicate the preservation of intact liposomesdieith water, even in a dry state.

Incorporation ratio of HRP

5 &8 & 8 8 3 8 8 g
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Enzymatic activity of HRP

B 8 &8 8 8 & 88 g

3

=]

mK-LIP miKHRP

Figure 5.17 Incorporation ratio and enzymatic activty of HRP

A comparison of HRP incorporation into nanofiberghwliposomes (K-LIP) and without
liposomes (K-HRP) prepared by coaxial electrospigniThe incorporation of HRP into the
nanofibers was determined by the Bradford assay.Tf{i enzyme activity in nanofibers
prepared by coaxial electrospinning (K-LIP and KfJRvas determined by the conversion of
the TMB substrate and was correlated with the pratencentration.
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5.3.2.4 Mesenchymal stem cell culture studies on coaxial nafibers with embedded

liposomes for drug delivery of growth factors

The viability and proliferation of MSCs on preparednofibers was examined in order to
demonstrate the potential of the coaxial systerh efhbedded liposomes for drug delivery of
growth factors. MSCs were seeded on PCL and PVAiabaanofibers with the addition of a
mixture of growth factors (TGB; bFGF, and IGF-I) either dispersed in the core PVA
solution (GF) or encapsulated in liposomes (LIP-GH)e concentrations of the released
growth factors were detected by ELISA. The resashswed controlled release of growth
factors during the incubation period. The conceiumaof all three growth factors from the
LIP-GF scaffold was lower than from the GF scaff(fidgure 5.18). From the scaffolds with
embedded liposomes, 7.07 + 0.65 ng of T§B20.02 + 57.5 ng of IGF-I, and 131.37 £ 4.21
ng of bFGF were released during the 21-day stugycdhtrast, 11.69 + 0.44 ng of TG¥-
880.96 + 10.27 ng of IGF-I, and 239.23 + 7.83 ndoBlGF was released from the coaxial

nanofibers without liposomes.
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Figure 5.18 Cumulative release profile of growth fetors

The release of growth factors was determined uBLIBA. (A) Release profile of TGB-
released from coaxial nanofibers with liposome®?(AF) and without liposomes (GF). (B)
Release profile of IGF-I released from coaxial rfdoers with liposomes (LIP-GF) and
without liposomes (GF). (C) Release profile of bFfeleased from coaxial nanofibers with
liposomes (LIP-GF) and without liposomes (GF).

To increase the effect of the delivered growth desit the cells were cultivated in a cell

culture medium containing only 1% fetal bovine seyand the medium was not refreshed
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during the cultivation period. The number of cealls the scaffolds was quantified using a
dsDNA-specific assay on days 1, 3, 7 and 14 (FigouEOa). Statistically significant
differences between scaffolds were detected odagis. To determine cell viability, an MTS
assay was performed on days 1, 3, 7, and 14 (Figa8b). On day 1, there was no difference
in cell viability among the samples. However, thd$1assay showed significantly higher
viability of MSCs cultured on LIP-GF scaffolds tham GF scaffolds on days 3 and 14,
indicating that cells incubated on a sample wigodiomes had greater viability. The MTS
assay showed significantly higher MSC viability oi?-GF scaffolds than on GF scaffolds.
The increased DNA concentration of MSCs was indieatof higher rates of cell
proliferation. Cell proliferation on the scaffoldsas examined using a BrdU assay and
confocal microscopy. The BrdU assay showed siganifily higher proliferation rates on days

3 and 7 of cultivation on PVA/PCL scaffolds with leedded liposomes (Figure 5.19c).
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Figure 5.19 Viability and proliferation of MSCs on PVA/PCL coaxial nanofibers
Determination of the dsDNA content using the Picasr method showed that there were
greater numbers of cells on the LIP-GF scaffoldsntlon the GF scaffolds. Statistically
significant differences were detected between tiaéfads on all assayed days. (B) The MTS
assay revealed significantly higher viability of S on PVA/PCL coaxial scaffolds with
liposomes (LIP-GF) on day 3 (indicated by *) andday 14 (indicated by **) than on coaxial
scaffolds without liposomes (GF). (C) The BrdU gsshowed a significantly higher cell
proliferation rate on the LIP-GF scaffolds thantbe GF scaffolds on days 3 and 7. The level
of statistical significance for the assay is intikchabove the mean values &m.05, ** p<
0.05).

In addition, confocal microscopy showed that theses no difference between the GF and
LIP-GF scaffolds on day 1, and that the cells wspeead, isolated or in small groups, and

were randomly distributed on the scaffold (Figur@0a,c). Low numbers of cells were
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observed for the cells cultured on GF scaffoldgneon day 14. The cells were organized in
small isolated groups, indicating poor cell growththe scaffold (Figure 5.20b). By contrast,
the LIP-GF scaffolds showed increased cell den@tigure 5.20d). The well-spread cells
formed large groups, indicating increased cell iferdtion. Confocal microscopy supported
the results of the quantitative assays, and coefirthat core/shell nanofibers with embedded

liposomes enhanced MSC proliferation and viabititpre than coaxial nanofibers without

liposomes

Figure 5.20 Confocal microscopy of MSCs on PVA/PCLtoaxial scaffolds

Confocal microscopy on day 1 after seeding showedlifference between (A) PVA/PCL

coaxial scaffolds containing a mixture of growtltttas (GF), and (C) PVA/PCL coaxial

scaffolds with liposomes containing growth factqissP-GF). The micrographs show

increased proliferation of MSCs on (D) LIP-GF cadxscaffolds 14 days after seeding in
comparison with (B) GF coaxial scaffolds containiagyrowth factor solution in the core.

Mitochondria and inner membranes of MSCs were tietieasing DiOC6 staining (green) and
cell nuclei were detected using propidium iodidairshg (red). The scale bar indicates 50
pm.
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5.3.3 Discussion

5.3.3.1 Intact phosphatidylcholine liposomes can be incorpated into nanofibers by

coaxial electrospinning

Coaxial electrospinning is an attractive strategy delivering susceptible biomolecules,
because the core/shell fibers that are producee heeat potential for preserving proteins
during the electrospinning process. The solventesysof the core and shell shows high
interfacial tension and avoids mixing of the conel ahell polymers, thus protecting bioactive
molecules in the core from the solvents of thelgbhalymer. Electrospun coaxial nanofibers
have been employed to deliver various bioactivestuites, such as proteins, DNA, and
SiRNA (Cao et al. 2010; Li et al. 2010; Saraf et 2010). In addition proteins can be
delivered in a controlled manner (Ji et al. 2011).

Liposomes have received widespread attention aserxs of therapeutically active
compounds due to their unique characteristics. éxample, they are able to incorporate
hydrophilic and hydrophobic drugs, they show goamtdmpatibility and low toxicity, and
they deliver bioactive compounds to the site ofoacin a targeted manner (Mufamadi et al.
2013). However, their short half-life, the low stap of conventional liposomes, and poor
control of drug release over prolonged periodstlitheir use for long-term drug delivery
(Sharma and Sharma 1997).

In this study, the limitation of conventional Igmmes has been overcome by combining
liposomes with polymeric scaffolds. A drug delivesystem based on liposome-enriched
nanofibers has been introduced. The morphologheftanofibers has been examined using
FESEM, and the morphology of intact embedded lipts®» has been examined using
confocal microscopy. The localization of the fluszent substances in the liposomes within a
dry nanofiber mesh suggested that the liposomesinem intact during and after coaxial
electrospinning. As has been mentioned above, asnpoéssure and shear stress affect
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liposomal stability during the electrospinning pees. During coaxial electrospinning, the
hydrodynamic forces in the core of the jet are l@se thereby preventing disruption of the
liposomal membrane (Reznik et al. 2006). The cdaeliectrospinning process enables the
incorporation of unilamellar phosphatidylcholingpdsomes, and opens the way for their
application in long-term drug delivery. The usenainofibers of this kind as drug delivery

systems can combine the unique advantages of ha&n®fand liposomes.

5.3.3.2 FITC-dextran release is prolonged from coaxial nanfibers with intact

liposomes

The system of coaxial nanofibers with embeddedshpees was tested for drug release. The
release half-time from coaxial nanofibers was glprdependent on the presence of a
water-soluble core polymer (Jiang et al. 2006) -our case, PVA. Rapid FITC-dextran
release from the nanofiber core could be expla@ititer by water sorption into the nanofiber
core and/or by the formation of submicron poreshie nanofiber shell (Srikar et al. 2008;
Tiwari et al. 2010). These results showed the ptote activity of liposomes and the more
sustained release of encapsulated FITC-dextraromparison between dry and wet coaxial
nanofibers indicated the formation of submicromgteres in the PCL shell in the wet
nanofiber samples. The hypothesis is thereforepbed formation affected drug release from
the nanofiber core. This observation supports theotinesis introduced by Tiwari et al.

(2010).

Interestingly, core/shell nanofibers with lipos@mencapsulating FITC-dextran displayed
slower initial release. Only ~20% of the FITC-dextrwas detected after 24 h of incubation,
and the release half-time was shifted:to 112 h for samples with FITC-dextran entrapped in
liposomes. These results showed the protectiveigetf liposomes and the sustained release

of encapsulated FITC-dextran. This phenomenon eaexiplained by temporary stability of
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the liposomes in the PVA core. The release halétimom nanofibers with encapsulated

liposomes depends on many physical and chemicabriacespecially on the chemical

composition and the size of the liposomes (Charty¥eh 2012). Nevertheless, the release
from the system depends on the stability of theecand shell polymers and on the
morphology of the fibers (Ji et al. 2011, Sarabkt2009). The observed results, however,
demonstrated that nanofibers with liposomes inrtleire are appropriate means for
controlled drug delivery. The design of coaxial oidpers with the desired release kinetics for

practical tissue engineering applications shoultubiber examined.

5.3.3.3 Intact encapsulated liposomes preserve enzymatictaadty

Coaxial electrospinning techniques have been widsbd as drug delivery systems, mainly
because of the possibility to control the drug asée behavior, to modify the surface
properties of the scaffold without disrupting thaigtembedded core, and to better preserve
the activity of biomolecules (Zamani et al. 20118).our study, the enzyme activity of HRP
encapsulated into coaxial nanofibers was measuiahofiber samples with HRP
incorporated into coaxial nanofibers were compaveétd samples containing liposomes with
HRP dispersed within coaxial nanofibers. The highgstential was shown by intact
liposomes incorporated into nanofibers by coaxietteospinning. Enzymes encapsulated in
liposomes can better survive the electrospinnirargss, probably because of the shielding
effect of the lipid sphere. However, the presergagdymatic activity either of HRP dispersed
in the core of coaxial nanofibers or of HRP encégisd into liposomes prepared by coaxial
electrospinning was significantly higher than thgsepared by blend electrospinning (see
paragraph 5.2.1.2). The use of core/shell fibarcstires with the enzyme entrapped in the
core is a very effective strategy for alleviatirg tproblem of loss of enzyme activity and

leakage from electrospun nanofibers (Agarwal et 24l08; Zhang et al. 2006). Silica
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nanofibers were used to encapsulate HRP into tihe ob coaxial nanofibers and neither
enzyme leakage nor fiber deformation was obseriAade( et al. 2006). Mesoporous silica
nanofibers have also been widely used due to tleege surface area, uniform pore
distribution, tunable pore size and high adsorptiapacity (Wang et al. 2011). Coaxial
electrospinning enabled simultaneous entrapmetipage and magnetite nanoparticles with
biomimetic silica, which enhanced the enzyme atgtivi varying silane additives (Chen et al.
2011). Successful preservation of molecular bieégtrequires smaller amounts of delivered
molecules to promote optimized tissue regeneration.addition, reduced doses of

biomolecules enable safe and cost-effective stiegdgr tissue engineering applications.

The water content in the dry nanofibers was meaksum order to examine whether
liposomes were able to maintain their internal aggeenvironment. The study revealed that
the liposomes entrapped in the nanofiber core mi@et a water environment for several
weeks of shelf storage; moreover, the system apthareid not leak water and could
probably be used for even longer periods of stofage for periods of months). Thus, the
nanofiber core appears in the dry state as a wamgrmeable barrier, because of the
interaction between the hydrophilic core polymed #ime liposomes inside the core solution.
This observation opens up new perspectives on thsepvation of native enzymes. The
coaxial electrospinning system appears suitableefmyme immobilization, encapsulation
and bioactivity preservation with wide-ranging apations in the field of fine chemistry,

biomedicine biosensors and tissue engineering (Véaag 2009; Liao and Leong 2011).

5.3.3.4 Liposomes with encapsulated growth factors stimula MSC proliferation and
viability in vitro
Electrospun nanofibers were utilized for delivenragious growth factors for the induction of

MSC viability and proliferation. Sahoo et al. (201frepared nanofibrous scaffolds for
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controlled delivery of bFGF, and showed that thems increased MSC proliferation on
coaxial nanofibers. The potential of the coaxiateyn with embedded liposomes for drug
delivery of growth factors for tissue engineerimgplecations was evaluated by simple cell
culture studies. We examined the viability and ifechtion of MSCs on the prepared
scaffolds. Interestingly, while the number of celiscreased on coaxial PVA/PCL scaffolds
without liposomes during the study period, the emi@ation of DNA increased significantly

in samples with embedded liposomes utilized as cavtlyr factor delivery vehicle during

cultivation. Confocal microscopy supported the hsswf the quantitative assays and
confirmed that nanofibrous scaffolds containing edded liposomes with encapsulated
recombinant growth factors were more potent - tk@gnulated MSC proliferation and

viability more than coaxial nanofibers without Igmmes.

In addition, data from confocal microscopy showedr cell infiltration into the scaffold.
This result could be explained by the small pore sif the scaffold. Coaxial nanofibers with
embedded liposomes had a mean pore size of £.1¥04 pum, while coaxial nanofibers
without liposomes had a mean pore size of &33.07 um. These pore sizes are insufficient
for cell infiltration. If scaffolds made via eleospinning have a pore size of <10 um, the cells
cannot easily infiltrate the nanofibers and makbrae-dimensional shape, such as exists in
the ECM (Shabani et al. 2009). Thus the nanofib@shmwill essentially behave as a
two-dimensional sheet, where the cells can onlyifprate on its surface. Several approaches
have been reported for overcoming this limitatibar example, systems combining insoluble
fibers and sacrificial co-fibers have been repof@dimaraes et al. 2010). In addition, pore
size and cell infiltration of nanofibrous scaffoldsan be regulated with the use of
macromolecules, for example, hyaluronan (Li et 2012). Alternatively, pores can be
introduced by salt particles that are subsequda#ighed out, or by introducing ice crystals

(Laurencin and Nair 2008). After the removal of saerificial part of the system, void spaces
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are introduced and the pore size of the scaffaldesses. Other methods that can be used for
adjusting the pore size are adjustment by reguyatiectrospinning processes or by using
special collectors (Li et al. 2005; Pham et al. ®00pproaches such as these can be
combined with the proposed system; however furshigdy is necessary to optimize their use
for specific tissue engineering applications.

The results of the cell culture study showed thestceptible compounds can be protected
by liposomes embedded in coaxial nanofibers. Thigy dlelivery system seems to be a

promising growth factor delivery strategy for useegenerative medicine.

5.3.4 Coaxial nanofibers with incorporated plateleta-granules for biomedical use

5.3.4.1 Results

5.3.4.1.1 Isolation of a-granules from platelets

The aim of the investigation was to develop a nalreig delivery system using platelet
a-granules as a source of natural growth factarsgranules contain most of the
platelet-secreted growth factors and are, thus,idmal source for tissue engineering
applications. The first task was therefore to slghe a-granules from the platelets.

Sonicated platelets were separated into threeidrectoy ultracentrifugation: the heaviest
fraction ALPHA; FR1; and FR2. Dot blot analyses sveperformed to determine the
a-granule content. The sonicated platelets were w@se@ positive control. P-selectin is
expressed in the-granules of platelets, so the protein was seleate@d marker for their

characterization. There was a significantly highesence of P-selectin in ALPHA than that
in the control (PRP) and in the FR1 and FR2 frasticALPHA assembled the vast majority
of a-granules from the platelets, as the peak integharacterizing the PRP fraction

represented approximately 50% of the ALPHA pealgfe 5.21). The highest P-selectin
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levels in ALPHA, in comparison with those in thengmted platelets, may be explained by
the higher absolute amount of P-selectin in ALPH#npared with other proteins when

normalized to overall protein.
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Figure 5.21 Distribution of P-selectin

The highest P-selectin content was measured imip@nule-rich fraction (ALPHA), and a
residual P-selectin content was observed in thietdiy fraction (FR1) and in the middle
fraction (FR2). Platelet-rich plasma lysate (PRB¥wsed as a positive control.

5.3.4.1.2 Incorporation of a-granules in the core of PVA/PCL nanofibers

Due to their small diameters, the isolatedgjranules were ideal for encapsulation into the
nanofiber core by coaxial electrospinning. The Ispellymer consisted of 10% PCL, whereas
the core consisted of 5% PVA andgranules. The concentration ofgranules in the core
(0.3 mg/ml of PVA) was selected as a balance betwihe maximal concentration of
a-granules (1.2mg/ml) and the minimal volume (4mécessary for preparing a sufficient
fiber mesh. FESEM analysis was applied to visuattee morphology of the electrospun
nanofiber mesh (Figure 5.22). Two nanofiber popotest were identified in the control
PVA/PCL nanofiber samples: thin and thick. The mdameter of the thin nanofibers was

222.32 + 78.90 nm, and the mean diameter of thek thibers was 613.28 + 190.15 nm. In
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addition, the sample contained a population of dfibers. The pore sizes differed, and were
up to 3 um; however, the majority of the pores wagproximately 1 um in diameter.

The morphology of the PVA/PCL nanofiber samplestaming a-granules exhibited a
similar fiber distribution. The mean diameter oé tthin nanofiber population was 196.17 +
99.60 nm, and the mean diameter of the thick filweas 631.85 + 190.25 nm. The sample
contained only a small number of microfibers. Psiee analysis revealed pores with
diameters of up to 10 um; however, the majoritytred pores had a diameter of < 5 pm.
Detailed micrographs revealed a rough surfacedbald reflect thex-granules encapsulated
in the nanofiber core (Figure 5.22a). The huge sbkad an average diameter of 4.52 + 2.32

pum.

A Y ) »
) \ 3 F - :;
4 \ 1 ; - : #
/ '; I e - AR . g
N i . £ Y
v B L N e i

SE GB-H SEI 1.0kV X3,000 WD 59mm B SE GB-H SEI 1.0kV  X6,000 WD S54mm

Figure 5.22 FESEM of coaxially electrospun PVA/PCLnanofibers with encapsulated
a-granules

FESEM of a-granules encapsulated into coaxial PVA/PCL namofib The micrograph
depicts the nanofiber morphology and bundles wititapsulateda-granules. (B) Pure
PVA/PCL nanofiber mesh as a control. The microgrdepicts the nanofiber morphology of
the prepared nanofibers without bundle-like strresuThe scale bars indicate (A, B) 2 pm.

The dry PVA/PCL nanofiber mesh with incorporatedjranules in the core of the coaxial
nanofibers was visualized by means of confocal oswopy using fluorescent
carboxyfluorescein succinimidyl ester (CFSE) labele-granules (Figure 5.23). The

a-granules were assembled along the core of the;finewever, the fluorescent signal

127



received by confocal microscopy and the phase ashiwere shifted due to the differing

optical thicknesses of the slides. Interestindig d-granules were incorporated into the core

of the nanofibers either as single granules oggsegates.

Figure 5.23 Confocal microscopy of encapsulated-granules in PVA/PCL nanofibers
prepared by coaxial electrospinning

(A, B) Localization of CFSE-labeled-granules in nanofiber cores. (C, D) CFSE-labeled
a-granules exhibiting the presence of single andregggeda-granules in the fibers. The
scale bars indicate 20 pum.

The efficiency ofa-granule incorporation in our experiments was daeileed using overall
protein quantification. The encapsulation was 48.2.3%, due to material loss during the

electrospinning process and chloroform extractromfthe nanofibers.
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5.3.4.1.3 Mesenchymal stem cell culture studies on coaxial nafibers with

incorporated alpha-granules

A preliminary study with MSCs was performed to destoate the potential of the coaxial
system with encapsulated-granules. MSCs were seeded on PVA/PCL nanofibets w
encapsulatear-granules (ALF), and were compared with pure PVA/R@nofibers, as a
control (PVA/PCL).

To determine cell viability, MTT assays were penied on days 1, 7 and 15 (Figure
5.24). On days 7 and 15, the MSCs showed significairgher viability on the ALF scaffolds
than on the control. Confocal microscopy was pemngxd to visualize the cell adhesion to the
scaffolds (Figure 5.25a,b). On day 1, cells adhdmedoth scaffold types and were well
spread. Type Il collagen was detected by immuno#iscence on days 7 and 15 to
characterize chondrogenic differentiation (Figur25s-f). On pure, coaxial PVA/PCL control
nanofibers, type Il procollagen and immature calagroduction decreased between day 7
and day 15. The fluorescence signal had almosppésed on the control scaffolds on day
15 (Figure 5.25f). However, the MSCs cultured onAFRCL coaxial nanofibers with
encapsulatedi-granules displayed high type Il collagen produttim day 7 and on day 15.
The immunofluorescence results showed that MSQsred on a scaffold with encapsulated

a-granules produced type Il collagen as a markeeoubé of chondrogenic differentiation.
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Figure 5.24 Cell viability of MSCs on PVA/PCL coaxal nanofibers with encapsulated

a-granules

Cell viability was measured by a 3-(4,5-Dimethyditnl-2-yl)-2,5-Diphenyltetrazolium
Bromide (MTT) Assay.MSCs were cultivated on PVA/PCL scaffolds with guaaated
a-granules in the core of the nanofibers, and ore @@vA/PCL nanofibers as controls
prepared by coaxial electrospinning. The level witistical significance for the assay is

indicated above the mean values<{Q05, **p <0.05).
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Figure 5.25 Confocal microscopy of MSCs on PVA/PCLoaxial scaffolds

Adhesion of MSCs on day 1 to (A) PVA/PCL coaxiahfclds containingr-granules and (B)
to pure PVA/PCL coaxial scaffolds, as a controlcluwere stained using propidium iodide
(red) and membranes were detected using DIOCG6irsgaifgreen). Synthesis of type Il
collagen on day 7 on (C) PVA/PCL samples with esodieda-granules and (D) pure
PVA/PCL control samples and on day 15 (E) PVA/PGthwencapsulated-granules and (F)
PVA/PCL control samples. Type |l collagen was vigg by immunofluorescence (green),
and cell nuclei were counterstained with Hoechainstblue). The scale bars indicate (A, B)
100 pm and (C-F) 50 pm.
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5.3.4.2 Discussion

5.3.4.2.1 Isolated a-granules as a novel platelet derivative for tissuesngineering

applications

a-granules are platelet secretion organelles thatiac® most of the platelet-produced growth
factors (Blair and Flaumenhaft 2009). These grofatiiors induce physiological tissue repair
and play important roles in wound healing. Isolatedyranules have been used for
biochemical and physiological applications andrtinedlecular content is well characterized.
The advantage ad-granules is that their fractions can be storedséeral months at -80°C
or in liquid nitrogen without losing their activati capacity (Niessen et al. 2007). By contrast,
platelet concentrates can be conventionally stdoedup to 1 week at 21°C, while some
cryopreservation protocols enable longer shelfagger However, these methods alter the
platelet physiology, morphology and activation aafya(Nie et al. 2005).
In this study, isolated-granules were introduced as a novel platelet devig for tissue

engineering applications.

5.3.4.2.2 PVA/PCL nanofibers containing alpha-granules in thecore

a-granules in core/shell nanofibers prepared by iebatectrospinning were introduced in
this study. As has been mentioned above, coaxiettrelspinning has been utilized
successfully for encapsulating proteins, such aszZyme, platelet-derived growth factor-bb
(PDGF-bb), nerve growth factor (NGF), and basicdiitast growth factor (bFGF) (Sahoo et
al. 2010; Wang et al. 2012; Yang et al. 2008). Thithe first time that a core/shell system
incorporatinga-granules has been introduced, and it combinesutiigue advantages of

coaxial nanofibers with an autologous source ofgindfactors. An indisputable advantage of
a-granules is that they contain concentrated amaefingsowth factors in a relatively smaller

size than that of platelets. The growth factors lsanmmobilizedin situ and protected from
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the environment, and the nanofibers can be furfilnestionalized for cell adhesion. Briefly,
this system is ideal for growth factor releasenrab regions.

In the present study-granules were incorporated into the core of cdaxanofibers.
Water-soluble PVA was shown to be an ideal corgrmel that facilities the incorporation of
intacta-granules. The solvent system of the core and shellvs high interfacial tension and
avoids mixing of the core and shell polymers, thustecting the bioactive molecules in the
core from the solvents of the shell polymer. Thkigtitical here, since the proteins would be
denatured if they came into the contact with orgaailvents such as chloroform, which was
used as a solvent for the shell polymer. In addljtass a hydrophilic polymer, PVA stabilizes
a-granule membranes via its hydroxy groups during fiber-forming process. This
hypothesis was supported by confocal microscopyalization of the incorporation of intact
a-granules into nanofibers. However, it is not cléam the confocal images whether the
granules are localized in the core or are sequezbten the surface. Localization on the
surface is not probable due to the high interfai@akion between PCL and PVA during the
electrospinning process, and limited diffusion kegw the core and shell polymers.
Moreover, a-granules would be unstable as membrane structure: non-aqueous
environment such as chloroform. Thus, it is conwigdhata-granules are incorporated into
the core of the nanofibers. In addition, the coarenofiber mesh containing-granules,
enables long-term storageaigranules in the form of a dry nanofiber mesh. Stogage does
not require an agueous environment and thus sieplifieir biomedical use.

Another important feature of the scaffold is tlrgpsize, which affects cell penetration.
The pore sizes of both PVA/PCL nanofibers as arobr@nd PVA/PCL nanofibers with
embeddedi-granules were < 5 um. However, as was mentionedealscaffolds prepared by

electrospinning with a pore size smaller than 10 ama not suitable for cell infiltration
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(Shabani et al. 2009). Further optimization of pheposed system will therefore be necessary

in order to overcome the pore size limitationstfetter cell penetration.

5.3.4.2.3 Coaxial nanofibers with incorporated a-granules stimulate MSC proliferation

and viability in vitro

The potential of the coaxial system with incorpeda-granules for cartilage tissue
engineering was evaluated by a simple cell culstudy of MSCs. Human chondrocytes have
relatively low basal propensity for proliferatiornda ECM production. However, the
proliferation capacity of chondrocytes decreasdh age, the usage of stem cells is therefore
believed to be a promising tool in tissue engimegerPlatelet-released growth factors have
been shown to induce chondrogenic differentiatibM8Cs (Mishra et al. 2009).

The cell viability assay of MSCs showed that th&bility on coaxial nanofibers with
incorporateda-granules was significantly higher than the viabpilon the pure control
PVA/PCL coaxial nanofibers on days 7 and 15. Initaald the differentiation and production
of chondrocyte specific ECM and the expression ygfet Il collagen were examined.
Interestingly, the marker protein was produced ¥ CL scaffolds with and also without
a-granules on day 7. This observation could be éxpthby the surface chemistry of PCL,
which partially stimulates chondrogenic differetiba (Chastain et al. 2006). However, there
was higher production of type Il collagen on sclaf$ocontaininga-granules. A high level of
type Il collagen production persisted until day ¥%.low concentration ofa-granules
embedded into nanofibers was able to induce thdustmn of chondrocyte-specific ECM,
and is therefore a prospective system for targe¥l8gCs into a chondrogenic phenotype. The
importance of sustained delivery of growth factfuns cartilage tissue engineering has been
demonstrated (Catelas et al. 2008). Buzgo et akated that the release of growth factors

from coaxial nanofibers incorporatimggranules were slower than from scaffolds contgnin
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adhered platelets. Moreover, the concentrationetéflased TGHR1 from the samples with
adhered platelets was nearly six-times higher op Hahan from coaxial scaffolds with
encapsulatedi-granules. This observation further supported tekwyekd relelase of growth
factors from encapsulateg-granules (data not presented here, Buzgo et dl2)20rhe
advantage of a nanofiber system is the stableselefigrowth factors, independent from the
composition of the surrounding environment.

High levels of applied growth factors are correthtwvith an increased risk of cancer
(Stattin et al. 2004). Although the use of plateletivatives has not been correlated with any
cell transformation to date, the use of a lowercemtration of growth factors would minimize
any potential risk.

o-granules incorporated into nanofibers stimulate8QWiability and the production of
extracellular proteins specific for chondrogenesiswever, it is necessary to carry out a
more complex study pointing to the detailed infleerf the dosage and the release kinetics

of a-granule growth factors on chondrogenic differeigiain order to optimize the system.
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6 Conclusion

Platelets were successfully immobilized on theamefof PCL nanofiber scaffolds for tissue
engineering applications. Biocompatible and bioddgble PCL nanofiber scaffolds prepared
by an electrospinning technique efficiently imma@t platelets after 2 hours of
pre-incubation in a platelet-rich plasma solutiBesults have proved that functionalized PCL
nanofibers provide a suitable matrix for chondrecgultivation. A proliferative effect of
platelet functionalized nanofibers on chondrocytes vitro has been demonstrated.
Functionalized PCL nanofibers with adhered plasesgipear to be suitable for drug delivery
of growth factors, and for tissue engineering agtions with comparatively short time

scales. (attachements Jakubova et al. 2011; Buzgo2012).

A tight interaction between liposomes and PCL fiaeos has been clearly demonstrated.
A preliminaryin vitro study showed that liposomes with encapsulated tiréactors adhered
to PCL nanofiber scaffolds provides a suitable eaystfor adhesion and proliferation of
MSCs. The release of growth factors from liposorteeshe neighboring cells resulted in
gradual proliferation of MSCs during the study pdri In addition, type Il collagen
production was observed in samples with adheraxbdimes on PCL nanofibers, and also in
samples with adhered free growth factors on PCLofilaers. A preliminary study has
indicated that growth factor-enriched liposomesesdtl to a PCL nanofiber system could be
useful as a drug delivery tool in applications watbomparatively short time scale, and could
find broader use in tissue engineering. Howeverpraher to optimize the system, a more
complex study is needed to specify the influencthefdosage and release kinetics of growth
factors from liposomes adhered to nanofibers on M@@bility, proliferation and

differentiation (preliminary results).
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Blend electrospinning was applied to encapsulgiesbmes with FITC-dextran into PVA
nanofibers. However, the blend electrospinningnetigy caused the liposomes to break and
release their encapsulated material. The incorjporattio and the preservation of enzyme
activity in PVA nanofibers were also tested. Thesufess confirmed that HRP was
encapsulated effectively into the nanofibers. Haevevthe biological activity of the
encapsulated protein was highly depressed in naersfiwith incorporated HRP, and also in
PVA nanofibers with HRP encapsulated into the Ilggoss. The results indicated that the
PVA polymer solution has a significant effect oposome stability. More than 50% of the
liposomes were disintegrated in a 12% PVA polymauteon before the electrospinning
process started. By contrast, approximately 70%hefliposomes dissolved in a 5% PVA
polymer solution remained intact. The results shibwet blend electrospinning technology
does not conserve phosphatidylcholine liposomeacintand is not suitable for preserving

HRP activity (attachement Mickova et al. 2012).

Core/shell nanofibers with embedded liposomes hde=n produced. Coaxial
electrospinning enabled the retention of an aquemuwsronment inside intact liposomes
embedded in nanofibers for several weeks of shethge. Nanofibrous scaffolds containing
embedded liposomes with encapsulated recombinawtlyrfactors were more potent at
stimulating MSC proliferation than coaxial nanofibavithout liposomes. Finally, enzymes
encapsulated in liposomes can better survive #grekspinning process, probably because of
the shielding effect of the lipid sphere. The resyrresented in the current study show the
potential of this drug delivery system using intiggbsomes embedded in coaxial nanofibers
in various fields of tissue engineering and regatinee medicine (attachement Mickova et al.

2012).
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Finally, a-granules were introduced as an autologous sotirgewth factorso-granules
were isolated from platelets and were incorporatém nanofibers by coaxial electrospinning.
The prepared scaffold was tested vitro by cultivation with MSCs. The tested system
preserved the biological activity of the delivergdwth factors and stimulated the viability,
production of type Il collagen and chondrogenicfatiégntiation of MSCs. Successful
preservation of molecular bioactivity required avlooncentration of the delivered growth
factors in order to promote optimized tissue regati@n. The results showed that coaxial
nanofibers with embedded-granules are a promising system for applicationstissue

engineering with comparatively prolonged time ssdftachement Buzgo et al. 2012).
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7 Future perspectives

In order to preserve molecular bioactivity encapsd into intact liposomes in coaxial
nanofibers, it is necessary to limit the amountsnofecules delivered to promote optimized
tissue regeneration. In addition, reduced dosdsamholecules such as growth factors enable
safe and cost-effective strategies in various $iedfl tissue engineering and in regenerative
medicine. However, only a limited number of grovdiotors have been approved for clinical
use in regenerative medicine, and their use igdunto a specific type of application. It is
believed that the solution to this problem is t@ ustural growth factors. Platelet-based
preparations probably have the highest clinicakptal, due to the high content of growth
factors, reduced cost, simple collection from dgnand the lack of an immune response
when they are applied autologically. The poterdigblatelets in combination with nanofibers
as a suitable delivery system for natural growittdes has been confirmad vitro in this
thesis. Moreover, these results have already beafirmed in vivo by our research team
(Prosecka 2015). It is believed that a combinatbmatural growth factors im-granules
embedded in coaxial nanofibers could lead to treElyction of an efficient drug delivery
system for tissue engineering in a clinical settihe release of bioactive molecules from
core/shell fibers is prolonged, and can be comdolby changing the composition of the
polymer. For proper regulation of the release hfdf-however, a more complex mechanism
Is necessary. It is therefore considered criticadevelop a drug delivery system that enables
time-resolved sequential release of multiple grovettors in order to promote better and
more reproducible tissue regeneration outcomesthé&urresearch can overcome this
challenge, and core/shell nanofibers releasing fnetk cocktail of clinically-approved
bioactive molecules may form the next generatiomarofibrous scaffolds, and may soon

enter into clinical use.
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8 Summary

Electrospinning is an attractive method for prodgcinanofibrous scaffolds for tissue
engineering and for controlled drug delivery.

The aim of this thesis was to develop functior&inanofibers as a controlled delivery
system for growth factors. Nanofibers were funaiaed by simple adhesion of bioactive
agents to the nanofiber surface, and incorpordhieg into the nanofiber mesh using a blend
or coaxial electrospinning technique.

Within the framework of this thesis, potyeaprolactone (PCL) nanofibers were
functionalized with platelets, and also with synitigrowth factors and with growth factors
incorporated into liposomes adhered to the nanoBbdgace. Functionalized PCL nanofibers
with adhered bioactive agents appear to be suifabldrug delivery of growth factors, and
for tissue engineering applications with compasgdyivshort time scales. In the second set of
experiments, we focused on prolonging the relegse of growth factors by incorporating
them into the liposome-nanofiber system using blendoaxial electrospinning. It was found
that liposomes are not preserved intact duringblead electrospinning process. Moreover,
loss of protein activity was observed. However xtaleelectrospinning enabled liposomes to
be incorporated into nanofibers and thus to preséme protein activity. The importance of
activity protection was further emphasized by mpogent stimulation of mesenchymal stem
cells (MSCs). Finally, nanofiber scaffolds contamialpha-granules as a natural source of
growth factors were prepared by coaxial electraspop Successful preservation of
molecular bioactivity required a low concentratadfrthe growth factors that were delivered in
order to stimulate cell viability and also chondeag differentiation of MSCs.

In conclusion, core/shell nanofibers with incoigted liposomes and incorporated alpha
granules are promising systems for applicationgissue engineeringvith comparatively

prolonged time scales.
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9 Souhrn

Elektrostatické zvlakovani je perspektivni metoda, kterou lze vytamanovidkenné nos
pro aplikace tk&ového inZenyrstvi #izeného dodavanide.

Cilem préce bylo vyvinout funkcionalizované naréddnné noge proifizené dodavani
bioaktivnich latek. Funkcionalizace nanovlaken hytavedena fyzikalni adsorpci na povrch
nanovlaken a inkorporaci do nanovldkennych diosnetodou smsného a koaxialniho
zvlakinovani.

Byly vyvinuty funkcionalizované nanovldkenné n@sPCL s adherovanymi trombocyty,
rekombinantnimi tistovymi faktory a istovymi faktory inkorporovanymi do liposam
Funkcionalizace pomoci fyzikdlni adsorpce na poviREBL nanovldken se ukazala jako
vhodna metoda pro aplikace v tik&ém inZenyrstvi, v kterych je geba rychlé a kratkodobé
dodani latek. DalSi set experimeériyl zangien na vytvéeni noste s prodlouZzenou dobou
uvoliovani bioaktivnich latek. Byly fipraveny systémy ,nanovlakna-liposomy“ metodou
smésného a koaxialniho elektrostatického zildkani. U zvlakovani ze srsi doslo k
rozbiti liposonti a ke ztr& enzymatické aktivity modelového proteinu. Metodasxialniho
zvlaknovani umoznila inkorporaci liposamdo nanovidken a intaktnost liposonbyla
prokdzana zachovanim enzymatické aktivity inkorgang@ho modelového proteinu.
Potencial systému pro aplikace v ith&ém inZzenyrstvi byl potvrzen stimulaci proliferace
mesenchymalnich kmenovych Bun(MSC). Na zaer byl pomoci koaxialniho zvldovani
vyvinut nanovlakenny nosis inkorporovanyma-granulemi. Podidlo se zachovat bioaktivitu
inkorporovanych istovych faktoh a jejich postupnym uvbvanim z koaxialnich
nanovlaken byla zaji&ha stimulace viability a chondrogenni diferencist®C.

Nanovlakenné systémy s inkorporovanymi liposonsyaigranulemi pipravené pomoci
koaxialniho zvlakovani maji vysoky potenciédl pro vyuZziti v idvém inZenyrstvi a to

zejména v aplikacich, kde je petba zajistit dlouhodobé uvavani bioaktivnich latek.

141



10 References

10

11

12

13

14

15

16

17

18

AGARWAL, S. AND A. GREINER On the way to clean asdfe electrospinning-green
electrospinning: emulsion and suspension electnospy. Polymers for Advanced
Technologies, Mar 2011, 22(3), 372-378.

AGARWAL, S., J. H. WENDORFF AND A. GREINER Use dketrospinning technique
for biomedical applications. Polymer, 2008, 49(ZH03-5621.

AGGARWAL, S. AND M. F. PITTENGER Human mesenchynsam cells modulate
allogeneic immune cell responses. Blood, 2005,4)03815-1822.

AKEDA, K., H. S. AN, M. OKUMA, M. ATTAWIA, et al. Ratelet-rich plasma
stimulates porcine articular chondrocyte prolifemat and matrix biosynthesis.
Osteoarthritis and cartilage / OARS, OsteoarthriResearch Society, 2006, 14(12),
1272-1280.

ALBERTS, B., A. JOHNSON, J. LEWIS, M. RAFF, et 8Molecular Biology of the Cell,
2007.

ALSOUSOU, J., M. THOMPSON, P. HULLEY, A. NOBLE, &l. The biology of
platelet-rich plasma and its application in trausnad orthopaedic surgery: a review of the
literature. J Bone Joint Surg Br, Aug 2009, 9168)7-996.

ANGELES, M., H.-L. CHENG AND S. S. VELANKAR Emulsio electrospinning:
composite fibers from drop breakup during electrusipg. Polymers for Advanced
Technologies, 2008, 19(7), 728-733.

ANITUA, E., M. SANCHEZ, G. ORIVE AND I. ANDIA The ptential impact of the
preparation rich in growth factors (PRGF) in diéfiet medical fields. Biomaterials, Nov
2007, 28(31), 4551-4560.

ANITUA, E., M. SANCHEZ, G. ORIVE AND I. ANDIA. Delvering growth factors for
therapeutics. ITrends Pharmacol Sdengland, 2008, vol. 29, p. 37-41.

ANITUA, E., M. SANCHEZ, M. M. ZALDUENDO, M. DE LA RJENTE, et al.
Fibroblastic response to treatment with differergparations rich in growth factors. Cell
proliferation, 2009, 42(2), 162-170.

ASRAN, A. S., K. RAZGHANDI, N. AGGARWAL, G. H. MICHER, et al. Nanofibers
from blends of polyvinyl alcohol and polyhydroxytgrate as potential scaffold material
for tissue engineering of skin. BiomacromolecuRl0, 11(12), 3413-3421.
BAENZIGER, N. L., G. N. BRODIE AND P. W. MAJERUS Ahrombin-sensitive
protein of human platelet membranes. Proc Natl ABad U S A, Jan 1971, 68(1),
240-243.

BALAZS, D. A. AND W. T. GODBEY Liposomes for use igene delivery. Journal of
drug delivery, 2010, 2011.

BANGHAM, A. D., M. M. STANDISH AND J. C. WATKINS Difusion of univalent
ions across the lamellae of swollen phospholipidgol Biol, Aug 1965, 13(1), 238-252.
BARENHOLZ, Y. Cholesterol and other membrane actsterols: from membrane
evolution to “rafts”. Progress in lipid researcf02, 41(1), 1-5.

BARENHOLZ, Y. Relevancy of drug loading to liposomi@mrmulation therapeutic
efficacy. Journal of liposome research, 2003, 1,3(8.

BARRIENTOS, S., O. STOJADINOVIC, M. S. GOLINKO, HBREM, et al. Growth
factors and cytokines in wound healing. Wound Repad Regeneration, 2008, 16(5),
585-601.

BAZILEVSKY, A. V., A. L. YARIN AND C. M. MEGARIDIS Co-electrospinning of
Core-Shell Fibers Using a Single-Nozzle Techniduaagmuir, 2007/02/01 2007, 23(5),
2311-2314.

142



19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

BEANES, S. R., C. DANG, C. SOO AND K. TING Skin ampand scar formation: the
central role of TGF-[beta]. Expert reviews in malle medicine, 2003, 5(08), 1-22.
BEENKEN, A. AND M. MOHAMMADI. The FGF family: biolgy, pathophysiology and
therapy. INNat Rev Drug Disco\England, 2009, vol. 8, p. 235-253.

BEI, D., J. MENG AND B. B. YOUAN Engineering nanodieines for improved
melanoma therapy: progress and promises. Nanomedi@iond), Nov 2010, 5(9),
1385-1399.

BLAIR, P. AND R. FLAUMENHAFT Platelet alpha-grangebasic biology and clinical
correlates. Blood Rev, Jul 2009, 23(4), 177-189.

BLANES, M., M. J. GISBERT, B. MARCO, M. BONET, et.dnfluence of glyoxal in
the physical characterization of PVA nanofibersxtile Research Journal, 2010, 80(14),
1465-1472.

BOCHET, C. G. Photolabile protecting groups andens. Journal of the Chemical
Society, Perkin Transactions 1, 2002, (2), 125-142.

BRITTBERG, M. AND W. GERSOFRCartilage Surgery: An Operative Manual, with
Expert ConsultEdtion ed.: Elsevier Health Sciences, 2010. ISBR773622X.
BRODKIN, K. R., A. J. GARCIA AND M. E. LEVENSTON Gindrocyte phenotypes on
different extracellular matrix monolayers. Biomaés, 2004, 25(28), 5929-5938.
BUENO, D. F., I. KERKIS, A. M. COSTA, M. T. MARTINSet al. New source of
muscle-derived stem cells with potential for ahaobone reconstruction in cleft lip
and/or palate patients. Tissue Engineering PaR0A8, 15(2), 427-435.

BURNOUF, T., H. A. GOUBRAN, T.-M. CHEN, K.-L. OU, teal. Blood-derived
biomaterials and platelet growth factors in regatiee medicine. Blood reviews, 2013,
27(2), 77-89.

BUZGO, M., R. JAKUBOVA, A. MICKOVA, M. RAMPICHOVA, et al. Time-regulated
drug delivery system based on coaxially incorpataggatelet alpha-granules for
biomedical use. Nanomedicine (Lond), Dec 2 2012.

CAO, H. Q., X. JIANG, C. CHAI AND S. Y. CHEW RNA terference by
nanofiber-based siRNA delivery system. Journal oht@®lled Release, Jun 1 2010,
144(2), 203-212.

CASPER, C. L., J. S. STEPHENS, N. G. TASSI, D. BIASE, et al. Controlling surface
morphology of electrospun polystyrene fibers: Bffeichumidity and molecular weight in
the electrospinning process. Macromolecules, Ja20P4, 37(2), 573-578.

CATELAS, I., J. F. DWYER AND S. HELGERSON ContralleRelease of Bioactive
Transforming Growth Factor Beta-1 from Fibrin GelsVitro. Tissue Engineering Part C:
Methods, 2008, 14(2), 119-28.

CHANG, H.-. AND M.-K. YEH Clinical development ofliposome-based drugs:
formulation, characterization, and therapeutic ceffy. International journal of
nanomedicine, 2012a, 7, 49.

CHANG, H. I. AND M. K. YEH Clinical development ofiposome-based drugs:
formulation, characterization, and therapeuticceffy. Int J Nanomedicine, 2012b, 7,
49-60.

CHASTAIN, S. R., A. K. KUNDU, S. DHAR, J. W. CALVER et al. Adhesion of
mesenchymal stem cells to polymer scaffolds ocauas distinct ECM ligands and
controls their osteogenic differentiation. Edtiah £&BN 1.

CHEN, F. M., M. ZHANG AND Z. F. WU Toward deliveryf multiple growth factors in
tissue engineering. Biomaterials, Aug 2010, 31(82Y,9-6308.

CHEN, G.-C., I. C. KUAN, J.-R. HONG, B.-H. TSAI, al. Activity enhancement and
stabilization of lipase from Pseudomonas cepaciaoigallylamine-mediated biomimetic
silica. Biotechnology Letters, Mar 2011, 33(3), 529.

143



38

39

40

41

42

43

44

45

46

a7

48

49

50

51

52

53

54

CHOWDHURY, M. AND G. STYLIOS Effect of experimentgbarameters on the
morphology of electrospun Nylon 6 fibres. Interoaal Journal of Basic & Applied
Sciences, 2010, 10(6), 116.

CHUNG, C. AND J. A. BURDICK Engineering cartilagedue. Advanced drug delivery
reviews, 2008, 60(2), 243-262.

CHUNG, H. J. AND T. G. PARK Surface engineered andg releasing pre-fabricated
scaffolds for tissue engineering. Advanced Drugii2ey Reviews, 5/30/ 2007, 59(4-5),
249-262.

CIPITRIA, A., A. SKELTON, T. R. DARGAVILLE, P. D. BLTON, et al. Design,
fabrication and characterization of PCL electrosmeaffolds-a review. Journal of
Materials Chemistry, 2011 2011, 21(26), 9419-9453.

COLE, B. J., C. PASCUAL-GARRIDO AND R. C. GRUMET fical management of
articular cartilage defects in the knee. The Jdush&one & Joint Surgery, 2009, 91(7),
1778-1790.

COPLAND, M. J., T. RADES, N. M. DAVIES AND M. A. BRRD. Lipid based
particulate formulations for the delivery of antigén Immunol Cell Biol Australia, 2005,
vol. 83, p. 97-105.

CUl, W., Y. ZHOU AND J. CHANG Electrospun nanofiu® materials for tissue
engineering and drug delivery. Science and Teclygyodd Advanced Materials, Feb 2010,
11(1).

DAHLIN, R. L., F. K. KASPER AND A. G. MIKOS Polymé&r nanofibers in tissue
engineering. Tissue Eng Part B Rev, Oct 2011, 134)-364.

DANISOVIC, L., I. VARGA, S. POLAK, M. ULICNA, et al Comparison of in vitro
chondrogenic potential of human mesenchymal stdis @derived from bone marrow and
adipose tissue. General physiology and biophy2i@89, 28(1), 56-62.

DARAIN, F., W. Y. CHAN AND K. S. CHIAN PERFORMANCE OF
SURFACE-MODIFIED POLYCAPROLACTONE ON GROWTH FACTORINDING,
RELEASE, AND PROLIFERATION OF SMOOTH MUSCLE CELLSoft Materials,
2011 2011, 9(1), 64-78.

DARLING, E. M. AND K. A. ATHANASIOU Retaining zonathondrocyte phenotype
by means of novel growth environments. Tissue ezgging, 2005, 11(3-4), 395-403.
DAVE, R., P. JAYARAJ, P. K. AJIKUMAR, H. JOSHI, al. Endogenously triggered
electrospun fibres for tailored and controlled laotic release. Journal of Biomaterials
Science, Polymer Edition, 2013, 24(11), 1305-13109.

DE BOER, J., C. VAN BLITTERSWIJK, P. THOMSEN, J. BBELL, et al. Tissue
Engineering Edtion ed.: Elsevier Science, 2008. ISBN 978068093.

DEITZEL, J. M., J. KLEINMEYER, D. HARRIS AND N. CB. TAN The effect of
processing variables on the morphology of electrospanofibers and textiles. Polymer,
Jan 2001, 42(1), 261-272.

DEMIDOVA-RICE, T. N., M. R. HAMBLIN AND |. M. HERMAN. Acute and impaired
wound healing: pathophysiology and current methimdsdrug delivery, part 2: role of
growth factors in normal and pathological wound linga therapeutic potential and
methods of delivery. IAdv Skin Wound Carélnited States, 2012, vol. 25, p. 349-370.
DHANDAYUTHAPANI, B., Y. YOSHIDA, T. MAEKAWA AND D. S. KUMAR
Polymeric scaffolds in tissue engineering applmatia review. International Journal of
Polymer Science, 2011, 2011.

DING, B., E. KIMURA, T. SATO, S. FUJITA, et al. Fabation of blend biodegradable
nanofibrous nonwoven mats via multi-jet electrospig. Polymer, Mar 15 2004, 45(6),
1895-1902.

144



55

56

57

58

59

60

61

62

63

64

65

66

67

68
69

70

71

12

73

74

DING, Z., A. SALIM AND B. ZIAIE Selective nanofiberdeposition through
field-enhanced electrospinning. Langmuir, Sep 192@8(17), 9648-9652.

DOSHI, J. AND D. H. RENEKER Electrospinning Proceasd Applications of
Electrospun Fibers. Journal of Electrostatics, A@§5, 35(2-3), 151-160.

DRENGK, A., A. ZAPF, E. K. STUERMER, K. M. STUERMERt al. Influence of
Platelet-Rich Plasma on Chondrogenic Differentratamd Proliferation of Chondrocytes
and Mesenchymal Stem Cells. Cells Tissues Org&@9 2009, 189(5), 317-326.

DROR, Y., J. KUHN, R. AVRAHAMI AND E. ZUSSMAN Encaulation of enzymes in
biodegradable tubular structures. Macromolecul@s 23 2008, 41(12), 4187-4192.
DUNCAN, R. The dawning era of polymer therapeutidature Reviews Drug Discovery,
2003, 2(5), 347-360.

DVIR, T., B. P. TIMKO, D. S. KOHANE AND R. LANGER H&notechnological
strategies for engineering complex tissues. Nabikarnol, Jan 2011, 6(1), 13-22.

EDA, G. AND S. SHIVKUMAR Bead-to-fiber transitiomielectrospun polystyrene.
Journal of Applied Polymer Science, Oct 5 2007,(1p6175-487.

EHRENFEST, D. M., L. RASMUSSON AND T. ALBREKTSSONI&Ssification of
platelet concentrates: from pure platelet-rich mlas (P-PRP) to leucocyte- and
platelet-rich fibrin (L-PRF). Trends Biotechnol, M2009, 27(3), 158-167.

FENG, J. J. The stretching of an electrified norwhdmian jet: A model for
electrospinning. Physics of Fluids, Nov 2002, 13(8912-3926.

FERRETTI, C. AND M. MATTIOLI-BELMONTE Periosteum d&ed stem cells for
regenerative medicine proposals: boosting curremdwkedge. World journal of stem
cells, 2014, 6(3), 266.

FILOVA, E., Z. BURDIKOVA, M. RAMPICHOVA, P. BIANCHNI, et al. Analysis and
three-dimensional visualization of collagen in fami@l scaffolds using nonlinear
microscopy techniques. J Biomed Opt, Nov-Dec 205(6), 066011.

FILOVA, E., M. RAMPICHOVA, A. LITVINEC, M. DRZIK, & al. A cell-free nanofiber
composite scaffold regenerated osteochondral defeaniniature pigs. Int J Pharm, Apr
15 2013, 447(1-2), 139-149.

FISER, R. AND |I. KONOPASEK Different modes of merabe permeabilization by two
RTX toxins: HIyA from Escherichia coli and CyaA froBordetella pertussis. Biochimica
Et Biophysica Acta-Biomembranes, Jun 2009, 1788(@49-1254.

Process and apparatus for preparing artificialathr& ORMHALS, A.

FORWARD, K. M., A. FLORES AND G. C. RUTLEDGE Prodian of core/shell fibers
by electrospinning from a free surface. Chemicafige@ering Science, 12/18/ 2013,
104(0), 250-259.

GARG, K. AND G. L. BOWLIN Electrospinning jets andanofibrous structures.
Biomicrofluidics, Mar 2011, 5(1).

GOMES, D. S., A. N. R. DA SILVA, N. I. MORIMOTO, LT. F. MENDES, et al.
Characterization of an electrospinning processgudifferent PAN/DMF concentrations.
Polimeros, 2007, 17(3), 206-211.

GOMES, S. R., G. RODRIGUES, G. G. MARTINS, M. A. BERTO, et al. In vitro and
in vivo evaluation of electrospun nanofibers of PChitosan and gelatin: A comparative
study. Materials Science and Engineering: C, 2865348-358.

GOOCH, K. J., T. BLUNK, D. L. COURTER, A. L. SIEMIBKI, et al. IGF-I and
mechanical environment interact to modulate engatecartiage development.
Biochemical and biophysical research communicatiagf6l, 286(5), 909-915.
GREPLOVA, J. Vyuziti imunoliposoipro tansport &izené uvaiovani I&€iv Universita
Karlova, 2009.

145



75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

GUILAK, F. Compression-induced changes in the sheagek volume of the chondrocyte
nucleus. Journal of biomechanics, 1995, 28(12)91E841.

GUIMARAES, A., A. MARTINS, E. D. PINHO, S. FARIAtal. Solving cell infiltration
limitations of electrospun nanofiber meshes forsue engineering applications.
Nanomedicine (Lond), Jun 2010, 5(4), 539-554.

GUNATILLAKE, P., R. MAYADUNNE AND R. ADHIKARI Recen developments in
biodegradable synthetic polymers. Biotechnologyuahneview, 2006, 12, 301-347.
HAMMOUCHE, S., D. HAMMOUCHE AND M. MCNICHOLAS Biodgradable bone
regeneration synthetic scaffolds: in tissue enginge Current stem cell research &
therapy, 2012, 7(2), 134-142.

HARASHIMA, H., K. SAKATA, K. FUNATO AND H. KIWADA Enhanced hepatic
uptake of liposomes through complement activatiepethding on the size of liposomes.
Pharmaceutical research, 1994, 11(3), 402-406.

HAYES, M., G. CURLEY, B. ANSARI AND J. G. LAFFEY. lhical review: Stem cell
therapies for acute lung injury/acute respiratasgrdss syndrome - hope or hypeCirit
Care.England, 2012, vol. 16, p. 205.

HE, W., T. YONG, W. E. TEO, Z. MA, et al. Fabricati and endothelialization of
collagen-blended biodegradable polymer nanofibpatential vascular graft for blood
vessel tissue engineering. Tissue Eng, Sep-Oct, 2049-10), 1574-1588.

HOKUGO, A., M. OZEKI, O. KAWAKAMI, K. SUGIMOTO, etal. Augmented bone
regeneration activity of platelet-rich plasma bydegradable gelatin hydrogel. Tissue
Engineering, Jul-Aug 2005, 11(7-8), 1224-1233.

HOMAYONI, H., S. A. H. RAVANDI AND M. VALIZADEH Electrospinning of
chitosan nanofibers: Processing optimization. Claydoate Polymers, Jul 11 2009, 77(3),
656-661.

HOWARD, D., L. D. BUTTERY, K. M. SHAKESHEFF AND SJ. ROBERTS Tissue
engineering: strategies, stem cells and scaffdluistnal of anatomy, 2008, 213(1), 66-72.
HU, X., S. LIU, G. ZHOU, Y. HUANG, et al. Electrosming of polymeric nanofibers for
drug delivery applications. Journal of Controlleeléase, 2014, 185, 12-21.

HUANG, C., H. NIU, C. WU, Q. KE, et al. Diselectrospun cellulose acetate butyrate
nanofibers show enhanced cellular growth perforreandournal of Biomedical Materials
Research Part A, 2013, 101(1), 115-122.

HUANG, C. B., S. L. CHEN, C. L. LAl, D. H. RENEKERet al. Electrospun polymer
nanofibres with small diameters. Nanotechnologyr B&2006a, 17(6), 1558-1563.
HUANG, X.-J., D. GE AND Z.-K. XU Preparation andarfacterization of stable chitosan
nanofibrous membrane for lipase immobilization.dpag&an Polymer Journal, 2007, 43(9),
3710-3718.

HUANG, X.-J., Z.-K. XU, L.-S. WAN, C. INNOCENT, eal. Electrospun Nanofibers
Modified with Phospholipid Moieties for Enzyme Imbibization. Macromolecular Rapid
Communications, 2006b, 27(16), 1341-1345.

IGNATIUS, R., K. MAHNKE, M. RIVERA, K. HONG, et alPresentation of proteins
encapsulated in sterically stabilized liposomesdewdritic cells initiates CD8+ T-cell
responses in vivo. Blood, 2000, 96(10), 3505-3513.

IMMORDINO, M. L., F. DOSIO AND L. CATTEL Stealth fiosomes: review of the
basic science, rationale, and clinical applicatiomsisting and potential. International
journal of nanomedicine, 2006, 1(3), 297.

ISOGAI, N., T. MOROTOMI, S. HAYAKAWA, H. MUNAKATA, et al. Combined
chondrocyte—copolymer implantation with slow rele@$ basic fibroblast growth factor
for tissue engineering an auricular cartilage amest Journal of Biomedical Materials
Research Part A, 2005, 74A(3), 408-418.

146



93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

ITALIANO, J. E., JR, J. L. RICHARDSON, S. PATEL-HHT E. BATTINELLI, et al.
Angiogenesis is regulated by a novel mechanism: anal antiangiogenic proteins are
organized into separate platelet {alpha} granulesl aifferentially released. Blood,
February 1, 2008 2008, 111(3), 1227-1233.

JACOBS, V., R. D. ANANDJIWALA AND M. MAAZA The Infuence of
Electrospinning Parameters on the Structural Mdgghoand Diameter of Electrospun
Nanofibers. Journal of Applied Polymer Science, B&010, 115(5), 3130-3136.
JAKOB, M., O. DEMARTEAU, D. SCHAFER, B. HINTERMANNgt al. Specific
growth factors during the expansion and rediffeedion of adult human articular
chondrocytes enhance chondrogenesis and cartilagitiesue formation in vitro. Journal
of cellular biochemistry, 2001, 81(2), 368-377.

JELEN, K., F. LOPOT, S. BUDKA, V. NOVACEK, et al.Heological properties of
myometrium: experimental quantification and mathitcah modeling. Neuro
endocrinology letters, 2008, 29(4), 454-460.

JESORKA, A. AND O. ORWAR Liposomes: technologiesd aanalytical applications.
Annu. Rev. Anal. Chem., 2008, 1, 801-832.

JEUN, J-P., Y.-K. JEON, Y.-C. NHO AND P.-H. KANG fetts of gamma irradiation on
the thermal and mechanical properties of chitoséA/Panofibrous mats. Journal of
Industrial and Engineering Chemistry, 2009, 15430)-433.

JI, W., Y. SUN, F. YANG, J. J. J. P. VAN DEN BEUCKEet al. Bioactive electrospun
scaffolds delivering growth factors and genes fsue engineering applications.
Pharmaceutical research, 2011, 28(6), 1259-1272.

JIANG, G. AND X. QIN An improved free surface elexgpinning for high throughput
manufacturing of core—shell nanofibers. Materiadgtérs, 8/1/ 2014, 128(0), 259-262.
JIANG, H., Y. HU, P. ZHAO, Y. LI, et al. Modulatiorof protein release from
biodegradable core-shell structured fibers prepasedoaxial electrospinning. J Biomed
Mater Res B Appl Biomater, Oct 2006, 79(1), 50-57.

A method of nanofibres production from a polymeluson using electrostatic spinning
and a device for carrying out the method. JIRSAK,JOCHALOUPEK, K. KOTEK, D.
LUKAS, et al. 2009, Patent US7585437 B2

JIRSAK, O., P. SYSEL, F. SANETRNIK, J. HRUZA, et &olyamic Acid Nanofibers
Produced by Needleless Electrospinning. Journblamiomaterials, 2010 2010.
KARUPPUSWAMY, P., J. R. VENUGOPAL, B. NAVANEETHANA. L. LAIVA, et al.
Polycaprolactone nanofibers for the controlled asé of tetracycline hydrochloride.
Materials Letters, 2015, 141, 180-186.

KEUN KWON, I., S. KIDOAKI AND T. MATSUDA Electrospa nano- to microfiber
fabrics made of biodegradable copolyesters: stracteharacteristics, mechanical
properties and cell adhesion potential. Biomatgri2a005, 26(18), 3929-3939.

KHAJAVI, R. AND M. ABBASIPOUR Electrospinning as &ersatile method for
fabricating coreshell, hollow and porous nanofib&sientia Iranica, 12// 2012, 19(6),
2029-2034.

Kl, C. S., J. W. KIM, J. H. HYUN, K. H. LEE, et aElectrospun thredimensional silk
fibroin nanofibrous scaffold. Journal of applied lymer science, 2007, 106(6),
3922-3928.

KIM, C.-K., B.-S. KIM, F. A. SHEIKH, U.-S. LEE, etal. Amphiphilic poly (vinyl
alcohol) hybrids and electrospun nanofibers incaatiog polyhedral oligosilsesquioxane.
Macromolecules, 2007, 40(14), 4823-4828.

KIM, G., Y.-S. CHO AND W. D. KIM Stability analysi$or multi jets electrospinning
process modified with a cylindrical electrode. Epgan Polymer Journal, Sep 2006,
42(9), 2031-2038.

147



110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

KIM, Y. S., H. J. LEE, J. E. YEO, Y. I. KIM, et alsolation and Characterization of
Human Mesenchymal Stem Cells Derived From SynoWhlid in Patients With
Osteochondral Lesion of the Talus. The Americanrrjaliof sports medicine, 2014,
0363546514559822.

KNUTSEN, G., J. O. DROGSET, L. ENGEBRETSEN, T. GRBANEDT, et al. A
Randomized Trial Comparing Autologous Chondrocytglantation with Microfracture.
The Journal of Bone & Joint Surgery, 2007, 89(20))5-2112.

KOCER, A. A remote controlled valve in liposomes foggered liposomal release. Jn
Liposome RedJnited States, 2007, vol. 17, p. 219-225.

KRAMER, J., C. HEGERT, K. GUAN, A. M. WOBUS, et aEmbryonic stem
cell-derived chondrogenic differentiation in vitractivation by BMP-2 and BMP-4.
Mechanisms of development, 2000, 92(2), 193-205.

KUMAR, V. V. Complementary molecular shapes anditadty of the packing parameter
of lipids. Proc Natl Acad Sci U S A, Jan 15 1998(2, 444-448.

LACCI, K. M. AND A. DARDIK Platelet-rich plasma: gport for its use in wound
healing. Yale J Biol Med, Mar 2010, 83(1), 1-9.

LANA, J. F., A. WEGLEIN, E. VICENTE, A. G. M. PERE#t al. Platelet Rich Plasma
and Its Growth Factors: The State of the ArtPlatelet-Rich PlasmaSpringer, 2014, p.
1-59.

LANGER, R. AND J. P. VACANTI Tissue engineering. i§te, May 14 1993,
260(5110), 920-926.

LAURENCIN, C. T. AND L. S. NAIR Nanotechnology and tissue engineering: the
scaffold Edtion ed.: CRC Press, 2008. ISBN 1420051830.

LEE, G. H., J.-C. SONG AND K.-B. YOON Controlled Ivéhickness and porosity of
polymeric hollow nanofibers by coaxial electrospngl Macromolecular Research, 2010,
18(6), 571-576.

LI, D., G. OUYANG, J. T. MCCANN AND Y. XIA Collectg electrospun nanofibers
with patterned electrodes. Nano Letters, May 2605), 913-916.

LI, D. AND Y. XIA Direct Fabrication of Compositend Ceramic Hollow Nanofibers by
Electrospinning. Nano Letters, 2004/05/01 2004),4{33-938.

LI, H., C. ZHAO, Z. WANG, H. ZHANG, et al. Contra@t release of PDGF-bb by
coaxial electrospun dextran/poly(L-lactide-co-emsitaprolactone) fibers with an
ultrafine core/shell structure. J Biomater Sci oligd, 2010a, 21(6), 803-819.

LI, J., R. SHI AND S. CONNELILBiomimetic architectures for tissue engineeriggltion
ed.: INTECH Open Access Publisher, 2010b. ISBN 938250.

LI, P., D. LIU, X. SUN, C. LIU, et al. A novel catnic liposome formulation for efficient
gene delivery via a pulmonary route. Nanotechngl@t 1, 22(24), 245104.

LI, Z. AND C. WANG. One-Dimensional nanostructur&ectrospinning Technique and
Unique Nanofibers. In Springer, 2013.

LIAO, I. C., S. Y. CHEW AND K. W. LEONG Aligned cershell nanofibers delivering
bioactive proteins. Nanomedicine (Lond), Dec 2Q00@), 465-471.

LIAO, I. C. AND K. W. LEONG Efficacy of engineerdgaVIll-producing skeletal muscle
enhanced by growth factor-releasing co-axial etsgun fibers. Biomaterials, Feb 2011,
32(6), 1669-1677.

LIMA, A. C., P. SHER AND J. F. MANO Production meithologies of polymeric and
hydrogel particles for drug delivery applicatioipert opinion on drug delivery, 2012,
9(2), 231-248.

LIN, J. S., L. CHEN, Y. LIU AND Y. Z. WANG Flameetardant and physical properties
of poly (vinyl alcohol) chemically modified by diggl chlorophosphate. Journal of
Applied Polymer Science, 2012, 125(5), 3517-3523.

148



130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

LIU, X. AND P. X. MA Polymeric scaffolds for bonassue engineering. Annals of
biomedical engineering, 2004, 32(3), 477-486.

LOSCERTALES, I. G., A. BARRERO, M. MARQUEZ, R. SPRE, et al. Electrically
forced coaxial nanojets for one-step hollow nar@fidesign. Journal of the American
Chemical Society, 2004, 126(17), 5376-5377.

LOWERY, A., H. ONISHKO, D. E. HALLAHAN AND Z. HAN Tumor-targeted
delivery of liposome-encapsulated doxorubicin bg o a peptide that selectively binds
to irradiated tumors. Journal of Controlled Rele284.1, 150(1), 117-124.

LUKAS, D., A. SARKAR AND J. CHALOUPEK. Principlesfdzlectrospinning Inv.K.
KOTHARIed.Nonwoven Fabrics. New Delhi, IndiaFL Publications, 2008a, vol. 4.
LUKAS, D., A. SARKAR, L. MARTINOVA, K. VODSEDALKOVA, et al. Physical
principles of electrospinning (Electrospinning as nano-scale technology of the
twenty-first century). Textile progress, 2009, Mdl(No.2), 59-140.

LUKAS, D., A. SARKAR AND P. POKORNY  Self-organizain of jets in
electrospinning from free liquid surface: A genad approach. Journal of Applied
Physics, Apr 15 2008b, 103(8).

LUTTENBERGER, T., A. SCHMID-KOTSAS, A. MENKE, M. &CH, et al.
Platelet-derived growth factors stimulate prolifea and extracellular matrix synthesis
of pancreatic stellate cells: implications in paéoesis of pancreas fibrosis. Laboratory
investigation, 2000, 80(1), 47-55.

LUYTEN, F. P. Cartilage-derived morphogenetic prtdge Key regulators in chondrocyte
differentiation? Acta Orthopaedica Scandinavica, 1395, 66, 51-54.

MA, Z., M. KOTAKI, R. INAI AND S. RAMAKRISHNA Potertial of Nanofiber Matrix
as Tissue-Engineering Scaffolds. Tissue Enginege6g5/01/01 2005, 11(1-2), 101-109.
MAKRIS, E. A., A. H. GOMOLL, K. N. MALIZOS, J. C. M, et al. Repair and tissue
engineering techniques for articular cartilage.udaiReviews Rheumatology, 2014.
MARTINS, A., A. R. DUARTE, S. FARIA, A. P. MARQUESet al. Osteogenic
induction of hBMSCs by electrospun scaffolds widxamethasone release functionality.
In Biomaterials.England: 2010 Elsevier Ltd, 2010, vol. 31, p. 5$885.

MARX, R. E., E. R. CARLSON, R. M. EICHSTAEDT, S. BRCHIMMELE, et al.
Platelet-rich plasma: Growth factor enhancementbimne grafts. Oral Surg Oral Med
Oral Pathol Oral Radiol Endod, Jun 1998, 85(6),-636.

MASOUNAVE, J., A. L. ROLLIN AND R. DENIS Predictiorof permeability of
non-woven geotextiles from morphometry analysisirdal of Microscopy, 1981, 121(1),
99-110.

MASUOKA, K., T. ASAZUMA, H. HATTORI, Y. YOSHIHARA, et al. Tissue
engineering of articular cartilage with autologaudtured adipose tisstaerived stromal
cells using atelocollagen honeycorsieped scaffold with a membrane sealing in rabbits.
Journal of Biomedical Materials Research Part BplAga Biomaterials, 2006, 79(1),
25-34.

MATLOCK-COLANGELO, L. AND A. J. BAEUMNER Biologicdy Inspired
Nanofibers for Use in Translational Bioanalyticals&&ms. Annual Review of Analytical
Chemistry, 2014, 7, 23-42.

MATTANAVEE, W., O. SUWANTONG, S. PUTHONG, T. BUNAPASERT, et al.
Immobilization of biomolecules on the surface ofattospun polycaprolactone fibrous
scaffolds for tissue engineering. ACS Appl Matdetfaces, May 2009, 1(5), 1076-1085.
MATTEUCCI, M. L. AND D. E. THRALL THE ROLE OF LIPOSMES IN DRUG
DELIVERY AND DIAGNOSTIC IMAGING: A REVIEW. Veterinay Radiology &
Ultrasound, 2000, 41(2), 100-107.

149



147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

MAYER, L. D., M. B. BALLY, M. J. HOPE AND P. R. CULIS Techniques for
encapsulating bioactive agents into liposomes. CRbys Lipids, 1986, 40(2-4):333-45.
MIOT, S., P. SCANDIUCCI DE FREITAS, D. WIRZ, A. IDANIELS, et al. Cartilage
tissue engineering by expanded goat articular awamytes. Journal of orthopaedic
research, 2006, 24(5), 1078-1085.

MISHRA, A., P. TUMMALA, A. KING, B. LEE, et al. Bukred platelet-rich plasma
enhances mesenchymal stem cell proliferation amhaitwgenic differentiation. Tissue
Eng Part C Methods, Sep 2009, 15(3), 431-435.

MIT-UPPATHAM, C., M. NITHITANAKUL AND P. SUPAPHOL Utratine electrospun
polyamide-6 fibers: Effect of solution conditions anorphology and average fiber
diameter. Macromolecular Chemistry and Physics, R&2004, 205(17), 2327-2338.
MOURITSEN, O. G.Life-as a matter of fat: the emerging science pidbmics Edtion
ed.: Springer Science & Business Media, 2005. ISBK0232486.

MROSS, K., B. NIEMANN, U. MASSING, J. DREVS, et aRharmacokinetics of
liposomal doxorubicin (TLC-D99; Myocet) in patientsth solid tumors: an open-label,
single-dose study. Cancer Chemother Pharmacol2D@4, 54(6), 514-524.

MUFAMADI, M. S., Y. E. CHOONARA, P. KUMAR, G. MODI, et al.
Ligand-functionalized nanoliposomes for targetetivdey of galantamine. International
journal of pharmaceutics, 2013, 448(1), 267-281.

MUIR, H. The chondrocyte, architect of cartilageof@echanics, structure, function and
molecular biology of cartilage matrix macromoleauleBioessays, 1995, 17(12),
1039-1048.

NEVES, N. M., R. CAMPOS, A. PEDRO, J. CUNHA, et &atterning of polymer
nanofiber meshes by electrospinning for biomedagadlications. International journal of
nanomedicine, 2007, 2(3), 433.

NEW, R. R. CLiposomes: A Practical Approackdited by D. RICKWOOD AND B.D.
JAMES. Edtion ed.: IRL Press at Oxford Universitg$s, 1990, 1990. 301 p.

NIE, H., B. W. SOH, Y. C. FU AND C. H. WANG Threendensional fibrous
PLGA/HAp composite scaffold for BMP-2 delivery. Bazhnol Bioeng, Jan 1 2008,
99(1), 223-234.

NIE, Y., J. J. DE PABLO AND S. P. PALECEK Plateletyopreservation using a
trehalose and phosphate formulation. Biotechnolaggl Bioengineering, 2005, 92(1),
79-90.

NIESSEN, J., G. JEDLITSCHKY, M. GRUBE, S. BIEN, at Subfractionation and
purification of intracellular granule-structures liman platelets: an improved method
based on magnetic sorting. J Immunol Methods, D2@Qlr, 328(1-2), 89-96.
NISHIKAWA, K., H. ARAI AND K. INOUE Scavenger receépr-mediated uptake and
metabolism of lipid vesicles containing acidic pploslipids by mouse peritoneal
macrophages. Journal of Biological Chemistry, 128%/(9), 5226-5231.

NIU, H., T. LIN AND X. WANG Needleless electrospimg. I. A comparison of cylinder
and disk nozzles. Journal of Applied Polymer Sae2009, 114(6), 3524-3530.

NIU, H., X. WANG AND T. LIN Upward Needleless El@ospinning of Nanofibers.
Journal of Engineered Fibers and Fabrics, 2012 ,2D1P7-22.

O'BYRNE, K. J., A. L. THOMAS, R. A. SHARMA, M. DECARIS, et al. A phase |
dose-escalating study of DaunoXome, liposomal daumoin, in metastatic breast
cancer. Br J Cancer, Jul 1 2002, 87(1), 15-20.

PAN, N. AND G. PHIL Thermal and moisture transportiorous materials. Edtion ed.,
2006.

150



165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

PARK, J.-C., T. ITO, K.-O. KIM, K.-W. KIM, et al. Eectrospun poly(vinyl alcohol)
nanofibers: effects of degree of hydrolysis andagsigled water stability. Polymer Journal,
Mar 2010, 42(3), 273-276.

PATEL, A. C., S. LI, J. M. YUAN AND Y. WEI In sittencapsulation of horseradish
peroxidase in electrospun porous silica fibersgotential biosensor applications. Nano
Letters, May 2006, 6(5), 1042-1046.

PATEL, H., M. BONDE AND G. SRINIVASAN Biodegradablpolymer scaffold for
tissue engineering. Trends Biomater Artif Orgarts, 2 25(1), 20-29.

PERESIN, M. S., Y. HABIBI, J. O. ZOPPE, J. J. PAWK Aet al. Nanofiber composites
of polyvinyl alcohol and cellulose nanocrystals: matacture and characterization.
Biomacromolecules, 2010, 11(3), 674-681.

PERSANO, L., A. CAMPOSEO, C. TEKMEN AND D. PISIGNAN Industrial
Upscaling of Electrospinning and Applications of lypeer Nanofibers: A Review.
Macromolecular Materials and Engineering, May 215(5), 504-520.

PHAM, Q. P., U. SHARMA AND A. G. MIKOS ElectrospuPRoly(e-caprolactone)
Microfiber and Multilayer Nanofiber/Microfiber Sdatds: Characterization of Scaffolds
and Measurement of Cellular Infiltration. Biomacmetules, 2006/10/01 2006, 7(10),
2796-2805.

PITTENGER, M. F., A. M. MACKAY, S. C. BECK, R. KAISWAL, et al. Multilineage
potential of adult human mesenchymal stem cellense, 1999, 284(5411), 143-147.
PROSECKA, E., M. RAMPICHOVA, L. VOJTOVA, D. TVRDIKget al. Optimized
conditions for mesenchymal stem cells to differaeti into osteoblasts on a
collagen/hydroxyapatite matrix. Journal of Biomedidlaterials Research Part A, Nov
2011, 99A(2), 307-315.

PROSECKA, E., M. RAMPICHOVA, A. LITVINEC, Z. TONAR, et al.
Collagen/hydroxyapatite scaffold enriched with palgrolactone nanofibers,
thrombocyterich solution and mesenchymal stem cells promogégeneration in large
bone defect in vivo. Journal of Biomedical Matesidesearch Part A, 2015, 103(2),
671-682.

PURI, A. Phototriggerable Liposomes: Current Redeaand Future Perspectives.
Pharmaceutics, Mar 2014, 6(1), 1-25.

QU, H., S. WEI AND Z. GUO Coaxial electrospun namnastures and their applications.
Journal of Materials Chemistry A, 2013, 1(38), 1381528.

RAMOS-TORRECILLAS, J., E. DE LUNA-BERTOS, O. GARCINARTINEZ AND

C. RUIZ Clinical Utility of Growth Factors and P&eét-Rich Plasma in Tissue
Regeneration: A Review. WOUNDS-A COMPENDIUM OF CULMAL RESEARCH
AND PRACTICE, 2014, 26(7), 207-213.

RAMPICHOVA, M., J. CHVOJKA, M. BUZGO, E. PROSECKAet al. Elastic
three-dimensional poly (epsilon-caprolactone) ndmef scaffold enhances migration,
proliferation and osteogenic differentiation of meshymal stem cells. Cell Prolif, Feb
2013, 46(1), 23-37.

RAMPICHOVA, M., L. MARTINOVA, E. KOSTAKOVA, E. FILOVA, et al. A simple
drug anchoring microfiber scaffold for chondrocgeding and proliferation. Journal of
Materials Science-Materials in Medicine, Feb 2A3R2), 555-563.

RAYLEIGH, F. R. S. XX. On the equilibrium of liguidonducting masses charged with
electricity. In Philosophical Magazine Series 5ylda & Francis Group 1882, vol. 14, p.
184-186.

RENEKER, D. H. AND I. CHUN Nanometre diameter fibref polymer, produced by
electrospinning. Nanotechnology, Sep 1996, 7(3);243.

151



181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

REZNIK, S. N., A. L. YARIN, A. THERON AND E. ZUSSMN Transient and steady
shapes of droplets attached to a surface in a gstedectric field. Journal of Fluid
Mechanics, Oct 10 2004, 516, 349-377.

REZNIK, S. N., A. L. YARIN, E. ZUSSMAN AND L. BERCW®ICI Evolution of a
compound droplet attached to a core-shell nozzieuthe action of a strong electric
field. Phys. Fluids, 2006, 18(6), 062101.

RNJAK-KOVACINA, J. AND A. S. WEISS Increasing theome size of electrospun
scaffolds. Tissue Engineering Part B: Reviews, 20¥1{5), 365-372.

RODOPLU, D. AND M. MUTLU Effects of Electrospinningsetup and Process
Parameters on Nanofiber Morphology Intended for Madification of Quartz Crystal
Microbalance Surfaces. Journal of Engineered Filzard Fabrics, 2012 2012, 7(2),
118-123.

RUGGERI, F., A. AKESSON, P.-Y. CHAPUIS, C. A. SKRR%KI NIELSEN, et al.
The dendrimer impact on vesicles can be tuned basdte lipid bilayer charge and the
presence of albumin. Soft Matter, 2013, 9(37), 88820.

SAHOO, S., L. T. ANG, J. C.-H. GOH AND S.-L. TOH @wth factor delivery through
electrospun nanofibers in scaffolds for tissue meegiing applications. Journal of
Biomedical Materials Research Part A, 2010, 93A15539-1550.

SALALHA, W., J. KUHN, Y. DROR AND E. ZUSSMAN Encapfation of bacteria and
viruses in electrospun nanofibres. Nanotechnol2g96, 17(18), 4675.

SAMAD, A., Y. SULTANA AND M. AQIL Liposomal drug divery systems: an update
review. Current drug delivery, 2007, 4(4), 297-305.

SANTO, V. E., M. E. GOMES, J. F. MANO AND R. L. RE&lFrom nano- to
macro-scale: nanotechnology approaches for spatialhtrolled delivery of bioactive
factors for bone and cartilage engineering. Nanoonesl (Lond), Jul 2012, 7(7),
1045-1066.

SANTOS, C., C. J. SILVA, Z. BUTTEL, R. GUIMARAES,t el. Preparation and
characterization of polysaccharides/PVA blend nimofis membranes by
electrospinning method. Carbohydrate polymers, 2094584-592.

SAPRA, P. AND T. M. ALLEN Improved outcome when BHclymphoma is treated
with combinations of immunoliposomal anticancergdraargeted to both the CD19 and
CD20 epitopes. Clinical Cancer Research, Apr 1 20047), 2530-2537.

SARAF, A., L. S. BAGGETT, R. M. RAPHAEL, F. K. KASER, et al. Regulated
non-viral gene delivery from coaxial electrospumefi mesh scaffolds. Journal of
Controlled Release, Apr 2 2010, 143(1), 95-103.

SARAF, A., G. LOZIER, A. HAESSLEIN, F. K. KASPER,t eal. Fabrication of
nonwoven coaxial fiber meshes by electrospinningste Engineering Part C: Methods,
2009, 15(3), 333-344.

SCHNABEL, M., S. MARLOVITS, G. ECKHOFF, |I. FICHTEL, et al.
Dedifferentiation-associated changes in morpholagyl gene expression in primary
human articular chondrocytes in cell culture.Qsteoarthritis CartilageEngland: 2002
OsteoArthritis Research Society International.,Z20@I. 10, p. 62-70.

SCHROEDER, A., J. KOST AND Y. BARENHOLZ Ultrasountiposomes, and drug
delivery: principles for using ultrasound to colhtiioe release of drugs from liposomes.
Chemistry and physics of lipids, 2009, 162(1), 1-16

SCHULDINER, M., O. YANUKA, J. ITSKOVITZ-ELDOR, D. A MELTON, et al.
Effects of eight growth factors on the differentat of cells derived from human
embryonic stem cells. Proceedings of the Nationehd®my of Sciences of the United
States of America, Oct 2000, 97(21), 11307-11312.

152



197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

SCHULZE-TANZIL, G., P. DE SOUZA, H. V. CASTREJON,.TJOHN, et al.
Redifferentiation of dedifferentiated human chomgtes in high-density cultures. Cell
and tissue research, 2002, 308(3), 371-379.

SCHULZE-TANZIL, G., A. MOBASHERI, P. DE SOUZA, T.QHN, et al. Loss of
chondrogenic potential in dedifferentiated chongites correlates with deficient Shc—Erk
interaction and apoptosis. Osteoarthritis and legeti 2004, 12(6), 448-458.

SCOTT, R. A, K. PARK AND A. PANITCH Water solublg@olymer films for
intravascular drug delivery of antithrombotic bidemules. European Journal of
Pharmaceutics and Biopharmaceutics, 2013, 84(5),182.

SENIOR, J. H. Fate and behavior of liposomes irovia review of controlling factors.
Critical reviews in therapeutic drug carrier sysse986, 3(2), 123-193.

SHABANI, I., V. HADDADI-ASL, E. SEYEDJAFARI, F. BARAEIJANDAGHI, et al.
Improved infiltration of stem cells on electrospnanofibers. Biochem Biophys Res
Commun, Apr 24 2009, 382(1), 129-133.

SHALUMON, K. T., K. H. ANULEKHA, C. M. GIRISH, R. RASANTH, et al. Single
step electrospinning of chitosan/poly (caprolacjarenofibers using formic acid/acetone
solvent mixture. Carbohydrate Polymers, 2010, 8G{23-419.

SHANMUGARAJAN, T. S., B.-S. KIM, H. LEE AND G.-I. M Growth Factors and
Signaling Pathways in the Chondrogenic Differemgmatof Mesenchymal Stem Cells.
Tissue Engineering and Regenerative Medicine, 01 ,28(3), 292-299.

SHARMA, A. AND U. S. SHARMA Liposomes in drug deéw: progress and
limitations. International Journal of Pharmaceytissg 26 1997, 154(2), 123-140.

SILL, T. J. AND H. A. VON RECUM Electrospinning: plications in drug delivery and
tissue engineering. Biomaterials, 2008, 29(13),912806.

SONG, T., Y. ZHANG, T. ZHOU, C. T. LIM, et al. Engsulation of self-assembled FePt
magnetic nanopatrticles in PCL nanofibers by coagliattrospinning. Chemical Physics
Letters, 11/11/ 2005, 415(4-6), 317-322.

SRIKAR, R., A. L. YARIN, C. M. MEGARIDIS, A. V. BAZLEVSKY, et al.
Desorption-limited mechanism of release from polymanofibers. Langmuir, Feb 5
2008, 24(3), 965-974.

STATTIN, P., S. RINALDI, C. BIESSY, U.-H. STENMANet al. High Levels of
Circulating Insulin-Like Growth Factor-I IncreaseoBtate Cancer Risk: A Prospective
Study in a Population-Based Nonscreened Cohortndbof Clinical Oncology, August
1, 2004 2004, 22(15), 3104-3112.

STEADMAN, J. R, K. K. BRIGGS, J. J. RODRIGO, M. SOCHER, et al. Outcomes of
microfracture for traumatic chondral defects of tmee: average 11-year follow-up.
Arthroscopy: The Journal of Arthroscopic & Relataargery, 2003, 19(5), 477-484.
SUKIGARA, S., M. GANDHI, J. AYUTSEDE, M. MICKLUS, tal. Regeneration of
Bombyx mori silk by electrospinning - part 1: presang parameters and geometric
properties. Polymer, Sep 2003, 44(19), 5721-5727.

SUN, Z., E. ZUSSMAN, A. L. YARIN, J. H. WENDORFFt al. Compound Core—Shell
Polymer Nanofibers by Co-Electrospinning. Advancédiaterials, 2003, 15(22),
1929-1932.

SUNDARAY, B., V. SUBRAMANIAN, T. S. NATARAJAN, R.-Z XIANG, et al.
Electrospinning of continuous aligned polymer fideApplied physics letters, 2004,
84(7), 1222-1224.

TAY, A. G., J. FARHADI, R. SUETTERLIN, G. PIERERt al. Cell yield, proliferation,
and postexpansion differentiation capacity of hunean, nasal, and rib chondrocytes.
Tissue engineering, 2004, 10(5-6), 762-770.

153



214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

TAYLOR, D. W., M. PETRERA, M. HENDRY AND J. S. THHBOROPOULOS A
systematic review of the use of platelet-rich plasmsports medicine as a new treatment
for tendon and ligament injuries. Clinical jourmdisport medicine, 2011, 21(4), 344-352.
TAYLOR, G. E.Math.Phys.Sci. 288dtion ed., 1964.

TEMENOFF, J. S. AND A. G. MIKOS Review: tissue emggring for regeneration of
articular cartilage. Biomaterials, 2000, 21(5), 4BID.

TEO, W.-E., R. INAI AND S. RAMAKRISHNA Technologi¢a advances in
electrospinning of nanofibers. Science and Techyyotd Advanced Materials, Feb 2011,
12(1).

THERON, S. A, A. L. YARIN, E. ZUSSMAN AND E. KROLLMultiple jets in
electrospinning: experiment and modeling. Polymr, 15 2005, 46(9), 2889-2899.
THOMSON, J. A, J. ITSKOVITZ-ELDOR, S. S. SHAPIR®. A. WAKNITZ, et al.
Embryonic stem cell lines derived from human blegsts. science, 1998, 282(5391),
1145-1147.

TIWARI, S. K., R. TZEZANA, E. ZUSSMAN AND S. S. VEKATRAMAN Optimizing
partition-controlled drug release from electrosmamne-shell fibers. International Journal
of Pharmaceutics, 2010, 392(1-2), 209-217.

TOMIC-CANIC, M., E. A. AYELLO, O. STOJADINOVIC, M.S. GOLINKO, et al.
Using gene transcription patterns (bar coding scamguide wound debridement and
healing. Advances in skin & wound care, 2008, 2},(487.

TONTI, G. A. AND F. MANNELLO From bone marrow to ehapeutic applications:
different behaviour and genetic/epigenetic stabilturing mesenchymal stem cell
expansion in autologous and foetal bovine sera&rational Journal of Developmental
Biology, 2008, 52(8), 1023-1032.

TRIVANOVIC, D., J. KOCC, S. MOJSILOVC, A. KRSTIC, et al. Mesenchymal stem
cells isolated from peripheral blood and umbilicatd Wharton's jelly. Srpski arhiv za
celokupno lekarstvo, 2013, 141(3-4), 178-186.

TULI, R., S. TULI, S. NANDI, X. X. HUANG, et al. Tansforming growth
factor-beta-mediated chondrogenesis of human mbgera progenitor cells involves
N-cadherin and mitogenactivated protein kinase \Atmi signaling cross-talk. Journal of
Biological Chemistry, Oct 2003, 278(42), 41227-4823

UCCELLI, A., L. MORETTA AND V. PISTOIA Mesenchymatem cells in health and
disease. Nature Reviews Immunology, 2008, 8(9); 73&

UWE, M. AND H. HEINRICH. Targeting of Cationic Limmmes to Endothelial Tissue.
In Liposome Technology, Volume lihforma Healthcare, 2006, p. 151-170.

VACANTI, C. A. AND J. P. VACANTI Functional Organ éplacement. The New
Technology of Tissue Engineering. Surgical Techgyplimternational, 1991, 43.
VAQUETTE, C. AND J. J. COOPER-WHITE Increasing étespun scaffold pore size
with tailored collectors for improved cell penetoat Acta biomaterialia, 2011, 7(6),
2544-2557.

VARESANO, A.,, R. A. CARLETTO AND G. MAZZUCHETTI Exerimental
investigations on the multi-jet electrospinning qgess. Journal of Materials Processing
Technology, Jun 21 2009, 209(11), 5178-5185.

VASITA, R. AND D. S. KATTI Nanofibers and their alpgations in tissue engineering.
Int J Nanomedicine, Mar 2006, 1(1), 15-30.

VON HUNDELSHAUSEN, P. AND C. WEBER Platelets as Immme Cells: Bridging
Inflammation and Cardiovascular Disease. Circ Rasuary 5, 2007 2007, 100(1), 27-40.
WANG, B., T. J. SIAHAAN AND R. A. SOLTERODrug delivery: principles and
applications Edtion ed.: John Wiley & Sons, 2005. ISBN 0471A1/&

154



233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

WANG, C. Y., J. J. LIU, C. Y. FAN, X. M. MO, et allhe effect of aligned core-shell
nanofibres delivering NGF on the promotion of dciaterve regeneration. lh Biomater
Sci Polym EdNetherlands, 2012, vol. 23, p. 167-184.

WANG, H., D. WU, D. LI, Z. NIU, et al. Fabricatioof continuous highly ordered
mesoporous silica nanofibre with core/sheath gtrecand its application as catalyst
carrier. Nanoscale, 2011, 3(9), 3601-3604.

WANG, Y. Y., L. X. LU, Z. Q. FENG, Z. D. XIAO, etlaCellular compatibility of
RGD-modified chitosan nanofibers with aligned andam orientation. IlBiomed Mater.
England, 2010, vol. 5, p. 054112.

WANG, Z.-G., L.-S. WAN, Z.-M. LIU, X.-J. HUANG, e&l. Enzyme immobilization on
electrospun polymer nanofibers: An overview. Jourmd Molecular Catalysis
B-Enzymatic, Apr 2009, 56(4), 189-195.

WASUNGU, L. AND D. HOEKSTRA Cationic lipids, lipopkes and intracellular
delivery of genes. Journal of Controlled Relea®€62 116(2), 255-264.

WATT, F. M. Effect of seeding density on stabildf the differentiated phenotype of pig
articular chondrocytes in culture. Journal of selence, 1988, 89(3), 373-378.

WEISS, D. J., I. BERTONCELLO, Z. BOROK, C. KIM, et. Stem cells and cell
therapies in lung biology and lung diseases. Paings of the American Thoracic
Society, 2011, 8(3), 223-272.

WENGUO, C. AND ET AL. Electrospun nanofibrous méiés for tissue engineering and
drug delivery. Science and Technology of Advancedévials, 2010, 11(1), 014108.
WHITE, J. G. An overview of platelet structural giglogy. Scanning Microsc, Dec
1987, 1(4), 1677-1700.

WOODWARD, S. C., P. S. BREWER, F. MOATAMED, A. SOXDLER, et al. The
intracellular degradation of poly(epsilon-caprotat). J Biomed Mater Res, Apr 1985,
19(4), 437-444.

XIE, J. B. AND Y. L. HSIEH Ultra-high surface fibus membranes from electrospinning
of natural proteins: casein and lipase enzyme.niwf Materials Science, May 15 2003,
38(10), 2125-2133.

YANG, D.-Z., Y.-H. LONG AND J. NIE Release of lysgme from electrospun
PVA/lysozyme-gelatin scaffolds. Frontiers of Ma#dsi Science in China, 2008/09/01
2008, 2(3), 261-265.

YANG, H., S. LANG, Z. ZHAI, L. LI, et al. Fibrinoge is required for maintenance of
platelet intracellular and cell-surface P-sele@xpression. Blood, Jul 9 2009, 114(2),
425-436.

YANG, Q. B., Z. Y. LI, Y. L. HONG, Y. Y. ZHAO, et la Influence of solvents on the
formation of ultrathin uniform poly(vinyl pyrrolidee) nanofibers with electrospinning.
Journal of Polymer Science Part B-Polymer Phy$ics$,15 2004, 42(20), 3721-3726.
YARIN, A. L. Coaxial electrospinning and emulsiole@rospinning of core—shell fibers.
Polymers for Advanced Technologies, 2011, 22(30-317.

YARIN, A. L., S. KOOMBHONGSE AND D. H. RENEKER Beimty instability in
electrospinning of nanofibers. Journal of Applidd/gics, Mar 1 2001, 89(5), 3018-3026.
YARIN, A. L. AND E. ZUSSMAN Upward needleless elamgpinning of multiple
nanofibers. Polymer, Apr 27 2004, 45(9), 2977-2980.

YEGANEGI, M., R. A. KANDEL AND J. P. SANTERRE Charterization of a
biodegradable electrospun polyurethane nanofibaff@dd: mechanical properties and
cytotoxicity. Acta biomaterialia, 2010, 6(10), 383855.

YOERDEM, O. S., M. PAPILA AND Y. Z. MENCELOGLU Effgs of electrospinning
parameters on polyacrylonitrile nanofiber diame#ar:investigation by response surface
methodology. Materials & Design, 2008 2008, 2981U-44.

155



252

253

254

255
256
257

258

259

260

261

262

263

264

YOSHIMOTO, H., Y. M. SHIN, H. TERAI AND J. P. VACANI A biodegradable
nanofiber scaffold by electrospinning and its pt&nfor bone tissue engineering.
Biomaterials, 2003, 24(12), 2077-2082.

YU, J. H., S. V. FRIDRIKH AND G. C. RUTLEDGE Prodimn of Submicrometer
Diameter Fibers by Two-Fluid Electrospinning. Adead Materials, 2004, 16(17),
1562-1566.

ZAMANI, M., M. P. PRABHAKARAN AND S. RAMAKRISHNA Advances in drug
delivery via electrospun and electrosprayed nanenads$. International journal of
nanomedicine, 2013, 8, 2997.

ZELENY, J.Phys. Rev. 3Edtion ed., 1914.

ZELENY, J.Phys. Rev. 1(Edtion ed., 1917.

ZENG, J., A. AIGNER, F. CZUBAYKO, T. KISSEL, et alPoly(vinyl alcohol)
nanofibers by electrospinning as a protein delivarstem and the retardation of enzyme
release by additional polymer coatings. Biomacr@ooles, May-Jun 2005, 6(3),
1484-1488.

ZHA, Z., S. L. LEUNG, Z. DAI AND X. WU Centering obrganic-inorganic hybrid
liposomal cerasomes in electrospun gelatin nandfib&pplied Physics Letters, 2012,
100(3), 033702-033702-033703.

ZHANG, N., Y.-P. WU, S.-J. QIAN, C. TENG, et al. 8&arch progress in the mechanism
of effect of PRP in bone deficiency healing. The8tfic World Journal, 2013, 2013.
ZHANG, Y. Z., X. WANG, Y. FENG, J. LI, et al. Coaddi electrospinning of (fluorescein
isothiocyanate-conjugated bovine serum albuminppsalated
poly(epsilon-caprolactone) nanofibers for sustaimetbase. Biomacromolecules, Apr
2006, 7(4), 1049-1057.

ZHAO, Y. Y., Q. B. YANG, X. F. LU, C. WANG, et alStudy on correlation of
morphology of electrospun products of polyacrylaenwiith ultrahigh molecular weight.
Journal of Polymer Science Part B-Polymer Phygiag} 15 2005, 43(16), 2190-2195.
ZHOU, Y., D. YANG, X. CHEN, Q. XU, et al. Electrosp water-soluble carboxyethyl
chitosan/poly (vinyl alcohol) nanofibrous membrasepotential wound dressing for skin
regeneration. Biomacromolecules, 2007, 9(1), 349-35

ZUK, P. A., M. ZHU, P. ASHJIAN, D. A. DE UGARTE, etl. Human adipose tissue is a
source of multipotent stem cells. Molecular bioladyhe cell, 2002, 13(12), 4279-4295.
ZUSSMAN, E. Encapsulation of cells within electragpfibers. Polymers for Advanced
Technologies, 2011, 22(3), 366-371.

156



11 Reprints of papers published by the author

Papers with impact factor:

Mickova A, Buzgo M, Benada O, Rampichova M, FiSariloy& E, Tes#ova M, Lukas D,
Amler E. Core/Shell Nanofibers with Embedded Liposomes d3rag Delivery System.

Biomacromolecule2012, 13(4), 952-962. IF 5.371

Buzgo M, Jakubova R, bkiova A, Rampichova M, Prosecka E, Kochova P, Lika&mler

E. Time-regulated drug delivery system based on cdgxiacorporated plateleti-granules
for biomedical useNanomedicine (Lond), 2013; 8(7): 1137-54. IF 5.8R#ne-regulated
drug delivery system based on coaxially incorpatatiateleta-granules for biomedical use.

NanomedicingLond), 2013, 8(7), 1137-54. IF 5.824

Jakubova R, _Mkova A, Buzgo M, Rampichova M, Prosecka E, TvrdikAbnler E.
Immobilization of thrombocytes on PCL nanofiberdqamces chondrocytes proliferatiam

vitro. Cell proliferation, 2011, 44, 183-191. IF 2.521

Review:

Amler E, Mékova A, Buzgo MElectrospun core/shell nanofibers: a promisingesysfor

cartilage and tissue engineering@nomedicing2013, 8(4), 509-512. IF 5.824

157



Articles not directly related to the topic of thisthesis

Papers with impact factor:

Rampichova M, Martinova L, Kd&kovéa E, Filova E, Mkova A, Buzgo M, Michalek J,

Pradny M, Neéas A, LukdS D, Amler EA simple drug anchoring microfiber scaffold for
chondrocyte seeding and proliferatialmurnal of Materials Science: Materials in Mediein

2012, 23(2), 555-563. DOI: 10.1007/s10856-011-4%1~2.163

Filova E, Rampichova M,Litvinec A, Drzik M, dddova A, Buuzgo M, Kddkova E,

Martinova L, Usvald D, proseckd E, Uhlik J, Motlik Vajner L, Amler EA cell-free
nanofiber composite scaffold regenerated osteoshbndefects in miniature pigs.
International  Journal of Pharmaceutics. 2013, 447(1-2), 139-149. DOI:

10.1016/j.ijpharm.2013.02.056. IF 3.785

Knotek P, Pouzar M, Buzgo Myi&kova B, ek M, Mikova A, Plencner M, Né&snik P,
Amler E, Blina P. Cryogenic grinding of electrospun padyeaprolactone mesh submerged in
liquid media. Materials Science and Engineering: @012, 32(6), 1366-1374 DOI:

10.1016/j.msec.2012.04.012. IF 2.736

Plencner M, East B, Tonar Z, M, Otdhal M, ProseEk&kampichova M, Kréj T, Litvinec A,
Buzgo M, Mékova A, Neas A, Hoch J, Amler EAbdominal closure reinforcement by using
polypropylene mesh functionalized with pahcaprolactone nanofibers and growth factors
for prevention of incisional hernia formatioimternational Journal of Nanomedicin2014,

9, 3263-3277. IF 4.195

158



Proseckd E, Rampichova M, Litvinec A, Tonar Z, Kkadva M,Vojtova L, Kochova P,

Plencner M, Buzgo M, Mkova A, Jatd J, Amler E.Collagen/hydroxyapatite scaffold

enriched with polycaprolactone nanofibres, throny@cich solution and MSCs accelerates
regeneration in large bone defattvivo. Journal of Biomedical Materials Research- Part A

2015, 103(2), 671-682. IF 2,88

Mickova A, Tomankova K, Koldva H, Bajgar R, KolaP, Sunka P, Plencner M, Jakubova
R, BeneS J, Kotda L, Planka L, Néas A, Amler EUltrasonic shock-wave as a control
mechanism for liposome drug delivery system forspgme use in scaffold implanted to
animals with iatrogenic articular cartilage defecésta Veterinaria Brno 2008, 77(2),

285-296. IF 0,448

Papers without impact factor:

Vocetkova K, Mikova A, Rosina J, Handl M, Amler Eiposomy, jejich charakterizace,

piiprava a inkorporace do nanovladkennych &iosiLéka a technika - Clinician and

Technology014, 2(44), 11-17.

Textbook:

Amler E, Buzgo M, Filova E, Jakubova R, kmla L, Kotyk A, Mikova A, Plencner M,
Prosecka E, Rampichova M, Varga F, Zelova T.Lékarskeé textilie — 1. dil.; Centrum pro
podporu konkurenceschopnosti v biomedicinskych reldgiich; Amler E (ed) Ustav

experimentalni mediciny A¢R, v.v.i., Praha, 2008.

159



12 Appendix

The Council of Research, Development and Innova@dfice of the Government of the
Czech Republic published a list of the top 20%esuits for year 2014, which qualify for a
special bonus under Pillar Il. Methodologies 201Be paper Mickova A, Buzgo M, Benada
O, Rampichova M, FiSar Z, Filova E, Teéeaa M, Lukas D, Amler ECore/Shell Nanofibers
with Embedded Liposomes as a Drug Delivery SystBmmacromolecule012, 13(4),
952-962 (IF 5.371)” was classified in the publishistl under panel EP-11, A-class results,
with the commendation: Exceptionally high-qualitgsults in original pharmaceutical
research with excellent publication output.

http://www.vyzkum.cz/FrontAktualita.aspx?aktuali#By422

Rada pro vyzkum, vyvoj a inovaceiddlu viadyCR zveejnila seznam 20% nejlepsich
vysledii za rok 2014, které si zaslouzi zvlastni bonifikedt? Pilie 1. Metodiky 2013.
Clanek ‘Mickova A, Buzgo M, Benada O, Rampichova M, Fidarilby& E, Tes#ova M,
LukdS D, Amler ECore/Shell Nanofibers with Embedded Liposomesa d3rug Delivery
SystemBiomacromolecule012, 13(4), 952-962 (IF 5.371)" byl imen do uvedeného
seznamu v panelu EP-11, vysledkidy A s odivodrenim: Mimaoradné kvalitni vysledky
originalniho farmaceutického vyzkumu s vybornym Igggnim vystupem.

http://www.vyzkum.cz/FrontAktualita.aspx?aktuali#8y422

160



13 Acknowledgements

This study has been supported by the Academy oénBes of the Czech Republic
(institutional research plans AV0Z50390703 and A¥0290512)the Grant Agency of the
Czech Republic (Grants Nos. P304/10/13006/09/P226and GA202/09/115), the Grant
Agency of the Academy of Sciences (Grant No. IAAB®0702),the Grant Agency of
Charles University (Grants Nos. 96610, 330611, 384%26012, 119209 and 648112), the
Ministry of Education of the Czech Republic — pmjeRA-NET CARSILA no. ME 10145,
the Grant Agency of the Czech Ministry of Healtmo{pct No. NT12156), the Ministry of
Education, Youth, and Sports of the Czech RepuResearch Programs NPV Il 2B06130
and 1M0510, Grant No. MSM0021620849, and ProjecM&ant No. 4977751303) and the

University Centre for Energy Efficient Buildings QEEB) support IPv6.

161



