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1 Abbreviations

AFM Atomic force microscope

ATRATIR Attenuated total reflectance Fourier transform infrared spectroscopy
CL Cross-linked

CYS cystamine

CYSE cysteamine

DAB 1,4-diaminobuthane

DMF dimethylformamide

DMSO dimethylsulfoxide

DTA differential thermal analysis

DTT D,L-dithiothreitol

ECM Extracellular Matrix

ESP Electrospinning

EtOH ethanol

GF grafting number

KMH Kuhn-Mark-Houwink equation

Magn magnetite (FesOa4)

NMR Nuclear magnetic resonance spectroscopy
OA oleaic acid

PASP poly(aspartic acid)

PEO poly(ethyleneoxid)

PSI polysuccinimide

PVA poly(vinyl alcohol)

SEM Scanning electron microscope

TGA Thermal gravimetric analysis

THD 2,2,4(2,4,4)-trimethyl-1,6-hexanediamine
uv Ultraviolet radiation
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Further nomenclature

Name Origin Method
PSI-CYSE CYSE modified PSI grafting
PSI-DAB DAB CL PSI post ESP, dipping
PSI-CYS CYS CL PSI reactive ESP
PSI-OAMagn magnetite doped electrospun PSI | reactive ESP

PSI-CYS-OAMagn

magnetite doped electrospun
CYS CL PSI

reactive ESP

PSI-CYS-DAB CYS and DAB double CL PSI post ESP, dipping
PSI-THD THD CL PSI/ coaxial ESP
PSI-THD-PEO THD CL PSI with added PEO coaxial ESP, PEO was
added to core solution
PASP-DAB DAB CL PASP hydrolysis from PSI-DAB
PASP-CYS CYS CL PASP hydrolysis from PSI-CYS

PASP-CYS-DAB

CYS and DAB double CL PASP

hydrolysis from PSI-CY S-
DAB

PASP-CYSE-DAB

DAB CL PASP with thiol
sidechains

cleavage of disulfide bonds
of PASP-CYS-DAB

PASP-THD

THD CL PASP

post ESP, dipping of PSI
then hydrolysis

PASP-THD-PEO

THD CL PASP with added PEO

coaxial ESP and hydrolysis,
PEO was added to core
solution
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2 Introduction

One of the most challenging tasks in medicine is the regeneration or complete
replacement of damaged tissues. One of the solutions, or in other words, strategies, is
the preparation of artificial matrices with embedded cells (preferably obtained by biopsy
from the patient) and implantation of these matrices to the area of interest, where local
regeneration might be induced. This field is called scaffold based tissue engineering or
regenerative medicine. There are numerous requirements an artificial matrix must fulfill
to mimick the structure of native tissues, such as biocompatibility, biodegradability and
suitable chemical and last but not least physical structure.

Electrospinning enables the preparation of fibrous membranes with fiber
diameters in the range of collagen fibers in natural tissues. Due to their inherent
biocompatibility an obvious choice for basic materials would be the natural ones found
in native tissues, such as collagen and hyaluronic acid. However, most of them are
water soluble, and thus they tend to dissolve upon contact with biological fluids in the
body. Although there are numerous non-water soluble polymers available, there is an
emerging need for techniques making water soluble polymers available for
electrospinning and finally for regenerative medicine. One solution can be the cross-
linking of polymers, where in the case of water soluble polymers, a hydrogel is created,
which tend to take up water and swell.

Hydrogel fibrous membranes resemble to the structure of native soft tissues
especially when the appropriate polymer is used for their preparation. However, the
available techniques for the preparation of hydrogel-fibers based on electrospinning
have to be broadened, since there is no general strategy for the preparation of such
fibers. This is the main motivation of the research behind the thesis, which is based on a

synthetic poly(amino acids) and their derivatives.

2.1 Polymers, biocompatibility and biodegradability

Polymers are long macromolecules built from repeating units connected together
covalently, called monomer units. Polymers can be divided into two mayor groups
based on their origin: synthetic polymers, that are synthesized in laboratories or
factories and bio-polymers, that are of natural origin, extracted from plants (cellulose),

animals (gelatin, collagen) or even bacteria (poly(lactic acid)) [1, 2]. Well-known
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synthetic polymers are poly(styrene), poly(ethylene), poly(propylene), poly(carbonate),
etc.

Polymer based materials can be found in numerous areas given their excellent
properties, which can be tailored for each application ranging from building materials
through fabrics to medical implants and equipment. One of the most important
applications of polymers is the bio-medical application, where more are required from a
material compared to everyday usage. In this field a polymer must be biocompatible,
which means that upon contact with a body (in the case of implants, drug formulations,
etc.) it should not induce any complication, such as inflammation, irritation or foreign
body reaction [3]. On the other hand, it is also recommended for a material to be
biodegradable, which means that after fulfilling its duty, this material should degrade in
the body into small biocompatible molecules, which are either used up as nutrients or
are excreted [4]. There are numerous examples for biocompatible but not biodegradable
polymers: poly(ethylene glycol), poly(ethylene oxide), poly(vinyl alcohol), poly(vinyl
chloride), etc. On the other hand, several natural polymers fulfill the previously
mentioned requirements, for instance hyaluronic acid and collagen, etc., although these
polymers are expensive, their composition is poorly reproducible and depends on their
source. In contrast to this, synthetic polymers of well-defined composition can be
produced cost-effectively but in many cases their biocompatibility and/or
biodegradability is questionable. Widely studied biocompatible and biodegradable
polymers include poly(lactic acid) and poly(caprolactone) [5]. Beside these, poly(amino
acids) such as poly(glutamic acid) and poly(aspartic acid) (PASP) and their derivatives
are emerging as promising materials for biomedical applications since their chemical
structure is based on peptide bonds and amino acids, which are supposedly

enzymatically degradable [6].

2.1.1 Polysuccinimide and poly(aspartic acid)

Aspartic acid is a non-essential amino acid and as such, a building block of
proteins and enzymes. It is synthesized in the human body by the transamination of
oxaloacetate and is used as a precursor to some of the essential amino acids such as
methionine and lysine [7]. Poly(aspartic acid) is a synthetic polymer composed of

aspartic acid molecules attached together by peptide bonds that provides the polymer a
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peptide-like chemical structure. Owing to this property poly(aspartic acid) is a
biodegradable molecule and gets more and more attention in the past decades [8-25].
There are many different areas where PASP could be used: due to its ability to chelate
metal ions it can be used as corrosion inhibitor [9]; as a super-swelling material it could
be used as superabsorbent in feminine hygiene and diapers [10]; while owing to its
polyanionic structure as biodegradable detergent or dispersant [8].

In the most efficient synthesis route poly(aspartic acid) is synthesized in two
steps: first its anhydrous form, polysuccinimide (PSI) is synthesized by the thermal
polycondensation of aspartic acid in the presence of phosphoric acid catalyst: either in
solvents [11] or in a solvent free method in vacuum [12]. In the second step PSI is
transformed into PASP in mild alkali medium (Figure 1) [13]. Although there are
synthesis routs for the direct preparation of PASP, those result in a much smaller
average molecular weight as well as they are more expensive [25]. Whereas the solvent
free method in vacuum is cost-effective and yields an average molecular weight for PSI
ranging from 10 to 70 kDa [14]. Also, unlike PASP, PSI is a reactive polymer therefore
it can be easily modified at room temperature by nucleophilic reagents such as primary
amines, which gives PSI a major advantage compared to other synthetic biocompatible
and biodegradable polymers. This enables us to synthesize a large variety of PSI or -
with its hydrolysis — water soluble PASP derivatives with tunable properties for
different applications (Figure 1): dopamine conjugation for creating self-healing gels
[15] and adhesives for wound dressing [16]; doxorubicin conjugation to
poly(aspartamide) for the preparation of pro-drugs for drug delivery [17]; cysteamine
(thiol side chains) [18], tercier-amine [19, 20], apolar alkyl group [21] and
poly(ethylene glycol) [22] modification for creating poly(aspartic acid) molecules with
higher functionalities, etc. [23, 24]. Furthermore, multifunctional amines can be used for
the cross-linking of PSI and thus PSI gels (or after hydrolysis hydrophilic PASP
hydrogels) can be created [13]. The only drawback of PSI might be the limited
availability of solvents to work with which include, but not limited to
dimethylformamide (DMF) and dimethylsulfoxide (DMSO). PSI and PASP based gels

and their properties will be explained in details in Section 2.2.
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Figure 1 Synthesis and modification of PSI and hydrolysis of PSI to PASP

2.2 Polymer gels, hydrogels and their properties

Polymer gels are three dimensional polymer networks with a large amount of
solvent stored inside them or in other words a solvent distributed in a solid medium.
The polymer network creates a sponge like structure that prohibits the solvent from
flowing out of it, whereas the solvent stored inside inflates and fills up this network to
maintain its shape. Therefore, gels possess the properties of both solid and fluid
materials: they maintain their shape after preparation like solids do, but also small
molecules like drugs can migrate inside them by diffusion as in fluids. Depending on
their chemical structure gels can be soft tissue-like [26] or hard like cartilage [27].

Furthermore, gels can be prepared in a wide variety of forms ranging from slabs, disks

10
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and spheres etc. to nanoparticles, nanofibers and films etc. Special class of gels is
hydrogels, in which the solvent filling up the polymer network is water or other aqueous
solution (such as biological fluids). These materials are hydrophilic and resemble the
soft tissues in living organisms. As a result, hydrogels are commonly used in clinical
practice and experimental medicine for a wide range of applications, including drug
delivery, tissue engineering, regenerative medicine or diagnostics [28, 29]. Out of the
several commercially available products made of hydrogels, the two most common are
contact lenses [30] and absorbents in feminine hygiene products [31] and diapers
(Figure 2).

Transdealﬁ
drug delivery

Wound dfesslng

o W Hydrogel

Drug delivery Contact lens
system

Figure 2 Some applications of hydrogels [32]

The polymer network in hydrogels can be composed of physical and/or chemical
interactions [33]. Physical cross-links consist of either entanglement of the polymer
chains and/or secondary interactions such as H-bond, ionic bond or hydrophobic
associations. Since physical gels are composed of weak interactions, it is possible to
dissolve them upon changes in environmental conditions such as temperature, pH, ionic
strength, etc. (Figure 3a) In contrast, hydrogels prepared by chemically cross-linking
polymers cannot be dissolved in such circumstances unless their chemical structure is
damaged (Figure 3b). However, physical and secondary bonds are always present also

in chemically cross-linked hydrogels.

11
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a Examples of physical gelation

b EEEARS

Hydrogel formed by lonic
interactions (complex coacervate)

Polymer chains bearing hydrogen Hydrogel formed by hydrogen
donors @ and acceptors @ bonding

Polyanion Polycation

b Examples of chemical gelation

-.1—‘ { Condensation
- e
‘be\ Addition

Reactive cross-inkers

Photopolymerization
Or

.
»

Enzymatic cross-linking

Polymer chains Covalently linked hydrogels

Figure 3 Examples of physical cross-links in hydrogels (a) and examples of chemical

cross-links in hydrogels (b) [34]

There are two main strategies for the preparation of chemically cross-linked
hydrogels [33, 35]. One is the polymerization of molecules in the presence of a cross-
linker of functionality higher than 2 where polymerization and cross-linking happens at
the same time. However, these types of polymerizations are often prohibited by the
presence of water, and thus the use of this route for the preparation of hydrogels is
limited. The second strategy is to either cross-link polymers with a cross-linking agent
with functionality 2 or higher or implementing reactive side-groups to the polymer and

inducing cross-linking between them by external stimuli such as UV light. Some

12
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frequently used cross-linking reactions are the amide formation between amine and
carboxylic groups, urethane formation between isocyanate and hydroxyl groups and
Schiff base formation. Accordingly, di- and polyaldehydes, -amines, -carboxylic acids
and -alcohols are generally used as cross-linker molecules. Hydrogels can be
synthesized from both synthetic and natural polymers. Poly(ethylene glycol), poly(vinyl
alcohol) or poly(2-hydroxyethyl methacrylate) are one of the most commonly used
synthetic polymers whereas agarose, alginate, collagen, chitosan and hyaluronic acid are
commonly used naturally occurring ones.

A gel is in equilibrium state when the chemical potential of the solvent stored
inside equals to the chemical potential of the surrounding solvent [36, 37]. As a
consequence, the cross-linked polymer network swells during solvent uptake until it
reaches an equilibrium. The swelling property of a gel can be defined with the absolute
swelling degree (Q,ps) (Equation 1) which is the ratio of the volume of the swollen gel
in equilibrium (V,) to the dry polymer network (V) or with the relative swelling
degree (Q,;) (Equation 2), which is the ratio of the volume of the gel in two different

states (Veq,1, Veg,2)-

Veq

Qabs = Vary (1)
Veq,
Qrel = Ve:i (2)

Certain hydrogels are called intelligent or smart, if they can respond to one or
more environmental stimuli with usually volume change or sol-gel transition [38, 39].
There is a wide variety of physical and chemical stimuli which can induce response:
physical stimuli include the change in temperature [40], solvent compound, light [41],
electric [42] and magnetic fields [43], whereas chemical or biochemical stimuli [44]
include changes in pH, redox potential or the presence of ions and enzymes. Out of
these pH and temperature sensitive hydrogels are the most frequently studied in
medicine related research, especially in drug delivery, since the gradient of these two
parameters are well represented in the human body [38]. Poly(N-isopropylacrylamide)
and its derivatives are the most frequently investigated temperature regulated hydrogel,
since their lower critical solution temperature (LCST) is close to the temperature of the
human body (around 32 °C) [40]. Depending on their molecular structure, hydrogels

can be neutral, cationic, anionic or ampholytic. Since the overall charge of the network

13
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in hydrogels depend strongly on the pH of the surrounding medium, most ionic gels
exhibit pH dependent swelling behavior [45]. This can be used for controlled drug
release in pharmaceutics. For example if administration is planned through the gastro
intestinal tract, the drug can be delivered and guarded by a gel which is in shrunken
(closed) state in the acidic pH of the stomach (no release) and swollen state (open) in
the mild basic pH of the small intestines (drug is released) [46]. Cationic properties
arise from pendant amine groups, whereas anionic properties arise from pendant
carboxylic acid groups. Poly(aspartic) acid is an anionic polymer which in gel form
shows pH dependent swelling properties [47].

There are two main strategies for the preparation of poly(aspartic acid)
hydrogels. One is based on the reaction between PSI with molecules having two or
more amine groups which is followed by the hydrolysis of the network [6]. Gyenes et
al. was the first one to synthesize PSI and PASP gels by using 1,4-diaminobuthane,
lysine or cystamine as cross-linkers [13, 48], whereas Gyarmati et al. synthesized PASP
hydrogel with supermacroporous interconnected pore structure by a solid-liquid phase
separation technique, cryogelation using 1,4-diaminobuthane as a cross-linker [49]. The
second approach is the synthesis of functional PSI molecules, then with their hydrolysis
PASP derivatives, which can form cross-links upon physical or chemical stimuli.
Gyarmati et al. prepared thiolated PASP that showed reversible sol-gel transition upon
oxidation and found it a promising candidate for biomedical applications, where in situ
gelation is beneficial, e.g. drug delivery or implants [50, 51].

PASP hydrogels show abrupt change in their volume around the pKj values of
aspartic acid (pKa=3.25, pKa=4.35) due to the presence of carboxylic groups on the
polymer chain [52]. They are in a swollen state in alkali medium, where the
hydrophilicity of the polymer is increased due to deprotonation of carboxylic groups,
while in acidic environment, below pH=4.2, where carboxylic groups are protonated,
they shrink (Figure 4) [6, 13, 53-55]. This property is often utilized in drug delivery
application, where the release of a drug trapped inside the polymer network is driven by
the change in pH [56].

14



DOI:10.14753/SE.2018.2178

54

degree of swelling (-)

pH

Figure 4 pH dependent swelling of a PASP based hydrogel cross-linked with 1,4-
diaminobutane (a) [57]; PASP hydrogel in a swollen state at pH 8 (b) and shrunken
state at pH 2 (c) where the volume change was 35 % (part a shows a tendency and not
directly related to parts b and c)

2.3 Preparation of polymer fibers — electrospinning

There are many possible ways for creating polymer nano- or microfibers, such as
mechanical pulling, electrospinning, melt blowing [58], force spinning [59], etc. Out of
these, electrospinning became one of the most widely investigated techniques for
preparing such fibers, as it enables the synthesis of fibers with average diameter ranging
from tens of nanometers to several micrometers [60].

The basic laboratory setup of single needle electrospinning consists of a DC high
voltage power supply, a syringe pump and a grounded (conducting) metal plate
(collector) (Figure 5a). In principal the positive high voltage (5 — 30 kV) is connected
to a syringe with a metal needle filled with a polymer solution, which is pushed out by
the syringe pump constantly and the grounded collector is placed in front of it in a well-
defined distance (5 cm — 30 cm) [61].

15
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Figure 5 Basic setup of electrospinning (a) [62], picture of the three stages of the
electrospun jet (b) [63] where part (a) is the Taylor-cone, part (b) is the stable zone and
part (c) is the whipping zone

Upon turning on the power supply the polymer droplet at the tip of the needle is
filled with charges due to charge separation. This time two forces awaken: the surface
charges repelling each other and the Coulomb force from the electrical field. By raising
the applied voltage, due to the forces affecting the droplet, it elongates and shifts its
shape to the so-called Taylor-cone (Figure 5b, part a). If the applied voltage is high
enough, the electrical field strength reaches a critical value (it can overcome the surface
tension of the polymer solution) and a thin polymer fiber is ejected in the direction of
the grounded collector (Figure 5b, part b). After the ,.linear zone” (due to the electrical
field) the jet becomes unstable and starts a whipping motion till it hits the collector
where the randomly oriented fibers can be collected (Figure 5b, part c). During the
flying period the fibers are constantly elongated and thus their diameter constantly
reduces till they reach the collector where the polymer fibers create the fibrous non-
woven membrane [64]. However, if the jet breaks up into droplets polymer nano- or
microparticles can be prepared and the technique is called electrospraying [65, 66],
which is also used as an ion source in mass spectrometry [67].

There are several parameters affecting fiber formation (fiber morphology,
diameter, and diameter distribution), which can be separated to three main groups [68]:

e solution parameters: viscosity, surface tension, conductivity, dielectric
constant;

e process parameters: applied voltage, feed rate of solution, type of
collector, type of needle, distance between collector and needle;

e environmental parameters: temperature, pressure, atmosphere, humidity.

16
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All these parameters affect fiber formation in different degrees; however, in
most cases they even affect each other. For example, the viscosity of the polymer
solution can be adjusted by polymer concentration, polymer molecular weight and
ambient temperature. However, if the polymer concentration in the solution is too low,
the polymer jet breaks up into small droplets which due to the surface tension will
obtain a perfect spherical shape. This can also happen if the molecular weight of the
polymer is too low or the polymer-polymer interaction is too weak or simply the surface
tension of the solution is too high. However as the polymer concentration is raised the
fiber diameter rises too and the correct applied voltage needed for well-balanced
feeding-taking ratio has to be raised as well [69].

Almost all the polymers of sufficient molecular weight can be used for
electrospinning, so the choice of polymer must be based on the requirements of the field
of the targeted application. All fields have their respective requirements of a polymer.
For example, water-soluble polymer fibers would not be useful for water filtration but
they are very efficient for drug release in the gastrointestinal tract. In biomedical
application polymer fibers are required to be biocompatible; in sensory application
fibers are required to be conducting, etc. Another aspect in choosing the right polymer
for an application is the impact on the environment (green chemistry), since solvents
used for electrospinning are volatile, often toxic or even corrosive [70]. Although in
laboratory scale those kinds of solvents are acceptable (such as dimethylformamide and
dichlormethane), green electrospinning is highly desired for industrial scale fiber
preparation [71].

There is a wide variety of fields where electrospun fibrous membranes can be
applied. The fibrous structure provides high specific surface area and high porosity to
the membranes, which are excellent properties for filtration. Already there are some
commercially available air and water filters made of electrospun fibrous membranes for
industrial air filtration (eSpin technologies, MANN-HUMMEL, etc.), clean room air
filtration (Koken) and even household water filtration system (Coway, Liquidity
corporation), facemask (NASK) and fabrics (Revolution Fibers Ltd.), etc. [72].
Electrospun sensors are an emerging field as well even though there are no
commercially available products yet [73]. Another important group of possible

application for electrospun membranes are biomedical applications, where the two most

17
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developing areas are drug delivery and tissue engineering. For drug delivery, the drug
can be directly mixed into the polymer solution to obtain drug loaded fibrous
membranes. Depending on the polymer matrix, several different release types can be
achieved ranging from immediate release (rapid dissolution of the matrix) [74] to
diffusion or dissolution controlled sustained and prolonged release [75]. Another
important aspect of electrospinning in drug delivery is the fast solidification of the
fibers during preparation process. It is so fast that it can prevent drugs from crystalizing
leading to amorphization. Hence electrospinning can enable administration of drugs of
poor solubility [76]. Artificial tissues and tissue engineering will be discussed in Section
2.4.

Although a lot can be achieved with a simple, single needle electrospinning
setup (Figure 5a), there is a wide variety of many different setups for fiber preparation
based on electrospinning. Just looking at the needles and nozzles used for
electrospinning one can find many articles working on different types either aiming at
higher productivity (needleless electrospinning) or complexity in fiber morphology.
Recent result in aiming for high productivity have been collected in the review of Yu et
al. [77]. For complexity one of the more used setups are based on coaxial or in other
terms core/shell or core/sheath nozzles. In coaxial electrospinning a special needle-in-
needle is used where a core and a shell solution can be pumped simultaneously (Figure
6). The two solutions do not mix in the process and thus, if the processing parameters
are set right, special fibers can be prepared such as: fiber-in-fiber [78], hollow [79],

loaded with drugs or nanoparticles [80] etc.
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Figure 6 Schematic of coaxial electrospinning setup [81]

2.3.1 How to cross-link the polymer inside the fibers: reactive
electrospinning and post methods

There are many fields where electrospun nanofibers prove to be useful ranging
from industrial filtration via protective clothing to biomedical application [82].
However, one must cope with the requirements of each field when choosing the
appropriate polymer. For example, in biomedical application the chosen polymer has to
be biocompatible and biodegradable. As it will be explained in details later (Section
2.4) electrospinning is frequently used technology to build artificial networks for
implants. However, in this case it is required from the material to be present without
major degradation for days, weeks or even months after implantation. Therefore, in
many cases the available polymers are limited to biocompatible, biodegradable and
hydrophobic ones as hydrophilic nanofibrous sheets - due to their high surface area -
dissolve almost immediately after implantation. Therefore, in many cases the available
polymers are limited to hydrophobic ones. On the other hand, dissolution of water
soluble polymers in water can be avoided by forming cross-links between polymer
chains hence creating hydrogels. By introducing a cross-linking reaction to
electrospinning, one can obtain gelfibers that - without chemical or enzymatic
degradation - will not dissolve after dipping into a solution, only uptake the surrounding

fluid. There are several possible ways to create cross-links between the polymer chains
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during electrospinning and in general they can be separated into two main groups: post-
and reactive electrospinning.

In post-spinning methods, in general, the fibrous mesh is prepared first and then
the cross-links are formed due to a chemical reaction. There are several approaches
available in the literature: Zhang et al. for example created cross-links inside
polysuccinimide fibers by immersing them into the solution of diaminoethane
(cross-linker) in methanol [83]. In this case it is hard to control the amount of cross-
links, as an excessive amount of cross-linker is present. They also found, that after
hydrolysis when the polysuccinimide fibers turned into the water soluble poly(aspartic
acid) fibers, they deformed greatly. Gao et al. electrospun the mixture of the PVA
solution and the cross-linker and used heat to induce cross-linking inside PVA fibers
[84], whereas Ding et al. reported a very similar work based on PVA just with another
cross-linker [85]. Kim et al. synthesized a modified N-isopropyl-acrylamide and
electrospun it to later induce cross-linking between the polymer chains in the fibers also
by heat, just without cross-linking agent [86]. It was also shown that gamma radiation
can be used after electrospinning to obtain water resistance, even without any cross-
linking agent or initiator [87]. Although it is a very efficient method, considering that
gamma irradiation is a widely used method for sterilization [88], the chemical reactions
are not predictable and it is hard to control the amount of cross-links, not to mention
determining their amount. Another often used method is cross-linking fibers by
treatment of fibrous membranes in the fumes of cross-linker. Glutaraldehyde is a cross-
linker commonly used for post cross-linking hydroxyl group containing polymers such
as gelatin [89], collagen [70, 90], PVA [91], etc.

In reactive electrospinning a chemical reaction takes place during the fiber
formation. Theoretically this reaction is not limited to cross-linking, however here I will
only focus on gelfiber preparation. In reactive electrospinning an obvious method is to
directly mix the polymer and the cross-linker in one solution and electrospin it.
However, as the cross-linking reaction progresses, due to linking of polymer chains, the
viscosity of the solution constantly rises till it gelates and blocks the needle. Therefore,
by this method one can only produce a limited amount of fibers/batch resulting in fiber
diameters in a wide range due to the constant rise in viscosity of electrospun solution.

This time frame, where spinning is possible before the gelated mixture blocks the
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nozzle, is called the spinning window. One example of this type is the work of Tang et
al. who mixed poly(vinyl alcohol), glutaraldehyde and hydrochloric acid as catalyst for
cross-linking [92]. A possible solution for eliminating the spinning window in the case
of direct mixing was reported recently by Xu et al. [93]. In their work they used a
double barrel syringe (Figure 7a) where the two reactive polymers were fed separately
and mixed in a special static mixing tube (Figure 7b) for a controlled time before
electrospinning. This way the properties and compound of the mixture at the tip of the

needle was maintained constant.

double barrel syringe
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Figure 7 Solution of Xu et al. for the problem of spinning window in electrospinning of
directly mixed polymer and cross-linker (a) [93] and an example for the static mixer
attached to the double barrel syringe used in their work (b) [94]

Another method for reactive electrospinning is using UV light induced cross-
linking of grafted polymers, where a polymer is grafted with a reactive compound
which can create cross-links if treated with UV light during electrospinning. This
polymer is stable and maintains its liquid state before spinning, thus a constant cross-
linked fiber formation with narrow diameter distribution can be obtained. Another
example using poly(vinyl alcohol), is the work of Greiner et al. who modified PVA
with an UV reactive sidechain to form cross-links during electrospinning [95]. Another
approach for UV cross-linking is the electrospinning of the modified polymer and a
photo-initiator in the presence of UV light, however the biocompatibility and
biodegradability of the photo initiator is always questionable [96]. Similarly to post
electrospinning, glutaraldehyde is a common cross-linker in reactive electrospinning as
well. In this case the fibers are electrospun in glutaraldehyde fumes directly [91].

Although the immediate dissolution of the previously mentioned fibrous systems

were prevented by cross-linking the polymer inside the fibers, in all cases the structure
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of the fibrous membranes was still damaged in various extents (fusion and distortion of
fibers) upon immersion into water or the original solvent of the polymer. It is still a
valid problem to retain the full fibrous form without any fusion and interconnection of
fibers in the membranes. However, this is a small price to pay for making membranes of
water soluble polymers available for applications where water solubility is a huge
drawback. Also with proper control over cross-linking and electrospinning the
advantages of fibrous membranes such as high porosity and surface area can still be

retained.

2.4 Biomedical applicability of polymer matrices — Tissue engineering

There are numerous examples for the application of hydrogels and fibrous
tissues in a wide variety of fields ranging from industrial to biomedical. However, the
research presented in this thesis is mainly focusing on the biomedical application,
especially on regenerative medicine, therefore only that will be discussed in details. One
of the most challenging tasks in modern medicine is the regeneration or complete
replacement of damaged tissues or organs and the latter is further hindered by the
limited availability of donors. Tissue engineering and regenerative medicine are
emerging fields aiming to solve this problem. Langer et al. defined tissue engineering as
“an interdisciplinary field that applies the principles of engineering and life sciences
toward the development of biological substitutes that restore, maintain, or improve
tissue function” [97]. The size and complexity of these substitutes are ranging from
small sheet like scaffolds (for example in wound dressing [98]) to artificial blood

vessels and heart valves [99] and functional body parts [100] (Figure 8).

Figure 8 Matriderm acellular skin graft (a) [101] and tissue engineered heart valves (b)
[99]
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There are four major synthetic strategies applied in tissue engineering,

depending on the aimed type of tissue (such as bone, skin or simply connective tissue)
(Figure 9) [102]:

premade porous scaffolds: a synthetic material is developed with different
techniques such as 3D printing and electrospinning which can support cell
growth and implantation. After seeding cells into the material, it is implanted
to the damaged area;

decellularized extracellular matrix: similar to premade porous scaffolds,
however the origin of the scaffold is different. In this case the material is
extracted from a donor;

cell sheets with secreted ECM: in vitro cultivation of cells extracted from a
patient enables the preparation of confluent cell layers which tend to excrete
ECM for themselves. By generating several layers or cells an artificial tissue
can be prepared which supports cell life and implantation;

cell-encapsulated self-assembled hydrogels: injectable hydrogels which are
filled with the cells of the donor can fill holes or replace damaged tissue.
Optimally the hydrogel is prepared after injection of the mixture of precursor

molecules and cells into the damaged area.

Premade }_, Selection of Fabrication Cell-seeding
porous scaffold

raw matenals of porous scaffold of scafiold

L 4

Decellularized | Native | | Decellularization | || Cell-seeding > Implantation

ECM tissues of porous scaffold of scaffold -
Cell-sheets with Confluent | | ECM secretion | | Lamination L
secreted ECM cell of cell-sheet of multiple-cell-sheets
Cell-encapsulated Initiation of self-assembly
Monome|
seftassembled = “orere” " nd oit maing
hydrogel of cell-encapsulated hydrogel

Figure 9 Different strategies in tissue engineering [102]

As it was mentioned before premade porous scaffolds can be used as platforms

for cell cultivation and later as carriers for those cells/new tissue during implantation.

This strategy is often called scaffold-based tissue engineering. This technique can be

separated into four distinct steps: first cells from a patient are extracted by biopsy
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(Figure 10 arrow 1); second they are cultivated/expanded in regular in vitro
environment (Figure 10 arrow 2); third they are seeded on or into the premade scaffold
(Figure 10 arrow 3); fourth the scaffold is implanted with the cells to the damaged area
(Figure 10 arrow 4).

There are numerous requirements of an artificial material necessary to be
fulfilled to be appropriate for both cultivation and implantation. The material itself
should be biocompatible and biodegradable, have the appropriate mechanical stability
for implantation as well as it should mimic the mechanical properties of the native tissue
aimed to be repaired or replaced. Also, it should have an appropriate chemical structure
that supports cell attachment and ingrowth [103]. Therefore, to create the appropriate
matrix for tissue engineering, one must copy the structure and chemical composition of
the connective tissue of the area of interest. The most general tissue in the human body
is the connective tissue, which consists of the amorphous substance, cells
(i.e. fibroblasts), and the extracellular matrix (ECM). The connective tissue is flexible,
with a gel-like structure composed of a fibrous backbone of collagen fibers called

extracellular matrix with very high fluid content [104].
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Figure 10 Schematic representation of scaffold based tissue engineering [105]

Hydrogels are often in the focus of artificial tissue preparation, given that they

resemble a lot to the loose connective tissue owing to their high fluid content and soft
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but elastic structure [35]. Furthermore, hydrogels are penetrable for small molecules
such as nutrients, growth factors, hormones and other important molecules for cell
attachment and proliferation. However, hydrogels mimic only the macroscopic structure
of the connective tissue since they do not possess the fibrous structure of ECMs. An
elegant technique for reproducing an ECM is electrospinning, which can produce
fibrous membranes with fiber diameters in the range of collagen fibers in natural ECM.
This is one of the many reasons why electrospinning holds a distinguished position in
the preparation of artificial ECMs [56].

Both natural and synthetic materials can be used for matrix preparation, however
natural polymers tend to be expensive whereas their quality depends on their source
(See Section 2.1 and Section 2.2). Water soluble polymers tend to dissolve
immediately upon contact with water, and thus their use in pure form is hindered by
dissolution. For example, the use of poly(aspartic acid) fibers in biomedical application
is prohibited by dissolution. Furthermore polysuccinimide undergoes hydrolysis and
turns into poly(aspartic acid) in time, and thus the problem of dissolution remains.
However cross-links between the polymer chains inside the fibers inhibit dissolution of
the membranes since the fibrous tissue would only uptake the surrounding fluid and
swell, eventually forming fibrous hydrogel membranes (See Section 2.3.1). These
membranes combine the properties of both electrospun fibers and conventional
hydrogels eventually getting closer to the physical and partly the chemical structure of
the natural connective tissue. The list of commonly used water-soluble and non-water-
soluble polymers can be found in numerous reviews with their respective focus areas in

tissue engineering [56, 106-109].
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3 Objectives

The main objective of the research was the development of poly(amino acid)

based fibrous membranes, which resemble to the native soft tissue and can be applied in

biomedical fields. The development revolved around three major tasks as follows:

Development of techniques and synthesis routes for the preparation of
poly(aspartic acid) based fibrous hydrogel membranes based on
electrospinning: it was in our interest to develop methods that can be applied
not just in the preparation of cross-linked poly(aspartic acid) fibers but could
be used as general strategies for cross-linked fiber preparation;
Assessment of the physico-chemical properties of the hydrogel membranes:
different techniques were developed for the preparation of hydrogel-fibers it
was in my aim to compare these techniques and the resulting fibrous
membranes. The most important parameters | was interested in were:
o fibrous structure and fibrous property;
o productivity and basic characteristics (batch-to-batch or continuous
fiber preparation) of the different techniques developed
o since poly(aspartic acid) hydrogels show pH sensitive swelling
properties in bulk forms, the pH sensitivity fibrous membranes was
also an important property to be characterized;
Evaluation of the biocompatibility and biodegradability of the membranes.
Although polysuccinimide can be easily turned into poly(aspartic acid) in mild
alkali medium, this transformation has never been shown to happen in vivo
before. Therefore, 1 wanted to prove the presumed hydrolysis and see the
biological response to the polysuccinimide based membranes by implanting

them into albino rats.
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4 Materials and methods

4.1 Reagents

L-aspartic acid (Sigma-Aldrich, UK), cysteamine (CYSE) (Sigma-Aldrich, UK),
dimethylformamide (DMF) (VWR International, USA), dimethylsulfoxide (DMSO)
(Sigma-Aldrich), o-phosphoric acid (VWR), 2,2,4(2,4,4)-trimethyl-1,6-hexanediamine
(THD) (Sigma-Aldrich), poly(ethylene oxide) (PEO) (900 kDa) (Sigma-Aldrich),
DMSO-d6 (100%, 99.96% atom% D, Aldrich), 1,4-diaminobutane (DAB) (99%,
Aldrich), imidazole (ACS reagent, >99%, Sigma-Aldrich), citric-acid*H20 (ACS
reagent, >99.9%, VWR), sodium chloride (99-100.5%, Sigma-Aldrich), phosphate
buffer saline (PBS) (Tablet, Sigma), D,L-dithiotreitol (DTT) (Sigma), iron (II) chloride
(VWR International, USA), iron (Il1) chloride (VWR International, USA), oleic acid
(VWRInternational, USA), sodium hydroxide (VWR International, USA), acetone
(Sigma-Aldrich, UK). Standard pH 9 and pH 4 borax buffer solutions were purchased
from Merck. All the chemicals were of analytical grade and used as received. For the
aqueous solutions ultrapure water (Human Corporation ZeneerPower | Water
Purification System) was used.

For 1 L of imidazole buffer imidazole (pH 8: 12.988 g, pH 3: 4.352 ), citrate
(pH 8: 1.728 g, pH 3: 24.96 g), sodium chloride (pH 8-11.466 g, pH 3-10.706 g) and
ultrapure water were used. In all cases the exact pH was adjusted by the addition of
hydrochloric acid and followed by digital pH meter (Thermo Scientific™ Orion™ 4-
Star Plus pH/ISE Benchtop Multiparameter Meter).

Oleic acid stabilized magnetic nanoparticles (OA-Magn) were synthesized in our
laboratory by Dr. Angela Jedlovszky-Hajdu and used for the experiments without any
further treatment. Synthesis and characterization is described in details in the literature
[110-112].

4.2 Synthesis of polysuccinimide

Polysuccinimide (PSI) was synthesized by the thermal poly-condensation of L-
aspartic acid (Figure 11). 20 g L-aspartic acid and 20 g crystalline phosphoric acid was
mixed in a 1 L pear shaped glass flask. The mixture was heated up to 180 °C under

vacuum (4 mBar) using an IKA RV10 digital rotary evaporator (130 rpm) with thermal
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feedback and vacuum generator. After the 7 hours long reaction polysuccinimide had a
light brown foam-like structure. This product was dissolved in 175 mL
dimethylformamide (DMF) while its color changed to dark brown. To remove the
unreacted chemicals several washing steps were applied. The PSI solution was dripped
into 2 L distilled water and after 10 min of stirring the product was filtered on a G3 type
glass filter and washed 3-4 times with distilled water until the pH of the supernatant
became neutral. Then PSI was carefully dried at 40 °C for 2 days in an oven [6]. The

final product was a white powder (Figure 12).

0 o] ©
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L-Aspartic acid PSI

Figure 11. Synthesis of polysuccinimide

4.3 Viscosity of polymer solutions

In electrospinning the viscosity of the solution is a critical parameter that
depends on several solution parameters, such as polymer concentration and solvent. The
dynamic viscosity of solutions was measured by a vibrational viscometer (Sine-wave
Vibro Viscometers (SV-10), A&D Company, Limited, Japan) with a custom made
cuvette (inner size 50 x 10 x 36 mm) filled with 13 mL solution (0.625-5 w/w%) for

each measurement.
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4.4 Molecular weight of PSI

Molecular weight of PSI was determined by viscometry using the Kuhn-Mark—
Houwink (KMH) equation [113]. PSI was dissolved in 0.1 M LiCl / DMSO at 24 °C

[114]. The concentration of the polymer in the solution was varied between 0.625 - 5
w/w%. The Sine-wave Vibro Viscometers provides the dynamic viscosity, n(cp) of the
polymer solution at different concentrations, c,. The viscosity of the 0.1 M LiCl /

DMSO solution (77,) was also measured. The relative viscosity (nre) iS given by

equation 3:

Nrel = % (3)

From the relative viscosity the specific viscosity (ysp) can be obtained by

equation 4:
Nsp = Nrel — 1 (4)
Then, the reduced viscosity (#req) is calculated by equation 5:
Nred = T (5)

c

From these data the intrinsic viscosity [77] was determined by the standard

extrapolation method (equation 6):

n) = tim (%) ©)
From the intrinsic viscosity data, the polymer molecular mass can be determined
by the Kuhn-Mark-Houwink equation:
[n] = K;,M“. ()
For the calculation the constants of KMH equation was taken from the literature:

K, =1.32-10"and a, =0.76 for PSI [114].

4.5 Grafting PSI with cysteamine

The succinimide repeating units of PSI react with primary amines at room
temperature without any catalyst. Consequently, PSI chains can be cross-linked by
using bi- or multifunctional amines. PSI was grafted with cysteamine (CYSE), which

has both amine and thiol functional groups as shown on Figure 13.
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Figure 13 Grafting polysuccinimide with cysteamine

In a glass reactor 0.04 g CYSE was dissolved in 1.1 g DMF. Since in the
presence of oxygen the thiol groups of cysteamine can react with each other (forming
disulfide bonds), the reaction was performed under nitrogen or argon atmosphere. 2 g
25 w/w% PSI-DMF solution was added to the reaction mixture and was stirred for an
hour. The molar ratio of succinimide monomer units to moles of cysteamine was 10,
which means that - on average — every 10" of the PSI monomer units react with
cysteamine respectively. And thus in this case the grafting number (GF) is 10, which is
the ratio of the number of repeating units to the number of modifier. The mixture was
diluted with DMF in order to have a polymer concentration of 10 or 15 w/w%. For the
in vivo experiments the same procedure was used however the 0.04 g CYSE was
dissolved in the mixture of 0.7 g DMSO and 0.4 g DMF.

4.6 Electrospinning setups

For the preparation of fibrous membranes a home-made electrospinning
instrument was used based on Figure 5a. The polymer solutions were filled into a glass
syringe (Fortuna Optima 7.140-33) with a metal Hamilton tip (blunt and G21) and
placed into a syringe pump (KD Scientific KDS100). The positive electrode was
attached to the metal tip whereas the negative electrode (ground) was attached to the
collector, made of tinfoil in front of the needle in a well determined distance of 15 cm
(Figure 14). The voltage applied between 6 and 20 kV was provided by a DC power
supply (GENVOLT 73030P).
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Figure 14 Setup of electrospinning machine

The preparation of gelfibers via coaxial reactive electrospinning was carried out
under the supervision of Dr. Seema Agarwal, at the Laboratory of Macromolecular
Chemistry 1, University of Bayreuth, Bayreuth, Germany on a completely custom made
electrospinning machine. In coaxial electrospinning, a special needle-in-needle is used
where a core solution and a shell solution can be pumped separately and they only meet
at the tip of the nozzle. For this technique a home-made nozzle (inner and outer
diameter of 0.3 and 1.2 mm, respectively) was used as it can be seen in the Figure 15a
and b.

Details of samples and processing parameters are presented in the corresponding

sections.

a CORE SOLUTION b

NOLLNTOS T13HS

Figure 15 Coaxial needle used for coaxial reactive electrospinning (a) and schematic of
front view of the needle (b)
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4.6.1 Preparation of electrospun PSI fibers

Although several trials for the electrospinning of PSI were conducted, only a few
relevant will be presented in my thesis. Table 1 summarizes the technical details of the
applied experimental and ambient parameters including the viscosity, the concentration

of the polymer solution as well as the humidity of the surrounding air.

Table 1 Technical parameters of electrospinning of PSI fibers

Sample C(\)/\c}(\j\?(;)tggfn Fr;\év Volit\c';lge Dis;annce Hur(r)};dity g:f:i'zt%’
mL/h Q)

PSlspl 15 0.8 8 15 20

PSlsp2 17.5 0.8 8 15 20

PSlsp3 20 0.8 8 15 20

PSlsp4 22.5 0.8 8 15 20

PSlsp5 25 0.4 8 10 20 L8

PSlsp6 25 0.4 8 15 20 T

PSlsp7 25 0.4 8 20 20 L8

PSlIsp8 25 0.8 8 5 20 18

PSlsp9 25 0.8 8 10 20 T

PSlspl10 25 0.8 8 15 20 T

PSispll 25 0.8 8 20 20 L8

4.6.2 Polysuccinimide cross-linked by DAB post electrospinning

If suitable chemistry is available, electrospun fibers can be cross-linked by post
spinning methods (after electrospinning) as it was described in Section 2.3.1. In order to
investigate the possibility of cross-linking PSI fibers with DAB, 1 x 1 cm square
samples were cut from sample PSIsp10 and placed into 0.5 M DAB/EtOH solution for
different time intervals (1 min, 5 min, 10 min, 20 min, 30 min, 60 min, 120 min, 180
min, 1 day) at room temperature. After the supposed reaction (Figure 16), samples were
washed thoroughly in DMF and dried carefully on microscope cover glasses and
investigated by AFM and SEM.
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Figure 16 Chemical reaction of cross-linking PSI with 1,4-diaminobuthane

4.6.3 Reactive electrospinning of PSI-CYSE

Reactive electrospinning is a special class of electrospinning technique where
chemical reaction takes place during the fiber formation as it was mentioned in Section
2.3.1. In order to induce cross-linking reaction during electrospinning process PSI was
primarily modified with cysteamine (PSI-CYSE). The thiol groups on the side chains
can react with each other in the presence of oxygen creating disulfide bonds between the
PSI chains as shown on Figure 17. This reaction takes place during the electrospinning
process, thus the resulting fibers are composed of a cross-linked polymer matrix. The
disulfide bridges provide cross-links between the polymer chains (PSI-CYS).
Electrospinning of PSI-CYS was carried out with a 0.4 mL/h flow rate, 10 kV applied
voltage at 15 cm distance whereas humidity was 20% and the solutions viscosity after

synthesis was 84 mPas.
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Figure 17 Cross-linking reaction of cysteamine modified PSI in air

The reaction mixture of PSI and CYSE was electrospun after different reaction
times and samples were collected for investigation by light microscopy to investigate
how the reaction time in the synthesis of PSI-CYSE affects electrospinning and fiber
morphology. Since there is no difference whether the reaction takes place in the reactor
or in the syringe after homogenization, instead of preparing several reactions for
different reaction times, one solution was prepared and electrospun continuously. For
this PSI and CYSE was homogenized for 10 minutes in nitrogenous atmosphere than
poured into a syringe and electrospun. Samples were collected during electrospinning at
0, 20, 40 and 70 minutes which represented 10, 30, 50, and 80 minutes of reaction times

respectively.

4.6.4 Electrospinning of magnetite doped PSI (PSI-OAMagn) and PSI-CYS
fibers (PSI-CYS-OAMagn)

For the preparation of magnetite containing PSI fibers, the surface modified
magnetite particles were directly dispersed into the PSI (25 w/w% PSI/DMF) solution
in different concentrations prior to electrospinning. These samples are denoted as PSI-
OAMagn-x where x refers to the number of the sample in the series. In all cases the
distance between the collector and the needle was set to 15 cm. Samples and processing

parameters are listed in Table 2.
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Table 2 Technical parameters of electrospinning of PSI-OAMagn.

Magnetite Flow
. Voltage,
Sample concentration, rate, Ky
w/w% mi/h
PSI-OAMagn 1 2.5 0.4 6
PSI-OAMagn 2 5 12 8-7
PSI-OAMagn 3 10 12 8-8.5

Cross-linked samples were prepared by mixing different amounts of magnetite
into the cysteamine grafted PSI solution (PSI-CYSE) right after the polymer
modification, stirred further for 5 minutes and then this mixture was electrospun. All the

ratios and processing parameters can be found in Table 3.

Table 3 Technical parameters of reactive electrospinning of PSI-CYS-OAMagn

PSI, w/w% / Magnetite Flow Voltage
Sample Grafting concentration, rate, ng ’
number W/W% ml/h
PSI-CYS-OAMagn 1 15/10 2 - -
PSI-CYS-OAMagn 2 15/10 4.6 - -
PSI-CYS-OAMagn 3 15/15 2 12 8
PSI-CYS-OAMagn 4 15/15 4 12 10
PSI-CYS-OAMagn 5 15/15 5 12 6.5-7

4.6.5 PSI-CYS fibers cross-linked with DAB (PSI-CYS-DAB)

Double cross-linked (two different cross-linkers in one system) PSI based
membranes were prepared by immersing PSI-CYS electrospun fibrous membranes into
0.5 M DAB/EtOH solution. In the first step disks (diameter: 16 mm) were cut from PSI-
CYS then immersed into the DAB solution for 3 hours. The chemical reaction can be
seen on Figure 18. After cross-linking all the samples were washed thoroughly with
ultrapure water and separated into different vials for further treatments (described later):
hydrolysis (described in Section 4.7.1) and cleavage of disulfide bonds (described in
Section 4.7.3).
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Figure 18 Crosslinking of PSI-CYS with 1,4-diaminobuthane

4.6.6 Coaxial electrospinning of PSI and THD

)

OH
OH
OH
OH

E

As a pre-test to see, whether THD can cross-link PSI, 0.5 M THD/DMF solution
was mixed with 25 w/w% PSI/DMF solution, in the ration of PSI-THD?2 in a glass vial

(Table 4). For coaxial electrospinning a coaxial nozzle (details can be found in Section

4.6, Figure 15) was utilized where the cross-linker (THD) solution and polymer

solution (PSI) were fed in the core and shell, respectively (Figure 19a). The reaction

between PSI and THD at room temperature is shown on Figure 19b. The parameters for

coaxial electrospinning are listed in Table 4. Solubility test in DMF was applied to

check the cross-linking of the fibrous samples.

Cross-linker
0.5 M THD/DMF

(o

Shell polymer
25 wt% PSI/DMF
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Figure 19 Schematic of the co-axial setup in our experlments (@), and the preparation of
PSI gels by crosslinking with THD (b)
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Table 4. Conducted experiments with co-axial electrospinning setup.

Sample name | Voltage Target Feeding rate  Cross- Comment
(kV) distance (ml/h) links
(cm) Core/Shell
Shell: 25 w/w% PSI/DMF; Core: -
16 18 0/2 No Smooth fibers
PSI
Shell: 25 w/w% PSI/DMF; Core: 0.5 M THD/DMF
PSI-THD1 19 18 0.12/2 No Smooth fibers
PS|-THD2 19 18 0.37/2 Yes Beads and fibers

PSI-THD3 19 18 0.74/2 Yes Alternating

spinning and
spraying
Shell: 25 w/w% PSI/DMF; Core: 0.5 M THD/DMF + 2 w/w% PEO

PSI-THD-PEO 19 18 03712 Yes Smooth fibers

4.7 Preparation of PASP based fibrous networks and their pH

responsivity

4.7.1 Hydrolysis of electrospun PSI based fibrous networks

Poly(aspartic acid) based nanofibers were prepared by the mild alkaline
hydrolysis of the PSI based fibers in imidazole based buffer solution of pH 8
(I=250mM). The chemical reaction of PSI turning into poly(aspartic acid) (PASP) can
be seen on Figure 20. In order to ensure 100 % conversion, samples were kept in the
buffer for 24 hours [53]. After the hydrolysis, samples were washed with ultrapure
water to get rid of unnecessary salts and either used in their swollen state in further
experiments (pH responsivity) or freeze-dried for SEM and ATR-FTIR. PASP based
networks are denoted by changing the PSI part in the original sample name to PASP.
For example PSI-CYS after hydrolysis is denoted as PASP-CY'S etc.

o] © 0 0
: H s
H,N \ OH P H,N N OH
oH H OH
8]
(9]
n Q 0
o
PSI

PASP
Figure 20 Hydrolysis of polysuccinimide in pH 8 results in poly(aspartic acid)
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4.7.2 Preparation of PASP-DAB samples
For the preparation of PASP-DAB samples first PSI-DAB samples were

prepared as described in Section 4.6.2 then treated in 2 separate groups as summarized

on Figure 21:

a) Route A: Washing with ultrapure water - pH 8 (hydrolysis for 1 day) -
washing with ultrapure water thoroughly => PASP-DAB (Figure 21 route a,
red);

b) Route B: Washing with DMF - pH 8 (hydrolysis for 1 day) - washing with
ultrapure water thoroughly => PASP-DAB (Figure 21 route b, blue);

Obtained samples were dried carefully on microscope cover glasses and

investigated by AFM (details explained Section 4.9.2).

1 min, 5 min, 10 min, 20 min, 30 min,
60 min, 120 min, 180 min, 1 day

0.5 M DAB/EtOH

<>
lem

Ultrapure
water 1 day 1 day | DMF
pH 8|| 1day
\
Ultrapure
water

Figure 21 Schematic reaction routes of cross-linking of PSI based fibrous networks by
immersion into DAB solution for different times and further treatments

4.7.3 Cleavage of disulfide bond in PASP-CYS-DAB

Disulfide bonds can be cleaved in a red-ox reaction by for example

D,L-dithiotreitol (DTT) [53]. Reaction for the cleavage of disulfide bonds in PASP-
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CYS-DAB can be seen on Figure 22. In the reaction thiol side-chains are obtained on
the polymer backbone which is denoted as PASP-CYSE-DAB. For the reaction
0.1 M DTT/pH 8 imidazole buffer solution was used.

\ 0 O ) 7 0O 0 ( () 0 0 O 1] ©
! I | )| | L J IL IL Il Il
HN “NH “NH NI -«[ NH NH+- OH HyN+ ‘ "NH -T NH| ¢ "NH4r" "NH{” "NH+=4~ "OH
0 3] L0 | 0 R__0 . _OH .0 .0 N .o | <l Nl [\ _OH
¥ - ¥ 5 ¥ —~‘ ) o - r
OH NH OH NH ‘ OH 0 OH NH L OH | NH o4 0
Ae q 1 |3, Q99 - !
- { DTT " e
S } . ¢ | HS g
S, \\Fi:-,_ ’ .
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PASP-CYS-DAB PASP-CYSE-DAB

Figure 22 Chemical reaction of cleavage of disulfide bonds in PASP-CYS-DAB

4.7.4 Preparation of PASP-THD samples by immersion of PSI membranes

into THD solutions then hydrolysis

For cross-linking the PSI membrane after electrospinning with THD, first 1 x 1
cm square samples were cut from PSIsp10 then one set of samples were immersed into
0.5 M THD/EtOH solution for 5, 10, 30 and 60 minutes while the other into pure THD
for 1, 2 and 3 hours respectively. Chemical reaction between PSI and THD can be seen
on Figure 19b. After cross-linking samples were transformed into PASP basis by
immersing them into pH 9 buffer solution. After treatment samples were washed with
ultrapure water and freeze-dried for SEM investigations.

4.7.5 pH responsivity of PASP-DAB

To investigate the pH responsivity of DAB cross-linked PASP fibrous
membranes first PSIspl0 disk (diameters of: 16, 25 and 50 mm) were cut out and
immersed in 0.5 M DAB/EtOH solution for 10 minutes. After thorough washing with
ultrapure water 3 parallel samples from each size were chosen and placed into separate
vials of pH 8 buffer solution. After the hydrolysis the size of the samples were measured
by a caliper inside the buffer then the solution was changed to pH 3. Samples were left
in each buffer for 1 day to reach equilibrium then their size was measured with a caliper

again. In four cycles sample sizes were measured 4 times in pH 3 and 4 times in pH 8
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(Dry > DAB/EtOH - pH 8 - pH 3 > pH 8 & pH 3 - etc.) (Figure 23). For the pH
sensitivity measurements pH 8 and pH 3 imidazole buffers were used. Average of sizes
was calculated with standard error (confidence of 95%) using standard procedure. For
calculating the relative swelling degrees (Qrel See Section 2.2) of membrane disks first
the area of disks were calculated from the average diameters in different pHs, than they
were all divided by the first average area in pH 8. In the calculations the area of disks
were used based on the assumption that the diameter of the disks did not change
significantly during swelling. Thus Qrel is 1 in pH 8 if the size of the disk is the same in

pH 8 throughout the four cycles.

; N
2 0.1 M DAB/EtOH

-:?- »(.‘ 10 min »& PH 8 PH 3
o o Yo \J

S %, L.,

O ’F/,%O %

Figure 23 Schematic of pH responsivity test of PASP-DAB

4.7.6 pH responsivity of PASP-THD-PEO

To determine the pH responsivity of PASP-THD-PEO, fiber membranes (1.5 x 2
cm square) were placed into standard alkaline (pH 9) and acidic (pH 4) borax buffer
solutions. The diameter change of the wet nanofiber membranes were determined with a
caliper consecutively after incubation of the membrane in pH 4 and pH 9 buffers for 1
day. These pH 4 and pH 9 cycles were repeated 3 more times (Figure 24). The average
size of membranes was calculated from surfaces of three parallel samples. lonic strength
of buffers used in these experiments was kept constant (I = 0.15) by the addition of

potassium chloride (KCI) to exclude volume change caused by ionic strength.
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Figure 24 Schemeof pH responsivity test of PASP-THD-PEO

4.8 Chemical analysis

4.8.1 Attenuated Total Reflectance Fourier Transform Infrared
Spectroscopy (ATR-FTIR)

To confirm the chemical structure of PSI and its derivative’s after modification
Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) spectroscopy
measurements were carried out with a Brucker IFS 55 instrument with a Deuterated
triglycine sulfate detector (DTGS) and a diamond ATR head (PIKE technology). All
infrared spectra were collected over the range of 4000 — 550 cm™ at a resolution of 0.5
cm™ and the number of scans was accumulated at 128. The background spectra were
measured on clean and dry diamond crystal.

In coaxial electrospinning ATR-FTIR measurements were carried out using an
Excalibur FT-IR-Spektrometer (Digilab) instrument with diamond ATR head (PIK
Miracle). All spectra were collected over the range 550—4000 cm™ at a resolution of 0.5
cm™. The background spectra were measured on clean and dry diamond crystal. A
DTGS detector was used, and the number of scans accumulated was 128. Electrospun
dried PSI, PSI-THD2, PSI-THD-PEO and PASP-THD-PEO membranes were measured

after the electrospinning procedure.

4.8.2 Nuclear Magnetic Resonance (NMR)

All NMR spectra were obtained using a JEOL SC400 spectrometer (JEOL Ltd.,
USA) operating at 400 MHz for the *H nucleus. Sample solutions were prepared by
dissolving 15 mg of PSI fibers in 0.6 mL of DMSO-d6 in 5 mm NMR tubes. All spectra
were recorded at 23.5 + 0.5 °C and tetramethylsilane (TMS) was used as the internal
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standard. The pulse angle was 45° 2 sec delay was used with 8 spectral widths, 16 K

data points and 16 scans were done in every measurement.

4.8.3 Thermal gravimetric analysis (TGA) and differential thermal analysis
(DTA)

Thermal gravimetric analysis measurements were performed to study the
thermal stability of the fibrous polymer samples. TGA and DTA curves were recorded
with Derivatograph-C System (MOM, Hungary) under dynamic air-flow at a heating
rate of 6 °C min™ on crushed bulk specimens from room temperature to 1000-1500 °C.

For investigating the effect of dry heat sterilization on fibrous PSI and PSI-CYS,
small samples were heated up in a Q500 (TA Instruments) at maximum heating rate to
160 °C and kept at that temperature for 2 hours.

4.9 Microscopy

Different microscopic techniques were used in order to ensure the presence of
fibers in samples and to characterize the fiber morphology and the average fiber
diameter in samples. In every case average fiber diameters were determined from the
diameter of 50 individual fibers at least. Each case standard error was calculated

assuming that fiber diameter had normal distribution.

4.9.1 Light microscopy

In order to determine the diameter of the dry polymer fibers and their surface
characteristics a HUND-WETZLAR H500 light microscope with a Sony Hyper HAD
CCD-IRIS/RGB Color Video Camera was used. Samples were gathered on microscope
slides by holding them in front of the electrospinning jet for 1 second. For the diameter
measurements Scope Photo software was used. Every diameter distribution was made
from 50 fibers.

For following the dissolution of electrospun PSI and hydrolysis of electrospun
PSI-CYS 1 x 1 cm square samples were cut out and placed into pH 8 imidazole buffer
solution under an ALPHA STO-3 microscope. Photos were taken every hour by

ScopeTek DCM 130 till complete dissolution or conversion.
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4.9.2 Atomic Force Microscope (AFM)

The diameter and surface properties of the polymer fibers were imaged with
Molecular Force Probe 3D (MFP3D) and a Cypher Atomic Force Microscope
Instrument (Asylum Research, Santa Barbara, CA, USA). In the case of MFP3D an
OlympuslIX81 invert microscope was used to fix the target under the AFM tip and
oscillation mode was used during the measurements. The sample preparation and the
experimental setup was the same as it was described in the Light microscopy (Section
4.9.1), except for the AFM measurement a special glue to fix the polymer fibers to a
microscope slide was used to avoid fiber removal during the interaction between the
AFM needle and the fibers. The dried polymer fibers were measured in air at oscillation
mode with resonance frequencies of about 0.2-1 Hz and 0.3-0.5 V target value. For the
topography pictures 512 x 512 pixel magnification was used. The axial height
distribution along the PSI and PSI-CYS samples was obtained by manually tracking and
then the size distribution was plotted using IgorPro 6 software (Wavemetrics, Lake
Oswego, OR). Every diameter distribution was made from 75 fibers.

For the AFM imaging of PASP-CY'S bulk membrane, a small sample was placed
on a microscope coverslip. To fix the sample onto the surface of the slide, a drop of
water was placed on it than slowly evaporated in an oven at 45 °C.

For the measurement of all the other samples a Cypher AFM (Asylum Research,
Santa Barbara, CA, USA) was used with an IgorPro 6 software. All set parameters were

the same as previously described for MFP3D.
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4.9.3 Scanning Electron Microscope (SEM)

For SEM studies samples were treated different ways depending on their origin:

e PSI based membranes: a small part of the membrane was cut out and placed on
conductive tape for coating and microscopy;

e PASP based membranes: samples were washed thoroughly with ultrapure
water and freeze-dried, then a small portion was placed on conductive tape for
coating and microscopy

e Samples from in vivo experiment: a small portion of membranes extracted from
in vivo measurement was washed in an excessive amount of 100 mM Na-
cacodylate pH 7.2 solution, then stored in 1 V/V% glutaraldehyde solution in
100 mM Na- cacodylate pH 7.2. For drying, samples were placed for 5 mins in
a series of ethanol solution: 20, 50, 70, 85, 96 V/V% (diluted with water) than
1:1 ethanol (96 V/V%) and acetone mixture, finally in pure acetone placed in a
porous container. In a slow process acetone was replaced with supercritical
CO- and slowly heated till complete evaporation. The dry samples then were
placed on conductive tape for coating and microscopy.

Micrographs were taken using a ZEISS EVO 40 XVP scanning electron
microscope equipped with an Oxford INCA X-ray spectrometer (EDS). The
accelerating voltage of 20 kV was applied. Samples were fixed on a special conductive
sticker with tweezers. For the measurements samples were sputter coated with gold in
20-30 nm thickness with a 2SP1 Sputter Coating System.

In the case of coaxial electrospinning small fragments of all 5 samples in Table
4 were mounted on a standard sample holder by conductive adhesion graphite-pad
(Plano) and examined with a Zeiss LEO 1530 (FE-SEM with Schottky-field-emission
cathode; in-lens detector, SE2 detector or Back Scattered Detector) using an
accelerating voltage of 2 kV. The samples were sputtered with platinum (1.3 - 2 nm
using a Cressington HR208 sputter coater and a Cressington mtm20 thickness
controller). For calculating the average fiber diameter 50 fibers of each sample were

measured using ImageJ software.
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4.9.4 Multiphoton microscopy

Multiphoton microscopy enables the in-depth investigation of samples (similarly
to confocal microscopy) which have either auto fluorescent properties or have been
labeled with fluorescent dyes prior to the investigation. For the examination of PSI and
PASP based membranes a two photon microscope (Femto2d, Femtonics, Hungary) with
a Spectra Physics Deep See laser was used at 800 nm wavelength to induce the auto
fluorescence of PSI and PASP [53]. The emitted photons were detected parallel in the
green and red channels. Images were taken with 10x objective by the MES4.4v

program.

4.10 In Vivo biocompatibility and biodegradability of PSI-CYS and
PSI-DAB fibrous membranes

4.10.1 Reinforcement of membranes for implantation

Since a single layer of an electrospun membrane cannot withstand standard
procedures in surgery (handling, suturing) samples were reinforced by folding them into
~4 x4 cm squares (6-8 layers) and pressed with a GS25011 Atlas Manual 25T
Hydraulic Press (generally used in the preparation of KBr pastilles for IR) (Figure 25a).
To ensure that the pressure is evenly distributed on the whole surface of the samples
without damaging them a sandwich of wooden pressure plates, paper and alumina foil
layers and the sample was used (Figure 25b). In every case a pressure equal to roughly

5 tons was applied.
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Figure 25 Hydraulic press used for pressing the samples (a) and schematic of the
applied pressure sandwich (b)

4.10.2 Preparation and sterilization of PSI-CYS and PSI-DAB samples

For the in vivo evaluation standard PSI-CYS samples were electrospun from 1
mL solution each case, then folded and pressed as described in Section 4.10.1. Prior to
implantation disks of an average diameter of 16 mm were cut and sterilized (according
to the Guideline for Disinfection and Sterilization in Healthcare Facilities, 2008 [115])
by dry heat sterilization in a Memmert SLP 500 oven at 160 °C for 2 hours.

For the preparation of PSI-DAB standard PSIsp10 was electrospun from 1 mi
solution then folded and pressed as described in Section 4.10.1. For cross-linking
samples were stored in 0.5 M DAB/EtOH solution for 3 hours then washed with
ultrapure water. After the treatment these samples were stored in ultrapure water,
sterilized by adding CIO: solution and kept in a well-sealed container till surgery [116—
118].

4.10.3 In vivo animal model

Biocompatibility and biodegradability of electrospun PSI-CYS and PSI-DAB
samples were investigated on 24 male Wistar rats (250 g), 12 for each sample type. In
each case, prior to implantation, the PSI-CYS and PSI-DAB samples were soaked in
sterile physiological saline (0.9%) for 10 minutes, so that hydration would cause them
to assume full size. Sedation of animals was performed with a mixture of ketamine and

xylazine (~0.8 ml/animal) than samples were implanted in the nuchal region. After a 1-
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2 cm long incision along the Nuchal Ligament (Figure 26a) the samples were placed
and fixed on the paramedian line via a single interrupted suture using Atramat 2-0
Polyglycolic acid absorbable suture material. (Figure 26b, c¢). Skin closure was
performed with 3-4 simple interrupted stitches using the same suture material. Post-
operatively for both PSI-CYS and PSI-DAB animals were randomly divided into two
groups of 6 animals each. Animals were kept in individual cages, and observed daily for
evidence of wound complications, such as infection, seroma, abscess, hematoma, or
skin dehiscence. The experimental protocol adhered to rules laid down by the Directive
of the European Parliament and of the Council on the protection of animals used for
scientific purposes and was approved by the Semmelweis University’s Institutional
Animal Care and Use Committee. The accreditation number of the laboratory is
22.1/1244/3/2011. Termination and sample retrieval was performed after 3 days
(Group A) and 7 days (Group B). Samples were then preserved in formaldehyde and
sent off for histological evaluation, whereas in the case of PSI-DAB, SEM micrographs
were taken from retrieved and freeze-dried samples (Pretreatment of in vivo samples for

SEM investigation is described in Section 0).

with suture line (b) and implanted sample with suture (c)

4.10.4 Histology and microscopy

Samples were gathered for both PSI-DAB and PSI-CYS at 3 and 7 days after
implantation. In general, skin tissue was separated and the samples were cut out around
the stitch including the muscle tissue and placed in 4 V/V% formaldehyde solution.
After fixation water was eliminated according to a standard protocol in a Leica ASP300
enclosed tissue processor then fixed in paraffin and slices of 4 um thickness were cut
(Leica microtome). After the paraffin was removed slices were stained by standard
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hematoxylin-eozin staining protocol. All slides were digitalized with Pannoramic 250
Flash Scanner (3DHISTECH Ltd.). All the above mentioned protocols can be found in
the supplementary (Section 11).

Small sample of PSI-DAB at 7 days was gathered with a tweezer and
investigated by multiphoton microscope without any staining and after freeze-drying
with SEM.
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5 Results

5.1 Polysuccinimide

5.1.1 Molecular weight of PSI

The molecular weight of the polymer directly influences its properties as well as
the electrospinnability, and thus it is a key information and necessary to be determined
[119]. The reduced viscosity of a PSI solution as a function of concentration is shown
on Figure 27. The intercept on the reduced viscosity axis provides the intrinsic

viscosity, which was found to be [77]=32.4 + 15 ml/g. On the basis Kuhn-Mark-

Houwink equation (Equation 3), the viscosity average molecular mass for this batch of

PSI was found to be M, =28500+3000 g/mol. Average molecular masses ranged from

23000 to 31000 g/mol depending on their batch.
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Figure 27 The reduced viscosity of the PSI solution as a function of polymer
concentration

5.1.2 PSI fibers by electrospinning technique

In the first step PSI solution of different concentrations were electrospun
(PSIspl-4 and PSIspl0 in Table 1). As it can be seen on Figure 28, at lower
concentrations than 20 w/w% only electrospraying occurred resulting in PSI particles of
different sizes. At 20 w/w% a mixture of fibers and particles, while at 22.5 w/w% fibers

with beads were prepared.
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Figure 28 Light microscopic pictures taken from PSI fibers electrospun from 15 w/w%
(@), 17.5 % (b), 20 w/w% (c), 22.5 wiw% (d) and 25 w/w% (e) DMF solutions.

Electrospinning of PSI from 25 w/w% in DMF solution resulted in a white web
of nanofibers. As a typical sample, PSIsp10 fibrous membranes can be seen on Figure
29a. Since the electrospinning jet is concentrated at the center of the aluminum
collector, the samples were thick in the center and thin at the sides (showing a bell-
curve in cross-section). This is represented on Figure 29a where the thickness gets
smaller to the edge of the membrane and also whiter as more light is transmitted. The
distribution of fibers on the collector and the overall average thickness of fiber
membrane can be controlled by the collector distance. As it can be seen on Figure 29b,
where collection of fibers was conducted for 5 minutes under same circumstances (flow
rate, polymer concentration, humidity and so on), the size of the membrane increased
with the collector distance while the thickness of the membrane reduced. The average
fiber diameters for 3 different distances and 2 different volume rates measured by light
microscopy are collected in Table 5.
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Figure 29 PSI membrane held with a tweezer (a) and PSI membranes prepared from the
same solution with the same parameters except collector distance (b)

Table 5 Average fiber diameters of PSI membranes prepared at different collector
distances with 2 volume rates

Distance Volume rate 0.4 ml/h Volume rate 0.8 ml/h

Average fiber diameter Average fiber diameter

10 cm 1.47 +0.03 pm 1.53 £ 0.07 um
15cm 1.48 £ 0.03 um 1.28 £ 0.06 um
20cm 1.39£0.03 um 1.35+£0.08 um

5.1.3 Characterization of electrospun PSI fibers by different microscopic
techniques
Light microscopy, AFM and SEM micrographs were taken of PSI fibers to
investigate fiber morphology and diameter distribution. Light microscopic pictures
shown on Figure 30 suggest, that the PSIsp10 fibers are uniformly thick without any
defects.
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Figure 30 PSIsp10 fibers seenby light microscope at two magnifications (a, b)

The average diameter of the PSI fibers was found to be 500 + 60 nm (Figure
31a). It is worth mentioning that along the axis of fibers the diameter was constant. This
was supported by several AFM investigations. Figure 31c shows a representative fiber
from the same sample studied by atomic force microscopy.
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Figure 31 Size distribution of PSIsp10 fibers by light microscope (a), AFM (b) and an
AFM micrograph of a PSIsp10 fiber (c)
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All the fibers had smooth surface and uniform diameter along the fibers. The
distribution of fiber diameter was also evaluated using AFM height data and it was
found, that the average diameter was 550 + 70 nm which is in line with the data
obtained from light microscopy (Figure 31a and b).

SEM images further proved the quality of the PSIspl0 fibers (Figure 32).
Similar smooth surface and uniform fiber width can be seen on the pictures as seen on
the light microscopic and AFM figures as well. The high order of orientation on the
picture (Figure 32a) is due to the sampling process, where a small portion was pulled

out from the scaffold.

ctures of PSIsp10

5.1.4 Chemical analysis of PSI powder and PSI fibers

To ensure that the high electric field does not alter the chemical structure of the
polymer, analytical evaluation was carried out. In every case as reference material dry
PSI powder was used. ATR-FTIR spectra of PSI powder and electrospun PSIsp10 can
be seen on Figure 33a. This figure evidences that during electrospinning the chemical
structure of PSI did not change. The characteristic absorption bands of imide rings in
the polysuccinimide can be seen at 1709 cm™ (asymmetric stretching vibration is
attributed to the vco of -(OC)2N-), 1391 cm™ (C—-O bending vibration, §) and 1355 cm™
(stretching vibration, ve-n 0f —(OC)2N-) are retained after the electrospinning

procedures.
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Figure 33 ATR-FTIR spectra (a) and NMR spectra (b) of PSI powder and electrospun
fibers

The *H NMR of electrospun PSI fiber is shown on Figure 33b. The peak at
5.3 ppm is the hydrogen connected to the methyl group marked with 1 on the molecule
(Figure 33b). The hydrogens on the methylene group (marked with 2) appeared at 2.7
and 3.2 ppm [15]. The chiral methyl group is responsible for the separation of the peaks.
These spectra also supports that the high electric field intensity during the

electrospinning process does not alter the chemical structure of PSI fibers.

5.1.5 PSI fibers doped with magnetite (PS1-OaMagn)

2

1

filgn

b

Figure 34 3D structure of magnetite loaded PSI fibers

In the presence of magnetic particles, not only the polymer solution but also the
fibers become dark as shown on Figure 34 whereas the electrospinning procedure
resulted in either a flat 2D or a fluffy 3D structure. The fiber membrane shown on
Figure 34 has macroscopic extent in 3 dimensions in contrast to that shown on Figure
29, where the polymer fibers do not contain magnetic particles. As it is summarized in
Table 6, at low magnetite content (PSI-OAMagn1) the produced scaffold is a thin film
(Figure 35). Upon increasing the magnetite concentration (PSI-OAMagn 2 and 3 in) 3D

macrostructures develop as shown on Figure 34 and Figure 35.
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Table 6 The influence of solution viscosity on the morphology of electrospun fibers.

Magnetite Viscosity
Sample concentration, Morphology (at 25°C),
wiw % Pas
PSI-OAMagn 1 2.5 2D thin film 1.79 £ 0.0051
3D spiderweb like
PSI-OAMagn 2 5 structure 2.92 £ 0.0047
3D spiderweb like
PSI-OAMagn 3 10 structure 7.35+0.0143
Increased f 3 =
magnetite
concentration
2w% 25w%
2D 3D

Figure 35 Structural changes of the PSI fiber membrane loaded with different amounts
of magnetic nanoparticles

0
0-05 05-1 1-15 15.2 2-25 25-3
Diameter / ym

{ I :
Figure 36 AFM micrograph (a); diameter distribution measured by AFM (b) and SEM

pictures of the PSI nanofibers loaded with magnetic nanoparticles (c, d)
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AFM showed that the fibers have a rough surface raising the surface area while
there are clots along the fibers (Figure 36a). The average diameter of the fibers was
found to be 1.43 + 0.5 um measured by AFM (Figure 36b). SEM also showed clots

along the fibers as well as a rough surface of the fibers (Figure 36a, ¢ and d).

5.2 Preparation of PSI based cross-linked fibers by reactive
elctrospinning and post-spinning methods

As it was described in Section 2.3.1 cross-links can be created inside the fiber
either during (so called reactive electrospinning) or after electrospinning (post-spinning
method). In this part of the thesis, both methods and related results are described based
on different PSI systems. Reactive electrospinning was carried out by using thiol side-
group modified PSI (Section 5.2.1) and its mixture with oleic acid modified magnetite
nanoparticles (Section 5.2.2) as well as using a core-shell nozzle where the cross-linker
and the polymer are delivered in the nozzle separately (Section 5.2.4). In post-spinning
method PSI based fibrous membranes were simply dipped into the solution of cross-
linker to prepare the cross-linked membranes in a heterogeneous reaction (Section
5.2.3).

5.2.1 Reactive electrospinning with PSI-CYSE

The reaction time for the preparation of PSI-CYSE was optimized by
electrospinning the reaction mixture after the start of the synthesis at different times.
The light microscopy results can be seen on Figure 37, where samples were collected
during electrospinning after 10, 30, 50 and 80 minutes of reaction times respectively. It
was found that at the 10" minute the electrospinning resulted in spheres, at 30" minute
in a mixture of spheres and fibers, at the 50" less spheres and incorporated into the

fibers and finally at 80™ smooth fibers.
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..... min

Figure 37 Lightmicroscopi pictures taken of PSI-CYS collected at 10 (a), 30 (b), 50
(c), 80 (d) minutes after the start of electrospinning, where red arrows indicate beads
on fibers

For the preparation of high quality PSI-CYS fibers the optimal reaction time was
found to be 50 minutes, whereas the so called spinning window, where spinning and

fiber formation were possible varied with each batch and was at least 1 hour.

5.2.1.1 Characterization of PSI-CYS fibers by AFM and SEM

Reactive electrospinning of PSI-CYSE had two outcomes depending on the
synthesized PSI batch used for thiol modification. As it can be seen on Figure 38a, b
and c either fibers with beads or smooth fibers were obtained. A typical PSI-CYS fiber
can be seen on Figure 38d. According to AFM the average diameter of PSI-CY'S fibers
was 90 £ 30 nm (Figure 38e) while according to SEM it was 850 £ 40 nm (Figure 38f).

57



DOI:10.14753/SE.2018.2178

1]
e | f . -
§ = \ 5 {
b ¥ W
5 S .
o | [&] !4“

§ 10 : N §< [
B | jr %2 |
S 5. | i ) !
< = N <1 = P

0 S S | S i i 0 » | ! y

0 20 40 60 80 100 120 140 160 180 200 00 02 04 06 08 1.0 1.2 14 16

Diameter/nm Diameter/um
Figure 38 SEM micrographs of PSI-CYS fibers with incorporated beads (a) and smooth
fibers (b, c); AFM image of a piece of PSI-CYS fiber (d) and fiber diameter distribution
according to AFM from fibers at the beginning of electrospinning (e) and according to
SEM of fibers at the end of electrospinning process (f)

5.2.1.2 Thermal analysis of electrospun membranes

According to the thermoanalytical curves, the mass loss of both samples (PSI,
PSI-CYS) occurs in two main steps (Figure 39a and b). The difference between the
two samples is more significant when comparing the DTA and TGA curves. As seen on
the DTA curve the PSI fibers can be decomposed only in endothermic reaction and the
PSI-CYS fibers show complicated endothermic and exothermic reactions. This
difference is related to the difference in the chemical structure of samples, e.g.

disulphide bonds. The exothermic peaks on DTA curve is the consequence of
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combustion of fibers. It is important to emphasize that none of the sample showed
structure changes or any reaction at the sterilization temperature (160 °C). The slight
decrease of mass below 80 °C may be due to either the evaporation of remnant DMF or

the absorbed water in the fibers (Figure 39c).
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Figure 39 Results of thermal gravimetric (a), differential thermal analysis (b) and
thermal gravimetric analysis of sample held for 120 mins at 160 °C (c)

5.2.1.3 Chemical analysis of PSI-CYS fibers

The FTIR spectra for electrospun PSI and PSI-CYS are very similar to each
other (Figure 40). The characteristic absorption bands of imide rings (at 1709 and 1391
cm™®) were not altered by the cross-linking procedure. Free thiol groups or disulfide
bonds cannot be seen in these spectra. The FTIR curve of electrospun PSI-CYS fibers

heated at 160 °C is the same as the not heat treated one’s.
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Figure 40 ATR-FTIR spectra of dried PSI powder (reference) and electrospun PSI
fibers.

5.2.2 PSI-CYS-OAMagn

Table 7 summarizes the impact of grafting number and magnetite concentration
in the electrospinning of the mixture of PSI-CYSE and magnetite. When the cross-
linking density was relatively high e.g. every 10" succinimid monomer was cross-linked
by cystamine, even a small amount of particles (2 w/w%) induced gelation, which
hindered electrospinning. When decreasing the amount of cysteamine cross-links (every
15" a flat 2D fiber membrane was obtained even in the presence of both 2 and 4 w/w%
of magnetite concentration. Further increasing the magnetite concentration up to 5
w/w%, resulted in 3D structure. According to AFM the magnetite loaded PSI-CYS
fibers had a fairly rough surface and a small average diameter without clots or
broadening of fibers (Figure 41a, b).The average diameter of the fibers was found to be
500 £ 100 nm (Figure 41c). Since fiber membranes contained magnetic particles, in
non-uniform external magnetic field they could be attracted and deformed as shown on

Figure 42.
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Table 7 Macroscopic changes of PSI-CYSE system at different magnetite and
cysteamine concentrations.

PSI w/iw%o

/ Magnetite
. concentration, Notes
Grafting
wiw %
number
15/10 2 Gel formation in the presence of MPs
15/10 4.6 Gel formation in the presence of MPs
15/15 2 Homogenous 2D thin film
15/15 4 Homogenous 2D thin film
15/15 5 Fluffy 3D structure

1um

C

0

-
n

w

No. of observation
3

4] .
03-04 0405 0506 0607 07-08 08-09
Diameter / ym

Figure 41 AFM micrographs (a, b) and the size distribution of PSI-CYSE fibers loaded
with magnetic nanoparticles.

Figure 42 Attraction of electrospun fiber membrane loaded with magnetic particles by
non-uniform magnetic field.
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5.2.3 Preparation of PSI-DAB and PSI-CYS-DAB fibers

Post-electrospinning of PSI and PSI-CYS fibers were carried out by immersion
of the membranes into the solution of 0.5 M 1,4-diaminobuthane in 96 % ethanol.

5.2.3.1 Modification of PSI with DAB (PSI-DAB)
PSIspl0 fibers (average diameter determined by SEM: 911 +41 nm) were

immersed into the solution of DAB for different amounts of times. If there were enough
cross-links inside the fibers the membrane did not dissolve in DMF. Although, 10
minutes was enough to have the proper amount of cross-links for the samples to not
dissolve, samples were very weak and misshaped after washing comparing with the
original 1 x 1 cm square samples (Figure 43a, b). There was no visible difference
between keeping the samples in the cross-linker for 20 minutes or 1 day since

macroscopically they all looked the same with a retained shape (Figure 43c)

Dry 10 min 1 day

Figure 43 Dry PSIsp10 sample before cross-linking (a); PSI-DAB samples in DMF
prepared from PSIsp10 with cross-linking times 10 minutes (b) and 1 day (c)
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o 4um

a, b)

and pressing (c, d)

A PSI-DAB sample can be seen on Figure 44a and b which was cross-linked
for 3 hours then washed with ultrapure water and freeze-dried. The membrane
maintained its fibrous structure and fused or damaged fibers were not found. Average
diameter of PSI-DAB fibers was 800 £+ 30 nm (determined with SEM). There was a
difference between the resulting PSI-DAB samples depending on whether an un-pressed
or a pressed sample was treated with the cross-linker. Compared to the standard as-spun
membrane (Figure 44a,b) when a pressed PSI sample was treated the resulting
membranes had higher fiber density (Figure 44c, d). The results of the FT-IR analysis
of PSI-DAB will be presented in Section 5.3.7.

5.2.3.2 Modification of PSI-CYS with DAB (PSI-CYS-DAB)

In the same procedure as in the case of PSI-DAB, a PSI-CYS sample was treated
with DAB solution for 3 hours than washed with ultrapure water and freeze-dried. The
resulting fibers (called PSI-CYS-DAB) can be seen on the SEM micrographs on Figure
45a and b.
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Ay
Figure 45 SEM micrograph of a PSI-CYS-DAB samples (&, b)
The sample maintained its fibrous structure, fused or damaged fibers were not
found. According to SEM the average diameter of non-fused fibers was 760 + 44 nm.
FT-IR showed the successful modification of PSI-CYS membranes to form PSI-
CYS-DAB membranes. The results of the FT-IR analysis of PSI-CYS-DAB will be

presented in Section 5.3.7.

5.2.4 Coaxial electrospinning of PSI and THD (PSI-THD and PSI-THD-
PEO)

As a pre-test to see, whether THD can gelate PSI, the solutions used for coaxial
electrospinning were mixed. The mixture gelated in about 1 minute (Figure 46a).

Figure 46 PSI solution and a PSI based gel cross-linked with THD (a), reference PSI
fibers (b)

All the compositions and set parameters can be found in Table 4. SEM
micrograph of the reference PSI fibers can be seen on Figure 46b. The average
diameter of PSI fibers was 595 + 44 nm (determined with SEM). When both the core
and shell were fed, smooth fibers were obtained with low feeding rate (0.12 ml/h) of
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core solution (Figure 47a). However, due to the insufficient amount of cross-links,
these fibers (PSI-THD1) could be dissolved in DMF (Table 4). At higher feeding rate
(0.74 ml/h) of core solution the core and shell solutions broke up at the tip of the nozzle
and the spinning of shell and the spraying of core took place alternately, resulting in
deformed but cross-linked membrane containing spheres and fibers (PSI-THD3)
(Figure 47b). At 0.5 ml/h of core feeding rate (PSI-THD2) a stable fiber formation
could be observed and fairly smooth fibers with beads could be found (Figure 47c and
d). However, there were lot of beads and droplets in all fibrous samples containing
THD. The average fiber diameter for PSI-THD2 was found to be 305 + 41 nm
according to SEM.

In PSI-THD-PEO 2 w/w% PEO was added to the core solution to raise its
viscosity (~60 mPas). This case the electrospinning resulted in fibers without beads
(Figure 47e and f). In addition, PEO also made the spinning process easier to control
with less occasions of gelation caused blockage of the nozzle. The resultant PSI-THD-
PEO fibers had an average fiber diameter of 320 = 42 nm and did not dissolve in DMF
(Table 4). Fiber diameter distribution of PSI, PSI-THD2 and PSI-THD-PEO can be
seen on Figure 479
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Figure 47 SEM images of electrospun fibers of PSI-THDL1 (a), PSI-THD3 (b), PSI-
THD2 (c, d), PSI-THD-PEO (g, f), diameter distribution of PSI, PSI-THD2 and
PSI-THD-PEO fibers

The characteristic absorption bands of imide rings in PSI can be seen at
1709 cm™ (C=0 of —(OC),N-, asymmetric stretching vibration of C=0), 1391 cm™ (C—-
O, bending vibration) and 1355 cm™ (C-N of —(OC).N-, stretching vibration). These
characteristic bands are presented in both PSI-THD2 and PSI-THD-PEO samples. The

appearance of vibration of >N-C=0 bond at 1662 cm™ shows opened rings caused by
cross-linking.
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Figure 48 FT-IR spectra of reference PSI, PSI-THD2, PSI-THD-PEO and
PASP-THD-PEO

Preparation and investigation of PASP based gelfibers

In this section the results of the hydrolysis of PSI based membranes, the

poly(aspartic acid) based membranes (note the change in sample names to PASP):
PASP-CYS, PASP-DAB, PASP-CYS-DAB and regarding the coaxial spinning the
PASP-THD and PASP-THD-PEO are described. Their pH dependent properties will
also be described based on PASP-DAB and PASP-THD-PEO.

5.3.1 Hydrolysis of PSI and PSI-CYS fibers

PSI turns into poly(aspartic acid) upon hydrolysis in mild alkaline aqueous

solutions and dissolves [48]. The same phenomenon can be observed with a PSI based

fibrous membrane without any cross-links as it dissolves in pH 8 imidazole buffer in 15

hours (Figure 49).

PSI

PSI-CYS

@,

Figure 49 Hydrolysis of electrospun PSI fiber membrane in pH 8 buffer solution
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Figure 50 PSI-CYS fibrous membrane in pH 8 buffer solution during hydrolysis

In the case of PSI-CYS, as there are cross-links between the polymer chains, the

fibrous membrane did not dissolve, only took up the buffer and turned into an opaque
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gel membrane (denoted as PASP-CYS). As it can be seen on Figure 50 the membrane
obtained its equilibrium state in 15 hours. During this chemical transformation, the
volume of the gel changed slightly. It is also important to note, that opposed to bulk
PASP gels these fibrous membranes are very flexible and rubberlike, withstanding
bending without any damage, however, their transparency is worse due to the fibrous
structure. For comparison a PASP-CY'S hydrogel membrane and a PASP-CY'S bulk gel

film can be seen on Figure 51.

Figure 51 PASP-CYS fibrous gel membrane (a) and a PASP-CYS bulk gel film (b)

Hydrolysis caused a significant change in the structure of gelfibers. According to
the AFM pictures (Figure 52) the PASP-CYS membrane is a highly dense matrix with
fiber bundles, however it is impossible to tell if these bundles are really fused and/or
connected or simply aggregated to each other during the drying process (AFM sample

preparations is described in Section 4.9.2) .

To investigate the original fiber structure of the swollen gel membrane (Figure
51a) SEM micrographs were taken from two freeze-dried PASP-CYS samples (Figure
53).
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batch: first (a, b), second (c, d)

It can be clearly seen that the fibers in PASP-CYS fused together forming an
interconnected web. Determining the fiber diameter distribution was not possible;
however, it seemed that it increased during the deformation of the fibrous structure.

There was no significant difference between the two samples represented on the figure.

5.3.2 Hydrolysis of PSI-DAB fibers (PASP-DAB)

Preparation of PASP-DAB samples were carried out in two ways and the only
difference was in the washing step between cross-linking and hydrolysis (Figure 21).
As it was expected in both routes the necessary cross-linking time for the samples to
maintain their integrity after hydrolysis was 10 minutes (Figure 54a and b). The
difference in results was that in “route b” the resulting membrane was smaller and
clearly deformed compared to “route a”. However, this difference diminished when
cross-linking was 1 day, as both routes resulted in swollen whitish fibrous membranes
(Figure 54c and d). Another important thing to note is that higher reaction times
resulted in whiter samples compared to the 10 minutes reaction time, when slightly
opaque ones were obtained. All the samples with reaction times longer than 1 hour were
about equally easy to handle and strong, meaning that they were not torn by the tweezer.
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Route a Route b

1day 10 min

Figure 54 PASP-DAB samples in ultrapure water after treatments according to Figure
21 where, 10 min immersion (a, ¢) and 1 day immersion in DAB solution (b, d)
corresponds to the different routes

AFM analysis on dry matrices from both “route a and b” showed that after
immersion for 10 minutes in the solution of the cross-linker, samples could maintain
their fibrous structure. Since all the samples looked very similar under the microscope

only samples with 3 hours reaction time is represented on Figure 55a and b.

Figure 55 AFM height picture taken of a PASP-DAB with 3 hours reaction time from
,route a” (a) and from ,,route b” (b)

Figure 56a and b show the SEM micrographs of a PASP-DAB sample from
“route a” (cross-linking for 3 hours then hydrolysis). The chemical transformation
slightly changed the fibrous structure: the fibers were loosely interconnected and few
narrow and flat sheets were found. This was also evidenced by multiphoton microscopy

presented on Figure 56¢. According to SEM the average diameter of non-fused PASP-
DAB fibers was 940 +60 nm.
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30 um

Figure 56 SEM micrographs of a typical PASP-DAB sample (a, b) and a multiphoton
micrograph of the same sample showing the autofluorescence of PASP (c)

5.3.3 Hydrolysis of PSI-CYS-DAB fibers (PASP-CYS-DAB)

The hydrolysis of PSI-CYS-DAB changed the samples into slightly opaque, very
soft gel sheets (Figure 57a). According the SEM (Figure 57b, c) the chemical
transformation did not change the fibrous structure and the average fiber diameter was
725 + 40 nm.
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Figure 57 Macroscoplc picture (1xlcm square) (a) and SEM mlcrograph of a PASP-
CYS-DAB sample in two magnifications (b, c)
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5.3.4 Cleavage of disulfide bond in PASP-CYS-DAB (PASP-CYSE-DAB)

As a result of the cleavage of the disulfide bonds in PASP-CYS-DAB (Figure
22) the membrane became transparent and very weak. Samples were easily torn and
hard to pick up with a tweezer. SEM micrographs of PASP-CYSE-DAB are shown on
Figure 58. According to these results the membrane maintained its fibrous structure,

however, in some parts fused or bundled fibers were found. According to SEM the

average diameter of non-fused fibers was 680 £ 40 nm.

4um

Figure 58 SEM micrgraphs of two different parts of the same PASP-CYSE-DAB
sample (a, ¢, corresponds to one part while b, d, to the other)

5.3.5 PASP-THD samples by post spinning method

PSI samples treated in 0.5 M THD/EtOH solution (similarly to the preparation of
PSI-DAB samples after either 5, 10, 20 and 60 minutes) dissolved after hydrolysis
proving that not enough cross-links were established during treatment to prohibit
dissolution. On the contrary, after treatment in pure THD for 1, 2 and 3 hours,
respectively, none of the samples dissolved after hydrolysis. SEM on the freeze-dried
PASP-THD samples showed that although 1 h in pure THD was enough for the samples
not to dissolve, the fibrous structure diminished due to the fusion of the fibers (Figure
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59a). 2 h proved to be better, however there were still many fused and damaged fibers
(Figure 59b), while 3 h resulted in misshaped but pure fibers (Figure 59c).

Figure 59 SEM microgra;hs of PASP-THD samples pr;pared by immersion into purz
THD for 1 h (a), 2 h (b) and 3 h (c) and finally hydrolysis in pH 9 buffer solution

5.3.6 PASP-THD samples by the hydrolysis of PSI-THD membrane

Hydrolysis of PSI-THD2 resulted in soft, mildly opaque sheets similar to PASP-
CYS-DAB (Figure 57a). SEM on the washed and freeze-dried samples showed that
fibers fused together or there were sheets between them, while the pore size between

fibers got bigger (Figure 60).

— T [S=—

Figure 60 SEM micrographs of PASP-THD2 in two magnifications

5.3.7 FT-IR analysis of PASP based fiber membranes and their precursors

For the FT-IR analysis of PASP based membranes, their precursor molecules
were measured as references for comparison. Both in PSI-DAB and PSI-CYS-DAB the
peak emerging at 1662 cm™ indicates the opening of the succinimide rings, marking the
success of modification. Otherwise the spectra of both molecular structures resemble to
the original PSI and PSI-CY'S respectively.

Compared to their precursor polymers in both PASP-DAB, PASP-CYS-DAB
and PASP-CYSE-DAB there was a new wide peak at around 3250 cm™ indicating new
—OH groups on the polymer. Furthermore, the reduction of the peak at 1709 cm™ and

the raise in the peak at 1662 cm™ refers to the opening of succinimide rings. The change
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in those three peaks indicates the hydrolysis of the molecules (Figure 61a and b).
Unfortunately FT-IR dose not enable the observation of the opening of disulfide
bridges, therefore no change can be seen on the spectrum of PASP-CYSE-DAB
compared to PASP-CYS-DAB (Figure 61b).
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Figure 61 FT-IR spectra of PSI, PSI-DAB, PASP-DAB (a) and FT-IR spectra of PSI-
CYS, PSI-CYS-DAB, PASP-CYS-DAB, PASP-CYSE-DAB (b)

5.3.8 pH responsivity of PASP based membranes

In this section results related to the pH responsivity of PASP based fibrous
membranes are presented. Although the pH induced swelling and shrinking of PASP
based bulk gels have been studied extensively [6], there are no articles describing it on
fibrous membranes.

5.3.8.1 pH sensitivity of PASP-DAB membrane

The pH responsive properties of PASP-DAB samples were investigated by
measuring the size of the fiber membrane disk in different buffers. It can be seen on

Figure 62 that compared to the dry disks the samples in pH 8 swelled significantly
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whereas in pH 3 their size decreased to about their initial sizes before modification and
hydrolysis. Compared to their original sizes in pH 8 and pH 3, samples reached the

same sizes with only a small error throughout the 4 cycles in pH 8 and pH 3 (Table 8,
Figure 63a).

AN

L A
Figure 62 Dry PSI fibrous membranes of different sizes (a, b, ¢), same membranes after
cross-linking with DAB in pH 8 buffer solution (b, e, h respectively) and as next
treatment in pH 3 (c, f, i respectively) where red numbers are the area of samples (the
grid in the background is not calibrated, it is only for creating contrast between the
samples and background)
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Table 8 Relative size changes of PASP-DAB fibrous disks in pH 3 and pH 8 solutions in
4 cycles respectively

pH3/pH8 pH8/pH8 pH3/pH8 pH8/pH8 pH3/pH8 pH8/pH8 pH3/pHS
Qrel,h
16 0,588 1,068 0,614 1,068 0,640 1,103 0,640
Qrel,h
25 0,630 1,000 0,682 1,022 0,682 1,066 0,719
Qrel,h
50 0,711 1,033 0,757 1,044 0,729 1,055 0,757
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Figure 63 Average area of PASP-DAB disks of different initial sizes in pH 8 and pH 3
buffer solutions in 4 cycles (vertical line indicate standard error) (a), relative degree of
swelling of PASP-DAB disks in pH 3 and pH 8 (b)

Figure 63b shows the difference in relative swelling degrees of PASP-DAB
disks of different initial sizes. The figure suggests that the bigger the initial size is the

smaller the relative change is due to the change in pH.

5.3.8.2 Preparation and pH responsivity of PASP-THD-PEO

After merging dry electrospun PSI-THD-PEO samples (3.03 + 0.13 cm?)
(Figure 64a) in DMF, membranes shrunk (1.28 + 0.05 cm?) (Figure 64b). Then, in pH
9 buffer solution, the same membranes swelled significantly (~39% area change) and
became transparent (Figure 64c). After washing with ultrapure water and freeze-drying
of a PASP-THD-PEO sample, a web of connected fibers were found in SEM (Figure
64e, T). It was found that the samples are in a swollen state (in the maximum size of
7.37 £ 0.11 cm?) in alkali medium (pH 9, Figure 64c), while in acidic environment they
shrank (5.04 +0.07 cm?, pH 4, Figure 64d). Average area of samples through the 4

cycles of buffer change can be seen on (Figure 649).
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Figure 64 Macroscopic picture of a PSI-THD-PEO fiber membrane in dry state (a) in
DMF (b) and after hydrolysis the same fiber membrane in pH 9 (c) and in pH 4 (d),
SEM micrograph of a washed and freeze-dried PASP-THD-PEO membrane (e, f) and
pH induced area changes of PASP-THD-PEO samples (g)

54 1In vivo biocompatibility and biodegradability of electrospun
samples

During implantation, both PSI-CYS and PSI-DAB samples were easy to handle
and suture. Although in a few cases sample layers got slightly separated due the
handling, the suture held it together. Upon regular inspection, none of the animals
showed any signs of irritation, infection or any other adverse reaction until the day of

termination.

5.4.1 Implantation of PSI-CYS membranes

In Group A, where termination was performed 3 days post implantation, skin
closure was intact with physiologic wound edge healing. After dissection, the samples
were easily located between the skin and the underlying muscle and easily moved
(Figure 65a). Consistency of samples changed from paper-like, to soft and gelatinous

while their size increased by approximately ~40 % in diameter. There was no visible
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irritation, infection or foreign body reaction observable at the implantation area only a

small amount of fibrinous material.

Minimal acute Mesh
inﬂammation

Granulétnon ;s
tissue L n‘

‘ SOp.m iﬁa

Granulation
tissue

Figure 65 PASP-CYS sample extracted 3 days after implantation (a) and a
representative image from histopathology (c); implantation area without sample after 7
days after implantation (b), a representative image from histopathology (d) and
multiphoton micrograph of the same slide (e)

Figure 65b represents results at termination on the 7" day (Group B), where
membranes were either not found or were replaced by a soft new tissue. This very soft
granulation tissue grew around the stitch used for positioning of the implant however it
was easily deformed and removed. Upon cutting it half, there was no evidence for the
presence of any remnants of PASP-CYS observable with the naked eye. Furthermore,
there were no signs of irritation, infection or foreign body reaction neither on, nor

around the samples.
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During the histopathology analysis in all cases the central part of the membrane
floated off the slide during the staining process, however it was visible and intact near
the tissue. The suture material hallmarked the fixation point upon the underlying
muscle. In all cases, foreign body type reaction could only be observed around the
suture, but not in relation to the membranes. Histology of Group A revealed that there
was a thin rim of acute inflammation composed of neutrophil granulocytes and some
fibrin in the tissue surrounding the membrane (Figure 65c). Scattered histiocytes were
also observed in the near tissue. Although membranes were either not visible
macroscopically or were diminished in size and covered in new tissue after 7 days post
implantation (Group B), they were still visible under a microscope (Figure 65d).
Granulation tissue composed of fibroblasts and newly formed vessels had developed
surrounding the membrane with numerous histocytes present in the close vicinity
without any sign of acute inflammation proving the incorporation of the membrane into
the native tissue. Also the membranes could be observed with multiphoton microscopy
without any special staining (Figure 65e). However, native tissue also has

autofluorescent property with similar intensity.

5.4.2 Implantation of PSI-DAB membranes

In Group A skin closure was intact 3 days post implantation with physiologic
wound edge healing. After dissection the samples were easily located between the skin
and the underlying muscle and easily moved. Sample consistency changed from paper-
like to soft and gelatinous, while their size grew by approximately ~40 % (from the
original 16 mm to 21 mm) (Figure 66a, b). No visible irritation, infection or foreign
body reaction could be observed at the implantation area except only a small amount of
fibrinous material.

Samples still maintained their integrity after 7 days post implantation however
they were easily torn and dissected into separate layers or truncated by tweezers (Figure
66¢). Due to the deformation of the samples it was hard to distinguish the samples from
the granulation tissue macroscopically. Furthermore, there were no signs of irritation,
infection or foreign body reaction.

Histopathology, as in the case of PSI-CYS, foreign body type reaction could

only be observed around the suture, but not in relation to the membranes. Group A
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showed a more excessive inflammation compared to PSI-CYS samples with a mixture
of neutrophil granulocytes, lymphocytes and histiocytes surrounding and invading the
membrane (Figure 66d). There was also a fibroblastic reaction in the near tissue. In
Group B (Figure 66¢) the acute inflammation is largely reduced and granulation tissue
surrounds and grows into the periphery of the membrane. Within the membrane,
scattered red blood cells, neutrophil granulocytes, lymphocytes, histiocytes and
fibroblasts were also detected. Thanks to the autofluorescent property of poly(aspartic
acid) the membranes could be found on the slides from histopathology without any
staining (Figure 66f). However only separated layers or layers which drifted away from
the tissue could be observed since the rest incorporated too much into the new grown

tissue.
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Figure 66 PSI-DAB sample 3 days after implantation (a), extracted sample grew in size
and changed consistency (b), 7 days after implantation (c); representation of
histopathology of a sample at day 3 (d) and day 7 (e); slide from histopathology from
day 7 under multiphoton microscope. Black arrows indicate the boundary between the
sample and the tissue.
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5.4.2.1 Microscopic analysis of PSI-DAB samples 7 days after implantation

To see the exact composition of the PSI-DAB matrix after 7 days, a small
sample was taken with a tweezer and investigated by multiphoton microscope without
any treatment (Figure 67a). Both the fibrous sample and the cells surrounding it were
visibly under the microscope glowing in green with similar intensities. Anyhow it is still

observable that the fibrous structure of the DAB cross-linked sample was retained.

Figure 67 Multiphoton (a) and SEM (b, c, d) micrographs of PSI-DAB sample from
group B

SEM showed that the sample was covered with flattened cells (Figure 67b, c).
Figure 67b shows an areca where the “cellular shell” was discontinued and the fibrous
network under became observable. In higher magnification (Figure 67d) it can be
clearly seen that the fibrous structure was almost intact. Also many spheres were found

with 6-8 pum in diameter.
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6 Discussion

Electrospinning and properties regulating fiber formation have been studied for
decades now, thus the general rules that apply to the vast majority of polymer systems
have been already established [68]. Therefore, finding all the relations between fiber
qualities and processing parameters were not the subject of the research presented in the
thesis. The intention was to develop new methods based on electrospinning for the
preparation of gelfibers containing cross-linked polymer chains as well as to investigate
the responsivity of such hydrogelfiber membranes to external stimuli and the biological
reaction upon introduction into small animal models.

As it was described in Section 2.1 polysuccinimide is a very good candidate
both from a chemist’s point of view (easy chemical modification) and a biologist’s point
of view (possible biodegradability). The white powder of PSI used for the experiments
was synthesized by the thermal polycondensation of L-aspartic acid. The average
molecular weight of the polymer ranged from 22000 to 31000 g/mol (Section 5.1.1) and
the chemical structure of the final product was proven by both FTIR and NMR (Figure
33, Section 5.1.4). Although the molecular weight of PSI may seem low compared to
commercially available poly(ethylene oxide), poly(lactic acid), poly(ethylene glycol),
etc. as it will be shown in the thesis it is high enough for the preparation of fibers. It is
also important to note that the availability of PSI in the market is very limited. For
example Shandong Yuanlian Chemical Co., Ltd sells 1 metric ton of PSI for about
4000 USD, which is a good price however their product’s quality for biomedical
application is questionable.

6.1 Preparation of PSI fibers by electrospinning

All the most important setups and compounds for the electrospinning of PSI can
be found in Table 1. PSI has only 3 known solvents, such as DMF, DMSO and
n-methylpyrrolidone [57, 62]. Although several trials were made, electrospinning PSI
from DMSO was not successful, only electrospraying, thus particle formation could be
achieved. On the other hand, even though DMF has a high boiling point and low vapor
pressure, it proved to be a good solvent for fiber formation from PSI. Polymer

concentration highly affects electrospinning and fiber properties [120], thus it was
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necessary to investigate the optimal polymer concentration for the PSI/DMF system. In
line with data available of other polymers/solvent systems in the literature [121], at low
polymer concentration (15 w/w% and 17.5 w/w%) only electrospraying occurred while
at 22.5 w/w% fibers with beads and finally at 25 w/w% smooth fibers could be prepared
(Figure 28, Table 1).

PSIsp10 membrane and its fibers were chosen as reference for most of the
comparisons of different setups, therefore it was thoroughly investigated by different
microscopic techniques. Both light microscope (Figure 30), AFM (Figure 31c) and
SEM (Figure 32) showed that the fibers have clean and smooth surface and according
to light microscopy have an average fiber diameter of 500 £ 60 nm (Figure 31a), which
was confirmed by AFM height data as well (550 + 70 nm) (Figure 31b) for samples
originated from the same batch of PSI. However, PSI fibers prepared with the same
parameters yielded fibers with different average diameters depending on the PSI batch
used for preparation. For example the average diameter of PSI fibers used for post
electrospinning cross-linking (PSI-DAB) was 911 + 41 nm, whereas in the experiments
related to the effect of collector distance on fiber preparation it was 1.28 £ 0.06 um
(Table 5). Since the only difference in the preparation of these samples was in the
molecular mass of PSI batches, one can conclude that the reason behind the variety of
fiber diameters is the molecular mass of PSI This is supported by the fact that polymer
molecular mass affects solution viscosity, polymer-polymer interactions hence
electrospinnability and fiber properties [122, 123]. In general, the longer the polymer
chains are in a solution, the higher the viscosity which affects electrospinnability
similarly to polymer concentration (Figure 28). Macroscopically the distance between
the collector and needle had impact on overall fiber distribution on collector (Figure
29), however its effect on average fiber diameter was not significant for the PSI/DMF
system (Table 5). With high collector distance the jet has a longer flying time to the
collector thus longer time for elongation and solvent evaporation, which leads to thinner
fibers [124]. While lower distance leads to higher electric field strength and thus faster
jet movement and lower time for the jet to reach the collector which can result in fused
fibers due to partial evaporation of the solvents [125]. It seems that the larger the
collector distance, the thinner the PSI fibers are which is in a good agreement with the

study of Ayutsede et al. [124] however the experimental data available for the PSI/DMF
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system is not enough for proper justification. As it was expected, both FT-IR and NMR
analysis showed that electrospinning did not alter the chemical structure of the polymer
(Figure 33).

6.2 Cross-linked fibers by electrospinning

Electrospun fibrous membranes dissolve rapidly in their solvents due to their
high surface area, thus in most of the cases in biomedical application suitable polymers
are limited to non-water soluble but biocompatible and biodegradable ones. Therefore,
it is necessary to develop techniques by which water soluble polymers can be made
available in fibrous forms for this field. One possible way to prevent the fast dissolution
of such polymer fibers is to create cross-links between the polymer chains, thus creating
a polymer network inside the fibers [109]. Such systems would not dissolve upon
immersion into their solution, but uptake the surrounding fluid and swell, hence forming
a gel [48]. As it was described in Section 2.2 hydrogels are very similar to the soft
tissue in general, which resemblance could be further enhanced by preparing hydrogels
out of hydrogelfibers.

An obvious method for cross-linking during electrospinning (reactive
electrospinning) would be to directly mix the cross-linker and polymer in one solution
and electrospin it [92]. However as the cross-linking goes on, the viscosity of the
solution is continuously rises till it solidifies (gelates) and inevitable blocks the nozzle
used for electrospinning [62]. This way only a batch-to-batch electrospinning can be
achieved which seriously limits productivity and due to the change in viscosity —as it is
important parameter affecting fiber morphology- fiber morphology would be very
diverse in one batch [92]. Higher productivity and better control over morphology can
be achieved with electrospinning in a continuous way, however up till now not many
methods have been developed (Section 2.3.1).

Even though there are already means to prepare cross-linked fibers, it is still
necessary to develop new methods to make more and more polymers available in
fibrous forms for biomedical applications. There are three methods described in this
thesis, which are based on PSI but could be used for other polymers if the necessary

properties are available. These are based on thiol-disulfide chemistry (Section 6.2.1),
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heterogeneous cross-linking by immersion of fiber membrane into the cross-linkers

solution (Section 6.2.3) and coaxial electrospinning (Section 6.2.4).

6.2.1 PSI-CYS reactive electrospinning

During the reactive electrospinning of PSI-CYSE there are two simultaneous
reactions affecting electrospinning and fiber morphology. One is the modification of
PSI by CYSE (Figure 13) and the second is the formation of disulfide bonds as cross-
links between the PSI chains (Figure 17). These two reactions could not be separated
however there was an optimal reaction time for the modification, after which smooth
fibers were formed. Different reaction times were tested to determine the minimum
reaction time for the preparation of smooth fibers (Figure 37). As the reaction went on
the amount of thiol sidechains and inevitably cross-links continuously risen, hence first
spheres were electrosprayed then with reaction time of 50 minutes there were enough
cross-links and polymer-polymer interaction for smooth fibers to be formed. And thus
for the preparation of PSI-CYSE the reaction time was always 50 minutes. In the
electrospinning of PSI-CYSE, due to the cross-linking reaction (formation disulfide
cross-links) shown on Figure 17, the viscosity of the solution in the syringe
continuously rose just as in any gelation process. Although the rate of the cross-linking
reaction inside the syringe was much lower than in open air, it still affected the viscosity
of the spinning solution as well as fiber morphology. With 50 minutes reaction time for
the synthesis of PSI-CYSE electrospinning was possible for at least 1 hour, hence it is
safe to say that the electrospinning window for this system (time before gelation blocs
the nozzle) is 1 hour.

Depending on the batch of PSI-CYSE, its reactive electrospinning had two
outcomes: either fibers with beads (Figure 38a) or smooth fibers (Figure 38 b, ¢ and
d) were obtained. The explanation for bead formation is the following: in the flying
period of the jet there is a constant elongation leading to thinner and thinner fibers,
while the surface tension of the solution is trying to split the jet up into spheres (a
similar example is running tap water which splits its stream up into water particles after
a certain distance from the tap). This means that at high surface tension electrospraying
or fibers with beads are produced. However other solution parameters, such as high

viscosity works against bead formation, which in the case of PSI-CYSE continuously
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changes. And thus a variety in fiber morphology can be originated from the
continuously changing solution parameters in PSI-CYSE.

Average fiber diameter according to AFM was 90 + 30 nm (Figure 38e), while
according to SEM it was 850 + 40 nm (Figure 38f). The main difference between the
samples used for AFM and SEM, is that AFM samples were collected at the beginning
of the spinning process, when the viscosity of the solution is low, (Section 4.9.2)
whereas in the case of SEM the final membrane was measured (Section 0). In the case
of SEM, fibers prepared from solution of high viscosity were measured, however small
fibers can be still found in SEM samples (Figure 38c). Since viscosity directly affects
fiber diameter and it rises throughout the spinning window, fiber diameter inevitably
changes during the electrospinning process. Tang et al. experimented with
electrospinning the mixture of poly(vinyl alcohol) (PVA), glutaraldehyde and
hydrochloric acid. In their case PVA was cross-linked by glutaraldehyde in acid
catalysis both inside the syringe and after the jet left the nozzle. Since cross-linking took
place in the syringe they also came to the conclusion that only a batch-to-batch
electrospinning can be achieved with a well-defined time interval for the
electrospinning of each mixture [92].

Sterilization is essential for implants in medical fields and thus it was important
to search for a suitable method for the sterilization of PSI-CYS fiber membranes. The
most convenient method is dry heat sterilization where samples are kept at high
temperatures for a certain amount of time. However, this method is only applicable in
the case of heat resistant materials. Thermoanalytical curves (thermal gravimetric, TGA
and differential thermal analysis, DTA) for electrospun PSI (reference) and PSI-CYS
indicate structural differences between the fibers (Figure 39). It can be seen that in both
materials there is a slight reduction in mass accompanied by an endothermic reaction till
about 120 °C, which can be described by the evaporation of remnants of DMF or
absorbed water. This can be also observed on Figure 39c, where TG is measured in an
open container with conditions during dry heat sterilization, whereas according to the
FTIR measurement (Figure 40) there was no change in the chemical structure of
PSI-CYS after heat treatment. Consequently, dry heat sterilization at 160 °C for 120
minutes is a suitable method for sterilization of PSI-CYS membranes.
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6.2.2 Electrospinning of magnetite doped PSI (PSI OAMagn) and PSI-CYS
fibers (PS1 CYS OAMagn) - 3D electrospinning
Although results related to PSI and PSI-CYS fibers doped with magnetite were

presented separately in the results section, they are discussed together to promote better
understanding.

The addition of nano particles into fibrous systems prepared by electrospinning
Is a widely used technique to obtain membranes with higher functionality since in these
cases properties of both fibers and nanoparticles can be incorporated into one system
[126-129]. Although the easiest way to trap particles into fibers is to directly mix them
into the solution used for electrospinning, it is a rarely used method, since particles tend
to aggregate in the presence of high polymer concentrations used in electrospinning.

It is well-known that solution properties can change drastically in these
mixtures, as it was in the case with PSI solution and magnetite, since solution viscosity
rose to 7 times at 5 w/w% magnetite concentration in PSI-OAMagn3 (Table 7)
compared to that of the pure 25 w/w% PSI/DMF solution’s (Table 1). Magnetite
influenced electrospinning and the resulting fibrous system as well. In most of the cases
clots were found along the fibers, which are supposedly aggregated magnetite particles
(Figure 36). It is not yet clear whether magnetite aggregated during electrospinning
(due to the electric field) or as it was mixed into the PSI solution or it was already
aggregated before addition. However, the latter is more probable, since the magnetite
used for the experiments was a smudge (after preparing the magnetite the solvent was
removed with acetone then a slow drying process was applied). There is no information
whether the magnetite in this “dry” state is aggregated or not (nor is it possible to
determine), however from a previous experimental work it is known, that it cannot be
dispersed in pure DMF [130]. Therefore, it is highly possible, that it stayed in the same
state inside the polymer solution as it was before (possibly aggregates), causing the
electrospinning to result in fibers with magnetite clots. In the mixture of PSI-CYSE and
magnetite there were no clots visible under AFM (Figure 41), however this system is
more complicated from a chemist’s point of view. PSI-CYSE (depending on the
grafting ratio) has thiol groups which can be easily adsorbed by magnetite. This method
is often used in the surface modification of magnetite [131]. Therefore, the oleic acid

(which stabilizes magnetite) can be desorbed from the surface while the thiol groups
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and with them the polymer itself can be adsorbed. The size of PSI molecules used for
the modification was about 30 kDa (Section 5.1.1) which is huge compared to the size
of commonly used polymers for stabilization therefore it is highly possible, that one
polymer molecule attached to more than one particle [111, 132]. There was definitely
interaction between the thiol groups and the particles, since at high thiol concentration
(PSI-CYS-OAMagnl, 2) (Table 7) the solutions gelated roughly immediately after
mixing the components together, prohibiting electrospinning, whereas at lower thiol
concentration (PSI-CYS-OAMagn3,4, 5) it was possible to electrospin it. Due to the
physical/chemical interactions between the particles and the polymer in solution as well
as in the clots, fiber diameter rose in general: for example in the case of PSI-OAMagn3
it was 1.43 £ 0.5 um (Figure 36b) whereas in the case of PSIspl0 where the same
polymer concentration was used it was 550 = 70 nm (Figure 31b). Also for PSI-CYS-
OAMagn3 the average diameter was 500 + 100 nm (Figure 41c) while for PSI-CYS of
the same chemical composition it was 90 + 30 nm.

Magnetite affected not just the microscopic but the macroscopic structure of the
membranes as well. In both systems (with or without thiol groups) there were cases
when a loose, 3 dimensional fibrous structure emerged from the collector (Figure 34,
Figure 35, Figure 42), while in other cases it was only a flat sheet. In the case of PSI-
OAMagn3 it even reached several centimeters in height (Figure 35). There are only a
few articles in the literature related to 3D electrospinning, but the general opinion is that
charge accumulation in the fibers is causing fiber-fiber repulsion leading to a loose
structure [133, 134]. Systems subjected in this thesis are more complex and cannot be
described that easily since there are several properties and interactions that need to be
taken into consideration for working out a theory. Just to mention a few, which
supposedly affect the resulting structure directly: particle-electric field interactions
(given the super paramagnetic property of magnetite); polymer-particle interactions;
alteration in solution properties such as viscosity, conductivity etc. due to the addition
of particles.

Magnetite is superparamagnetic, which property can be exploited in several
fields in medicine ranging from imaging to cell culturing [111, 135]. In all cases, even
with low magnetite concentrations, the PSI based magnetite doped membranes could be

attracted and deformed by a non-uniform external magnetic field (Figure 42) The
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mechanical stress induced by magnetic interaction may play a decisive role in efficient
cell growing which is supported by many studies explaining that a small and controlled
mechanical stresses enhance cell proliferation [136-140]. This combined with the high
porosity and real 3D structure of these systems can result in new matrices with high

functionality for in vitro cell growing.

6.2.3 Post electrospinning (PSI-DAB, PSI-CYS-DAB, PSI-THD)

The idea for the implementation of post electrospinning cross-linking was to
immerse the fibrous membrane into the solution of cross-linker to prepare cross-links
between the polymer chains inside the fibers. To see whether this concept is valid,
PSIsp10 membranes were immersed into the solution of 0.5 M DAB/EtOH solution for
different time periods and then washed with DMF to check dissolution. After only 10
minutes of cross-linking the samples did not dissolve in DMF as a proof that the cross-
linking reaction took place, however the 1 x 1 cm square membranes were deformed
compared to the original dry membrane (Figure 43a, b). With reaction times longer
than 10 minutes, samples maintained their shape without any noticeable difference, and
thus one can conclude that the necessary reaction time for cross-linking is at least 10
minutes for this system. Also more than 1 hour immersion time (cross-linking time)
yielded similar samples with well retained shape and morphology (Figure 43c).
Compared to the PSIsp10 used in this series (average fiber diameter was 911 + 41 nm)
the average fiber diameter of PSI-DAB was a slightly smaller 800 + 30 nm in the case
of 10 minutes of reaction time (Figure 44a, b). The explanation to the diameter change
by about 100 nm could be that DAB is a basic chemical with a pKa value of 10.80,
which might not just cross-link PSI but also hydrolyze it, leading to the reduction in
fiber diameter. The success of cross-linking was confirmed by FT-IR analysis (Figure
61a).

It was also tested whether it is possible to further cross-link PSI-CYS fibers
(CYS is a redox sensitive cross-linker containing a disulfide bond) with DAB, (as a
non-redox sensitive or permanent cross-linker). The aforementioned fibrous membranes
were immersed into the usual DAB/EtOH cross-linking solution for 3 hours. As it was
shown before in the case of PSI-DAB fibers, there was no difference between samples

with cross-linking times longer than 1 hour. Therefore, it was decided to immerse the
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PSI-CYS membranes into DAB solution for 3 hours to ensure proper cross-linking with
DAB. Without DAB cross-linking these membranes would have dissolved due to the
cleavage of disulfide cross-links in reducing environment. It is worth mentioning, that
macroscopically there was no visible change in the texture of the samples after cross-
linking with DAB whereas the fiber diameter did not change significantly (760 +44 nm)
compared to the precursor’s average diameter of 850 = 40 nm (Figure 45a and b). This
slight decrease in diameter is very similar to the decrease in PSI fiber diameter after
cross-linking with DAB and thus the possible cause is the same for this phenomenon. In
these double cross-linked samples, the redox sensitive disulfide bonds represent a weak
cross-link while DAB a sort of permanent one. Redox sensitivity and its use in materials
science will be explained later in Section 6.3.2.3. The success of cross-linking in PSI-
CYS-DAB was confirmed by FT-IR analysis (Figure 61b).

In another case post electrospinning cross-linking was tested with the PSI-THD
system where PSI membranes were treated in either 0.5 M THD/EtOH or pure THD for
different amount of times. Since the resulting PSI-THD membranes were transformed
into PASP based membranes immediately after cross-linking, the relating results are

discussed later in Section 6.3.2.2.

6.2.4 Coaxial reactive electrospinning of PSI and THD

In coaxial spinning, a coaxial nozzle is used, through which a core and a shell
solution can be pumped separately and the two solutions get in contact with each other
only at the tip of the nozzle (Figure 19a) [141]. The idea behind gelfiber preparation via
coaxial electrospinning is to feed the cross-linker in the core and the polymer in the
shell of the needle. Since cross-linking of polymer only happens when the two solutions
get in contact and/or mix together, it would only start as the jet leaves the nozzle.
However, with the small diameter of the needle and high viscosity of the solutions in
coaxial electrospinning, those two would never mix (laminar flow), which would
prohibit the mixing of components, thus gelation. But one must consider that during
electrospinning as solvents evaporate (if the cross-linking can happen in a
heterogeneous reaction) it might be possible to cross-link the polymer shell as the cross-

linker diffuses out from the core. Hence, if the processing parameters of such
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electrospinning are set right, a continuous gelfiber formation could be achieved without
blocking the nozzle by the gelated polymer matrix [92].

As a reference for comparison, fibers containing only PSI were prepared by
pumping only the shell solution in the coaxial needle with an empty core during
electrospinning. As shown in the SEM pictures (Figure 46b), the PSI fibers were
smooth without any major defects. The average fiber diameter was 595 + 44 nm
(Figure 47g) in a good agreement with the average fiber diameter obtained from
standard, single needle electrospinning (500 £ 60 nm) (Figure 31a, b).

In this type of electrospinning, it is critical to choose a sufficient cross-linker as
a reactant since the solidification of the cross-linker could cause deformation of fibers
or even prohibit proper spinning while the solvents evaporate during electrospinning.
Although DAB has been shown to be a good candidate for cross-linking PSI [53], it is
in solid crystalline state at room temperature, and thus it would cause problems during
electrospinning upon the evaporation of solvents. In contrast THD is a liquid at room
temperature, hence it cannot cause problems of solidification upon evaporation of
solvent. THD has two primary amine functional groups which can react with PSI chains
(Figure 15b), eventually forming a cross-linked network (Figure 46a). In coaxial
electrospinning the gelation time (the time necessary for the mixed solution to lose its
liquid properties) is very important as there is a well-defined time interval for the
gelation [51]. The beginning of this narrow time frame is when the two solutions first
get in contact at the tip of the nozzle, while the end is when the mixture reaches the
target. If gelation is too slow, electrospinning will not result in cross-linked fibers. If it
is too fast, the gelated solution might block the nozzle and prevent continuous
electrospinning. Gelation time can be adjusted by the amount of cross-linker, but
usually there is a critical concentration of cross-linker for gelation. As a rule of thumb
one can say that the more cross-linker is mixed in, the faster the gelation gets, although
properties of gels (such as elasticity) also changes with the amount of cross-linker [57].

In this case, instead of varying the concentration of THD in core-solution, the
amount of cross-linker (0.5 M THD in DMF solution) was changed by applying
different feeding rates (Table 4). Since the feeding rate of shell polymer solution was
fixed, by varying the core feeding rate, the ratio of feeding rate of the core to the shell’s

was varied as well. Although smooth fibers were obtained with low feeding rate of the
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core solution (0.12 ml/h, PSI-THD1, Figure 47a), these fibers dissolved in DMF due to
the insufficient number of cross-links. At higher feeding rate (0.74 ml/h, PSI-THD3,
Figure 47b) of the core solution the core and shell solutions broke up at the tip of the
nozzle and the spinning of the shell and the spraying of the core took place alternately,
resulting in a membrane containing spheres and fibers. At 0.5 ml/h of core feeding rate
(PSI-THD2, Figure 47c, d) a stable fiber formation resulted in fairly smooth fibers
where the membrane did not dissolve in DMF, proving the presence of a sufficient
number of cross-links inside the matrix. Hence, the best feeding rate for core was 0.5
mL/h.

Compared to pure PSI fibers (Figure 46b), THD slightly changed the
morphology of the fibers. A large number of droplets incorporated into fibers could be
found in all fibrous matrices containing THD. It can be originated from the jet
instability caused by the large viscosity difference between PSI solution (~1.8 Pas) in
shell and THD solution in core (~1 mPas) as well as the ongoing chemical reaction
during fiber formation. It is also important to note that in PSI-THD2 the presence of
cross-linker reduced the average fiber diameter significantly (305 + 41 nm) compared to
the PSI fibers (595 + 44 nm) (Figure 47g). The reduced fiber diameter can be originated
from the differences between the core and shell solution, meaning that the same
electrical field could elongate more fibers when both solutions were fed into the nozzle.

In order to raise jet stability and eliminate the difference in viscosity between the
core and the shell solutions, polyethylene oxide (PEO) was mixed to the cross-linker
solution, thus the viscosity of the mixture got closer to the viscosity of shell solution.
Previous works indicate that PEO is an ideal candidate to improve the electrospinning
process or serve as template to assist the formation of electrospun fibers from
unspinnable polymers [142]. After optimization, it was found that 2 w/w% PEO in the
core solution could significantly increase jet stability (the viscosity of this THD-PEO
mixture was ~60 mPas) and resulted in smooth fibers without beads (PSI-THD-PEO,
Figure 47e, f). In addition, PEO also made the spinning process easier to control with
less occasions of blockage of nozzle due to gelation. It is important to note, that
although cross-linking, hence the opening of imide rings was observable in FT-IR, the
characteristic absorption bands of PEO were not observable on the spectra (Figure 48).

This indicates that PEO is not present at the surface of fibers but trapped inside the core.
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This observation was similar to Goncalvez’s reports that the core component of PVA
inside PLA shell could not be observed by ATR-FTIR [143].

The resultant PSI-THD-PEO fibers showed an average fiber diameter of 320 +
42 nm, which is only a slight change compared to PSI-THD2 (305 £ 41 nm) (Figure
47g). The obtained PSI-THD-PEO fiber membrane did not dissolve in DMF, due to
enough cross-links inside the fibers (Figure 64b), confirming the successful concept of

coaxial reactive electrospinning.

6.3 Poly(aspartic acid) based gelfibers and their properties

PSI can be hydrolyzed in alkaline environment (pH>7) creating water soluble
poly(aspartic acid) (PASP) (Figure 20) [6, 13, 51, 53, 55, 57]. Owing to the peptide-
based structure, PASP and its derivatives are good candidates for biological
applications, but their solubility in water or in physiological conditions prohibits their
use as medical implants. The use of PSI for implantation is also hindered, since
dissolution of a PSI based fibrous membrane due to hydrolysis happens in less than one
day (Figure 49) [53]. This limiting factor can be overcome by incorporating chemical
cross-links between the linear PASP chains, as it prevents the dissolution of the material
in physiological conditions. Hence upon hydrolysis the resulting PASP based network
does not dissolve, but only swells in aqueous environment creating a web of
hydrogelfibers. Since PASP is not as reactive as its anhydride PSI, the strategy was to

introduce cross-links into the PSI based fibrous systems then turn them into the PASP.

6.3.1 PASP based gelfibers with disulfide cross-links (PASP-CYS)

Dissolution of PSI-CYS membranes due to hydrolysis was prevented by the
disulfide bonds between the PSI chains inside the fibers. Membranes reached their
equilibrium form in pH 8 buffer solution in 15 hours and grew by 2-5 % compared to
the original dry form (Figure 50). Macroscopically these samples were transparent
(Figure 51a) and looked very similar to PASP based bulk hydrogels in water (Figure
51b). The reason behind this is that the fibrous membrane is composed of swollen
PASP gelfibers, which should have similar transparency to that of the bulk gel’s in
general and there is a high amount of water stored both inside and between the fibers.
Light refracts, thus changes direction upon entering into another medium with different
index of refraction (Fermat’s principle). Naturally the gelfibers and the water between
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the fibers have a different refractive index, but due to the low polymer concentration in
the fibers those must be very close to each other, which enables transparency.

To ensure that the fibrous structure was retained after hydrolysis, microscopic
analysis was carried out on PASP-CYS membranes. AFM enables us to investigate
samples in solvents in near atomic resolutions. However, the floating fibers often stuck
to the cantilever or moved away from the surface preventing proper imaging. Therefore,
for AFM analysis samples were always washed with ultrapure water and carefully dried
onto cover glasses before analysis. AFM suggested that the fibrous structure was
retained after hydrolysis, however due to the adhesion of fibers during the drying
process it was not possible to determine whether fibers were separated, deformed or
fused together (Figure 52). To investigate the real structure of the fibrous membrane,
SEM analysis was carried out on previously washed and freeze-dried samples. As it can
be seen on Figure 53 the fibrous structure was partly retained, with fibers fused
together and deformed during hydrolysis. The reason behind this can be that there are
enough cross-links formed during reactive electrospinning for the samples not to
dissolve, however not enough for the fibers to retain their clean fibrous form (notice the
bulks at the fiber junctions in Figure 53). This is a very common problem of
hydrogelfiber membranes since in most of the cases fibers are deformed and fused after
immersion into PBS or simple distilled water [54, 92, 93, 109, 144, 145]. However, it is
possible to retain the complete fibrous structure of the hydrogelfibers upon immersion
into water as it was shown by Knierim et al. In their work, they coated the PVA fibers
with poly(p-xylylene) by chemical vapor deposition method. According to their article
the fibrous structure was completely maintained [146].

All in all PASP-CYS membranes can be still considered as fibrous membranes,
thus the objective of preparing PASP based hydrogelfibers by the thiol-disulfide

chemistry based reactive electrospinning was successful.

6.3.2 PASP based gelfibers by post electrospinning cross-linking

In post electrospinning cross-linking, the polymer network is created posterior to
electrospinning inside the fibers. In this section results related to PASP based gelfibers

synthesized by post electrospinning cross-linking are discussed.
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6.3.2.1 PASP based gelfiber membranes with DAB cross-links and their pH
responsivity

PASP-DAB samples were prepared by the hydrolysis of PSI-DAB membranes.
Samples were prepared by two ways: in “route a” after cross-linking of PSI-DAB
samples they were immediately washed in ultrapure water then placed in pH 8 buffer
solution for hydrolysis, whereas in “route b” after cross-linking of PSI-DAB samples,
they were washed with DMF thoroughly then put into pH 8 buffer solution(Figure 21).
In “route a” washing with ultrapure water did not dissolve the non-cross-linked
polymer, and thus cross-linking might have continued during washing and hydrolysis;
but in “route b” the non-cross-linked polymer and the remnants of DAB were
immediately washed away, preventing further cross-linking during hydrolysis. This
difference between the two routes was observable at 10 minutes of cross-linking time,
where after hydrolysis the sample from “route a” was a very soft, slightly opaque sheet
(Figure 54a), while “route b” resulted in a smaller, distorted sample (Figure 54b). This
difference diminished at cross-linking times longer than 1 hour where samples from
both routes looked the same swollen opagque quadrangles with slightly bigger size
(approximately 5 %) (Figure 54c and d). One can conclude that with 0.5 M DAB/EtOH
solution a minimum of 10 minute of cross-linking time is necessary to retain the PSI
membrane’s macroscopic morphology after hydrolysis. The chemical structure and the
success of hydrolysis was confirmed by FT-IR analysis (Figure 61a).

Although cross-linking alone did not change fiber morphology in PSI fibers
(Section 6.2.3, Figure 44a and b), hydrolysis did. As evidenced by SEM on washed
and freeze-dried PASP-DAB samples (with 1 hour cross-linking time) fusion of fibers
happened in two ways: in a very few cases fibers fused into flat sheets where fibers
were parallel and touched each other (Figure 56a) or created an interconnected fibrous
structure with connection point where fibers touched each other in any other degree
(Figure 56b), supposedly both happening during hydrolysis. Zhang et al. reported a
similar method for the post electrospinning cross-linking of PSI fibers with
1,2-diaminoethane in methanol solution, where, due to hydrolysis, the fibrous structure
was severely damaged [83]. In contrast to their work, cross-linking with DAB proved to
be a better option for retaining the fibrous structure of PASP-DAB. Juriga et al. recently

reported the auto fluorescent property of PASP based bulk hydrogels [53]. This was also

96



DOI:10.14753/SE.2018.2178

tested on PASP-DAB fibrous membranes, where they showed the same autofluorescent
property (Figure 67a).

PASP shows pH sensitive character due to carboxylic groups on the polymer
repeating units. The pH responsivity of PASP-DAB was tested using disks of 3 different
initial sizes (Figure 62a, d, g). After cross-linking and hydrolysis in pH 8 buffer
solution those turned into PASP hydrogel disks and swelled significantly while in the
next step in pH 3 buffer solution they shrunk. The area of the disks were calculated and
it turned out that the swelling and de-swelling was repeatable throughout the 4 cycles of
buffer changes (Figure 63a). While the described pH responsivity of PASP-DAB
membranes is in line with the behavior of PASP based bulk hydrogels [48] there was
one aspect where a difference was found. Swelling ratios of the disks are collected on
Figure 63b and Table 8 which suggest that the bigger the average initial size of a disk
is, the smaller the average of the relative change in the size of the gel disk. In other
words, the bigger the disk is, the smaller the change between the swollen and the de-
swollen states. However the swelling degree of a hydrogels of the same composition is
independent of the initial size [13, 147]. It is also important to note that the bigger the
gel disk is, the more time it needs to reach its equilibrium size during swelling and de-
swelling [13, 148]. And thus there can be two possible explanations to why the fibrous
membranes behaved differently compared to bulk gel disks: either the fibrous
membranes did not have enough time to reach their equilibrium size during the
measurements or the structural difference between bulk gels and fibrous gels caused it.
However the smaller a hydrogel is, the faster it reaches its equilibrium size, therefore in
the case of hydrogelfibers of the size of PASP-DAB used in the experiment, 24 hours is
more than enough to reach equilibrium [13]. Therefore, the possible explanation is that

the gel disk composed of fibers swells slightly differently compared to bulk hydrogels.

6.3.2.2 PASP based gelfibers with THD cross-links (PASP-THD)

Although THD (Figure 19) and DAB (Figure 16) are quite similar molecules,
their applicability in post electrospinning cross-linking was different. Cross-linking in a
heterogeneous reaction with 0.5 M THD/EtOH only yielded fiber membranes which
dissolved upon hydrolysis in pH 9 buffer solution due to the insufficient number of

cross-links. However, treatment of PSI fiber membranes with pure THD resulted in
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membranes which did not dissolve after hydrolysis. Upon inspection with SEM, it was
found that although 1 hour reaction time was enough to maintain the integrity of
samples, the fibrous structure was almost completely diminished. Only flattened and
fused “fibers” could be found (Figure 59a). At two hours a better fibrous structure was
found, however there were still fusion and damage of the fibers (Figure 59b), while 3
hour reaction time yielded a fine fibrous structure (Figure 59c). And thus THD is

another possible cross-linker for post electrospinning cross-linking of PSI fibers [54].

6.3.2.3 Double cross-linked PASP based gelfiber membranes in oxidized
(PASP-CYS-DAB) and reduced state (PASP-CYSE-DAB)

Double cross-linked PSI-CYS-DAB fibrous membranes did not dissolve upon
hydrolysis leading to the conclusion, that there were enough cross-links in the
membrane. During hydrolysis membranes changed their texture into slightly opaque
ones (Figure 57a), while according to SEM their fibrous properties were retained
(Figure 57b, c). It was previously shown, that upon hydrolysis PSI-CYS fibers fuse
together (Figure 53), while in this case, PSI-CYS-DAB fibers retained their
morphology. The solely DAB cross-linked fibers also yielded PASP based fibers with
better morphology (Figure 56), and thus no wonder the addition of DAB cross-links
into this system helped. The change in the chemical structure upon hydrolysis was
confirmed by FT-IR analysis (Figure 61b)

Disulfide bridges are widely used redox sensitive cross-links in drug delivery,
since those can be cleaved via reduction by glutathione in vivo or by D,L-dithiothreitol
(DTT) in vitro (Figure 22) [149]. In vitro DTT can be used to mimic the reducing
environment in the body caused by the increased glutathione level. This way gel carriers
can be prepared with programmable dissolution [55]. However, this property in the case
of long term implants (more than 2 weeks) is not welcome, since materials solely based
on disulfide bridges, just as the one reported by Juriga et al., might dissolve too early,
leading to complications [53]. If there is another non-redox sensitive cross-link in the
system, the implant would not dissolve, only thiol side-chains would be created only
inside the matrix, which could be used as a tool for mucoadhesion in vivo [150] or cell
adhesion enhancement in vitro [53] and drug conjugation via thiol groups [151]. In
PASP-CYS-DAB fibrous membranes DAB represents the permanent cross-link which
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cannot be cleaved by DTT, and thus by immersion of PASP-CYS-DAB membranes into
DTT solution, PASP-CYSE-DAB was obtained (Figure 22). According to SEM,
although the fibrous structure was mostly retained (Figure 58a, c), there were sites
where fibers adhered together, creating bundles (Figure 58b, d). FT-IR analysis of
PASP-CYSE-DAB could not prove the success of the reduction, since neither disulfide
nor thiol groups are observable by this technique (Figure 61b). In conclusion,
chemically stable, fibrous, hydrogel membranes could be prepared with thiol groups
embedded by the incorporation of reactive electrospinning, post electrospinning cross-
linking and further treatments. As Juriga et al. showed bulk hydrogels of similar
chemical structure could be applied in in vitro cell culturing excellently [53], which

might be further enhanced by switching from bulk matrices to fibrous membranes.

6.3.3 PASP-THD based gelfibers via coaxial electrospinning and their pH
responsivity

Both PSI-THD2 and PSI-THD-PEO could be hydrolyzed into PASP-THD2 and
PASP-THD-PEO respectively without any change to their integrity. In the case of
PASP-THD2, fused or connected fibers with porous structure were observed with a thin
layer of polymer sheet between them (Figure 60). The presence of polymer sheet
suggests an incomplete cross-linking during electrospinning, which is present at
different degrees in all the prepared fibrous samples. One of the reasons for this
phenomenon can be that the cross-linker does not have enough time during
electrospinning to fully cross-link the whole fiber mass. Therefore, after dipping the
fibers into solutions for hydrolysis, while dissolving, the cross-linking can continuously
happen inside the fibers resulting in the sheets between the fibers. Also, as there is
laminar flow in the syringe there is no mixing of the two solutions. This way cross-
linking can only happen at the surface of the two solutions, unless the cross-linker
diffuses into the shell solution during electrospinning.

In the first step of the preparation of PASP-THD-PEQ, PSI based samples were
washed with DMF. After merging the dry electrospun PSI-THD-PEO membranes
(3.03+0.13cm?) (Figure 64a) in DMF, membranes shrunk until the unreacted
chemicals were washed out and the fibrous sheets got into equilibrium state with their
surroundings (1.28 + 0.05 cm?) (Figure 64b). However, in pH 9 buffer solution, as the

99



DOI:10.14753/SE.2018.2178

hydrophobic PSI based gels turn into hydrophilic PASP based gels, they swell
significantly (~39% area change) and become transparent (Figure 64c). These PASP-
THD-PEO samples looked like bulk gel sheets macroscopically, while SEM on freeze-
dried sample showed that although there were connected and fused fibers, the fibrous
structure remained after hydrolysis (Figure 64e, f). As opposed to PASP-THD?2 there
were no flat sheets between the fibers which can be explained either by the fast washing
with DMF (thus the remaining cross-linker does not have time to cross-link during
hydrolysis), or the presence of PEO stabilizes the samples during hydrolysis or both. It
is also important to note that the low pore size between fibers in electrospun samples
can be a limiting factor in their usage in in vitro cell culture, because cells usually settle
at the surface of such samples rather than penetrating into them [152]. There were
several successful attempts to raise pore size in electrospun membranes based on
self-assembly [153], templates [154], alternating current electrospinning [155], etc. In
those methods high porosity is obtained via electrospinning directly, while in the case of
PASP-THD-PEO due to chemical treatment as fibers fused together. All in all, both
fiber diameter and pore size (between fibers) grew significantly in PASP-THD-PEO
membranes which can enable cell mobility inside the membrane. Therefore, the highly
porous structure of gelfibers is favorable for cell migration inside the matrix, as the pore
size in these samples is comparable with the size of cells (~10-30 um) [156].

PASP based gels show volume change upon change in environmental pH due to
the different protolithic state of carboxyl groups on the polymer backbone. Accordingly,
samples were in a swollen state (in the maximum size of 7.37 + 0.11 cm?) in alkali
medium (pH 9, Figure 64c), while in acidic environment they shrank (5.04 + 0.07 cm?,
pH 4, Figure 64d), which is in good agreement with the behavior of PASP based bulk
gels [13]. It is interesting to note that the size change of randomly deposited fibers
inside the sample can cause a 39% size change macroscopically in the whole area of the
sample, which was reproducible throughout the 4 cycles (Figure 64g). It was expected
to see change in the transparency of samples in different states, however as seen with

naked eye, there was no difference between the swollen or the shrunken state.
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6.4 Comparison of electrospinning based methods for preparation of
gelfiber membranes

Three different methods are represented in the thesis for the electrospinning
based preparation of hydrogelfibers: reactive electrospinning based on thiol-disulfide
cross-linking (Section 6.2.1), post electrospinning cross-linking (Section 6.2.3) and
coaxial nozzle based reactive electrospinning (Section 6.2.4). For better understanding

important properties of these methods are collected on Figure 68.

Reactive o hni Coaxial reactive
electrospinning Dipping technique electrospinning

Cross-linker:
0OSM THD/DMF

HS HS 16 mm/
I e
50 mm
/W 10 min “\/’—
i ) Shell polymer:

s v 0.5 M DAB/EtOH 25 w% PSI/DMF

Reactive

Slectiosninting Dlpp.ll‘lg Coaxial re.active
(5-5) technique electrospinning

Cross-links YES v YES
preparation type | R ISR Cortinuous
Hydrogel fibers | YES ' YES YES
pH responsivity NA : YES YES

Figure 68 Comparison of the three methods discussed in the thesis for the preparation
of gelfibers based on electrospinning

One of the main objectives of the research was to develop methods for the
synthesis of fibrous membranes containing polymer networks. All three methods proved
to be fit for this purpose since the prepared membranes did not dissolve in their solvents
after preparation, they only swelled.

Viewing the productivity of gelfiber preparation, while electrospinning of PSI is
continuous, cross-linking of PSI with DAB or THD happens after electrospinning, and
thus the preparation of PSI-DAB / PSI-THD can be also considered a batch-to-batch
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synthesis. Just as the preparation of PSI-CYS, since electrospinning of PSI-CYSE is
also batch-to-batch. In contrast,the coaxial nozzle based reactive electrospinning could
be maintained in a continuous way which raises productivity significantly.

Although hydrogel membranes could be prepared by the hydrolysis of PSI based
cross-linked membranes, depending on their origin the resulting samples were different
in their microscopic structure. Both reactive electrospinning based on thiol-disulfide
reaction and coaxial based reactive electrospinning yielded fused fibers in different
degrees, while post electrospinning cross-linking with DAB resulted in a well-retained
fibrous morphology. Also, combining the standard reactive and post electrospinning
method resulted in better fibrous morphology proving the superiority of post
electrospinning cross-linking in the matter of microstructure.

pH responsivity of the PASP based membranes was only tested thoroughly on
PASP-DAB and PASP-THD-PEO systems. In both cases samples showed pH
dependent macroscopic volume change similar to that of PASP based bulk hydrogels’

reported in the literature [13].

6.5 In vivo biocompatibility and biodegradability of PSI-CYS and
PSI-DAB samples

The purpose of the animal experiments was to investigate the medical
applicability of PSI-CYS and PSI-DAB based membranes as well as to see their
biocompatibility and biodegradability. From a surgeon’s point of view suturability (the
possibility to suture an implant to fix it at a location) and easy handling (the ability of
the implant to withstand the surgical procedure without paying too much attention to the
material’s wellbeing) are the two most important properties required from an implant.
The most important results of the in vivo studies are collected in Table 9. Handling was
easy for both materials and they were implanted without any complication as well.
However, problems could arise from the long term storage of these implants. Not
especially with PSI-CYS, which could be stored in a sealed container for a long time
after sterilization, but with PSI-DAB, which cross-linking and washing/sterilization
should be carried out directly before surgery to prevent damage of the fibrous network
and the separation of membrane layers. Anyway fixation with suture was also

successful without any considerable damage to the implant. Albino rats are commonly
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used animals for this purpose, since this animal model has a huge literature with
well-defined protocols and are big enough for testing small implants [157-160].

Table 9 Comparison of the in vivo performance of PSI-CYS and PSI-DAB
PSI-CYS PSI-DAB

Hydrolysis and swelling by approximately 40 % in size

Mild accute inflamation and foreign body type reaction

No observable degradation

3 DAY IMPLANTATION

No tissue invasion
according to

No tissue invasion according to histopathology
histopathology Attachment of cells to
the surface of the

samples

7 DAY
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Both types of samples were easily handled by the surgical team. There were no
complications during implantation where samples were fixed with one suture each to the
back side of the neck muscle (nuchal ligament), under the skin (sub cutan) (Figure 26).
During the implantation the suturability of the membranes was excellent and neither the
sutures was torn out, nor the membranes were damaged. Without sutures fixing the
samples into one location, in the case of biodegradation it would have been impossible
to tell where the samples were previously positioned. However, based on previous
experiments (not yet reported) and journal articles from other groups it can be said that
often the suture material causes complications instead of the actual implant [161, 162].
During the 3 days (Group A) and 7 days (Group B) observation there were neither
visible irritations, nor misbehavior of the animals or any other complications visible to
the naked eye. The animals behaved just as they did before surgery: normal food intake,
mobility and behavior with the caretakers.

3 days after implantation (Group A) animals were terminated and investigated at
the implantation area. In every case, both PSI-CYS (Figure 65a) and PSI-DAB (Figure
66a, b) samples could be found in their respective animals with natural wound healing
and without any observable complication. However both types of samples grew in their
size by approximately 40% in diameter and turned from the implanted white paper-like
membranes (Figure 26a) to soft swollen gels. In the case of PSI-DAB the same size
change can be observed in vitro as PSI-DAB undertakes hydrolysis in pH 8 buffer
solution and grows in the same degree, from 16 mm original diameter to 21 mm (Figure
62a, b). This strongly suggests that hydrolysis of PSI based systems indeed occur in
vivo, which is the first step in the biodegradation of PSI based materials. During
hydrolysis gels swell and create a pressure, which can be used for example to create
excessive skin tissue for plastic surgery [157]. PSI-CYS and PSI-DAB clearly swelled
during hydrolysis, but they were not causing any irritation in the animals
macroscopically nor creating excessive skin tissue. It is also noticeable on Figure 65a
and Figure 66a, b that after hydrolysis in vivo, the hydrogel membranes were
discolored and not transparent compared to the corresponding samples hydrolyzed in
vitro.

When a foreign object is implanted into a body, its natural response is the so

called foreign body reaction [163]. Usually it is a mild inflammation with granulocytes
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and hystiocytes trying to restore the damaged area to its natural state for example by
attacking or simply segregating the foreign object in a capsule (fibrosis) [164].
Although there is always a foreign body reaction and mild inflammation after any
operation it is highly desirable to keep it to a minimum level. The Hematoxylin-Eozin
staining used for the evaluation of the slides is a two-component staining system. In
very short Hematoxylin is basic/positive and stains the nuclei of a cell with blue by
binding to DNA, while Eozin is acidic/negative and binds to positively charged
substances and amino acid side-chains (cytoplasm in muscle cells, mitochondria, red
blood cells etc.) and marks them pink or red [165]. Histopathology showed that there
was acute inflammation in the tissue surrounding both types of samples proving a
natural response of the animals to the implants. However, in neither case was this
inflammation considerable as a strong reaction. PSI-CYS samples were easily found on
the slides in a rim of new tissue surrounding it, and thus showing natural healing
(Figure 65c), but it seems that fibrin (new tissue) did not invade the membrane. To PSI-
DAB the reaction of the body was stronger, while fibrin, granulocytes and hystiocytes
invaded the side of the membrane, making it difficult to distinguish the original tissue,
the new tissue and the implant. On Figure 66d the black arrows indicate the supposed
boundary between the sample and the tissue whereas both the new tissue and the fibrous
matrix were stained red. Also there are small blue circles in the membrane side of the
slide indicating the invasion of granulocytes into it.

Although results similar to 3 days were expected after 7 days in Group B as
well, significant differences were found between PSI-CYS and PSI-DAB samples. In
the case of PSI-CYS membranes (or in this state PASP-CYS samples) those were either
not found or a soft new tissue replaced them (Figure 65c). This very soft granulation
tissue grew around the stitch but it was easily deformed and removed. Upon cutting it
half, there was no evidence for the presence of any remnants of PASP-CYS observable
with the naked eye leading to the conclusion that these samples degraded and dissolved
in 7 days. As opposed to this PASP-DAB samples were found in a swollen but softer
and more fragile state than after 3 days (Figure 66c¢). These samples were easily torn
and dissected into separate layers or truncated by tweezers suggesting high reduction in
physical strength and consistency. Due to the deformation of the samples and

incorporation of surrounding tissue, it was hard to distinguish the samples from the
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granulation tissue macroscopically. Furthermore there were no signs of irritation,
infection or foreign body reaction neither on nor around the PSI-CYS and PSI-DAB
samples (Figure 65b, Figure 66c¢), which is a very good results given, that most
complications arise from irritation caused by implants.

Although macroscopically PSI-CYS was impossible to find in the implantation
area after 7 days, histopathology showed that there was still a fibrous substance
(supposedly the PSI-CYS matrix) with a new fibrinous tissue surrounding it (Figure
65b). In this state it seemed that the mild inflammation was completely gone and
parallel with this vascularization took place, and thus the formation of new blood
vessels had already begun. For PSI-DAB samples histopathology showed an excessive
drop in the acute inflammation observed on the 3" day post-implantation. Also the
incorporation of the new tissue into the sample evolved into a stage where the boundary
between the sample and new tissue was almost impossible to mark exactly (Figure
65e).

To see the exact composition of the PSI-DAB matrix after 7 days, a small
sample was gathered with a tweezer and investigated by multiphoton microscope
without any treatment (Figure 67a). Since PSI and PASP based polymers show
autofluorescent properties, it was not necessary to dye the sample for investigation [53].
Both the fibrous sample and the cells surrounding it were visible under the microscope
glowing in green with similar intensities, and thus it was not possible to distinguish the
two properly by digital subtraction. It is still observable that the fibrous structure of the
DAB cross-linked sample was retained. Compared to the PASP-DAB samples prepared
in vitro a similar fibrous structure can be found under the multiphoton microscope just
without the cells (Figure 56c¢).

In the natural healing process in the case of implants or any foreign object a new
granulation tissue covers and/or invades the sample. This phenomenon was also
observable on the SEM pictures of PASP-DAB samples retrieved 7 days post
implantation (Figure 67b, c), where the cells were flattened out possibly due to the
sample preparation process. It is impossible to tell the cell type at this stage, however
the most common cells observable at healing wounds and foreign body reaction are
fibroblasts [163]. It is also observable on Figure 67d that under the cellular shell the

fibrous structure was intact without any observable degradation or change in its
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morphology. It is also comparable with the fibrous structure of PASP-DAB membranes
prepared in vitro (Figure 56a, b). Furthermore many spheres were found with 6-8 um
in diameter suggesting the presence of either granulocytes or red blood cells inside the
matrix close to the surface which is understandable given that histopathology showed

vascularization of this type of sample (Figure 65e).

6.5.1 Role of chemical structure in biological response to PSI-CYS and PSI-

DAB based membranes

The main difference between the two samples is in their chemical composition
as PSI-CYS contains disulfide bridges as cross-links, which are easily cleaved in the
appropriate reducing environment, while in PSI-DAB the cross-linker is more stable
compared to the disulfide bridges in PSI-CYS [6]. Although the disappearance of PSI-
CYS in less than 7 days would suggest biodegradation, PSI-DAB contradicts it as it did
not disappear, which strongly suggests that the reason behind this is the cleavage of
disulfide bridges and dissolution of the matrix. However, it is still necessary to conduct
a long term experiment involving PSI-DAB to see whether it biodegrades or not. To
conclude the in vivo experiments one can say that: PSI based systems hydrolyze and
swell in vivo turning into the corresponding PASP based systems; PSI-CYS degrades
under 7 days implanted under the skin although the mechanism has yet to be clarified;
PSI-DAB maintains its physical form after 7 days implanted under the skin showing
reduction in physical strength and consistency and thus showing signs of degradation.

In vitro study on the enzymatic biodegradability of PASP-DAB, PASP-CYS
bulk hydrogels was carried out by Juriga et al. They showed that PASP-CYS bulk
hydrogels degrade in collagenase type 1 and also in minimal essential media used for
cell cultivation while PASP-DAB hydrogels retain their size and form in both of those
environments. Their experimental results completely support our findings on the
biodegradability and compatibility of PASP-DAB and PASP-CYS in vivo.
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7 Conclusion

points:

T1.

T2.

T3.

T4.

T5.

T6.

T7.

In this section the new scientific accomplishments are collected in the following

Important parameters in the preparation of polysuccinimide fibers by
electrospinning were assessed.

Cross-linked  polysuccinimide fibers were prepared by immersing
polysuccinimide fibers into the solution of cross-linker’s solution post-
electrospinning.

Development of a reactive electrospinning strategy based on thiol-disulfide
chemistry using a modified polysuccinimide with thiol side-groups.
Preparation of fibrous membranes with real 3D structures were based on the
thiol-disulfide reactive electrospinning and the addition of magnetic
particles.

Continuous cross-linked fiber preparation was developed based on coaxial
reactive electrospinning.

pH sensitive poly(aspartic acid) based gelfiber membranes were
successfully prepared.

Polysuccinimide based cross-linked fibrous membranes (-S-S- and DAB)

goes through hydrolysis in vivo and are biocompatible.

108



DOI:10.14753/SE.2018.2178

8 Summary

Polymeric, fibrous membranes prepared by electrospinning are emerging
materials in biomedicine. However, there is still need for new polymers involved in
research. Poly(amino acids) with their peptide like chemical structure show
biocompatibility and biodegradability and thus they are perfect candidates for bio-based
material research. However, poly(amino acids) are water soluble, that severely hinders
their application in electrospun medical implants since they immediately dissolve in
contact with the aqueous based biological fluids. Therefore the main objective of my
research was to develop methods -based on electrospinning- that enable the use of water
soluble polymers, specifically poly(aspartic acid) and its derivatives as fibrous
membranes for implantation. In this work first fiber formation of polysuccinimide was
optimized and then three methods were developed for the preparation of cross-linked
polysuccinimide and - by their hydrolysis - cross-linked poly(aspartic acid) based
fibrous membranes: a post electrospinning method, where the previously prepared fibers
were dipped into the cross-linkers solution (DAB, THD); a reactive electrospinning
based, where the thiol group (CYSE) modified polysuccinimide created cross-links
during electrospinning; a continuous method based on coaxial electrospinning, where
the cross-linker (THD) was fed into the core and the polymer into the shell of the
needle. Also, by the addition of magnetite particles into the electrospinning solution,
membranes with real 3D structure were created (in cm size).

The poly(aspartic acid) based cross-linked membranes showed similar pH
sensitivity to bulk hydrogels of similar chemical structures: the fibrous membranes
overall size got smaller in acidic pHs whereas in alkali pH they grew (through several
cycles). The biocompatibility and biodegradability of two cross-linked polysuccinimide
based systems were tested in vivo in albino rats. These experiments showed mild foreign
body reaction and tissue invasion into the membranes after one week as well as proved
the hypothesis that polysuccinimide undergoes hydrolysis in biological environment.

The developed methods can be generalized for other polymeric systems
broadening the available water soluble polymers for fibrous implants. Also the
developed poly(aspartic acid) based fibrous membranes could be good candidates for

drug delivery, implantation, cell culturing and other biomedical applications.
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9 Osszefoglalas

Elektrosztatikus szalképzéssel készitett polimer szalak egyre eldkelobb helyet
foglalnak el az orvos-bioldgiai kutatasokban, ezzel egyre nagyobb igényt teremtve U]
polimerekre amelyek alkalmasak a szélképzésre. A poli(aminosavak), a fehérjékhez
hasonlé kémiai felépitésiikkel, kivalé biokompatibilis és biodegradabilis alapanyagok
lehetnek az orvosi célu fejlesztésekhez. Azonban tébbnyire vizoldhatéak, amely
tulajdonsadguk meglehetésen korlatozza hasznalhatdésagukat, mint szalas implantatumok,
mivel bioldgiai folyadékokkal érintkezve azonnal feloldédnak. Ezért a kutatasom f6
célja olyan Uj elektrosztatikus szalképzésen alapuld stratégidk fejlesztése, amelyek
lehetdveé teszik poli(aminosavak), pontosabban a poli(aszparaginsav) alapu szélas,
implantalhatd membranok készitését. Ebben a munkaban megvalositottam és
optimalizaltam a poliszukcinimid szalképzését, mely a poli(aszparaginsav) anhidridje.
Kidolgoztam harom, e polimerre épiilé6 modszert térhalds poliszukcinimid, valamint
hidrolizisével poli(aszparaginsav) alapl szalas szovetek elGallitasara, melyek a
kovetkezOk: keresztkotések létrehozasa szalképzést kovetden a szalak keresztkotod
oldatéba val6 aztatasaval (DAB, THD); reaktiv elektrosztatikus szalképzés, ahol a tiol
(CYSE) oldalcsoportokat tartalmazé polimeren szalképzés kodzben diszulfid hidak
keletkeznek; folytonos reaktiv elektrosztatikus szalképzés koaxialis tiivel, ahol a
keresztk6tét (THD) magfolyadékként, mig a polimert kopeny folyadékként taplaltam.
Tovabba, a szalképzéshez hasznalt oldatokhoz magneses részecskéket adagolva, valds
3D kiterjedéssel rendelkezd szoveteket hoztam létre (néhany cm vastagsagig). A
poli(aszparaginsav) alapu szélas szovedékek pH indukalt duzzadasi tulajdonsaggal
rendelkeztek: a szdvedékek mérete savas kornyezetben csokkent, mig ligosban nétt
(tobb cikluson keresztiil). Két, kémiai Osszetételében eltérd szovedék in vivo
biokompatibilitasat és biodegradabilitasat vizsgélva kiderdlt, hogy a poliszukcinimid
alapu szovedekek a szervezetben hidrolizalnak, valamint egy hetes megfigyelés alatt
enyhe idegentest reakciot indukalnak.

A kutatomunkéaban kifejlesztett stratégidk alkalmasak lehetnek mas polimer
rendszerek esetén is, igy elérhetdvé tehetik a vizben old6do polimereket is mint szalas
implantatumok. Tovabba a kifejlesztett poli(aszparaginsav) alapu szovedekek kivalo
alapanyagok lehetnek, mint implantatumok és gyogyszerhordoz6 rendszerek az

orvostudoméanyban.
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Supplementary information
Sample preparation for histopathology

Water elimination, embedding in paraffin and sample cutting

Water elimination and embedding in paraffin was carried out by a Leica ASP300

enclosed tissue processor with the following protocol:

samples were put into plastic containers;

1 h isopropyl alcohol (IPA);
1.5hIPA;

2 h IPA;

1.5 h abs. ethanol;
2 h abs. ethanol,

1 h xilol;

1 h xilol;

0.5 h xilol;

1 h paraffin 60 °C;
1 h paraffin 60 °C;
1 h paraffin 60 °C.

Then slides of 4 micrometer thickness were cut with a Leica microtom.

Hematoxylin-Eozin staining

Paraffin removal: 3 x 3 min xilol

Resolubilisation:

o

o

o

3 min abs. ethanol

3 min 96 V/V% ethanol

3 min 70 V/V% ethanol

3 min washing in distilled water

10 min Mayer type Hematoxilin staining (for 1L solution in distilled water:
1 g hematoxylin, 50 g KAI(SO4). x 12 H:O, 0.2 g NalOsz, 50 ¢
Trichloroacetaldehyde hydrate, 1 g citric acid)

5 min washing in tap water

5 min Eozin staining (in the mixture of 60 ml 1 g/V% and 500 ml tap water)



