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Summary

Even though the field of medicine is constantly growing and advanoirgan and tissue
transplantation remairthe standard treatment fbfe-threatening organ damagés human life
expectancy is constantly increasimggan demands greater than the supply of donated organs
Another seriousssue with organ transplantationilsmune rejectiorof donor organsNowadays,
scientists considetissue engineering as a pdse solution taheseproblens. Even though tissue
engineering hagromise fabricationof highly complex tissue withpecific/uniaxialcell alignment
remains a significant problem. Another field in close contact withtissue engineering is
biofabrication.Biofabricationcan be defined aihe production of complex living and ndiming
biological products frornaw materials such diwing cells, molecules, etxacellular matricesand
biomaterial$'. That is, liofabricationdeals withfabrication of complex objects with biological
functions.A novel biofabricationtechnique is4D biofabrication which assumes fabrication of
complex 3D objects by shapeansformation of2D and 3D objectsin response to a specific
stimulus One of major advantage of this approach is thallatws highresolutionfabrication of
hollow tubular structurewith nouse ofsacrificial material and easy cell encapsulation.

The aim of this workis development of methods fdabricaton of fibrous shapemorphing
structureswhich shall allow4D biofabricationof muscle and neural tissudsis envisioned that
fibrous shapenorphing materials will be able to provide high permeability needed for diffusion of
oxygen and nutrition as well as structured topography that can be used for improved cell alignment
and growthThe novelty of this work is the investigatiohthebiocomptability,degradability and

cell-material interactions with the fibrous shaperphing materials.

Three differentdesigns of biocompatible aribgradable fibrous shapeorphing materialsvere
preparedand investigate throughout thiswork. Different folding scenarios of the bilayer and
multilayer fibrous shapenorphing materials have been discussed and explasmsetl orvarious
parameterseach layer thickness, the overall thicknesshefbilayer/multilayer, number of the
layers, environmdntemperature, choice of media, fiber alignment and shape of the material.
Fibrous shapenorphing material interaction with three different cell types (fibroblasts, skeletal
muscle cells, and neuron Ilhas been described. Higegradability has beenlaeved by the
design of a fibrous bilayer system, that was able to achieve 70 % mass lossaduonity of

degradation without losing the stability of the s@lfied construct.



Overall though this workjt was shown that designed materials can be uUse@ngineering of
tissue withuniaxial cell alignment as skeletal muscle and neuron tiskueas demonstrated
fibrous shapenorphing material potential for functional muscle microtissue formation, that can be
further developebly selfassemblynto musée burdles Electrospinning of conductive fibers could

improve both muscle and neuron cell differentiation.



Zusammenfassung

Auch wenn der Bereich der Medizin standig wachst und sich weiterentwickelt, bleibt die Organ
und Gewebetransplantation die Standardbehandlung fur lebensbedrohliche Organschaden. Da die
Lebenserwartung der Menschen standig steigt, ist die Nachfrage ngahe®@rgrofier als das
Angebot von Spenderorganen. Ein weiteres ernstes Problem bei der Organtransplantation ist die
ImmunabstoRung von Spenderorganen. Heutzutage betrachten Wissenschaftler das Tissue
Engineering als mogliche Losung fur diese Probleme. Awenn das Tissue Engineering
vielversprechend ist, bleibt die Herstellung von hochkomplexen Geweben mit spezifischer/
einachsiger Zellausrichtung ein erhebliches Problem. Ein weiterer Bereich, der in engem Kontakt
mit dem Tissue Engineering steht, ist diefBbrikation. Die Biofabrikation kann definiert werden

als "die Herstellung komplexer lebender und nicht lebender biologischer Produkte aus
Rohmaterialien wie lebenden Zellen, Molekuilen, extrazellularen Matrizen und Biomaterialien ".
Das heil3t, die Biofaikation befasst sich mit der Herstellung komplexer Objekte mit biologischen
Funktionen. Eine neue Biofabrikationstechnik ist die-BiDfabrikation, die die Herstellung
komplexer 3DObjekte durch Formtransformation von 20nd 3DObjekten als Reaktion auf

einen bestimmten Stimulus Ubernimmt. Einer der Hauptvorteile dieses Ansatzes ist, dass er die
hochauflosende Herstellung von hohlen roéhrenférmigen Strukturen ohne Verwendung von
unterstutzenden Materialiemd eine einfache Zellkapselung erméglicht.

Das Zel dieser Arbeit ist die Entwicklung von Methoden zur Herstellung faserférmiger,
formmodellierender Strukturen, die eine -Bbfabrizierung von Muskelund Nervengewebe
ermoglichen sollen. Es ist vorgesehen, dass faserige formmodellierende Materiadidmolen
Permeabilitat, die fur die Diffusion von Sauerstoff und Nahrstoffen bengtigt wird, sowie eine
strukturierte Topographie bieten kénnen, die flr eine verbesserte Zellausrichtung und ein
verbessertes Zellwachstum genutzt werden kann. Die Neuheit dieseit besteht in der
Untersuchung der Biokomptabilitat, der biologischen Abbaubarkeit und deiMA&driat

Wechselwirkungen mit den faserformigen formmodellierenden Materialien.

Drei verschiedene Designs von biokompatiblen und biologisch abbaubaremorfasyen
formverandernden Materialien wurden im Laufe dieser Arbeit vorbereitet und untersucht.
Verschiedene Faltungsszenarien der zweischichtigen und mehrschichtigen faserigen
formverdndernden Materialien wurdenforscht und anhanderschiedener Paragter erlautert:
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Schichtdicke von jede Schicht die Gesamtdicke der zweischichtigen/mehrschichtigen
Materialien, die Anzahl der Schichten, die Umgebungstemperatur, die Wahl der Medien, die
Faserausrichtung und die Form des Materials. Die Wechselwirkungclmvi faserartigem
formveranderndem Material und drei verschiedenen Zelltypen (Fibrobldgigozyten und
Neuronenwurde beschrieben. Eine hohe biologische Abbaubarkeit wurde durch das Design eines
faserigen Doppelschichtsystems erreicht, das in der wagewahrend eines Monats des Abbaus
einen Massenverlust von 70 % zu erreichen, ohne die Stabilitat des selbstgewickelten Konstrukts

zu verlieren.

Insgesamt haben wir durch diese Arbeit jedoch gezeigt, dass die entworfenen Materialien fir die
Konstruktionvon Gewebe mit einachsiger Zellausrichtung als Skelekatugsnd Nervengewebe
verwendet werden kénnen. Wir haben gezeigt, dass faserige, formmodellierende Materialien ein
Potenzial fur die Bildung von funktionelih Muskelmikrogewebe haben, dasch Selstmontage

zu Muskelbtindeln weiterentwickelt werden kann. Das Elektrospinnen von leitfahigen Fasern

kénnte sowohl die Differenzierungpn Musket als auch von Nerveellen verbessern.



1. Introduction

1.1.Biofabrication

While life expectancy continues tadrease globallythe medical and biomedical industriesek

to improve the healthcare system with new methods and technidbiesilar to the continual
improvement ofmedicaments and vaccines, sciestigte able to design and engineer new
approaches faheoperating theateheorgandonor supplys unable to meet current demand for
organs for transplantatioiiissue enginearg (TE) is considered @ossiblealternative tahe use

of organdonors.In tisste engineering cells, engineered materials, biand physiachemical
factors are used in combination to improwintainor replace biological tissue¥/ith the help

of TE, it is possible to design and obtain tissaesrganghat canbe maturatedn vitro or in vivo
and afterward implanted ithe human bodyAnother rapidly advancing fieldrelated toTE is
biofabrication.

Field of biofabrication focus on microfabaition of defined prodtt with biological functioh.
Biofabricationcoversa wide variety of natural and technological processes in diverse disciplines
as sensingcatalysis synthett biology, biotechnologyregenerative medicinRM), and tissue
engineerindFigurel). Many methods are used in biofabrication, but most advanced biofabrication
appro&hes that are used for TE are bioprinting anddsisemblyBio-assembly is defined dise
fabrication of highly orderedonstructs with a guide2ZD or 3D organization throughnautomated
assemblyof previously formed @ll-contained building blocks, which can be enginedrgdell-
driven selforganization or throughhe developmentof hybrid cellF-material. In this method
typically enabling technologies are appliedrasro-fabricated molds or microfluidic8ioprinting

is an additive manufacturing method where complex 3D-lz@lenhydrogel constructs can be
formed usingalayerby-layer depositionBioprinting has several advantages as high cell viability,
direct and precise deposition, high resolution and complex 3Btremts. Numenas complex
tissues, including multilayered skitracheal splintsyascular graftspbone, heart tissue, and

cartilaginous structuredave been fabricateahd transplanted using 3D bioprintfng
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Figurel. Biofabrication in relation to TE and RNReproduced with permissib@opyright 2016,
IOP Publishing.

Even though 3D bioprinting has shogood outcomes, it is still challeimgy to obtainthe suitable
structural andiochemical support fothe cells. Naturallycells are surrounded bgxtracellular
matrix that provides suitable environment fveir growth, differentiation and maintain their
functior®. Extracellular matrixECM) consis$ of a biomacromolecule network, whichdludes
collagen fibers, proteoglycan complexes, fibronedaminin, hyaluronic acidetc. It has keen
proven that anyhangs in ECM topogaphy orarchitecture can lead to alteration of cellular
responsé For example, collagen fibers in EGiveapproximately 13 um thick and alignedyhich
helps cells to orientate and gives clues to attach. Whereas in bioprinting-laideellhydrogels,
hydrogel formed mesh size is not always effitiéor nutrient and waste product exchange.
Likewise, to makehe system mordike the natural one, hydrogel structures should be reinforced
by fibers.

1.2.Biofabrication ofthetubular structure
Similar to mimicking ECM, another challenging task isrtonic hollow natural tubular structures
in thehuman body like arteries in vasculature system, ostedhs skeletal system, muscle fibers

in themuscular system, neuronstirenervous systenetc. These structures are highly ordered and
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composed by diérent cell types, proteinand signaling moleculéslikewise there diameter can

be in micrometer as well as millimeter range.

1.2.1. Methods fofabrication oftubular construst

Even though 3D bioprinting offersanyadvantages likalocal deposition, possibility to extrude
various materials, automadition andindividual adjustmenttherearestill some disadvantages
Theseincludeinsufficient resolution, difficulties of hollow structure formation, no cues for cell
orientation, no mechanical anisotropy and disturbed oxygen diffiisaarmake 3D biognting

less suitable for tubular structure deSig#ollow tubular constructs can be madetlgbioprinting

of centricring that involve high shear force formation thegnificantlydecrease cell viabilify’.
Another methodassumedshe printing of sacrificial materiathat later needs to be removed using
high pressureThis makesthis methodess suitable focell encapsulation while printif§*4. Rod
support printingcan be as well used for tubular structure formatimrtin this casediameter of
tubular structurés defined byon rod diameteiand & rod needs to be duraptleesmallest diameter

of the rod is usually in millimeterS. Overall there are seval models for tubular structure
formation using 3D biofabricatiorHowever there is stilla lack of high resolutionhigh cell
viability and narrow tubular construct formation (<300).

4D biofabrication has shawgreat potential forthe fabrication of tubularstructures®!®, 4D
biofabrication include a variety offabrication technologie¢3D printing, espinning, solvent
casting etc.)that produces 3D elements that can be externally stimulagazbimtrolled manner to
promote shape transformation that leadh® desired structarshape/morpholo§y'®. A certain
time is required for shape transformattorhappenthus the fourth dimension (time) contributes

to this fabrication methodJsing this technology, it is possible ¢toeate sophisticated dynamic
structures with high resolutiprthat we are not able to achieve using other biofabrication
techniqus. There are three general approactesbtain celladen 4D biofabricated constructs
(Figure2). In thefirst approachthe 3D structures first fabricated, thethe stimulusis added and
after shape change cells filled in the scaffold. This approach has a disadvantage that cells need
fill from the sides, which does nensuregood cell distribution ithe middle of the construct. In
the second approacltells are seeded on the 3D structure before shape transformahich, w
produce auniform cell layer in all structuee In thethird approachthe 3D structure is fabricated
with the cellsand then shape transformation is performed. For this approach, it is important to use

biocompatible materials from the first step of fabrication.



a fabrication without cells  shape transformation deposition of cells
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b fabrication without cells deposition of cells shape transformation
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Figure 2. Fabrtation of 3D cellular constructaising shape transformation: a) fabrication of
nonvital construct, its shape transformation, and cell deposition in construct (blue); b) fabrication
of nonvital construct, cell seeding and shape transformatidgheaf e | |  fnstriict; @&d c) c o

fabrication of vital construct filled withcells and its shape transformatidReproduced with
permissiofi. Copyright 2018, WileywCH.

Another important feater of 4D biofabrication ighe ability to form a wide variety of hollow

shapes and siz&¢*. This allows us to fabricateot onlytubular structures butiso spherelike

structurs. For example, that could be crucial for lung and gland design where both structures are
present. As already showed, tubular structures can be formed upon shape change using rectangular
3D structure® (Figure3a). To form spherdike structuresthe starshaped 3D structure should be
fabricatedfor shapechanging®(Figure 3b). A combination of various tubular and half stike

structures are proposed to form glaifRigure3c,d). This makes 4D biofabrication promising for

abig tubular network, multiple tissue and organ fabrication.



Figure 3. 4D biofabrication of various shapes: aldfog of the rectangular film formgube; b)

folding ofthest ar | i k e dapsuleformatiers o,d) braplex atveolar and branched
structuresan be formed using combinationroe ct angul ar a nReprsducdwith i ke e
permissiorf. Copyright 2018, WileyVCH.

1.2.2. Naturbtubulartissues with cell alignment

Our bodies consist of various tissues/organs; some of the tissues have a tubular structure with high
cell alignmentCell alignment igrucial for different cell types likeuscle cells in striated muscle
tissuesendotheliakells and smooth muscle cells in blood vesaat$Schwann cells in neurofis
(Figure 4). In blood vesselssmooth muscle cells (SMCs) are time outer layey and they are
circumferentially #igned to provide rdélence and tensile strengfh In this way continuous
fibrous helix from collagen fibers and elastin bandthinw vascular media is formed that provides
necessary tension resistance for blood vessels to support maximal vessel contracti@i@nd dil
(Figureda). In comparison to SMCGendothelial cells (ECs) in blood vessels are oriented along the
direction ofthe vessel longitudinal axidn blood vesselsECs maintainthe environment with
different chemical clues and biophysical stimuli thetpromoted by blod flow. Laminar fluid

flow shear stress (FSS) evoldggnment of ECs intracellular cytoskeletal components causing cell
elongation and polarization parallel to blood fféwAny changes or misalignment of SMCs or ECs
in blood vessels can cause changes in vascular behavidiudher result in gpathological
condition, e.g.atherosclerosis

For a striated muscle to contract, stretch or béas crucial to have highly aligned intracellular

myofilaments’ actin and myosin. Muscle cells during myogenesis align andgfouseing striated
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multinudeated myotubes that later are assembled in aligned muscle ditlss the muscle
(Figure4b). When there is any distribution of thasientation,musculoskeletal disorders occur,
which can be caused by accidents, tumor excjsiormuscular dystropl§. This highly oriented
and complex 3D muscle structure with considerablame is still a challenge fdhe scientist in
biofabrication and TE fielddzurthermore, innervating tissue adds yet another layer of difficulty,
as nerve cells grow slowly and also need to be aligned in bundles in order to form proper
functioning neres.

During axonalregenerationpeural cells spontaneoustyient parallel toaligned Schwann cells
(SCs)in the case operipheralnerve injury® (Figure4c). SCscan differentiate to form myelin,
which isa fatty substance that wraps around nerve cells and protect them. WhemnoBfésate
during regeneration they are forming longitudinal s&thnds called Bungner bandsereforehe
injured nerve igestructured by hundreds of microchasfermed along the major axis of the

nerve>,

14
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Figure 4. Cell alignment in various native tissues: a) smooth muscle cells in blood vessels; b)
muscle cells in striated muscle tissue; ¢) Schwann celleimng Reproduced with permissiéh
Copyright 2014, Elsevier.d) Structure and components tong bone Reproduced with
permissior®. Copyright 2011, Elsevier.
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To promote neuron regeneration and other aligned tissue formation, various types of scaffolds with
patterned topography like groove, pillar, pit, wrinkkad fibrous scaffoldsan be fabricated3,
Further, various stimuli can be uséa improve aligned tissue formatisuchas mebanical
loading, chemical treatmerdnd electrical stimulatiorMechanical loading can be added to cell
tissue or scaffolds with cells and with stretch, fluid flow shear stress or compression loading, it is
possible to irprove cell alignmentFor exampleglectrical stimulation is used for muscle and
neuron cells to promote their growth and differentiation, using electrical stimulation it is possible
to achieve an elongation of cells and alignment perpendicular to applied direct current (DC)
electrical fidd. However, stimulinduced alignment is often difficult to optimize and often results

in inconsistent cell alignmenSurface chemical treatment is another method to align cal®in
scaffold, that can be done by adding motifs of ECM Akginylglycylaspartic aciqRGD) peptide

to surfacevhere cells should adhéfe

1.3Nano and microiber formation for cell guidance

As menioned beforefibrous scaffoldcanbe used tguide cell alignment-ibrous scaffolds not
only have cell attractive topography but as well offers high porosity medhanical resistance.
Various fiber fabrication techniquesin be used to form nanand nmicrosize fibers that would

mimic thefibrous structure of ECM.

1.3.1. Fiber formation techniques

Polymer fiber rmation processn other wordsspinningcan be divided ito various types: wet,
dry, melt, gel and electrospinning. Wet spinning is onthebldest techniquesgsed to producea
polymer fiber. In wet spinninghe syringe is filled witha polymer solutionand fiber is drawn
from a chemical bath that caus@recipitation and solidification afhe polymer. Though wet
spinning isan easy methd and still holds its position between most used fiber formation
techniques, this method requirekigh amount of solvents, especially for mass production. In dry
spinninghot air is used to solidify polymer fiber. Dry spinning produces less waste asstess
solvent used, but it is dangerous when flammable solvents are used for polymer solution
preparation. In comparison to these two methoust spinning does not require solvemiolted
polymer solidifies right after extrusion. Even though thefess waste, sometimes extremely high

temperatures are necessary to melt the polymer. Betieehoice of polymers is more restricted
11



in melt spinningas the difference between melting and degradation temperature should be
substantialGel spinning is used to prepare higfinength fibersin this caseagel is cooled by air

or solvent and then afterward stretched into ffb&imilar to other previously mentioned methods,

it requiresa considerableamount of solventElectrospinning is a fiber production method where
electric force is used to draw charged fibers from a polymer solution or rDeiting
electrospinning, high voltage is applied to the polymer solution in the needle, at the capillary tip of
the needle, due to stress formed by electric field tiBeeshape iformed called Taylor core
(Figure5). Then a polymer jet is drawn from needle tip to collector. While the pitalwn and
polymer fiber is formed charge removal by electrospraying, and solvent evaporation is taking place.
Electrospinning is commonly uséar biofabricationdue to highscaffoldsurfaceareain relation

to theelectrospun volume

<— Charge applied to solution

C) <— Formation of Taylor cone

Evaporation of solvent

Y ——— T

Figure5. Schematic of electrospinning

From all types of fiber spinning, in TE most commtyoused methods are electrospinning, wet
spinning (including microfluidics) artificial biospinningand melt spinning(Figure 6)%. In
biospinning natural silk formed by ingsds used for fiber fabricatipnue to this, there are several
disadvantages of this method: 1) seatecould be challenging as it depends on resources; 2)
preprocessing of natural fibemsquired, that is timeonsuming and expensive; 3) hard totcoin
formed fiber sizeRigure 6)*2. The pecific type of wetspinning called microfluidic spinning is

often used for TE. In microfluidic spinnintpecrosslinking agent is added by coaxial flow directly
12



allowing coded fiber érmation Figure 6). Even though this method is good for tunable fiber
preparabn, the challenge of this method is to obtain mechanically stable fmother attractive

dry spinning based approach is interfacial complexation, where two oppositely charged
polyelectrolyte solutions are nearby, and with the needle, the polymaosatutirawn upward to

the speedcontrolled mechanical rollgfFigure 6). This method, as well as some challenges as
limited scaleup possibilities, limited material choice, a small range of fiber diameter2(10
um)®2, Therefore, this work primarily considers three of the fiber spinniathods: wet spinning,

melt spinningand electrospinning. For melt spinning, expensive equipment igedduased on

high temperature and pressure necessary to push polymer to the spinneret. Wet spinning, on the
other hand, is more designed for large fiber production -528m?32, which can be used for cell
alignment if fiber is not smooth and has grooves additionally in its morpholegpinBing is used

for smaller rage fibers that are widely used for cell alignni&#t

" 7 = S
a o b .

high voltage
power supply

coagulation|
bath

coded fiber \
o microfluidic rotating spool
spinning collector wetspinning spinning

electro-

[ N high pressure

e

motorized
roller

interfacial b @
iospinni i meltspinnin
\blosplnmng \complexatlon ) P g ollector )

Figure6. Methods for fiber fabrication in TE: (a) electrospinninfibers are formed by the flow

of a polymer exposed to an eleic field; (b) fibers in wetspinning are made by injection af
polymer solution into a coagulation bath; (c) microfluidic platforms fabricate fibers by coaxial flow
of a prepolymer and a crosslinking agent; (d) biospimyiidiber fabrication by insectsilkworms

and spides); (e) interfacial comigxationi fiber formation at the interface of two oppositely
charged polyelectrolyte solutions; (e melt spinning melted polymer iextruded through a

spinneretReproduced with permissid Copyright 2013, Elsevier.
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Another advancinglectrospinningbasedtechnology of fiber production is melt electrospinning
writing. This method is a combination of melt electrospinning and 3D printing. As in
electrospinning cooled jet is whipping, it is hard to get controlled deposition of electrospun fibers.
On the other hand, in the melt electrospinning writing technique, movement and,gaxis are
possible (similar to 3D printing), which allows direct fiber depositidthen the speed of the
collector matches the formed jetritical translation speed (CTS), linear fibers can be prodficed
Even though it is possible to obtain a good resolution of fibers and controlled deposition, fiber
diameer is higher (0 um) than for melt spinning due to lower voltages and shorter distance
between needle and collector used in melt electrospinning wifth@rigure7). This isnecessary

due to the more complex electronic setup of the deMeeertheless, melt electrospinning writing

in comparison to electrospinning takes more time for fiber production.

A Polymer Melt C E
High Voltage

Spinneret
Taylor Cone

gRing t Cooling

Translating Collector - -
Electrostatic Spinning Electrostatic Writing Electrostatic Writin
(Electrospinning) (buckling - below CTS) (linear - above CTS

Figure7. Electrospinning vs electrostatic writing: a) electrospinning set up, polymer jet whipping;
b) melt electrospinning formed fibers; c) electrostatic writing below CTS, fiber buckling; d)
electrostatic writing fibers below CTS; e) electrostatic writing aloV8, linear fiber formation;

f) electrostatic writing fibers above CTBeproduced with permissigih Copyright2017, Elsevier.
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1.3.2. Aligned and random fiber spinning

Based on the choice of the collector and its arrangement while electrospinning, it is possible to
obtain random and aligned fibers. A groundeatishary collector is used (flat plate) to obtain
random fibersUsually, the flat electrospun mat is formed using this method (2D). However, with
proper adjustment of the collector, it is possible to obtain 3D spgddestructures. For example,
different transient electrical forces when fibers hit the collector can lead to a 3D sfrudtuiteis

case, first negatively charged fibers are attracted to the positively charged collector, then charge
transfer from collector to fiber induced, and repulsive force is made leading to one point attached
freestanding fiber, whereas for regular electrospinning no charge transfer is formed and attractive
force is kept during electrospinning fully attaching fiber parallel to the colle&tmther method

to obtain a high porosity spordjke structure isbased orthe useof a nonconductive spherical

disk collector embedded with an array of metal pri&® control fiber alignmenit is possible

to use three different forcestectrostaticmechanicaland magnetit.

A rotating mandrel is used to obtain fiber aliggmtvia mechanical forcg$igure8a). In this case,

the fiber alignment degree depends on the speed of rotation; the higher is the speed of netation, t
higher is the degree of fiber alignment. This is a simple technique to obtain aligned fibers, but it
requires extremely high rotation rates for good alignment. Using this method, it is possible to obtain
a thick fibrous mat. It is suggested to use atmog disk with a sharp edge for the improvement of
fiber alignmert(Figure8b). Though using the disk as collector gives a small surface area for fiber
collection.Another method to improve alignment is adding the wire on the rotating drum collector;
on this wire, highly aligned fibers will blarmed (Figure 8c). The addition of extra electrodes
beneath and on top of the collector could improve alignment, like a negative chargedgafe
bladeelectrode under small diameter rotating mandrel or spinneret with-éaigfed blade and
opposite to that negatively charged krifdgge electrode surrounding rotating mandFetjure

8d,ef®.
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. . c) disc collector drum d) rotating tube collector with
a) rotating b) disc collector with wire wound on knife-edge electrodes below
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- set-up requires a negative electrode possible the whole assembly

to be effective

Figure 8. Different electrospinning sefps for aligned fibempreparation with advantages and
disadvantagesidapted with permissidh Copyright 1990, IOP Publishing.

Due to electrostatic chargestlibuted along the electrospinning jet, it is possible to control fiber
alignment using an external electric fiekdmost known method is to use two conductive parallel
substrates witlthe void gap across the gaighly aligned fibers are collect€Bigure8f). Using

this method fibers are experiencing electrostatic forctiag in orthogonal directiorfs. The first

force is formed while the electrical field is split into two electric fields lined pointing to two
electrodes/collectot& While force is pulling fibers to the electrodes, opposite charges are induced
on the surface of the electrodes when fiber travels to their proxiAstg.result this forms the
second force that stretches the nanofibers across the gap and dsshitierseperpendicularly to
edges of the electrodeSeveral parameters influence fiber alignment, thekness, and length
(Figure 9)*™*8 Three forces act on electrospun fibers: repulsive force from incoming fibers and
from charged electrode above, an attractive force from the ground below and weight of the fiber
itself, that could lead to breage of fiber if polymeriber is not resistargnoughDue to this, there

is a limited amount of polymer that could be used for this type of spinning.
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F,: Anchorage/Adhesion force
F,: Repulsive force from incoming fibers and from charged electrode above
F,: Attractive force from ground below
F,: Weight of fiber
Figure9. Forces acting on uniaxially aligned fibeReproduced under therms and conditions of

the Creave Commons, CC BY 3%. Copyright 2015, ElectrospinTech.

Fiber alignment highly depends on gap distance; with andsera gap distance, electric field
component increases in the horizontal direction leading to higher fiber aligiinTéwt hickness

of fiber mas can be increased by using sharpened electrodes. &ihgepcollectors can gathibe

charges and induce attractive force on the electrospinnifig jet

Similarly, to mechanical forcéotating)collectors, the depdsn of fibers and arrangement can

be designed according to the shape and arrangement of the collector. For example, using for
perpendicularly arranged bar electrodes, we are able to obtain a plaid polymer mesh. Unfortunately,
this method has a fiber depton limitation and low productivityAdditional electrodes and
incorporation of other forces like mechanical or magnetic can improve fiber formation and
deposition. For exampléhe designof a drumlike rotating electrode with multiple bars comén
advantages fronrotating mechanical and electrostatic collectors. These electnadestin the
improvement offiber alignment for the firstdeposited layers and increment of polynmeat
thickness due to rotatioffrigure 8g). Another interesting type of collector is to use automated
conductive tracks, that can rotate and stretch uniaxially aligned fibers while they are cBllected

this way, it is possible to create higher alignment and increase fibehn Magtberstretching.

Alignment caralso be controlletly magnetic forceghough this method is rather new for aligned

fiber formation and more investigation should be mddeexample, it is still unclear if polymer

solution should contain magneparticles or ndt. In this method, two parallel magnets are used
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to aligned fibers formed from slightly magnetized (0.5 wt%) or-magnetized solutiof$>.
Magnetic fieldassisted electrosming is rather a simple method as it requires just the addition of
two magnets d a conventional setupFigure 10). As well, fiber deposition can beasly
manipulated with rearrangement of magnets, and a higher volume of the fibrous mat can be
achieved than with electrostatic forces. Though with higher fla@s uniaxially aligned fiber
pattern change to waw. Based on the lack of explanation for aligned fiber production

phenomenon by magnetic fiekbsisted electrospinning, it is less used thawther two forces.

a) syringe b)

solutio

needle

+
liquid jet

[v]

high voltage

N sI
- |

aluminum foil

Figure 10. a) Magnetic electrospinning(MES) setup. They kcomponenti magnetic field
generated bytwo parallelpositioned magnetsh) Calculated magnetic field strength vectors
between the two magnets. The arrows show magnetic fielddiieetions. a, b, crepresents
magnetic field strength (120, 32, 25 mReproduced with permissieh Copyright 2007, Wiley
VCH.

1.3.3. Parameters in electrospinning

There are several working parametersdasiderwhile electrospinning; they can be divided into
three groups: processplution, and ambient parameter©ne of the solution parameters is
concentration, usually low concentration polymer solutions would form small particles while
electrospinning, in this case, more correct wordtlas process is electrosprayir{§igure 11).

When concentration is slightly increased beaded fibers are forming. In optimal solution
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concentration, we can obtain bead free r@mal micresized fibers. When $ation concentration

is too high helix-shaped micraibbons are achievéti Another solution based parameter is
polymer moleular weight, that similar to concentration would influence beaded and bead free fiber
formation. Polymer molecular weight directly influence polymer chain entanglement, when
polymer chains are too short, no entanglement can be formed leading to elagingsphis can

be solved by incorporation of polymers tttean be used as template polyméke PEO or
increasing of molecular weigfit Another closely related parameter to concentration and molecular
weight is viscosity. There is an optimal concentration of viscosity that needs to be achieved during
electrospinningwhen viscosity is too loywe would get beaded fibers, but when itds high it

can clog the needl@nother important solution parametéat needs to be considered is surface
tension. When solvent with high surface tengimn examplewater)is used for electrospinning
beaded fibers arfdrmed. Plymer concentration, solvent mixtures with various masiss, and
surfactants can bmodified to reduce surface tension and obtain Hessl fibers®>’. The kst
solution related parameter thafluences electrospinning is conductivittyhas been described that

by adding ionic salts that can improve solution conductivity it is possible to obtain thinner and
beadless fiberg,

micro- and nano-particles beaded fibers smooth nanofibers helix-shaped micro-ribbons
(electrospraying)

Increase of polymer solution concentration

Figurell Solution concentration fluence on fiber formation during electrospinning

Further, it is important to considgrrocessing parameters, which include flow rateltage,
collectors and distance between the collector and the tip of the n€bdlgplied voltage isan
essentiaparameter of electrospinninijeverthelesghe effect of voltage on electrospun fibers is
controversial. Several grosipave suggested that there is no effect on fiber diam&ene others
suggest that fiber diameter incredsath theincrease of eleatspinning voltage. Others suggest
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that fibers formed thinner, based @amincrease of electrostatic repulsive force on the chargéd jet

% To summarizgthevoltageinfluencedfiber diameter and beddee fiber formation, but it highly
depends onhe polymer solution cheenfor electrospining and distance betwedme tip of the
needle and cadictor.A clear effect of valage on electrospinning is that higher voltage added to
theelectrospinning jet giveasgreater volume of solution drawn from the needleNipreover,by
constant flow ratethis would mean more unstable Taylor cone formatimh @en Taylor cone
formation inside of the ne&xlthat leaddo multijet formation.Figure 12 summarizes possible
theories on how voltage could influence fiber diameter based on the increase of volume drawn
from the needleSimilarly, in a recent paper from Schubert et al., instabilities caused by voltage
directly influence the final fiber diametef the fiber, theory described by Schubert shows that
three main regimes influence fiber diameter: flow dominated, potential jet splitting and drying
dominated reginfé. Especially the second regime highly depends on the voltageRkxving

equation is proposed for the prediction of electrospun fiber diameter:
Q  x-7359°3) Iy~ 1)
Whered 1 solution viscosity; @ solution concentratiogi surface tensiorpy i vapor pressure

that defins evaporation rate for electrospinnirgi applied voltage.
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Figurel2. Voltage effect on electrospinning

On another hand, flowrate has a definite influence on fiber diameter and bead formation. Usually,
lower flow rates areecommendedo thatpolymer solutions have enough time for polarization,
and thinner fibers without beads can be forthed/hen the flow rate increases, fiber diameter due
to more material extrudedcreases, and it leads to the higher formation of beegipreviously
mentioned, collector selection has a strong influence theedirectionality of the fibers, e.g.,
aligned, random, frestanding fibrous mat formation. The last processing paransetes distance
between the collectondthe tip of the needle. This an important parameter dughat it directly
affects the electrical field area. When the distance between the tip of the needle and colbector is t
short, there is not enough tinfier the polymer to solidify, and beaded fibers can be formed.
Usually, it is possible to obtain thinner fibers when the distance between the tip of the needle and
the collector is greater.
The last set of working parameters that can influence electrosgimambient pameters. The
increase of temperature favors thinner fiber formation, as a polymer can faster®%okitifyever,
higher humidity leads to the formation of thicker fibers as it is harder for a polymer solution to
solidify in these conditions. Nevertheless, gthumidity influence fiber morphology from
smooth fibers to fibers pores on the fiber surface
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Since electrospinning Bmethod wherea high amount of fiberss formed in less thaa minute,
the direct deposition of fibers is quimplicated. Based on changeghe electrical field and
airflow, fibers can accumulate imdefinite places orthe collector There are severalways
suggested for controlled deposition. One of the methods is to usateéa@lectrospinninglt is a
technique where electrospinning is done fraiose distanced® mm) and witha lower voltage
than for regular electrospinning (600%/)Even thouglusingthis mehod it is possible to control
area of deposition, it is hard to obtain straight and aligned fibers with this method as well it is
important to find correctoltage and distance as tharehigher chancesf electrical short circuit.
Another method is tase ring electroderoundheelectrospinning jeivhichhasthesame polarity
as the one applied to the neééii&hese electrodes allogontrollingelectric field line distribution
from macroscopic to uniforms straight field lideection until the collector leading to controlled

and central deposition of fibers on the grounded coll€Eigure 13).

a Needlel+9 kV b Needle +9 kV
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Figure 13. Electric field lines calculated for cowvertional electrospinning setuga) and
electrospinning setup with ring electrodes for jet focuginy Reproduced withpermissiofi*.
Copyrights 2001, Elsevier.
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1.4. Selffolding materials

Selft-folding materials are able whange theirpropertiesand shape in responsette change of

mild external stimuli like temperature, phiymidity etc. The aility to react to mild conditionand

to be fabricated into micrometscale makes them suitable feariousbiomedical applications.
Different kinds of materials demonate these properti@shydrogels with low and upper critical
solution temperature bavior, polyelectrolytehydrogel, liquid crystalline elastomersshape
memory polymersSef-folding or smart materials can actuate in various ways based on their
structure and aaoposition, based on smart material programming obtained 3D structures can be

more complex or simple, with reversible or irreversible actutftié:.

1.4.1. Selffolding bilayers: materials & design

Initially, the selffolding of bimetal beams was described by Timoshenko in 1925. It described
bilayer system bending, where bilayer is formed by two welded metals with different thermal
expansion coefficienta The final curvature of formed bilayers can be expressed ubing

following equation:

- kR - — Q)

Where E is elgtic modulus, & thickness of each metal layer] tthickness of bilayerlJis the
thermal expansion coefficient of the material anslthe radius of the curvature. It was discovered
that greater is the difference between each material thermal coefficient; smaller will be the radius
of curvature.Further, layer thickness greatly influences the final radius of curvature. Some
limitations make Timoshenko equation not applicable to all bilayer systems: derived for small
angle deformations, cannot gdret the folding directionand applicable for reveible elastic
deformations.

Similarly, bilayer systems polymdyased polymer systems hadiferent expansion coefficients.
Timoshenkoequation can be used to characterize polyoased bilayers, when expansion
coefficients are replaced with, for example, swelling degree of the hydrogel. In comparison to
metals, polymers can be triggered byaaiety of external stimuli and volme change is more
significant. Polymer iayer s/stems are usually made from active and passive.|ayer active

layer reacts to external stimuli by the change in its physitamical properties. The passive layer,

on the other hand, controls and directs active layer response in bending mo\onéms design
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suitable passive layer is hydrophobic polymers or block copolymers like polyesters or siyiienes
as active layer various highly hydrophilic hydrogels.

Hydrogek arecrosslinkedpolymer networkghat canabsorban extremelyhigh amount of water
content, that can even reach up to 99 waf%tal hydrogel mass. irogels are able to swell and
shrink more tharten times inits volume which makes them wedluitedfor bilayer polymer
system&. Not only hydrogels can absorb high amounts of wéigdrogel mechanical properties
are similar to properties ofnatural tssues, which makethem appropriatefor biomedical
applicationsTransport okolvent masg§water)in hydrogel determines the actuation of the bilayer
system, where hydrogel is an active layen hydrogelbased polymer bilayer systdamperature,
light, pH, ionic strengthmagnetic field etc.can be used as external stimuli to vary water content
inside of the hydrogel and change the-$alfling behavior of polymer bilayer systenis.
Hydrogelsresemble swollen elastomeansterms of their structur@ndthe behavior of hydrogels

is similar to ubbersHydrogelsdifferentiatefrom other poymersin thatpolymer chains are diluted
by solvent molecules, which reduceosslirking point volume densityThe swelling degree of
hydrogelsdepend on the correlation between polymer chain elastic deformation (similar to
rubbers) and mixing engy thatconsiss of enthalpic and dropic componentsHory theory).
Polymer volume fractiom the swollen rubbeMt) is inversely poportional to the swelling degree
and moleclar weight of polymer chains between crosslinking poiMs)( Where crosslinking
pointsproportional to crosslinking degrexecording to FloryRehner equatian

0 _— 3)

I n

| rubberdensity Vsis the molar volume of solvert,is the interaction parameter between the
rubber and solvefft Flory Hugginsc parameter describes theteractions betweesolvent
molecules and polymer segmenibe use of this equation is restricted to small swelling degrees,
where polymer chaidengths hae Gaussian distributionHydrogelsare able todemonstrate
responsive properties whedrory Huggins parameter alternatend the molecular weight of
polymer chains between crosslinking poidisectly influence hydrogel swelling degr€®q ~
Mc®® (as predicted by Flory) ord&~ Mc*/5(as predicted by Khohlot®°. Like rubbers, hydrogel
mechanical properties theta solverst directlydepend otydrogelcrosslinking densityand shear
modulus of the hydrogel can be expressed as shear mafunselastomer divided by cubic root

of swelling degree.
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In nonttheta conditionsthe Elastic modulus (E) also dependstbe swelling degreef hydrogel

(Q). Elastic modulus can be compared to a multiplication of swelling degeaverage molecular
weight of a strand allows: '@ 0 0 , whereb is 1/3 for theta solvent, 7/12 for slightly
swollen crosslinked hydrogels in good solvebt6 for slightly swollen highlycrosslinked
hydrogels and 1/6 for strongly stretched strarkdem this, we can conclude that interactions
between polymer chains and solvent strongly affect swelling of tldeobgl and hydrogel
mechanical properties.

Using polymetbased bilayers it is possible to obtain various simple and more complex shapes. The
simplest shape that can be obtained by the actuation of pebased bilayers is a tube. Though
concept and desigran seenstraightforwardtubular structures perform dafent folding based on

the width/length ratio and relativenickness of theectangularbilayer film (Figure 14)°. For
example, longgide folding dominates at high aspect ratios, when the widtie lengthof the film

is comparable to theircumferenceof the formed tube, griiring low actuation strain. For high
actuation strains folding from all sides can be observed. In this case, both width and length highly
exceed the circumstance of the folded tube. Diagonal folding can be achieved by moderate

actuation, where width andngth are compabée to the deformedircumference

long-side all-side

|

Z

=
2
- ¥
diagonal
=
¥e -
e
length

Figureld. Seltfolding rectangular shape bilayer folding scenarios based on width and length ratio
Reproduced with permissiéh Copyright 2013, WileyvCH.
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As discussed before different geometries, leads to more complex shapes likarnfetar with
rounded edges leads to the formation of the pyramid. Nevertheless, it is possible to play as well
with swelling ratios and crosslinking density. Using strips with high andsleelling regions, it

is possible to form a 3D shape consisting of two cylindrical regions cathbgttransition neck
(Figure15)™,

a

-— g 3

b

-—

I N

Figure 15. Berding of bilayerrectangular strips divided into high and lewelling regions

Reproduced with permissiéin Copyright 2013, Taylor & Francis.

1.4.2. Fibetbased and reinforced sdtflding

As already mentioned before actuatiorttod bilayer system highly depends tirte composition

and structure of bilayeBilayer actuations caused by stress difference in the plane, which is
achieved by strain gradients and various shapes. Depending on the actuatioretgpe divide
obtained shapestmthree categorigisbasic shape change, complex shape change and combination
of shapechange "2 With basic shapes, simple actuation with one bending motion is described,
whereas complex shapes are obtained using muiilieg, rolling, helixing, etc. Complex shapes
can be easily obtained lBynmbedding fibrous microstructures in rectangular.filsfter actuation
these composite films are able to faubes ospiratlike structure$®’4. Aligned, reinforced fibers

in the film restrict swelling of the film along the long axis of the sample and promote swelling
perpendicular to fiber alignment due to more free volume, where water can be affsorbed

Randomly aligned reinforced fibers promote swelling imlmections equally. As the film is made
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by a bilayer of two different fibereinforced layergaligned and randomyith different swelling
properties both layers try to reach minimal energy configuration for bilayer to bend or"helix
Bending or helixing can be programmed based on fiber alignment angle, each layer thaclchess

the shape of the sample (wide samples promote cylindrical helix formation, whereas narrow strips
promote more twisted helix foration).

Alternatively, self-folding, bilayer systemscan also be prepared using only fibetssing
electrospinning it is possible to achieve simple and complex shape changes based on fiber
alignment and cutting angle of fibrous polymer rfats (Figure 16). Similar to the already
described sample forlferreinforced films selfolded bilayer electrospun mats consisting of
aligned and random fiber layer shows similar propediss can be progmmed for simple and

complex actuatiory’.

Yy vV
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4 Cut ‘&‘

Figure16. a)Preparationopo | y ( N i sopr oPiy| RNIr A MBMO APeN)l PAM 45 A
PNIPAM 90A actuat or rafdgm arelabgoedlayersly iome companento f

pol y( NI PAM) directionally controll ed actuat.i
PNI PAM 90A ma talignedqaiud)a)requiipiunmskapesf bilayerin 40 °C water
Reproduced with permissiéhCopyright 2016, WileyvVCH.

In addition, multicompartment fibers have shown great potérfoa programmed simple or
complex actuatidf. Two polymers with different volume expansion properties are used for

multicompartment fiber actuation, which like bilayer actuation. Based on each component
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distribution, it is possible to achieve bending, polypeptide type twisting, and DNA type twisting
(Figure 17)’8. Bending is achieved using fiber with two eqlajers of polymer (same as for
bilayer). Twisting is achieved by gradient distribution of both layers, whereas DNA twisting is
based on gradient trilayer distribution. As multicompartment fiber actuation is based on a similar
concept as bilayer actuatiothe same design could be used for multilayer electrospun mat

actuation.

(a)

handed handed
Figurel7z7 Schematic il lustrations of deformation o

parts with different swelling properties): (a) bendifim, polypeptidetype twisting, (c) DNAtype
twisting actuatorsReproduced with permissiGhCopyright 1991, Royal Society of Chemistry.

1.5 Conclusion
To summarizethe selifolding agroach showgreat potentiaior theformationof complex hollow
tubular and spherkke structureghat are able tanimic tissuesn our body.Due to the relatively
simple preparation of the initial shape of the $elfled scaffold, this technique is more eell
friendly as less stress is added to céllgere are various ways how to include cell alignment cues
into the seHfolded scaffold surface topographical patterning, chemical treatment, mechanical
loading and electrical stimulatioiNanc and microsized electrospun fibers have been used to
obtain cell alignment for the last couple of decaa®s have shown good cell adhesion due to the
ability to mimic fibrous ECM Selffolding fibrous based materials\eshown various advantges
in compaison to other seffolded materits: extrafast actuation ratdyigh permeabilityand fiber
guided shape transformatiomhough forthe use of fibrous selfolding materials for tissue
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formation and rgeneration biocompatible argkgradable fibrous materials need tofbeher
investigatedand designedThere is as well lack of understandioighow these materials would
interact with cek.
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2.Aim

The aim of thighesiswasto usethe electrospinning technique to create uniaxially aligned self

folded tubular constructs for 4D biofabrication application

The 4D biofabrication using sefiblding electrospun layers shall offer the foliogy set of
advantages, which are not available when other biofabrication techniques are used:

1. controllable, reversible 2D to 3D transformation

2. uniaxial aligned fibers for cell guidance

3. high porosity and permeability

Thus, the an of this project can be dided into three objectige

Objective (1) is to develop fibrous sétfiding multi-layer scaffolds based on thermmesponsive
polymers polycaprolactone (PCL) and pdlyisopropylacrylamideland determine the leading
mechanism for scaffold folding behaxsounder different conditions by analyzing each layer
properties separately. The final task of this objective is to design thelayalti system, which

folds 37 °C setting PCL as an inner layer for better cell adhesio

Objective (2)is to develop a filmus scrollike tubular selfolding scaffold containing uniaxially
aligned polycaprolactone (PCL) and anisotropic methacrylated alginateM@Afibers for

muscle cell encapsulation and muscle tissue formatio
Objective (3) is to develop a degradabld Birocompatible selfolding bilayer scaffold containing

uniaxially aligned poly(glycerol sebacate) (PBSL) and randomly aligned methacrylated

hyaluronic acid (HAMA) fibers for the fabrication of artificial nerve graft.
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3. Synopsis

Theresults summarized in thiissertatiorare published ithreefirst authorresearchpublications

(publication 1 publication 2andpublication 3, andin onefirst author review articlepublication

4). The publication list can be found gection 5 and my contribution to each publication is
described irsection 6
The 4D biofabrication approach has been used for the research presented in this thesis. 4D
biofabrication approach and use of shap@phing materials for cell encapsulation have been
developedand grown significantly oer the last decade. Various smart shap@phing materials
can be used for 4D biofabrication as revieweguhlication 4 In comparison to other widely used
biofabrication techniques, 4D biofabrication allows reversibienation ofhollow tubular shape
with low shear stress and no sacrificial matérial
The aim of this work was to use the electrospinning technique to fabricate fibrousstrabéng
polymers to use for 4D bidbaication applications. Tenelectrospinningechnique was chosen for
preparation oshapemorphing materiato as closely mimic native fiborous ECM by its topography
and provide high permeability for designed scaffolds. Even though fibrous-stmphing
materials have been designed previolfsi? '’ 7%, bioconpatibility ard degradability of these
materials still need to be improved. Another important problem that needs to be further investigated
is the lack of understaling of cell interaction with fibroushapemorphing materialThe first step
towards improve biocompatibility for shape morphing matésigs to choose an external stimulus
that is biocompatible, human body temperature (37 °C) and aqueous environment can be
considered as biocompatible external stimuli showpuiniication 1 The next step towardsgher
biocompatibility anddegradability is tanimic certainstructure, shape and morphology as well as
the use of degradable materials describedpimlication 2 Finally, cell interaction and
biocompatibility can be improved as well by adjusting the mechanical properties of shape
morphing materials to a target tissliestrated inpublication 3
3.1. Porous StimuResponsivéeli-Folding Electrospun Mats for 4D Biofabrication
Temperaturesensitive selfolding bilayer films consisting of polycaprolactone (PCL) and poly(N
isopropylacrylamide) (PNIPAM) has been previously used for yeast cell encapsulation and their
folding behaior has been extensively explainéd 83 Electiospinning technique allows
fabrication of high porosity fibers in nan@nd micrerange that promotes cell adhesion,
proliferation and differentiatioff. The ®If-folding of electrospn polymers mats differs from dip
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coated and spinoated polymer filmS. In this study, temperatur@sponsive bilayer mats
consistingof polycaprolactone (PCL) and p@N-isopropylacrylamideyere usedo fabricate a
multi-layer system that would fold in physiological conditions. Both polymer layers showed
thermaresponsive properties leading to the difference of bilayer folding sceaté2®°C and 37
°C (Figure18). To investigate bilayer folding properties each layer theresponsive properties
were described. As a conclusion bilayer folding proeerat 20 °C is guided by slight shrinking
and strong folding ofpoly(N-isopropylacrylamidepenzophenone adate (P(NIPAM-BPA)),
whereas folding behavior of bilayer in 37 °C is guided by slight contraction of PCL fibers in fiber
length and strong shriimig of P(NIPAM-BPA) that sets P(NIPAMBPA) in the middle of folded
construct.

dry state wet state

20°C 37
rientationBIPNIPAM

C
of fibers !
.
.

bilayer
M

B

~“PNIPA
PCL

trilayer

Figure 18 Responsive properties of electrospun P(NIRBMA)-PCL bilayer and PCL
P(NIPAM-BPA)-PCL trilayer mats: (a) left, no folding is observed foe bilayer in air at room
temperature; right, representative SEM image of a €gesson of the bilayer used to determine
the layer thickness; (b) lorgjde rolling of the bilayer in water at 20 °C; (c) shkside rolling of
the bilayer in water at 37 °Qd) left, PCL-P(NIPAM-BPA)-PCL trilayer mat in air at room
temperatureno folding; right, representative SEM image of a cresstion of the trilayer used to
determine the layer thickness; (e) trilayer in water at 20 °C, no folding; (f) trilayeaterat 37°C,
shortside rolling.
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To forma multi-layer system that would fold in physiological conditian, additionathin layer

of PCL on top of P(NIPAMBPA) layerwas addedh thebilayersystem that limited actuation of
P(NIPAM-BPA) layer at 20 °C andupported cell adhesion at 37 °C as PCL is a biocompatible
polymer. We improved fibroblast cell adhesion on these #ayar substrates with collagen
coating.

3.2. 4D Biofabrication of skeletal muscle microtissues

Skeletal muscle tissue is formed by nplii bundles consisting of parallel packed and highly
aligned muscle fibef& Various attempts have been made to mimic skeletal muscle tissué’in 2D
8588 though it is still challenging to use these approaches for 3D skeletal muscle madiiogs
electrospinning approaches can be to achieve high fiber aligtimiin this study, biocompatible
anddegradable polycaprolactone (PCL) and methacrylated alginatéV{Ayeledrospun bilayer
systems that can support muscle tissue gravéfe fabricatedDrum and parallel bar collectors
were used to fabricate bilayer consisting of uniaxially aligned PCL and randeiAAbers.

The lf-folding bilayer systemvas designed to fdlby the addition ohqueous media as external
stimuli and folding reversibility was achieved by reversible crosslinking éf @as. Various
folding scenarios were described based on fibrous mat geometry, each layer thickness and overall
thickness of bayer.Uniaxially aligned PCL fibers were ablegaidemyoblasts during cell growth

and differentiation, forming aligned muscle tissue that showed contractility dulectrical

stimulation Figurel19).

10Tm  polymer mat cell layer 100m  bottom layer top layer 200 um
Figure19. Contractility of the muscle fibers layer under electrical stimulati®® M, frequency:

1 Hz, duration: 1 ms): functional contracting myotubes that are observed by cgdptatement

of features inside yellow circles (a); contracting cell monolayer, solid and yellow dashed lines show

edge of contracted and relaxed myotubes layer, respectivelyh@g)nie between images is 1 s;
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3D projection of myoblast muscle cells off delded bilayer (c). Actin filament and nuclei staining

using DAPI (blue) and Phalloidin (green) to evaluate the cell alignment on bilayer mats.

3.3 4D Biofabrication of fibrous artificial nerve grafts for neuron regeneration
Self-folding electrospun bayers canalsobe used as nerve guide conduits (NGCs) for neuron
regenerationPolycaprolactone is degradable and biocompatible m&krbut PCL stiffness
makes it less suitable for soft tissue engineéfindyaluronic acid is a hydrogel that can be found
it naive ECM and is widely distributed in neural tisstfeShereforeyve designed a bilayer system
that would consist of methacrylated hyalurcewad (HA-MA) andpolycaprolactongoly(glycerol
sebacate) (PCGPGS)fibers makingseli-folding scaffold more mechanical compatibla soft
tissue formation andegradable. Stiffness of PCL fibers significantly decreases after the addition
of PGS to the blend, resulting in lower stiffness as well for the bilayer system. Degradatah of
layer separately and bilayer was investigated, duese¢oofi more biocompatible amtégradable
materials 70 % of weight loss of bilayer could be achieved dumioity of realtime degradation

(Figure20). Neuron cells showed high proliferation and viability on designed scaffolds.
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Figure20. Degradation of electrospun fibers and bilayer scaffoli morphology of electrospun
fiber PCL, PCLPGS, HAMA mats and PC{PGS/HAMA bilayer before and four weeks after
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degradation; i) Mass loss of fibrous mats and bilayer scaffold during four wee&grafdation; j)
Porosity change of PCL fibers and HWA fibrous mat during four weeks of degradation; k) Self
folded PCL-PGS/HAMA tube before degradation; |I) Sdtilded PCL-PGS/HAMA tube after

four weeks of degradation

3.3. Conclusion and outlook

Thesestudies have shown that fibrous shaperphing materials can be waks#or hollow tubular
structure formation with cell alignmefur various tissue\ll fabricated systems were able to fold

in physiological conditionsye haveshown reversible and adjudiée scroltlike tubular structure
formation. The highlight of this work theformation of theunctional mscle tissue layer, which

can be further developed for the formation of vascularized tissubke future, mltiple fibrous
shapemorphing scaffold can be assembled next to each other forming muscle bundles.
Additionally, future experiments should involve further investigation of bilayer system application
for neuron tissue regeneration and vascular network formaflonductive fiber adoption in

fibrous shapenorphing materials could improve neuron and muscle cell differentiation.
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ABSTRACT: We report fabrication and characterization of electrospun,
porous multi-layer scaffolds based-on thermo-responsive polymers
polycaprolactone (PCL) and poly(N-isopropylacrylamide). We found
that the electrospun mats fold into various 3D structures in an aqueous
environment at different temperatures. We could determine the
mechanism behind different folding behaviors under different conditions
by consideration of the properties of the individual polymers. At 37 °C in
an aqueous environment, the scaffolds spontaneously rolled into tubular
structures with PCL as the inner layer, making them suitable for cell
encapsulation. We also demonstrated that the cell adhesion and viability
could be improved by coating the polymers with collagen, showing the

Downloaded via UNIV BAYREUTH on January 21, 2020 at 08:14:04 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

suitability of this scaffold for several tissue engineering applications.

issue engineering is a rapidly expanding field that applies

the principles of biology and engineering to develop
functional substitutes for tissues and organs.’ Numerous
approaches have been suggested through the years aiming for
creating cell-laden 3D bioscaffolds that can sustain cell
proliferation and differentiation.”™® One of the most important
problem is the controlled spatiotemporal encapsulation of the
seeded cells inside the artificial 3D structure. Another vital
requirement is that the scaffolds exhibit sufficient porosity for
further vascularization in order to allow for oxygen and
nutrients to reach all cells. Many recent developments target
specifically one or another problem. For example, porous
scaffolds have been prepared by salt leaching, gas foaming,
freeze-drying,’ electrosginning, and 3D printing, as well as
using other approaches.”” In recent years, researchers have also
investigated a more convenient method using multiple
physically and chemically cross-linked hydrogels for cell
encapsulation purposes. '™ Although gels have shown really
promising properties for cell encapsulation, their mesh size is
usually in nanoscale, which restricts cell migration and makes it
more applicable to small molecule and enzyme encapsulation.'”
In addition, polymer gels in comparison with a natural
extracellular matrix are isotropic, so they can not completely
mimic natural conditions in the human body.

Recently, self-folding polymer films have been proposed as
an alternative method for the preparation of 3D scaffolds.'*™"?
They provide a combination of homogeneous distribution of
cells, intrinsic to the hydrogebbased approach, and micro-
porosity, intrinsic to scaffolds.” The essence of this method is
to create first 2D cellular array and then to let it change its

<7 ACS Publications  © 2017 American Chemical Society
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shape that leads to formation of 3D cellular structures.”’ These
films consist of two polymer layers; one of them is stimuli-
responsive.”~*" Although current self-folding films consisting
of a hydrogel and a hydrophobic polymer layer have a lot of
advantages like homogeneous cell seeding; not only these films
have low solvent permeability though the walls that restrain
nutrient transport to cell growth but also increase folding time.
There are few reports about the fabrication of porous self-
folding films using electrospinning.”® In comparison to
hydrogels, electrospun fiber mats have porosity on the scale
of micrometers that favors cell adhesion, proliferation,
migration, and differentiation.”® Anisotropic fibrous structure
of these bilayers shows close resemblance to natural
extracellular matrix. It has been shown that folding of
electrospun mats differ from that of polymer films obtained
by spin- or dipcoating.”® Although it appears that self-folding
electrospun mats are promising for fabrication of porous 3D
cellular structures, their application is restricted by unclearness
of folding mechanisms and unavailability of information about
their interactions with mammalian cells.

Therefore, in this paper, we reveal mechanisms of actuation
of electrospun trilayer mats and investigate their interaction
with cells. In our trilayer system, we use electrospun
polycaprolactone (PCL) fibers considering biocompatibility of
polymer for in vivo and in vitro studies. In addition PCL is one
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of the most used polymer for different biological applications:
scaffolds, drug delivery systems, sutures, and even bone grafts. 24
Second layer of fibers is spun using thermoresponsive poly(N-
isopropylacrylamide) (PNIPAM). PNIPAM is one of the most
studied thermoresponsive polymer 7 Because of high sensi-
tivity to temperature, this polymer is widely used in biomaterial
science.”® Studies have showed promising results for vanous
tissues: intervertebral discs, adipose, cardiac, and bone.” > We
demonstrate in this paper that the trilayer PCL—PNIPAM—
PCL mat is able to fold in physiological conditions and it is
suitable for encapsulation of cells.

B EXPERIMENTAL SECTION

Materials. 4-Hydroxybenzophenone(BPA) (Aldrich), polycapro-
lactone (M, = 80000, Aldrich), thodamine B (Aldrich), ethyl ether
anhydrous (Fisher), acetone (Fisher), N,N-dimethylformamide (Acros
organics), 14-dioxane (Fisher), chloroform (Fisher), thiazolyl blue
tetrazolium bromide (Sigma-Aldrich), and 0.1% calf skin collagen in
0.1 M acetic acid (Aldrich) were used as received. N-Isopropylacryl-
amine (NIPAM, Aldrich) was recrystallized from hexane and 2,2'-
azobis(2-methyl-propionitrile) (AIBN, Aldrich) was recrystallized
from methanol. Murine embryo fibroblast cell line, NIH/3T3, was
purchased from ATCC (Manassas, VA).

Synthesis of P(NIPAM-BPA). NIPAM (48.5 g), 4-hydroxybenzo- %

phenone (1914 g), and AIBN (0.143 g) were dissolved in 150 mL of
dioxane in a 500 mL flask. The solution was purged with nitrogen for
30 min to remove oxygen. The polymerization was carried out at 70
°C overnight under nitrogen atmosphere and constant stirring. The
polymer was precipitated in diethyl ether and dried at 60 °C under
vacuum.

Electrospinning. The electrospinning setup consisted of a
multisyringe pump (Fusion 200 Chemyx Inc.), a custom made
multiple needle holder with variable distance between the needles, and
a Spraybase electrospinning equipment (20 kV voltage controller and
rotating drum collector). NORM-JECT 10 mL and Monoject 3 mL
syringes were used, and flow rates were adjusted to 0.1 and 0.04 mL/
min for the 10 and 3 mL syringes, respectively. Needles with 0.8 mm
inner diameter were used for electrospinning. A 18.77 kV voltage was
applied to the tip of the needle. Electrospun fibers were collected on
grounded drum rotating at 640 rpm. The distance between the needle
tip and the collecting drum was 14 cm. Bi- and trilayer systems were
obtained by sequential deposition of different polymer solutions (8.5
wt % PCL in chloroform and 35 % PNIPAM in DMF and acetone
mixture (1:1)) during electrospinning. The 1:1 DMF/acetone mxxmre
was found to be most suitable for PNIPAM polymer spinning.” A
total of 1 % of rhodamine B was added to the PCL solution to provide
visual contrast between the polymer layers. No rhodamine was added
to the PCL solution in the case of samples for the cell proliferation
tests. The electrospun polymer mats were pressed together after
electrospinning using 20 tons hydraulic press. The microscopic
features of the fibers were investigated by field emission scanning
electron microscopy (FEI Teneo, FEI Co., Hillsboro, OR).

Mechanical Properties. The mechanical properties of electrospun
fiber mats were characterized by tensile testing (Instron 4411) and
dynamic mechanical analysis (PerkinElmer DMA 8000). Tensile tests
were performed at room temperature at 10 mm/min stretching speed.
Pressed electrospun samples with dimensions 120 X 25 X 0.5 mm’
were used.

For the DMA measurements, the dual cantilever tension mode was
used. Viscoelastic properties were determined as a function of
temperature in the range from 20 to 40 °C and scanning rate —2
K/min. Electrospun pressed samples with 30 X 12 X 0.5 mm’
dimension were used. In the case of PNIPAM, 30 X 9.74 X 349
mm?® dogbone samples were prepared by melting polymer in mold at
176 °C under 12 ton pressure (Carver hydraulic unit model Nr. 3912).

DSC. Differential Scanning Calorimetry was performed on a Metler
Toledo DSC821 measuring module. Samples were prepared by
loading 5—10 mg of finely cut polymer pieces in a closed aluminum
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crucible. The polymers were scanned in three steps—heating from —10
to 120 °C, then cooling down to —10 °C, and then heating to 120 °C
again. The heating/cooling rate was 10 K/min for all samples and all
steps.

X-ray Scattering Investigations. The X-ray scattering experi-
ments were executed by means of the multirange device Ganesha 300
XL+ (SAXSLAB ApS, Denmark/U.S.A.). We used Cu—Ka radiation
(u-focus tube 50 kV, 600 uA; monochromatization with bifocal Gébel
mirror). Scattering intensities were accumulated by 2D-detector
Pilatus 300 K (pixel size 172 X 172 ym?). Path of rays, sample and
detector are completely under vacuum (p < § X 107% mbar). For the
actual investigations we applied a 2-slit configuration and a beamstop
with 2 mm diameter for two scattering ranges with following limits of
parameters (Table 1).

Table 1. Parameters for SAXS and WAXS

~ Lampledet
(min—max): g (nm™) d (nm) 20 (deg) (mm) . (s)
SAXS 0.1-2.0 125-3.14 0.007-2.8 ~1041 7200

WAXS 09-244  7.0-0257 127-34.8 ~101 1800

The experiments were realized in asymmetric transmission (beam
perpendicular to sample surface (free-standing)). The primary data
were corrected to absorption. Results were presented as 2D scattering
patterns Ig I(q,, q,); radial profiles Ig I(q) [orientation neglected];
azu'nutha] profiles I((p) [here taken at g = 15 nm™" (WAXS) and 0.4

! (SAXS), respectively]. For partially crystalline polymers (here
PCL), the lamellae thickness can be estimated from the d-value
(Bragg's law) of the first (strong) scattering maximum in SAXS. The
orientation of the morphology (in SAXS) as well as that of crystalline
structure (in WAXS) can be characterize using Herman’s orientation
factor f= (3(cos ¢)* — 1)/2). Here, ¢ denotes the angle between the
molecular axis and the local director. The crystallinity was determined
according to the peak area method with the crystallinity defined as the
ratio of the integral intensity of the crystalline scattering to the total
scattering (crystalline + amorphous). The calculations were performed
using underground-corrected WAXS curves, in which all available
scattering maxima (reflections and amorphous halo inside an
appropriate scattering range) will be fitted by means of pseudo-
Voigt functions.

MTT Cell Proliferation Assay. NIH/3T3 cells were cultured in
DMEM containing 10% fetal bovine serum, 100 U/mL penicillin and
streptomycin, and 10% nonessential amino acids. Cells were
subcultured every 3—4 days once the confluence of cells was 70 %.
Thiazolyl blue tetrazolium bromide solution (5 mg/mL) was prepared
and sterilized via syringe-filtration through 0.22 um pore sized filter.
Polymer films for MTT cell proliferation assays were cut into proper
sizes to fit 24-well plates, and they were sterilized by merging in 70 %
ethanol for 6 h for thorough sterilization. Afterward, the ethanol
solution was removed, and the films were rinsed 3 times with cold,
autoclaved phosphate buffered saline (PBS). Sterile stainless steel rings
were added to the wells to prevent films from floating and bending.
The polymer films were divided into 3 groups. In Group 1, the film
was further coated with collagen before cell seeding. Group 2, NIH/
3T3 cells were cultured directly on polymeric film. Group 3 serves as a
control where polymeric film was introduced but no cells were applied
on polymer mats. Other control groups include cells cultured without
adding a film (Group 4) and an empty well filled with incubation
medium only (Group $).

For cell seeding, ~10° cells/mL were cultured and incubated for 24,
72, or 120 h. For the groups incubated for 120 h, medium was changed
on day 3. Standard MTT cell proliferation assay was performed after
incubation. Briefly, S0 uL of thiazolyl blue tetrazolium bromide
solution was added into each well. The plate was further incubated for
4 h at 37 °C, then the incubation medium was carefully removed. 0.5
mL DMSO was then added into each well. After the reduced formazan
products were fully dissolved by gently shaking the plate for 10 min,
the purple-colored DMSO solution was transferred into a separate 96-

DOI: 10.1021/acs biomac.7b00829
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Figure 1. Properties of PCL and P(NIPAM-BPA) mats: (a) fabrication of electrospun polymer mats using rotating drum; representative SEM
images of PCL (b) and P(NIPAM-BPA) (c) mats; SAXS (d) and WAXS (e) diffractograms of PCL mats; (f, g) radial scattering intensity profiles
obtained from SAXS and WAXS; (h) azimuthal profile I() (taken at g = 15 nm™ (WAXS)]; (i) DSC and (j) DMA measurements of electrospun
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Figure 2. Responsive properties of electrospun P(NIPAM-BPA) mats. (a) Photographic snapshots of a thick PNIPAM (thickness 425 + 42 ym) mat
in air, floating in water at 22 °C and at 37 °C; (b) Temperature-dependent swelling and shrinking of thick P(NIPAM-BPA) mats; (c) Swelling
kinetics of electrospun PNIPAM mats in water; (d) Folding of thin P(NIPAM-BPA) mats in water at room temperature.

well plate to measure SS0 nm absorbance using a microreader (N =5
per group).

Live/Dead Assay. Live/Dead Kit was purchased from Thermo
Fisher Scientific and the assay was performed according to the
vendor’s protocol. Briefly, the stock solutions of the calcein AM and
EthD-1 were warmed up to room temperature. Then, a working
solution containing 5 #M calcein AM and 10 yM EthD-1 in PBS was
prepared. NIH/3T?3 cells were preseeded in 24 well plates for 24 h and
were rinsed with PBS before incubating with 0.5 mL of the working
solution for 30 min. Afterward, fluorescence microscope(FL) images
were taken. Live cells that were stained by calcein AM and were
imaged through the FITC channel. Dead cells were stained by EthD-1
and were imaged through the TRITC channel. The ratio between live
and dead cells were analyzed by counting the numbers of live/dead
cells in multiple images (1 = $).

B RESULTS AND DISCUSSION

not cross-linked. The prepared electrospun polymer mats were
pressed to make them denser. Here, and further in the text, the
direction along the circumference of the electrospinning drum
would be denoted as the “parallel” or “0°” direction, while the
direction along the cylinder central axis would be called
“perpendicular” or “90°” (Figure la). The average diameter of
P(NIPAM-BPA) and PCL fibers was 2.3 + 0.8 ym and 1.6 +
0.7 um, respectively (Figure 1b,c). SEM images of the
electrospun mats showed stretched fibers running in all
directions, that is, there was no visible preferential fiber
orientation in the samples. Dynamic mechanical analysis
showed only slight anisotropy in the electrospun mats. There
was no difference in the modulus of the samples at room
temperature, regardless of the direction of measurement
(Figure 1j). At 40 °C, parallel oriented samples demonstrated
slightly higher modulus (~2X higher) than perpendicularly

We fabricated P(NIPAM-BPA) (4 mol % BPA) and PCL mats *  oriented ones. This difference in mechanical properties in
by electrospinning of these polymers on a rotating drum different directions can be explained by preferential orientation
(Figure la). P(NIPAM-BPA) fibers were cross-linked during of fibers. WAXS/SAXS results support this assumption and
electrospinning via irradiation with 254 nm UV light by exciting show that PCL polymer chains are slightly oriented along the
benzophenone groups, which generate radicals. PCL fibers were direction of rotation of the drum. The orientation factor for

3180 DOI: 10.1021/acs.biomac.7b00829
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WAXS is 0.06 (Figure 1h). The degree of crystallinity of the
electrospun PCL was determined to be around $0%, which is
typical for this polymer (Figure 1d—g). Similar degree of
crystallinity was obtained from differential scanning calorimetry
(DSC) results (Figure 1i). Melting and crystallization temper-
atures of PCL are about 60 and 20 °C, respectively, as it was
revealed by DSC.

Next, we investigated the responsive behavior of individual
PCL and P(NIPAM-BPA) mats in aqueous environment at
different temperatures. Thick (thickness 425 + 42 um) and
thin (thickness 105 + 4 pm) P(NIPAM-BPA) mats were
prepared by electrospinning. It was observed that thick
P(NIPAM-BPA) mats shrink when placed in water at room
temperature and its length and width decrease down to 55% of
the initial value (Figure 2a)b). There was no anisotropy in the
contraction of the samples in the parallel and perpendicular
directions. Increasing temperature to 40 °C causes further
shrinkage of the polymer mat down to 35% of its size in dry
state. Repeated cooling—heating cycles of the sample result in
its further contraction by an average of 10% (Figure 2b). Thus,
swelling and shrinking of P(NIPAM-BPA) mat is isotropic.
Moreover, P(NIPAM-BPA) swelling kinetics showed that the
swelling rate is equal in all directions (Figure 2c). Thin
PNIPAM mats exhibit different behavior. When submerged in
water at room temperature, they roll toward the side, which was
in contact with the drum during deposition (Figure 2d).

We discovered that PCL mats also demonstrate thermores-
ponsive properties (Figure 3). In particular, we observed that a

b) pcL 22°C

the slight alignment of the PCL fibers and from the stretched
conformation of the macromolecular chains. These stretched
chains relax at temperatures above the T, of the polymer, and
the sample strongly contracts (Figure 3a). In order to test this
hypothesis, we prepared a sample by electrospinning on a static
collector. In this case, no preferential orientation of the fibers
was expected. As expected, weaker folding was observed in this
case.

Folding of pure PCL mats at 37 °C is weak and insufficient
for cell encapsulation, therefore a P(NIPAM-BPA)-PCL bilayer
was prepared (Figure 4a). Such stimuli-responsive polymer

dry state wet state
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of fibers

C
( mPCL
ientatonMPNIPAM
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trilayer

Figure 4. Responsive properties of electrospun P(NIPAM-BPA)-PCL
bilayer and PCL-P(NIPAM-BPA)-PCL trilayer mats: (a) left, no
folding is observed for the bilayer in air at room temperature; right,
representative SEM image of a cross-section of the bilayer used to
determine the layer thickness; (b) long-side rolling of the bilayer in
water at 20 °C; (¢) short-side rolling of the bilayer in water at 37 °C;
(d) left, PCL-P(NIPAM-BPA)-PCL trilayer mat in air at room
temperature—no folding; right, representative SEM image of a cross-
section of the trilayer used to determine the layer thickness; (e)
trilayer in water at 20 °C, no folding; (f) trilayer in water at 37 °C,
short-side rolling.
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Figure 3. Responsive properties of PCL mats. (a) Temperature-
induced contraction; (b) Reversible bending in water at 22 and 37 °C
as well as irreversible folding at 55 °C; (c) Comparison of radii of
curvature for samples with oriented (drum) and random (plate) fibers.

rectangular piece of electrospun PCL mat bends toward its
outer side when immersed in water at room temperature
(Figure 3b). Increasing the temperature to 37 °C decreased the
radius of curvature (Figure 3b). The observed effect was fully
reversible between 22 and 37 °C and could be repeated many
times. The reason is small changes of volume of PCL upon
heating/ cooling,™ which in combination with different density
of PCL mat at drum and outer sides cause reversible bending.
PCL is relatively stiff at room temperature leading to weak
bending. Increasing the temperature lowers the modulus of
PCL, augmenting the observed effect. Because temperatures
never exceeded the T; of PCL, no irreversible changes occur in
the sample. However, increasing the temperature to S5 °C,
which is around the Ty for electrospun PCL (see Figure 1i)
results in a much stronger and irreversible folding of the PCL
mat (Figure 3c). Noteworthy, folding in this case always occurs
in the parallel direction. This preferential bending stems from
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bilayers have been already shown to undergo significant volume
and shape changes suitable for the design of cell-encapsulating
structures.”** The PCL layer was electrospun first and
P(NIPAM-BPA) was deposited on the top of it. We observed
that at room temperature the P(NIPAM-BPA)-PCL electro-
spun bilayer folds toward PCL side in the perpendicular
direction in respect to fibers if the thickness of the P(NIPAM-
BPA) layer does not exceed S0 ym. As a result a long tube with
PNIPAM as the outer layer is formed (Figure 4b). Increase of
the P(NIPAM-BPA) thickness results in its delamination from
PCL upon swelling. Folding at 37 °C proceeds according to a
different scenario—the bilayer folds in the parallel direction and
short scrolls with PCL as the outer layer are formed (Figure
4c). Thus, folding of P(NIPAM-BPA)-PCL bilayer at 37 °C
results in the formation of tubes with P(NIPAM-BPA) as the
inner surface.

We explain the difference in folding scenarios of P(NIPAM-
BPA)-PCL bilayers at room and elevated temperatures by
considering the responsive properties of individual polymers.
Room temperature (22 °C): Size of PCL remains unchanged and
it curls slightly to P(NIPAM-BPA) direction. P(NIPAM-BPA)
shrinks slightly and strongly folds along the fibers. Physiological
temperature (37 °C): Size of PCL remains almost unchanged

DOI: 10.1021/acs.biomac.7b00829
Biomacromolecules 2017, 18, 31783184
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though slight contraction happens to fiber length and it curls in
the direction to P(NIPAM-BPA). P(NIPAM-BPA) shrinks
strongly that leads to bending of bilayer toward P(NIPAM-
BPA) side. Thus, P(NIPAM-BPA) determines the side to
which the bilayer folds and PCL determines the direction with
respect to fibers.

Folding of bilayer at 37 °C (the preferable temperature for
cell proliferation) leads to the formation of tubes with
P(NIPAM-BPA) as the inner layer. This is not favorable for
cell encapsulation because of their poor adhesion to the swollen
P(NIPAM-BPA) and to its limited biocompatibility. In order to
form a tube with inner PCL layer, we fabricated a trilayer,
which consists of a thick (~400 ym) PCL, thick P(NIPAM-
BPA), and thin PCL layers. The thickness of the P(NIPAM-
BPA) had to be increased in order to counter the added
resistance from the additional PClI layer and to sustain folding.
On the other hand, the introduction of a third hydrophobic
layer on top of the P(NIPAM-BPA) effectively solved the
delamination problem described earlier. The folding of such a
trilayer is guided by the behavior of thick PCL and thick
P(NIPAM-BPA). The role of the thin PCL is simply to provide
proper functionality of the inner surface of the tube. The
trilayer does not fold in water at room temperature. The folding
at 37 °C follows the scenario of folding of the bilayer: the outer
layer is formed by the thick PCL and since P(NIPAM-BPA) is
coated by thin PCL layer, the inner layer of the tube is PCL,
which provides good adhesion to cells.

Finally, we investigated the impact of self-folding PCL-
P(NIPAM-BPA)-PCL trilayer mats on cell adhesion and
proliferation. Briefly, we seeded NIH/3T3 cells on a PCL-
P(NIPAM-BPA)-PCL film that was either coated or not with
collagen, and then examined the cell viability by Live/Dead
assay. We observed that NIH/3T3 cells seeded on the collagen
coated mats were more likely to express a normal, well spread
morphology with high cell surface area (Figure 5a), while cells
in the control group without adding collagen tended to exist in
spherical shape with low cell surface area (Figure Sb). This
suggested that collagen could help facilitate cell adhesion and
morphology development, which was also documented by
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Figure 5. Cell proliferation: (a, b) live/dead cell staining after
culturing for 24 h on multilayer mat with and without collagen coating;
(c) live/dead cell ratio after culturing for 24 h; (d) MTT assay results
from two film-containing groups (with and without collagen), cell
control group on plate and mat control group, taken after culturing
cells for 24, 72, and 120 h.
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others.”” In addition, the ratio between living cells and dead
cells were statistically estimated by counting the living cells and
dead cells in multiple FL images. For both groups, the ratios
were around 1 to 1.5 (Figure Sc). This indicated that the
polymeric mats might cast certain effect on the cell viability and
normal metabolic activity. Interestingly, we found that the
Live/Dead cell ratio of the collagen-added group was slightly
higher than the group without collagen. This was considered as
a result that collagen-coated surface could help create a more
biocompatible environment for cell metabolism and, hence,
better protect the cell viability than the naked polymeric
surface, which was also evident by the cell morphology
difference between the two groups discussed above. We have
also investigated viability by MTT assays on days 1, 3, and 5.
During our experiments we noticed that our film is giving
intensive absorbance signal, so to obtain more reliable results
we subtracted signal made by polymer mat from film-
containing groups before quantifying viability in relation to
cells seeded on plate (Figure 5d). The viability in all film-
containing groups was lower than 50% in comparison to cells
on plate. Meantime, for all the time points, the viability of
collagen-added groups was lower than that without collagen,
which seemed contradictory to the Live/Dead assay results. It
was known that the MTT assay was designed to measure the
cell metabolic activity, which was mainly affected by the cell
proliferation rate and viability change. One reason for the low
MTT results for all groups was the slow proliferation. For
instance, on day 1, the MTT results were around 40—50%,
which were roughly consistent with Live/Dead cell ratio results.
However, the MTT results on day 3 for film-containing groups
dropped to around 10—20% but increased to 20—30% on day 5.
Given that all results were obtained by comparing with the
blank control and the cells in the blank control seems to have
reached the plateau between day 3 and day $ and slowed down
the proliferation rate, the cells attached on the surface of
polymeric mats kept proliferating at a slow rate (Figure 5d).
Increase in proliferation rate on day 5 could be due to adding
new growth media on day 3, thus, making better conditions for
groups with and without film. The other reason for the low
MTT results would be the viability loss, as we observed it.
Interestingly, we found all the MTT results of the collagen-
added groups were lower than those without adding collagen.
Previously we considered that collagen might help improve the
cell viability. Therefore, this MTT result difference was believed
as a result of the proliferation effect. Specifically, we suspected
that cells cultured with polymeric mats without collagen might
more tend more to exist in spherical shapes and proliferate
faster than those in the collagen added ones. This phenomenon
might be attributed to the 3D folding structures of the mat, the
surface property difference, PCL fibers is hydrophobic and with
low wettability which could determine cell spherical shape, but
combined in multilayer system with P(NIPAM-BPA) hydrogel
fibers scaffolds are more hydrophilic that could improve
proliferation of cells as growth medium can easily diffuse
trough fibers. Overall, treatment of trilayer with collagen would
allow substantial improvement of cell attachment, protection of
cellular viability and normal functions, but maybe slow down
the proliferation as free volume between fibers is blocked by
collagen, without impeding its folding properties as bending of
scaffold edges around metal ring was observed after incubation
in 37 °C.
DOI: 10.1021/acs.biomac.7b00829
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B CONCLUSIONS

We demonstrated a novel approach for the design of shape-
changing biomaterials using porous electrospun polymer
multilayers. We demonstrated this approach on the example
of mats consisting of thermoresponsive P(NIPAM-BPA) and
PCL. These mats demonstrate folding in aqueous environment,
which depends on the thickness of the layers and their number.
The folding behavior can be tuned in a way that the mats fold
in aqueous environment at 37 °C, making them suitable for cell
encapsulation and tissue engineering. We demonstrated that
treatment of the self-folding polymer with collagen substantially
improves cells adhesion and viability. The developed approach
opens new perspectives for the structuring of biomaterials and
4D biofabrication.
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