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Summary

Even though the field of medicine is constantly growing and advancing, organ and tissue
transplantation remains the standard treatment for life-threatening organ damage. As human life
expectancy is constantly increasing, organ demand is greater than the supply of donated organs.
Another serious issue with organ transplantation is immune rejection of donor organs. Nowadays,
scientists consider tissue engineering as a possible solution to these problems. Even though tissue
engineering has promise, fabrication of highly complex tissue with specific/ uniaxial cell alignment
remains a significant problem. Another field in close contact with tissue engineering is
biofabrication. Biofabrication can be defined as “the production of complex living and non-living
biological products from raw materials such as living cells, molecules, extracellular matrices, and
biomaterials™. That is, biofabrication deals with fabrication of complex objects with biological
functions. A novel biofabrication technique is 4D biofabrication, which assumes fabrication of
complex 3D objects by shape-transformation of 2D and 3D objects in response to a specific
stimulus. One of major advantage of this approach is that it allows high-resolution fabrication of
hollow tubular structures with no use of sacrificial material and easy cell encapsulation.

The aim of this work is development of methods for fabrication of fibrous shape-morphing
structures, which shall allow 4D biofabrication of muscle and neural tissues. It is envisioned that
fibrous shape-morphing 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 growth. The novelty of this work is the investigation of the biocomptability, degradability and
cell-material interactions with the fibrous shape-morphing materials.

Three different designs of biocompatible and degradable fibrous shape-morphing materials were
prepared and investigated throughout this work. Different folding scenarios of the bilayer and
multilayer fibrous shape-morphing materials have been discussed and explained based on various
parameters: each layer thickness, the overall thickness of the bilayer/multilayer, number of the
layers, environment temperature, choice of media, fiber alignment and shape of the material.
Fibrous shape-morphing material interaction with three different cell types (fibroblasts, skeletal
muscle cells, and neuron cells) has been described. High degradability has been achieved by the
design of a fibrous bilayer system, that was able to achieve 70 % mass loss during a month of

degradation without losing the stability of the self-rolled construct.



Overall, though this work, it was shown that designed materials can be used for engineering of
tissue with uniaxial cell alignment as skeletal muscle and neuron tissue. It was demonstrated
fibrous shape-morphing material potential for functional muscle microtissue formation, that can be
further developed by self-assembly into muscle bundles. Electrospinning of conductive fibers could

improve both muscle and neuron cell differentiation.



Zusammenfassung

Auch wenn der Bereich der Medizin standig wéchst und sich weiterentwickelt, bleibt die Organ-
und Gewebetransplantation die Standardbehandlung fir lebensbedrohliche Organschéaden. Da die
Lebenserwartung der Menschen sténdig steigt, ist die Nachfrage nach Organen groRer als das
Angebot von Spenderorganen. Ein weiteres ernstes Problem bei der Organtransplantation ist die
Immunabstollung von Spenderorganen. Heutzutage betrachten Wissenschaftler das Tissue
Engineering als mogliche Losung fur diese Probleme. Auch wenn 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 die Biofabrikation. Die Biofabrikation kann definiert werden
als "die Herstellung komplexer lebender und nicht lebender biologischer Produkte aus
Rohmaterialien wie lebenden Zellen, Molekiilen, extrazellularen Matrizen und Biomaterialien ".
Das heil3t, die Biofabrikation befasst sich mit der Herstellung komplexer Objekte mit biologischen
Funktionen. Eine neue Biofabrikationstechnik ist die 4D-Biofabrikation, die die Herstellung
komplexer 3D-Objekte durch Formtransformation von 2D- und 3D-Objekten als Reaktion auf
einen bestimmten Stimulus Gbernimmt. Einer der Hauptvorteile dieses Ansatzes ist, dass er die
hochauflésende Herstellung von hohlen rohrenférmigen Strukturen ohne Verwendung von
unterstiitzenden Materialien und eine einfache Zellkapselung ermaglicht.

Das Ziel dieser Arbeit ist die Entwicklung von Methoden zur Herstellung faserférmiger,
formmodellierender Strukturen, die eine 4D-Biofabrizierung von Muskel- und Nervengewebe
ermoglichen sollen. Es ist vorgesehen, dass faserige formmodellierende Materialien eine hohe
Permeabilitat, die fur die Diffusion von Sauerstoff und Nahrstoffen benétigt wird, sowie eine
strukturierte Topographie bieten kdnnen, die fir eine verbesserte Zellausrichtung und ein
verbessertes Zellwachstum genutzt werden kann. Die Neuheit dieser Arbeit besteht in der
Untersuchung der Biokomptabilitat, der biologischen Abbaubarkeit und der Zell-Material-

Wechselwirkungen mit den faserférmigen formmodellierenden Materialien.

Drei verschiedene Designs von biokompatiblen und biologisch abbaubaren faserférmigen,
formverdndernden Materialien wurden im Laufe dieser Arbeit vorbereitet und untersucht.
Verschiedene Faltungsszenarien der zweischichtigen und mehrschichtigen faserigen
formveréndernden Materialien wurden erforscht und anhand verschiedener Parameter erldutert:
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Schichtdicke von jeder 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 Wechselwirkung zwischen faserartigem
formverdnderndem Material und drei verschiedenen Zelltypen (Fibroblasten, Myozyten und
Neuronen) wurde beschrieben. Eine hohe biologische Abbaubarkeit wurde durch das Design eines
faserigen Doppelschichtsystems erreicht, das in der Lage war, wahrend 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 fur die
Konstruktion von Gewebe mit einachsiger Zellausrichtung als Skelettmuskel- und Nervengewebe
verwendet werden kénnen. Wir haben gezeigt, dass faserige, formmodellierende Materialien ein
Potenzial fur die Bildung von funktionellem Muskelmikrogewebe haben, das durch Selbstmontage
zu Muskelbundeln weiterentwickelt werden kann. Das Elektrospinnen von leitfdhigen Fasern

konnte sowohl die Differenzierung von Muskel- als auch von Nervenzellen verbessern.



1. Introduction

1.1. Biofabrication

While life expectancy continues to increase globally, the medical and biomedical industries seek
to improve the healthcare system with new methods and techniques. Similar to the continual
improvement of medicaments and vaccines, scientists are able to design and engineer new
approaches for the operating theater. The organ-donor supply is unable to meet current demand for
organs for transplantation. Tissue engineering (TE) is considered a possible alternative to the use
of organ-donors. In tissue engineering — cells, engineered materials, bio- and physiochemical
factors are used in combination to improve, maintain or replace biological tissues. With the help
of TE, it is possible to design and obtain tissues or organs that can be maturated in vitro or in vivo
and afterward implanted in the human body. Another rapidly advancing field related to TE is
biofabrication.

Field of biofabrication focus on microfabrication of defined product with biological function?.
Biofabrication covers a wide variety of natural and technological processes in diverse disciplines
as sensing, catalysis, synthetic biology, biotechnology, regenerative medicine (RM), and tissue
engineering (Figure 1). Many methods are used in biofabrication, but most advanced biofabrication
approaches that are used for TE are bioprinting and bio-assembly. Bio-assembly is defined as the
fabrication of highly ordered constructs with a guided 2D or 3D organization through an automated
assembly of previously formed cell-contained building blocks, which can be engineered by cell-
driven self-organization or through the development of hybrid cell-material. In this method
typically enabling technologies are applied as micro-fabricated molds or microfluidics. Bioprinting
is an additive manufacturing method where complex 3D cell-laden hydrogel constructs can be
formed using a layer-by-layer deposition. Bioprinting has several advantages as high cell viability,
direct and precise deposition, high resolution and complex 3D constructs. Numerous complex
tissues, including multilayered skin, tracheal splints, vascular grafts, bone, heart tissue, and

cartilaginous structures, have been fabricated and transplanted using 3D bioprinting?.
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Figure 1. Biofabrication in relation to TE and RM. Reproduced with permission.Copyright 2016,
IOP Publishing.

Even though 3D bioprinting has shown good outcomes, it is still challenging to obtain the suitable
structural and biochemical support for the cells. Naturally, cells are surrounded by extracellular
matrix that provides suitable environment for their growth, differentiation and maintain their
function®. Extracellular matrix (ECM) consists of a biomacromolecule network, which includes
collagen fibers, proteoglycan complexes, fibronectin, laminin, hyaluronic acid, etc. It has been
proven that any changes in ECM topography or architecture can lead to alteration of cellular
response?. For example, collagen fibers in ECM are approximately 1-3 um thick and aligned, which
helps cells to orientate and gives clues to attach. Whereas in bioprinting of cell-laden hydrogels,
hydrogel formed mesh size is not always efficient for nutrient and waste product exchange.
Likewise, to make the system more like the natural one, hydrogel structures should be reinforced
by fibers.

1.2. Biofabrication of the tubular structure
Similar to mimicking ECM, another challenging task is to mimic hollow natural tubular structures
in the human body like arteries in vasculature system, osteons in the skeletal system, muscle fibers

in the muscular system, neurons in the nervous system, etc. These structures are highly ordered and



composed by different cell types, proteins, and signaling molecules®, likewise there diameter can

be in micrometer as well as millimeter range.

1.2.1. Methods for fabrication of tubular constructs

Even though 3D bioprinting offers many advantages like a local deposition, possibility to extrude
various materials, automatization, and individual adjustment, there are still some disadvantages.
These include insufficient resolution, difficulties of hollow structure formation, no cues for cell
orientation, no mechanical anisotropy and disturbed oxygen diffusion that make 3D bioprinting
less suitable for tubular structure design®. Hollow tubular constructs can be made by the bioprinting
of centric ring that involves high shear force formation thus significantly decrease cell viability”®.
Another method assumes the printing of sacrificial material that later needs to be removed using
high pressure. This makes this method less suitable for cell encapsulation while printing'®*4. Rod
support printing can be as well used for tubular structure formation, but in this case, diameter of
tubular structure is defined by on rod diameter, and as rod needs to be durable, the smallest diameter
of the rod is usually in millimeters®®. Overall, there are several models for tubular structure
formation using 3D biofabrication. However, there is still a lack of high resolution, high cell
viability and narrow tubular construct formation (<300 pum).

4D biofabrication has shown great potential for the fabrication of tubular structures®*®. 4D
biofabrication includes a variety of fabrication technologies (3D printing, e-spinning, solvent
casting, etc.) that produces 3D elements that can be externally stimulated in a controlled manner to
promote shape transformation that lead to the desired structure/shape/morphology® 6. A certain
time is required for shape transformation to happen; thus, the fourth dimension (time) contributes
to this fabrication method. Using this technology, it is possible to create sophisticated dynamic
structures with high resolution, that we are not able to achieve using other biofabrication
techniques. There are three general approaches to obtain cell-laden 4D biofabricated constructs
(Figure 2). In the first approach, the 3D structure is first fabricated, then the stimulus is added and
after shape change cells filled in the scaffold. This approach has a disadvantage that cells need to
fill from the sides, which does not ensure good cell distribution in the middle of the construct. In
the second approach, cells are seeded on the 3D structure before shape transformation, which
produces a uniform cell layer in all structures. In the third approach, the 3D structure is fabricated
with the cells, and then shape transformation is performed. For this approach, it is important to use
biocompatible materials from the first step of fabrication.
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Figure 2. Fabrication of 3D cellular constructs using 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 transformation of the cell-filled construct; and c)

fabrication of vital construct filled with cells and its shape transformation. Reproduced with
permission®. Copyright 2018, Wiley-VCH.

Another important feature of 4D biofabrication is the ability to form a wide variety of hollow
shapes and sizes?®?, This allows us to fabricate not only tubular structures but also sphere-like
structures. 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 structures?® (Figure 3a). To form sphere-like structures, the star-shaped 3D structure should be
fabricated for shape-changing®®(Figure 3b). A combination of various tubular and half star-like
structures are proposed to form glands?*(Figure 3c,d). This makes 4D biofabrication promising for

a big tubular network, multiple tissue and organ fabrication.



Figure 3. 4D biofabrication of various shapes: a) folding of the rectangular film forms tube; b)
folding of the star-like film results in capsule formation; c,d) complex alveolar and branched
structures can be formed using combination of rectangular and star-like elements. Reproduced with
permission ©. Copyright 2018, Wiley-VCH.

1.2.2. Natural tubular tissues with cell alignment

Our bodies consist of various tissues/organs; some of the tissues have a tubular structure with high
cell alignment. Cell alignment is crucial for different cell types like muscle cells in striated muscle
tissues, endothelial cells and smooth muscle cells in blood vessels and Schwann cells in neurons®®
(Figure 4). In blood vessels, smooth muscle cells (SMCs) are in the outer layer, and they are
circumferentially aligned to provide resilience and tensile strength?. In this way, continuous
fibrous helix from collagen fibers and elastin bands within vascular media is formed that provides
necessary tension resistance for blood vessels to support maximal vessel contraction and dilation
(Figure 4a). In comparison to SMCs, endothelial cells (ECs) in blood vessels are oriented along the
direction of the vessel longitudinal axis. In blood vessels, ECs maintain the environment with
different chemical clues and biophysical stimuli that are promoted by blood flow. Laminar fluid
flow shear stress (FSS) evoke alignment of ECs intracellular cytoskeletal components causing cell
elongation and polarization parallel to blood flow?”. Any changes or misalignment of SMCs or ECs
in blood vessels can cause changes in vascular behavior and further result in a pathological
condition, e.g., atherosclerosis.

For a striated muscle to contract, stretch or beat, it is crucial to have highly aligned intracellular

myofilaments — actin and myosin. Muscle cells during myogenesis align and fuse, forming striated
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multinucleated myotubes that later are assembled in aligned muscle fibers across the muscle
(Figure 4b). When there is any distribution of this orientation, musculoskeletal disorders occur,
which can be caused by accidents, tumor excision, or muscular dystrophy?®. This highly oriented
and complex 3D muscle structure with considerable volume is still a challenge for the scientist in
biofabrication and TE fields. Furthermore, 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 nerves.

During axonal regeneration, neural cells spontaneously orient parallel to aligned Schwann cells
(SCs) in the case of peripheral nerve injury?® (Figure 4c). SCs can differentiate to form myelin,
which is a fatty substance that wraps around nerve cells and protect them. When SCs proliferate
during regeneration they are forming longitudinal cell strands called Biingner bands, therefore the
injured nerve is restructured by hundreds of microchannels formed along the major axis of the

nerve®,
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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 cells in neurons. Reproduced with permission®.
Copyright 2014, Elsevier.; d) Structure and components of long bone. Reproduced with
permission®. 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, wrinkle, and fibrous scaffolds can be fabricated®!3,
Further, various stimuli can be used to improve aligned tissue formation such as mechanical
loading, chemical treatment, and electrical stimulation. Mechanical 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 improve cell alignment. For example, electrical 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 field. However, stimuli-induced alignment is often difficult to optimize and often results
in inconsistent cell alignment. Surface chemical treatment is another method to align cells in the
scaffold, that can be done by adding motifs of ECM like Arginylglycylaspartic acid (RGD) peptide

to surface where cells should adhere®2.

1.3 Nano- and microfiber formation for cell guidance

As mentioned before, fibrous scaffolds can be used to guide cell alignment. Fibrous scaffolds not
only have cell attractive topography but as well offers high porosity and mechanical resistance.
Various fiber fabrication techniques can be used to form nano- and microsize fibers that would

mimic the fibrous structure of ECM.

1.3.1. Fiber formation techniques

Polymer fiber formation process, in other words, spinning can be divided into various types: wet,
dry, melt, gel and electrospinning. Wet spinning is one of the oldest techniques used to produce a
polymer fiber. In wet spinning, the syringe is filled with a polymer solution, and fiber is drawn
from a chemical bath that causes precipitation and solidification of the polymer. Though wet
spinning is an easy method and still holds its position between most used fiber formation
techniques, this method requires a high amount of solvents, especially for mass production. In dry
spinning hot air is used to solidify polymer fiber. Dry spinning produces less waste as there is less
solvent used, but it is dangerous when flammable solvents are used for polymer solution
preparation. In comparison to these two methods, melt spinning does not require solvent; molted
polymer solidifies right after extrusion. Even though there is less waste, sometimes extremely high

temperatures are necessary to melt the polymer. Besides, the choice of polymers is more restricted
11



in melt spinning as the difference between melting and degradation temperature should be
substantial. Gel spinning is used to prepare high-strength fibers; in this case, a gel is cooled by air
or solvent and then afterward stretched into fiber®*. Similar to other previously mentioned methods,
it requires a considerable amount of solvent. Electrospinning is a fiber production method where
electric force is used to draw charged fibers from a polymer solution or melt. During
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 cone-like shape is formed called Taylor cone®
(Figure 5). Then a polymer jet is drawn from needle tip to collector. While the jet is drawn and
polymer fiber is formed charge removal by electrospraying, and solvent evaporation is taking place.
Electrospinning is commonly used for biofabrication due to high scaffold surface area in relation

to the electrospun volume.

<— Charge applied to solution

C) <— Formation of Taylor cone

Evaporation of solvent

Y ——— T

Figure 5. Schematic of electrospinning

From all types of fiber spinning, in TE most commonly used methods are electrospinning, wet
spinning (including microfluidics), artificial biospinning and melt spinning (Figure 6)%. In
biospinning natural silk formed by insects is used for fiber fabrication; due to this, there are several
disadvantages of this method: 1) scale-up could be challenging as it depends on resources; 2)
preprocessing of natural fibers required, that is time-consuming and expensive; 3) hard to control
formed fiber size (Figure 6)%. The specific type of wet-spinning called microfluidic spinning is

often used for TE. In microfluidic spinning, the crosslinking agent is added by coaxial flow directly,
12



allowing coded fiber formation (Figure 6). Even though this method is good for tunable fiber
preparation, the challenge of this method is to obtain mechanically stable fibers. Another attractive
dry spinning based approach is interfacial complexation, where two oppositely charged
polyelectrolyte solutions are nearby, and with the needle, the polymer solution is drawn upward to
the speed-controlled mechanical roller (Figure 6). This method, as well as some challenges as
limited scale-up possibilities, limited material choice, a small range of fiber diameters (10-20
um)®2, Therefore, this work primarily considers three of the fiber spinning methods: wet spinning,
melt spinning, and electrospinning. For melt spinning, expensive equipment is required based 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 ~250-500 um?2, which can be used for cell
alignment if fiber is not smooth and has grooves additionally in its morphology. E-spinning is used

for smaller range fibers that are widely used for cell alignment3-%7,
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Figure 6. Methods for fiber fabrication in TE: (a) electrospinning — fibers are formed by the flow
of a polymer exposed to an electric field; (b) fibers in wet spinning are made by injection of a
polymer solution into a coagulation bath; (c) microfluidic platforms fabricate fibers by coaxial flow
of a pre-polymer and a crosslinking agent; (d) biospinning — fiber fabrication by insects (silkworms
and spiders); (e) interfacial complexation — fiber formation at the interface of two oppositely
charged polyelectrolyte solutions; (f) the melt spinning — melted polymer is extruded through a

spinneret. Reproduced with permission®. Copyright 2013, Elsevier.
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Another advancing electrospinning-based technology 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 in x,y, and z-axis are
possible (similar to 3D printing), which allows direct fiber deposition. When the speed of the
collector matches the formed jet — critical translation speed (CTS), linear fibers can be produced.
Even though it is possible to obtain a good resolution of fibers and controlled deposition, fiber
diameter is higher (2-50 um) than for melt spinning due to lower voltages and shorter distance
between needle and collector used in melt electrospinning writing®*-4° (Figure 7). This is necessary
due to the more complex electronic setup of the device. Nevertheless, 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

Figure 7. 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 above CTS, linear fiber formation;

f) electrostatic writing fibers above CTS. Reproduced with permission®. Copyright 2017, 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 grounded stationary collector is used (flat plate) to obtain
random fibers. Usually, the flat electrospun mat is formed using this method (2D). However, with
proper adjustment of the collector, it is possible to obtain 3D sponge-like structures. For example,
different transient electrical forces when fibers hit the collector can lead to a 3D structure®. In this
case, first negatively charged fibers are attracted to the positively charged collector, then charge-
transfer from collector to fiber is 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 collector. Another method
to obtain a high porosity sponge-like structure is based on the use of a nonconductive spherical
disk collector embedded with an array of metal probes*. To control fiber alignment, it is possible
to use three different forces: electrostatic, mechanical, and magnetic*.

A rotating mandrel is used to obtain fiber alignment via mechanical forces (Figure 8a). In this case,
the fiber alignment degree depends on the speed of rotation; the higher is the speed of rotation, the
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 a rotating disk with a sharp edge for the improvement of
fiber alignment**(Figure 8b). 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 be formed (Figure 8c). The addition of extra electrodes
beneath and on top of the collector could improve alignment, like a negative charge knife-edge
blade electrode under small diameter rotating mandrel or spinneret with knife-edged blade and
opposite to that negatively charged knife-edge electrode surrounding rotating mandrel (Figure
8d,e)*.
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Figure 8. Different electrospinning set-ups for aligned fiber preparation with advantages and
disadvantages. Adapted with permission*. Copyright 1990, IOP Publishing.

Due to electrostatic charges distributed along the electrospinning jet, it is possible to control fiber
alignment using an external electric field. A most known method is to use two conductive parallel
substrates with the void gap; across the gap, highly aligned fibers are collected (Figure 8f). Using
this method fibers are experiencing electrostatic forces acting in orthogonal directions 3. The first
force is formed while the electrical field is split into two electric fields lined pointing to two
electrodes/collectors*®. While force is pulling fibers to the electrodes, opposite charges are induced
on the surface of the electrodes when fiber travels to their proximity. As a result, this forms the
second force that stretches the nanofibers across the gap and distributes fibers perpendicularly to
edges of the electrodes. Several parameters influence fiber alignment, mat thickness, 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 breakage of fiber if polymer fiber is not resistant enough. Due to this, there

is a limited amount of polymer that could be used for this type of spinning.
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F,: Weight of fiber
Figure 9. Forces acting on uniaxially aligned fibers. Reproduced under the terms and conditions of

the Creative Commons, CC BY 3.0*. Copyright 2015, ElectrospinTech.

Fiber alignment highly depends on gap distance; with an increase in gap distance, electric field
component increases in the horizontal direction leading to higher fiber alignment*®. The thickness
of fiber mats can be increased by using sharpened electrodes. Sharp edge collectors can gather the
charges and induce attractive force on the electrospinning jet.

Similarly, to mechanical force (rotating) collectors, the deposition 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 deposition limitation and low productivity. Additional electrodes and
incorporation of other forces like mechanical or magnetic can improve fiber formation and
deposition. For example, the design of a drum-like rotating electrode with multiple bars combines
advantages from rotating mechanical and electrostatic collectors. These electrodes result in the
improvement of fiber alignment for the first deposited layers and increment of polymer mat
thickness due to rotation (Figure 8g). Another interesting type of collector is to use automated
conductive tracks, that can rotate and stretch uniaxially aligned fibers while they are collected®®. In
this way, it is possible to create higher alignment and increase fiber length via fiber-stretching.
Alignment can also be controlled by magnetic forces, though this method is rather new for aligned
fiber formation and more investigation should be made; for example, it is still unclear if polymer

solution should contain magnetic particles or not*. In this method, two parallel magnets are used
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to aligned fibers formed from slightly magnetized (0.5 wt%) or non-magnetized solutions®>3,

Magnetic field-assisted electrospinning is rather a simple method as it requires just the addition of
two magnets to a conventional setup (Figure 10). As well, fiber deposition can be easily
manipulated with rearrangement of magnets, and a higher volume of the fibrous mat can be
achieved than with electrostatic forces. Though with higher flow rates uniaxially aligned fiber
pattern change to wavy®3. Based on the lack of explanation for aligned fiber production
phenomenon by magnetic field-assisted electrospinning, it is less used than the other two forces.

a) syringe

solutio

needle
+
liquid jet

[v]

high voltage

N sI
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Figure 10. a) Magnetic electrospinning(MES) setup. The key component — magnetic field
generated by two parallel-positioned magnets; b) Calculated magnetic field strength vectors
between the two magnets. The arrows show magnetic field line directions. a, b, c- represents
magnetic field strength (120, 32, 25 mT). Reproduced with permission®2. Copyright 2007, Wiley-
VCH.

1.3.3. Parameters in electrospinning

There are several working parameters to consider while electrospinning; they can be divided into
three groups: process, solution, and ambient parameters. One of the solution parameters is
concentration, usually low concentration polymer solutions would form small particles while
electrospinning, in this case, more correct word for this process is electrospraying (Figure 11).

When concentration is slightly increased beaded fibers are forming. In optimal solution
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concentration, we can obtain bead free nano- and micro-sized fibers. When solution concentration
is too high, helix-shaped micro-ribbons are achieved>. Another solution based parameter is
polymer molecular 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 electrospraying, this can
be solved by incorporation of polymers that can be used as template polymers like PEO or
increasing of molecular weight®®. Another closely related parameter to concentration and molecular
weight is viscosity. There is an optimal concentration of viscosity that needs to be achieved during
electrospinning; when viscosity is too low, we would get beaded fibers, but when it is too high it
can clog the needle. Another important solution parameter that needs to be considered is surface
tension. When solvent with high surface tension (for example, water) is used for electrospinning,
beaded fibers are formed. Polymer concentration, solvent mixtures with various mass ratios, and
surfactants can be modified to reduce surface tension and obtain bead-less fibers®®®’. The last
solution related parameter that influences electrospinning is conductivity. It has been described that
by adding ionic salts that can improve solution conductivity it is possible to obtain thinner and

bead-less fibers®e,

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

Increase of polymer solution concentration

Figure 11. Solution concentration influence on fiber formation during electrospinning

Further, it is important to consider processing parameters, which include flow rate, voltage,
collectors and distance between the collector and the tip of the needle. The applied voltage is an
essential parameter of electrospinning. Nevertheless, the effect of voltage on electrospun fibers is
controversial. Several groups have suggested that there is no effect on fiber diameter. Some others
suggest that fiber diameter increased with the increase of electrospinning voltage. Others suggest
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that fibers formed thinner, based on an increase of electrostatic repulsive force on the charged jet>*
%9 To summarize, the voltage influences fiber diameter and bead-free fiber formation, but it highly
depends on the polymer solution chosen for electrospinning and distance between the tip of the
needle and collector. A clear effect of voltage on electrospinning is that higher voltage added to
the electrospinning jet gives a greater volume of solution drawn from the needle tip. Moreover, by
constant flow rate, this would mean more unstable Taylor cone formation and even Taylor cone
formation inside of the needle that leads to multijet formation. Figure 12 summarizes possible
theories on how voltage could influence fiber diameter based on the increase of volume drawn
from the needle. Similarly, in a recent paper from Schubert et al., instabilities caused by voltage
directly influence the final fiber diameter of the fiber, theory described by Schubert shows that
three main regimes influence fiber diameter: flow dominated, potential jet splitting and drying
dominated regime®. Especially the second regime highly depends on the voltage used. Following

equation is proposed for the prediction of electrospun fiber diameter:

1 1 2 14

dsplit_dry"'774'/9 czrys: p; U o (1)
Where 1 — solution viscosity; ¢ — solution concentration; y — surface tension; py — vapor pressure

that defines evaporation rate for electrospinning; U — applied voltage.

20



Increasing voltage

>

4

jet elongates reduce flight time multiple jets

fiber diameter¢ fiber diameterT fiber diameter¢

Figure 12. Voltage effect on electrospinning

On another hand, flowrate has a definite influence on fiber diameter and bead formation. Usually,
lower flow rates are recommended so that polymer solutions have enough time for polarization,
and thinner fibers without beads can be formed®*. When the flow rate increases, fiber diameter due
to more material extruded increases, and it leads to the higher formation of beads. As previously
mentioned, collector selection has a strong influence over the directionality of the fibers, e.g.,
aligned, random, free-standing fibrous mat formation. The last processing parameter is the distance
between the collector and the tip of the needle. This is an important parameter due to that it directly
affects the electrical field area. When the distance between the tip of the needle and collector is too
short, there is not enough time for 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 electrospinning is ambient parameters. The
increase of temperature favors thinner fiber formation, as a polymer can faster solidify®'. However,
higher humidity leads to the formation of thicker fibers as it is harder for a polymer solution to
solidify in these conditions. Nevertheless, higher humidity influence fiber morphology from
smooth fibers to fibers pores on the fiber surface®.

21



Since electrospinning is a method where a high amount of fibers is formed in less than a minute,
the direct deposition of fibers is quite complicated. Based on changes in the electrical field and
airflow, fibers can accumulate in indefinite places on the collector. There are several ways
suggested for controlled deposition. One of the methods is to use near-field electrospinning. It is a
technique where electrospinning is done from a close distance (<3 mm) and with a lower voltage
than for regular electrospinning (600 V)®. Even though using this method 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 correct voltage and distance as there are higher chances of electrical short circuit.
Another method is to use ring electrodes around the electrospinning jet, which has the same polarity
as the one applied to the needle®*. These electrodes allow controlling electric field line distribution
from macroscopic to uniforms straight field line direction until the collector leading to controlled

and central deposition of fibers on the grounded collector (Figure 13).
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Figure 13. Electric field lines calculated for conventional electrospinning setup (a) and

electrospinning setup with ring electrodes for jet focusing (b). Reproduced with permission®.

Copyrights 2001, Elsevier.
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1.4. Self-folding materials

Self-folding materials are able to change their properties and shape in response to the change of
mild external stimuli like temperature, pH, humidity etc. The ability to react to mild conditions and
to be fabricated into micrometer-scale makes them suitable for various biomedical applications.
Different kinds of materials demonstrate these properties — hydrogels with low and upper critical
solution temperature behavior, polyelectrolyte hydrogel, liquid crystalline elastomers, shape-
memory polymers. Self-folding or smart materials can actuate in various ways based on their
structure and composition, based on smart material programming obtained 3D structures can be

more complex or simple, with reversible or irreversible actuation® 21-23,

1.4.1. Self-folding bilayers: materials & design

Initially, the self-folding 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 coefficients®®. The final curvature of formed bilayers can be expressed using the

following equation:

1o S@za)t-t)aem? o _E o & (2)

p h(3(1+m)2+(1+mn)(m2 +$)) Ez az

Where E is elastic modulus, a — thickness of each metal layer, h — thickness of bilayer, o is the
thermal expansion coefficient of the material and p is the 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 predict the folding direction, and applicable for reversible elastic
deformations.

Similarly, bilayer systems polymer-based polymer systems have different expansion coefficients.
Timoshenko equation can be used to characterize polymer-based bilayers, when expansion
coefficients are replaced with, for example, swelling degree of the hydrogel. In comparison to
metals, polymers can be triggered by a variety of external stimuli and volume change is more
significant. Polymer bilayer systems are usually made from active and passive layer. The active
layer reacts to external stimuli by the change in its physical-chemical properties. The passive layer,

on the other hand, controls and directs active layer response in bending movement. For this design
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suitable passive layer is hydrophobic polymers or block copolymers like polyesters or styrenes and
as active layer various highly hydrophilic hydrogels.

Hydrogels are crosslinked polymer networks that can absorb an extremely high amount of water
content, that can even reach up to 99 wt.% of total hydrogel mass. Hydrogels are able to swell and
shrink more than ten times in its volume, which makes them well-suited for bilayer polymer
systems®. Not only hydrogels can absorb high amounts of water, hydrogel mechanical properties
are similar to properties of natural tissues, which makes them appropriate for biomedical
applications. Transport of solvent mass (water) in hydrogel determines the actuation of the bilayer
system, where hydrogel is an active layer. For hydrogel-based polymer bilayer system temperature,
light, pH, ionic strength, magnetic field, etc. can be used as external stimuli to vary water content
inside of the hydrogel and change the self-folding behavior of polymer bilayer systems. 7.
Hydrogels resemble swollen elastomers in terms of their structure, and the behavior of hydrogels
is similar to rubbers. Hydrogels differentiate from other polymers in that polymer chains are diluted
by solvent molecules, which reduce crosslinking point volume density. The swelling degree of
hydrogels depends on the correlation between polymer chain elastic deformation (similar to
rubbers) and mixing energy that consists of enthalpic and entropic components (Flory theory).
Polymer volume fraction in the swollen rubber (Vr) is inversely proportional to the swelling degree
and molecular weight of polymer chains between crosslinking points (Mc). Where crosslinking
points proportional to crosslinking degree according to Flory—Rehner equation:

_ —pvs(WP-v/2)
M, =—— 2
In(1=Vy) +Vyp+ x Vi

3)

p is rubber density, Vs is the molar volume of solvent, y is the interaction parameter between the
rubber and solvent®. Flory Huggins y parameter describes the interactions between solvent
molecules and polymer segments. The use of this equation is restricted to small swelling degrees,
where polymer chain lengths have Gaussian distribution. Hydrogels are able to demonstrate
responsive properties when Flory Huggins parameter alternate, and the molecular weight of
polymer chains between crosslinking points directly influence hydrogel swelling degree Qeq ~
Mc®5 (as predicted by Flory) or Qeq ~ Mc*/5 (as predicted by Khohlov)®8-5°, Like rubbers, hydrogel
mechanical properties in theta solvents directly depend on hydrogel crosslinking density, and shear
modulus of the hydrogel can be expressed as shear modulus of dry elastomer divided by cubic root

of swelling degree.
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In non-theta conditions, the Elastic modulus (E) also depends on the swelling degree of hydrogel
(Q). Elastic modulus can be compared to a multiplication of swelling degree and average molecular
weight of a strand as follows: E~Q~"M,~*, where b is 1/3 for theta solvent, 7/12 for slightly
swollen crosslinked hydrogels in good solvent, 5/6 for slightly swollen highly crosslinked
hydrogels and 1/6 for strongly stretched strands. From this, we can conclude that interactions
between polymer chains and solvent strongly affect swelling of the hydrogel and hydrogel
mechanical properties.

Using polymer-based bilayers it is possible to obtain various simple and more complex shapes. The
simplest shape that can be obtained by the actuation of polymer-based bilayers is a tube. Though
concept and design can seem straightforward, tubular structures perform different folding based on
the width/length ratio and relative thickness of the rectangular bilayer film (Figure 14)°. For
example, long-side folding dominates at high aspect ratios, when the width or the length of the film
is comparable to the circumference of the formed tube, requiring 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 and length are comparable to the deformed circumference.
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Figure 14. Self-folding rectangular shape bilayer folding scenarios based on width and length ratio.
Reproduced with permission’. Copyright 2013, Wiley-VCH.
25



As discussed before different geometries, leads to more complex shapes like a four-arm star 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 and low-swelling regions, it
is possible to form a 3D shape consisting of two cylindrical regions connected by transition neck
(Figure 15)™.

a

-— g 3

b

A

Figure 15. Bending of bilayer rectangular strips divided into high and low-swelling regions.
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Reproduced with permission’t. Copyright 2013, Taylor & Francis.

1.4.2. Fiber-based and reinforced self-folding

As already mentioned before actuation of the bilayer system highly depends on the composition
and structure of bilayer. Bilayer actuation is caused by stress difference in the plane, which is
achieved by strain gradients and various shapes. Depending on the actuation type, we can divide
obtained shapes into three categories — basic shape change, complex shape change and combination
of shape changes "2. With basic shapes, simple actuation with one bending motion is described,
whereas complex shapes are obtained using multiple folding, rolling, helixing, etc. Complex shapes
can be easily obtained by embedding fibrous microstructures in rectangular film. After actuation,
these composite films are able to form tubes or spiral-like structures’>7* . 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 absorbed’.

Randomly aligned reinforced fibers promote swelling in all directions equally. As the film is made
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by a bilayer of two different fiber-reinforced layers (aligned and random) with 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 thickness, and
the shape of the sample (wide samples promote cylindrical helix formation, whereas narrow strips
promote more twisted helix formation).

Alternatively, self-folding, bilayer systems can also be prepared using only fibers. Using
electrospinning it is possible to achieve simple and complex shape changes based on fiber
alignment and cutting angle of fibrous polymer mats’®"’ (Figure 16). Similar to the already
described sample for fiber-reinforced films self-folded bilayer electrospun mats consisting of
aligned and random fiber layer shows similar properties and can be programmed for simple and

complex actuation ”’.
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Figure 16. a) Preparation of poly(N-isopropylacrylamide) (Bi-PNIPAM-0°), Bi-PNIPAM-45°, Bi-
PNIPAM-90° actuator by electrospinning of random and aligned layer; b) one component
poly(NIPAM) directionally controlled actuation of Bi-PNIPAM-0°, Bi-PNIPAM-45°, Bi-
PNIPAM-90° mat (random (pink)/aligned (blue)); c) equilibrium shapes of bilayer in 40 °C water.
Reproduced with permission’’. Copyright 2016, Wiley-VCH.

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

multicompartment fiber actuation, which is 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)®. Bending is achieved using fiber with two equal layers 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 actuation, the same design could be used for multilayer electrospun mat

actuation.

(a)

handed handed

Figure 17. Schematic illustrations of deformation of multicompartment fibers (the “blue” and “red”

parts with different swelling properties): (a) bending, (b) polypeptide -type twisting, (c) DNA-type
twisting actuators. Reproduced with permission’®. Copyright 1991, Royal Society of Chemistry.

1.5 Conclusion
To summarize, the self-folding approach shows great potential for the formation of complex hollow
tubular and sphere-like structures that are able to mimic tissues in our body. Due to the relatively
simple preparation of the initial shape of the self-folded scaffold, this technique is more cell-
friendly as less stress is added to cells. There are various ways how to include cell alignment cues
into the self-folded scaffold: surface topographical patterning, chemical treatment, mechanical
loading and electrical stimulation. Nano- and microsized electrospun fibers have been used to
obtain cell alignment for the last couple of decades and have shown good cell adhesion due to the
ability to mimic fibrous ECM. Self-folding fibrous based materials have shown various advantages
in comparison to other self-folded materials: extra-fast actuation rate, high permeability, and fiber
guided shape transformation. Though for the use of fibrous self-folding materials for tissue
28



formation and regeneration biocompatible and degradable fibrous materials need to be further
investigated and designed. There is as well lack of understanding of how these materials would
interact with cells.
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2. Aim

The aim of this thesis was to use the electrospinning technique to create uniaxially aligned self-

folded tubular constructs for 4D biofabrication applications.

The 4D biofabrication using self-folding electrospun layers shall offer the following 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 aim of this project can be divided into three objectives:

Objective (1) is to develop fibrous self-folding multi-layer scaffolds based on thermo-responsive
polymers polycaprolactone (PCL) and poly(N-isopropylacrylamide) and determine the leading
mechanism for scaffold folding behaviors under different conditions by analyzing each layer
properties separately. The final task of this objective is to design the multi-layer system, which

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

Obijective (2) is to develop a fibrous scroll-like tubular self-folding scaffold containing uniaxially
aligned polycaprolactone (PCL) and anisotropic methacrylated alginate (AA-MA) fibers for

muscle cell encapsulation and muscle tissue formation.
Obijective (3) is to develop a degradable and biocompatible self-folding bilayer scaffold containing

uniaxially aligned poly(glycerol sebacate) (PGS-PCL) and randomly aligned methacrylated
hyaluronic acid (HA-MA\) fibers for the fabrication of artificial nerve graft.
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3. Synopsis

The results summarized in this dissertation are published in three first author research publications

(publication 1, publication 2 and publication 3), and in one first author review article (publication

4). The publication list can be found in section 5, and my contribution to each publication is
described in section 6.
The 4D biofabrication approach has been used for the research presented in this thesis. 4D
biofabrication approach and use of shape-morphing materials for cell encapsulation have been
developed and grown significantly over the last decade. Various smart shape-morphing materials
can be used for 4D biofabrication as reviewed in publication 4. In comparison to other widely used
biofabrication techniques, 4D biofabrication allows reversible formation of hollow tubular shape
with low shear stress and no sacrificial material®.
The aim of this work was to use the electrospinning technique to fabricate fibrous shape-morphing
polymers to use for 4D biofabrication applications. The electrospinning technique was chosen for
preparation of shape-morphing materials to as closely mimic native fibrous ECM by its topography
and provide high permeability for designed scaffolds. Even though fibrous shape-morphing
materials have been designed previously’ 76-7"- 7980 hiocompatibility and degradability of these
materials still need to be improved. Another important problem that needs to be further investigated
is the lack of understanding of cell interaction with fibrous shape-morphing material. The first step
towards improved biocompatibility for shape morphing materials is to choose an external stimulus
that is biocompatible, human body temperature (37 °C) and aqueous environment can be
considered as biocompatible external stimuli shown in publication 1. The next step towards higher
biocompatibility and degradability is to mimic certain structure, shape and morphology as well as
the use of degradable materials described in publication 2. Finally, cell interaction and
biocompatibility can be improved as well by adjusting the mechanical properties of shape-
morphing materials to a target tissue illustrated in publication 3.
3.1. Porous Stimuli-Responsive Self-Folding Electrospun Mats for 4D Biofabrication
Temperature-sensitive self-folding bilayer films consisting of polycaprolactone (PCL) and poly(N-
isopropylacrylamide) (PNIPAM) has been previously used for yeast cell encapsulation and their
folding behavior has been extensively explained 2 883 Electrospinning technique allows
fabrication of high porosity fibers in nano- and micro-range that promotes cell adhesion,
proliferation, and differentiation®. The self-folding of electrospun polymers mats differs from dip-
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coated and spin-coated polymer films’®. In this study, temperature-responsive bilayer mats
consisting of polycaprolactone (PCL) and poly(N-isopropylacrylamide) were used to fabricate a
multi-layer system that would fold in physiological conditions. Both polymer layers showed
thermo-responsive properties leading to the difference of bilayer folding scenario at 20 °C and 37
°C (Figure 18). To investigate bilayer folding properties each layer thermo-responsive properties
were described. As a conclusion bilayer folding properties at 20 °C is guided by slight shrinking
and strong folding of poly(N-isopropylacrylamide)-benzophenone acrylate (P(NIPAM-BPA)),
whereas folding behavior of bilayer in 37 °C is guided by slight contraction of PCL fibers in fiber
length and strong shrinking of P(NIPAM-BPA) that sets P(NIPAM-BPA) in the middle of folded
construct.
dry state wet state
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Figure 18. 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
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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; (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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To form a multi-layer system that would fold in physiological condition, an additional thin layer
of PCL on top of P(NIPAM-BPA) layer was added in the bilayer system, that limited actuation of
P(NIPAM-BPA) layer at 20 °C and supported cell adhesion at 37 °C as PCL is a biocompatible
polymer. We improved fibroblast cell adhesion on these multi-layer substrates with collagen
coating.

3.2. 4D Biofabrication of skeletal muscle microtissues

Skeletal muscle tissue is formed by multiple bundles consisting of parallel packed and highly
aligned muscle fibers?. Various attempts have been made to mimic skeletal muscle tissue in 2D 3%
888 though it is still challenging to use these approaches for 3D skeletal muscle modeling. Various
electrospinning approaches can be to achieve high fiber alignment*®#°, In this study, biocompatible
and degradable polycaprolactone (PCL) and methacrylated alginate (AA-MA) electrospun bilayer
systems that can support muscle tissue growth were fabricated. Drum and parallel bar collectors
were used to fabricate bilayer consisting of uniaxially aligned PCL and random AA-MA fibers.
The self-folding bilayer system was designed to fold by the addition of aqueous media as external
stimuli and folding reversibility was achieved by reversible crosslinking of Ca?* ions. Various
folding scenarios were described based on fibrous mat geometry, each layer thickness and overall
thickness of bilayer. Uniaxially aligned PCL fibers were able to guide myoblasts during cell growth

and differentiation, forming aligned muscle tissue that showed contractility during electrical

stimulation (Figure 19).

10Tm  polymer mat cell layer 100Tm  bottom layer top layer 2001
Figure 19. Contractility of the muscle fibers layer under electrical stimulation (4-5 V, frequency:
1 Hz, duration: 1 ms): functional contracting myotubes that are observed by cyclical displacement
of features inside yellow circles (a); contracting cell monolayer, solid and yellow dashed lines show
edge of contracted and relaxed myotubes layer, respectively (b). The time between images is 1 s;
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3D projection of myoblast muscle cells on self-folded 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 bilayers can also be used as nerve guide conduits (NGCs) for neuron
regeneration. Polycaprolactone is a degradable and biocompatible material, but PCL stiffness
makes it less suitable for soft tissue engineering®. Hyaluronic acid is a hydrogel that can be found
it native ECM and is widely distributed in neural tissues®. Therefore, we designed a bilayer system
that would consist of methacrylated hyaluronic acid (HA-MA) and polycaprolactone-poly(glycerol
sebacate) (PCL-PGS) fibers making self-folding scaffold more mechanical compatible for soft
tissue formation and degradable. Stiffness of PCL fibers significantly decreases after the addition
of PGS to the blend, resulting in lower stiffness as well for the bilayer system. Degradation of each
layer separately and bilayer was investigated, due to use of more biocompatible and degradable
materials 70 % of weight loss of bilayer could be achieved during moth of real-time degradation

(Figure 20). Neuron cells showed high proliferation and viability on designed scaffolds.
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Figure 20. Degradation of electrospun fibers and bilayer scaffold: a-h) morphology of electrospun
fiber PCL, PCL-PGS, HA-MA mats and PCL-PGS/HA-MA bilayer before and four weeks after
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degradation; i) Mass loss of fibrous mats and bilayer scaffold during four weeks of degradation; j)
Porosity change of PCL fibers and HA-MA fibrous mat during four weeks of degradation; k) Self-
folded PCL-PGS/HA-MA tube before degradation; I) Self-folded PCL-PGS/HA-MA tube after

four weeks of degradation

3.3. Conclusion and outlook

These studies have shown that fibrous shape-morphing materials can be used for hollow tubular
structure formation with cell alignment for various tissues. All fabricated systems were able to fold
in physiological conditions; we have shown reversible and adjustable scroll-like tubular structure
formation. The highlight of this work is the formation of the functional muscle tissue layer, which
can be further developed for the formation of vascularized tissue. In the future, multiple fibrous
shape-morphing scaffolds 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 formation. Conductive fiber adoption in

fibrous shape-morphing 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
Biomacromolecules 2017, 18, 3178-3184

* Note: For synthesis of P(NIPAM-BPA) 2 mol % benzophenone acrylate (BPA) was used as

cross-linker.
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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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* Note: For synthesis of P(NIPAM-BPA) 2 mol % benzophenone acrylate (BPA) was used as

cross-linker.
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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

bilayer
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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
Biomacromolecules 2017, 18, 3178-3184
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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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Abstract

Skeletal muscle is one of the most abundant tissues in the body. Although it has a relatively good
regeneration capacity, it cannot heal in the case of disease or severe damage. Many current tissue
engineering strategies fall short due to the complex structure of skeletal muscle. Biofabrication
techniques have emerged as a popular set of methods for increasing the complexity of tissue-like
constructs. In this paper, 4D biofabrication technique is introduced for fabrication of the skeletal
muscle microtissues. To this end, a bilayer scaffold consisting of alayer of anisotropic methacrylated
alginate fibers (AA-MA) and aligned polycaprolactone (PCL) fibers were fabricated using electrospin-
ning and later induced to self-fold to encapsulate myoblasts. Bilayer mats undergo shape-transformation
inan aqueous buffer, a process that depends on their overall thickness, the thickness of each layer and the
geometry of the mat. Proper selection of these parameters allowed fabrication of scroll-like tubes
encapsulating myoblasts. The myoblasts were shown to align along the axis of the anisotropic PCL fibers
and further differentiated into aligned myotubes that contracted under electrical stimulation. Overall
the significance of this approach is in the fabrication of hollow tubular constructs that can be further
developed for the formation of a vascularized and functional muscle.

1. Introduction

Growing population, increasing lifespan and an aging
of society has lead to a growing need for donor organs
and organ replacement. However, limited availability
of donor tissues, as well as the high risk of immune
rejection of the transplant raise a great need for
development of new methods for tissue engineering
[1]. One of the most important tasks in tissue
engineering is the replacement of damaged or lost
skeletal muscle. An average adult male is made up of
ca. 40% of skeletal muscle, making skeletal muscle the
most abundant tissue in the body [2]. Skeletal muscle
has a complex structure and is formed with bundles of
parallel, packed and organized fibers [3]. Even though
skeletal muscle shows a high capacity of self-repair, it
is unable to regenerate in the case of severe damage or
disease, such as tumor ablation and volume loss

injuries (VML) [4, 5]. One big challenge in engineering
of functional skeletal muscle tissues is the formation of
highly aligned muscle fibers similar to the native
structure. Due to this, skeletal muscle is considered
especially important for further development of
tissue-replacement strategies.

Multiple attempts have been undertaken to engi-
neer 2D structures mimicking the natural morphology
of skeletal muscle tissue and using diverse techniques
which are based on (i) patterned substrates, and
(ii) mechanical/electrical stimulation [6-8]. In the
case of chemically/topographically patterned sub-
strates (quasi 2D objects), cells form a continuous
layer on a patterned surface (cell density is comparable
to that in natural tissue) and tend to align according to
the pattern [9, 10]. This approach allows fabrication of
relatively thin aligned cell sheets. However, scaling-up
to highly organized and orientated cells in a thick

©2019 IOP Publishing Ltd
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multilayer structure using this method is not trivial.
The second strategy consists of the use of hydrogels
with encapsulated myoblasts (3D objects) and their
exposure to oscillating /constant mechanical deforma-
tion or pulsing electrical stimulation [11, 12]. Com-
mon cell density used in this approach is ca.
10°-107 cell ml™" [8, 13]. Higher initial cell density
might change the stability of the hydrogel and make it
brittle [14], while the fabrication of tissues with a high
cell density and supporting the maturation and func-
tionality of these cellsisstill a challenge.

In this paper, we introduce 4D biofabrication
[15, 16] to address current challenges in fabrication
of skeletal muscle tissues. 4D biofabrication comprises
a variety of fabrication technologies and assumes
that the desired structure/shape/morphology is
achievable by a shape-transformation of preliminary
fabricated 3D elements. Importantly, the shape-trans-
formation should occur in a controlled manner by
applying an external stimulus such as swelling in aqu-
eous media, pH or temperature changes [15, 17]. In
our approach, we utilize a shape-changing polymer
bilayer consisting of stimuli-responsive, biodegrad-
able methacrylated alginate anisotropic fibers (AA-
MA, outer layer of self-folded tube) and aligned,
biodegradable electrospun polycaprolactone nanofi-
bers (PCL, inner layer of self-folded tube). This con-
struct has a number of advantages over shape-
changing layers previously used for 4D biofabrication
[16, 18-20]. In contrast to widely used thermo-
responsive (meth-) acrylamides [18, 20-22] and
unstructured poly(thylene) glycol(PEG) based scaf-
folds [16, 23], a bottom AA-MA layer is simulta-
neously, both sensitive to signal compatible cells witha
presence of Ca®*" ions, and is biodegradable [24-26].
Furthermore, we observed that the AA-MA fibers
swelled as expected for a thin layer of hydrogel. The
aligned PCL is biodegradable and the electrospun
fibers were shown to guide both shape-transformation
and cell orientation [27-34], which cannot be pro-
vided by isotropic hydrogels and unstructured solid
polymers. Moreover, the porosity of an electrospun
layer allows for the diffusion of oxygen and nutrition
tocells [18, 35], which is usually hindered by used solid
polymer layers [16, 19, 36]. There have been extensive
studies on cell alignment on various 2D substrates like
ribbons and electrospun fibers [5, 30], though in this
study we describe self-folding material with the ability
to align cells during their growth that has not been dis-
cussed before. We show the ability to fine-tune formed
self-folded tubular structure diameters in a sig-
nificantly wide range (0.1-70 mm), which makes this
material suitable for single micrometer size muscle
fiber and large muscle bundle formation. In this study,
first, we cultured mouse myoblast cells on such a
fibrous bilayer mat (figures 1(a), (b)). Mats roll and
form tubular multilayer structure with a channel
inside (figure 1(c)). Finally, myotubes are formed
inside the rolled structure after differentiation

1 Apsite et al

(figure 1(d)). This process results in the formation of a
continuous cell construct inside arolled fibrous scroll-
like tube (figure 1(d)).

2. Materials and methods

2.1. Materials

Polycaprolactone  (PCL) (Mn = 80 OOOgmol_‘,
Aldrich), Pluronic” F-127 (Aldrich), Chloroform
anhydrous (Aldrich), Triethanolamine (TEA) (Merk),
1-vinyl-2-pyrolidinone (VP) (Aldrich), Eyosin Y (EY)
(Aldrich), Methacrylic anhydride (MA) (Aldrich), Etha-
nol (EtOH) (Aldrich), Sodium alginate (AA) (Roth), Poly
(ethylene oxide) (PEO) [MW 1000 000 gmol"] (Poly-
sciences Inc.), Sodium hydroxide (NaOH) (Aldrich),
Ethylenediamintetraacetic acid (EDTA) (Aldrich),
Calcium chloride dehydrate (Aldrich), Dulbecco’s
phosphate buffered saline (PBS) (Aldrich), Calcein AM
(Thermo Fisher Scientific), Ethidium homodimer
(EthD-1) (Thermo Fisher Scientific), anti-myosin
antibody (Thermo Fisher Scientific), goat anti rabbit lgG
488 (Thermo Fisher Scientific), 4/,6-diamidino-2-phe-
nylindole (DAPI) (Thermo Fisher Scientific), Triton
X-100 (Aldrich), Albumin Fraction V (BSA) (Roth),
MEM-non-essential amino acid solution (MEM-NEAA)
(gibco), MEM essential amino acid (gibco), Phalloidin
Dylight™ 488 (Thermo Fisher Scientific), Dulbecco’s
Modified Eagle Medium (DMEM) (Merk), T-butyl
alcohol (Aldrich), Horse Serum (gibco), Penicillin Strep-
tomycin (Pen/Strep) (gibco), Fetal Bovine Serum (FBS)
(Merck), GlutaMax (gibco), 4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid) (HEPES) (Carl Roth), murine
C2C12 myoblasts (passage number less than 7) were
purchased from ATCC (Manassas, VA).

2.2. Synthesis of methacrylated alginate (AA-MA)
The methacrylate groups in alginate were introduced
using the procedure described before [37]. A 20-fold
excess of methacrylic anhydride was added dropwise
to 2% alginate solution. The reaction pH was con-
stantlyadjusted to pH 8 using 5 M NaOH. The mixture
was incubated at 4 °C for 24 h using constant stirring
at 800 rpm. AA-MA was precipitated and washed in
ethanol to remove the remaining methacrylic acid
and anhydride. Clean substance was air dried for
further use.

2.3. Electrospinning

The electrospinning setup consists of a custom-made
multi-syringe pump, a needle holder with a variable
distance between the needles and an electrospinning
equipment (30 kV voltage controller, two conductive
bars and a rotating drum as collectors). Omnifix” 3
and 5ml syringes were used, and flow rates were
adjusted to 0.02 ml min . Needles with 0.8 mm inner
diameter were used and 15 kV voltage was applied to
the tip of the needle, whereas 5 kV voltage was added
to collector. Electrospun fibers were collected either
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Figure 1. Scheme of fabrication of muscle microtissues using shape-changing fibrous polymeric mats: fibrous PCL-alginate polymeric
(AA-MA) mat with uniaxialalignment is fabricated using electrospinning (a); myoblast (C2C12) cells are seeded on the bilayer (b);
bilayer with cells undergo shape-transformation and forms amultilayer scroll-like tube (c); myoblasts proliferate and differentiate to
myotubes (d) formation of continuous cellular construct inside the tube.

on the rotating drum (640 rpm) or between two
conductive bars (distance between bars 4 cm). The
distance between the needle tip and collectors was kept
constant at 15 cm. Bilayer systems were produced by
sequential deposition of different polymer solutions
during electrospinning. The PCL solution in chloro-
form with 8.5 wt% concentration was electrospun to
obtain PCL fibers. Alginate fibers were electrospun
using 3 wt% AA-MA solution containing 10zl of
0.5% EY in VP and 200 4 0f 0.5 M TEA . The spinning
solution was also mixed with 5 wt% PEO and 30 wt%
Pluronic F127 with weight ratio 70/30/2 and stirred
overnight [25].

2.4. Scanning electron microscopy (SEM)

Structure and microscopic features of the fibers were
investigated by field emission scanning electron
microscopy (FE-SEM) (FEI Teneo, FEI Co., Hillsboro,
OR and Carl Zeiss Microscopy GmbH, Germany).
Fully dried samples where covered with ~10 nm gold,
toensure conductivity.

2.5. Dynamical mechanical analysis (DMA)

The mechanical properties of electrospun fiber mats
were characterized by dynamic mechanical analysis
(Anton Paar MCR 702 TwinDrive, Austria). Samples
with dimensions 50 x 10 x 0.8 mm” were prepared
and dual cantilever tension mode was used for the
measurement. During the measurement, static
(150 mN) and dynamic force (130 mN) was added to
the sample. Frequency was kept constant during the
measurement (1 Hz). The temperature range used
during the measurement was from 20 °C to 37 °C and
ascanning rate of 2 °C min ' was used to characterize
the viscoelastic properties.

2.6. Differential scanning calorimetry (DSC)

DSC was performed on a Metler Toledo DSC3 (USA).
Samples were prepared by loading 5-10 mg of finely
cut PCL mat pieces in a closed aluminum crucible.
The polymers were scanned in three steps: (1) heating

from —10 °C to 120 °C, (2) cooling down to —10 °C,
and (3) heating to 120 °C again. For all samples, the

heating/cooling rate was 10 K min ™.

2.7. Small-angle x-ray scattering (SAXS)

All small-angle x-ray scattering (SAXS) data were
measured using the SAXS system ‘Double Ganesha
AIR’ (SAXSLAB, Denmark). The x-ray source of this
laboratory-based system was a rotating anode (copper,
MicoMax 007HF, Rigaku Corporation, Japan). The
data were recorded by a position sensitive detector
(PILATUS 300K, Dectris). To cover the range of
scattering vectors between 0.002-1 A, different
detector positions were used. The measurements were
done in parallel and with a perpendicular geometry of
the beam to the bilayer mat at room temperature.

2.8.Rheology

Rheological properties of non-crosslinked 3% AA-MA
solution were measured using Rheometer AR G2 (TA
instruments, USA). Cone-plate geometry with a size of
20 mm was used in oscillatory mode. Solution com-
plex viscosity, depending on the temperature, was
measured using a temperature range from 20 °C to
40°C, shear rate was kept constant at 3.34 1/s
(calculated theoretical shear rate in electrospinning
needle). Storage and loss modulus depending angular
frequency was measured using frequency sweep mea-
surements, where angular frequency varied from 0.1
to 100 Hz at 10% strain.

2.9. Cell culture studies

C2C12 mouse muscle cells (passage number <7) were
cultured on the PCL aligned fibers and bilayer PCL/
AA-MA fibrous scaffold. First, fibrous scaffolds were
fixed in the cell crown (Scaffdex CellCrown™ inserts)
and after washing with 70% ethanol and PBS, were
sterilized using UV light for 30 min. To enhance the
cell adhesion on PCL fibers, the PCL side of the bilayer
and PCL scaffolds were coated with sterilized FNC
solution (fibronectin, collagen, albumin cocktail
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solution, Thermo Fisher) for 30 s. Following the coat-
ing of scaffolds, a cell suspension with a density of
10° cell ml™" was seeded on top and incubated for
30 min for initial attachment of the cells. The growth
medium of C2C12 cells containing DMEM, 10 v/v%
FBS serum, 1% Pen/Strep, 4 mM Glutamin and
20 mM HEPES were added to samples and the cell
viability as well as their alignment was monitored at
different time points of 1, 3, 5, and 7 days after the
culture.

Myoblast cells, cultured on both bilayer and pure
PCL fibrous scaffolds, after 7 days of culture, were
moved to a differentiation medium containing
DMEM, 2v/v% Horse serum, 1% Pen/Strep, 4 mM
Glutamin and 20 mM HEPES. The differentiated cells
and myosin expression were evaluated by immunos-
tainings on day 4 and 7 after differentiation and cells
were stimulated electrically to evaluate their function-
alityon day 7.

2.9.1. Live/dead assay

The viability of the muscle cells cultured on bilayers, as
well as PCL fibers, were measured using Live-Dead
assay. A staining solution containing 1 p of Calcein
AM (Thermo Fisher) and 4 yl of Ethidium EthD-1
(Thermo Fisher) was prepared in 2ml PBS and
samples were covered with staining solution and
incubated for 20 min at room temperature before
imaging using a fluorescence microscope (Leica
DMi8, Germany). The cell viability was analyzed at
different time points, such as 1, 3 and 7 days after the
culture by counting the number of live and dead cells
inten images.

2.9.2. Staining of actin filament and nucleus

To quantify the alignment of the muscle cells, cultured
on bilayers as well as PCL fibers, the actin filaments
and nuclei were stained using DAPI (Thermo Fisher)
and Phalloidin Dylight™ 488 (Thermo Fisher). The
staining solution containing an initial concentration
of 500 1 0.1 mgml~" DAPI and 250 1 Phalloidin in
10 ml PBS, was prepared according to the number of
samples to stain the actin and nuclei of the cells. Firstly,
thesamples after 1,3 and 7 days in culture were washed
with PBS and then fixed using 3.7% formaldehyde
solution for 15min at room temperature. After
fixation of cells, the sample was washed with PBS and
the cell membranes were permeabilized with 0.1%
Triton solution for 5 min at room temperature. Next,
samples were washed with PBS, and fully covered with
staining solution. After 30 min of incubation samples
were washed with PBS and imaged using a fluores-
cence microscope. To investigate the cell alignment,
morphological changes of nuclei were analyzed. Image
J and an orientation plug-in was used to analyze ten
images taken from different samples. Nuclei orienta-
tion angles of <10° to fibers were considered as
aligned.
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2.9.3. Myosin heavy chain staining

To investigate the formation of myotubes and the
expression of the myosin heavy chains on day 4 and 7
after incubation in the differentiation medium, sam-
ples were stained using the immunostaining protocol
in the following. Firstly, samples were fixed and cell
membranes were permeabilized as described pre-
viously for actin staining. Then 5% BSA in PBS
blocking solution was added and incubated at 37 °C
for 15-30 min. Solution was aspirated and samples
were washed with PBS. Next, primary antibody MY32
(Thermo Fisher) 1000x diluted in BSA 0.1% was added
and incubated overnight at 4 °C. Samples were further
washed with PBS and then staining solution of a
secondary antibody (goat anti mouse 1gG 488, Thermo
Fisher), and DAPI in 1000x dilution in BSA 0.1% was
added. Samples were covered from light and incubated
at 37 °C for 1 h. After incubation and washing steps
with PBS the images were taken using a fluorescent
microscope. The images taken from different samples
and different time points were analyzed using Image J
software and by evaluating the myotube length, aspect
ratio and counting the number of nuclei in the formed
myotubes. To get more representative results, ten
images of different places on samples were used.

2.9.4. Electrical stimulation

Differentiated muscle cells grown on fibrous bilayer
scaffolds after 7 days of differentiation were stimulated
using a custom-made electrical stimulation device to
evaluate the functionality of the myotubes. Briefly, cell
seeded electrospun mesh were taped in 60 mm culture
dishes with silicone adhesive tape and after 7 days of
differentiation, they were stimulated electrically using
a self-made stimulation dish which was made of two
parallel platinum electrodes. The stimulation dish was
sterilized each time prior using under the UV light for
15 min and platinum electrodes were placed perpend-
icular to the fiber direction and subjected to previously
optimized continuous square electrical pulses (4-5 V,
frequency: 1 Hz, duration: 1 ms) [38]. A stimulation
medium was prepared adding 1% MEM-non-essential
amino acid (gibco) and 2% MEM essential amino acid
(gibco) to the differentiation medium. The contrac-
tion of muscle cells was captured using time-lapse
imaging.

2.9.5. Cell imaging using SEM

To investigate the cell spreading and their morphology
after adhesion on fabricated bilayers, samples were
fixed, dehydrated and analyzed using SEM. Alcohol
concentration gradient (50%, 70%, 80%, 90%, 100%
of EtOH) was used to gradually remove water from the
samples. Then, samples were covered with a mixture
of EtOH and tert-butyl alcohol (1:1 v/v) for 5 min at
room temperature. Next, samples were dipped in pure
100% tert-butyl alcohol. To freeze tert-butanol, sam-
ples were put in a —80 °C freezer for 1 h. Lyophilizer
was used to dry the samples completely. When samples
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were fully dried, they were prepared for SEM imaging
as mentioned before in the section SEM.

2.10. Statistical analysis

Obtained data were shown as the mean + standard
deviation (SD) (three replicates were used). A student’s
test and one-way analysis of variance (ANOVA)
followed by Tukey’s multiple comparison tests were
performed to analyze differences between each two
experimental groups. A value of p < 0.05 was con-
sidered as statistically significant.

3. Results and discussion

We used electrospinning to prepare polycaprolactone
(PCL)—methacrylated alginate (AA-MA) bilayer
mats. It is essential that PCL fibers are uniaxially
aligned to, (i) provide orientation cues to cells, and to
(ii) guide shape-transformation of the bilayer resulting
in the formation of a tube. Orientation of AA-MA
fibers was not crucial as they were not used as the cell
substrate and, due to extensive swelling, no longer had
distinctive structural cues for cells to follow. PCL
fibrous mats with aligned fibers were fabricated as a
first layer by electrospinning, where two different
collectors such as a rotating drum and parallel bars
were used. We found that the diameter of PCL fibers
varies slightly with the method of deposition and was
~2.0 + 2.0 gm and 1.6 &+ 1.1 gm, when a rotating
drum and parallel bars collector were used, respec-
tively (figures 2(a)—(b), S1(a)-(d) are available online
at stacks.iop.org/BF/12/015016/mmedia). AA-MA
mats with random orientation of fibers were deposited
on top of preliminary prepared PCL mats. The
spinning solution of the AA-MA fibers contained
Eosin Y and Triethanolamine (TEA) as photoinitiator
and crosslinking agent for photocrosslinking under
green light (wavelength: 532 nm). We also prepared
individual PCL and AA-MA mats for characterization
of theirindividual properties.

It was determined that the parallel bars collector
resulted in a higher degree of alignment of PCL fibers
(60% of all fibers had <10° fiber orientation angle)
compared to the drum collector (40%). On the other
hand, the rotating drum allowed fabrication of a
thicker fiber mat (500 sm) in comparison wiht the
parallel bar (100 yum) (figure 2(c)). We observed that
the degree of fiber alignment in mats produced by
both methods decreased with increasing spinning
time and the thickness of mat, which was caused by
fiber thickening and entanglement [39]. Small and
wide angle x-ray scattering measurements confirmed
uniaxial orientation of polymer chains and lamellas.
At low scattering vectors q the SAXS signal scales with
q * as expected for a 3D object as the mat. The strong
anisotropy of the signal in that range proves the pre-
ferred orientation of the fibres inside the mat. A
shoulder around 0.05 A~ is visible in the 1D data,
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corresponding to a correlation length of about 14 nm,
if the mat is measured in parallel beam direction this
feature is seen in the 2D image as spots on opposite
sites. As a result of the preparation method, the peak-
edness of the shoulder is most pronounced in parallel
geometry as a consequence of the better orientation in
the equatorial plane (thinnest dimension) of the mat.
The preferred orientation of the fibres itself is reflected
by the lozenge-like shape at lowest q. The degree of
crystallinity of electrospun PCL fibers was of about
40% as it was revealed by Differential Scanning Calori-
metry (DSC) (figure S2(a)).

Dynamic mechanical analysis (DMA) revealed the
anisotropic mechanical properties of PCL mats—
there is a significant difference of elastic modulus in
different directions (figure 2(d)). Elastic modulus
measured for longitudinal orientation of fibers was
20.7 MPa and it was significantly higher than that
measured for transverse orientation (E = 6.3 MPa).
The higher value of longitudinal modulus can be
explained by the fact that the stretching of the oriented
fiber requires larger force than the separation of indi-
vidual fibers. We separately investigated swelling
properties of freestanding AA-MA mat. It results that
the swelling degree of polymer mat decreases with
increasing concentration of Ca®" ions (figure 2(f)).
Interestingly, while the thickness of photocrosslinked
AA-MA mats strongly depends on concentration of
Ca*" ions (range 300%-1300%) (figure 2(f)), the lat-
eral width changes are almost independent of con-
centration of Ca®" ions and are in the range 10%-15%
(figure S2(d)).

The PCL-alginate bilayers demonstrated shape-
transformation behavior in an aqueous environment
(water, PBS, water with different Ca>* ion concentra-
tion) as they started to rolland form tubular scroll-like
structures. Eventually, the diameter of these tubes and
the direction of folding of bilayers depend on both: (i)
the orientation of PCL fibers with respect to the main
axis of a polymer mat, and (ii) the concentration of
Ca*"ions (figure 3). We observed that bilayers roll and
form tubes in an aqueous environment with low
Ca®" ions concentration. PCL and AA-MA mats
formed the inner and outer surfaces of the tubes,
respectively (figure 3(a)). Increased concentration of
Ca> ions resulted in unrolling of the bilayers
due to the decreased swelling degree of alginate
in different concentrations of Ca*" ions solution
(0.00145-0.08 mol I, figure 3(b)). Interestingly, we
observed a change of direction of folding of bilayer
towards AA-MA side at a certain Ca®" ions concentra-
tion (~0.08 moll~" for samples with PCL/AA-MA
thickness ratio 0.5-6). In this case, the bilayers flexed
such that the PCL layer was under tension, or, in other
words, there was convex flexure of the PCL side
(figures 3(c)—(e)). The mechanism behind this bend-
ing is likely the relaxation of stretched PCL fibers [18];
during electrospinning the PCL fibers are stretched
and therefore they relax and slightly bend towards the
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AA-MA side as soon as they are removed from the col-
lectors (dry state). Likewise, after the addition of Ca**
ions solution (wet state) the relaxation behavior of
PCL fibers restrict the swelling of AA-MA fibers and
bend the bilayer towards the alginate side.

The ratio between thickness of PCL and AA-MA
mats as well as the temperature of aqueous environ-
ment also affects the tube diameter. As it is shown in
figures 3(d)—(e), increase of the thickness of PCL mat
first resulted in decrease of tube diameter. Symmetric
bilayer mats (1:1 thickness ratio of PCL and AA-MA,
h(PCL)/h(AA-MA)) form tubes with minimal dia-
meters. Further, an increase of the thickness of PCL
mat resulted in the increase of the diameter of the
tubes (figures 3(d)-(e)). Qualitatively, this behavior
can be explained by considering intrinsic properties of
the materials. In a thin PCL mat (ratio PCL/AA-
MA < 0.3), PCL layer is not stiff enough to resist
against the swelling of alginate layers, therefore, the
tube diameter is large. Thicker PCL layer (0.3 < ratio
PCL/AA-MA < 2 ) is able to sufficiently restrict the

swelling of AA-MA mat to reduce the diameter of the
resulted tube. However, a very thick layer of PCL (ratio
PCL/AA-MA > 2), in opposition, showed stiffer
behavior and a swollen layer of AA-MA was not able to
deform or bend the bilayer. Further, temperature was
shown to have an effect on the tube diameter: gen-
erally, the diameter of tubes formed at higher temper-
ature (37 °C) was slightly smaller than those formed at
room temperature (figures 3(f)—(g)) due to the soft-
ening and relaxation of PCL at higher temperatures
[18]. Therefore, the variation caused by temperature
changes on tube diameters is more profound when the
AA-MA layer is thicker than the PCL layer. Conse-
quently, we can conclude that PCL/AA-MA bilayer
electrospun mats are able to form tubes in an aqueous
environment and the diameter of these tubes can be
precisely controlled by varying the thickness of the
layers, the concentration of Ca®" ions and the
temperature.

The folding scenario of bilayer mats depends also
on their shape and total thickness (figures S3-5). In
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terms of shapes, we examined rectangular, square
and circular mats, and in terms of thickness we mea-
sured thin (thickness <100 yzm) and thick (thickness
2500 pum) mats. Thin rectangular bilayer mats
(<100 pzm) were always rolled perpendicular with respect
to the orientation direction of fibers (figures S4(a)—(d)).
Square mats also fold crosswise with respect to direction
orientation of fibers (figures S4(e)—(f)). Their folding
starts from two opposite sides and results in fibers being
perpendicular to the main axis of the formed tube
(figure S3). Interestingly, the circular mat started to fold
predominately from one side and the folding was always
parallel with respect to the main axis of orientation and
the direction of fibers. In other words, the resulted tubes
had fibers oriented along the main axis of the tube
(figures SA(g)-(h).

Folding of thicker samples (=500 pum) also
depends on their shape and thickness (figure S5).
Similar to the folding scenario of thin circular mats,
thick circular mats form tubes by having PCL fibers
oriented along its length (figure S5(c)). Rectangular
mats folded predominantly such that fibers in the
formed tube are oriented along the axis of the tube
(figures S5(b), (d)). In case of square shaped mats, the
folding began at opposite corners of the mat, which
resulted in a small-angle twisting in respect to the
length of the tube (figure S5(a)). One can assume that
there are four factors that can effect a scenario of fold-
ing of rectangular and square bilayers: (i) mechanical
anisotropy determined by orientation of PCL fibers,
(ii) shape/edge effects, (iii) thickness and (iv) environ-
mental conditions (temperature, ion concentration).
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Figure 4. Actin filamentand nuclei staining using DAPI (blue) and Phalloidin (green) to evaluate the cellalignment on bilayer and
PCL mats: fluorescence images of cells on bilayer, bilayer coated with FNC and PCL coated with FNC mats after 1, 3 and 7 days of
culture (a)~(i); quantification analysis of cells nuclei alignment on fibrous scaffolds (j) (*, p < 0.05 compared to other samples).

Due to the full symmetrical shape, folding of circular
mats shall not be influenced by shape/edge effects,
therefore, the circular shape is most promising for the
fabrication of tubes with parallel orientation of fibers.
To study the formation of muscle microtissue on
electrospun mats, we used thin (<100 ym) PCL/AA-
MA bilayer mats prepared using parallel bars cut into
the shape of circles and seeded with mouse myoblasts
(C2C12) on the PCL side of the bilayer (oriented
fibers). This system was used due to 20% higher align-
ment of PCL fibers, and a smaller formed tube dia-
meter which is closer to natural muscle fiber diameter
(100 pzm) [40]. The cell adhesion to hydrophobic PCL
layer was improved by its treatment with fibronectin,
collagen, and albumin (FNC) solution. Previously, we
showed the effect of FNC protein coating to improve
the adhesion of cells on the surface of hydrophobic
materials such as PCL [31]. Non-coated bilayer and
PCL mats were used as controls. During experiments,
we have observed no cell adhesion on the alginate side
of the bilayer which can also clearly show that PCL

fibers are the side for adhering and aligning the cells.
As mentioned above, our porous PCL/AA-MA bilayer
mats form tubes due to the swelling of alginate mat-
erial and self-folding behavior. Therefore, to control
the cell seeding and to facilitate the imaging process
for future steps, samples were fixed in cell culture
crowns to avoid instant tube formation. However, as a
result of self-folding, cultured cells were able to be
trapped inside the non-transparent 3D structure and
formed a cell layer within the construct without any
disruption of self-folded structure, as is shown in the
electrical stimulation section (figure 6(c)).

Cells cultured on bilayers as well as PCL aligned
fiber mats showed a high viability above 90% indepen-
dently, whether mats were treated with FNC or not. As
it was shown in (figure S6-9), myoblast cells on non-
coated (aligned) PCL fibers, did not adhere with
homogenous distribution and rather formed clusters.
Moreover, after 7 days of culture those clusters did not
show alignment on fibers and stayed with a round
morphology. However, on FNC coated fibers, cells
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were able to adhere and spread (figure S13). Therefore,
bilayers were treated with FNC in all further experi-
ments to promote cell adhesion.

In addition, we observed that thickness of AA-MA
and PCL layers affected the cell growth and viability.
On the bilayer mats with 20 gm thick PCL and 60 zm
thick AA-MA, cells tended to make a cluster and
spread weakly (figure S10). In fact, on such a bilayer
with thicker AA-MA layer and thinner PCL layers,
more cells are in contact with swollen AA-MA fibers,
which do not offer any chemical groups to adhere to
(figuresS7and 11).

Cell alignment on fibrous mats, which was ana-
lyzed after staining of actin filament and nuclei, using

DAPI and phalloidin, also confirmed the dependency
of cells behavior on thickness of alginate layer and sur-
face treatment with FNC. As mentioned above, the
presence of an AA-MA layer in the bilayer mat resulted
in the lower degree of cell alignment one day after the
cell seeding independently, whether it was coated with
FNC or not. However, this poor alignment was sig-
nificantly improved after a week of culture (figures 4,
S11-14). Accordingly, we cultured the cells on PCL
control samples (coated and non-coated) and
observed the treatment of PCL mats with FNC allowed
substantial increase of degree of cell alignment even
one day after culture. After seven days, all samples
showed comparable cell alignment ~30% of the cells
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were aligned with the fibers. This was also confirmed
by SEM micrographs, where we could see the forma-
tion of monolayer of muscle cells on bilayer after seven
days of culture (figure S15). As it was mentioned,
lower initial cell alignment on bilayer mats and weak
cell adhesion on thin bilayers can be explained by the
influence of alginate. In fact, alginate is a poly-
saccharide that does not contain any chemical groups
promoting cell adhesion. FNC most probably was not
adsorbed by this hydrophilic hydrogel but provided a
thin protein coating to cells for the initial cell
attachment.

After 7 days of culture, the medium was exchanged
with one containing a lower serum content (2% horse
serum) to enhance the differentiation and fusion of
myoblasts cells to myotubes. To prove the formation
of muscle tissue bundles, the myogenesis was mon-
itored using immunostaining and quantified within
one week of differentiation on the fibrous mats. We
observed generation of small myotubes and fusion of
myoblasts after 4 days of differentiation (150 pm
length and number of nuclei lower than 5)
(figures 5(h), (i), S16-18). They continued to enlarge
and mature within 7 days up to 350 um length and
number of nuclei higher than 8 on FNC-coated PCL/
AA-MA bilayer mat. In the first 4 days of differentia-
tion, we observed faster myotube formation on PCL
mats compared to bilayers, and cells grew in width
rather than length, resulting in a slight decrease of
their aspect ratio. Myotube formation was likely
delayed by alginate, which does not promote cell adhe-
sion. We observed the formation of continuous layer
of muscle fibers on the surface of bilayer and PCL mats
after 7 days of differentiation.

The functionality and contractility of the muscle
celllayer formed on the fibrous self-folding bilayer was
tested after 7 days of differentiation by electrical sti-
mulation (14 days total in culture). We observed that
the mature myotubes, which are oriented along fibers
contract synchronously with the applied pulses
(figure 6, video S19-21). Moreover, we observed thata
continuous muscle fiber layer, which was delaminated

from a bilayer mat upon its manual unfolding, con-
tracts as whole under electrical stimulation. This
implied that there was a formation of functional,
aligned skeletal muscle microtissue (thickness
~20 pum) inside the self-rolled fibrous PCL/AA-MA
bilayer mat.

4. Conclusions

Using a 4D biofabrication approach, we were able to
produce functional skeletal muscle microtissues.
PCL/AA-MA electrospun bilayer mats with uniaxial
alignment of PCL fibers were able to undergo pro-
grammed shape-transformation and to form multi-
layer scroll-like tubular constructs, where the fibers
were aligned in parallel with the tube’s axis. These
longitudinally aligned fibers were able to guide the
alignment of myoblasts and to allow the fabrication of
a continuous structure of aligned myotubes inside the
self-rolled multilayer construct, which are able to
contract responding to electrical stimulation.

This new approach allows fabrication of impor-
tant building blocks for tissue engineering—aligned
3D skeletal muscle fiber bundles with tubular struc-
ture. This hollow tubular construct can be further
developed for formation of vascularized tissue to deli-
ver oxygen and nutrition to the cells inside the rolled
construct, eventually maturing into a piece of tissue to
be implanted into the body.
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Figure S1. Characteristics of AA-MA (top row) and PCL (bottom row) mats. SEM image of AA-
MA (a) and PCL (b) mat collected using drum; The red arrows indicate the preferred directions of
the fibers. SEM cross-section of drum and parallel bar electrospun bilayers (c,d); 2D SAXS (e.f)

and 1D SAXS patterns (g,h) of the mats showing the preferred orientation of the fibers.
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Figure S2. DSC measurement of electrospun PCL fibers using parallel bar method (a); Rheology
measurements of noncrosslinked alginate hydrogel (b,c); longitudinal (x) and transverse (y)

swelling degree of the AA-MA mat (d).

Movie S3.Folding of rectangular shaped PCL/AA-MA bilayer.
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Figure S4. PCL/AA-MA bilayer mat with thickness <100 um folding behavior: folding of thin
rectangular sample with transverse fiber alignment (a,b), folding of thin rectangular sample with
longitudinal fiber alignment (c,d), folding of square shaped sample (e,f) and folding of circle

shaped sample (g,h).
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Figure S5. PCL/AA-MA bilayer mat with thickness >500 pm folding behavior in percentage of
probability following certain folding scenario: two folding scenarios of square shaped sample
(al-2), folding of thin rectangular sample with transverse fiber alignment (b1-2), folding of
circular shaped sample (c1-2), folding of thin rectangular sample with longitudinal fiber
alignment (d1-2).
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Figure S6. C2C12 mouse myoblast cell viability during 7 days of culture on PCL/AA-MA bilayer

in growth culture medium (thin AA-MA layer) using live/dead assay. Green and red channels

represent live and dead cells, respectively.
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Figure S7. C2C12 mouse myoblast cell viability during 7 days of culture on PCL/AA-MA bilayer
with FNC coating in growth culture medium using live/dead assay. Green and red channels

represent live and dead cells, respectively.
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Figure S8. C2C12 mouse myoblast cell viability during 7 days of culture on PCL in growth

culture medium using live/dead assay. Green and red channels represent live and dead cells,

respectively.
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Figure S9. C2C12 mouse myoblast cell viability during 7 days of culture in growth culture
medium using live/dead assay: fluorescent microscope images of cells on bilayer with FNC
coating, bilayer and PCL mats (a-i); quantification analysis of the cell viability (¥, p<0.05

compared to other samples)(j). Green and red channels represent live and dead cells, respectively.
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Figure S10. Live/dead staining of C2C12 mouse myoblast cell viability on bilayer with thick AA-
MA layer and on AA-MA fibers after 3 days in growth culture medium (88+5 % viability).Green

and red channels represent live and dead cells, respectively.

PCL/AA-MA +FNC

F-actin Nuclei Bright Field Merged

Figure S11. Actin filament and nuclei staining using DAPI (Blue) and Phalloidin (Green) to
evaluate the cell alignment on bilayer mats coated with FNC after 1, 3 and 7 days in growth

culture medium.
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Figure S12. Actin filament and nuclei staining using DAPI (Blue) and Phalloidin (Green) to
evaluate the cell alignment on bilayer mats without FNC coating after 1, 3 and 7 days in growth

culture medium.
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Figure S13. Actin filament and nuclei staining using DAPI (Blue) and Phalloidin (Green) to

evaluate the cell alignment on PCL mats with FNC coating after 1, 3 and 7 days in growth culture

medium.
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Figure S14. C2C12 mouse myoblast cell nuclei alignment on bilayer, bilayer coated with FNC

and PCL coated with FNC after 1, 3 and 7 days in culture in growth culture medium.
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Figure S15. SEM images of C2C12 mouse myoblast cell on bilayer with FNC coating, bilayer

and PCL with FNC coating after 1, 3 and 7 day in growth culture medium.
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Figure S16. Immunostaining images (myosin heavy chain (Green) and nuclei (Blue) staining)
taken by fluorescent microscope showing myogenesis in C2C12 muscle cells on bilayer mats

without FNC coating after differentiation for 4 and 7 days in differentiation medium.
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Figure S17. Immunostaining images (myosin heavy chain (Green) and nuclei (Blue) staining)

taken by fluorescent microscope showing myogenesis in C2C12 muscle cells on bilayer mats

with FNC coating after differentiation for 4 and 7 days in differentiation medium.
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Figure S18. Immunostaining images (myosin heavy chain (Green) and nuclei (Blue) staining)
taken by fluorescent microscope showing myogenesis in C2C12 muscle cells on PCL mats

without FNC coating after differentiation for 4 and 7 days in differentiation medium.
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Movie S19. Electrical stimulation of myotubes on bilayer.
Movie S20. Electrical stimulation of myotubes on bilayer.

Movie S21. Electrical stimulation of functional myotube layer on bilayer.

Figure S22. SEM image of myotubes (a) and muscle cell monolayer on bilayer after electrical

stimulation (b).
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Abstract

In this paper, we describe the application of the 4D biofabrication approach for the fabrication of
artificial nerve graft. Bilayer scaffolds consisting of uniaxially aligned
polycaprolactone-poly(glycerol sebacate) (PCL-PGS) and randomly aligned methacrylated
hyaluronic acid (HA-MA) fibers were fabricated using electrospinning and further used for the
culture of PC-12 neuron cells. Tubular structures form instantly after immersion of fibrous bilayer
in an aqueous buffer and the diameter of obtained tubes can be controlled by changing bilayer
parameters such as the thickness of each layer, overall bilayer thickness, and medium counterion
concentration. Designed scaffolds showed a self-folded scroll-like structure with high stability after
four weeks of real-time degradation. The significance of this research is in the fabrication of
tuneable tubular nerve guide conduits that can simplify the current existing clinical treatment of

neural injuries.

1. Introduction

More than a million people each year are affected by
peripheral nerve injuries, which can lead to the reduc-
tion of motor function, sensory perception, and in
severe cases even death [1, 2]. Neural injuries, in gen-
eral, can be caused by physical trauma, accident or
genetics [3-5]. One of the biggest challenges in the
treatment of nerve injuries is to bridge both end-
ings of the ruptured nerve without causing inflam-
mation or fibrosis, and this is especially important for
neural defects with alarge gap [6]. Autografts are used
in clinical practice to oppose nerve ends. Although
this technique has shown promising outcomes for
nerve injury repair, it requires suitable donor mater-
ial [7, 8]. Therefore, tissue engineering approach
and usage of implantable hollow nerve guide con-
duits (NGCs) have been introduced as an attract-
ive alternative; however, until now, NGCs have been

used only for small defect repair [9]. Various tissue
engineering and biofabrication approaches includ-
ing bioprinting, micropatterning, self-assembly, and
electrospinning have been used to solve this issue
by providing 3D scaffolds that could support and
guide neurons during regeneration [10-15]. Vari-
ous approaches have been explored to develop tubu-
lar structures as conduits with specific topographies
and anisotropic morphology to guide nerve growth
[3, 14-20]. 3D bioprinting of cell-laden hydrogels
is one of the most used and promising methods
for the fabrication of NGCs in the latest years. This
approach allows homogenous cell distribution [21].
Nevertheless, there are several limitations of 3D print-
ing such as the low resolution of printing of a
tubular structure [22], narrow NGCs wall thickness
to ensure waste product and nutrient permeability
[23], and high shear forces during direct printing of
NGCs [24].

© 2020 The Author(s). Published by IOP Publishing Ltd
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Another shortcoming of tubular NGCs is the
complex fixation of endings of the ruptured nerves.
As a solution to this problem, 4D biofabrication is
expected to allow wrapping and fixing of the endings
of a ruptured nerve with a shape-morphing mater-
ial. 4D biofabrication is based on the fabrication of
complex 3D structures out of simple 2D and 3D
objects by their shape transformation in a response
to external stimuli [25, 26]. Therefore, 4D biofabric-
ation can offer a number of advantages that are not
accessible using conventional 3D fabrication tech-
niques. Furthermore, it shows great potential in mim-
icking human tissues with tubular and anisotropic
structures such as blood vessels [27-30], muscle fibers
[31-33], and neural tissues [15, 34-38]. Self-folding
materials have shown the potential to encapsulate
cells, guide the differentiation of neuron cells, and
neurites outgrowth using various fillers [15, 36, 39].
Recently, the possibility of fabrication of the NGCs
was demonstrated with the example of a self-folding
bilayer of non-porous solid chitosan film and electro-
spun spider silk fibers. The inner part of the tubular
constructs were filled with a collagen cryogel [15]. It
can be expected that the non-porosity of the chitosan
layer can negatively affect the transport of nutrition
to the inner part of the formed tube.

In this study, we introduce an advanced struc-
tural design—porous and completely electrospun
self-folding bilayer as a potential NGC. The elec-
trospun self-folding bilayers are unique materi-
als because of their ability to offer a remarkable
combination of fiber guided shape transformation
[40-42], extra-fast actuation [43, 44], high per-
meability [27, 33, 45], and cell growth and align-
ment [33]. We show that biodegradable electrospun
bilayer made of polycaprolactone-poly(glycerol seba-
cate) (PCL-PGS) and methacrylated hyaluronic acid
(HA-MA) forms stable scroll-like tubular structures
where the inner layer with aligned fibers provides
the contact guidance to cells to form unidirec-
tional neurites outgrowth. In advantage to all previ-
ously used shape-changing layers (alginate hydrogel-
polycaprolactone fibers [33], chitosan film with silk
fibers [15], alginate and hyaluronic acid hydro-
gels films [28], poly(N-isopropyl acrylamide)-based
bilayers [46], and gelatine hydrogel/polycaprolactone
film [47]), the system presented in this paper offers
a unique combination of important advantages such
as improved biocompatibility, suitable structural and
mechanical anisotropy, adjusted mechanical prop-
erties, porosity, biodegradability, and the possibil-
ity to tune shape-transformation behaviour. In par-
ticular, in this research, we have proven that NGCs
can be fabricated within a wide range of diameters
(0.1-40 mm) that should allow personalized fabric-
ation of NGCs which closely fit damaged and rup-
tured nerve stumps and could solve the existing prob-
lem of NGCs with over- and undersized diameters
[48]. All main polymers (PCL, PGS, and HA), used

1 Apsite et al

in this study to fabricate NGCs, are Food and Drug
Administration (FDA) approved, biodegradable and
biocompatible polymers, that in the latest years, have
shown high potential for soft tissue engineering [49—
53]. Moreover, we, for the first time, present a study
on the degradation rate of shape-changing materials.

2. Materials and methods

2.1. Materials

Glycerol (BioXtra, >99% (GC), Product num-
ber G6279, Merck KGaA), Sebacic acid (99%,
Product number V001987, Merck KGaA), Polycapro-
lactone (PCL) (M, = 80000 g mol~!, Product
number 440744, Merk KGaA), Hylauronic acid
sodium salt (MW 1-2 Million Da, Product num-
ber YH05852, Carbosynth), a Poly(ethylene oxide)
(PEO) (MW 1000000 g mol~!, Product number
21295, Polysciences Inc.), Pluronic® F-127 (Product
number P2443, Merk KGaA), 2-Hydroxy-4'-(2-
hydroxyethoxy)-2-methylpropiophenone  (Irgacure
D2959) (Merk KGaA), Chloroform anhydrous (Merk
KGaA), Methacrylic anhydride (MA) (Merk KGaA),
Ethanol 99% (EtOH) (Merk KGaA), Sodium hydrox-
ide (NaOH) (Merk KGaA), Ethylenediamintet-
raacetic acid (EDTA) (Merk KGaA), Calcium chloride
dehydrate (Merk KGaA), Potassium chloride (BioX-
tra, >99.0%, Merk KGaA), Hydrochloric acid (ACS
reagent, 37%, Merk KGaA), Potassium hydroxide
(BioXtra, >85% KOH basis, Merk KGaA) Dulbecco’s
phosphate buffered saline (DPBS) (Merk KGaA),
Roswell Park Memorial Institute (RPMI) 1640
Medium (gibco), Dulbecco’s Modified Eagle Medium
(DMEM) low glucose (Merk), Horse Serum (gibco),
Penicillin Streptomycin (Pen/Strep) (gibco), Fetal
Bovine Serum (FBS) (Merck), GlutaMax (gibco), 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic  acid)
(HEPES) (Carl Roth), Gentamycin (Merk KGaA),
Albumin Fraction V (BSA) (Roth), Collagen IV
(Product number AB756P, Merk KGaA), Calcein AM
(Thermo Fisher Scientific), Ethidium homodimer
(EthD-1) (Thermo Fisher Scientific), alamarBlue™
HS Cell Viability Reagent (Thermo Fisher Scientific),
Nerve growth factor (NGF), Rb pAb to beta III
tubulin (abcam 18 207), Alexa fluor goat anti rabbit
lgG 488 (Thermo Fisher Scientific), 4’,6-diamidino-
2-phenylindole (DAPI) (Thermo Fisher Scientific),
Triton X-100 (Merk KGaA). The PC-12 cell line
derived from a transplantable rat pheochromocyt-
oma were purchased from ATCC (Manassas, VA)
(ATCC® CRL-1721™)

2.2. Synthesis of mildly cross-linked PGS

To synthesize mildly cross-linked PGS, the described
procedure by Jaafar et al was used [54]. Briefly, gly-
cerol and sebacic acid were mixed in ratio 1:1 at
120 °C under nitrogen flow for 24 h. The obtained
prepolymer after this reaction was moved to a vacuum
oven and mildly cross-linked for 24 h. The yield of the
synthesis was above 80% [55]. The chemical nature

2

84



I0P Publishing

Biofabrication 12 (2020) 035027

of mildly cross-linked PGS was assessed via Fourier
transform infrared attenuated total reflectance spec-
troscopy (ATR-FTIR) (IRAffinity-1S, Shimadzu Cor-
poration, KyGto, Japan). Therefore, 40 spectral scans
were averaged across the spectral range of 4000 to
400 cm~! with a resolution of 4 cm™!. The measure-
ment was performed at room temperature. The data
was visualized via Origin (OriginLab, Northampton,
MA, USA).

The chemical nature of synthesized PGS
was confirmed by FTIR spectroscopy. PGS pre-
polymer before crosslinking showed all char-
acteristic IR bonds of PGS: 2927 ¢cm~! (CH,
stretching-asymmetric), 2852 cm ™! (CH; stretching-
symmetric), 1298 cm~! (C-O and C-C stretching in
the crystalline phase), 1732 cm™! (carbonyl stretch-
ing), 1224 cm~!' (C-O-C stretching asymmietric),
3431 cm ! (hydroxyl stretching) (figure S1 (available
online at stacks.iop.org/BF/12/035027/mmedia)).
These characteristics are in accordance with previ-
ous research [49, 56, 57].

2.3. Synthesis of methacrylated hyaluronic acid
(HA-MA)

The methacrylate groups were introduced in HA acid
using the procedure described by Smeds et al [58]. A
20-fold excess of methacrylic anhydride regarding to
HA acid was added dropwise to a 2% HA solution.
Reaction pH was constantly adjusted to pH 8 using
5M NaOH. The mixture was incubated at 4 °C for
24 h using constant stirring at 800 rpm. To clean HA-
MA from impurities, the dialysis process was started
against the Milli-Q water for a week at 37 °C. In this
case, the dialysis tubes (Spectra/Por) with a molecular
weight cut-off (MWCO) of 12000-14 000 Da and a
pore diameter of 25 A was used, and the solution after
one week of dialysis was freeze-dried using Freezone
2.5 (USA) for 48 h. The yield of synthesis was 84 %.

2.4. Electrospinning

A custom-made electrospinning device with a multi-
syringe pump and high voltage source was used for
fiber spinning. Omnifix® 1, 3 and 6 ml syringes were
used, and flow rates were adjusted to 0.2 ml h~! and
0.36 ml h™! for PCL-PGS and HA-MA solutions,
respectively. Needles with 0.8 mm inner diameter
were used, and 15 kV and 28 kV were applied to
the tip of the needle for the spinning of the PCL-
PGS and HA-MA solutions, respectively. Electrospun
fibers were collected on a custom-made rotating four-
bar grounded collector (500 rpm), with a 4 cm dis-
tance between the bars. The distance between the
needle tip and collectors was kept constant 15 and
28 cm for PCL-PGS and HA-MA fibers, respect-
ively. Bilayer systems were produced by the sequen-
tial deposition of different polymer solutions during
electrospinning. 8.5 wt% PCL solution in chloro-
form was used for PCL fiber preparation. Whereas
for PCL-PGS fibers various solutions with wt%

I Apsite et al

from 8%-13% were prepared in chloroform, where
the ratio between PGS and PCL was varied from
1:1 till 1:4. For the fabrication of hyaluronic acid
fibers, 2 wt% solution of HA-MA was mixed with
10% (w/v) Irgacure D29590 solution to reach the
concentration of 99.9% hyaluronic acid and 0.1%
(w/v) photo crosslinker. To increase the spinnability,
5 wt% PEO and 20 wt% Pluronic F127 solutions were
added to the HA-MA solution. For the final electro-
spinning solution, the weight ratio of each solution
was 44/38/18 (HA-MA/PEO/Pluronic F127)[59].
The electrospun HA-MA fibers were photo-cross-
linked under UV light (VL-215, 8 W cm~?) with
254 nm wavelength for 15 min with a distance of
2cm.

2.5. Scanning electron microscopy (SEM)

The fiber morphologies were investigated using a
field emission scanning electron microscopy (FE-
SEM) (FEI Teneo, FEI Co., Hillsboro, OR, and Carl
Zeiss Microscopy GmbH, Germany) and Apreo SEM
(Thermo Fisher Scientific, USA). Fully dried samples
were covered with ~10 nm gold or 1.3 nm platinum
to ensure the electrical conductivity.

2.6. Dynamical mechanical analysis (DMA)

The mechanical properties of electrospun fiber mats
were characterized by dynamic mechanical ana-
lysis (Anton Paar MCR 702 TwinDrive, Austria).
Samples with dimensions 50 x 10 x 0.8 mm?
were prepared and dual cantilever tension mode was
used for the measurement. During measurement,
static (60 mN) and dynamic forces (50 mN) were
applied. The frequency (1 Hz) was kept constant
during the measurement. The temperature range
used during the measurement was varied from 20
to 37 °C with a scanning rate of 2 °C min™!
to characterize the viscoelastic properties of the
materials.

2.7. Thermogravimetric analysis (TGA)
Degradation of the PCL and PCL-PGS fibers was
studied using a temperature ramp applied by Met-
tler Toledo TGA 2 STAR System (USA) from 25 °C to
600 °C at a heating rate of 20 °C min~! under nitro-
gen atmosphere.

2.8. Differential scanning calorimetry (DSC)

The thermal behaviour of the PCL, PCL-PGS electro-
spun fibers, and mildly cross-linked PGS was studied
using DSC (Metler Toledo DSC3, USA). Samples were
prepared by loading 5-27 mg of finely cut PCL, PCL-
PGS electrospun fibers, and mildly cross-linked PGS
in a closed aluminum crucible. The polymers were
scanned in three steps: (1) heating from —10 °C to
120 °C, (2) cooling down to —10 °C, and (3) heating
to 120 °C again. For all samples, the heating/cooling

rate was 10 K min—!,
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2.9. Zeta potential measurements

Zeta potential was measured using the streaming
potential measurement mode of Electrokinetic Ana-
lyzer EKA (Anton Paar, Austria). 10 x 20 mm
sample size, 150 ml min~! flow rate, 250 mbar
max. pressure was used during measurements. KCI,
¢ = 107" mol 17! was used as a measuring solution.
Titration in acidic and alkaline range was done using
HCl or KOH solutions with ¢ = 0.1 mol [ 1.

2.10. Small-angle x-ray scattering (SAXS)

The scattering patterns were recorded using the SAXS
system ‘Ganesha-Air’ from (SAXSLAB/XENOCS,
France). The x-ray source of the laboratory-based
system was a D2-MetalJet (Excillum, Sweden) with a
liquid metal anode operating at 70 kV and 3.57 mA
with Ga-Kx radiation (wavelength A = 0.13414 nm)
providing a very small beam (<100 pm). The beam
was slightly focused with a focal length of 55 cm using
a specially made x-Ray optics (Xenocs) to provide a
very small and intense beam at the sample position.
Two pairs of scatter less slits were used to adjust the
beam size depending on the detector distance. For
the covered q range of 0.08 nm~! to 22 nm™!, two
detector distances were used. The electrospun fibers
were fixed on a metal frame with scotch tape and dir-
ectly put in the x-ray beam. The empty camera was
used for background subtraction including transmis-
sion correction. As the exact thickness of the samples
was not measured, the data was not presented on an
absolute scale. Azimuthal averages of the low q part
(0.13 to 0.3 nm ') corresponding to the fiber orient-
ation, the mid q part (0.3 to 0.6 nm~') corresponding
to the oriented internal crystalline domains perpen-
dicular to the fiber direction and the high q part (14
to 15 nm™!) were used for the order parameter ana-
lysis. The q ranges from the radially averaged profiles
were chosen to cover the whole peak as seen on the
2D detector image. The order parameter § = 3”'{%71
for all extracted peaks was obtained with the Kratky
method by directly fitting the azimuthally averaged
scattering profiles [60, 61] which was described more
in detail in the supporting info.

2.11. Rheology

The rheological behaviour of a 2% HA-MA elec-
trospinning solution was measured using MCR 702
(Anton Paar, Graz, Austria). Plate-plate geometry
with a diameter of 25 mm was used. The complex
viscosity, storage, and loss modulus of the polymer
solution were evaluated by performing a frequency
sweep measurements from 50 °C to 100 °C and vary-
ing from 0.1 to 100 Hz. Shear rate was kept constant
to 3 57! (calculated theoretical shear rate in electro-
spinning needle).

2.12. Real-time degradation test
The degradation rate of the materials was tested at
various time points such as 1, 2, 3, and 4 weeks in

I Apsite et al

DPBS solution at 37 °C. DPBS solution pH was kept
constant at pH 7 during all degradation. Samples were
weighted after freeze-drying at each time point.

2.13. Contact angle measurements

The surface hydrophobicity of PCL and PCL-PGS
films was analyzed using a commercial contact angle
meter KRUSS Drop Shape Analyzer DSA25E (Ger-
many). Films were carefully cast and dried on sil-
icon wafers to form a thin layer for measurements.
Sessile drop measurements were done to measure
the contact angle (©). The selected probe liquid was
Milli-Q water with a volume of 2 ;] and a rate of
2.67 il s~!, All the measurements were made at room
temperature.

2.14. Cell culture studies

PC-12 cells (with a passage number less than 7) were
cultured on the PCL, PCL-PGS aligned fibers, HA-
MA random fibers, and bilayer PCL-PGS/HA-MA
fibrous scaffold. To analyze the cell behaviour on the
bilayers, two sets of experiments were performed. In
one set fibrous scaffolds (bi- and mono-layer) were
fixed in the crowns (Scaffdex CellCrown™ inserts)
for a better visualizing of the cells in the 3D con-
structs. In the second set, freestanding bilayer scaf-
folds were used to study the self-folding and entrap-
ping the cell suspension within the formed tubes.
Scaffolds were sterilized using 70% ethanol for 1 h
and UV light under the clean bench for 30 min. To
increase the adhesion of the PC-12 cells on the PCL-
PGS side of the bilayer, as well as the monolayer con-
trol samples (PCL and PCL-PGS fibers), the surface
of the fibers were coated with sterilized 20% col-
lagen type IV solution in DPBS for 30 s. The fol-
lowing 30 000 cells cm™2 and 10 000 cells cm™?2
were seeded on scaffolds for cell viability, adhe-
sion, and differentiation test, respectively. The growth
medium of PC-12 cells was prepared based on the
cultural method suggested by ATCC® CRL-1721™
and it was composed of RPMI 1640, 10 v/v %
horse serum, 5 v/v % FBS serum, 2 mM glutam-
ine. The culture medium was refreshed every three
days.

2.14.1. Live/dead assay

Viability of the neuronal cells on fibrous scaffolds
(PCL, PCL-PGS aligned fibers, HA-MA random
fibers, and bilayer PCL-PGS/HA-MA fibrous scaf-
fold) was measured using Live-Dead assay at 4 and
7 d after the culture. Staining solution containing 1 ul
of Calcein AM and 4 pl of Ethidium EthD-1 was
prepared in 2 ml DPBS and samples were covered
with staining solution and incubated for 20 min at
room temperature before imaging using fluorescence
microscopy (Nikon Ti2, Japan). The cell viability was
analyzed by measuring the area of live and dead cells
in 10 random images.

4
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2.14.2. Cell metabolic activity

The proliferation rate of the PC-12 cells cultured on
various fiber mats was measured using Alamar Blue
assay after 4 and 7 d of culture. According to the
manufacturer protocol, 10% of Alamar Blue reagent
was added to the samples with 500 pul of cell culture
growth medium and incubated for 165 min at 37 °C.
24-well plates were carefully rocked back and forth
every 30 min to avoid the gradient formation. After
the incubation time, the supernatant collected from
each sample was kept on ice in the dark condition to
stop the reaction. 100 ul of the aliquots were trans-
ferred to 96-well plate to measure the fluorescence
using a plate reader (BertholdTech TriStar2S, Ger-
many) (535 nm of excitation wavelength and 590 nm
of emission wavelength). As positive control com-
pletely reduced Alamar Blue was used and as negative
control 10% Alamar Blue in growth media without
cells.

2.15. Cell differentiation

To investigate the cell differentiation, 10 000 cells
cm 2 were cultured on the collagen-coated samples
and after two days of culture growth medium was
exchanged by differentiation medium containing
DMEM with low glucose, horse serum, Glutamine,
Penicillin/Streptomycin, HEPES and 100 ng ml~!
NGE. The differentiation medium was refreshed
every two days. After 7 d of differentiation, the fol-
lowing immunostaining protocol was performed to
visualize the behaviour and morphological changes
of the cells. First, the samples were washed twice with
DPBS and then fixed using 3.7% formaldehyde solu-
tion for 15 min in room temperature. After the fixa-
tion of cells, the samples were washed two times with
DPBS and the cell membranes were permeabilized
with 0.1 v/v % Triton solution for 5 min at room tem-
perature. Then, 5 wt.% BSA in DPBS blocking solu-
tion was added and incubated at 37 °C for 15-30 min.
The solution was aspirated and samples were washed
twice with DPBS. Next, primary antibody Anti-beta
III Tubulin 500x diluted in 0.1 wt.% BSA was added
and incubated overnight at 4 °C. Samples were fur-
ther washed twice with DPBS and then secondary
antibody (goat anti-mouse IgG 488) and DAPI in
1000x dilution in 0.1 wt.% BSA was added and incub-
ated in dark at 37 °C for 1 h. After removing the stain-
ing solution samples were washed again with DPBS
two times and images were taken using a fluorescent
microscope.

2.16. Statistical analysis

Obtained data were shown as the mean + standard
deviation (SD) (3-5 replicates were used). Student’s
t-test and one-way analysis of variance (ANOVA)
followed by Tukey’s multiple comparison tests were
performed to analyze differences between every two
experimental groups. A value of p < 0.05 was con-
sidered statistically significant.
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3. Results and discussion

In this work, we decided to use PCL-PGS/HA-MA
bilayer electrospun mats. The top layer is formed by
uniaxial aligned PCL-PGS fibers; the bottom layer is
formed by disordered HA-MA fibers. This structure
has certain advantages to previously used electrospun
PCL-alginate bilayer. In particular, we replaced algin-
ate, which has a negative effect on cell viability [33],
by hyaluronic acid, which is a natural component of
the extracellular matrix. PCLis a semicrystalline poly-
mer with elastic modulus in the order of hundreds of
megapascals that is much higher than that of soft tis-
sue. PGS is expected to soften PCL by lowering the
elastic modulus. Considering the aimed application
of the bilayer mats, the upper layer must provide guid-
ance for the neural cells that is achieved by generat-
ing of uniaxially aligned fibers. The orientation of the
bottom layer is however not important for cell align-
ment. Having both layers highly porous is also very
important for providing diffusion of nutrition and
oxygen to cells. The pore size shall be smaller than
the size of the cells to avoid cell migration inside the
tube. Therefore, electrospinning was used to produce
the bilayers.

The electrospinning technique was used for the
fabrication of PCL-PGS/HA-MA bilayer scaffolds
with uniaxially aligned PCL-PGS fibers. PCL-PGS
solution in chloroform was electrospun first and HA-
MA was electrospun on the top of the PCL-PGS elec-
trospun mat. We have used specially designed four-
bar rotating collector to achieve a high degree of ori-
entation of produced fibers (figures 1(a) and (b))
[33, 62, 63]. Separate PCL-PGS and HA-MA mats
were also prepared by electrospinning and were used
as reference material.

Each component of the bilayer was character-
ized first. DSC measurement showed that pure mildly
cross-linked PGS is semi-crystalline and has two
melting temperatures measured at 7 and 37 °C (Ty,)
that agrees with previously reported data [56] (fig-
ures 1(c), $2-3). Based on the DSC analysis, the crys-
tallinity of mildly cross-linked PGS after cooling to
0 °C and warming to room temperature was meas-
ured to be about 20 %. The crystallization point of
PGS is around 0 °C meaning that PGS after evapora-
tion of the remaining solvent (glycerol) is amorphous
as solvent plays the role of plasticizer, which reduced
melting/crystallization temperatures of the polymer
[64, 65]. Whereas melting (T),,) and crystallization
(T.) temperatures of PCL fibers were measured to
be 60 °C and 25 °C, respectively meaning that the
PCL fibers are solid. The degree of crystallinity of
PCL is ca 50% as it was revealed by DSC (figures
1(c), S3). Interestingly, PCL-PGS electrospun fibers
showed two melting points at 45 and 60 °C, which
confirmed the presence of both polymers PGS and
PCL, respectively, in the electrospun fibers and their
partial miscibility. We believe that 45 °C could be the
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Figure 1. PCL-PGS fiber mat properties: (a) fiber morphology (insert scale: 5 ;zm); (b) PCL-PGS fiber alignment; (c) DSC of PGS
polymer and PCL, PCL-PGS electrospun fibers; (d) mechanical properties of PCL-PGS and PCL; (e) Zeta potential of electrospun

PCL and PCL-PGS mats.

melting point of sebacic acid, in which one carboxylic
group reacted with glycerol. We did not observe sep-
arate crystallization of PGS at around 0 °C. These res-
ults agreed with previous reports [56].

Contact angle measurement revealed that hydro-
phobicity of uniform cast PCL films decreased with
the addition of PGS in the structure—contact angle
decreases from 77° for pure PCL down to 45° for
PCL-PGS blends with 50 wt.% of PGS content. Pure
mildly cross-linked PGS showed hydrophilic proper-
ties with a water contact angle of about 35° (figure
S4). Casted polymer films were used for contact angle
measurements to avoid surface influence and increase
the reproducibility.

The presence of PGS in PCL changed its charge—
PCL-PGS fibers demonstrate more negative zeta
potential than PCL fibers do (figure 1l(e)). The
reason for this difference could be the presence of a
large number of terminal carboxylic groups in PGS.
Adsorption of collagen increased slightly negative
value of the zeta potential of PGS-PCL fibers.

We explored the effect of ratio between PCL and
PGS on the properties of produced nanofibers and
found out that PCL-PGS blends with 75% and 80%
of PCL content formed the most uniform and bead
free fibers with fiber diameter ~0.6 £ 0.2 pum (figures
1(a) and S5). Moreover, a blend of 75% PCL and 25%
PGS showed favorable hydrophobicity (64°). Thus,
this composition was used in further experiments.

It was found that the presence of PGS in PCL
fibers substantially affects the mechanical properties
of fibers. In particular, PCL-PGS fibers with 75%
PCL content showed 3 times lower storage modulus

(0.6 MPa) than that of pure electrospun PCL fibers
(1.9 MPa). Considering that 25% of PGS decreased
storage modulus by 3 times, we speculate that PGS
and PCL are partially miscible and PGS acts as a plas-
ticizer. It is known that the mechanical properties
of polymers should mimic that of the natural tis-
sues. Here in agreement with previous studies, it is
proved that PGS can affect the mechanical proper-
ties of the PCL [49]. However, the elastic modulus
of the PCL-PGS fibrous mat is still two orders mag-
nitudes higher than the modulus of the natural neural
tissue (0.1-10 kPa [66]) (figure 1(d)). On the other
hand, it was previously reported that NGCs made of
cross-linked urethane-doped polyester with a similar
modulus (0.64 MPa) was shown a good cell response
in vivo for the peripheral nerve regeneration [67].
This allows us to assume that the mechanical prop-
erties of our mats might not have a negative effect on
cells. Moreover, it is worth to mention that the storage
modulus 0.6 MPa of the PCL-PGS electrospun fibers
is lower than that of the natural collagen type I fibrils
(1.1 MPa) [68].

SAXS and wide angle x-ray scattering (WAXS)
were used to elucidate the structure of aligned PCL-
PGS fibers (figure 2). Obtained results showed that
PCL-PGS fibers are semi-crystalline as evidenced by
the typical (110) and (200) reflections of the PCL
crystals. The degree of crystallinity was measured
around 50% that is similar to that obtained from DSC
results. There were also two reflexes at q = 0.15 per-
pendicular to the fiber direction which correspond
to the long period of lamellar stacks (d = 15 nm).
Both SAXS and WAXS measurements confirmed the

6
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Figure 2. Alignment of PCL-PGS fibers: (a) 2D scattering patterns in low q region of PCL-PGS fibers; (b) 2D scattering patterns
in high q region of PCL-PGS fibers; (c) and (d) radial scattering intensity profiles obtained from SAXS and WAXS; (e) azimuthal

profile obtained from high and low q regions.

high degree of orientation of polymer chains and
crystalline lamellas. We obtained the following val-
ues of order parameters from analysis of peak widths
at different q¢: S = 045 (q = 0.13-0.3 nm™');
S =025(q =03-06 nm™'); S =022 (q = 14
16 nm~'). These values, however, show an under-
estimated degree of orientation for polymer chains
and crystalline lamellas in the fiber structures as fibers
themselves were not perfectly uniaxially aligned in the
macro-scale (figure 1(b)).

The second component in the bilayer is a layer of
randomly oriented HA-MA fibers with a diameter of
around 0.2 £ 0.1 um (figure 3(a)). HA-MA, similar to
the methacrylated alginate (AA-MA) from our previ-
ous work [33], was electrospun after the addition of
PEO (10° g mol™") as a polymer chain extender for
fiber formation and Pluronic F127 to reduce the sur-
face tension of water. The polymer chain extender is
forming hydrogen bonds between natural and syn-
thetic polymers that allow the reduction of solu-
tion viscosity and increase the stability of the hydro-
gel. These crosslinks ensure entanglements between
hydrogel chains during electrospinning.

The storage modulus of the HA-MA aqueous
spinning solution was about 2 Paat 0.1 Hz and 50 Pa
at 100 Hz. Storage modulus increased to ca 100 Pa
(0.1 Hz) and 10* (100 Hz) after irradiation with a UV
light that indicated on crosslinking of the polymer.

Decrease of storage modulus with a decrease of fre-
quency indicated the existence of temporary phys-
ical crosslinks with relaxation time approximately one
second, which contributes to the rigidity of hydrogels
at high frequency.

We found out that the swelling degree of cross-
linked electrospun HA-MA mats depends on the
counterion concentration and pH of the media: a
swelling degree was measured ca 2000% in pure
water, 3000% in 0.1 M DPBS and 4000% in cell cul-
ture medium (figure 3(c)). This variation in swelling
degrees could be attributed to the difference in com-
position of the media such as the presence of spe-
cific ions and compounds [28, 33, 69]. We observed
the variation of the ion content of the media also
affected the swelling degree where an increase of Ca**
ion concentration in solution from 0 to 0.1 mol 17!,
resulted in a decrease of swelling degree of HA-MA
by 50 %. Similar swelling changes were observed
with a change of the medium from water, DPBS to
cell growth medium with low counterion content. It
has been discussed before that swelling of hyaluronic
hydrogels is not just dependent on ion strength but
as well on the pH of the medium [70]. Our results
showed the highest swelling degree was measured in
cell culture media with pH 7.58, next in DPBS with
pH 7.37 and finally, the lowest swelling was measured
in deionized water with pH 6.79. In conclusion, HA
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Figure 3. HA-MA fiber mat properties: (a) fiber morphology (insert scale: 5 m); (b) rheological properties of HA-MA solution
and photo-cross-linked fibrous mat; (c) swelling degree of HA-MA fibrous mat in various media after 24 h.

swelling degree increases in media with higher pH,
which agrees to previously reported research [70].
Next, we prepared the bilayer electrospun mats
based on aligned PCL-PGS fibers and disordered HA-
MA fibers. The improved hydrophilicity of the PCL-
PGS layer and low thickness of each layer improved
the integration of both layers in the designed bilayer
system and no delamination of layers was observed
during all experiments. The thickness of the mats var-
ied in the range between 70 and 200 pm. Mats pos-
sess high porosity (95%) that is valuable for the fast
exchange of nutrients, oxygen, and waste products
in the tissue engineering applications. The storage
modulus of the bilayer in the wet state (1.2 MPa)
was lower compared to the dry state (3.4 MPa) that
can be attributed to the swelling of HA-MA fibrous
mat. Indeed, swollen HA-MA is very soft and does
not contribute to the rigidity of bilayer. The meas-
ured value of the storage modulus of the bilayer in
the wet state (1.2 MPa) was slightly higher than that
of the PCL-PGS mat (0.6 MPa). This discrepancy can
be explained by the difficulty of measurements of the
thickness of the mats due to their compressibility.
The PCL-PGS/HA-MA bilayer demonstrated
shape-transformation behaviour in an aqueous
environment (cell culture medium, DPBS, and
water), which means as soon as the bilayer film is
immersed in aqueous media, it started to roll and
formed a hollow tubular scroll-like structure (Movie
S1). To investigate the shape-transformation of PCL-
PGS/HA-MA bilayer systems, we studied the effects
of various factors on the tube inner diameter formed
after the self-folding. In particular, the concentration
of Ca** ions in the aqueous media, the ratio between
the thickness of each layer, and the overall thickness
of the bilayer were varied and the inner diameter of
the resulted tubes was measured (figures 4(b)—(e)).
We found out that the self-folded bilayer mat unfolds
with the increasing calcium ion concentration in the
medium. This process was reversible and a decrease
of concentration of Ca?* ions led to the refolding
of the unfolded bilayer. This behaviour is in agree-
ment with our previous study with AA-MA [33].
The folding/unfolding of bilayer upon changes of the

concentration of Ca** ions is due to the changes in
the swelling degree of HA-MA as was discussed pre-
viously (figure 4(b)). It was observed that the tubular
self-folded structure was formed after 10 s of immer-
sion in water, and then the sample was moved to the
solution with higher calcium ion content, it unfol-
ded within 27 s. The sample was folded again within
40 s after immersion in the cell culture medium with
low calcium ion content. We can conclude the bilayer
systems can undergo reversible folding in less than
1 min.

The increase of the ratio between the thickness
of the hydrophobic PCL-PGS layer and the hydro-
philic HA-MA layer also resulted in an increase of
inner tube diameter, which correlates with the pre-
diction of the Timoshenko equation [71]. In fact,
Timoshenko equation predicts that the higher the
ratio of thicknesses of the hydrophobic (PCL-PGS)
layer versus the hydrophilic (HA-MA) layer is, the lar-
ger the bilayer tube diameter will be. This depend-
ence can be explained by the restricted swelling of the
hydrophilic polymer (HA-MA) by more rigid hydro-
phobic polymer (PCL-PGS) (figure 4(c)). An increase
in the overall thickness of the bilayer also resulted in
the increase of the diameter of the tube that also cor-
relates with the Timoshenko equation. Circular shape
bilayers were used for folding to set the fiber align-
ment along the long axis of the tubular construct [33].

The degradability of the bilayers as well as the con-
trol materials such as PCL, PCL-PGS, and HA-MA
electrospun mats were studied for 4 weeks in DPBS
solution at 37 °C. We have observed cavities on the
surface of ‘as prepared’ electrospun PCL fibers (fig-
ure 5(a)), which are due to the usage of highly volat-
ile solvents such as chloroform in electrospinning
[72, 73]. After 4 weeks of incubation of PCL fibers in
DPBS buffer, the area of these cavities on the fibers
has increased from 8%—40% (figures 5(a), (e), (j), and
§7). In contrast to pure PCL fibers, ‘as prepared’ PCL-
PGS fibers did not have cavities on their surface before
the degradation test. However, we observed the form-
ation of cavities on the surface of PCL-PGS fibers after
2 weeks of degradation. Moreover, the morphology

of PCL-PGS fibers changed during degradation and
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Figure 4. PCL-PGS/HA-MA bilayer scaffold properties: (a) mechanical properties of wet bilayer mat; (b) PCL-PGS/HA-MA tube
diameter dependence of Ca®t ion concentration in an aqueous medium; (¢) PCL-PGS/HA-MA thickness ratio influence on the
bilayer tube diameter; (d) bilayer tube diameter variation versus overall thickness of PCL-PGS/HA-MA bilayer; (e) image of
self-folded PCL-PGS/HA-MA bilayer (insert scale 5 mm); (f) SEM image of PCL-PGS/HA-MA bilayer.

fused fibers with a dense fibrous network were formed
(figures 5(b), (f), and S7). In our opinion, these pores
on the ‘as prepared’ PCL-PGS fibers were not visible
before the degradation test as they are filled by PGS.
PGS is initially liquid at room temperature (crystal-
lization point 0 °C) and we believe that it fills the
cavities during electrospinning. On the other hand,
it is known that the degradation rate of polymers
depends on their structure and mobility of the poly-
mer chains; therefore, highly crystalline polymers like
PCL degrade slower, while liquid amorphous poly-
mers like PGS degrade faster. Therefore, we believe
that PGS degrades first resulting in disclosing of cav-
ities, which were hidden and filled with PGS polymer
after fiber spinning.

Electrospun HA-MA fibers also showed signific-
ant morphological changes after one week of incub-
ation in DPBS solution during the degradation test.
Swollen HA-MA fibrous mat did not show any
fibrous structure. Instead, a dense hydrogel layer
was observed, which gradually degraded and became
more porous until only a few polymer particles were
remained (figures 4(c), (g), (j), and S7). The fast
degradation rate of the HA-MA layer can be explained

by its nature—hydrogel is a highly swollen substance
and the polymer chains are mobile.

Similar degradation behavior of the HA-MA layer
was observed in bilayers. After 1 week of degrad-
ation, the HA-MA fibers formed a film on the
top of the PCL-PGS fibers (figure S7). After 2 and
3 weeks of degradation, the remaining of HA-MA
and PGS coating was completely removed from the
PCL fibers and the porous PCL fibers were remained
after 4 weeks of degradation (figures 5(d), (h),
and S7).

The morphological changes explained above dur-
ing the degradation test were also confirmed by the
mass loss measurements for each fibrous mat and
bilayers (figure 5(i)). Pure PCL fibers showed negli-
gible massloss (< 5%) that correlates with the absence
of morphological changes. The addition of 25% of
PGS to PCL made it more degradable—up to 40%
of its mass was lost after 4 weeks of degradation. It
is notable that while a fraction of PGS in the blend
is 25%, 40% of entire fibrous mesh was degraded
meaning that PCL also contributes to the degrada-
tion. Indeed, our previous experiments showed that
PCL and PGS are partially miscible that results in
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Figure 5. Degradation of the electrospun fibers and bilayer scaffold: (a)—(h) morphology of electrospun fiber PCL, PCL-PGS,
HA-MA, and PCL-PGS/HA-MA bilayer before and after 4 weeks of degradation; (i) mass loss of fibrous mats and bilayer scaffold
during 4 weeks of degradation; (j) porosity changes of PCL fibers and HA-MA fibrous mat during 4 weeks of degradation; (k)
self-folded PCL-PGS/HA-MA tube before degradation; (1) self-folded PCL-PGS/HA-MA tube after 4 weeks of degradation.

plasticization that can increase the degradation rate
of PCL

The degradation rate of HA-MA fibers was also
measured. However, due to the high swelling and
mass loss, we first removed the mat from the DPBS
solution and freeze-dried it each time prior to meas-
uring its remaining mass. Interestingly, the degrad-
ation rate of HA-MA was slightly lower than that
of PCL-PGS that can be attributed to the error of
measurements—{reeze-dried polymer could contain
a small amount of salt from the buffer that increases
the mass of the polymer. Furthermore, the HA-MA
mat has completely disintegrated in pieces, which
could not be collected and mass loss could not be
measured in week 4.

At last, the weight loss of the bilayer was meas-
ured by about 70 %, which is due to the nearly com-
plete degradation of PGS and HA-MA fibers after
4 weeks of incubation in the DPBS solution. Despite
the massive degradation of the materials, the rolled

tubes after 4 weeks of degradation remained stable
and only tube diameter had increased up to 3 times
(figures 5(k), (1)).

Finally, we investigated the interaction of the
neuronal cells PC-12 in contact with the PCL-
PGS/HA-MA bilayer in the form of the mat and
self-rolled tubes. Two sets of samples were used for
cell culture—fixed bilayers in cell culture crowns and
free-standing bilayers. To avoid the full folding of
free-standing bilayers, initially small volume of the
cell suspension was placed on the scaffold and after
the adhesion of cells, the additional culture medium
was added. First, PC-12 neuron cells were cultured on
the top of the unfolded bilayer and the viability and
the proliferation rate of the cells were measured after
4 and 7 d of culture using live-dead and Alamar blue
assay. Due to the weak adhesion of the PC-12 cells,
the surface of the scaffolds, as well as the flasks, which
were used for culturing the cells, was coated with col-
lagen solution (collagen type IV diluted 1:5 in DPBS),
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Figure 6. PC-12 cell viability and proliferation on fibrous mats: (a) PC-12 neuron cells on PCL-PGS/HA-MA scaffold (Live-Dead
assay that utilizes Calcein AM (green) (for live cells) and ethidium homodimer-1 (red) (for dead cells)); (b) quantification of the
PC-12 neuron cell viability on fibrous scaffolds after 4 and 7 d of culture; (¢) neuron cell proliferation on fibrous mats after 4 and
7 d of culture measured by Alamar Blue Assay; (d) scheme showing the application of the porous self-folding bilayer as a nerve
guide conduit; (e) neuren cell differentiation after 7 d in cell culture (Tubulin (green) cell body, DAPI (blue) nuclei).

which has shown good adhesion of PC-12 cells and
improved expression of proteins, important for PC-
12 cell growth and differentiation [74, 75]. After 4 d
of culture, neuronal cells showed good adhesion and
high viability (93%-96%) in contact with all of the
fibrous mats as well as the bilayer (figures 6(a), (b),
and S8-13). After a week of culture, the viability was
measured 86%-97%, however, the cell adhesion on
HA-MA fibers was significantly lower, which can be
explained by the fast degradation behaviour of the
materials (figure S8).

Interestingly, the lowest cell proliferation was
measured on HA-MA mats after 7 d of culture (fig-
ure 6(c)), which is in agreement with previous stud-
ies using polysaccharides for the PC-12 cell culture
[76]. Cell proliferation on pure PCL mat, PCL-PGS
mat, and bilayer was nearly the same. It worth men-
tioning that lower proliferation of cells on HA-MA
mat is not affecting the suitability of the bilayer as
the cells are initially cultured on the aligned PCL-PGS
fibrous mats and the cell interaction to this side of
the bilayer will play a role in the formation of the
cell layer. This fact was confirmed by cell proliferation
studies presented in figures 6(c) and (e).

After differentiation of the cells for 7 d in con-
tact with medium containing 100 ng mI~" of NGF, we
observed that neuron cells were spread and elongated
in the direction of fibers and started to form neurites,
which was immunostained using beta III Tubulin and
shown with a green color in figure 6(e). This obser-
vation can indicate the feasibility of shape-changing
PCL-PGS/HA-MA bilayer fibrous mats as an NGC for
neural tissue regeneration (figure 6(d)).

4. Conclusions

In this paper, we reported the 4D fabrication and
potential application of the shape-transforming
fibrous mats as NGCs. This approach was based
on the fabrication of electrospun bilayer composed
of disordered HA-MA fibers and aligned PCL-PGS
fibers. The bilayers were able to roll and form tubular
structures in aqueous media. The diameter of the tube
could be precisely controlled by varying the concen-
tration of calcium ions, the ratio between the thick-
ness of the layers and the total thickness of the bilayer.
By blending PCL with PGS, we significantly improved
the softness and degradation rate of the electrospun
scaffold forming a substrate with closer properties to
the soft tissues. Our designed scaffolds showed high
biocompatibility and degradability (70% of mass loss
after 4 weeks of degradation). Formed tubular con-
structs out of bilayer mat showed good stability even
after 4 weeks of degradation and the scroll-like shape
stayed stable. Neural cells cultured on bilayers showed
high adhesion, viability, and proliferation after 7 d of
culture.
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TGA measurements:

We found that the presence of PGS in the structure of PCL-PGS electrospun fibers results in decreases of initial
degradation temperature. TGA measurements showed that pure PCL electrospun fibers have initial degradation
temperature ~ 390 °C, whereas PCL-PGS electrospun fibers degrade at about 330 °C (Figure S1). The initial
degradation temperature for pure PGS pre-polymer has been reported to be about 300 °C . To conclude, PCL and
PCL-PGS fibers are thermally stable, although this stability can be reduced by increasing the PGS content in the blend

as PGS shows lower stability than PCL.
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Figure S1. Thermogravimetric analysis of PCL and PCL-PGS fibers: a) weight fraction; b) dm/dT

DSC measurements:
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Figure S2. Differential scanning calorimetry: a) PGS pre-polymer; b) electrospun PCL fibers; c)

electrospun PCL-PGS fibers

S-2
96



Contact angle measurements:
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Figure S3. PCL-PGS film hydrophobicity depending on the PCL content in the blend. Liquid drop

image on PCL (a), PCL-PGS blend containing 80 % PCL (b), PCL-PGS blend containing 75 %

PCL (c), PCL-PGS blend containing 67 % PCL (d), PCL-PGS blend containing 50 % PCL (e),

PGS pre-polymer (f).

Fiber diameter analysis:

80% PCL

75% PCL

100% PCL
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Figure S4. Electrospinning of PCL-PGS fibers: a) electrospun fibers from PCL-PGS blend
containing 50 % PCL; b) electrospun fibers from PCL-PGS blend containing 67 % PCL,; c)
electrospun fibers from PCL-PGS blend containing 75 % PCL,; d) electrospun fibers from PCL-
PGS blend containing 80 % PCL; e) electrospun PCL fibers; f) electrospun fiber diameters

depending on PCL content in the PCL-PGS blend

DMA measurements:
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Figure S5. DMA of dry PCL-PGS/HA-MA bilayer

Biodegradation analysis:
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Figure S6. Morphology of fibrous mats after 1, 2, 3 and 4 weeks of degradation in PBS solution at

37 °C.

Cell culture studies:

PCL PCL-PGS HA-M Bilayer

Figure S7. Microscopy snapshots of cells on fibrous mats after 4 and 7 days in culture.
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Figure S8. Viability of PC-12 neuron cells (Live/Dead assay) on fibrous scaffolds after 4 and 7

days in culture. Red - dead cells; green - live cells.
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Figure S9. PC-12 neuron cell viability on PCL fibers after 4 and 7 days in culture. Live/dead assay:

day 4

green - live cells; red - dead cells.
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Figure S10. PC-12 neuron cell viability on PCL-PGS fibers after 4 and 7 days in culture. Live/dead

assay: green - live cells; red - dead cells.
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Figure S11. PC-12 neuron cell viability on HA-MA fibers after 4 and 7 days in culture. Live/dead

HA-MA
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day 7

assay: green cells - live; red - dead cells.
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Figure S12. PC-12 neuron cell viability on PCL-PGS/HA-MA bilayer scaffold after 4 and 7 days

in culture. Live/dead assay: green - live cells; red - dead cells.
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SAXS analysis:

Determination of orientational order parameter from SAXS measurements:
Here an exemplary procedure for the fitting and calculation of the orientational order parameter
starting from the raw data is given. The same procedure was used for all three parameters. We used
Kratky method for result analysis, which is described in detail by Sims et al.2

It has the distinct advantage that a fit to the scattering data directly gives the parameters to describe
the orientation distribution function of the scattering object in the examined g-region. The
orientation distribution function is called f(B) with 8 being the angle between the principle axis
of a rod or fiber or crystalline domain and the average orientation of all principle axes. This
distribution function is described as a sum of the even Legendre polynomials P;(cosf) in its

expanded form:
FB) =) foncos?™B
n=0

1)

The coefficients f,, can be determined by fitting the experimental data, with the following equation

1 3 5
I(a) = fy + Efzcosza + §f4cos4a + Ef6cos6a -

)
With a being the azimuthal angle in radians. These coefficients are then used to obtain the order

parameter S via

oo f2n
Yn=o 2n+ 3

o 2n

n=02n +1

©)

(cos?p) =
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S = 1/2 (3{cos?B) — 1)
(4)
The function I(a) that is used for fitting is extracted in the following way.
The background subtracted from the 2D image of the sample is radially averaged. From this radial
average, the position of the peak corresponding to the oriented part of the sample and q is
determined. The whole width of this peak (0.3-0.6 nm™) is used for the azimuthal average along q
to get a plot I(a) vs a. This plot is fitted with equation 2 and the coefficients are used to calculate

S via equations 3 and 4.
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Figure S13. Fit of equation 2 to the azimuthal average over one of the peaks corresponding to the

spacing of the crystalline domains within the fibres
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Movies:

Movie S1. Self-folding of PCL-PGS/HA-MA fibers
Movie S2. Bilayer self-folding in various mediums
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Microfabrication Using Shape-Transforming Soft Materials

Indra Apsite, Arpan Biswas, Yuqi Li, and Leonid lonov*

The fabrication of hollow and multicomponent micro-objects with complex
inner structures using state-of-the-art subtractive, formative, and additive
manufacturing technologies is challenging. Controlled shape transformation
offers a very elegant solution to this challenge. While shape transformations
on macroscale can be achieved using either manual or automatic manipu-

machines to control them. The same can
be applied for 3D printing. Different 3D
printing methods like fused deposition
modeling (FDM; extrude thermoplastic
filaments above its melts temperature)
and laser sintering are very successful for

lation, shape transformations on microscale can better be realized using
shape-changing polymers such as hydrogels, shape-memory polymers, liquid
crystalline elastomers, and others. This review discusses the properties of
different classes of shape-changing materials, the principle of shape trans-
formation, possibilities to achieve complex shape transformation, as well as
applications of shape-changing materials in microfabrication and other fields.

1. Introduction

The development of methods for fabrication is important for
every aspect of our life: from building of houses, assembling of
cars to microelectronic devices. There is broad pallet of methods
for fabrication of macroscopic object including subtractive
manufacturing (lathe, cutting, milling), additive manufacturing
(3D printing), and formative manufacturing (molding). Some
of these methods are computerized that allows programmable
fabrication of very complex parts. While most of these methods
provide acceptable quality at a reasonable price of macroscopic
objects, attempts to downscale them and to increase resolution
results in a tremendous increase in costs. In particular, the
milling machine (subtractive manufacturing) is efficient for the
fabrication of centimeter larger objects, and the size of the drill
determines the resolution. Fabrication of millimeter and sub-
millimeter objects requires very fine drills and very expensive
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the fabrication of centimeter-large objects;
they fail when are used for fabrication
of the submillimeter and microsized
object.? Stereolithography allows 10 pm
resolution but is limited for the use of cer-
tain materials and has difficulties with the
fabrication of hollow objects. Two-photon
polymerization  allows unprecedented
resolution, but it is limited for very spe-
cific substances and is very expensive and
slow.?®) Molding may be considered as the cheapest technology
for fabrication of small elements if one does not consider that
molds have to be fabricated firsthand by some other techniques.
Fabrication of hollow objects and multicomponent objects with
complex inner structure is even more challenging.

One possibility for the fabrication of complex shapes is the
use of controlled shape transformation. The most brilliant
example of the applicability of controlled shape transformation
for the fabrication of complex shapes is the Japanese art of paper
folding—Origami. While folding of macroscopic objects can be
done either manually or by using special machines, folding of
micro-objects is not trivial—the machines, which allow micro-
manipulation, are expensive and allow low throughput. One
suitable solution is to use special materials, which are capable
of controlled shape transformation. All these materials possess
different mechanical and actuation properties that make them
more suitable for some and less suitable for other applications
(Table 1). This review discusses basic principles of design of
such materials, their mechanical and actuation properties,
principles of complex shape transformation, and application of
shape transformation in the field of microfabrication and others.

2. Shape Changing Materials

Shape changing polymers are smart polymeric materials that
are capable of changing their shapes in the presence of certain
external stimuli.l All shape-changing polymers have several
features, which allow their reversible shape-transformation.
First, they must be able to demonstrate elastic deformation that
is commonly provided by the presence of crosslinking points.
Namely, crosslinking points are responsible for the reversibility
of deformation. These crosslinking points can be either cova-
lent or physical bonds such as crystallites, glassy-hard domains,
H-bond, ionic interactions, etc. and molecular switches, which
are sensitive external stimuli. Based on these, some polymeric
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building blocks have been recognized which are appropriate for
demonstrating shape-changing behavior (Figure 1). Covalently
connected polymer frameworks are the most common example
of shape-changing polymers in which switching segments are
connected via covalent bonds and produce net points (Netpoint
is typically the connection point of the polymer chains which
helps in determining the permanent shape of shape-changing
polymers) (Figure 1la). In some shape-changing polymers,
the covalently connected frameworks have some side chains
attached to the main chain, which can form a segregated
phase, as observed in (Figure 1b). Sometimes the reversible
bonding between two side chains also helps in showing shape-
changing behavior (Figure 1c). The triblock copolymers with
multiphase morphologies (Figure 1d) or some copolymers with
liquid crystal elastomer as a switching segment also belong to
this class (Figure le). Furthermore, the physical interactions
like dipole-dipole interactions, hydrogen bonding or ion rich
domains are also capable of producing net point for showing
shape-changing behavior (Figure 1f).5¢! Apart from these mole-
cular architectures, sometimes processing and capillary pheno-
menon also plays some role in producing shape-changing
behavior in polymers. Elastic deformation is also observed for
semicrystalline and glassy polymers at low deformation degree.
Second, polymer chains must be in the state when they are
mobile or undergo a transition between mobile and immobile
states. Thus, polymers can demonstrate shape-changing pro-
perties either above their glass transition/melting point or at a
temperature close to it. Third, shape-changing polymers must
be sensitive to stimuli that are provided by the presence of cer-
tain chemical groups or additives, which are sensitive to pH,
ionic strength, light, electromagnetic field, magnetic field, etc.)
Meanwhile, all polymers demonstrate sensitivity to temperature
when the temperature is varied around glass transition /melting.
In this part of the review, the principles or mechanisms which
are responsible for triggering the shape-changing behaviors in
different classes of polymers will be discussed thoroughly.

2.1. Relaxation Phenomena (Shape-Memory Polymer)

Shape memory behavior is an entropic phenomenon, and it is
associated with the relaxation behavior of the polymer chains or
segments.[®°| Many mechanisms have been proposed to describe
the shape memory behavior of polymers considering the relaxa-
tion behavior of polymeric segments. Typically, shape memory
polymers (SMPs) consist of switching segments that are capable
of reversible phase transformation at a transition temperature
(glass transition or melting temperature transition) and shape
determining segments or net points that prevent the permanent
deformation.!"®" In initial shape, the polymer chains remain in
a coiled state which is the low energy state (highest entropy), and
any macroscopic deformation above the transition temperature
(glass or melting) keeping the network structure intact would
cause conformational changes of polymer chains along with
enhancement in the energy state (Figure 2a).®l The freezing of
that conformation below the transition temperature allows the
system to maintain its high energy state. Further, heating above
transition temperature helps the molecular chains to recover
their permanent configuration utilizing the entropic energy.
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So, the storage and release of entropic energy through confor-
mational changes is the driving force for executing the shape
memory behavior in polymers. The relaxation behavior or vis-
coelastic property of the molecular chains of SMPs also contrib-
utes to the molecular mechanism of shape memory behavior.
Hence, the thermoviscoelastic model is perfect to describe the
shape-memory phenomena in polymers. Initially, different
thermoviscoelastic models have been proposed considering
stress relaxation as a simple phenomenon,['**1% and it is very
easy to describe such simple relaxation behavior only by one
Maxwell or Kelvin—Voigt element. However, in a real case, the
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Table 1. Mechanical and actuation properties of various shape-changing materials.

Materials Young's Tensile/actuation Elongation at Actuation Recovery Lifting Work Ref.
modulus stress [MPA] break/actuation time ratio [%] weights density [j g7']
[MPa] strain [%6] [times]
Hydrogels 0.008-5.6 0.01-8.3 150-1500 10-600s 90-99 25-60 N/A [61-68]
Shape memory polymer 0.82-349 8.9-243 130-1240 10-1500 s 81-99.3 600-3500 N/A [69-75]
Dielectric elastomer 0.03-5 0.1-4 4.5-215 1.0ms-1.0s N/A 1.0-16.7 0.03-0.15 [25,76-80]
Liquid crystal elastomers 2.0-177.8 0.038-25 120-475 1.0-1200 s 85-99 250-5680 N/A [81-86]

relaxation phenomenon is very complex for polymers because of
their complicated structure, and it requires multiple para-
meters to describe. For example, Mulliken and Boyce proposed
a model considering two Maxwell branches to describe o and f8

T
J? \:)/\-—\D é/&
,_q_,»\\,—-s_,/f\ggk
o

Ca: N -

lrf—?f}sfr

ZX;%—\,
2 M

i

Figure 1. Examples of some typical molecular architecture which are
suitable for showing shape-changing behavior: a) The covalent bonds
between the switching segments (red color) produces net points
(gray color); b) the side chain acts as switching segment in this case;
c) the reversible bonding between the functional group (red color) acts
as molecular switches; d) ABA triblock system acts as the switching seg-
ments and produces the net point at junction; e) the organized mesogens
in liquid crystal elastomers acts as the switching domains; f) the physical
interaction like dipole-dipole interactions, H-bonding, etc. produces the
net point. Reproduced with permission.> Copyright 2013, Royal Society
of Chemistry.
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transitions in polymers due to different strain rates.'l Further,
Zhao et al. reported that the isothermal crystallization behavior
with the time of a polymeric network is the responsible factor
for triple/multiple shape-memory behaviors in polymers.!”)
The isothermal crystallization generally consists of primary and
secondary crystallization. In primary crystallization, the crys-
tals are formed through nucleation of the amorphous chains of
the polymers without any intervention on the confinement of
the crystals while the secondary crystals grow in the part of the
amorphous regions which are already interfaced by the primary
crystals.(Figure 2b) Usually, the secondary crystals are thinner
(low melting temperature) as compared to primary crystals
(high melting temperature), and when this thickness difference
becomes significant, it produces distinct melting endotherms.
These multiple melting endotherms help the polymer to show
triple or multiple shape-memory effect."® The energy released
during the melting of the crystals helps the polymeric materials
to regain its permanent shape. Behl et al. reported temperature-
sensitive polymer actuation considering the broad melting
temperature range of a semicrystalline polymer network .l
According to them, crystallites with different melting temper-
atures act as bricks as well as temperature-responsive volume
changing units. The crystallites with a lower melting tempera-
ture are responsible for reversible actuation while the crystal-
lites with a high melting temperature act as a skeleton forming
domains. (Figure 2c) The macroscopic shape actuation of sem-
icrystalline polymers is only possible if the domains are aligned
in the matrix and are connected covalently. A “spring model” is
proposed by Biswas et al., considering the molecular flipping
of some crystalline parts to demonstrate the molecular mecha-
nism of reversible bidirectional shape memory behavior.?% In
this model, the soft segments (blue color) of the polymer are
sandwiched between hard segments (red color) and some hard
segments are also distributed within the soft segment part in
the presence of strong interaction. (Figure 2d) Now, above the
transition temperature, the distributed hard segment starts to
move toward the consolidated hard segments along with the
coiling of the liquid soft segment that again redistributed within
the soft segments during cooling. Thus, reversible flipping of
the tiny hard segments with heating—cooling cycles at the mole-
cular level helps to trigger reversible shape memory behavior in
polymers macroscopic levels.

2.2. Dielectric Elastomer
Dielectric elastomers are another kind of shape-changing

polymers, whose actuation is based on relaxation. Dielectric
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Figure 2. Relaxation as a driving force in shape memory behavior: a) the molecular mechanism of shape memory behavior in a chemically crosslink
polymer moiety. The stored energy in the molecular backbone after fixing the deformed shape through cooling provides sufficient energy during the
recovery process, Reproduced with permission.l®l Copyright 2015, Elsevier; b) time depended crystallization in the amorphous part of the polymer
chain responsible for the triple shape memory behavior, Reproduced with permission.'l Copyright 2015, Elsevier; c) in this model, the crystallites
are like bricks and reversible melting and crystallization of some bricks with a low melting temperature with temperature cycles triggering reversible
shape memory actuation, Reproduced with permission.I"®l Copyright 2013, United State National Academy of Science; d) in this spring model, revers-
ible flipping of some tiny crystallites along with the actuation domain triggering the reversible shape-changing behavior. Adapted with permission.l2l

Copyright 2016, American Chemical Society.

elastomers are placed between two compliant electrodes and acts
as a compliant capacitor model. The application of voltage to the
electrodes placed on the opposite side of the elastomer creates
opposite net charges, which form stress (Maxwell stress) in the
elastomeric film due to electrostatic attraction (coulombic attrac-
tion). This so-called Maxwell stress triggers the thinning of the
dielectric elastomer which is further compensated by the expan-
sion in the plane of elastomer (Figure 3a). This expansion strain
is sufficient enough to activate the shape-changing behavior in
the dielectric elastomer.”!) However, the uniform electric field
throughout elastomer restricts the switching of the elastomer to
a new shape, but the presence of a passive layer can introduce
the bending actuation in the material. According to the com-
pliant capacitor model, the actuators can show either in-plane
expansion,?!! liner actuation,?**¥ or bending.?” The stress
and strain produced by the parallel plate actuation are equal in
both perpendicular direction (o, = 0, = ~1/20),%! which is not
desired all the time, and to overcome this limitation different
strategies have been considered. For example, the attachment
of a passive layer with the flexible dielectric elastomer and the
electrode on both sides helps in converting the voltage induced
linear expansion into a flexural actuation.*¥ Figure 3b shows dif-
ferent bending behavior of the bilayer structure consisting of a
dielectric elastomer (active layer) and fibers (passive layer), with
varying fiber configuration. In an another approach, Hajiesmaili
and Clarke demonstrated that the shape morphing of dielectric
elastomers can be manipulated by varying the spatial distribu-
tion of the electric field using an internal mesoarchitecture of
the electrodes.”l The actuation of a strip into a torus structure
with positive curvature (outer part of the torus) or negative cur-
vature (inner part of the torus) can be achieved by changing the
width of the electrode gradually from bottom to top, as observed
in Figure 3c. The strip with decreasing electrode’s width from
bottom to top (11 to 1 mm) results in torus structure with

Adv. Funct. Mater. 2020, 1908028 1908028 (4 of 21)

positive curvature while strip with increasing electrode’s width
results in torus structure with negative curvature.

2.3. Volume Change (Swelling Hydrogels)

Shape changing hydrogels are water-swollen crosslinked frame-
works, which are capable of reversible swelling/deswelling
with changes in environmental water contact due to change of
affinity of polymer chains toward the water.”’-? The degree of
swelling of any hydrogels is directly associated with crosslinking
density and molar free energy of mixing which is again the func-
tion of interchain interactions, solvents, and entropy of mixing
(Flory—Rehner Theory). So, if the average molar mass of the con-
necting moieties between two adjacent network nodes is M, the
crosslinking density (v,) of the crosslinked polymeric network can
be calculated using the Flory—Rehner equation (Equation (1))

= In(1-0,)+@, + Qi xn

Ve
%[(%)-«pz‘”]

where, x, is responsible for Flory solvent—polymer interaction,
p is the density of the network, V; is the molar volume of the
solvent and the ¢, is the volume fraction of the polymer in the
swollen state (¢, = Vi/Vsw; Vj; is the volume in the dry state,
and Vg, is the volume in the swollen state).

For hydrogels with a constant crosslinking density, the
entropic and energetic components can be influenced by the
temperature and solvent quality, which again associated with
temperature, pH, and other parameters. So, the degree of
swelling of hydrogels can be influenced by the temperature,
pH and other parameters.””! Hydrophobic interactions play an
important role in the molecular mechanism of shape-changing

= 1
A (1)
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Figure 3. The actuation of dielectric elastomers: a) The linear expansion of the dielectric elastomer due to the production of electrostatic force in the presence
of compliant electrodes on the elastomer film, Reproduced with permission 2!l Copyright 2000, American Association for the Advancement of Science; b) the
actuation of a bilayer structure of dielectric elastomer and fibers. i) The side view of the bilayer, ii) the actuation without fibers, iii,iv) side of bending of the
bending actuation of the bilayer in presence of different number of fibers, v-viii) the bending behavior with varying number and arrangement of the fibers in
the bilayer structure, Reproduced with permission.1l Copyright 2015, Wiley-VCH.; c) demonstration of morphing behavior of a dielectric elastomer with the
width ofthe electrode. The flat sheet of the elastomer produces torus structure with positive curvature when the width of the electrodes decreases from bottom
to top. However, the reverse phenomenon takes place when the width of the electrodes increases gradually from bottom to top. The scale bar is 20 mm.
Reproduced under the terms and conditions of the Creative Commons CC BY 4.0 license.?! Copyright 2019, The Authors, published by Springer Nature.

hydrogels. The cooling induced segregation of polymer chains
in a hydrophilic medium in the presence of hydrophobic inter-
action and further heating induced dissociation of aggregations
of the polymer chains collectively triggering the shape-changing
behavior in some temperature-sensitive ~shape-changing
hydrogels.’® (Figure 4a) The hydrophobic interaction pro-
vides addition crosslinking, which helps in fixing the tempo-
rary shapes. Further, the loss of this additional crosslinking at
elevated temperature provides sufficient energy to recover the
permanent shape. Apart from thermal stimulation, sometimes
the complexation between the metal ion and organic moiety can
also trigger the shape-changing behavior in hydrogels.*'#?] The
additional crosslinking provided by the complexation between
the metal ion and organic moiety helps in obtaining the tempo-
rary shape in shape-changing hydrogels. Further, the changing

Adv. Funct. Mater. 2020, 1908028 1908028 (5 of 21)

in the oxidation state of the metal ion in the presence of external
stimuli triggers the shape recovery process through the elimina-
tion of the additional crosslinking. (Figure 4b) In some cases,
reversible supramolecular interactions such as host—guest inter-
actions, red-ox interaction or antigen—antibody interactions
triggering the shape fixing process producing some additional
crosslinking in the hydrogel. Again, the elimination of that
crosslinkings in the presence of pH or antigen stimuli helps in
recovering the permanent shapes, as observed in Figure 4c.**=36

2.4. Nonuniform Strain (Liquid Crystal Elastomer)
Anisotropic shape changing in response to an external stim-

ulus is a widespread phenomenon in liquid crystal elastomers
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Figure 4. The different shape-changing mechanism in hydrogels: a) The hydrophobic interaction induced aggregation of side chains of polymers, trig-
gering the shape-changing behavior in hydrogels, Reproduced with permission.’™ Copyright 2012, Elsevier. b) The change in the degree of crosslinking
due to the change in the oxidation state of the metal ion in presence of stimulus, triggering shape-changing phenomenon, Adapted with permission,F']
Copyright 2014, Royal Society of Chemistry; c) according to this molecular model, the antigen-induced change in the crosslinking density responsible for
the reversible actuation in hydrogel; Reproduced with permission.*¢l Copyright 1999, Springer Nature.

(LCEs). LCEs belong to a unique class of materials with pro-
perties of elastomers (entropic elasticity) as well as liquids crys-
tals (self-organization).”’*¥ LCEs are capable of remembering
their previous state after phase transformation in the pres-
ence of stimuli, which enable them to contract and expand
reversibly.**!l In the presence of the weakly crosslinked net-
work, liquid crystal elastomers represent a state in between
solids and liquids. Further, they have long-range orientational
ordering due to the mesogenic moieties. Hence, under applied
stress, a curvature elasticity along with deformation of this
order is observed in liquid crystal elastomers. The combina-
tion of these two physical properties in a material help in
emerging a qualitatively new state of matter in which the meso-
genic polymer chains are capable of continuous orientational
ordering because of the high molecular mobility of the polymer
chains. Further, the mobile nature of the axis of orientational

Adv. Funct. Mater. 2020, 1908028 1908028 (6 of 21)

symmetry breaking allows it to respond against applied elastic
strains, and the whole system behaves like a Cosserat medium
in which internal torques are permissible, and therefore, elastic
stress may be nonsymmetric.” According to the molecular
model of nonuniform deformations within the elastic limit of
LCEs, developed by Trentjev et al., the free energy of deforma-
tions is a function of large nonsymmetric affine strains in the
rubbery network and gradient of curvature deformations in
the director field. Further, the elastic constants for the nonu-
niform directors in the presence of elastic strain depends on
the polymer step length anisotropy.[*”} Again, de Gennes et al.
suggested a strong uniaxial deformation in LCEs without any
significant change in volume, in response to a decrease in tem-
perature across the isotropic to liquid crystal transition, is due
to the change in the orientational order of liquid crystals.*?]
Later, Finkelmann and Kundler reported that the nematic to
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Figure 5. Nonuniform strain-induced shape-changing behavior: a) The processing induced (electrospinning) organization of the liquid
crystal mesogens provides sufficient energy for showing shape actuation through anisotropic strain recovery, Reproduced with permission.[*!]
Copyright 2003, American Chemical Society; b) the photoisomerization of the surface liquid crystal domains of the LCEs due to limited absorp-
tion of light results self-folding of the shape through nonuniform strain recovery, Reproduced with permission.!**l Copyright 2006, Wiley-VCH;
c) the photothermal property of graphene and hot stretching induced self-organization combined to trigger the shape-changing phenomenon,
Reproduced with permission.1*”l Copyright 2015, Wiley-VCH; d) the stretching induced organization of the molecular sheets improves the crys-
tallization behavior of the materials, which trigger the anisotropic reversible shape-changing behavior in conventional polymers. Reproduced

with permission .l Copyright 2015, Elsevier.

isotropic phase transition in LCEs is the driving force behind
the temperature-induced spontaneous deformation along the
director axis.I*”! Naciri et al. prepared LCEs fibers with the side-
on attachment of the liquid crystal mesogens. (Figure 5a) The
processing induced alignment of the mesogen groups along
the axis of the fiber allow the anisotropic contraction of the
fiber along the fiber axis in the presence of external stimuli
through the disorganization of the mesogenic groups.!l Pei
et al. reported the actuation behavior of liquid crystal elasto-
mers with transferable crosslinking. The actuation process
follows an alternative mechanism for mechanical relaxation.
LCEs produce high alignment of liquid crystals instead of
external stress relaxation through the creep of nonliquid crystal
temporary framework with transferable links.*Y Tkeda et al.
reported photo-induced 3D anisotropic deformation in LCEs
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(Figure 5b) containing the azobenzene derivatives as liquid
crystal mesogens and swollen in a solvent or heated above the
glass transition temperature.*) The azobenzene groups are
sensitive to light and show photoresponsive cis—trans isomeriza-
tion on exposure to light, which causes a significant change in
length.l*®! The limited absorption of light allowing only the sur-
face mesogens to show photo isomerization which leads to the
bending or 3D deformation in the developed materials. Further,
a near-infrared spectroscopy responsive reversible mechanical
actuation is achieved in graphene/LCE nanocomposite, where
the graphene acts as photoactive constituents.””) The in situ
UV photopolymerization along with concurrent hot stretching
organizes of the liquid crystal mesogens, and the extensive
interactions between the graphene and mesogens allow the
graphene sheets to distribute uniformly in the matrix. Now, the
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photothermal effect of graphene along with the high self-organ-
ization of the mesogens collectively trigger the photoresponsive
reversible actuation phenomenon in nanocomposite (Figure 5c)
and entropy driven elasticity is the driving force behind this
large reversible deformation in the reported LCE which is one
of the advantages of this material over other conventional poly-
meric materials.8l

Apart from LCEs, some conventional polymers are also able
to show anisotropic shape-changing behavior. Lendlein's group
reported a thermoresponsive reversible bidirectional shape-
changing phenomenon in a block copolymer made of polycap-
rolactone (PCL) and poly(w-pentadecalactone) (PPD) building
blocks®® and proposed a molecular mechanism that triggers
the reversible shape-changing phenomenon (Figure 5d). Shape
C is the permanent shape of the polymer in which the polymer
chains are randomly oriented. The programming through
uniaxial deformation changed the conformation of both the
crystalline domains (PCL and PPD), as observed in shape A.
Further, the heating—cooling cycles allow only the PCL domain
to melt or crystallize while the PPD domain remains unchanged
and produce the network anisotropy for PCL domain without
external force. Overall, the programming induced conforma-
tional anisotropy deforms the PPD domain, and the constrain
produced by the deformed PPD domain helps the PCL domain
to be in oriented conformation.’!) The crystallization induced
elongation and melting induced contraction of the length with
heating—cooling cycles along the programming axis produces
the reversible shape-changing behavior in this material.

Tapered+ f=mre-50,
beam i

L

—
L o
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2.5. Surface Tension

Surface tension or the capillary force becomes a very relevant
and dominating driving force for showing shape-changing
behavior in soft materials or materials with small dimensions as
surface force starts to dominate over the bulk force of gravity at
a smaller level.P? Sometimes, this surface force is so strong that
it destroys the thin structure of micro or nanoscale devices.[>})
There are many reports in which the capillary action or sur-
face tension functions as the driving force for shape-changing
behavior or arranging and adjusting the 2D rigid objects at the
surface of the water.’” To understand the relative importance
of surface energy with respect to bulk elasticity, a liquid droplet
with surface tension yis considered over an ideal smooth and
uniform solid surface.! (Figure 6a) After deposition, the droplet
makes an angle 6 with the surface of a rigid substrate,which is
classically adjusted through a balance among all surface forces
at the interaction line. If the typical extent of deformation at the
pinched region is §, then it can be defined by Equation (2)°!

5~Lsino @)
E
where, E is the elastic modulus of the material, and ¥ sin 6 is the
vertical component of surface tension, which helps in deforming
the substrate by pulling the substrate.””) Further, consider an
elastic plate (length L, width w, and thickness h) coated with a
thin liquid layer with surface tension ¥. The contact of this plate
with a rigid cylinder (radius R) coated with same liquid layer

Figure 6. Surface tension as the driving force in shape-changing behavior: a) Model describing surface deformation at the solid-liquid interface
due to surface tension, Reproduced with permission.*l Copyright 2008, American Chemical Society; b) the model helps in optimizing different
responsible factors for bending of an elastic plate (red color) in contact with any cylinder (both coated with a thin layer of liquid), Reproduced
with permission.®l Copyright 2010, Institute of Physics Publishing; c) according to this model, the self-folding is driven by the capillary interac-
tions at the triple junction; the symmetric red dash line denotes the bending point in both square and trigonal schematic models, Reproduced
with permission.®l Copyright 2009, United State National Academy of Science; d) the deformation map describing the role of elasticity (),
gravity (G), surface tension (S) in defining the shape of a soft material. Reproduced with permission!®® Copyright 2013, Amerian Chemical
Society.
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leads to the wrapping of the cylinder by the plate (Figure 6b)
which results in enhancement not only in the surface energy
by 2ywL but also in the elastic energy by BwL/2R? where B is
the bending modulus of the elastic plate and B = Eh3/12(1 - V%),
E and v are the elastic modulus and Poisson ratio of the mate-
rials. Hence, the wrapping is only possible if the radius of the
vB/y
23
So, the characteristic length of the flexible plate should be less
than the radius of the rigid cylinder for spontaneous wrap-
ping.’® Guo et al. reported the self-folding behavior of thin-film
single crystal silicon and proposed a mechanics model identi-
fying the responsible parameter.”” According to this model,
the folding behavior of the thin film is driven by the capillary
interaction at the triple junction. Figure 6¢ shows that the
thin sheets are like tapered cantilever beam and the capillary
force works on the beam at a particular position (L) with an
extent of yt where t is the width of the beam or length of the
contact line at L, and this capillary force should be enough to
overcome the bending resistance of the beam for self-folding of
the thin films. A deformation map is proposed by Xu et al. to
understand the influence of different parameters on the surface
tension drove shape-changing behavior and to optimize differ-
ence influencing factors for successful folding.°®! The map is
prepared using polar coordinate system and considering two
extreme conditions; i) in which the deformation is exclusively
driven by the surface tension and the overall strain due to the
surface tension is in the order of a=y/ud, p is the shear mod-
ulus and d is the length of the axis, and ii) in which the gravity
is the dominating factor and average strain is in the order of
B =pgd/u where the p is the mass density and g is the gravi-
tational force. (Figure 6d) The map is divided into five region
depending on the role of the elasticity (E), gravity (G), and sur-
face tension (S) in defining the shape of the material.

cylinder R> ; where /By = Lgc (elasto-capillary length).

3. Principles of Complex Shape Transformation

The shape-changing behavior of polymeric materials can be
precisely programmed by their geometry and structure. Here,
we discuss how different kinds of complex actuations are real-
ized in different shape-changing materials. [¥)

The folding behavior of a material can be defined as deforma-
tion of a material keeping the in-surface distance between the
two distinct points of the material without self-intersections. /)
The folding is a sharp curvature of the material, which results
due to the deformation of the material along a crease and pro-
duces a narrow hinge area with sharp angles.®**! Folding can
be achieved in a material utilizing the stress mismatch between
the active and passive layers.’% For example, the hinge
printed with active materials (shape-changing material) and
other parts printed with inactive materials results in folding in
the presence of the appropriate stimulus. The 4D printed struc-
ture developed by Tibbits folds into a precisely truncated octa-
hedron in the presence of water stimuli.l*!

Bending can be defined as the disseminated deformation in
the material throughout the deflected area resulting in curva-
ture in the material % Bending can be achieved by attaching
two materials with different degrees of swelling or shrinking
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behavior. The bilayer structure will bend to keep equal strain
at the interface of the bilayer on activation by the stimuli.”?
Zhang et al. fabricated a lightweight 3D composite structure
that remains flat on heating due to the release of internal strain
but starts to bend on cooling to room temperature.”® There is
some basic difference between folding and bending, such as
folding results due to localized deformation while bending hap-
pens due to global deformation in the material.l””} Further, in
the presence of continuously applied force during bending, the
shape changing results rolling deformation in the material. The
main difference between bending and rolling is rolling con-
sists of multiple gradients while bending consists of only two
gradients.

Twisting behavior can be achieved in a material by using
in-plane stretching. The combination of two anisotropic active
layers of a similar kind with stretching direction perpendicular
to each other results in self-twisting in the bilayer structure.
Shape changing material with a small width is favorable for
showing twisting behavior.”® The printing of fibers with cer-
tain angle results twisting in shape.[!

Helixing can be characterized by the smooth distortion of
the material in space, which results in a three-dimension curva-
ture.”?) Helixing deformation can be achieved in a bilayer struc-
ture through the uniaxial stretching or shrinking of the active
layer with a nonzero angle between the axis of stretching and the
axis of bilayer structure.” The basic difference between twisting
and helixing is that the axis of twist is centered in twist shape
while helixing possesses multiple axes.

The buckling deformation can be achieved by the applica-
tion of compressive stress above a critical value, which results
in sudden sideway failure in a flat structural membrane.'%
The compressive stress can be generated through the in-
plane organization of different active and passive elements.
Menan et al. discussed four different ways, such as material
tessellation, in-plane material gradients, nonhomogeneous
exposure to stimuli and application mechanical stress, to
generate buckling deformation.

Curving can be defined as the deviation in the geometry of an
object from its plane or flat shape. This type of shape-changing
behavior can be achieved through the unequal stress generation
in between the active and passive layer. The different degrees
of swelling of two layers in the presence of stimuli can produce
unequal stress in the material.® Further, the stress gradient
could be generated by the application of varying intensity of the
stimuli along with the thickness of the material.'*!

The topographical changes can produce distorted or uneven
shape in the material, which is quite similar to the physical
properties of ground terrain. The surface topography can be
defined as the local deviation of a surface from its flat plane.
The concentric circles in the presence of suitable stimuli pro-
duce mountain and valley-like features.'?! Further, it can also
be realized under compressive loading.*!!

The unequal swelling/shrinking behavior of a bilayer struc-
ture with similar stiffness and layer thickness results in wave or
curling shape in response to an appropriate stimulus.**1% The
basic difference between waving and curling is the consistency
of the wave after distortion. Further, curling possesses irreg-
ular curves while waving consists of more symmetric curves.
The wave shape can be tuned by changing the position and
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materials of each layer. The trilayer structure developed by Wu
et al. consists of an active layer of SMP and two passive layers.
The heating induced activation of SMP of the trilayer structure
results in a wave shape.”’

3.1. Complex Deformation of Stress Relaxation-Based
Shape-Changing Polymers (Shape Memory Polymers)

Complex shape changing in SMPs is highly associated with the
complex programming of the permanent shape of the SMPs
into temporary shape, and different kinds of stimuli can play
an important role in executing this complex shape-changing
phenomenon. 1% Thus, complex actuation in shape-memory
polymers can be achieved without structuring but by their
deformation. This not only increases the versatility of program-
ming as well as helps in predicting the pathway.

Exposure to the whole sample to conditions when which
polymer chains become mobile results in simultaneous actu-
ation of all parts of a sample—it simply returns to its initial
shape. Sequential folding can be achieved when samples are
exposed to localized stimuli such as light. Indeed, heating of
sample with laser light allows site-specific shape transfor-
mation, which is determined by the permanent shape. For
example, the photothermal or magnetothermal effect of nano-
particles or dyes can play an important role in the production
of heat in the presence of light or magnetic field.'%1%’] The
more advance complex programming can be achieved using
the light of different wavelengths, which produces heat after
absorbing light selectively by some special dyes.'%1%% Liu et al.
developed a simple method to show complex shape changing in
a prestrained polymer sheet. They printed ink using a desktop
printer onto the polymer sheet, and irradiation with light allows
the printed zone to produce heat which triggers the gradient
shrinking of the polymer chains across the thickness of the
polymer sheet. This shrinkage causes the polymer sheet to fold
immediately."®! Similarly, sequential folding can be achieved
by printing different color ink over the polystyrene sheet and
then irradiate the polymer sheet with LED light of particular
color to trigger the folding process. Figure 7a shows the
sequential folding of a nested box on exposing to red and green
light, respectively, on which red and green ink is printed with a
desktop printer. The folding of the nested box taking place due
to the photothermal effect produced by the inks printed over
it.108]

Another way to achieve complex deformation of shape-
memory polymers is to use a multicomponent object. For
example, the electromechanical or thermos-mechanical shape
changing can be achieved after programming the composite
utilizing its broad glass transition temperature.''% This
composite acts like an ion polymer—metal composite and the
transportation of ions and water molecules along with the elec-
trostatic force under the influence of applied voltage, trigger the
electromechanical shape-changing phenomenon in this com-
posite. Simultaneous application of temperature and electric
stimulus helps the composite material to show very complex
shape transformation behavior, as observed in Figure 7b. The
temperature triggers the twisting and bending while the elec-
tric field activates the oscillation. Tolley et al. reported a com-
plex shape-changing phenomenon of shape memory polymer
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composite under uniform heating.''!/ The polymer composite
is fabricated by putting the prestrained SMP in between two
papers, as observed in Figure 7c. The heat-induced contrac-
tion of the SMP resulting bending in the laminate structure,
perpendicular to the axis p and toward the gap until the two
sides of the upper layer come in contact, fighting against the
force of gravity at the free end. Although multilayer shape
memory polymers have some advantages like good and easily
tunable elastic properties, although their fabrication is still
time-consuming and complex in nature. To overcome this
issue, Jin et al. developed a crystalline shape memory polymer
with thermo and photoreversible bonding to produce complex
shape actuation."'?/ In this case, two different responsibilities
are assigned to two different reversible bonding. The network
anisotropy and location of actuation are generated through
the activation of photoreversible bonding in a spatial-selective
manner while shape-memory behavior is controlled by the
thermoreversible bonding. The combination of the effects of
these two different type of reversible bonding triggers complex
shape transformation, from simple 2D films to 3D structures
(Figure 7d).

3.2. Complex Deformation of Shape-Changing Polymers
with Volume Change (Hydrogels)

In most cases, the hydrogels and other volume changing
polymers exhibit shape-changing behavior because of their
isotropic volume expansion and contraction in response to a
stimulus. Complex shape changing such as bending, twisting,
and folding can be achieved by inhomogeneous expansion or
contraction of the material in different directions.'*) At the
end, the way how shape-transformation occurs depends on the
structure of hydrogel. For example, the bending behavior can be
produced through the introduction of bilayers of two different
polymeric materials with different expansion co-efficient while
the twisting behavior can be achieved using bilayers of different
materials with gradually changing thickness ratio between two
layers. Twisting is achieved when the ratio between the thick-
ness of parts with different swelling properties changes gradu-
ally along with the sample.

More complex actuation can be achieved when several bilayer
elements are combined with each other and with nonactuating
parts. Small bilayer connected to nonactuating elements can
be used to introduce sharp edges. The curvature of the edge is
determined by parameters of the bilayer, and the bending angle
also depends on the size of the bilayer. Figure 8a shows that
the attachment of the bilayer structure in the structure of film
triggers the formation of hinge shapes. The bilayer structure is
patterned using noncontact photolithography of the hydrogel
which is composed of N-isopropyl-acrylamide (NIPAm),
acrylic acid (AAc), and poly-ethylene oxide diacrylate (PEODA).
The “Venus Flytrap” shape reversible closes and opens with
changing the pH due to different degrees of swelling of the two
different layers."' Similarly, patterned polymer film with areas
of different swelling magnitude results in similar phenomena.

Bilayers can bend in one direction that restricts possibilities
for microfabrication. Hayward and co-workers have proposed a
very interesting solution to this problem—they have fabricated
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Figure 7. Complex shape-changing behavior of shape memory polymer through stress relaxation: a) The sequential shape-changing behavior
of a SMP coated with different dyes, which activate the shape-changing behavior using photothermal effect, Reproduced with permission.'%l
Copyright 2017, American Association for the Advancement of Science; b) the oscillation of the shape of a multiple SMP-metal composite is
observed in presence of constant electric field (a sinusoid AC voltage of 3.7V initial amplitude and 1 Hz frequency) and with varying temperature,
Reproduced under the terms and conditions of the Creative Commons CC by 4.0 license.['"! Copyright 2016, Springer Nature; c) the active layer
of SMP sandwich between two inactive layers of paper folds perpendicular to the p until the sides of the two-layer touches with each other i).
The self —folding behavior of a trilayer structure due to the contraction of SMP layer on activation ii), Reproduced with permission!''"l Copyright
2014, Institute of Physics Publishing; d) the thermo and photo reversible bonding triggers the complex 2D to 3D shape transformationina SMP.

Reproduced with permission.I"'? Copyright 2018, American Association for the Advancement of Science.

trilayer structure when the top and bottom layers do not swell,
and the middle layer is a stimuli-responsive hydrogel. Bending
to one or another side can be achieved when either top or pas-
sive bottom layers are missing. The patterned sheet developed
by Hayward and his co-worker using pendent benzophenone
containing poly(N-isopropyl acrylamide) copolymers showing
self-actuating behavior on changing temperature (Figure 8b).
The heating (49 °C) induced deswelling, recover the flat shape
while cooling (22 °C) induced swelling helps to obtain the ini-
tial hybrid shape.'"! Figure 8c describes the folding behavior
of the trilayers structure in which the active hydrogel layer is

Adv. Funct. Mater. 2020, 1908028 1908028 (11 of 21)

sandwiched in between two passive layers, and the small gaps
in the upper or lower side help the trilayer structure to bend in
one or other side. The photo-crosslinkable trilayer pattern struc-
ture developed by Na et al. shows reversible complex shape-
changing behavior utilizing temperature-dependent swelling/
deswelling behavior of the active hydrogel layer.(1l Another way
of achieving folding behavior is to use the swelling pathways,
which are determined by the shape of the film, as observed
in Figure 8d. In which, a six-ray star-like bilayer structure of
poly(N-isopropyl acrylamide-co-acrylic acid) (P(NIPAM-AA)
and poly-(methyl methacrylate) (PMMA) shows complex
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Figure 8. Various strategies to introduce complex shape changing in polymers by using structure: a) pattern bilayer: reversible actuation of “Venus
Flytrap” shape of bilayer hydrogel of poly (N-isopropylacrylamide-co-acrylic acid) /poly(ethylene oxide) diacrylate (NIPAm-AAc/PEODA) with pH
change, Reproduced with permission.I'*l Copyright 2010, Elsevier; b) patterned film: reversible shape-changing behavior of hydrogel of pendent
benzophenone containing poly(N-isopropyl acrylamide) copolymers. The heating induced deswelling helps to get the flat structure while cooling
induced swelling produces the initial structure, Reproduced with permission.[''l Copyright 2012, American Association for the Advancement of
Science; ¢) the heating leads to deswelling and cooling induced swelling of photo crosslinkable trilayer pattern structure triggers the reversible self-
folding phenomenon, Reproduced with permission.[''®l Copyright 2015, Wiley-VCH; d) self-folding behavior of a star shape bilayer structure though
the edge activation, Reproduced with permission.I''”] Copyright 2013, Wiley-VCH; e) the complex changing behavior due to anisotropic swelling
behavior of composite. Reproduced with permission.*l Copyright 2016, Springer Nature.

multistep folding through edge activation.!""/Further, the intro-
duction of anisotropic volume expansion using either fibers or
platelets can produce complex shape changing in a material
(Figure 8¢)).M8] Gladman et al. reported the complex shape-
changing behavior of a polymer composite due to anisotropic
swelling behavior. The processing induced alignment of the cel-
lulose fibrils controls the swelling of the composite and results
in complex 3D morphologies in the presence of the stimulus. )
The extent of bending depends on the elastic modulus, swelling
ratio, thickness ratio of the layers (m = Gyouom/@iop), and the
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total thickness of the bilayer (h = @iop + @bottom). The mean and
Gaussian curvatures scale, respectively

-\
H=c,a'_a* sin” @ -

h ¢, —c;c0820+ m*cos46 3
i, (o —a) sin’ @ G)

h*  c5—cec0820 +m*cos46

where, the ¢;,c;, ¢;....etc. are the elastic constants that are
assigned by their swollen equilibrium value. Hence, there are
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variety of possibilities to produce complex shape-changing
behavior in hydrogel-based systems.

3.3. Complex Deformation of Shape-Changing Polymers
with the Nonuniform Strain (Liquid Crystal Elastomers)

Complex shape-changing behavior in liquid crystal elastomers
can be attained either through in-depth or/in-plane variation
of molecular orientation"*?l or by using photoresponsive
mesogens, which are capable of deforming upon irradiation
with light.'126] Hence, folding in liquid crystal elastomers can
be controlled by organized irradiation with light and by control-
ling the distribution of molecular directors. van Oosten et al.
reported complex shape-changing behavior in an LCE con-
taining two different dyes (A3MA and DR1A).""% It is explored
that the self-organization and anisotropic orientation of meso-
gens controlling complex folding. According to Figure 9a(i), a
gradual change in the orientation of the mesogen units with
the thickness of the materials, a parallel orientation in the top

a (i) (ii)

: Azobenzene LCE

[ : Transparent PP

www.afm-journal.de

to a perpendicular orientation at the bottom with respect to the
substrate at bottom. This type of splayed molecular orientation
is controlling not only the folding direction but also the axis of
folding of the film. Different complex folding is achieved using
varying compositions of the two dyes and using the light of dif-
ferent wavelengths and different compositions. (Figure 9a(ii))
In the dark, no folding is observed, but in the presence of ultra-
violet light, the yellow part responsible for A3MA dye starts
bending. At the same time, the red part responsible for DR1A
dye remains unbent. Again, in the presence of visible light, the
reverse phenomenon is observed; the red part starts bending
while the yellow part remains unbent. Finally, in the presence
of both UV and visible light, a flap bending throughout the
length is observed because of the simultaneous absorption of
light by the DR1A at 360 nm and A3AM at 440 nm. So, the
switching between these four states in the presence of dif-
ferent light generates cilia motion. Haan et al. introduced com-
plex shape-changing behavior in LCEs through the developed
of series 3D patterned structure of liquid crystal units. In the
presence of appropriate stimuli such as pH or temperature, an

= = = => : UV scanning direction

--

Figure 9. Complex shape changing due to nonuniform strain: a) The orientation of the liquid crystal units gradually changes from top to bottom
in the LCE film i); The extent of bending of the film in the presence of different wavelength of light. The A3AM dye-containing yellow part bents in
the presence of ultraviolet rays while the DR1A containing the red part of the film bents in the presence of visible light. A cilia motion is observed
in the film on the simultaneous application of a different source of light ii), Reproduced with permission.l'"® Copyright 2009, Springer Nature;
b) forward and backward rolling motion of a spring-like motor, made of LCE inner side and outer side, respectively, due to the torque produced by
structured irradiation with UV-light. Reproduced with permission.[2% Copyright 2017, Wiley-VCH.
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accordion-like deformation can be achieved in a striped shape
selecting the appropriate composition of the reactive mesogen
mixture. A large deformation can be achieved through this type
of out of plane shape changing by contracting a monodomain
sample with the uniform nematic director.?*] A novel strategy
has been introduced by Lu et al. to improve complex shape-
changing behavior in LCEs by enhancing the photoinduced
mechanical force.!”] The basic idea is to store the mechanical
energy in the polymer backbone through deformation (such as
stretching or twisting) and use that stored energy during the
light-induced shape transformation. The irradiation with light
not only produces mechanical force through the direct light to
mechanical energy conversion upon cis—trans photo isomeriza-
tion of the azobenzene liquid crystal unit as well as activate the
release of the prestored deformation energy. The combination
of these two forces helps in producing wheels or spring-like
motors, as observed in Figure 9b. The motion in a spring-like
motor is generated through the production of UV light-induced
torque, while forward or backward direction of the motion
depends on the processing of the bilayer structure of BOPP and
LCE. When the LCE layer is in the upper side of the ribbon
backward movement takes place while it is in the inner side of
the ribbon reverse movement takes place.

4. Application of Shape-Transforming Soft Materials

Depending on shape-transforming material type, the principle of
transformation and stimuli, these materials can be used in var-
ious fields like smart textiles, tissue engineering, soft robotics,
microfluidics, sensors, drug delivery, optical devices, and elec-
tronic devices (Figure 10). All applications can be divided into
several groups. Mechanical actuators and soft robotic systems
belong to the first group and relay of both amplitudes of defor-
mation and force generated during deformation (described by
stroke-force dependence). Some applications utilize shape trans-
formation to affect other properties. Examples of such appli-
cations are lenses (focal length is changed) and smart textiles
(appearance and heat exchanges are changed). The third group
of applications utilizes shape transformation to generate shapes,
which otherwise are not possible or difficult to achieve. An
example of such kind of application is tissue engineering.

4.1. Stroke-Force Dependence
4.1.1. Soft Robotics

Soft robotics is one of the fastest-growing fields of applica-
tion for shape-transforming materials. In comparison to
metal-based hard materials, soft materials offer multifunc-
tionality and reconfigurability!"””! The use of soft materials
in robotics, allow us to access small inaccessible regions, to
manipulate delicate objects, and to have safe interactions with
robotic design system.!'?s] Shape transforming soft materials
are even more interesting for soft robotics applications than
other soft materials, due to their shape change there is limited
need for hydraulic or pneumatic pumps to actuate and induce
the motion in the system. Shape transforming materials have
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transforming
materials

Figure 10. Scheme showing the shape-transforming soft material prin-
ciple of transformation, stimuli, and applications.

showed that with proper design they can achieve such bioin-
spired locomotions as walking, jumping and swimming, which
are solely based on their shape-changing characteristics.!?! As
an example, Han et al. designed electroactive hydrogels that by
changing the electric field was able to grip and transport objects
and do bidirectional locomotion!**°! (Figure 11a). By using dig-
ital light processing (DLP) based micro 3D printing technique,
they were able to get various size 3D structures with high reso-
lution, fast actuation and ease control. These kinds of hydrogels
have the potential to be used as actuating material for artificial
muscle design and soft robotics. Though there is one problem
with this kind of soft robot, the electric field is required. One
option to solve this issue and prepare wireless actuator that is
controlled by using light. Huang et al. described light driven
liquid-crystal soft robotic system where UV light and white
light works as “power and signal lines”"3" (Figure 11b). Liquid
crystal film was able to achieve shape transformation with light
due to azobenzene molecules that are included in the film,
with UV irradiation azobenzene molecules switch from cis to
trans isomer that changes the length of molecule and induces
bending of the film. The prepared soft robot was able to swim
in water and carry loads. Light driven soft robots have potential
to be used in micro machines and robotics .

4.1.2. Microfluidics

Fluid manipulation in channels with dimensions of tens of
micrometers is called microfluidics; this field is constantly
growing as it could improve various fields: chemical synthesis,
biological analysis, optics, information technology, etc.*”) Micro-
fluidic devices by itself is usually small in scale, whereas their

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

121



e

www.afm-journal.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

~ Smart textile
S

N >65°c

Soft robotics

electroactive hydroge!
W""':;ic electrolyte
R / L——l
: /I\ ), W)

oLP stsrnomognpny ‘walking forward

Origami

a n
Large-scale prototype

Drug dellvery

Xgm'«-iﬁ

Optical devices

1 Liquad Circular
moniscus aperture
Water

Aperture slip

M|croﬂU|d|cs

{

Hydrogel ring

K Tissue engineering

asstas, amess. — Q)

Coll seeding

Figure 11. Overview of different application of shape-transforming soft materials: a) 3D printed electroactive hydrogel soft robotic manipula-
tion and locomotion. Adapted with permission.['3% Copyright 2018, American Chemical Society; b) miniaturized swimming soft robot controlled
by remote light signals. Scale bar 3 mm. Adapted with permission.l*!l Reproduced under the terms and conditions of the Creative Commons
CC BY 4.0 license."*" Copyright 2015, Springer Nature; c) microfluidic actuators based on temperature-responsive PNIPAM hydrogels. Adapted
with permission.'*l Adapted under the terms and conditions of the Creative Commons CC BY 4.0 License.®] Copyright 2018, Springer Nature;
d) Mimosa origami: self-organization of a rectangular-shaped Janus bilayer. Adapted with permission.['*] Copyright 2016, American Association
for the Advancement of Science; e) hybrid sensor with temperature-responsive PNIPAM hydrogel as a spacing transducer. Adapted with permis-
sion.I*8 Reproduced under the terms and conditions of the Creative Commons CC BY 4.0 license.*!l Copyright 2018, Springer Nature; f) 3D
printed soft materials with programmed ferromagnetic domains. Adapted with permission.['*l Copyright 2018, Springer Nature; g) 3D morphable
mesostructures for microelectronic devices. Adapted with permission.[*% Copyright 2018, Springer Nature; h) structures with switchable thickness
based on Janus fibers for smart textile application. Adapted with permission.['*l Copyright 2017, American Chemical Society; i) stimuli-responsive
theragrippers for chemomechanical-controlled drug release. Adapted with permission.[>% Copyright 2014, Wiley-VCH; j) smart optical lenses with
tunable focal lengths based on PNIPAM hydrogel. Adapted with permission.I'5*l Copyright 2006, Springer Nature; k) shape morphing scaffolds for
3D endothelialization, photographs showing the temporary planar shapes (25 °C) and the permanent shapes (37 °C). Scale bar 1 cm., 3D tubular
organization of HUVECs on the bilayer in permanent tubular shape (green color, stained by Calcein AM) cultured. Adapted with permission.['>#l
Copyright 2018, Wiley-VCH; |) bright-field image taken after 10 d of incubation of C2C12 cells in the internal part of the PEGDA tube and the 3D
reconstructed confocal image of the partially aligned cells. Green and blue colors represent the cytoskeleton and cell nuclei, respectively. Adapted
with permission.l>* Copyright 2018, Wiley-VCH; m) 4D biofabrication of porous tubular PCL/PNIPAM scaffolds. Adapted with permission.['¢%
Copyright 2017, American Chemical Society; n) Wireless folding of multijoint robots. Adapted with permission.I®3l Copyright 2017, The American
Association for the Advancement of Science.

equipment that is required to control the device could be large
(pumps, valves, mixing units). Due to shape-changing properties
and force that is generated during actuation, shape-transforming
materials are well suited for valve preparation in microfluidic
channels. For example, recently D’Eramo has shown the poten-
tial to use temperature-responsive hydrogel as poly(N-isopropy-
lacrylamide) (PNIPAM) for microfluidic valves!**¥! (Figure 11c).
At 40 °C (above LCST), PNIPAM hydrogel shrinks, but in the
room temperature, hydrogel swells, closing the valve in this
case. They have prepared 780 microcages, were able to open
and dose in 250 and 600 ms, respectively. They were able to
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use these cages for single-cell handling and the nuclear acid
amplification test (NAAT), which proves systems functionality
for microfluidics. Another interesting approach is to fabricate
stimuli-responsive microchannels that can be open and closed,
used for bulb mixing, and can form U, T- junctions described
by Wong et al.['3! (Figure 11d). They prepared electrospun Janus
bilayers from polyvinyl chloride (PVC) and PCL, which mim-
icked Mimosa pudica opening and closing. They showed the
possible design of complex microchannel fabrication and as well
they were able to achieve high flow rates (4.7 uL s7') that are
two orders of magnitude higher than traditional wicking-based
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devices. These both approaches show the future possibility to
fully design microfluidic device from fast, responsive shape
transforming soft materials.

4.1.3. Sensors

Fast response time, various stimuli, and macroscopic shape
change are assets of shape transforming soft materials that
make them attractive for sensor development. Shape trans-
forming materials like hydrogels can respond to stimuli like
temperature, pH, specific ions, and chemicals, which makes
them suitable for sensing. Usually, atomic force microscope
(AFM) cantilevers are used to make hydrogel-based sensors;
one side of the cantilever is covered with hydrogel layer, and
AFM cantilever bends accordingly to the swelling state of
hydrogel.('133-137] The bending of the cantilever can be detected
by a change in reflection of the laser beam of the cantilever sur-
face. This kind of sensing method is simple and easy to use; any
AFM device can be used for this method. Zhang et al. described
more advance sensing by using stimuli-responsive hydrogel as
a spacing transducer in-between nanodiamond and magnetic
nanoparticles™*® (Figure 11e). The use of nanodiamond center-
based magnetometry provides the ability to use the system for
quantum biosensing, but unfortunately, they are unable to
sense parameters like pressure and temperature and can be
influenced by parameters like pH and nonmagnetic biomol-
ecules. As a solution to these problems, they use hydrogel that
fully covers nanodiamond, and then they docked magnetic nan-
oparticles on top of the hydrogel shell. Due to hydrogel swelling
and shrinking, there is a sharp variation in the separation dis-
tance of diamond and nanoparticles, which makes a change in
the magnetic field, and these changes can be detected easily by
nanodiamond center. The hybrid sensor showed reversibility
and stability for more than one week and higher sensibility
then nanodiamond alone in the same conditions. With proper
design and this hybrid system can be used for sensing other
physiological parameters: pH, enzymes, sugar, and other types
of nonmagnetic biomolecules.

4.1.4. Electronic Devices

Shape transforming soft materials can be used in electronic
devices because of their ability to change the form as well gen-
erate the force as mentioned before. For example, Kim et al. have
designed 3D printed soft materials that contain programmed
ferromagnetic domains that were able to exhibit electric func-
tions!'*! (Figure 11f). These ferromagnetic domains were printed
using composite ink of magnetizable particles, fumed silica
particles, and rated silicone rubber matrix. During 3D printing,
they applied a magnetic field to the dispensing nozzle to align
the magnetic particle in ferromagnetic domains. When the mag-
netic field is applied to the printed substrate, it induces torques
on the embedded ferromagnetic particles forming stresses that
lead to macroscale material response. To test designed structure
ability to be used as flexible electronics, they added components
like PDMS insulator, conductive silver ink, magnetic ink, and
two-color LEDs. By changing magnetic field direction, they were
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able to switch on red or green LED, depending on magnetic par-
ticle arrangement in the ferromagnetic domain. This platform
can be further examined with various elastomer and hydrogel
matrices as well as the change of magnetic particles. Rodgers
and their group have been working on various shape-trans-
forming electronic devices.['*0-142] Their latest research describes
microelectronic devices that can be actuated by multistable
buckling mechanics!'*% (Figure 11g). Prepared mesostructures
could be reconfigured in three to four different states, showing
their versatility. To show the potential of using these shape trans-
forming materials for electronic devices, they integrated silicon
n-channel metal-oxide-semiconductor field-effect transistors
(n-MOSFET) and p-LEDs on top of 3D mesostructure. To show
potential for wireless communication of these microelectronic
devices, they used passive radiofrequency circuits and conceal-
able antennas.

4.2. Shape Transformation Affect Material Properties
4.2.1. Smart Textiles

Smart textile is a promising application for shape memory poly-
mers (SMPs). Smart textiles can be designed by using single
actuating SMPs fibers that are incorporated in textiles; this
single fiber actuates with the change of humidity and/or tem-
perature, which leads to shrinking and folding of the whole tex-
tile. This concept has been shown by designer Leenders using
a hairdryer and incorporating nitinol fiber inside of textile, with
increase and decrease of the temperature sleeves of textile can
be rolled up or down.1#3]

As another option, we described the method of producing
non-crosslinked shape-transforming Janus fibers for smart tex-
tile applications."*! 3D printing and melt-spinning were used
to obtain Janus fibers consisting of fusible PCL as first polymer
and acrylonitrile butadiene styrene (ABS) or polylactide (PLA)
as the second polymer. ABS and PLA were chosen as the second
polymer because of their high softening point (Figure 11h).
This Janus fiber model was able to show reversible actua-
tion due to the contraction of PCL polymer in the presence of
entanglements during crystallization and relaxation of stressed
nonfusible side during melting. Design fibers demonstrate
various advantages in comparison to existing smart fibers
like fast actuation rate, reversible actuation, actuation tempera-
ture range from 0-70 °C, and high plasticity for repair when
the fiber is deformed or broken.

4.2.2. Drug Delivery

The main challenge of drug delivery is to transfer the neces-
sary concentration of drugs to the intended site of action. As
high doses are necessary in most cases, there is a high risk of
potential side effects and reduced efficiency when the drug is
absorbed in various parts of the human body and cannot reach
the intended site.l'$1%5-147] As a solution to this problem, sci-
entists are working on multiple systems that could reach the
intended site in a controlled manner and could release drugs
based on specific environmental cues.'*¥ Shape transforming
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soft materials can be used for drug encapsulation and can be
controlled by adding on removing stimuli, thus being a good
model for targeted drug delivery. Nevertheless, drug release
depends on the surface to volume ratio, which makes changes
of the surface to volume ratio during swelling of stimuli-
responsive material especially interesting for drug delivery."14)
Gracias and his group have designed stimuli-responsive ther-
agrippers for chemomechanical-controlled release of fluo-
rescent dyes and commercial drugs like mesalamine and
doxorubicin® (Figure 11i). They used photolithography to
design theragrippers that consisted of rigid poly(propylene
fumarate) segments and stimuli-responsive poly(N-isopropy-
lacrylamide-co-acrylic acid) hinges. Due to thermos-responsive
hinges, gripper closes above 32 °C temperature allowing it to
grip onto tissue when it reaches body temperature from a cold
state. Theragrippers showed improved site-specific delivery and
time-tunable drug release, making it suitable for applicability in
the gastrointestinal tract.

4.2.3. Optical Devices

Microlenses with tunable focal length can be designed using
stimuli-responsive hydrogels. In this case, focal length
depends on particle size, which changes with the swelling
degree of hydrogel after external stimuli are added to the
system.?>1511521 Another approach describes water—oil inter-
face liquid microlenses that are mounted on a ring formed
by macroscopic stimuli-responsive hydrogel [*3)(Figure 11j).
When appropriate stimuli were added to the system, the
hydrogel ring underneath the aperture expanded or shrunk.
The actuation of hydrogel induces volume change of water
droplet in the middle of the ring. Variations of the volume
enclosed by the ring and volume of the water droplet gen-
erate pressure difference across the water—oil interface that
regulates the geometry of the liquid meniscus. These lenses
showed a fast response rate and did not require a complicated
external control system.

4.3. Shape Generation During Transformation
4.3.1. Tissue Engineening

While the world’s populations are increasing and aging, sci-
entists have focused on tissue engineering field to solve the
challenge of organ and tissue shortage and provide a new treat-
ment for patients.”!?15% Using tissue-engineering techniques,
we can replace, preserve and regenerate different tissues and
organs.[128154155] Material ability to transform its shape is prom-
ising for the field of tissue engineering; because of dynamic
shape change, we would be able to achieve less invasive surgical
procedures.!>% Shape-transforming soft materials can be used
for various tissue regeneration as cardiac, bone, skeletal, vas-
cular and endothelial.l’:*%7]

An important feature for shape transformation soft materials
is their easy and reversible transformation from flat 2D sheet
to the 3D tubular structure. This approach is crucial for tubular
human tissue formation like skeletal muscle bundles, ves-
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sels, and arteries, osteons, axons, etc. For example, Zhao et al.
described shape morphing scaffolds for 3D endothelialization,
where they co-electrospun functional polycaprolactone (PCL)
and methacrylated gelatin (GelMA) layer on top of biocompat-
ible shaping SMPs film for better cell adhesion!'*®! (Figure 11k).
Endothelial cells showed high seeding efficiency and cell via-
bility on shape morphing constructs that were able to perform
shape transformation in physiological temperature. These
tubular structures showed potential for small diameter vascular
graft formation with improved endothelialization. Similarly
Vannozzi et al.®¥ (Figure 111), showed the potential of using
poly(ethylene glycol) diacrylate (PEGDA) bilayers for implant-
able fascicle-like muscle cell fabrication. Two different mole-
cular weight PEGDA was used to achieve and control folding
behavior, based on each layer thickness. Cardiac and muscle
cells exhibited high cell viability and preserved their contrac-
tile function. As well, electrospun bilayers with no supportive
layer had showed potential to be used in tissue engineering
for cell encapsulation. Apsite et al. designed multilayer electro-
spun mesh system consisting of PCL and PNIPAM, that can
self-fold in physiological conditions and sustain cell viabilityl!¢
(Figure 11m).

4.3.2. Shape-Transforming Origami

Term Origami is used to describe folding paper art coming
from Japan, where a 2D flat sheet is folded in various complex
3D structures like crane, rhino, and various other animals.
Following simple axioms and theorems it is possible to fold
any soft or rigid material, which makes this principle more
attractive to industrial applications as solar panels, space tel-
escopes, stents for medical purposes, high tech origami, gro-
cery bags, vacuumatics, programmable matter folding.['®!l
Shape transforming has been widely used for development of
foldable devices. R. Wood and his group have developed wire-
less multijoint folding robots based on shape memory polymer
origami-based foldable robot that was able to self-fold, actuate
and even degrade in acetone or water.!'?l Origami robot was
thermally activated and due to cubic neodymium magnet that
was incorporated in polystyrene robot, they were able to con-
trol direction of locomotion using magnetic field. These kinds
of origami-based complex 3D structures can be in future used
in vivo. In most recent research, they prepared device that
was based on electromagnetic power transmission and reso-
nance selectivity'®¥ (Figure 11n). They achieve folding using
magnetically active shape memory alloy (SMA) actuator as the
electrical load, which does not require any physical contact
and allows to actuate each SMA individually or in groups. The
advantage of this method is that you can prepare robotic sys-
tems small weight like 0.8 g and still have high energy density.

5. Summary and Outlook

There is considerable progress in the development of materials
with shape-changing properties as well as in understanding
and programming of shape transformation that allows a broad
variety in shapes. The controlled shape transformation can be
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utilized for diverse applications including soft robotics, micro-
fluidics, sensory, electronic devices, smart textiles, drug delivery,
optical devices, tissue engineering. In spite of significant pre-
pared progress in all these areas, properties of available mate-
rials are not always optimal from point of view of particular
applications. For example, shape transformation requires high
mobility of polymer chains and is observed above melting/glass
transition point. Moreover, reversibility of actuation requires
crosslinking of polymers. In other words, polymers have
properties of elastomer in the state when they actuate. Elastic
modulus of elastomer depends on crosslinking density and
typically is in the order of megapascals. Crosslinking density is
even lower in swollen elastomers (gels), and therefore, they are
even softer. The force generated during the actuation of shape-
changing polymers is roughly elastic modulus multiplied by
actuation amplitude. This force is usually much lower than the
force generated by hard motors/actuators. Therefore, shape-
changing polymers are unable to compete with classic motor-
based actuators in conventional robotics. On the other hand,
due to their softness, shape-changing polymers have distinct
advantages in the “soft” applications such as soft robotics, tissue
engineering, flexible optics, where “hard” actuators cannot be
applied. Moreover, due to their softness, shape-changing poly-
mers allow considerable amplitude of shape transformation
at lower absorbed energy. Although basic principles of appli-
cation of shape-changing polymers in these fields have been
successfully demonstrated, their practical application is still
problematic because each of these “soft” applications put new
requirements for properties of materials. For example, optical
devices may require either high transparency of polymers or
their special optical properties. Bio-related applications like
tissue engineering and drug delivery require biocompatible and
biodegradable shape-changing polymers, which are also able
to change their shape at the conditions acceptable for living
matter. Thus, the first open problem is the precise tailoring of
the properties of shape-changing polymers.

The second problem is the weakness of the materials. Shape
transformation is often accompanied by considerable local defor-
mations, which may lead to rupture of materials. Therefore, the
development of self-healing shape-changing materials can be one
of the future directions of development. Although the task may
look simple because there are many approaches for the design of
self-healing materials, the real solution for this problem is diffi-
cult. In fact, the self-healing of cracks is commonly based on the
interdiffusion of chain segments and the reversibility of bonds.
Both these processes assume plastic deformation of materials,
i.e., actuator will undergo not pure elastic but visco-elastic defor-
mation and reversibility of actuation will not be complete.

The third big challenge in the field of microfabrication using
controlled shape transformation is miniaturization. Fabrication
of micrometer—size shape-changing structures is a multistep
procedure, which is very expensive and requires the use of
sophisticated equipment. Recently, 3D printing became very
popular for fabrication shape-changing structures that have
even led to the development of the new area in 3D printing—4D
printing. There are several most widely used 3D printing tech-
niques, but no one of them allows the fabrication of microstruc-
tures at low costs. Indeed, fused deposition modeling (FDM)
printing allows fabrication of multicomponent structures,
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but its resolution is ca 100-200 um. Stereolithography allows
a much better resolution, which is ca 10 um, it can hardly be
used for fabrication of multicomponent objects as it requires a
constant exchange of photopolymer. Ink-jet printing and sim-
ilar drop-based technologies allow high resolution but operate
with low viscosity liquids such as oligomer/monomer solution,
which have to be photopolymerized afterward. Melt electrospin-
ning writing is a very interesting method for the fabrication of
very fine structures from viscous polymer melts. This method
is however based on the deposition of continuous fibers and
fabrication of dots and discrete elements not possible. All this
means that currently a combination of different 3D printing
methods is needed for microfabrication of shape-changing
structures.

Forth challenge related to microfabrication is the precise
programming of shape transformation. There are brilliant
works[164165] demonstrating impressive possibilities to program
the folding, there are still unsolved problems related to stability,
reversibility, and possibilities to reprogram the folding. For
example, there is no report about a shape-changing material
which allows full flexibility of folding when (i) the same film
can be folded and unfolded in a variety of ways and (ii) there is
a possibility to decide if folding is reversible or irreversible, that
must allow fixation of folded structures. The reason for these
effects is the intrinsic properties of individual shape-changing
materials. As an illustration, the hydrogel-based shape-
changing film can fold in various ways depending on their
structure. On the other hand, as soon as stimuli are removed
the shape of folded objects changes. The same happens when
the hydrogel layer dries.

In summary, the microfabrication using shape-changing
polymers is a rapidly developing field, and many new excellent
works are published on this topic each day. Despite this, there
are still many problems to be solved before microfabrication
using shape-changing polymers became real technology.
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Supporting Information

Polymer synthesis and product characterization

Synthesis of benzophenone acrylate (BPA)

4-Hydroxybenzophenone (20 g, 0.1009 mol), N,N-diisopropylethylamine (19.3 ml, 0.1110 mol)
and 80 ml of anhydrous methylene chloride was added into 500 ml two-necked round-bottom flask
fitted with a magnetic stirrer, a thermometer, and an addition funnel with anhydrous acryloyl
chloride (9.02 ml, 0.1110 mol) solution in 20 ml of methylene chloride. The acryloyl chloride
solution was added dropwise into the flask under cooling (0-5°C) for ca. 3 hours. Then methylene
chloride was removed by rotary evaporation. The residues were washed with 80 ml of 20% HCI,
and afterwards with 80 ml of saturated solution of sodium hydrocarbonate. After washing, obtained
residue was dried over anhydrous sodium sulfate. The solution was passed through a silica gel
column using chloroform as the eluent. Chloroform was removed by a rotary evaporator. Finally,
24.449 (95% of yielding) of BPA was obtained. *H NMR (CDCI3, 500 MHz): 6.01 (dd, J1 ¥ 10.40,
J2 ¥,1.26, 1H), 6.28 (dd, J1 ¥ 10.40, J3 ¥4 17.34, 1H), 6.60 (dd, J3 ¥4 17.34, J2 ¥4 1.26, 1H), 7.20

(m, 2H), 7.43 (m, 2H), 7.54 (m, 1H), 7.74 (m, 2H), 7.81 (M, 2H).
0 >/\
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0 7 NL
OH AN /K o}
+ _—
& CH,Cl, . - HCI

Figure S1. Synthesis of benzophenone acrylate.
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Figure S2. *H-NMR spectrum of obtained benzophenone acrylate

Synthesis of poly(N-isopropylacrylamide)-benzophenone acrylate (P(NIPAM-BPA)
N-isopropylacrylamide (NIPAM, 48.5 g), BPA (1914 g 2 mol % ), 2,2-azobis(2-
methylpropionitrile) (AIBN, 0.143 g) were added in 500 ml round-bottom flask with a magnetic
stirrer for the synthesis of P(NIPAM-BPA). As a solvent 150 ml of ethanol were added and then
everything was stirred for 5 min until all components were fully dissolved. The flask was closed
with a rubber septum and nitrogen was purged through synthesis solution. After purging the
solution was set in a pre-heated oil bath (T=70°C). The reaction was carried out for 12 h. Then the
solution was poured in diethyl ether under vigorous stirring to precipitate the polymer. Precipitated
polymer was filtered through 100 ml ceramic filter (pore size 4) and dried in vacuum oven at 40°C
for 6 h. 'H NMR (CDCI3, 500 MHz): 1.05 (t, 3H), 1.46 (d, 2H), 1.97 (s, 1H), 3.85 (s, 1H), 7.14
(m, 1H).
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Figure S4. *H-NMR spectrum of synthesized P(NIPAM-BPA)
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Synthesis of methacrylated alginate and hyaluronic acid

20-fold excess of methacrylic anhydride was added dropwise to 2 % alginate solution. During the
reaction, the solution was kept at pH 8 by adding5 M NaOH dropwise. The mixture was incubated
at 4 °C for 24 h using constant stirring at 800 rpm. Synthesized methacrylated alginate was
precipitated and washed in ethanol. The clean substance was dried using freeze drying.

To investigated the methacrylation of alginate, proton NMR was performed for alginate as a
reference and methacrylated alginate. *H-NMR showed peaks from 4.57 to 4.97 ppm that are
characteristic for C-5 alternating blocks and guluronic acid anomeric proton in alginate structure.
The peaks presented in the spectra for AA-MA determined the presence of methylene groups at
6.11 and 5.65 ppm and methyl groups between around 1.7 ppm that corresponds to the reaction of
methacrylation. The degree of methacrylation of alginate was calculated from *H-NMR spectra
based on the ratio of the integrals for the area of the methyl and methylene peaks. The resulting
methacrylation was close to 74 %.
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Figure S5. 'H-NMR spectrum of a) non-modified alginate, b) methacrylated alginate; and c)

chemical structure of methacrylated alginate monomer
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Methacrylation of hyaluronic acid was done following the same protocol as for alginate. To
investigate the degree of methacrylation *H-NMR of hyaluronic acid and synthesis product was
performed. Similar as for alginate, typical hyaluronic acid describing peaks around 3.76 to 4.49
were observed, that showed protons located in C-5 alternating blocks. HA-MA spectra revealed
peaks around 5.37 and 5.68 that described methylene protons from methacrylation, as well as the
peak around 1.99 that describes methyl protons. Based on integrals of methyl and methylene peaks,

the calculated degree of methacrylation of hyaluronic acid was 33 %.

1

N \CH3

i C) 0+, OH 0 CH,2
\Eo Q Ho 0

a) HO 0 o}
OH NH
0z

CH,

=
-

b)

2
Vi
‘. - L

O O I P O P OO O T LB BRI I L (N R I
PPM 6.8 6.4 6.0 56 52 48 44 40 3.6 3.2 28 24 20 16 1.2 0.8 0.4

140" h 4

06Z°0
662°0
$8°91
089°0
—666°0

Figure S6. 'H-NMR spectrum of a) non-modified hyaluronic acid, b) methacrylated hyaluronic

acid; and c) chemical structure of methacrylated hyaluronic monomer
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