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Summary

Tissue engineering emerged as a field between medicine and science to overcome the
mismatch between supply and demand for donor tissues and organs. However, traditional tissue
engineering techniques have fallen short of the requirements of such tissue engineered
constructs. Therefore, there is a need for new biofabrication technologies. Biofabrication is the
production of complex living and non-living biological products from raw biological materials
or biochemical molecules. The current challenges of this approach are tissue vascularization
and control over cells distribution. To address this, current research work proposes to use
stimuli responsive polymers as dynamic scaffolds.

The specific aim of this work was the development of new biocompatible, biodegradable,
self-folding, polymer-based systems for cell encapsulation and patterning. Self-folding
polymer-based systems are polymeric actuators capable of changing their shape as a response
to external stimuli. Here, crosslinked polymer bilayers were used to generate self-rolling tubes,
where one layer was hydrophilic, and the other layer was hydrophobic. The hydrophilic
polymer swelled in water, but its swelling was restricted by the hydrophobic layer thus creating
a bending force (see Figure S1). The advantage to this method compared to creating a tube is
that cells can be seeded on the surface of the film before folding and they would be
encapsulated in the process. Additionally, it is much simpler to pattern the film surface, which

can be useful for directing cell growth and attachment.
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Figure S1. Schematic illustration of the folding process. Red and green layers are a

hydrophilic and hydrophobic, respectively. Blue is protective pattern, which prevents cell

adhesion. Spheres represent cells or other encapsulated objects.



Gelatin-based systems

First, we developed three gelatin-based, biodegradable and biocompatible
thermoresponsive systems (Figure S2). Sol-gel transition of gelatin at 36°C was used as a
folding/unfolding trigger.
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Figure S2. Chemical formulas of used polymers.

The first non-cured (Gelatin + PCL) system stood folded at room temperature and
irreversibly unfolded at 36°C due to dissolution of gelatin leaving free-floating PCL film. This
behaviour was not suitable since the system needed to remain folded under physiological
conditions. The second (Gelatin-F + PHF-Q) film was crosslinked by visible light (450 nm)
and irreversibly folded at 36°C. The folding occurred when the non-crosslinked gelatin in-
between crosslinked bilayers dissolved and released them. The third (Gelatin + PCL-B) system
was crosslinked by UV light (256 nm) and as well folded at 36°C. This system was also able
to form tubes with different diameters by altering individual layer thicknesses. For further
testing of neural cell culture, the second system (Gelatin-F + PHF-Q) was chosen due to its
superior mechanical properties compared to the other two systems. It was shown that cells were
viable in confined conditions inside tubes. However, the gelatin degraded too rapidly, and tubes

lost their shapes after 6 hours of incubation.



Reversible Gelatin-PCL system

During experiments with the UV-crosslinked Gelatin + PCL-B system it was found that
under certain conditions crosslinked bilayers demonstrated reversible folding/unfolding. The
folding was induced by decrease of Young’s modulus of PCL during its melting at 60°C. This
observation was predicted theoretically. Surprisingly, when the temperature was decreased
below that point, there was unfolding of the tube back into a flat film. It was found that such
reversible behaviour was due to crystallization process of PCL (Figure S3). Crosslinked nature
of the polymer layer limited molecular mobility. X-ray scattering on the PCL film showed
preferential orientation of polymer molecules parallel to the substrate. The system retained this

parallel orientation leading to film unfolding upon melting and crystallization, respectively.
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Figure S3. Scheme of reversible actuation of gelatin-PCL films.

The reversible gelatin-PCL system showed an alternative way of folding triggering when
the hydrophobic polymer played an active role. However, the high actuating temperature of
60°C as well as rapid degradation of gelatin made this system unsuitable for biomedical

applications.

Stable system and cell patterning
Low stability of gelatin-based self-folded structures made them poor candidates for cell

encapsulation, and the melting temperature of PCL is too high and could result in cell



destruction. Therefore, gelatin was substituted by the copolymer of N-isopropylacrylamide and
acrylic acid (PNIPAM-AA) as the hydrophilic component, and PCL was replaced by
polystearylmethacrylate (PSMA) as the hydrophobic component. These polymers are more
suitable as the melting point of PSMA is 34°C, and PNIPAM-AA is stable at 37°C in buffer.
The new system also included the third polymer — polyethylene glycol (PEG) as the cell
patterning agent (Figure S4). All polymers contained photocrosslinking agent either as a

comonomer or as an admixture.
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Figure S4. Scheme of fabrication of 3D cellular patterns using shape-changing polymer

films.

Change of thicknesses of individual layers allowed to get a wide range of diameters —
from 30um up to 300um. 3T3 mouse fibroblasts were used in cell encapsulation and patterning
experiments. It was shown that cells were viable inside tubes even after 2 days of incubations.
Cell patterning also was successful — cells adhered only to those areas which weren’t covered
by PEG.

This work demonstrated a proof-of-concept for bioscaffold fabrication using self-folding
polymer films allowing creation of narrow hollow channels with controlled inner cell
distribution. Future work will include the development of a fully biodegradable self-folding

system and cell patterning will be achieved using 3D bioprinting.



Zusammenfassung

Das stdndige Bedurfnis nach Ersatzorganen und -geweben hat das Gebiet ,,Tissue
Engineering® zu einem sehr wichtigen Bereich der Wissenschaft und Medizin gemacht. Daher
besteht Bedarf an neuen Biofabrikationstechnologien. Biofabrikation ist die Produktion von
komplexen lebenden und nicht lebenden biologischen Produkten aus biologischen
Rohmaterialien oder biochemischen Molekulen. Die gegenwartigen Herausforderungen dieses
Ansatzes sind die Gewebevaskularisierung und die Kontrolle der Zellverteilung. Um dies
anzugehen, wird in aktuellen Forschungsarbeiten vorgeschlagen, Stimuli-reaktive Polymere als
dynamische Gerlste zu verwenden.

Das spezifische Ziel der vorliegenden Arbeit war die Entwicklung neuer biokompatibler
und vorzugsweise biologisch abbaubarer selbstfaltungsfahiger Polymersysteme fir die
Verkapselung und Strukturierung von Zellen. SelbstflieBende Polymersysteme sind polymere
Aktoren, die ihre Form als Reaktion auf &uRere Reize verdndern kdnnen. In dieser Arbeit waren
Selbstfaltungssysteme vernetzte Polymerdoppelschichten, wobei eine Schicht hydrophil und
die andere Schicht hydrophob war. Das hydrophile Polymer quoll in Wasser auf, aber sein
Aufquellen wurde durch die hydrophobe Schicht begrenzt, wodurch eine Biegekraft erzeugt
wurde (siehe Fig. S1). Vor dem Falten kdnnen Zellen auf die Oberflache des Films ausgesét
werden und sie kénnen dabei eingekapselt werden. Zusatzlich kann die Filmoberflache
strukturiert werden, um eine Zelladhdsion an bestimmten Bereichen zu verhindern, die eine

Kontrolle Gber die Zellverteilung herbeifihrt.
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Abbildung S1. Schematische Darstellung des Faltvorgangs. Rote und gelbe Schichten

sind hydrophil bzw. hydrophob. Blau ist ein Schutzmuster, das die Zelladh&sion verhindert.

Kugeln reprasentieren Zellen oder andere eingekapselte Objekte.



Gelatine-basierte Systeme

Zunachst entwickelten wir drei biologisch abbaubare und biokompatible
thermoresponsive Systeme auf Gelatinebasis (Abbildung S2). Der Lésung-Gel-Ubergang bei
36 ° C wurde als Faltungs- bzw. Entfaltungsausloser verwendet.
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Abbildung S2. Chemische Formeln von verwendeten Polymeren.

Das erste nicht gehartete (Gelatin + PCL) System stand gefaltet bei Raumtemperatur und
irreversibel entfaltet bei 36 ° C aufgrund der Auflésung von Gelatine unter Freilassung von
freischwimmenden PCL-Film. Dieses Verhalten war nicht geeignet, da das System unter
physiologischen Bedingungen gefaltet bleiben musste. Der zweite Film (Gelatine-F + PHF-Q)
wurde durch sichtbares Licht (450 nm) vernetzt und irreversibel bei 36 ° C gefaltet. Die Faltung
trat auf, wenn die nicht vernetzte Gelatine zwischen den vernetzten Doppelschichten geldst
und freigesetzt wurde. Das dritte System (Gelatine + PCL-B) wurde mit UV-Licht (256 nm)
vernetzt und bei 36 ° C gefaltet. Es zeigte sich auch die F&higkeit, Rohre mit unterschiedlichen
Durchmessern zu bilden. Das zweite System wurde wegen seiner besseren mechanischen
Eigenschaften fir die Zellverkapselung am Beispiel neuraler Stammzellen gewahlt. Es wurde
gezeigt, dass Zellen unter begrenzten Bedingungen innerhalb von Réhrchen lebensféhig sind,
aber unglicklicherweise war die Abbaugeschwindigkeit von Gelatine zu schnell und die
Réhrchen verloren nach sechs Stunden Inkubation ihre Form. Dies fiihrte zu einer weiteren

Suche nach einem stabileren System.



Reversible Gelatine-PCL-System

Bei Experimenten mit dem UV-vernetzten Gelatine + PCL-B-System wurde festgestellt,
dass vernetzte Doppelschichten unter bestimmten Bedingungen eine reversible Faltung bzw.
Entfaltung zeigten. Die Faltung trat auf, wenn der mechanische Modul von PCL wéhrend
seines Schmelzprozesses um 60 ° C abnahm. Diese Beobachtung wurde theoretisch
vorhergesagt. Die folgende Entfaltung bei Temperaturabnahme war jedoch vollig unerwartet.
Es wurde festgestellt, dass ein solches reversibles Verhalten auf den Kristallisationsprozess
von PCL zuriickzufiihren ist (Abbildung S3). Die vernetzte Natur der Polymerschicht
begrenzte die molekulare Mobilitdt. Die Rontgenstreuung auf dem PCL-Film zeigte eine
bevorzugte Orientierung der Polymermolekdle parallel zum Substrat. Das System behielt diese
parallele Orientierung bei, was zu einer Filmentfaltung beim Schmelzen bzw. Kristallisieren
fuhrte.
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Abbildung S3. Schema der reversiblen Aktivierung von Gelatine-PCL-Filmen.

Das reversible Gelatine-PCL-System zeigte eine alternative Art der Faltung, wenn das
hydrophobe Polymer eine aktive Rolle spielte. Eine zu hohe Betriebstemperatur von 60 ° C

und ein schneller Abbau von Gelatine machen es jedoch fiir Bioanwendungen ungeeignet.



Stabile System- und Zellstrukturierung

Eine geringe Stabilitat von auf Gelatine basierenden selbstgefalteten Strukturen machte
sie zu schlechten Kandidaten fur die Zelleinkapselung. Als Ergebnis wurde Gelatine durch das
Copolymer von N-Isopropylacrylamid und Acrylsédure (PNIPAM-AA) als die hydrophile
Komponente ersetzt. PCL wurde durch Polystearylmethacrylat (PSMA) als hydrophobe
Komponente ersetzt. Der Schmelzpunkt von PSMA betrug 34°C, was niedriger als das
Schmelzen von PCL war und unter geeigneten physiologischen Bedingungen lag. Das neue
System enthielt auch das dritte Polymer - Polyethylenglycol (PEG) als Zellstrukturbildner
(Abbildung S4). Alle Polymere enthielten Photovernetzungsmittel entweder als Comonomer

oder als Mischung.
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Abbildung S4. Schema der Herstellung von 3D-Zellmustern unter Verwendung von

formverandernden Polymerfilmen.

Das entwickelte System zeigte die F&higkeit, Rohre mit einer groen Bandbreite von
Durchmessern von 30 pum bis 300 pm herzustellen. 3T3-Mausfibroblasten wurden in
Zelleinkapselungs- und Musterbildungsexperimenten verwendet. Es wurde gezeigt, dass
Zellen auch nach zwei Tagen Inkubation in Rohrchen lebensfahig waren. Die
Zellstrukturierung war ebenfalls erfolgreich - Zellen hafteten nur an jenen Bereichen, die nicht

von PEG bedeckt waren.

Diese Arbeit demonstrierte einen Machbarkeitsnachweis fiir die Bioscaffold-Herstellung
unter Verwendung von selbst faltenden Polymerfilmen, die die Erzeugung enger Hohlkanéle

mit kontrollierter innerer Zellverteilung erméglichen. Zukunftige Arbeiten umfassen die



Entwicklung eines vollstandig biologisch abbaubaren Selbstfalzsystems und die

Zellstrukturierung wird mittels 3D-Bioprinting erreicht.



1. Literature overview
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1.1 Biofabrication

With the development of medicine humanity learned how to transplant organs from one
human body to another. Unfortunately, the demand for donor organs is much higher than the
supply. Biofabrication is a relatively young field of science which aims to find a way of
fabrication of artificial organs and tissues for further transplantation. It can be defined as the
fabrication of complex living and non-living biological products from raw materials such as
living cells, molecules, extracellular matrices, and biomaterials [1]. This task is not a trivial
one since natural organs have complex microarchitectures, dynamic nature and they consist of
more than one type of cells. For that reason, scientists constantly develop new bioscaffolds
which are supposed to help organise cells in a 3D space in such way that they form a real
working tissue.

There are two major approaches of bioscaffold creation. In the first approach a
bioscaffold without cells is fabricated first. It is generally made out of biodegradable material.
Then cells are seeded on to the scaffold and they are expected to populate it and create the
desired microarchitecture. This approach, however, has two major disadvantages which made
it less attractive: the resulting cell distribution inside a scaffold is far from homogeneous due
to slow and limited cell migration and it is difficult to recreate complex inner microstructural
features. In the second approach cells are already present in the processed biomaterial. This
allows much greater control over cell distribution in the bulk. Additionally, this method makes
it possible to introduce different cell types into the single bioscaffold vastly increasing its
potential. Finally, it offers various possibilities to generate inner microarchitectural features
such as vascular network or precise positioning of cell clusters. One of promising
implementations of the second approach is modular assembly because many natural tissues
also consist of repeating units: lobules in liver, muscle myofibers, nephrons in kidneys and so
on. In this method it is possible to control cellular distribution, microenvironment and

interactions between neighbouring cell clusters.

1.1.1 Modular assembly of cell-laden microgels

Manual manipulation

On of the basic approaches to create a cell-laden hydrogel was proposed by
Khademhosseini and colleagues [2]. Cell suspension in poly(ethylene glycol) diacrylate or in
methacrylated hyaluronic acid was deposited on a hydrophilic poly(dimethylsiloxane) (PDMS)

stamp and then crosslinked by UV light. The final shape and size of hydrogel units was
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determined by shapes of microfeatures on the stamp. These units could be easily detached,
cultured and assembled into various constructs with controlled spatial cell distribution.
Moreover, using different cell types in different assembly units one can control cell type
distribution as well. However, this method is slow and scales hard for large tissue fabrication.

Random assembly

An alternative method to manual assembly was developed by Sefton and colleagues[3].
Sub-millimeter-size collagen rods were coated with endothelial cells. These modules were then
assembled into a larger tube. The resulting construct had interconnected channels which could
be used for medium perfusion. This work was one of the first examples where vascularization
was achieved. Even though this method offers fast and simple assembly, it fails in providing
control over the final structure.

Microfluidic assembly

Microfluidic devices offer another way of microgel assembly. Their main advantage is
in ability to fabricate very sophisticated architectures. Chung et al. created construct with very
precise cell distribution using railed microfluidic device [4]. Special grooves (rails) were
created on top of a substrate. Hydrogel microunits moved through these rails and assembled
themselves into complex structures with minimal error. It was possible to create multicellular
hydrogel assemblies using building units seeded with different cell types. However, the
resulted structures were one- or two-dimensional. 3D hydrogel microfluidic assemblies were
reported by Whitesides et al. [5]. Collagen rods seeded with cells were assembled in a
microchannel. The degree of packing order was determined by ratio between width of the
channel and rod dimensions. If the channel width was much bigger than rod diameter random
packing took place similar to [3]. The hydrogel units started to become more and more
organized when channel width was smaller then their doubled diameter. The greatest degree of
order was achieved when channel width was about the same size as rod dimensions. Both
examples showed viable ways of bioscaffold fabrication. However, it is worth mentioning that
fabrication times were somewhat big which could negatively impact cell viability.

Microgel assembly on interfaces

The possibility to assemble cell-laden microgels on interfaces with different
hydrophilicity was investigated by Khademhosseini and co-workers. They proposed an
approach which uses tendency of hydrophobic and hydrophilic substances to minimize they
contact area with each other. In one work they used microgel particles with different shapes
and assembled them at oil-water interface [6]. The hydrogel particles were suspended in oil

phase and upon mechanical agitation they started to coalesce together to minimise their surface
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tension. The microgel shapes determined the flow of the assembly process. For example,
microgels with complementary shapes were able to assemble themselves into highly organized
structures. A mathematical model was developed to further enhance this approach [7]. In
another work tubular cell-laden hydrogel structures were created out of poly(ethylene glycol)
micro rings [8]. It was possible to mimic blood vessels by stacking concentric units where inner
rings were seeded with endothelial cells and outer rings contained smooth muscle cells. In
another case, microgel assembly happened on the interface between perfluorodecalin and air
[9]. The surface tension forces drove hydrophilic hydrogel units together. With this technique
it was possible to create centimetre-large sheets which mimicked tissues.

The main problem with the given approaches is that they require hydrophobic organic
liquids which could be harmful for sensitive cells. The alternative approach developed by
Khademhosseini et al. involved assembly of microgels in PBS solution [10]. They patterned
glass substrate with hydrophilic and hydrophobic regions. Then cell-laden microgel dispersion
was deposited on top of the patterned substrate and excess liquid was removed. The microgels
became trapped in the hydrophilic regions of the slide. During liquid evaporation the microgels
assembled together driven by surface tension.

The abovementioned approaches only allowed construction of 2D architectures therefore
limiting their use. To address this issue, the process called “Micro-masonry assembly” was
developed by Khademhosseini and Fernandez [11]. The produced microgel units were
dispersed in a pre-polymer and spread over PDMS cylindrical surface. The excess liquid was
removed and microgels started to assemble into a “brick-wall” structure due to capillary forces.
Then, the dispersion was irradiated with UV light resulting in mechanically stable construct
which could be easily detached and its final shape represented positive replica of the PDMS
surface. In the end, hollow tube-like structure was produced. Another way to create 3D
structures is to directly stack cell-laden hydrogel sheets [12]. Polyethylene glycol diacrylate
was photocrosslinked in a PDMS stencil resulting in an array of microgels. These units were
combined into monolayers which were subsequently stacked on top of each other. The final
constructs were at least 1cm wide and 3mm thick. Pores could also be generated inside such
object if calcium alginate microgel units were introduced and later dissolved.

Molecular interactions

Harada el al. developed a way to create millimeter sized gels using the principle of
molecular complementarity [13]. Different microgel particles were functionalized with
cyclodextrins (host) or hydrocarbon (guest) groups. By altering the shape and size of initial

building units it was possible to get distinct macroscopic objects. Another example is the work
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of Elbert et al. where porous scaffolds were fabricated by chemical crosslinking between
hydrogel microparticles [14]. Three types of microspheres were produced: microspheres for
mechanical support; for delivery of a angiogenesis-promoting molecule and particles
containing porogen. All types were functionalized which enabled chemical reactions between
them resulting in macroscopic scaffold. Slow dissolution of porogen particles produced porous

inner structure. The overall process was proved to be non-cytotoxic.

Conclusion

The given examples of modular assembly allow fabrication of various 2D and 3D
hydrogel structures which mimic natural tissues in terms of multicellular composition and
microarchitecture. However, disadvantages of these approaches include but are not limited to:
the inner pore structure, if it is present, is usually random and doesn’t represent real vascular
network; It is difficult to produce structures larger than several centimeters in size due to
insufficient mechanical stability; many of the approaches utilise potentially not-desired
substances or chemically modified natural molecules which may have negative impact on cells

in a long run.
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1.1.2 3D bioprinting

The additive manufacturing or “3D printing” is a very flexible method of object
fabrication. It allows easy prototyping and production of parts with almost any geometrical
shape without modification of the production equipment. Furthermore, almost any kind of
materials can be used in 3D printing including hydrogels. These advantages led to the logical
conclusion that scaffolds for tissue engineering could be directly printed on a substrate and it
was only a matter of time until bioengineers realized the potential power of 3D bioprinting
[15]. In comparison to the assembly methods described above, 3D bioprinting allows much
easier production of scaffolds with greater variety of shapes and sizes without usage of
additional potentially harmful chemicals. Various bioprinting methods were developed during
past 2 decades and this chapter will overview some them.

Ink-jet bioprinting

The ink-jet bioprinting technology was the oldest one among other bioprinting
techniques. Principles of this approach are very similar to conventional ink-jet printing [16]
but instead of regular ink so-called bioink is used. Bioink is usually a cell dispersion in a pre-
polymer or in cell culture medium. It is placed in reservoir which is connected to the printing
ink-jet device (Figure 1). The ink-jet head produces small droplets of bioink which are
propelled towards the substrate. The droplet ejection happens due to small volume changes
inside the printhead produced by either thermal or piezo actuators. The deposited droplets can

be as small as 20 picolitres in volume [17].

From bioink
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Figure 1. Schematic representation of the ink-jet printing process.
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When designing the setup for ink-jet printing it is crucial to maintain conditions for
viability of printed cells. For example, high shear forces during droplet formation or excessive
heat in thermal droplet formation can negatively influence cell behaviour. Cui et al. tested how
thermal ink-jet printing influences cell viability [18]. A modified HP Deskjet 500 ink-jet
thermal printer was used as a printing platform. Chinese hamster ovary (CHO) cells were
printed on glass cover slips and cultures for several days. Overall cell survivability was 89%.
It was also found that printing process resulted in pores in cell membranes which disappeared
after 2 hours indicating good cell viability. Additional tests showed that permeability of cell
membranes was normal as well.

In another work Cui et al. designed a setup to test advantages of controlled cell deposition
in comparison to random cell seeding [19]. Mouse myoblasts were printed onto
microcantilevers and cultured. It took only 4 days for cells to fuse together and form functional
myotubes. In comparison, randomly distributed cells were only able to form myotubes after 14
days.

The main advantages of ink-jet printing are: high cell viability; relatively low effort to
assemble a printing setup because the theory of ink-jet printing was already developed by
commercial producers and regular ink-jet printers can be modified for bioprinting; Ink-jet
printheads can have multiple nozzles working in parallel increasing the total speed of the
process. However, there are some disadvantages which are worth mentioning. Due to the nature
of droplet formation it is impossible to use ink-jet principle for highly viscous liquids or liquids
with high cell density. Also, this method suffers from so-called settling effect [20, 21]. During
printing process cells tend to sediment to the bottom of a reservoir increasing bioink viscosity
and leading to needle clogging.

Laser-assisted bioprinting

Laser-assisted bioprinting is similar to ink-jet approach in the way that it also produces
a constant jet of bioink droplets. Typical setup for laser-assisted printing includes a donor layer
which consists of an energy absorbing layer and a layer of bioink underneath it (Figure 2).
When a short laser pulse hits the upper layer, the irradiated area almost instantly evaporates.
This rapid bubble formation leads to ejection of a bioink droplet. The main difference from the
thermal ink-jet printing is that in laser-assisted printing the bioink itself is not heated or
evaporated decreasing possibility of cell damage. Another advantage of this approach is the
absence of a narrow nozzle meaning that potentially dangerous levels of shear forces are
avoided. More types of bioinks can be deposited through this way including ones with high
viscosity .
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Figure 2. Schematic representation of the laser-assisted printing process.

Nahmias et al. have reported a successful attempt to print a hydrogel via laser-assisted
direct writing [22]. Human umbilical vein endothelial cells (HUVEC) were printed on a
Matrigel with micrometer accuracy. During culturing cells were able to self-assemble
themselves into tube-like structures indicating that this is a possible to pattern vascular
structures in vitro with high precision. However, these tubes were not real blood vessels and
authors stated that more precise control over cellular environment is required to achieve true
vascularisation.

Duan et al. printed an alginate/gelatine hydrogel which mimicked heart valve [23]. The
hydrogel was filled with aortic root sinus smooth muscle cells (SMC) in the valve root and
aortic valve leaflet interstitial cells (VIC) in the leaflets. Cell viability was measured after 7
days of culturing and was high: 81.4% for SMC and 83.2% for VIC. Obtained results
demonstrated proof of concept for 3D bioprinting of heart valves.

On the other hand, laser-assisted printing requires powerful diode laser with good
resolution which can be quite costly. Furthermore, consequences of laser irradiation on cells
are not well understood. For that reason, more researches have focused on investigation of
influence of printing parameters on quality of printed patterns and cell viability [24].

Direct bioink extrusion

The direct bioink extrusion (DBE) is probably the simplest bioprinting method in terms
of technical implementation. A printing nozzle or needle is connected to a bioink reservoir via
tubing. An external pressure is applied to the bioink and it is got extruded from the nozzle and

subsequently crosslinked (Figure 3).

17



External
pressure

|

Figure 3. Schematic representation of the extrusion-based printing process.

There are three general ways to create the external pressure: screw plunger which rotates
and pushes bioink; a piston like the one used in syringes; gas pressure. DBE allows printing of
almost all types of bioink including ones with high viscosity. Almost all commercial bioprinters
are extrusion-based including Bioplotter (EnvisionTec, Gladbeck, Germany) and NovoGen 3D
Bioprinting platform (Organovo, San Diego, USA).

Usually extrusion-based methods produce continuous bioink lines with cylindrical
shapes. However, different nozzle types can be used to produce more complicated structures.
For example, Gao et al. used coaxial nozzles with 2 independent channels to fabricate a porous
hydrogel [25]. 2 different solutions were extruded simultaneously: calcium chloride from the
inner nozzle and cell-laden sodium alginate from the outer nozzle. Upon contact between these
solutions, calcium ions diffused into alginate phase and crosslinked it resulting in a tube with
its walls consisting of crosslinked calcium alginate. The inner area of the tube was filled with
calcium/sodium chloride solution. Through the continuous deposition of multiple hydrogel
tubes close together it was possible to produce a piece of hydrogel with single continuous inner
channel through which a cell culture medium could be pumped. Thus, vascularization was
achieved. However, the diameter of inner channel was in range of hundreds of micrometers
which is too big for the true vascularization purposes.

Another extrusion bioprinting approach was developed by Lee et al. [26]. Six parallel
printing heads were mounted on a XY Z-stage. This allowed printing of a complex multicellular

structures with controlled cell distribution. At least 4 nozzles were used in this research: one
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nozzle dispensed PEG solution as sacrificial layer, polycaprolactone was deposited through
another nozzle and the third and forth nozzles were used to extrude sodium alginate with
encapsulated chondrocytes and adipocytes respectively. Through this approach authors were
able to print a 3D structure which resembled a human ear. Cell viability rate in the printed
structure was 95%. Levels of chondrogenesis and adipogenesis were high indicating that cells
fulfilled their intended roles.

The main disadvantage of the extrusion based printing is potentially high shear forces
which are experienced by cells in a narrow nozzle which can limit their viability [27].

Other bioprinting approaches

Several research groups have reported bioprinting approaches which are different from
the described above. Miller et al. developed an approach to fabricate complex vascular
networks in a prepared hydrogel [28]. Molten sugar glass structure was printed through
conventional extrusion. This structure was highly branching with multiple intersections
between its parts. A cell dispersion was poured around it and subsequently crosslinked. After
certain time of incubation, sugar was dissolved and consumed by cells leaving vast hollow
channel network which could be used for nutrient and oxygen delivery.

In another approach a commercial beamer was adopted to project a pattern onto a
photocrosslinkable pre-polymer in a layer by layer manner [29-31]. A model of a desired
structure was sliced along Z axis to generate a sequence of planes. Then, a projector shined
images of these planes onto crosslinkable bioink thus making printing time independent from
structure complexity since the whole layer is projected at once. Additionally, such setup
required a stage which only moved in Z direction. Cell viability during such approach was on
par with other methods — around 95%. Gauvin et al. were able to achieve resolution of 200um
and printing times smaller than 1 hour [29].

A lot of scaffolds were created by crosslinking of a bioink with UV light. Even though
is was shown that cells were viable after such treatment, usage of UV light is undesirable due
to unpredictable consequences in terms of cell behaviour. A possible solution for this problem
have been reported by various research groups [32-36]. It involves so-called two-photon
photolithography. Usual photocrosslinking happens when photosensitive molecules absorb a
single photon which carries enough energy to excite such molecules. It is possible however
under certain circumstances to induce the same chemical reaction when two or more photons
are absorbed simultaneously by a single molecule while the energy of each individual photon
is not enough to traverse the gap between neighbouring molecular energy levels. One of the

conditions to enable the multiphoton process is a high photon density. It was achieved by
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focusing a laser beam. The energy density was high enough in the focal point thus allowing
multiphoton polymerization only in this spot. Since the energy of each photon can be 2 times
smaller for two-photon processes than for usual photochemical reactions it is possible to avoid
usage of UV light. The fact that polymerisation happened only in focal point allowed to

dramatically increase printing resolution and even traverse diffraction optical limits.

Conclusion

This chapter have given a brief overview over different bioprinting methods developed

so far. The Table 1 shows summary over methods’ advantages and disadvantages.

Table 1.
Advantages Disadvantages
e High printing speed,; Only low viscosity, low density
Ink-jet | e High cell viability (80%-90%); bioinks can be printed;
printing | e Relatively low build cost of a Settling effect.
prototype device.
e Bioinks with high viscosity can Unknown effects of exposure of
be printed, cells against laser radiation;
Laser- _ ) o
isted ¢ No direct contact between a Unknown influence of printing
assiste
o dispenser and a bioink; parameters over final printed
printing
e Very high cell viability (95%). structure;
High cost.
Direct | e Suitable for any type of bioink; Potentially high mechanical
extrusion | e Simple technical implementation. stresses.

Despite all the advantages these methods offer, there is one problem that remains
generally unsolved. That is the creation of structures with narrow hollow channels while
maintaining controlled cell distribution and diameters of individual channels smaller than
100um. One of the candidate systems which have a potential to solve that problem are self-

folding polymer films.
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1.2 Self-folding materials

The idea of creation of 3D microstructures using controlled folding of thin films emerged
nearly 20 years ago [37, 38]. Such approach is often called microorigami due to similarity with
antient Japanese art of paper folding. Nowadays, a great choice of various materials is available
which can spontaneously or upon triggering transform from 2D thin films into complex 3D
structures. Such process can be either reversible or irreversible. The main advantage of the
approach is the ability to create 3D hollow structures with controlled chemical and physical
properties of both exterior and interior surfaces.

The first historical evidence of the use of self-folding systems can be tracked to British
clockmaker John Harrison who created bimetal strips which bended due to differences of
thermal expansion of involved metals. Later, in 1925, Timoshenko conducted first fundamental
investigations of folding behaviour of bilayers on the example of bimetal beams[39]. It was
found that a strip consisting of two metals welded together and with different thermal
expansion coefficients would bend when its temperature was uniformly increased. The final
curvature of the strip could be described with the following formula:

1 6(at; — az)(t; — to) (1 +m)? E; a

) Im -
E a 11
p h<3(1+m)2 + (1 + mn) (mz +%)> g 2

where Ex is the elasticity modulus, ax is the thickness of the metal layer, h is the total
thickness (h = ait+ay), ax is the thermal expansion coefficient of the layers and p is the radius
of curvature. As it comes from the equation 1.1, the greater the difference between thermal
expansion coefficients, the smaller will be the radius of curvature. Bending degree also depends
on ration between layer thicknesses and relative stiffnesses although the latter has weaker
influence. The Timoshenko equation have several limitations: 1) It was derived for small angles
of deformations; 2) Doesn’t predict folding direction; 3) It is applicable only for reversible
elastic deformations.

Folding principle of polymer bilayers is usually similar to that of bimetal trips: Layers
have different expansion coefficients. Unlike metals, however, polymers can demonstrate
significantly larger volume changes and their folding can be triggered by a broader list of
stimuli. The equation 1.1 can be used to qualitatively characterise polymer bilayer folding as
well if it is assumed that metal’s thermal expansion coefficients are substituted by, for example,
swelling degree. In general, polymer self-folding bilayers consist of passive and active

components. Active component of a system responds to external stimulus by changing its
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physical-chemical properties. Some examples of possible stimuli are: pH, temperature, light,
etc. Passive component of the system directs active component’s response into bending
movement. An example of such system can be a crosslinked polymer bilayer which consists of
hydrophilic and hydrophobic polymers [40, 41]. The hydrophilic (active component) polymer
swells in water and tries to expand its volume in all directions. The hydrophobic polymer
(passive component) restricts such uniform expansion on one side thus creating bending stress.

It is also possible to design a self-folding system out of a single chemically homogeneous
material. To achieve that, certain gradients need to be present in the film. For example, a
gradient of swelling degree along film’s thickness or a gradient of co-monomers concentration
inside the pre-polymer will result in a bending behaviour. The work of Hayward et al. is an
example of how a crosslinking density gradient induced film curving [42]. The self-folding
film was composed out of a lightly crosslinked poly(N-isopropylacrylamide) with highly
crosslinked dots embedded into the polymer matrix. Such architecture resulted in a formation
of various Gaussian surfaces (spherical caps, saddles and cones) as well as more complex and
nearly closed shapes.

Various self-folding inorganic and polymer systems have been reported by a number of
research groups. These systems include but are not limited to pH-, temperature- or light-

sensitive. They are described in more detail in the following chapters.

1.2.1 Inorganic self-folding systems

The works of Smela [38] and Jager [37] created the foundation for the self-folding
systems development. They used patterned polypyrrole-gold bilayers which reversibly folded
and unfolded upon electrical triggering. Using this approach, a microgrippers were created
capable of capturing and moving microscale objects. Later, several other groups around the
globe started the development of various applications for inorganic self-folding systems. For
example, approaches of O.G. Schmidt group employed semiconductor and metal oxide self-
folding tubes for different applications: energy storage [43-45], lab-on-a-tube concept and
nanooptics tools [46-49], a design of an approach to investigate cell behaviour in confinement
[50]. Group of D. Gracias focused on the development of metal-based self-folding
microdevices with sophisticated 3D shapes. The possible applications of such devices included
microsurgery [51], encapsulation and delivery of drugs [52] and cells [53-55] and bioscaffolds

production for tissue engineering [56].
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Despite this promising demonstration of metal-based systems involvement in
bioapplications, this approach is limited due low biocompatibility and non-biodegradability of
inorganic materials. Additionally, they are too rigid to become suitable materials for cell
encapsulation and bioscaffolds production.

1.2.2 Polymer self-folding systems

Polymer-based self-folding systems are more suitable for bioapplications since they can
avoid all disadvantages of inorganic systems mentioned above. Additionally, polymers possess
some traits, which make them even more desirable choice. First, there are polymers which can
significantly and reversibly change their volume. This can be used as folding/unfolding driving
force. Second, employment of polymers which are sensitive to a specific stimulus allows
production of structures, which’s folding and unfolding is triggered only by that stimulus such
as light, temperature, pH etc. [57]. Polymers can be chosen so that their corresponding stimuli
lay in a range of physiological conditions which enables them for cell encapsulation
applications. Third, there are polymers that have been already approved for medicinal use [58].
Forth, there are several already existing techniques which allow easy and precise patterning of
polymer films. Photolithography (one- or multistep) is one of such methods allowing creation
of almost infinite variety of 2D shapes that can be folded into complex 3D shapes.

Thermoresponsive systems

Thermoresponsive triggering is usually achieved due to shape-memory effect, melting,
sol-gel transitions, or continuous thermal expansion. One example of shape-memory based
system was developed by Lendlein et al. [59]. Poly(e-caprolactone) film was in its temporary
shape at low temperature below the melting point of the polymer. The film restored its initial
folded shape upon heating creating self-folded cube. Gracias et al. developed self-folding
micropatterned polymeric containers based on SU-8 photoresist — polycaprolactone films [60].
Self-folding was driven by a minimization of surface area of the melted polycaprolactone
hinges within two-dimensional template. The folding was irreversible and occurred at 58°C.
Since the cell encapsulation wasn’t possible at that temperature, mammalian cells were loaded
into formed structures post-folding using tumbling approach. However, it was demonstrated
on the example of glass microspheres that it is possible to encapsulate objects during folding
[52, 53].

Even though a variety of thermoresponsive systems had been developed, there was still
need in systems with actuation at physiological conditions which was mandatory for cell

encapsulation and release. One promising approach was to utilize swelling-induced folding of
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thermoresponsive polymers which demonstrated property of Low Critical Solution
Temperature (LCST) in water solutions. The poly(N-isopropylacrylamide) (PNIPAM) was a
suitable candidate since it has LCST at 33°C for homopolymer. PNIPAM based hydrogels are
swollen below that temperature and shrink above it. LCST can be varied by tuning the
composition of the polymer, for example increased if hydrophilic comonomers are added or
decreased with hydrophobic comonomers. Due to such convenient set of properties of
PNIPAM, there were a number of works about PNIPAM based self-folding systems. Peeters
et al. developed a bilayer system where swelling of a PNIPAM layer was restricted by a
crosslinked mixture of poly(methyl methacrylate), diacrylated triblock copolymer of
poly(ethylene glycol) and poly(lactic acid). The bilayers were able to self-fold into shapes with
sizes between 0.25mm and 1mm and it was demonstrated that they can be used for
encapsulation of cardiomyocytes. Hayward et al. demonstrated a self-folding system based on
a random copolymer of N-isopropylacrylamide (NIPAM), acrylamidobenzophenone, acrylic
acid and rhodamine B-labelled methacrylate [42]. Via photolithography polymer films were
patterned with regions of different crosslinking density which resulted in unequal swelling
along the film. The polymer sheets folded into cylindrical structures at 22°C and completely
unfolded at 50°C. The process was also reversible.

Another series of notable works about PNIPAM-based systems were made in the group
of Dr. L. lonov. The basics of 2D shape-3D shape dependencies weren’t well understood at
those times and the work was done to describe how folding behaviour depends on the initial
2D shape of the structures [40, 61, 62]. Self-folding systems were represented by polymer
bilayers where one polymer was a copolymer of NIPAM and benzophenone acrylate and the
second polymer were either polymethylmethacrylate (PMMA) or PCL. It was shown that
rectangular bilayers were able to fold into tubes only when aspect ratio between length and
width was at least 1 to 6. Diagonal rolling took place in other cases with multiple pre-tubes
formed along bilayer perimeters resulting in an irregular final shape. The folding speed was
observed to be dependent on movement speed of the swelling front in the PNIPAM layer. In
addition, it was shown that rolling direction was different in cases when self-folding film was
on a substrate or free-floating. It was also demonstrated that final 3D shape greatly depended
on the radius of curvature which in its turn depended on the ratio between layer thicknesses: it
was possible to obtain different final structures out of the same 2D shapes but with different
individual layer thicknesses. Finally, possibility to reversibly encapsulate microobjects was
shown on the example of silicon oxide particles. The work of Zakharchenko et al. demonstrated

the possibility to control the movement and orientation of self-folded tubes [63]. Magnetic
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nanoparticles were dispersed in the polymer layers thus providing sensitivity to external
magnetic field. It was possible through this approach to encapsulate, move and release
microparticles.

The most notable work in terms of the current review was done by Zakharchenko et al.
where a scaffold was fabricated consisting of aligned self-folded tubes [64]. The system
consisted of N-isopropylacrylamide and acrylic acid copolymer (PNIPAM-AA) as a
hydrophilic polymer and PMMA as a hydrophobic one. Tubes self-folded in PBS buffer and
had PNIPAM-AA on their outer surfaces. In such conditions PNIPAM-AA was slightly
negatively charged. Positively charged silica particles were dispersed along negatively charged
tubes leading to tubes agglomeration due to electrostatic attraction. In another experiment,
yeast cells were encapsulated inside tubes before agglomeration resulting in a uniaxial tubular
homogeneously filled scaffold. This was the first step to create a true scaffold using self-folding
materials.

pH-responsive systems

In general, pH-responsive systems contained polyelectrolytes which switched between
their uncharged and charger forms. Luchnikov et al. demonstrated several systems which
folded at low pH [65-67]. All systems were based on poly(4-vinyl pyridine). Folding occurred
when nitrogen atom in pyridine fragment got protonated at sufficiently low pH leading to
polymer swelling. Gracias et al. reported a system based on PNIPAM-AA/polyethylene glycol
bilayers [68]. The PNIPAM-AA changed its swelling degree as response to pH and ionic
strength changes resulting in reversible folding and unfolding of bilayers. Lee et al. developed
a poly(methacrylic acid)/poly(2-hydroxyethyl methacrylate) based system which folded at pH
6.5 due to difference in polymer swelling [69]. Authors suggested to use developed self-folding
devices as a drug delivery system. The passive layer was preliminary patterned with adhesive
patches containing drugs. The proposed approach eliminates drug leakage and improves
unidirectional intestinal delivery.

Another system based on poly(2-hydroxyethyl methacrylate-co-acrylic acid) (o(HEMA-
co-AA)) and poly(2-hydroxyethyl methacrylate) was developed by Yang et al. [70]. The self-
folding bilayers’ shapes originally resembled shape of the number 8. At pH 9 they folded and
formed spherical microcapsules. Decrease of pH led to gradual opening of the containers due
to shrinking of p(HEMA-co-AA). The bilayers completely unfolded into original 8-shape at
pH 4. Reversible encapsulation and release of microobjects was demonstrated on the example

of 1um polystyrene particles.
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Nasimova et al. developed a hydrogel system with gradient of comonomers concentration
[71]. The hydrogel was synthesized by copolymerization of N-isopropylacrylamide and acrylic
acid sodium salt between glass and teflon surfaces. Due to unequal distribution of acrylic acid
units, the system folded at pH 3 and unfolded at pH 7.

Zakharchenko et al. created a system consisting of polysuccinimide and polycaprolactone
[41]. Both polymers were already approved for use in medicine, they are biodegradable,
biocompatible and produced in industrial quantities. They are also hydrophobic and waster
insoluble. Polysuccinimide however hydrolyses in physiological buffer environment yielding
water-swellable polyaspartic acid resulting in irreversible folding and tubes formation.

Electro-responsive systems

Most of the electro-responsive systems were metal-based. For example, works of
Smela[38] and Jager[37] mentioned above. However, there was an example of polymeric
electro-responsive system. Feinberg et al. developed a series of actuators based on
polydimethylsiloxane and cardiomyocytes [72, 73]. The cells were aligned on the polymer film
surface and folding occurred when an electric current was conducted through the medium.
Cardiomyocytes synchronous contraction was the driving force of the folding. As a result,
various centimetre-size 3D structures capable of mechanical work were produced.

Light responsive systems

There are several possible approaches of how to convert light energy into self-folding
behaviour. One approach involves light-sensitive molecules which undergo conformational
changes upon irradiation. Ryabchun et al. developed a system based on crosslinked liquid-
crystalline polymer containing azobenzene chromophore [74]. The rectangular polymer film
was irradiated with polarized UV-light (364nm). The polarization plane of the light was
oriented along the length of the film. Bending of the film was observed during irradiation. The
bending behaviour was reversible, and the film started to unfold as soon as the light was turned
off. This nature of this photomechanical movement was in change of conformation of the
photosensitive molecules. This change occurred due to reversible trans-cis isomerization of the
azobenzene fragments.

Another approach developed by Aoyagi et al. involved light-induced pH change as a
folding trigger [75]. A photo-initiated proton-releasing agent of o-nitrobenzaldehyde (NBA) was
integrated into bilayer hydrogels composed of a polyacid layer, poly(N-isopropylacrylamide-co-2-
carboxyisopropylacrylamide) and a polybase layer, poly(N-isopropylacrylamide-co-N,N’-
dimethylaminopropylacylamide). The NBA-integrated bilayer gels demonstrated quick proton
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release upon UV irradiation. This led to local decrease of pH below volume phase transition point
and bending of the film as a result.

Alternatively, local heat produced by light absorption can be used to power folding
behaviour. In the work of Dickey et al. polystyrene film were stretched and frozen below Tg
of the polymer resulting in an internal stress [76]. Black ink was printed on the surface of the
polymer. Irradiation by unfocused light led to local heat production inside ink-covered regions
and increase of temperature above Tg of the polymer. These heated hinges relaxed and shrank
leading to folding of the whole film into 3D object. The same principle was used by Chen et
al. [77]. Pre-stressed nafion films were irradiated by IR laser beam. This led to local
temperature increase and relaxation of laser-irradiated regions. The films folded as a result.
Both mentioned systems were folding in air conditions. Javey et al. developed a system
foldable in water [78]. It was based on PNIPAM composite filled with single-walled carbon
nanotubes (CNT) for light absorption. IR laser was used to locally generate heat in the CNT-
containing regions which led to shrinkage of PNIPAM and folding of the films. The process
was completely reversible since films unfolded after removal of IR radiation. Cube- and

flower-like structures were obtained via this method.

Conclusion

Stimuli-responsive self-folding polymer systems have shown a great potential in the field
of drug and cell encapsulation. Unlike conventional methods where cells were fixed in a
continuous hydrogel matrix, self-folding systems provide certain degree of freedom for cell
migration and proliferation. Additionally, nutrients and oxygen can easily diffuse inside self-
folded tubes through open ends. The fact that cells can tolerate only limited variations of
environmental conditions puts additional restrictions on potential systems for cell
encapsulation. Most of the described systems weren’t suitable for that purpose since most of
the cells can’t withstand big pH changes or high temperatures.

In the light of these arguments, temperature-based systems developed by lonov and co-
workers [40, 61-64] have shown the biggest potential towards successful cell encapsulation
and scaffold production. However, there are 2 disadvantages that must be overcame before a
proper self-folded scaffold can be made. First, these systems were non-biodegradable. Second,

at physiological temperature of 37°C these systems were unfolded meaning they can’t be used
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for cell encapsulation and proper cell incubation. These problems have raised a need for new

fully biodegradable systems which keep folded shapes at physiological conditions.
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2. Aims

The aim of this work was to overcome critical limitations in existing, stimuli-responsive,
self-folding systems. In particular, the aims were to improve the biodegradability, the
patterning of cells within the tubes, and to find materials that self-fold using cytocompatible
stimuli.

The first goal was to develop a biocompatible and biodegradable self-folding system
which would be suitable for encapsulation of mammalian cells. The system had to meet the
following conditions: remain unfolded at 20°C and fold at 37°C. These conditions were chosen
because polymer films needed to be unfolded during cell seeding process, however not perish
due to excessive energy exchange 20°C was an ideal temperature to perform cell seeding. After
cells have settled, the polymer film should fold in a controlled manner so that it retains shape
at human body conditions, thus allowing tissue development. It was decided that gelatin-based
self-folding system will meet all the requirements mentioned above. Gelatin was a commonly
known biodegradable and biocompatible polymer widely used in food industry. It has a
reversible sol-gel transition at 36°C which could be used as folding trigger. To meet the full
biodegradability of the self-folding system it was also decided that hydrophobic polymer
should be a polyester. Upon successful design and production of self-folding systems, they
were meant to be used in cell encapsulation experiments to demonstrate their biocompatibility.

The second main goal was to develop a way to control cell distribution inside self-folded
tubes. Therefore, polyethylene oxide (PEO) was used as a third layer of a self-folding system,
so that the film surface could be patterned with high cell attachment and low cell attachment
materials. This polymer can protect surfaces against protein, bacteria and algae adhesion. Thin
patterned layer of PEO on top of self-folding bilayers could therefore prevent cell adhesion on
PEO-covered areas. Developed systems were to be used for cell encapsulation to demonstrate

their biocompatibility and success of the cell patterning approach.
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3. Synopsis

The current dissertation includes 3 published papers. The aim of the whole work was to
develop new biodegradable and biocompatible self-folding systems for cell encapsulation and
cell patterning. The results presented in the first and second papers were obtained in Leibniz
IPF and in TU Dresden under supervision of Prof. Dr. Manfred Stamm and Dr. Leonid lonov.
The work on the third paper have started in University of Georgia (Athens, USA) under
supervision of Prof. Dr. Leonid lonov and continued in the University of Bayreuth under

supervision of Prof. Dr. Leonid lonov.
3.1 Fully biodegradable and biocompatible systems

The first paper was openly published in Advanced Functional Materials under the title:
Biodegradable self-folding polymer films with controlled thermo-triggered folding.

In this part an attempt was made to create biodegradable self-folding system suitable for
cell encapsulation. As a result, three gelatin-based biodegradable and biocompatible
thermoresponsive systems were developed (Figure 4). Sol-gel transition of gelatin at 36°C was
used as the folding/unfolding trigger.
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Figure 4. Chemical formulas of used polymers.

The first (non-cured) system consisted of pure gelatin and PCL. Both polymers were not
crosslinked. Such bilayers folded at room temperature due to swelling of the gelatin layer.
Gelatin dissolved at 36°C resulting in irreversible unfolding and leaving free-floating PCL film.
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Despite this system showed folding/unfolding behaviour, it wasn’t suitable since the system
needed to stay folded at physiological conditions. The second (Gelatin-F + PHF-Q) bilayer was
photolithographically patterned through a photomask by visible light (450 nm) and non-
crosslinked PHF-Q was washed away. When this system was immersed in PBS solution both
crosslinked and non-crosslinked gelatine swelled but folding didn’t occur because bilayers
were held in place by non-crosslinked gelatine. The irreversible folding occurred at 36°C when
the non-crosslinked gelatin in-between crosslinked bilayers dissolved and released them. The
third (Gelatin + PCL-B) system was crosslinked by UV light (256 nm) and had the same folding
behaviour as the second system. It also showed the ability to form tubes with different
diameters by varying thicknesses of individual layers.

Cell encapsulation experiments showed that neural stem cells could be encapsulated in
newly developed self-folded tubes during their formation and they remained alive for a
considerable period of time. However, it was observed that tubes lost they shapes after several
hours of incubation due to fast degradation rate of gelatin. For that reason, it was decided
develop a new self-folding system which could be stable for a long time. The development of

such system is discussed in the third paper.
3.2 Reversible folding/unfolding of a gelatine-based system

During the work on the previous article the Gelatin + PCL-B system showed unusual
reversible folding/unfolding behavior. This curiosity drew our attention and its investigation
resulted in the second article published in Nano Letters under the title: Reversible
thermosensitive biodegradable polymeric actuators based on confined crystallization.

The UV-crosslinkable gelatin-polycaprolactone system demonstrated a series of
interesting properties. It was found that if polycaprolactone was thick enough in comparison to
gelatin, the bilayer won’t fold even at temperatures slightly above 36 °C. Folding occurred only
around 60°C. This temperature was known to be a melting point of PCL and folding took place
due to melting and softening of crosslinked PCL which was in complete agreement with the
theory. Consequent decrease of the temperature led to unfolding. This observation was in
disagreement with theoretical predictions. It was expected that PCL would crystallize in a
folded shape upon cooling and no unfolding would occur.

Detailed investigations of this phenomenon showed that reversible folding/unfolding was
observed only when PCL thickness was around 500nm and Gelatine was 1.6um thick. Also,
no unfolding was observed with non-crosslinked films. It was found that polymer chains of

PCL were parallel to the substrate and this orientation was saved even after melting and
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crystallization of the polymer due to low molecular mobility because of crosslinked polymer
structure (Figure 5). In other words, it was found that crosslinked Gelatine-PCL bilayers
possessed shape-memory property which enabled usage of the system in reversible
encapsulation and release of microobjects.
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Figure 5. Scheme of reversible actuation of gelatin —PCL films.

The possibility to use this system for controlled encapsulation and release was shown on
the example of yeast cells. It was stated however that the system can’t be directly used for
encapsulation of mammalian cells due to high triggering temperature and fast degradation of
gelatine. Despite this disadvantage, this system was very important for the whole research
because it showed another possible folding trigger — melting of the hydrophobic layer. It was
decided to use this principle in the next steps but triggering temperature had to be decreased.

3.3 Stable system and cell patterning

The third article focused on the development of a stable biocompatible self-folding
system and on achieving cell patterning on the surface of it. The results were published in
Advanced Functional Materials under the title: 4D biofabrication: 3D cell patterning using
shape-changing films.

The new self-folding system was developed as a solution to the problems stated above:
high degradability of gelatine and high folding temperature of gelatin-polycaprolactone
system. It was based on two polymers: 1) PNIPAM-AA —  Copolymer of N-
isopropylacrylamide and acrylic acid as hydrophilic polymer and 2) PSMA -
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Polystearylmethacrylate as hydrophobic one. Both polymers contained 2% of
hydroxybenzophenone acrylate comonomer for photocrosslinking purposes. Crosslinked
PNIPAM-AA swelled in PBS buffer solution in temperature range 20-37°C while non-
crosslinked PNIPAM-AA dissolved. PSMA was a semicrystalline waxy polymer and was inert
to water. It also had a melting point around 34°C. The semicrystalline nature of the PSMA
allowed it to work as a folding actuator in the same way as polycaprolactone’s melting triggered
bilayer folding. However, temperature was suitable for cell encapsulation in case of PSMA
(Figure 6).
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Figure 6. Scheme of fabrication of 3D cellular patterns using shape-changing polymer
films. a) Silicon wafer or glass were used as a substrate. b) Polymers were sequentially
deposited on the substrate via either spin- or deep coating. ¢) PEG layer was
photolithographically patterned during the first photolithography step. d) PNIPAM-AA —
PSMA bilayers were patterned through the second photolithography step. e) Cell were seeded
on top of flat bilayers at 20°C. f) Bilayers folded at 37°C encapsulating cells inside tubes.

The folding mechanism of the system was similar to that shown in the second paper. The
radius of curvature of the system at 20°C was infinite due to high thickness of PSMA resulting
in no folding. Upon temperature increase above 34°C PSMA melted and softened which
resulted in decrease of the curvature radius and film folding It was possible to create self-
folding tubes with different inner diameters by varying individual polymer thicknesses.
Obtained results were in qualitative agreement with theoretical predictions. Self-folded tubes
were shown to be stable in water medium for at least 3 months and actuation temperature of
34°C was suitable for the cells. Cell patterning was achieved with the help of the third polymer

- Polyethyleneglycol (PEG). Its purpose was to protect certain areas of PNIPAM-AA — PSMA
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bilayers from cell adhesion effectively creating a PNIPAM-AA — PSMA - PEG trilayers. PEG-
covered areas were formed by photolithographical patterning. 3T3 mouse fibroblasts were used
in cell viability and encapsulation experiments. It was shown that system components aren’t
toxic for the cells and PSMA surface is suitable for cell adherence. Optical observations of
folded tubes demonstrated that cells were viable after 2 days of encapsulation and were adhered
only to those areas inside tubes which weren’t covered with PEG indicating the success of the
approach. However, materials used in this research were not biodegradable and therefore the
outlook for this work includes further development of self-folding systems and cell patterning

approaches.
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Biodegradable Self-Folding Polymer Films with Controlled

Thermo-Triggered Folding

Vladislav Stroganov, Svetlana Zakharchenko, Evgeni Sperling, Anne K. Meyer,

Oliver G. Schmidt, and Leonid lonov*

Self-folding films are a unique kind of thin film. They are able to deform in
response to a change in environmental conditions or internal stress and form
complex 3D structures. They are very promising candidates for the design

of bioscaffolds, which resemble different kinds of biological tissues. In this
paper, a very simple and cheap approach for the fabrication of fully biodegrad-
able and biocompatible self-rolled tubes is reported. The tubes’ folding can be
triggered by temperature. A bilayer approach is used, where one component
is active and another one is passive. The passive one can be any biocom-
patible, biodegradable, hydrophobic polymer. Gelatin is used as an active
component: it allows the design of (i) self-folding polymer films, which fold

at room temperature (22 °C) and irreversibly unfold at 37 °C, and (ii) films,
which are unfolded at room temperature (22 °C), but irreversibly fold at 37 °C.
The possibilities of encapsulation of neural stem cells are also demonstrated

using self-folded tubes.

1. Introduction

Self-folding films are a unique kind of thin films, which are
able to deform in response to a change of environmental condi-
tions or internal stress and form complex 3D structures such
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as tubes, capsules, cubes, pyramids, etc.["
Self-folding films are films with either
vertical (bilayers)?? or lateral (patterned
films) inhomogenities,®! which consist of
two or more kinds of components with
different volume expansion properties.
Such films undergo deformation when
the volume of one of the components
increases. Self-folding films were dem-
onstrated to be promising candidates for
energy harvesting and storage, design
of porous materials,>® sensors,’l cell
encapsulation,>® microrobotic function-
ality,) design of bioscaffolds.>'%) Among
the variety of these applications the use of
self-folding for biomaterials is especially
promising.!!12] In particular, it was shown
that self-folded objects are promising
candidates for the design of bioscaffolds,
which resemble different kinds of biological tissues."!

In order to be suitable for biomaterial engineering, the mate-
rials which are used for fabrication of self-folding films must ful-
fill the following requirements: biocompatibility, biodegradability
and sensitivity to stimuli in the physiological range. Metals and
oxides demonstrate good biocompatibility although they are not
biodegradable and their folding is spontaneous and not activated
by stimuli in the physiological range. There are examples of pol-
ymer-based self-folding films with temperature-controlled folding
based on poly(N-isopropylacrylamide).>!3l These polymers dem-
onstrate responsive properties in the physiological temperature
range (25-37 °C), but are not biodegradable. Recently, we reported
for the first time the design of biodegradable/biocompatible self-
rolled tubes based on polycaprolactone and polysuccinimide,
which roll due to slow hydrolysis of polysuccinimide in a physi-
ological buffer environment.'? The rolling of polysuccinimide-
based bilayers is determined by the kinetics of hydrolysis and can
hardly be controlled by external signals. Therefore, development
of biodegradable/biocompatible self-folding polymer films, whose
folding can be triggered by external signals, is strongly desirable.
Among all possible signals, which can be used as a trigger, tem-
perature appears to be the most favorable one. Indeed, pH and
UV light can cause potential damage to cells, but they can usually
tolerate a variation of temperature in the range between 4 °C and
37 °C.

Here, we report a very simple and cheap approach for fab-
rication of fully biodegradable and biocompatible self-rolled
tubes, whose folding can be triggered by temperature. Moreover,
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these self-folding films demonstrate different folding behavior
depending on the properties of the polymers. We used a bilayer
approach where one component is active and another one is
passive. The passive one can be any biocompatible, biodegrad-
able hydrophobic polymer. Gelatin was used as an active com-
ponent. Gelatin forms hydrogels upon cooling from an aqueous
solution, due to helix-formation and association of the helices.
These physically crosslinked hydrogels have a sol-gel transition
temperature.'! Chemically crosslinked gelatin undergoes one-
way swelling in aqueous environment, wherein the degree of
swelling strongly depends on the temperature. The use of gelatin
as a thermoresponsive component is highly attractive since the
polymer is cheap and produced in huge quantities by hydrolysis
of collagen, which is the main component of connective tissue.
The last point is very important because one can expect particu-
larly favorable interactions with cells. Due to biocompatibility
and biodegradability gelatin is already offered for application in
tissue engineering, therapeutic angiogenesis, gene therapy, and
drug delivery."® Moreover, as we show in this manuscript, gel-
atin allows the design of (i) self-folding polymer films, which fold
at room temperature (22 °C) and irreversibly unfold at 37 °C and
(i) films, which are unfolded at room temperature (22 °C), but
irreversibly fold at 37 °C. As a result, gelatin-based self-folding
films can be used for both irreversible and reversible encapsula-
tion of cells. Such complex thermoresponsive behavior cannot
Dbe achieved by, for example, polymers with LCST behavior, such
as poly(N-isopropylacrylamide), which are unfolded and folded
at elevated and reduced temperature, respectively.?

2. Results and Discussion

In this paper, we demonstrate two approaches for the design of
thermoresponsive gelatin-based self-folding films (Figure 1). For
the first one, not-crosslinked biodegradable polycaprolactone
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and gelatin were used (Figure 1a,b). In the second approach,
we used UV- and VIS- photocrosslinked polymer bilayers. VIS
curable system (gelatin-F/PHF-Q) was designed using furfuryl
modified gelatin (gelatin-F), which contains a small amount
of Rose Bengal as photoinitiator (Figure 1c) and a copolymer
of hexanediol and fumaryl chloride (PHF) containing cam-
phorquinone as photoinitiator (Figure 1d). The first UV cur-
able system (gelatin/PHF-Q) was designed using pure gelatin
(Figure le) and hydrophobic PHF with camphorquinone as
photoinitiator (Figure 1d). The second UV curable system was
designed using pure gelatin (Figure 1le) and polycaprolactone
with 4-hydroxybenzophenone as photoinitiator (Figure 1f).
In fact, the use of deep UV irradiation (254 nm) can be con-
sidered an advantage: first it allows to minimize the number
of modifications required to make polymers photosensitive;
second, it allows to avoid water-soluble Rose Bengal as initiator
for gelatin; and third, deep UV irradiation is typically used for
disinfection of surfaces and allows reduction of biological con-
tamination of materials.

The polymer bilayers, which consist of a bottom gelatin and
top hydrophobic polymer, were prepared by sequential dip-
coating. All polymers, which were used in this work, are bio-
compatible and biodegradable: gelatin is a natural polymer,
derived from collagen, PCL is a synthetic biocompatible/bio-
degradable polyester, which is already approved for medical
applications,['®! PHF, as it is shown below, is also biocompat-
ible. Moreover, since PHF is a linear aliphatic polyester, it is
expected to be biodegradable.'”l The expected products of
the degradation of PHF—hexanediol (used in cosmetics) and
fumaric acid/'®—are not toxic. The photoinitiators, which are
used to induce photocrosslinking of polymers, were already
used for bio-related purposes. For example, benzophenone
derivatives are used for preparation of photocrosslinked hydro-
gels, camphoroquinone is the photoinitiator for tooth PMMA-
based cement, derivative of diazostilbene is antioxidant, Rose

non-cured films photocrosslinked films
o | a gelatin c gelatin-F e gelatin
e gelatin —NH _NH— ¢
S T
%_ pure gelatin Lo o pure gelatin
(@)
S
>
<
g b PCL d PHF-Q f PCL-B
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Figure 1. Chemical formulas of polymers which are used for the design of thermoresponsive biodegradable/biocompatible self-folding films.
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Figure 2. Behavior of non-crosslinked gelatin/polycaprolactone system: (a) Swelling and dissolving of non-crosslinked gelatin film (thickness in a dry
state 20 nm) in PBS buffer (0.15 M, pH =7.4) first at T=22 °C (0-1500 s) and then at T =37 °C (1500-3000 s). Scheme (b) and experimental (c) obser-
vation of folding/unfolding of the non-crosslinked gelatin/PCL bilayer in water. The thickness of the gelatin is 200 pm; the thickness of the PCL is 20 pm.

Bengal is a food dye. The biocompatibility and biodegradability
of furfuryl modified gelatin Rose Bengal photoinitiator was pre-
viously demonstrated.’”) Moreover, furfuryl modified gelatin
showed no cytotoxicity, even with more than 20% Rose Bengal.
Therefore, we expect that these systems can be applied for
bio-applications.

2.1. Non-Crosslinked Bilayer

We started from the investigation of the swelling properties of
native non-crosslinked gelatin films. Exposure of thin gelatin
film to water at room temperature (T = 22 °C) led to its swelling
from 20 nm (as measured in a dry state) up to about 120 nm
(Figure 2a). Increasing the temperature to body temperature
(T = 37 °C) resulted in a sharp increase of the film thickness
followed Dy its abrupt decrease. Obviously, gelatin swells mod-
erately in cold PBS 0.15 M (pH = 7.4) buffer, still staying in a
gel form, while further increase of temperature to 37 °C results
in a stronger swelling of the film, accompanied by the polymer
dissolution. The residual thickness of gelatin film was 50 nm in
a swollen state at 37 °C and 6 nm after drying, which was found
to be independent of the initial thickness of gelatin (either it
was 50 nm or 2 pm). This residual layer most probably origi-
nates from adsorption of gelatin on the charged silica wafer.
Very thick gelatin films demonstrated similar temperature-
dependent swelling behavior. For example, a gelatin film with
a thickness of around 200 pm swelled up to 1000% in water at
room temperature after 2 h of swelling and up to 1900% after
24 h as measured by the mass change. Heating up to 37 °C led
to the complete dissolution of the swollen gelatin films. Inter-
estingly, dissolution of gelatin occurred exactly at 37 °C which
can be used for temperature controlled release in the human
body.

We fabricated a non-crosslinked gelatin-polycarolactone
bilayer by deposition of a 50 pm layer of polycaprolactone on
a 220 pm thick layer of gelatin. The sample was annealed at
60 °C for 30 s in order to melt polycaprolactone, to fuse it to
the gelatin layer and to make the bilayer more stable. The film
was immersed in cold water. Correspondingly to the swelling
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scenario of gelatin, the film slowly deformed and rolled up into
a tube (Figure 1b,c). The inner diameter of the tube was around
1-2 mm. An increase of temperature led to the unfolding of the
film, which was caused by the dissolution of the gelatin. Finally,
an unfolded PCL film was left.

Thus, the non-crosslinked PCL-gelatin system undergoes
folding at low temperature and unfolding at higher tempera-
ture. Since the polymers are not photocrosslinkable, bilayers
with different shape can be prepared by knife cutting or by
cutting with an IR heating laser. Both polymers used in this
system are biocompatible and biodegradable which allows the
non-crosslinked PCL-gelatin system to be employed in bio-
related applications.

2.2. Crosslinked Films

Next, we investigated folding of four photocrosslinked bilayer,
where gelatin is the bottom layer and the hydrophobic polymer
is the top layer. Similar to native gelatin, all photocrosslinked
gelatin films swelled in cold water (T = 24 °C) up to 1000% of
its mass after 2 h of swelling. On the other hand, since the film
was crosslinked, heating to 37 °C did not lead to its dissolution
and the swelling degree increased up to 1200%.

The polymer bilayers were prepared by sequential deposition
of the respective polymers. The bilayers were photocrosslinked
by irradiation through a photomask by using either UV light
(254 nm) in the case of gelatin/PHF-Q and gelatin/PCL-B films
or blue light (405 nm) in the case of gelatin-F/PHF-Q films.
After being photocrosslinked, the bilayer was rinsed in chlo-
roform in order to remove the non-crosslinked hydrophobic
polymer leading to the formation of a structured bilayer formed
by the bottom layer of the crosslinked and non-crosslinked
gelatins and top layer of crosslinked hydrophobic polymers
(Figure 3a,d,h).

Immersion of the crosslinked bilayers in cold water (24 °C)
led to swelling of both crosslinked and non-crosslinked gelatin
(Figure 3a,b) that resulted in slight wrinkling of the bilayer
(Figure 3e,i). As it was shown above, non-crosslinked gelatin is
not soluble in cold water. Formed gel of non-crosslinked gelatin
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Figure 3. Folding of crosslinked bilayers. (a—c) Schematic scenario of temperature-dependent behavior of the bilayer; (d—f) microscopy snapshots of
the gelatin-F/PHF-Q bilayer at different temperatures. (h—j) — microscopy snapshots of the gelatin/PCL-Q bilayer at different temperatures. Panels
(d) and (h) correspond to panel (a). Panels (e) and (i) correspond to panel (b). Panels (f) and (j) correspond to panel (c). The thickness of the gelatin
in both cases is ca 1.7 pm, the thickness of PHF is 100 nm. Gelatin/PCL-Q films demonstrate similar behavior.

merely held photocrosslinked bilayer and prevented its folding.
An increase of temperature to T = 37 °C led to the dissolution
of the non-crosslinked gelatin. As a result, the photocrosslinked
bilayer film rolled due to stress produced by swelling of the
photocrosslinked gelatin (Figure 3c,f}j).

We investigated the effect of the thickness of each layer
on the radius of the formed tubes. It was found that 1.7 pm
gelatin and 100 nm PHF-Q layers form tubes with diameters
around 10-20 pm. Interestingly, an increase of the thickness
of the PHF-Q layer does not lead to an increase of the dia-
meter but results in the inability of the bilayer to fold. The
origin of this effect is most probably the high stiffness of the
PHF-Q layer. Tubes with different diameters can be however
easily prepared using another UV-crosslinkable film gelatin/
PCL-Q (Figure 4a,b). The PCL is a relatively soft polymer and
the diameter of tubes can easily be adjusted by changing the
thickness of each layer. In particular, an increase of the thick-
ness of both polymers results in a diameter increase of the
tubes (Figure 4c) which is in qualitative consistence with the
Timoshenko equation.2’!

2.3. Encapsulation of Cells

Finally, we demonstrate possibilities to encapsulate cells using
gelatin-based self-folding films and investigate the behavior of

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

neural stem cells for the example of one of the UV-crosslinked
thermoresponsive gelatin-based systems, which contains the
minimal number of additives and modifications, namely gel-
atin/PHF-Q. The behavior of cells was first investigated on
individual polymer films: gelatin and PHF (Figure 5). After
66 h the cells were adsorbed on the previously crosslinked
polymer films and started to form agglomerates indicating that
cells well adhere to both hydrophobic and hydrophilic poly-
mers, as well as that cells are alive and are able to divide. It is
interesting to observe that the behavior of cells on both poly-
mers (natural gelatin and synthetic PHF) is almost identical.
Next, we adsorbed primary fetal mouse neural stem from their
dispersion in serum-free media on the top of unfolded gelatin/
PHF-Q bilayer at room temperature and allowed them to settle
down for 10 min until a considerable amount was accumulated
on the polymer surface. Similar to the previous observations,
the increase of the temperature led to rolling of the bilayer and
formation of tubes filled with cells (Figure 5).

Finally, we investigated the viability of the cells adsorbed on
individual polymers as well as cells encapsulated in the tubes
(Figure 6a,b). Polystyrene and fibronectine-coated surfaces were
used as negative and positive control, respectively. It was found
that cells on gelatin and PHF showed viability close to the posi-
tive control — fibronectin. The viability of the cells in the tubes
was reduced, possibly due to confinement, but still remained
above the values for the negative control. The most important
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Figure 4. Optical microscopy images of tubes (a,b) obtained by folding of gelatin/PCL-Q; Dependence of tube diameter of gelatin/PCL-Q bilayers on

the thickness of each layer (c).

aspect was, however, that cells in the tubes remained stable for
at least 7 days thus implying that polymers are non-toxic and
the tubular environment does not cause apoptosis of the cells.

3. Conclusions

In conclusion, we demonstrated two approaches for the design
of fully biodegradable and biocompatible self-folding films
with temperature-triggered folding. Both approaches are based
on gelatin as active component, which can be either native
or photocrosslinked. Depending on the properties of gelatin
(either crosslinked or not) the films can either fold at room
temperature and unfold at 37 °C or remain undeformed at
room temperature and fold at 37 °C. Both these scenarios are
useful for encapsulation and release of the cells as well as for

60 min 66 h

. T—

gelatine

the design of bioscaffolds for tissue engineering. We demon-
strated that neural stem cells can be encapsulated in rolled-up
tubes during their formation and they remain alive for a con-
siderable period of time.

4. Experimental Section

Synthesis of Visible Light Crosslinkable Gelatin: 1.25 g of gelatin (porcine
skin, 300 Bloom) were dissolved in 125 mL of warm (~40 °C) water in
250 mL flask equipped with a magnetic stirrer. Then, 500 pL of furfuryl
isocyanate were dissolved in 10 mL of DMSO and added dropwise to
the gelatin solution. The reaction lasted 24 h under room temperature
and constant stirring. In order to remove DMSO and unreacted furfuryl
isocianate, dialysis of the resulting mixture against distilled water was
made. After dialysis, the solution of modified gelatin was reduced to
the jelly-state via rotor evaporation. Obtained substance was dried in
vacuum under 60 °C temperature for 24 h. 1 g of modified gelatin was

bilayer

Figure 5. Encapsulation of neural stem cells using UV crosslinked gelatin/PHF-Q bilayer. (a,c) — cells on gelatin and PHF directly after seeding; (b,d)
— cells on gelatin and PHF after 66 h of incubation. (e,f) — cells on gelatin/PHF-Q bilayer directly after seeding and after 10 min at room temperature

(g,h) — cells in the gelatin/PHF-Q.
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Figure 6. Viability of Neural Stem Cells (a) Microscopy images of Neural Stem Cells in gelatin/PHF-Q bilayer tubes, on gelatin, PHF, fibronectin
functionalized substrate (positive control) and negative control (non-adhesive substrate). Trypan blue staining shows dead cells. Scale bar = 100 pm;
(b) Cell counts of trypan-blue stained Neural Stem Cell cultures demonstrate high biocompatibility of gelatin and PHF).

dissolved in 10 mL of warm water. Then, 50 mg of Rose Bengal were
added to the gelatin solution. We also added 100 U/mL of penicillin and
100 pg/mL of streptomycin to gelatin solution.

Synthesis of Biodegradable Hydrophobic Visible Light Crosslinkable
Polymer — PHF: PHF were synthesized by the reaction of
polycondensation between 1,6-hexanediol and fumaryl chloride.
Before the reaction 1,6-hexanediol was dried in vacuum under 60 °C
temperature for 24 h. Fumaryl chloride was distilled in vacuum in order
to remove fumaric acid.

2.615 g of dried 1,6-hexanediol were dissolved in 20 mL of dehydrated
THF in dry two-necked 50 ml flask equipped with a magnetic stirrer and
CaCl, tube. Then 2.4 mL of distilled fumaryl chloride were dissolved
in 5 mL of dehydrated THF and added dropwise to the solution of
1,6-hexanediol. After reagents were mixed, the temperature was raised
up to 80 °C and all THF was evaporated from the mixture. The reaction
lasted until the mixture became solid. Then 20 mL of CH,Cl, were added
to dissolve it. The final polymer was obtained by precipitation in 1 L of
petroleum ether. TH NMR (CDCls, 500 MHz): 6.84 (s, 2H), 4.20 (s, 4H),
1.71 (s, 4H), 1.42 (s, 4H).

Solution of the polymer was prepared as follows: 350 mg of PHF were
dissolved in 10 mL of CHCl;. Then 50 pL of DMAEMA and 50 mg of
Camphorquinone were added to the solution.

Fabrication of Self-Rolled Tubes: For the preparation of gelatin-based
bilayers, polymers were sequentially deposited on a cleaned silicon

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

wafer substrates with a typical size of 11 mm X 25 mm using dip-
coating. First, gelatin layer was deposited from its warm (37-40 °C)
water solution. Passive polymer was then deposited from the selective
solvent on the top of the first layer. In the case of crosslinkable
systems, resulting bilayers were illuminated either with UV- or with
VIS-light through a photomask. Then, uncrosslinked polymers were
fully or partially developed using corresponding solvents. For non-
crosslinkable gelatin-based system bilayer patterning was achieved by
cutting.

Neural Stem Cell Culture and Encapsulation: Primary fetal mouse
neural stem cells were a gift of A. Storch (University Clinic Carl Gustav
Carus Dresden) Stem cell culture was done as described previously.?']
In short, neural stem cells were maintained in serum-free media
comprising a DMEM (high glucose)/F-12 mixture (2:1), supplemented
with 20 ng/mL of Egf and Fgf-2 (Sigma) and 2% B-27 supplement
(Gibco/Invitrogen, Carlsbad, CA, USA).

Cell Survival of Neural Stem Cells: Trypan blue cell survival method
is based on the principle that live (viable) cells do not take up trypan
blue, whereas dead (non-viable) cells do. Neural stem cells were
cultivated on a substrate functionalized with fibronectin as a positive
control, non-adhesive substrate as a negative control, PHF, gelatin and
in bilayer tubes. After 24 h, 72 h and 7 d medium was aspirated from
cultures and replaced by phosphate buffered saline (pH 7.4). The same
amount of 0.4% Trypan Blue solution (w/v) was added, and the sample
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was allowed to stand for 5 to 15 min. Viable and non-viable cells were
counted separately.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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ABSTRACT: We discovered a new and unexpected effect of
reversible actuation of ultrathin semicrystalline polymer films.
The principle was demonstrated on the example of thin
polycaprolactone-gelatin bilayer films. These films are
unfolded at room temperature, fold at temperature above
polycaprolactone melting point, and unfold again at room
temperature. The actuation is based on reversible switching of
the structure of the hydrophobic polymer (polycaprolactone)
upon melting and crystallization. We hypothesize that the
origin of this unexpected behavior is the orientation of polycaprolactone chains parallel to the surface of the film, which is
retained even after melting and crystallization of the polymer or the “crystallization memory effect”. In this way, the crystallization
generates a directed force, which causes bending of the film. We used this effect for the design of new generation of fully
biodegradable thermoresponsive polymeric actuators, which are highly desirable for bionano-technological applications such as
reversible encapsulation of cells and design of swimmers.

KEYWORDS: Reversible actuators, thermoresponsive, polycaprolactone, confined crystallization, stimuli-responsive

Polymer actuators are materials capable of changing their that strongly affect their switching temperatures. Other
shape in response to variation of environmental con- examples of temperature-sensitive biodegradable shape memory
ditions, thus performing mechanical work. There are many polymers, which undergo one way transition only have been
kinds of polymer actuators such as liquid crystals, where also demonstrated.”* In contrast, very recently Lendlein
actuation is achieved by cooperative reorganization of mesogen reported macroscopic shape memory polymers with reversible
groups," hydrogels based on reversible swelling,” shape memory actuation.”>?® They are based on two cross-linked crystalline
polymers based on temperature-induced relaxation,” as well as polymers with different melting points. The polymer is
actuators where the driving force is surface tension.* Polymer deformed at a temperature above the melting points of both
actuators have been used for many applications such as polymers and then cooled down to room temperature. During
controlling the liquid flow in microfluidical devices actua- cooling, the polymer with the higher melting point crystallizes
tors,> designing of swimmers,'”'" walkers,'* sensors,">'* first and forms a framework/scaffold, which restricts the
imaging devices,">'® and 3D microfabrication.'” One of the mobility of the second polymer chains. Heating above the
promising fields of applications of polymeric actuators is the melting point of the polymer with the lower melting point
design of biomaterials such as stents,'® sutures,'® as well as results in partial relaxation of shape of the polymer. Cooling
bioscaffolds.”>~>* For such kind of applications, polymeric down leads to the recrystallization of this polymer, which is
actuators must be both biocompatible and biodegradable. guided by the framework of the first polymer that recovers the
Moreover, the set of stimuli, which can be used in living deformed shape.
systems, is substantially limited. While UV light harms the cells In this paper we report biodegradable thermoresponsive
and can cause DNA damage, changes in pH in a broad range is polymeric films with reversible actuation based on polycapro-
also not possible. Nonetheless, the cells can survive in a broad lactone-gelatin bilayers. In a previous work, we demonstrated
temperature range between 4 and 37 °C and therefore the that this system can be used for one-way folding or one-way
temperature can be used as a signal to trigger actuation. folding and unfolding.27 The actuation was based on switching
Examples of biocompatible/biodegradable thermoresponsive
polymers with LCST behavior, which can be used for the Received: November 24, 2014
design of actuators, have been reported in the literature.”® Revised:  January 26, 2015
However, these polymers are sensitive to pH and ionic strength Published: February 4, 2015
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of the swelling properties of the gelatin layer. Gelatin swelled in
water and caused bending of the bilayer. In contrast, the
reversible actuator we demonstrate here is based on switching
of the properties of the hydrophobic polymer (PCL) that is
guided by confined crystallization of the polymer chains in thin
films.

Results and Discussions. We fabricated gelatin-PCL films
by sequential dip coating of pure gelatin and PCL containing 4-
hydroxybenzophenone. The thickness of gelatin and PCL layers
were 1.6 ym and 500 nm, respectively. The film was irradiated
by UV light (254 nm) through a photomask to cross-link the
polymers. The film was rinsed in organic solvent in order to
remove non-cross-linked PCL. The obtained film was exposed
to water (Figure la). Similar to the previously described
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Figure 1. Thermoresponsive actuation of thin gelatin-PCL films (see
Video_S1_actuation, Supporting Information); (a) scheme of
actuation of (red is gelatin, green is PCL); (b—e) microscopy
snapshots of gelatin-PCL bilayer at different temperatures.

approach”” both cross-linked and non-cross-linked gelatin
swelled in water. Increase of the temperature led to the
dissolution of non-cross-linked gelatin at ~40 °C. On the other
hand, contrary to the experiments described in our previous
paper, dissolution of gelatin did not result in folding of the
bilayer film and it remained undeformed at 40 °C (Figure 1b).
However, further heating above 60 °C led to the rolling of the
films and the formation of tubes (Figure 1c). Subsequent
cooling to room temperature led to the recovery of the initial
shape (unfolding, Figure 1d). The folding and unfolding was
exhibited by the same bilayer film many times upon successive
heating—cooling cycles indicating the reversibility of the
actuation process (Figure le).

In order to explain the observed folding/unfolding, we
investigated the responsive properties of the gelatin and PCL
layers. Cross-linked gelatin films were swollen up to 1000—
1200 vol % in water. The swelling degree was found to be
independent of temperature within a range of 20—80 °C.
Moreover, repetitive cooling and heating did not influence the
swelling degree. The PCL layer demonstrated on the other
hand responsive properties. Heating resulted in a volume
expansion and a substantial decrease in the elastic modulus. We
found that the volume of the PCL layer increased by ~10%
upon heating to 65 °C. The change of the elastic modulus was
more considerable (Epcp,;oc = 524 + 78 MPa, Epcpgsoc =
0.617 + 0.032 MPa). Cooling down to room temperature led
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to the recovery of the initial volume and elastic modulus.
Therefore, we conclude that heating the bilayer film in the
range 20—80 °C results in switching the properties of the PCL
layer solely, whereas the gelatin layer remains swollen in the
entire temperature range.

We modeled the radius of curvature of the folded bilayer in
the states when the PCL layer is hard (low temperatures) and
when it is soft (high temperatures) using Timoshenko equation
(for details see Supporting Information).”® The results of the
modeling are shown in Figure 2. As can be seen, increasing the

10°
g
= 1024
9
[0]
e
S
T 10"
3
2
hard PCL
10°
» > N N N Q
N N2 N & A

thickness of PCL, um

Figure 2. Estimated dependence of diameter of gelatin-PCL tubes on
thickness of PCL layer obtained using Timoshenko eq 1; see
Supporting Information.

thickness of the PCL layer leads first to a decrease in the radius
of curvature. It then reaches a certain minimum value and
further increase of the thickness of the PCL layer leads to an
increase in the radius of curvature. The position of the curve
minimum depends on the elastic modulus of the PCL layer.
Decreasing Ep; leads to a shift in the position of the curve
minimum to higher values of the thickness of the PCL layer.
The left region of the curve corresponds to very thin films.
Such bilayer must roll and form tubes at low temperatures. In
our experiments, the thickness of the PCL layer is ~500 nm,
which corresponds to the minimum on the red curve (soft
PCL, Figure 2) and upward slow in blue curve (hard PCL).
The values predicted by Timoshenko equation appear to be
lower in comparison with the experimentally observed diameter
of the tube, although it is able to qualitatively explain why the
bilayer is undeformed at room temperature and folds when the
PCL layer becomes soft at tem;)eratures >60 °C. Indeed,
contrary to previous experiments,”’ we used thicker PCL layer,
which is stiffer and does not allow rolling of the bilayer at room
temperature even if the gelatin is swollen.

To elucidate the origin of the unfolding, which occurs upon
cooling, we performed a set of experiments. In the first
experiment, we found that folded gelatin-PCL bilayers with
non-cross-linked PCL folded upon heating but were unable to
unfold during subsequent cooling. In the second experiment,
the same behavior was found for tubes with 5 um thick cross-
linked PCL layer. They folded upon heating but no unfolding
was observed upon cooling. Apparently, in the first case we
observe a plastic (irreversible) deformation of the PCL chains
that is intrinsic to non-cross-linked polymers. These experi-
ments show that cross-linking and the thickness of the PCL
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a) h (PCL) = 200 nm, as prepared
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Gy / NM

b) h (PCL) = 200 nm,
after melting and crystallization
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Figure 3. Two-dimensional grazing incidence X-ray scattering patterns of PCL films deposited on gelatin on silicon substrates of thicknesses: (a) 200
nm before melting and (b) after melting and recrystallization of the film of (a); (c) 600 nm, (d) 1200 nm.

layer play a crucial role in attaining reversible folding/unfolding
bilayer films.

In order to determine the effect of the thickness of the PCL
layer we investigated the morphology and structure of 200 nm,
500 nm, and S pm thick PCL layers. All films exhibit spherulites
typical of semicrystalline polymers. The size of the spherulites
depends on thickness of the PCL layer (Supporting
Information Figure S1). Smaller spherulites are observed in
the case of S ym thick PCL film and very large spherulites are
observed in the case of the very thin films because of reduction
of number of primary nucleation sites.

The crystalline structure of the PCL films with different
thicknesses was investigated using GIWAXS (scattering
geometry of the experiment is illustrated in Supporting
Information Figure S2). We found that all PCL films are
semicrystalline as evidenced by the typical (110) and (200)
reflections of the PCL crystals. It is known that PCL crystallizes
in an orthorhombic structure with unit cell dimensions: a =
7.496 A, b =4.974 A, and ¢ = 17.297 A (chain axis).”” The films
with different thicknesses have nearly the same degree of
crystallinity ~40% (Supporting Information Figure S3).
Temperature-dependent GIWAXS measurements showed that
the melting points of the thin films are 3—5° lower that the
melting point of the thick film (see Supporting Information,
Figure S4). This indicates a poorer crystalline organization in
thin films. More importantly, detailed XRD investigation
showed a preferential orientation of the chains in the crystalline
regions of the PCL layer parallel to the surface in thin films and
no preferred orientation in thick films (for details see
Supporting Information). The preferential orientation of the
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polymer chains is retained after melting of the film and its
second crystallization (Figure 3b). In light of these results, we
can conclude that the formation of the edge-on lamellae is
significantly affected by the PCL film thickness.

In fact, the dependence of lamellae orientation on thin film
thickness has already been observed for many semicrystalline
polymers, including PCL.**”** However, in contrast to the
edge-on orientation of our system for most of these polymers
the lamellae were oriented flat-on to the substrate, that is, with
the polymer chain axis perpendicular to the substrate. Upon
decreasing the film thickness, the crystalline lamellae can have a
preferential orientation relative to the substrate influenced by
polymer—substrate (gelatin) interactions. In contrast, thicker
polycrystalline films tend to have more overlapped crystalline
domains leading to bulklike randomly distributed lamellae. We
propose that the gelatin layer plays a role in determining the
edge-on orientation. The defects on the gelatin layer surface
(roughness, dust particle, scratches) serve as nucleation sites
that initiate the growth of the crystalline lamellae. However, as
the film thickness increases, the gelatin layer effect becomes
limited only to adjacent layers of the PCL film and a bulklike
behavior dominates in the rest of the film.

In light of these results, we can suggest the following scenario
of reversible folding/unfolding of the gelatin-PCL bilayers. The
PCL layer is partially crystalline with preferential orientation of
chains parallel to the surface of the film (Figure 4a,b). This
parallel orientation is caused by confinement effect—small
thickness of the PCL film and the influence of the gelatin
underlayer. The amorphous phase of the PCL layer is soft (T, =
—50 °C) and cross-linked. In contrast, the crystalline phase is
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Figure 4. Scheme of reversible actuation of gelatin-PCL films. PCL
film consists of amorphous part (blue chains) and crystalline part
(green chains). Amorphous part is cross-links (cross-linking points are
red). (ab) Structure of the gelatin-PCL at low temperature (a, side
view; b, top view); (b,d) structure of the gelatin-PCL at elevated
temperature (c, side view; d, top view).

not cross-linked (cross-linking leads to amorphization of
polymer because of the size of photoinitiator molecules) and
hard (T, = 55—60 °C). Swelling of the gelatin layer in water
generates compressive stresses against the PCL layer.
Apparently, the rigid crystalline regions of the PCL layer can
withstand such compressive stresses and no bending is
observed at room temperature. As demonstrated by the
temperature-dependent GIWAXS measurements, heating
above 55 °C leads to the melting of the crystalline phase of
the PCL layer making it softer. Because of the substantial loss in
the rigidity, the PCL layer can no longer resist the compressive
stresses of the gelatin layer causing bending. Since the
amorphous part is cross-linked the mobility of polymer chains
is substantially restricted. We believe that part of the chains
forming the crystalline phase maintain their locations and just
undergo transition to disordered state upon melting (Figure
4c,d). Subsequent cooling to room temperature leads to
crystallization of the same regions of PCL layer under
confinement inducing the chains to assume a parallel
orientation to the surface of the film again. The change in
conformation of polymer chains generates counter stresses
working against the compressive stresses of the gelatin layer.
Apparently, recrystallization stresses outweigh the gelatin
compressive stresses and the bilayer unfolds upon recrystalliza-
tion. (Figure 4a,b).

It is worth noting that the mechanism of reversible
deformation of PCL-gelatin actuators, which we observed, is
different from the mechanisms of reversible deformation
described by Lendlein, which involves hard scaffold formed
by one of the two polymers.”>*® In our case, there is no hard
scaffold and the cross-linked amorphous phase of the PCL layer
is in a soft rubbery state at room temperature (T, = —50 °C).
Only this soft part cannot influence the direction of
crystallization or its preferential orientation. Therefore, we
believe that confinement plays the role of such hard scaffold
which guides crystallization. There are other re7ports of
macroscopic two-way shape memory polymers.***” In one
approach,® the reversibility of actuation is achieved by
incomplete melting of polymers. In fact, the part of polymer
that is not molten plays a role of rigid scaffold. The part of
polymer with low melting point melts and crystallizes during
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temperature cycling that leads to change of volume. Irreversible
deformation is observed when the polymer is completely
melted. We observe reversible actuation even if we go well
above melting point of PCL (T,, (PCL) = 60 °C), that is, we
heat up to more than 70 °C. In another report,®” the cross-
linked samples were stretched in molten state to introduce
anisotropy, which is required for directed crystallization of
polymer chains. In our approach, the anisotropy is generated
already during preparation of film by confined crystallization.

In order to estimate the force balance between bending
driven by swelling and crystallization (i.e., to estimate if the
energy of crystallization is sufficient to cause the deformation of
the bilayer), we apply a mean-field approach to the gel-
component (the details are given in Supporting Information). If
we assume that the shape memory is caused by crystallization of
otherwise geometrically blocked parts of the semicrystalline
PCL-layer, we should compare the value for energy gain per
unit volume (o) with the free energy gain per volume unit, A,
obtained by crystallization. This can be considered as the
tension due to crystallization if the film has the freedom to
expand against bending to restore the original crystalline
domains (Figure 4). Let us estimate the latter by the latent heat
of crystallization which is given by H & 142 J/g. Given a degree
of crystallinity of about 0.5 and the density given by ppcp = 1.2
g/cm3, we obtain h = 8 %107 Pa. From this we can conclude
that

h = 1000

In other words, energy gain from crystallization of PCL
considerably exceeds the energy gain of swelling of gelatin.

Finally, we demonstrated some applications of the reversibly
folding PCL-gelain thin film. In the first example, we
demonstrate a reversible encapsulation and release of bakery
yeast cells (Video_S2_ Cell encapsulation, Supporting Infor-
mation). The cells were adsorbed on the polymer film at room
temperature when it was unfolded (Figure Sa). Heating led to

Figure 5. Reversible encapsulation and release of yeast cells inside
PCL-gelatin tubes: (a) original state at 30 °C; (b) rolled tube with
cells at 60 °C; (c) unrolled bilayer with cells at 30 °C.

rolling of the film and encapsulation of cells inside the tube
(Figure 5b). Cooling down unfolded the tube that made the
cells accessible (Figure Sc). We also observed that rolling
causes movement of the films (Video_S3_actuation, Support-
ing Information) that can, for example, be used for the design
of biodegradable microswimmers.

Conclusions. In this work, we demonstrated and
investigated unusual reversible thermoactuation of thin cross-
linked polycaprolcatone-gelatin films. The films are unfolded at
room temperature, fold at temperature above polycaprolactone
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melting point, and unfold again at room temperature. We
hypothesize that the origin of this unexpected behavior is the
orientation of polycaprolactone chains parallel to the surface of
the film, which is retained even after melting and crystallization
of the polymer. We also demonstrated potential application of
such reversible biodegradable thermosenstive actuators for
encapsulation of cells. The material that we demonstrated
actuates around the melting temperature of polycaprolactone
(55—60 °C). We foresee that this temperature can readily be
reduced to body temperature, which is more appropriate for
experiments with cells, by proper choice of hydrophobic
polymer and its composition. We foresee a great potential of
the developed approach for cell encapsulation and release,
design of scaffolds, and externally controlled microswimmers.
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Experimental Section.

Preparation of samples. For the preparation oftigetelycaprolactone bilayers, polymers

were sequentially deposited on a cleaned silicoiemgubstrates with a typical size of 11 mm
X 25 mm using dip-coating. First, gelatin layer vde@posited from its warm (37-40 °C) water
solution. Polycaprolactone (PCL) with 4-hydroxybeplzenone (2.5 mass % with respect to
mass of PCL) was then deposited from the toluehéisn on the top of the gelatin layer by

dipcoating. The bilayer was irradiated by UV lig@b4 nm) through the photomask. Finally,

the uncrosslinked PCL was removed by rinsing irugok. Non-crosslinked gelatin was

dissolved during folding experiments.

Null-ellipsometry. The thickness of the polymerday on the smooth substrates in the dry
state was measuredat632.8 nm and an angle of incidence of 70° withub-ellipsometer
(Multiscope, Optrel Berlin, Germany) in a polarEmpensator-sample-analyzer

configuration.

AFM. For topography images the Dimension V AFM (Yednstruments, Inc., USA) was
used. The measurements were made in Tapping Mdtlarbdry and aqueous media (with a
Fluid Tip Holder) with silicon tip Tap300 (Budget®®rs, Bulgaria; resonant frequency 200-

400kHz)

XRD. Grazing incidence wide-angle X-ray measuremei@IWAXS) were performed
using a Bruker D8 Discover diffractometer operatiag 1.6 kW. The diffractometer is
equipped with a Cu Twist tube, Ni filtek € 1.5418 A), point focusing PolyCap™ system for
parallel beam generation, and 0.3 mm PinHole callanfor the incident beam. The sample
was mounted on an Eulerian Cradle with automatidrotied X—Y—Z stage. An Anton Parr
DCS350 heating stage (with accuracy 0.1 °C) equippi¢h a graphite dome was used as a

temperature-controlled sample stage. The GIWAX$epad were recorded with a VANTEC-



500 area detector using a sample-to-detector distafh 165 mm and an incident angle of
1.5°. To extract quantitative information, the mgey is integrated over arc slices taken from
the 2D GIWAXS pattern using Bruker LEPTOS software.

Further texture examination was done by recordiffgadtion curves in both grazing and
specular geometries using a 2-circle diffractom@&&D 3003 T-T, Seifert-FPM) and a point
detector. By employing a parabolic multilayer mirrca highly parallel beam of a
monochromatic Cu-K radiation § = 1.5418 A) was obtained. For grazing incidence

geometry, the incident angle was 4°.



Modeling of folding behavior.

We modelled the radius of curvature of the foldddyler in the states when the PCL layer

is hard (low temperatures) and when it is softl{iigmperatures) using Timoshenko equation

! (equation 1).

l - 6(£ge|atin - £PCL )(1+ m)2 (1)
P 2 2 1
hl 31 1 —
(3( +m)* +(1+ mn)[m + mnD

EPCL —
_=eel - 2
Egelatibe

aPCL =m (3)
agelatin

where E is the elasticity modulug, is the layer thickness, h is the total thickness=(
Opcitagelatin), p is the radius of curvature, amds the strain. For simplicity, we kept the
thickness of the gelatin layer constant and vattedthickness of the PCL layer. The elastic
moduli and strains of both layers were found to Bgc = 524 + 78 MPa at 23°C,pk: =

0,617 + 0,032 MPa at 65°Cgydrmin= 100 kPagpcL = 1, €gelatin= 2.2.



Morphology of PCL films
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Figure S1. AFM images of surface morphology of Hilths with different thickness 200 nm

(a), 600 nm (b) and 1200 nm (c).



XRD Analysis

Incident beam

Figure S2. Schematic drawing of the GIWAXS expernitakgeometry. The sample is placed
horizontally (xy plane), and the X-ray beam impmgiat a fixed incident anglei with the

sample surface.
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Figure S4. Figure S1. X-ray diffraction curves dgriheating to the melt of PCL films of

thicknesses (a) 500 nm and (bb.



Detailed explanation of GIWAXS experiments.

The GIWAXS investigation showed a preferential otadion of the chains in the crystalline
regions of the PCL layer parallel to the surfacehin films and no preferred orientation in
thick films. The thickest film exhibits isotropidffitaction rings (Figure 3d), which indicates a
random distribution of the crystalline domains wnit preferable orientation. Meanwhile, the
(200) reflection exhibits a slightly higher intetysin the gz direction of the intermediate
thickness film (Figure 3c) indicating the presemtemore crystalline lamellae having their
lamellar planes oriented normal to the substrateirgrtion). By contrast, the thinnest film
exhibits the strongest orientation (Figure 3a). Tdpmpearance of both sharp (200) arc
reflection at the meridian and a four-point (116} pattern indicate that the c-axis of the
lamellae is oriented parallel to the substrate tbusing edge-on crystalline lamellae with the
chains parallel to the substrate. Further proofthef edge-on orientation is provided by
monitoring the (110) reflection intensity in theaging and specular geometries of the thinnest
film as shown in Figure S5. As can be seen, whilth [§110) and (200) reflections can be
seen in the grazing incidence diffraction (GID) v@jr only the (200) reflection and is
observed in the specular curve. This implies thata-axis is oriented along the film normal

confirming the edge-on orientation of the crystallamellae of the 200 nm film.



30

25 [ (200)

ﬂ

20 p

(110)

Intensity / arb. units

10 15 20 25 30
26 1°
Figure S5. Diffraction curves of a 200 nm PCL fildeposited on gelatin on silicon

substrate obtained under grating (top) and spefiddtom) geometries.



Detailed expiation of mean-field approach

The corresponding free energy per monomer can beewas
F=G,TrA2+2
Q

Here, we usedd = 1 as the unit for the energy and the voluma &uhn segment), = 1,
as the unit volume. The volume degree of swellsngenoted by Q =W (V, Vo-volume in
the swollen, dry state), and the shear modulukardty state is given by GThe deformation
matrix is given byA, andu denotes the strength of binary monomer interasti@xcluded
volume). According to this model the shear modututhe swollen state is§= G/QY. The
driving force for bending is given by the changdreg®e energy in the uniaxially swollen state
by extension in one direction perpendicular to $mgl For this case we consid&r= diagf\x,

1, A;), where the swelling perpendicular to the filmfaoe is given by, and the extension in

the direction of bending is given By (Figure 4). Equation (2) yields the uniaxial suejl

1/3
equilibrium according taQ, =(Gi] A%, and free energy gain per unit volun@® (nder

0
(small) expansion in x-directioi (_1) is given by

0=Q,[G, =Q"*G,

The latter relation uses the degree of swellinghanisotropically swollen state of the gel,
Q= Q°®, which can be obtained by standard measuremerteiswollen state. The gelatin
materials used in this work can be characterize@by10 and G = 7 x 1d Pa, which leads

too [ 5x1C0 Pa.
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4D Biofabrication: 3D Cell Patterning Using

Shape-Changing Films

Vladislav Stroganov, Jitendra Pant, Georgi Stoychev, Andreas Janke, Dieter Jehnichen,
Andreas Fery, Hitesh Handa, and Leonid lonov*

A novel approach for fabrication of 3D cellular structures using new thermo-
sensitive shape-changing polymer films with photolithographically patterned
surface—4D biofabrication is reported. The surface of shape-changing
polymer films is patterned to selectively adsorb cells in specific regions. The
2D cell pattern is converted to the 3D cell structure after temperature-induced
folding of the polymer films. This approach has a great potential in the field

of tissue engineering and bioscaffolds fabrication.

1. Introduction

Fabrication of 3D cellular structures with controlled architec-
tures is of increasing importance in the field of tissue engi-
neering and pharmacy.ll! Indeed, 3D cellular structures can
be used in vivo for regeneration of tissues and organs>?l as
well as for ex vivo testing of drugs on tissues.[! There are two
general approaches for designing 3D cellular structures. First,
cells are mixed with hydrogel precursor and then this mixture
is deposited by variation of 3D printing on a substrate and
crosslinked.! According to the second one, the porous scaffold
is prepared first by 3D printing or porogen leaching and then
filled with cells.! Each of these approaches has own advantages
and disadvantages. For instance, filling of the preliminarily fab-
ricated scaffold with cells allows a broad choice of materials, but
is complicated by difficulties to homogenously distribute cells
inside the porous material and to deposit cells of different sorts
in a programmed way. On the other hand, the encapsulation
of cells inside hydrogel does not allow reconstructing of both

V. Stroganoy, |. Pant, Dr. G. Stoycheyv, Prof. H. Handa, Prof. L. lonov
College of Engineering

University of Georgia

Athens GA 30602, USA

E-mail: leonid.ionov@uni-bayreuth.de

V. Stroganov, Dr. G. Stoychey, Prof. L. lonov
College of Family and Consumer Sciences
University of Georgia

Athens GA 30602, USA

A. Janke, Dr. D. Jehnichen, Prof. A. Fery
Leibniz-Institut fiir Polymerforschung Dresden e.V.
Hohe Str. 6, 01069 Dresden, Germany

V. Stroganov, Prof. L. lonov

Faculty of Engineering Science

University of Bayreuth

Universitétsstr. 30, 95440 Bayreuth, Germany

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.201706248.

DOI: 10.1002/adfm.201706248

Adv. Funct. Mater. 2018, 1706248

1706248 (1 of 8)

microporosity needed for cell migration
and the proper mechanical environment.

Spontaneous deformation of polymer
filmsl®7] offers an excellent alternative to
existing approaches for 3D biofabrication. It
provides a combination of homogenous dis-
tribution of cells, intrinsic to hydrogel-based
approach, and microporosity, intrinsic to
scaffolds.®l Usually, these shape-changing
films are formed by two kinds of polymers
with different volume expansion coef-
ficients (swelling). They can fold and form different 3D shapes
that depend on their shape, anisotropy, and pattern.>!% There
are many kinds of shape-changing films made from biodegrad-
able or non-biodegradable polymer, which are sensitive to dif-
ferent stimuli including temperature, light, and pH.% Shape-
changing films can be used for fabrication of a variety of different
3D shapes, which can be filled with cells!™'? and assembled
together to form even more complex 3D cellular structures.®! In
all these approaches, cells of one sort were seeded on the whole
surface of shape-changing films and they are homogeneously dis-
tributed inside the folded object. There is very promising attempt
to create complex cellular 3D structures by patterning of cells on
the surface of stretched rubbery polydimethylsiloxane (PDMS)
shape-changing film using microfluidic device.'® Folding of the
film with patterned cells of different sorts on it allows fabrication
of 3D multicellular structures. This approach has one consider-
able limitation. The shape-changing films are made by cutting,
which limits fabrication of millimeter and submillimeter range
large shape-changing films with arbitrary shapes.

Use of photolithography to pattern both shape of shape-
changing films and adhesion behavior of cells on their surface
is more favorable than use of microfluidic systems because:
(i) photolithography allows fabrication of arbitrary shapes and
patterns, (ii) it has excellent spatial resolution, and (iii) large-scale
manufacturing is possible. Moreover, use of thermoresponsive
shape-changing films is more suitable than the use of stretched
rubbery films because folding is triggered by changing tem-
perature, and no holding of stretched films is required. This is
particularly inconvenient when many small films are required
to be fabricated simultaneously. There are several reports
about preparation of thermoresponsive shape-changing films
by photolithography.l'#1#-16 One of them is based on poly(N-
isopropylacrylamide).l"” This system folds at room temperature
and unfolds at physiological temperature,> which is not suit-
able for encapsulation of cells at 37 °C. The folding at elevated
temperature can be achieved if the polymer film is fabricated by
polymerization of monomers and crosslinker in a solution that
is technically more complicated than photo-crosslinking of dry
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solid films.'”] Upper critical solution temperature systems dem-
onstrate folding at physiological temperature, but the folding is
smooth and is completed at a temperature higher than 60 °C,
which does not allow their use for encapsulation of cells.!'® Poly-
caprolactone—gelatin bilayer!!?1% is also able to fold upon heating
and its folding was completed already at 33 °C, which made this
system almost ideal for encapsulation of cells. The disadvantage
was very rapid degradation of gelatin within 24 h, which sub-
stantially restricts the applicability of this system. Thus, until
now no one has reported that thermoresponsive shape-changing
films are suitable for experiments with cells and 3D patterning
cells on their surface.

In this paper, a novel approach for 3D patterning of cells
using photopatterning of the surface of the new thermorespon-
sive shape-changing system (4D biofabrication) is reported.
The approach is based on the use of polymer trilayers where
bottom layer is photo-crosslinkable hydrophilic copolymer of
N-isopropylacrylamide with a small addition of acrylic acid and
benzophenone acrylate (P(N-isopropylacrylamide (NIPAM)-
acrylic acid (AA))), and the middle layer is a photo-crosslinkable
hydrophobic copolymer of stearylmethacrylate and benzophe-
none acrylate (PSMA). The top layer is a thin-patterned layer
of photo-crosslinkable polyethyleneglycol (PEG) (Figure 1).
Due to the presence of large fractions of acrylic acid groups in
P(NIPAM-AA) layer, it does not demonstrate thermorespon-
sive behavior in the physiological temperature range and easily
detaches from a substrate (silicon wafer or glass). It simply
swells and the folding behavior is provided by melting of
PSMA. When cells are seeded on top of such films, they adhere
only to those areas which are not covered by PEG. This system
allows to overcome many problems of other thermoresponsive
systems as well as stretched rubbery films and offers the com-
bination of the following practical benefits: (i) folding at 33 °C,
(ii) chemical and mechanical stability, (iii) fabrication using
photolithography, (iv) crosslinking in dry state, (v) possibility of
surface patterning using photolithography, and (iv) possibility
of fabrication of 3D cellular patterns.

<

spincoating
of polymers

P(NIPAM-AA)
Si wafer

rolling at €
37°C
<—
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2. Results and Discussions

First, polymer bilayers were prepared by sequential deposition
of P(NIPAM-AA) (bottom layer) and PSMA (top layer). These
bilayers exhibit shape-changing behavior when immersed in
water due to swelling of P(NIPAM-AA) layer. The composition
of P(NIPAM-AA) was chosen in the way that it demonstrates
no thermoresponsive behavior in a temperature range between
0 and 40 °C in the buffer, and its swelling degree is =10 that
corresponds to 1000 vol% (ratio between volume of swollen
and dry polymers) in this temperature range. The cloud point
of the polymer with 3% in cell culture media is around 90 °C.
The storage modulus of photo-crosslinked and water-swollen
P(NIPAM-AA) polymer (Egrage = 146 Pa at 25 °C) was much
higher than loss modulus (Ej,s = 31 Pa at 25 °C). P(NIPAM-AA)
copolymer was used because it can be deposited from organic
solvents such as ethanol, it forms solid smooth surface, and it
is not soluble in toluene, which is used for deposition of PSMA.
The responsive properties of the polymer bilayer are provided by
PSMA, which was deposited on the top of P(NIPAM-AA) layer.
PSMA is a fusible polymer with a melting point of 34 °C and
degree of crystallinity around 10-30%, as it was obtained from
X-ray diffraction (XRD) and differential scanning calorimetry
(DSC, Figures S1, S2, Supporting Information). PSMA is stiff
below its melting point (E = 394 MPa at 20 °C) and substantially
restricts the folding of the bilayer. The increase of temperature
leads to its softening (E = 1.25 MPa at 40 °C). Melting of polymer
is also accompanied with volume change that is intrinsic to all
first-order phase transitions. Its magnitude is however much
smaller (=10%) than swelling degree of hydrogel. As a result of
rolling, the tubes are formed. P(NIPAM-AA) forms outer layer
because it has higher volume expansion coefficient.

The folding occurs when several conditions are fulfilled.
First, stress in the film must be generated that is achieved by
swelling hydrogel. One can expect that generated stress is pro-
portional to the thickness of hydrogel and its elastic modulus.
Second, this stress must be sufficient to bend PSMA layer and

patterning of
PEG

P(NIPAM-AA) and

l patterning of
PSMA

seeding of d
cells at 20°C

<

Figure 1. Scheme of fabrication of 3D cellular patterns using shape-changing polymer films: a,b) polymers are sequentially deposited on the surface of
a substrate (Si wafer) by deep coating leading to formation of P(NIPAM-A-A)-PSMA-PEG trilayer; c) PEG is crosslinked by illumination with UV light
through a photomask, and PEG pattern on the surface of P(NIPAM-AA)—PSMA bilayer is fabricated; d) P(NIPAM-AA)—PSMA bilayer with PEG pattern
on it is crosslinked by illumination with UV light through a photomask, and array of shape-changing P(NIPAM-AA)-PSMA bilayers with PEG pattern
on them is fabricated; e) cells are seeded on the surface of the bilayer with PEG pattern on it at room temperature and they adhere to the areas with
no PEG; f) increase of temperature to 37 °C results in the rolling of the bilayer and formation of 3D object with patterned cells inside.
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detach the bilayer from substrate. Since both polymer and
substrate are negatively charged and hydrated, the adhesion
between them is weak. Thus, the stress generated by swollen
hydrogel must be sufficient to deform hydrophobic polymer.
Since hydrophobic polymer is considerably softer in molten
state than in solid state, we can expect that folding of bilayer
with molten PSMA must occur at smaller thickness of hydrogel
layer. Solid PSMA layer could be bent by thick hydrogel layer.
In order to test this hypothesis, we investigated effects of
thickness of the layers as well as temperature on the folding
(Figure 2a). In order to address this point, we prepared two sets
of samples with thin (0.7 um) and thick (1.2 um) P(NIPAM-AA)
layers. The thickness of PSMA was varied in the range between
2 and 8 um. No folding of bilayers with thin P(NIPAM-AA)
layer was observed at room temperature independent of the
thickness of PSMA. However, bilayers with thick P(NIPAM-AA)

layer fold at room temperature, albeit very slowly (60 min).
It was observed that an increase of the thickness of PSMA
increases the diameter of tubes (Figure 2b). The increase of the
temperature resulted in the folding of all films. The diameter
of the tubes, which could roll at room temperature, decreased
at 33 °C.

In order to qualitatively explain observed folding behavior,
Timoshenko equation!'? was used (Equation (1))

1_ 6(g,—&)(1+m) 0
P h(3~(1+m)2 +(1+mn)(m2 +i))

mn

where n = E;/E,, m = a,/a,, E, is the elasticity modulus, a, is the
thickness of the metal layers, h is the total thickness (h=a, + a,),
€ is the thermal expansion coefficient of the layers, and p is
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Figure 2. Folding of P(NIPAM-AA)—PSMA bilayer: a) microscopy snapshots of formed tubes; b) experimental values of curvature and radius of formed
tubes; c) qualitative dependence of curvature of the folded film on the thickness of PSMA layer at 20 and 37 °C, dashed rectangle shows area cor-

responding to experimental results in (b).
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the radius of curvature. Originally, this equation was derived
to explain the bending of bimetal beams upon change of tem-
perature. This equation was transferred into the field of shape-
changing polymer films by assuming that thermal expansion
coefficient can be replaced by swelling degrees of both polymers: ¢
omponent 1 as PSMA and component 2 as PNIPAM. The
values m, h, and € can be taken out from experimental values.
Note, Timoshenko equation was developed for small deforma-
tions and is able to provide qualitative not quantitative depend-
ence of curvature on thickness of layers in the case of large
deformations.?%

According to Equation (2), increase of the thickness of the
upper layer (component 1) and a decrease of the thickness of
the bottom layer (component 2) would lead to increase of radius
of curvature and vice versa. The similar results were observed
experimentally (Figure 2b,c). As shown in Figure 2a, PSMA
layer gets thicker, diameter gets bigger, and when P(NIPAM-AA)
layer’s thickness increases, diameter decreases. The second
prediction made by Timoshenko equation says that mechan-
ical properties influence radius as well: increase of stiffness
of upper polymer will lead to increase of tubes’ diameter. This
effect was observed experimentally when film folded at room
temperature when PSMA was stiff which produced bigger
diameter than that at increased temperature when PSMA was
molten and soft (Figure 2). Thus, experimental results and
predictions made by Timoshenko equation are in qualitative
agreement.

Thus, the behavior of P(NIPAM-AA)-PSMA bilayer is sim-
ilar to that shown in our previous paper (gelatin—PCL),'? but
it has a big advantage over the previous system: since current
polymers being used are not biodegradable, the system shows
indefinite mechanical and chemical stability. Non-biodegra-
dability of scaffold is relevant if the cellular construct is used
ex vivo as microtissue for testing of effects of drugs. For com-
parison, previously reported shape-changing films were able to
hold their shape only for several hours, which is not enough for
scaffolding. Thus, P(NIPAM-AA)-PSMA layer is able to irre-
versibly fold when the temperature is above 30 °C that makes it
promising for encapsulation of cells.

The folding of this particular bilayer is irreversible at the con-
ditions that allow manipulation with cells. On the other hand, at
other conditions, for example, at different pH = 8 (tris-buffered
saline), further increase of temperature to 35 °C results in

www.afm-journal.de

unfolding of the bilayer that is due to shrinking of thermore-
sponsive P(NIPAM-AA) layer (Figure 3). The same effect can
also be achieved by using thermoresponsive PNIPAM-based
layer without acrylic acid.?!

We explored the possibilities to encapsulate pattern cells
inside P(NIPAM-AA)-PSMA tubes. The preliminary experi-
ments showed that F3T3 cells readily adhere to native and oxi-
dized PSMA layers (Figure S4, Supporting Information). The
next step was to test if cells can be encapsulated inside the
tubes. To achieve that, F3T3 cell dispersion was dispensed on
top of P(NIPAM-AA)-PSMA bilayers at room temperature.
Thicknesses of both layers were chosen in a way that polymer
films remained unfolded at that temperature: 1.2 pum for
P(NIPAM-AA) and 8 um for PSMA (Figure 2a). About 30 min
were given for cells to precipitate to the polymer surface. Then
the temperature was increased to 37 °C. At that temperature,
PSMA layer became molten, its mechanical modulus decreased,
and films were able to fold while encapsulating cells that were
on their surfaces (Figure 4a). Cells can be seen to hold their
special star-like shapes inside tubes for 24 h, meaning that this
confinement is not harmful to them. It is worth mentioning
that it was possible to fabricate single-walled tubes with cells,
doubled tubes with cells, and multiwalled tubes with cells
(Figure 4a). The number of walls depends on the diameter
of the tube in equilibrium state and the size of the film—the
larger is the film, the more walls are formed. This can be useful
for making tubes with different permeability and resistance to
internal pressure. For example, if they are used for blood vessel
reconstruction.

The next step involved testing of cells’ adhesion to PSMA
surface with patterned PEG which were deposited on the top of
PSMA layer. It was found that PEG solution in ethanol-water
mixture dewetted instantly on hydrophobic PSMA surface
prohibiting deposition of a thin layer. To solve that problem, the
surface of PSMA was oxidized with piranha mixture (see Exper-
imental Section) to hydrophilize it: water contact angle was
reduced from 115° to 95° (Figure S3, Supporting Information).
PEG with high molecular weight (Mw = 200 kDa) was used
because it forms a stable layer, which does not dewet and is
not washed away after crosslinking. PEG was deposited from
the ethanol-water mixture (95:5) because it has lower sur-
face tension than water does and PEG is soluble in it.??l PEG
layer was crosslinked by illumination with UV light through a

Figure 3. Shape of P(NIPAM-AA)-PSMA bilayer in tris-buffered saline (pH = 8) solution at different temperatures: a) T = 20 °C—flat; b) T =

30 °C—folded; c) T =35 °C—flat.
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Figure 4. 3D cell patterning using shape-changing P(NIPAM-AA)—PSMA films: a) bright field microscopy snapshots of single, double, and multilayer
P(NIPAM-AA)—PSMA tubes with encapsulated F3T3 cells inside; microscopy snapshots of PNIPAM—PSMA bilayer with PEG pattern on it before
b) (bright field) and after folding c) (dark field); d) bright field microscopy snapshots of F3T3 cells adhered on P(NIPAM-AA)—PSMA bilayer with

patterned PEG; e) viability of cells on the top of control (on well plate as it is), PSMA films and PSMA films with PEG pattern.

photomask (size of the pattern was 1600 um x 800 pm). It was
found that no F3T3 cells adhered to crosslinked PEG layer, while
they readily adhere to native and oxidized PSMA (Figure S4,
Supporting Information). This result must allow patterning of
cells using patterned PEG layer on the top of shape-changing
PNIPAM-PSMA films.

To demonstrate this hypothesis, encapsulation of mamma-
lian cells inside shape-changing bilayers with patterned PEG
was validated. It is worth noticing that PEG on the top of the
bilayer can influence the diameter of the tubes, since it adds to
the thickness of the upper layer. To avoid change of the diam-
eter, the thickness of PEG film was kept very thin (300 nm) that
is much smaller than the thickness of PSMA layer (8 um). It
was observed that such a thin PEG layer did not affect the dia-
meter of tubes. Bilayers were fabricated for cell encapsulation

Adv. Funct. Mater. 2018, 1706248
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experiments with patterned PEG film on them. These PEG-
covered areas can be clearly seen using optical microscopy
because swollen PEG and solid PSMA have a different refrac-
tive index (Figure 4b). Folding of a bilayer with PEG pattern
resulted in the formation of a tube with PEG patterns located on
the inner side of tubes (Figure 4c). To further improve the point
that PEG-covered areas should protect PSMA surface from
cell adhesion, an experiment was done where bovine serum
albumin (BSA) was adsorbed on pure PSMA film by forming
1.5 nm thick layer as it was revealed by ellipsometry, while no
adsorption of protein was observed on PEG-modified PSMA.
As it was shown and discussed earlier, F3T3 cells adhered and
spread on naked PSMA area and did not adhere to PEG-covered
areas (Figure 4d). They demonstrated excellent viability on
PSMA areas of patterned bilayer, which is comparable to that

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Examples of 3D cell patterning inside self-folded tube: a,b,d) bright field microscopy snapshots of F3T3 cells inside PNIPAM—PSMA tubes
with PEG pattern; c) bright field microscopy snapshot of F3T3 cells on the unfolded PNIPAM—PSMA film with PEG pattern. It is clearly seen that cells

are only in the areas not occupied by PEG.

on not patterned PSMA surface (Figure 4e). This supports the
prediction that cells will adhere and remain viable inside the
tubes with patterned PEG. The same approach was used as
when cells were encapsulated in pure bilayer: cell dispersion
was put on top of shape-changing P(NIPAM-AA)-PSMA-PEG
trilayers at room temperature. The system was kept at those
conditions for 30 min to give cells time to precipitate and then
the temperature was raised up to 37 °C. At that temperature,
PSMA layer’s stiffness decreased and films were able to fold
while encapsulating cells inside (Figure 5). The major was
that the cells adhered only on those areas which were not cov-
ered by PEG and all of that happened not on the flat surface
as already mentioned but in a 3D space on a curved surface.
This means that a 3D cell pattern was indeed achieved using
shape-changing polymer films. The mechanical properties of
substrate where cells are adhered are highly important and can
influence behavior of cells. The advantage of our approach is
that the mechanical properties of polymers can be precisely
controlled by crosslinking density that opens possibilities to

3. Conclusions

In this work, we demonstrated a novel approach for biofabri-
cation using shape-changing films with patterned surface—4D
biofabrication. We developed a new thermoresponsive shape-
changing system based on poly(N-isopropylacrylamide—acrylic
acid) poly(NIPAM-AA) and poly(stearylmethacrylate) (PSMA)
bilayer. PSMA has a melting point of 34 °C and acts as a ther-
moresponsive component of the system, while poly(NIPAM-AA)
swells in water and exerts bending force. It has been shown
that by making films with different thicknesses of components,
one can control the resulting radius of curvature of the folded
structure. The bilayer was shown to be nontoxic for mamma-
lian cells in addition to allowing their adhesion and growth on
the polymeric surface.

These newly developed shape-changing films were used as
a base for a more complex task—to develop a shape-changing

Adv. Funct. Mater. 2018, 1706248
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system for cell encapsulation with site-selective control where
specific cells would adhere to the surfaces of films and inside
folded structures. To achieve this, thin polyethylene oxide films
were site-selectively deposited on top of the shape-changing
bilayer and cells were not allowed to adhere there due to high
hydrophilicity of such areas. As a result, tubes with patterned
cell-covered areas were produced. Such system shows great
potential in the field of tissue engineering and bioscaffolds fab-
rication for drug screening as well as for fundamental under-
standing of behavior of cells in 3D environment.

4. Experimental Section

Synthesis of Polymers: P(NIPAM-AA) copolymer was synthesized using
free radical copolymerization. First, a mixture of N-isopropylacrylamide
NIPAM (13.74 g), acrylic acid (0.57 g), benzophenone acrylate (0.67 g),
and 2,2"-azobis (2-methylpropionitrile) (AIBN) (0.043 g) as initiator was
prepared. The mixture then was dissolved in 50 mL of 1,4-dioxane.
Oxygen was removed from the reaction mixture by a continuous flow
of nitrogen through the solution for 20 min. The copolymerization
reaction itself took place when the mixture was kept at 71 °C for 5 h.
The resulting polymer was obtained by precipitation in diethyl ether and
drying under vacuum overnight.

Synthesis of PSMA: Reaction mixture contained 10 g of
stearylmethacrylate, 0.15 g of benzophenone acrylate, and 0.01 g of AIBN
as the initiator of radical polymerization. 30 mL of toluene was used
as solvent, and flow of nitrogen was used to remove oxygen from the
reaction mixture. Polymerization was held at 71 °C for 24 h. The polymer
was precipitated in methanol and dried under vacuum overnight at 60 °C.

Preparation of Bilayer Samples: Bilayers were prepared by sequential
dipcoating of a cleaned silicon wafer into solutions of P(NIPAM-AA)
in ethanol and PSMA in toluene. Thicknesses of polymer layers were
controlled by regulating the concentration of polymer solutions.
Afterward, deposition samples were left at room temperature for 20 min
to let PSMA layer to crystallize and solidify. The resulting bilayer was
irradiated with 254 nm UV light through a photomask and then washed
with dichloromethane to remove un-crosslinked polymer and obtain a
rectangular pattern. The thickness of the polymer layer was determined
by AFM scratch tests.

Preparation of UV-Crosslinkable  Polyethyleneglycol ~(PEG): One
gram of PEG (Mw = 200 kDa) was dissolved in a mixture of 95 mL

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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of ethanol and 5 mL of water yielding a 1% solution. Then, 50 mg of
4-hydroxybenzophenone was added to the PEO solution. A PEO film
obtained from such solution would crosslink upon UV irradiation.

Preparation of Trilayer Samples: P(NIPAM-AA)—PSMA bilayers were
immersed in a mixture of sulfuric acid and hydrogen peroxide at room
temperature to hydrophilize its surface. The oxidizing mixture contained
25 vol% of 30% aqueous hydrogen peroxide solution and 75 vol% of
concentrated sulfuric acid. Immersion time was 90 s. Then the sample was
washed in deionized water at 0 °C. After oxidizing treatment, a thin layer
of PEO was dipcoated on top of the hydrophilized P(NIPAM-AA)—PSMA
bilayer. The resulting trilayer film was irradiated by UV light (254 nm)
through the first photomask, and the topmost patterned PEG layer
was obtained by developing in water (Figure 1). After that, the second
photomask was aligned on the sample so that PEG squares would
occur on top of shape-changing rectangles of P(NIPAM-AA)-PSMA
bilayer (Figure 1). The resulting sample was irradiated with 254 nm UV
light and then washed with dichloromethane. Through this two-step
photolithography, we obtained a sample which had patterned layer of
PEG on top of patterned P(NIPAM-AA)-PSMA bilayer. The thickness of
the polymer layers was determined by AFM scratch tests.

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 crucible. The
polymers were scanned in three steps: heating from 0 to 180 °C, then
cooling down to 0 °C, and then heating to 180 °C again. The heating/
cooling rate was 10 K min~' for all samples and all steps.

X-Ray Scattering Investigations: X-ray scattering experiments were
executed by means of the XRD 3003 ©/© (GE Sensing & Inspection
Technologies, Ahrensburg, Germany) at 40 kV, 30 mA, Cu-Ke radiation
(monochromatization by primary multilayer system).

Folding Experiments and Measurement of Tube’s Diameters: Prepared
bi- or trilayer patterned samples were put into PBS buffer solution at
room temperature. Then the temperature was increased up to 37 °C and
films folded into tubes. Images of tubes were taken and their diameters
were measured.

In Vitro Cell Behavior Study: Standard cell culture assay was conducted
in accordance with the 1ISO 10993 standard to demonstrate the cell
viability response of 3T3 mouse fibroblast cell line (ATCC-1658) toward
PSMA (surface area = 0.8 cm?). All protocols pertaining to the use of
mammalian cells were approved by the University of Georgia.

Cell Culture: Mouse fibroblast cells under sterile conditions were
incubated at 37 °C in a humidified atmosphere with 5% CO, in 75 cm?
T-flask containing complete DMEM medium (with 1% penicillin—
streptomycin antibiotic solution and 10% fetal bovine serum (FBS)).
The medium was changed every second day to revive the cells unless
the confluency reached 80-90%. Thereafter, the mammalian cells were
enzymatically detached from the flask surface using trypsin (0.18%
trypsin and 5 x 1073 m EDTA). Cells were counted in a hemocytometer
using the trypan blue dye (dye exclusion method).

Quantitative Cell Viability Assay: Pure PSMA films and shape-
changing trilayers (surface area = 0.8 cm?) were incubated at 37 °C for
24 h in 10 mL of DMEM medium by following the ISO standards (ISO
10993-5:2009 test). Finally using a 96-well plate, 5000 cells mL™" were
seeded in each of the wells (n =7 for each sample type) by transferring
100 pL of cell culture in each well. Then, 10 uL of the polymeric
extracts (if any) were introduced to the cells and incubated for another
24 h. After 24 h, 10 uL of a water-soluble tetrazolium salt, WST-8
[2-(2-methoxy-4-nitrophenyl)-3- (4-nitrophenyl)-5-(2,4-disulfophenyl)-
2H-tetrazolium monosodium salt], based Cell Counting Kit-8 (CCK-8)
solution was added to the resulting solution. The cells were incubated
with a CCK-8 solution for 3 h to allow reduction of WST-8 dye to an
orange-colored product, formazan, via the enzymatic activity of
dehydrogenases in live cells that can be detected at 450 nm. Thus,
the amount of formazan generated is an indication of the amount of
viable mammalian cells in the solution. To normalize the background,
plane DMEM medium without any cells was used as a reference.
After 3 h, the cells were observed under a spectrophotometer at a
wavelength of 450 nm. Percentage cell viability was calculated (relative
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to the wells without any leachate exposure) using the following formula
(Equation (2))

Absorbance of the test samples
rbance of the positive control samples

% Cell viability = — X100  (2)

Qualitative Cell Growth Test: Under sterile conditions, fibroblast
cells were seeded in a 24-well plate (5000 cells mL™") in presence of
a polymeric film which was sterilized earlier under the UV light in a
Biosafety Cabinet (ThermoFischer 1300 Series A2). Cells were allowed
to settle on the polymeric surface by first keeping the films at room
temperature for 20 min and then incubating the 24-well plate at 37 °C
for 24 h. The polymer responded to the thermal stimulus and folded into
cylinder shapes while encapsulating the cells inside it. The qualitative
images of the cells were taken using the Olympus BX51 microscope at
5x magnification by random selection of wells with seeded cells.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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6.Conclusions

Biofabrication is a rapidly developing field that aims to create artificial organs and tissues
for transplantation. Vast multitude of approaches for bioscaffold fabrication have been
developed but there are still problems to be solved. For example, it is still hard to control cell
distribution inside scaffolds or achieve true vascularization. Additionally, most scaffolds are
isotropic whilst natural tissues are anisotropic in their majority. To overcome these problems,
scientists came up with the concept of self-folding materials which offer additional possibilities
in bioscaffold fabrication. For example, unlike in conventional methods where cells were fixed
in a continuous hydrogel matrix, self-folding systems provide certain degree of freedom for
cell migration and proliferation. Additionally, nutrients and oxygen can easily diffuse inside
self-folded tubes through open ends. The fact that cells can tolerate only limited variations of
environmental conditions puts additional restrictions on potential systems for cell
encapsulation. Most of the described systems weren’t suitable for that purpose since most of
the cells can’t withstand considerable pH changes or high temperatures. Certain temperature-
based systems have shown a potential towards successful cell encapsulation and scaffold
production. However, there were several disadvantages that raised a need for an additional
research. First, these systems were non-biodegradable. Second, at physiological temperature of
37°C these systems were unfolded meaning they can’t be used for cell encapsulation and proper
cell incubation. Third, cell distribution inside self-folded constructs could only be
homogeneous which is not always desired.

The current thesis have focused to solve these problems and two major goals were
developed:

1) The first goal was to develop a biocompatible and preferably biodegradable self-
folding system which would be suitable for encapsulation of mammalian cells. The system had
to stay unfolded at 20°C and fold at human body temperature. Such conditions were chosen
due to practical reasons. Polymer film had to stay unfolded during cell seeding process while
cells must survive long enough for this process to finish. 20°C is an ideal temperature to
perform cell seeding. After cells have settled, the polymer film should fold in a controlled
manner so that it keeps bended shape at human body conditions thus allowing proliferation of
encapsulated cells.

2) The second main goal was to develop a way to control cell distribution inside self-

folded tubes. This goal had addressed the common issue in tissue engineering when it is
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difficult to control cell distribution inside scaffolds. It was decided to work out a “binary” way
where some inner regions of self-folded structures were filled with cells and some weren’t.

This chapter summarizes obtained results.

Biodegradable and biocompatible systems.

The details of this part are shown in Manuscript 1.

The first developed self-folding system consisted of pure gelatine as hydrophilic polymer
and polycaprolactone (PCL) as hydrophobic one. Both polymers were biodegradable and
biocompatible. Gelatine had a sol-gel transition point at 36°C meaning it swelled and formed a
gel in aqueous conditions at temperatures below that point while rapidly dissolved if the
temperature was raised above that point. Bilayer films consisting of these polymers were able
to fold at room temperature due to swelling of gelatine. When the temperature was raised above
36°C gelatine dissolved and the unfolded PCL film was left.

Characteristics of the system:

* Both polymers are biocompatible and biodegradable;

* Non-crosslinked system;

* Folding/unfolding occurred in PBS solution and in 20-37°C temperature range;
» Irreversible process. Gelatine dissolved leaving unfolded PCL film;

» Temperature is the trigger of unfolding;

* Folding within 1h.

The second system was photocrosslinkable and based on: 1) Gelatine as hydrophilic
polymer. It was chemically modified with furfuryl isocyanate (Gelatine-F) and contained Rose
Bengal as photoinitiator. 2) The hydrophobic polymer was a copolymer of 1,6-Hexanediol and
fumaryl chloride (PHF); Camphoroquinone was added to it as photoinitiator. Both polymers
were biodegradable and biocompatible. The system was irradiated by visible light with
wavelength of 450nm through a photomask creating a crosslinked pattern. As in previous
system, Gelatine-F swelled in water at room temperature while PHF is inert to water. Unlike
in the previous system, the bilayers didn’t fold because they were held by non-crosslinked
Gelatine-F in between. After temperature increase above 36°C only the non-crosslinked
Gelatine-F dissolved thus releasing self-folding bilayers.

Characteristics of the system:

* Both polymers are biocompatible and biodegradable;
* Presence of water soluble dye Rose Bengal. It was proven to be non-toxic for

cell cultures;
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* Crosslinked by visible light with A = 450nm;

* Folding occurred in PBS solution and in 20-37°C temperature range;

* Irreversible process. The film folded as soon as non-crosslinked Gelatine-F
dissolved;

» Temperature is the trigger of the folding;

* Instant folding upon triggering.

The third system was based on pure Gelatine as hydrophilic polymer and
Polycaprolactone (PCL) as hydrophobic one. PCL was mixed with 4-hydroxybenzophenone
which served as photoinitiator. The system was crosslinked with UV light with 256nm
wavelength. Photomask was used during irradiation to create a pattern. The folding principle
of this system is the same as in the case of the second system (Gelatine-F + PHF). During
contact with water at room temperature both crosslinked and non-crosslinked Gelatine areas
swelled. Folding occurred when non-crosslinked Gelatine dissolved at temperature above
36°C.

Characteristics of the system:

* Both polymers are biocompatible and biodegradable;

* Crosslinked by UV light with A = 256nm;

* Folding occurred in PBS solution and in 20-37°C temperature range;

e Irreversible process. The film folded as soon as non-crosslinked Gelatine
dissolved;

» Temperature is the trigger of the folding;

* Instant folding upon triggering.

The fourth system consisted of pure Gelatine as hydrophilic polymer and PHF-Q as
hydrophobic one. Behaviour and properties of this system was very similar to the Gelatine-
PCL one. Polymers were irradiated by UV light (256nm) through a photomask. This led to
formation of crosslinked pattern with non-crosslinked areas around. Folding occurred upon
immersion of the crosslinked bilayers into warm water.

Characteristics of the system:

* Gelatine is biocompatible and biodegradable. PHF is biocompatible and was
expected to be biodegradable;
* Crosslinked by UV light with A = 256nm;

* Folding occurred in PBS solution and in 20-37°C temperature range;
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e Irreversible process. The film folded as soon as non-crosslinked Gelatine
dissolved;

» Temperature is the trigger of the folding;

* Instant folding upon triggering.

Folding behaviour of all developed systems was investigated as well as influence of
polymer thicknesses on final tube’s diameters. It was also demonstrated that PHF polymer is
biocompatible and PHF-Gelatine system can be used for cell encapsulation. Unfortunately, it
was found that degradation speed of Gelatine was too high and tubes couldn’t hold their shapes
longer than 6 hours.

Investigation of reversible folding/unfolding of the Gelatine-PCL system.

The details of this part are shown in Manuscript 2.

The UV-crosslinkable Gelatine-PCL system demonstrated a series of properties which
led to some unexpected discoveries. It was found that if PCL is thick enough in comparison to
Gelatine, the bilayer won’t fold even at temperatures slightly above 36°C. Folding occurred
only around 60°C. This temperature was known to be a melting point of PCL and folding took
place due to melting and softening of crosslinked PCL. Consequent decrease of temperature
led to unexpected unfolding. This observation was in disagreement with predictions. It was
expected that PCL would crystallize in a folded shape upon cooling and no unfolding would
occur.

Detailed investigations of this phenomenon showed that reversible folding/unfolding was
demonstrated only by thin bilayers — PCL thickness was around 500 nm and gelatin was 1.6um
thick. Also, no unfolding was observed with non-crosslinked films. It was found that polymer
chains of PCL were parallel to the substrate at the given film thickness and this orientation was
saved even after melting and crystallization of the polymer. Crosslinked nature of the PCL
layer played a major role in the retaining of parallel chains orientation. In other words, it was
found that crosslinked Gelatine-PCL bilayers possessed shape-memory property which
enabled usage of the system in reversible encapsulation and release of microobjects.

The possibility to use this system for controlled encapsulation and release was shown on
the example of yeast cells. It was stated however that the system can’t be directly used for
encapsulation of mammalian cells due to high triggering temperature.

Biocompatible and non-biodegradable system.

The details of this part are shown Manuscript 3.
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The new self-folding system was developed as a solution to the problems stated above:
high degradability of gelatine and high folding temperature of PCL-Gelatine system. It was
based on two polymers: 1) PNIPAM-AA — Copolymer of N-isopropylacrylamide and acrylic
acid as hydrophilic polymer and 2) PSMA — Polystearylmethacrylate as hydrophobic one. Both
polymers contained 2% of hydroxybenzophenone acrylate comonomer for photocrosslinking
purposes. Crosslinked PNIPAM-AA swelled in PBS buffer solution in temperature range 20-
37°C while non-crosslinked PNIPAM-AA dissolved. PSMA was a semicrystalline waxy
polymer and was inert to water. It also had a melting point around 34°C which allowed to use
it as a folding actuator in the same way PCL was used but in a much more suitable temperature
range.

Characteristics of the system:

* Both polymers are biocompatible;

* Crosslinked by UV light with A = 256nm;

* Folding occurred in PBS solution and in 20-37°C temperature range;
* Irreversible process. The film folded upon melting of PSMA;;

» Temperature is the trigger of the folding;

* Folding within 20min.

Influence of polymer thicknesses on tubes’ diameters and folding behaviour was
investigated. Obtained results were in qualitative agreement with theoretical predictions.

Patterning of cells.

The details of this part are shown Manuscript 3.

The PNIPAM-AA — PSMA system have shown a great potential for cell encapsulation.
Self-folded tubes were shown to be stable in water medium for at least 3 months and actuation
temperature of 34°C was suitable for cells. Cell patterning was achieved with the help of the
third polymer - Polyethyleneoxide (PEO). Its purpose was to protect certain areas of PNIPAM-
AA — PSMA bilayers from cell adhesion effectively creating a PNIPAM-AA — PSMA - PEO
trilayers. PEO-covered areas were formed by photolithographical patterning.

3T3 mouse fibroblasts were used in cell viability and encapsulation experiments. It was
shown that system components aren’t toxic for the cells and PSMA surface is suitable for cell
adherence. Optical observations of folded tubes demonstrated that cells were viable after 2 days
of encapsulation and were adhered only to those areas inside tubes which weren’t covered with

PEO.
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The results presented in this work demonstrated the proof-of-concept, proposing new
self-folding systems for cell encapsulation and cell patterning which could be of great interest
for various bioengineering applications. Desired cell density can be achieved by seeding cells
on to self-folding polymer films before they fold. The proposed way of cell patterning can help
achieving controlled non-homogeneous cell distribution. Diameters of individual tubes can be
varied to obtain different degree of confinement. In perspective, such self-folded tubes could
be used in guiding of neurons growth or mimicking of blood vessels. Studies of cell cultures
behavior in a confined 3D space is among other possible applications.

However, cell patterning was achieved with the help of non-biodegradable materials.
Even though, PSMA and PNIPAM-AA polymers were proved to be non-toxic and suitable for
cell encapsulation, further investigations are required to find a way of cell patterning utilizing
only biodegradable materials. One of the possible approaches may combine 3D bioprinting and

self-folding principle to achieve even greater choice of materials and shape variety.

87



7. List of abbreviations

PCL g-polycaprolactone
PCL-B Mixture of PCL (see above) and 4-hydroxybenzophenone
PHF poly(1,6-hexanediol-co-fumaryl chloride)
PHF-Q mixture of PHF (see above) and camphoroquinone
uv ultraviolet light
IR infrared light
PNIPAM-AA poly(N-isopropylacrylamide-co-acrylic acid)
PSMA polystearylmethacrylate
PEG polyethylene glycol
PEO polyethylene oxide
2D 2 dimensional
3D 3 dimensional
PDMS polydimethylsiloxane
PBS phosphate buffer saline
HUVEC human umbilical vein endothelial cells
SMC smooth muscle cells
VIC leaflet interstitial cells
DBE direct bioink extrusion
PNIPAM poly(N-isopropylacrylamide)
NIPAM N-isopropylacrylamide
PMMA polymethylmethacrylate
p(HEMA-co-AA) | poly(2-hydroxyethyl methacrylate-co-acrylic acid)
NBA o-nitrobenzaldehyde
Leibniz IPF Leibniz Institut fiir Polymerforschung Dresden e.V.
TU Dresden Technische Universitit Dresden
USA United States of America
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