
Inaugural - Dissertation

zur

Erlangung der Doktorwürde

der

Gesamtfakultät für Mathematik-,

Ingenieur- und Naturwissenschaften

der

Ruprecht-Karls-Universität

Heidelberg

vorgelegt von

M.Sc. Christine Arndt

aus Göttingen

Tag der mündlichen Prüfung

19. Juli 2022





Microengineered conductive

scaffolds for cell-based

actuation

Referees:

Prof. Dr. Christine Selhuber-Unkel
Prof. Dr. Rasmus R. Schröder





To my family and friends





ŞThere’s only us, there’s only this. Forget regret or life is yours to
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Ů Jonathan Larson, RENT

ŞOn I go, to wonder and to learning. Name the stars and know their
dark returning. I’m calling, to know the world’s true yearning. The
hunger that a child feels for everything they’re shown.Ş
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Abstract

A functional 3D-engineered scaffold where cells are able to grow in vitro mimics the
microstructural, mechanical, electrical and biochemical features of the cell’s natural
extracellular matrix (ECM) that is crucial for supporting numerous cell functions such
as proliferation and growth. The scaffolds electrical conductivity and deformability
are particularly essential for assorted cell types that rely on electrical signals to per-
form various cellular mechanical functions as in skeletal muscle cells contraction that
transpire upon electrical stimulation. My thesis presents successful procedures for de-
veloping electrically-conductive, deformable 3D artiĄcial cellular scaffolds that provide
the deformability to accommodate muscle cell contraction and the electrical conduc-
tivity to enable cell-to-cell signalling, both of which are vital aspects in 3D cell tissue
scaffolds and biohybrid robotics. I employed a novel microengineering approach based
on a sacriĄcial template made from interconnected tetrapod-shaped zinc oxide micro
particles with two state of the art methods that are based on (1) a hydrogel permeated
with a Ąller material that renders it conductive and (2) a conductive polymer.

The hydrogel system is based on polyacrylamide where the interconnected zinc oxide
microchannels network is coated with an exfoliated graphene Ćakes dispersion that
eventually creates a graphene framework structure and promotes an outstanding elec-
trical conductivity using an extremely low Ąller concentration. This method imposes
no signiĄcant impact on the hydrogel mechanical integrity and maintains the orig-
inal matrix toughness and physicochemical properties, thus achieves versatile, con-
ductive, microchannel-containing 3D scaffolds. Composites of polyacrylamide and a
semi-synthetic gelatin methacryloyl hydrogel were also developed as a facile way of
generating a biofunctional conductive scaffold that enhances and promotes skeletal
muscle cells spreading and proliferation. Additionally, the suitability of non-contractile
Ąbroblast cells for biohybrid actuators is analyzed and presented in a pioneering study.

In the second microengineered system, I analyzed a 3D Ąbrous conductive scaffold based
on a conductive poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS)
polymer that proved suitable for culturing contractile cells. The scaffolds exhibit
four orders of magnitude greater speciĄc conductivity than previously reported 3D
PEDOT:PSS structures even after two weeks of storage in water in addition to demon-
strating a substantial mechanical stability in an aqueous environment. Biofunctional
studies with Ąbroblasts, skeletal muscle cells and cardiomyocytes derived from induced
pluripotent stem cells cultured on biofunctionalized scaffolds were carried out in terms
of cell adhesion, distribution, beating behavior and their scaffold deformation ability.
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Zusammenfassung

Eine funktionale 3D-Gerüststruktur in der Zellen in vitro wachsen können, muss die
mikrostrukturellen, mechanischen, elektrischen und biochemischen Eigenschaften der
natürlichen extrazellulären Matrix nachbilden, die für die Unterstützung zahlreicher
Zellfunktionen wie z.B. Proliferation und Wachstum entscheidend sind. Die elektrische
Leitfähigkeit und Verformbarkeit der Struktur sind dabei besonders wichtig für die
Zelltypen, die auf elektrische Signale angewiesen sind, um verschiedene zelluläre me-
chanische Funktionen auszuführen, wie beispielsweise die durch elektrische Stimulation
ausgelöste Kontraktion von Skelettmuskelzellen. In meiner Dissertation stelle ich Her-
stellungsverfahren für elektrisch leitfähige, verformbare künstliche 3D-Zellgerüste vor,
die die nötige Verformbarkeit für die Kontraktion von Muskelzellen und die elektri-
sche Leitfähigkeit für die Zellsignalübertragung bieten, welches beide wichtige Aspekte
für die 3D-Zellkultur und biohybride Robotik sind. Dafür habe ich ein neuartiges,
mikrotechnisches Verfahren angewandt, das auf einem Opfertemplat aus miteinander
verbundenen, tetrapodenförmigen Zinkoxid-Mikropartikeln basiert, wobei die Metho-
den entweder auf (1) einem Hydrogel, das mit einem leitfähigen Füllstoff durchsetzt
ist, oder (2) einem leitfähigen Polymer basieren.

Das Hydrogelsystem beruht auf Polyacrylamid (PAM), bei dem das Zinkoxid-Mikro-
kanalnetzwerk mit einer Dispersion aus exfolierten GraphenĆocken (EG) beschichtet
und schließlich entfernt wird, sodass eine das Hydrogel durchziehende Graphengerüst-
struktur entsteht, wodurch dieses bei einer extrem niedrigen Füllstoffkonzentration
eine hervorragende elektrische Leitfähigkeit aufweist. Diese Methode hat keine nen-
nenswerten Auswirkungen auf die mechanische Integrität des Hydrogels und erhält
die ursprüngliche Zähigkeit und die physikalisch-chemischen Eigenschaften der Matrix,
wodurch anpassbare, leitfähige und mit Mikrokanälen durchzogene 3D-Gerüststruktur
entstehen. Zusätzlich wurden Komposite aus PAM und einem Gelatine-Methacryloyl-
Hydrogel entwickelt, um auf einfache Weise eine biofunktionale, leitfähige Gerüststruk-
tur zu erzeugen, die die Adhäsion und Proliferation von Skelettmuskelzellen verbessert.
Darüber hinaus wird die Eignung von nicht kontraktilen Fibroblastenzellen für biohy-
bride Aktoren analysiert und in einer wegweisenden Studie vorgestellt.

Im zweiten Ansatz wird eine faserartige 3D-Gerüststruktur analysiert, die auf dem leit-
fähigen Polymer Poly(3,4-Ethylendioxythiophen):poly(Styrolsulfonat) (PEDOT:PSS)
basiert und für die Kultivierung kontraktiler Zellen geeignet ist. Die Strukturen weisen
selbst nach zweiwöchiger Lagerung in Wasser eine um vier Größenordnungen höhe-
re Leitfähigkeit auf als bisher beschriebene 3D-PEDOT:PSS-Strukturen und zeigen
darüber hinaus eine geeignete mechanische Stabilität in wässrigen Umgebung. Bio-
funktionalitätsstudien an Fibroblasten, Skelettmuskelzellen und Kardiomyozyten aus
induzierten pluripotenten Stammzellen wurden im Hinblick auf Adhäsion, Verteilung,
Kontraktion, sowie ihrer Fähigkeit ihre umgebende Struktur zu deformieren, analysiert.
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Objective

Electrically conductive hydrogels are used in biosensors [1Ű4], bioelectronics [5Ű7],
biomedical scaffolds for nervous [8, 9] or cardiac [10, 11] functional tissue [12], as well
as in biohybrid robotics [13] where cell contraction causes material actuation. Most
of the cells that are suitable for biohybrid actuation can be electrically stimulated,
hence sufficient material conductivity is essential for spreading the electrical signals ef-
Ąciently. [13] Using a conductive hydrogel that promotes cell-to-cell signals to enhance
the biohybrid actuator function is advantageous as demonstrated by cardiomyocytes
embedded in electrically conductive scaffolds that expressed higher connexin-43 and
showed better beating characteristics and elongated morphology. [14, 15] Besides elec-
trical conductivity, the scaffold is required to be soft to allow robotic actuation and
withstand repeated contraction cycles yet able to provide structural integrity to sup-
port the cells. Also, as cells demonstrate acute mechanosensitivity to their extracellular
matrix, the scaffold material stiffness and the physicochemical properties of the matrix
material are essential contributing factors. [13, 16] Additionally, vascularization of the
scaffold is an important factor to ensure sufficient nutrient and waste transport as well
as oxygen diffusion when preparing scaffolds that exceeds a thickness of approximately
500 µm. [17, 18] Therefore, besides the biocompatibility and biofunctionality, scaffolds
for cell-based actuation need to meet certain requirements such as (a) sufficient electri-
cal conductivity of at least 0.1 S m−1, (b) appropriate mechanical properties of around
20 kPa, (c) reasonable elasticity to withstand repeated contraction cycles and (d) suit-
able pores or microchannels for oxygen diffusion, nutrient and waste transport.

A scaffold that fulĄls these objectives can either be based on a mechanically-apt, con-
ductive polymer or a hydrogel with an added conductive Ąller material in its matrix
that is attainable through solution mixing, postpolymerization or in situ polymeriza-
tion. [1, 19] However, whereas the drawback of the latter technique is that it requires
additional processing steps, [19] postpolymerization is prone to inhomogeneity [1] and
solution mixing necessitates the addition of high Ąller amounts that eventually alter
matrix properties and often lead to matrix reinforcement. [20] Ultimately, Ąnding a
strategy for preparing biofunctional, conductive hydrogels with high conductivities at
low Ąller concentration as well as appropriate mechanical and physicochemical proper-
ties is a scope of this work. This scope was also approached using inherently conductive
polymers after overcoming a fundamental drawback represented by the much smaller
conductivity of 3D scaffolds than that of heart tissue. This could be achieved through
exploring scaffold materials with a Ąbrous structure that are soft enough to enable cell-
induced contraction and have sufficiently high electrical conductivity for cell-based ac-
tuation. In soft actuators and artiĄcial muscles research, stimuli-responsive polymers,
like thermoresponsive hydrogels, offer great possibilities for their ability to respond to
environmental changes, however their slow response rates and comparably weak force
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Objective

generation capabilities are limiting their use. Also, biohybrid actuators reported in
literature are mostly powered by contractile cells [21,22], whole tissue [23,24] or bacte-
ria [13], but Ąbroblast cells, which exert the necessary tensile forces to support wound
closure, were not explored yet. Thus, two additional aims in this thesis were to study
force generation and volume change in thermoresponsive matrices and whether they
can be effectively enhanced by microengineering, and also, to develop a novel strategy
to exploit the Ąbroblasts’ potential as cellular motors in biohybrid actuators.

This thesis is divided into three parts. In the Ąrst part, a biological background and
an introduction to synthetic scaffolds for cell cultivation are given. In the second part,
I present a novel microengineering approach to fabricate functional hydrogels for cell-
based actuation and analyze their potential as scaffolds for biohybrid actuators. I also
explore the use of Ąbroblast cells as actuators for cell-induced scaffold contraction. In
the last part of my thesis, a 3D soft, Ąbrous, conductive scaffold for cell-based actuation
is presented and discussed.
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1 Introduction

In biohybrid robotics, living biological systems like cells are implemented in robotic
systems to perform as actuators. An actuator is the part of a machine that converts,
for instance, electrical or hydraulic energy into mechanical work that enables a physi-
cal movement. Whereas actuators function to perform a mechanical action in a robot,
hundreds of muscles in the human body are similarly able to convert energy into some
form of motion that is regulated by the nervous system. A miniaturized form of a
biohybrid robot is achievable through exploiting the forces exerted by cells on their
environment to power the system. Due to their softness and their compliant actuation
possibilities, such robotics would be advantageous in medical applications especially
when in close contact to humans where rigid objects impose a potential hazard. Biohy-
brid robots have the potential to sense, respond and adapt to environmental changes,
and can thus be used in toxicity assessment and drug screening. They are typically
less harmful to the environment and more lightweight than conventional robots as they
require nutrients instead of batteries to function.

In this chapter, different contractile cell types as well as the requirements for a suitable
cell matrix where cells are allowed to develop and transfer their cellular forces are
presented in Section 1.1, with a more detailed insight into different matrix materials
given in Section 1.2.

1.1. Cells as motors for biohybrid actuators

Pneumatic, thermal, photo- or electrical Ąeld actuation are commonly used in non-
biohybrid soft robotics whereas in biohybrid actuation, living biological material drives
the robotic system. [25Ű27] A large variety of cell and tissue types have been used and
tested in biohybrid devices including mammalian cells as well as insect cells or even
whole animals, [13] however muscle cells are most commonly used for their ability
to contract and exert forces on their environment. In vertebrates, there are three
different kinds of muscle tissue: skeletal and cardiac muscles that belong to the striated
muscle tissue which are responsible for the voluntary movement and pumping of blood,
respectively. The third type smooth muscle tissue is present in organs with involuntary
movements like our stomach, intestines or blood vessels. [28, 29] The main difference
between striated and smooth muscle tissue is the presence of muscle-speciĄc complexes
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1. Introduction

called sarcomeres, which are the smallest contractile units that consist of repetitive
actin-myosin units. [29, 30] Biohybrid actuation necessitates the ability of muscle cells
to be stimulated in order to trigger contraction, thus smooth muscle tissue can not
be employed and the focus in biohybrid applications is primarily on striated muscle
tissue. Still, other non-contractile mammalian cell types like Ąbroblast might be used
for biohybrid actuation. Fibroblasts are able to exert tensile forces in the form of
contraction that plays an important role in wound healing upon injury as tissue lose
their mechanical integrity. [31]

1.1.1. Cell contraction and stimulation in striated muscle
tissue

Contraction in cells is an interplay mediated by actin and myosin proteins interactions
that are generally responsible for many types of cellular movements and are present in
the sarcomere, the smallest contractile unit. Here, actin and myosin are anchored in
the so-called Z-disk (also Z-bands), which are optically dense and visible under a micro-
scope so they deĄne the boundary of each sarcomere. [30] In a sarcomere, the myosin
bundles slide along the actin Ąlaments and thus lead to the shorting of the sarcomere
structures that eventually results in muscle contraction. In cardiomyocytes, nearly the
whole cytoplasmic space is Ąlled with parallel oriented and aligned sarcomeres. [30] The
sarcomeres are connected to the cell membrane through costameres that are structural
components responsible for force-transmission to the extracellular matrix. [32]

The difference in the contractile behavior between cardiac and skeletal muscle tissue
is that the former is able to contract spontaneously whereas the latter lacks speciĄc
ion channels that are responsible for spontaneous membrane depolarization, hence a
contraction stimulus must be provided by a nerve pulse or an external trigger. [33]
Albeit cardiomyocytes seem to be a better choice for biohybrid actuators at Ąrst glance,
skeletal muscle cells offer in fact a higher force output and produce faster locomotion
than cardiomyocytes when cultured under the same conditions on the same device. [34]
Another difference between the two tissue types is represented by the skeletal muscle
ability to regenerate in comparison to the cardiac muscle cells annual renewal rate
that is limited to only 1 % at the age of 25 in humans and decreases even more with
age. [35, 36] Either way, actuation via cardiomyocytes or skeletal muscle cells can be
controlled precisely by applying electrical stimuli or, when optogenetically modiĄed,
by light pulses. [23]

Cardiac cells demonstrate an action potential that lasts for over 200 ms compared to
the two milliseconds long one in skeletal muscle cells. An action potential is the charac-
teristic membrane potential deviation from the resting potential that takes place when
a cell is excited and it shows a cell-speciĄc electrical signal course and spread over the
cell membrane. The threshold potential is approximately - 55 mV where voltage-gated
ion channels are activated and opened in a chained sequence to enable ion currents.
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1.1. Cells as motors for biohybrid actuators

During this sequence of opening and closing processes, the channels are temporarily
changing the membrane current for different ions that, together with these short ion
currents, give rise to the characteristic action potential curve that is cell speciĄc and
independent of the triggering stimulus as shown schematically in Figure 1.1 for skeletal
and cardiac muscle cells. [37]

Figure 1.1. Action potentials and maximum of contraction tension of a) skeletal and b)
cardiac muscle tissue. Skeletal muscle cells demonstrate a short action potential and steep
increase in muscle tension whereas the action potential from cardiac cells can last for over
200 ms. Adapted from [37]

.

1.1.2. Skeletal muscle cells

Skeletal muscles are the primary actuators in mammals with an ability to operate over
a wide range of lengths, forces and frequencies that make them good candidates for
biohybrid robotic applications. [13] Muscle precursor cells, so called myoblasts, prolif-
erate rapidly under high serum conditions but fuse into a syncytium with multiple cell
nuclei to form long, tubular-like structures called myotubes under low serum condi-
tions. [28] An example of C2C12 mouse myoblasts fused into myotubes after two days
in low serum conditions is shown in Figure 1.2 a and Ąrst striated myoĄbrils formed
orthogonal to the nuclei chain are highlighted in Figure 1.2 b.

When the myotubes mature, cell nuclei migrate to the outside. The whole muscle
formation process is called myogenesis and is shown in Figure 1.3 using the C2C12
mouse myoblast cell line as an example. Cell nuclei in myotubes are no longer able
to divide but the so called satellite cells are present in the basal membrane of muscle
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1. Introduction

Figure 1.2. C2C12 skeletal muscle cells. a) Myoblasts grown on cell culture plastic fused
into elongated, multinucleated myotubes and imaged in phase contrast 2 days after changing
to starvation medium. b) Myotubes stained after 7 days for F-actin Ąbers with SiR-actin
visualizing the striated myoĄbrils. Scale bars: 100 µm. (Own work)

Ąbers, which are in a quiescent and undifferentiated state and can enter the mitotic
circle. [13,28] In order to generate in vivo-like structures and functions of skeletal muscle
cells in vitro, a compliant substrate stiffness is particularly important for sarcomere
formation. [38] As muscle strains are normally around 20 % but can also reach over
40 % in some scenarios [39], a call for compliant substrate stiffness and elasticity is
essential.

Figure 1.3. Timeline of the myogenesis of C2C12 mouse skeletal muscle cells grown on cell
culture plastic over a period of 9.5 days. Scale bar: 100 µm. (Own work)

Myocytes fuse into myotubes even on glass or tissue culture plastic but they do not form
sarcomeres unless the scaffold stiffness matches that of the native muscle tissue (approx.
12 kPa). [13, 40] Myotube organization can be guided by physical or topographical
features, e.g., by using electrospun nanoĄbers to align myotubes uniaxially. [41, 42]
For sarcomeric structure development and maturation, not only a compliant substrate
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1.1. Cells as motors for biohybrid actuators

stiffness is necessary, but the cells need to actively contract and work against a load,
which makes suitable electrical, mechanical or optical stimulation necessary. [38,43,44]
An electrical stimulation resulted in periodic membrane depolarization and contraction
that supports the regulation of cell-cell and cell-matrix interactions and thus lead to
enhanced alignment and myotube formation [23,44], whereas a mechanical stimulation
promoted proliferation, myoĄber organization, gene regulation and protein expression.
[45] A non-invasive, contact-free and thus less harmful way to stimulate cells is the
use of optogenetically modiĄed cells that react to light triggers, which offer higher
spatial and temporal precision in comparison to electrical stimulation. [13, 46] All in
all, an exercise training during differentiation increases force output [23] and shows
that biohybrid devices are able to dynamically adapt to their environment. [47]

1.1.3. Cardiac muscle cells

Cardiac muscle cells (cardiomyocytes) are a common and sensible choice in biohybrid
actuators due to their ability to synchronize and beat spontaneously with no stimu-
lation required, provided that the cells are connected in a closed cell bioĄlm. Still,
even when the cells on a scaffold are dispersed, a synchronized beating can be attained
through electrical stimulation as long as the substrate is sufficiently conductive. [48,49]
Therefore, remodeling the native environment of cardiomyocytes is necessary for a suc-
cessful native myocardium mimicry and a suitable conductive pathways formation that
are essential for establishing functional gap junctions. The latter are intercellular chan-
nels that mediate direct communication via small molecules and ions passive diffusion
and are responsible for transferring electrical signals that are required for the synchro-
nized cardiac contraction in a native heart tissue. [27,50,51] The electrical conductivity
(DC) of a heart tissue is around 0.1 S m−1. [48] Despite the solid progress in heart tis-
sue engineering, the realization of a heart-like system remains a great challenge [52]
due to the complexity of achieving electromechanical coupling through artiĄcial fab-
rication. Tackling this obstacle by using, e.g., conductive materials can pave the way
for a sustainable system that properly resembles a heart. In that context, neonatal
rat cardiomyocytes isolated from 1 to 3 days old rat represent a suitable cell type,
however bear the disadvantage of being extracted from animals and cannot be pro-
liferated in cell cultures. [53] Nevertheless, neonatal rat cardiomyocytes are the most
commonly used cells in biohybrid robotics. One of the prominent examples is the work
of Shin et al. [21] who mimicked the shape of batoid Ąsh using primary cardiomyocytes
seeded on a hierarchically structured hydrogel scaffold that incorporates Ćexible gold
microelectrode array for actuation. Another milestone was presented by Park, Parker
and co-workers [54] who combined optogenetically modiĄed primary cardiomyocytes on
structured poly(dimethylsiloxane) thin Ąlms that enclose a microfabricated gold skele-
ton in the shape of a tissue engineered ray. In a recent work, the same group developed
an autonomously swimming biohybrid Ąsh powered by a bilayer of cardiomyocytes
using the cardiac mechanoelectrical signaling capabilities for a closed-loop actuation
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1. Introduction

cycle, employing also human cardiomyocytes derived by induced pluripotent stem cells
(iPSC; Figure 1.4) besides primary rat cardiomyocytes. [22] Cardiomyocytes derived
from iPSCs also led to a signiĄcant progress in cardiac tissue engineering. [55,56]

Figure 1.4. Cardiomyocytes derived from induced pluripotent stem cells1(iPSC-CM). a)
iPSC-CM cultured on Ąbronectin-coated glass slides after 24 hours imaged in phase con-
trast. b) iPSC-CM cultured for 48 hours on Ąbronectin-coated glass slides and immunoĆu-
orescently stained with Hoechst (nucleus, blue), anti-myosin (myosin heavy chain 7, green)
and rhodamine-phalloidin (actin Ąlaments, red) with striated cytoskeletal organization visible.
Scale bars: 100 µm. (Own work)

Although not naturally present in the human body, iPSCs originate from fully dif-
ferentiated cells that were induced to return to their primary state with properties
similar to embryonic stem cells, which are capable of differentiating into any cell type
again. [57] iPSCs were Ąrst derived from mouse somatic cells using a combination
of four retrovirally transduced transcription factors (Oct3/4, Sox2, Klf4, c-Myc) [57].
Soon after, human Ąbroblasts have been successfully induced to human iPSCs as well,
laying the foundation for disease-speciĄc iPSC cell lines generation from patients. [58]
Albeit the high cost of iPSCs culture that might be a limiting factor, these cells of-
fer great potential for providing more ethically-accessible cells in biohybrid actuators
without sacriĄcing animals.

1.1.4. Cell-material interaction

Cell adhesion is a crucial mechanism for cell-cell [59] and cell-extracellular (ECM;
Figure 1.5) matrix interactions that constitute the physiological connections in tis-
sue. The ECM typically consist of large glycoproteins like collagen, elastin, Ąbronectin
and laminin [60, 61] and its connection with the cell membrane is mediated by trans-
membrane glycoproteins and cell adhesion molecules such as cadherins, selectins and
integrins. [61] Consisting of an α- and a β-subunit, integrins are the most important

1iPSC-CMs and media were kindly provided by Dr. Ayca Seyhan Agircan and Prof. Dr. Johannes
Backs from Heidelberg University Hospital.
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1.1. Cells as motors for biohybrid actuators

receptors in the cell membrane for their role in binding to ligands in ECM as well as to
collagen, Ąbronectin and laminin, which require calcium and often a short amino acid
sequence such as Arg-Gly-Asp (RGD). In myocardium, the RGD is found in repeating
segments of Ąbronectin that facilitates cell-matrix binding through the activity of the
α5β1 integrin complex [62, 63], hence integrins are essential for a stable intracellular
cytoskeleton connection with the ECM. Thus, the growth of cells on a material surface
relies on the availability of suitable binding proteins [59,60] in addition to other factors
such as surface charge, topography, stiffness and hydrophilicity. [64]

Figure 1.5. The cell surface is linked to the extracellular matrix (ECM) consisting mainly
of collagen by integrins and the linker protein Ąbronectin. The β-domain of the integrin is
connected to F-actin, which provides a stable connection between the intracellular cytoskeleton
and the ECM. Adapted from [60].

1.1.5. Mechanotransduction

Mechanosensing describes the cellular behavior in response to mechanical signals that
a cell experiences which inĆuences its functional behavior in terms of spreading, pro-
liferation, migration and differentiation. The mechanical forces can be emanated from
the extracellular matrix or neighboring cells and then transduce into biomechanical
signals that trigger numerous structural and functional responses in the cell. [65] Me-
chanical forces are transmitted in eukaryotes from the extracellular matrix to the cell’s
cytoskeleton, e.g., through integrins, which in turn are connected to the actin Ąlaments
through a number of linker proteins such as vinculin, paxillin, zyxin and talin. [16] For
instance, extracellular signals arising from the underlying substrate stiffness, form and
topography have been shown to affect cell fate [16] and dictate mesenchymal stem cells
differentiation in vitro. [66] Also, Ąbroblasts cultured on solid substrates demonstrated
enhanced cell growth whereas soft substrates induced cell apoptosis. [67] Engler et
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al. [68] illustrated that the beating behavior of embryonic cardiomyocytes was ideal on
matrices with a stiffness in the range of a healthy native tissue (10 - 20 kPa) while stiffer
substrates similar to that of a post-infarct Ąbrotic scar inhibited beating. Thus, the
contractile work done by cardiomyocytes is dependent on the underlying substrate stiff-
ness as cells transmit actin-myosin contractions through their anchorage points onto
the substrate: A cell can shorten its length (concentric contraction), maintain it against
resistance (isometric contraction) or resist extension (eccentric contraction). [40] The
work output is at its highest with a matrix elasticity around 10 kPa and decreases
when the substrate is softer (negligible work output around 1 kPa) or stiffer (higher
than 60 kPa). It has also been demonstrated that geometrical constraints impact cell
behavior. Cells grown on substrates without constraints show active growth while cells
undergo apoptosis when their spreading was restricted. [69] Taken together, shape,
geometry and substrate rigidity need to be taken into careful consideration when de-
signing artiĄcial cell scaffolds.

1.1.6. Forces generated by cells

In addition to sensing their environment, mammalian cells constantly apply contractile
forces onto the substrate they are cultured on. The forces are generated by the actin and
myosin Ąlaments and propagate through the stress Ąbers down to the integrins in focal
adhesions that in turn are responsible for force transmission to the underlying substrate.
Focal adhesions apply forces and stresses in the nN and kPa ranges, respectively. [70]
According to Klein et al. [71], a single cardiomyocyte cell can generate a force of 40 to
60 nN, whereas mature adult cardiomyocytes can induce forces in the µN regime as a
single cell and up to 40 to 80 mN per square millimeter as a 3D tissue. Also, Kajzar
et al. [30] measured myocyte forces on a PDMS pillar array to be around 400 nN upon
contraction and 140 nN in the relaxed state. The difference between the reported forces
is either because the myocytes in some of these studies were externally stimulated by
electrical pulses or calcium activation, or because the cells were cultivated and tested
in two or three dimensions, with the latter showing smaller forces than cells cultured
on Ćat or topographically structured 2D substrates in general. [30, 71] Moreover, a
skeletal human muscle produces up to 0.35 MPa stresses at strains higher than 40 %
for more than 109 life cycles [7] and a single skeletal muscle myotube is reported to
generate a force of around 1 µN. [72] Passive tension forces generated by a C2C12
skeletal muscle strip were measured to be 1940 µN, whereas active tension forces under
electrical stimulation were 195 µN. [23]

1.2. Synthetic scaffolds for cell cultivation

Cells experience a wide range of stiffness in the body that impact basic cellular pro-
cesses like proliferation, migration and differentiation of, for instance, stem cells. [66]
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Culturing cells on stiff substrates like cell culture plastic or glass does not adequately
mimic physiological conditions, hence soft substrates with tunable mechanical proper-
ties can offer both passive and non-intrusive means to analyze cell behavior in vitro.
For example, when considering actomyosin forces generated by contractile cells like
cardiomyocytes, using an appropriately soft substrate would be crucial for their con-
traction whereas the rhythmic beating behavior would vanish when cultured on plas-
tic. [68] To provide a suitable environment that mimics in vivo conditions, hydrogels
are excellent candidates.

1.2.1. Hydrogels as scaffold materials

Hydrogels are three dimensional crosslinked networks of polymer chains with a com-
plex viscoelastic behaviour [73] due to a large number of hydrophilic groups (e.g.,
ŰCOOH, ŰOH, ŰNH2) that enables them to absorb and hold a great amount of water
(up to 98 %) or other aqueous solutions while still be able to withstand dissolution
through the crosslinking of polymer chains. [74, 75]. They are promising materials for
biomedical applications like cell culture substrates, tissue engineering and drug deliv-
ery systems, because of their similarity to the extracellular matrix environment, their
biodegradability, biocompatibility, their tailorable mechanical properties and high wa-
ter content. [74,75] The latter helps with the diffusion of nutrients, proteins and chem-
ical signal molecules from and towards cells. Additionally, hydrogels can serve as the
framework for functional materials that can be used to control cells by external cues,
such as material-induced stimuli and material structures. The mechanical properties of
hydrogels can be tailored, e.g., by the initial monomer and crosslinker concentrations,
the polymerization temperature, as well as the swelling degree at the measurement time
point. Thus, the stiffness of different tissue such as brain (a few kPa) or cartilage (a few
MPa) can be matched in order to resemble in vivo conditions to a large extent [76,77]
in addition to the physical and chemical properties that can also be tailored to meet a
wide range of unique requirements for any speciĄc purpose. [74]

Hydrogels can have either natural or synthetic origins. Natural hydrogels (e.g., gelatin)
have the advantage that they are inherently biocompatible and biodegradable with
moieties that promote cellular activities but are often unable to provide the necessary
mechanical stability under physiological conditions, [78] whereas synthetic hydrogels,
on the contrary, offer customizable mechanical properties but lack the inherent bioac-
tive features. Generally, the latter shortcoming can be overcome through tailoring the
hydrogel chemical structure to acquire the required bioactive properties. [78] Hydrogels
can also be classiĄed according to their bond type. Physical hydrogels are connected via
ionic or hydrogen bridge bonds hence prone to degradation, yet also known as reversible
gels with self-healing properties. [79] On the other hand, chemical hydrogels have co-
valent bonds and are often crosslinked via radical polymerization (cf. Section 1.2.2)
whereby the initiator can vary. My work focuses on this type of hydrogels.
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In the Ąeld of biomedical engineering, stimuli-responsive hydrogels, also known as smart
materials, have attracted a lot of interest for the high degree of control over mate-
rial properties through reacting to external cues such as temperature, light and pH.
Thermoresponsive hydrogels are among the most studied as tools to be employed for
modifying substrate stiffness reversibly by an external trigger as well as their ability to
be controlled easily and thus ultimately promote a wide range of applications, e.g., in
drug delivery applications. [80,81] A prominent example for a temperature-sensitive hy-
drogel is N -isopropylacrylamide (PNIPAM, cf. Section 1.2.3) because its temperature
response is close to the human body temperature. [82,83]

1.2.2. Radical polymerization

Hydrogels are commonly crosslinked by free radical polymerization, which consists of
a three-step reaction. In the initiation step, free radicals are formed by light, tem-
perature or redox initiators, which are targeting the vinyl or methacrylate groups of
the hydrogel monomers. In the propagation step, radicals formed from the initiators
are transferred to the monomer units and a polymer chain grows through monomer
combination up until the reaction is either terminated by a monomer deĄciency or by
a radical combination (termination step). [84, 85]

As a common initiator, the chemical oxidizer ammonium persulfate (APS) in combi-
nation with a catalyst like N, N, N ′, N ′-Tetramethylethylenediamine (TEMED) can be
used, however to mediate reactions in a controlled manner, the use of light as an ex-
ternal regulator is highly attractive. Photoinitiators like phenyl-2,4,6-trimethylbenzoyl-
phosphinate (LAP), 2-Hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure
2959) or RiboĆavin are used, which can be activated by UV light (365 or 405 nm). [86]
The exposure or UV dose Hv used for photopolymerization is expressed as the radiant
energy Q per area, or equivalently as the integral of the irradiance E over a certain
time period ∆t:

Hv =
dQ

dA
=

∫︂
∆t

E(t) dt. (1.1)

1.2.3. Synthetic hydrogels

Two different synthetic hydrogels are used in this work, namely polyacrylamide and
the thermoresponsive hydrogel poly-N -isopropylacrylamide, which are both formed by
radical co-polymerization.

Polyacrylamide Polyacrylamide (PAM), a synthetic, chemical hydrogel, is formed
by co-polymerization of acrylamide and N, N ′-methylenebisacrylamide (bis-acrylamide).
It is well-known in literature for its adjustable stiffness that can be altered by the
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amount of the crosslinker bis-acrylamide, leading to a stiffness that ranges from 0.5 up
to 740 kPa. [87] Notably, despite being inert to cell adhesion as it lacks bioactive moi-
eties, crosslinked polyacrylamide is biocompatible and hence suitable for medical and
biological applications as well-established protocols show protein coupling. [76] The
reaction to form polyacrylamide is a vinyl addition polymerization initiated by a free
radical-generating system that commonly consists of ammonium persulfate (APS) and
N, N, N ′, N ′-tetramethylethylenediamine (TEMED) in an oxygen-free environment.
TEMED serves as a catalyst since it accelerates the formation rate of free radicals
formed by persulfate. The reaction scheme is shown in Figure 1.6. Bis-acrylamide
statistically crosslinks the long, covalently linked acrylamide chains and the stiffness
of polyacrylamide can be tailored by varying the amount of crosslinkers and time for
crosslinking. [74] Since the reaction is based on free radicals, every element serving as a
radical trap, like for instance oxygen, inhibits the acrylamide polymerization reaction.

Figure 1.6. Formation of polyacrylamide by a vinyl addition polymerization of acrylamide
and N, N ′-methylenebisacrylamide.

Poly-N-isopropylacrylamide Poly-N -iso propylacrylamide (PNIPAM) is a thermo-
responsive hydrogel with a so-called lower critical solution temperature (LCST). De-
pending on whether they exhibit an LCST or an upper critical solution temperature
(UCST), thermoresponsive hydrogels can in general be categorized as negatively or pos-
itively thermosensitive, respectively. [82] Whereas the latter expands when the temper-
ature exceeds their UCST, the negatively thermosensitive polymers shrink above their
LCST temperature. [83] Gelatin is a prominent example of a hydrogel with a UCST
that forms a gel upon cooling.

PNIPAM (reaction scheme shown in Figure 1.7) with its LCST has a negative temper-
ature-dependence. Below 32 °C PNIPAM is in a hydrated, swollen state whereas above
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that temperature, it collapses and releases water to result in a volume phase change
transition. [82]

The thermoresponsive behavior originates from hydrophobic (shaded blue in Figure 1.7)
and hydrophilic (shaded green in Figure 1.7) segments present in the hydrogel that are
dominating at different temperatures. The free solution enthalpy ∆G can be used
to explain the thermoresponsive behaviour via the Gibbs-Helmholtz equation, which
connects the free enthalpy G, the enthalpy H and the entropy S. [88]

∆G = ∆H − ∆S · T (1.2)

At temperatures below the lower critical solution temperature, ∆G is negative because
the binding of water molecules to the amide groups by hydrogel bridge bonds leads to a
strong reduction of the enthalpy H. This decrease of enthalpy exceeds the decrease of
entropy S, which arises when a highly organised molecular layer is formed and thus, the
hydrated, swollen state of the hydrogel is thermodynamically preferred. With increas-
ing temperatures, the hydrogen bonds weaken and the hydrophobic interactions be-
tween the isopropyl groups become stronger. The exothermic enthalpy of the hydrogen
bonds becomes dominated by the entropy term and at the critical transition tempera-
ture, ∆G becomes positive and entropy-driven phase separation occurs. Accordingly,
interactions between the hydrophobic isopropyl groups become stronger than the inter-
actions between water molecules and amide groups, which leads to water release from
the hydrogel that collapses as the polymer chains aggregate. [89] The response tem-
perature can be Ąne-tuned and altered by changing the ratio between hydrophilic and
hydrophobic moieties, [83] e.g., an increase in the amount of hydrophobic segments
lowers the LCST. [90] The response rate of PNIPAM to external thermal stimuli is
relatively slow because the formation of impenetrable surface structures slows down
the outward water Ćow. [82] By introducing pores and providing interconnected water
release channels, the response rate can be increased. This includes the incorporation
of pore forming additives during gel formation like poly(ethylene glycol) (PEG), [91]
starch [92] or ethylene triethoxy silane [93] and the formation of macroporous struc-
tures with, e.g., freeze drying procedures. [94] Moreover, grafting side chains onto the
network [95] or using micellar structures [96] can improve water in- and outtake prop-
erties. [94]

The thermoresponsive behavior of PNIPAM makes it a good actuator as reported by
many scholars in this Ąeld, however most of them are not using pure PNIPAM due
to limitations attributed to their fragility as well as the marginal response to external
stimuli. [97] Lee et al. [98] showed a bilayer-type photoactuator consisting of PAM,
PNIPAM with grafted side-chains and magnetic nanoparticles that when heated by
absorbed visible light makes the actuator respond rapidly to light stimulation and
also recovers quickly. Also, Peng et al. [99] demonstrated an actuator based on PNI-
PAM/graphene oxide composite hydrogels that is deformable by local electrochemical
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Figure 1.7. Formation of poly-N -isopropylacrylamide (PNIPAM) by radical polymerization
of N -isopropylacrylamide and N, N ′-methylenebisacrylamide. The thermoresponsive behavior
of PNIPAM originates from the hydrophilic (shaded in green) and hydropobic (shaded in blue)
groups, which are dominating at different temperatures.

reduction. Thus, most approaches chemically alter PNIPAM or use composite struc-
tures or nanoparticle Ąller materials, but this often comes with undesired changes in the
hydrogel properties such as stiffness, optical transparency or a change in LCST. [97,100]
PNIPAM is also used in cell sheet engineering where 2D cell Ąlms can be prepared and
can then be potentially integrated into biohybrid devices. [13] Here, cells like cardiomy-
ocytes are cultured on a PNIPAM layer for several days at 37 °C, the temperature at
which PNIPAM is hydrophobic and thus promoting cell adhesion. As the temperature
drops below the LCST, PNIPAM becomes hydrophilic and cells will then no longer be
able to adhere, which leaves an intact cell sheet that can be separated and employed
to power, e.g., a microspherical heart pump. [101]

1.2.4. Semisynthetic hydrogel: gelatin methacryloyl

Gelatin, a natural, thermoreversible hydrogel, is one of the most convenient proteins
to use in tissue engineering for its biocompatibility, biodegradability and suitability
for a wide range of cell types. [102] It is a denaturized form of collagen, which is the
major constituent of skin, bone and connective tissue, with analogous bioactivity. It
contains abundant cell binding sequences like RGD (a tripeptide sequence consisting
of arginine, glycine and aspartic acid) and is therefore an important promoter of cell
adhesion, proliferation and differentiation. [48, 103, 104] Gelatin also costs less than
other natural materials and is relatively easy to obtain. [102] At body temperature,
gelatin has low shape stability and shows rapid degradation [105], thus, scaffolds made
from gelatin are not stable under cell culture conditions unless the gelatin is chemically
modiĄed such that amino groups are substituted with methacrylate groups to allow for
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covalent crosslinking. By free radical polymerization, covalently crosslinked hydrogels
are formed, which are stable at elevated temperatures and hence suitable to use in cell
culture and as substrates for biohybrid robotics. [21] Additionally, the modiĄcation
allows for gels stiffness adaption by changing the degree of crosslinking. Skeletal muscle
C2C12 cells cultured on GelMA gels with a 1 to 3 kPa stiffness range showed enhanced
differentiation with an increase in myotube number and formation rate. [106]

Commonly, GelMA is synthesized by the reaction of gelatin with methacrylic anhydride
(MAA) in a carbonate-bicarbonate (CB) buffer at 50 °C for speciĄc reaction times that
determine the degree of substitution (DS). The MAA monomers react with the lysine
and hydroxyl lysine groups in gelatin to form GelMA (Figure 1.8). The DS is better
when the reaction solution pH is kept above the gelatin isoelectric point (normally 8-9
for gelatin type A) to ensure the neutrality of the lysine free amino groups and thus
their reaction with MAA. [102]

Figure 1.8. Gelatin methacryloyl (GelMA) is synthesized by the reaction of gelatin with
methacrylic anhydride in a carbonate-bicarbonate (CB) buffer at 50 °C for speciĄc reaction
times. Adapted from [102].

1.2.5. Polydimethylsiloxane

The silicone polydimethylsiloxane (PDMS) is a widely used material in biophysical
research and soft robotics due to its ease of (micro)fabrication, optical transparency,
biocompatibility and molding properties. It also has tuneable mechanical properties
[107] that make it an ideal material for use in microĆuidics and organ-on-chip devices
[108] or as a scaffold after 3D structuring using, e.g., direct laser writing. [109] PDMS
is viscoelastic with a stiffness that can be easily tailored through varying the curing
agent-to-base ratios as shown in Figure 1.9 a where the Young’s moduli were determined
in uniaxial compression tests to be in a range between 17 to 145 kPa.2

Moreover, PDMS biofunctionalization by coating is a straightforward process, which
adds another valuable advantage as it is known to absorb small hydrophobic molecules
like, for instance, proteins through physisorption. [108] An example is shown in Fig-

2Part of this work was published in Dörschmann, Böser, Isik, Arndt et al. [110]
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ure 1.9 where cells from human retinal pigment epithelium (ARPE-19) were seeded on
both uncoated and differently biofunctionalized PDMS substrates and then examined
after two days with ARPE-19 cells showing good cell adhesion and proliferation on all
coated surfaces that was analyzed in detail in Dörschmann et al. [110]

Figure 1.9. a) Different ratios of curing agent and base in PDMS production lead to dif-
ferent Young’s moduli. Values were determined by a uniaxial compression test with a strain
rate of 5 mm min−1 and Young’s moduli values were determined by linear Ątting of the ob-
tained stress-strain curves. ANOVA one-way with post hoc Tukey test was used for statistical
analysis. * p < 0.5, *** p < 0.001. b) ARPE-19 cells from human retinal pigment epithelium
were grown on uncoated PDMS (b1) and PDMS substrates coated with b2) Ąbronectin, b3)
laminin and b4) collagen I. Only cells on coated PDMS substrates show good adhesion and
proliferation. Scale bars: 100 µm. (Own work)

1.2.6. Mechanical characterization of soft substrates

As cells sense, interact and respond to changes in the underlying substrate through
mechanosensing (cf. Section 1.1.5), understanding the physical and mechanical prop-
erties of soft substrates is a key factor for developing scaffold materials. The hydrogel
mechanical behavior is time dependent when undergoing deformation, i.e., hydrogels
show a viscoelastic behavior as they exhibit both elastic and viscous properties. The
viscoelastic behavior is a result of the hydrogel’s complex polymer network, which
attributes to the elastic response, that comprises up to 98 % water that account for
the viscous response to deformation. [73] Various techniques were established to study
the mechanical behavior of biomaterials and the most commonly used ones (see Fig-
ure 1.10) that will be discussed brieĆy here are: Uniaxial cyclic compression tests,
parallel-plate rheology, atomic force spectroscopy and microindentation.
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Figure 1.10. a) - d) Schematic representation of different methods to determine Young’s
moduli of soft samples. a) Uniaxial cyclic compression tests, b) parallel-plate rheology,
c) atomic force microscopy and d) microindentation. e) - h) Exemplary force-distance
curves for each measurement methods. e) PDMS (1(curing agent):40(base)) was tested in
a 2.5 kN Zwicki equipped with a 5 N force sensor employing a strain rate of 5 mm min−1.
A linear Ąt was used to determine the Young’s modulus to be 26 kPa. f) Time sweep of a
GelMA (97 % DS, 10 wt%, 0.1 % LAP, 1.5 mJ cm−2) hydrogel tested in a Malvern Kinexus Pro
rheometer. g) Force-distance curve recorded with an indentation speed of 10 µm s

−1 with an
applied Hertzian Ąt used for Young’s modulus determination of a PNIPAM-GelMA composite
tested with a CellHesion® 200 AFM (Bruker) equipped with a Bruker MLCT-O10 cantilever
with an attached 22.82 µm diameter glass bead (SiN). The Young’s modulus was determined
to be 1.3 kPa. h) Force-distance curve with an applied Hertzian Ąt of GelMA (97 % DS,
10 wt%, 0.1 % LAP, 5.2 mJ cm−2) tested with a microindenter (Pavone, Optics11; cantilever
stiffness 4 N m−1, bead diameter 23 µm, indentation speed 2 µm s

−1). The determined Young’s
modulus is 67 kPa. (Own work)

A compression or tensile test is able to provide information about the overall bulk
material properties but comes short at the cellular level. Although this test is easy
and quick to perform, the sample is required to be in a certain size and shape that
provides proper clamping particularly in a tensile test, which is challenging for very soft
specimens. In a tensile or compression experiment, a force-distance curve is recorded
while stretching or compressing the sample (Figure 1.10 a) and the stress σ and strain
ϵ are calculated from the initial length l0 and cross-sectional area A0 perpendicular to
the applied force:

σ =
F

A0

(1.3)
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ϵ =
∆l

l0
=

l − l0
l0

. (1.4)

The linear regime of a calculated stress-strain curve (Hooke’s law) deĄnes the elastic
and reversible deformation during a uniaxial tensile or compression test, also known as
Young’s modulus: [77]

E =
σ(ϵ)

ϵ
. (1.5)

Noticeably, Young’s moduli obtained by tensile or compression tests of the same mate-
rial can result in different values, thus a suitable choice of test must be made considering
the material structure. [111]

Rheology is a quick and sensitive technique for analyzing viscoelastic material prop-
erties. It is based on applying oscillatory shear stresses onto a specimen and requires a
perfectly Ćat sample surface to obtain reliable results (Figure 1.10 b). This test reports
differences in degree of crosslinking, molecular weight or structural homo- or hetero-
geneity between hydrogels and, with a possibility to control the temperature, enables
a study of transition states such as glass transition and melting temperatures. The
complex shear modulus G∗(ω) can be determined by the sum of storage (G′) and loss
modulus (G′′), which are the material elastic and viscous properties, respectively, as a
function of angular frequency: [111]

G∗(ω) = G′(ω) + iG′′(ω). (1.6)

The shear modulus G can be calculated from the shear stress τ and shear strain γ as
follows:

G =
τ

γ
. (1.7)

The Young’s modulus can then be determined using the calculated shear modulus G
and the Poisson’s ratio ν, the negative ratio of the transverse to axial strain, with the
following equation: [76]

E = 2G(ν + 1) (1.8)

The Poisson’s ratio for most hydrogels is between 0.45 and 0.5. [76] The viscosity η is
deĄned as the shear stress τ divided by the shear rate γ̇: [77]

η =
τ

γ̇
. (1.9)

19



1. Introduction

Both atomic force microscopy (AFM) and microindentation provide more ac-
curate Young’s modulus measurements at the cellular scale, which is advantageous for
studying the local properties and thus the substrate heterogeneity. Using cantilevers
as forces sensors, both techniques are non-destructive and can function on irregularly-
shaped surfaces with the possibility to operate in liquid. In AFM, a cantilever with a
small attached bead is pressed onto a Ąxed sample immersed in a liquid. A readout
system consisting of a laser reĆected from the cantilever end onto a photodiode mea-
sures the cantilever deĆection due to bead interaction with the sample surface. [112]
The microindenter used in this work has an analogues working principle to an AFM,
however the readout technique consists of a Ąber-optic based force sensor where the
cantilever deĆection is measured by interferometry. Here, the phase of the light is accu-
rately measured so even the smallest cantilever displacement can thus be detected. The
optical probe, which consists of the optical Ąber, the cantilever and the spherical tip, is
auto-aligned and pre-calibrated, thus makes calibration faster and easier than in AFM
where beads have to be attached manually prior to measurement. In both methods,
a sphere indents into a soft scaffold and the Young’s modulus can then be calculated
from the resulting force-distance curves. Contact mechanics need to be applied where
the Hertz model is used when the indentation depths are small and a non-adhesive
contact with no tension force within the contact area is assumed. For a spherical tip,
the indentation force F is:

F =
4
√

R

3

E

1 − ν2
d

3

2 (1.10)

with R as the indenter radius, E the Young’s modulus, ν the Poisson’s ratio and d the
indentation depth. [113]

However, experimentally, small adhesive forces are always present, which makes the
Hertz model applicable only when the loads are higher than the adhesive interactions.
If the loads are small, the attractive interactions lead to the formation of a contact
zone that is signiĄcantly larger than the one predicted by the Hertz model. [114] Ulti-
mately, Young’s moduli measurements using these techniques is conducted with strong
assumptions about sample homogeneity and isotropy. This concern was addressed in a
work performed in the group by Huth and Sindt et al. [112] who studied the inĆuence
of indentation depth on the Young’s modulus value, however this topic is beyond the
scope of this thesis.
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2 Microengineered functional

hydrogels for biohybrid
applications

In this chapter, I introduce a microengineering design for preparing functional hydrogels
with electrical conductivity outclassing state of the art attempts using an extremely
low Ąller concentration that imposes a negligible effect on the hydrogel matrix mechan-
ical integrity as scaffolds for cell-based actuation.1 First, I will present state of the art
fabrication methods for conductive hydrogels. Afterwards, I will introduce the micro-
engineering approach (Section 2.2) and the microstructural examination (Section 2.3)
as well as the analysis of the conductive (Section 2.4) and mechanical properties (Sec-
tion 2.5) of various composites of polyacrylamide and exfoliated graphene. The suit-
ability of the microengineered conductive scaffolds for cell culture use is veriĄed in Sec-
tion 2.6 in addition to the analysis of gelatin methacrylate as a matrix material through
biocompatibility tests and stiffness measurements as well as cell adhesion and beating
behaviour evaluation of different contractile cell types namely skeletal muscle cells and
cardiomyocytes. Moreover, the thermoresponsive hydrogel poly-N -isopropylacrylamide
is introduced as an additional matrix material with a great potential for use in soft
robotics (Section 2.7). In Section 2.8, the ability of Ąbroblasts to contract their en-
vironment and exert tensile forces is analyzed as possible candidates for actuators in
biohybrid robots.

2.1. State of the art

Electrically conductive hydrogels are used in biosensors [1Ű4], bioelectronics [5Ű7], scaf-
folds for nervous [8, 9] or cardiac [10, 11] functional tissue [12], as well as biohybrid
robotics [13] where cell contraction causes material actuation. Most of the cells suit-
able for biohybrid actuation can be electrically stimulated, thus sufficient conductivity
of the material is essential to help spread the electrical signals efficiently. [13] Besides
electrical conductivity, the material requirements in biohybrid actuators are mani-
fold. For instance, the scaffold is required to be soft to allow robotic actuation yet

1Part of this work was published in Arndt et al., Nano Letters, 2021. [115]
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able to provide structural integrity to support the cells. Also, as cells demonstrate
acute mechanosensitivity to their extracellular matrix, the scaffold material stiffness
and the physicochemical properties of the matrix material are essential contributing
factors. [13, 16]

Conductivity in hydrogels can be achieved by the addition of conductive Ąller materials
in a hydrogel matrix by solution mixing, postpolymerization or in situ polymeriza-
tion. [1, 19] The electrical conductivity in these composites prepared from conducting
Ąllers and insulating polymer matrix is described and modeled by the percolation the-
ory. The theory assumes a statistical Ąller material distribution and illustrates the
dependence of electrical conductivity on Ąller concentration as shown schematically in
a distinctive S-shaped plot (Figure 2.1) that can be divided into three characteristic
regimes: (1) The Ąller is at a low concentration so that the composite is still insulating
and no conductive pathways between the Ąllers are present. (2) With increasing Ąller
content, the conductivity increases with a rapid upshift in conductivity at a particular
point that marks the second regime and is denoted as the percolation threshold (Vt in
Figure 2.1). Here, no connected network has developed yet but the conductivity is a
result of tunneling that takes place between the Ąllers in close proximity. (3) At higher
Ąller concentrations, the composite turns conductive, as a connected network of Ąller
material has formed. [116]

Figure 2.1. The percolation graph with its three characteristic regimes is shown. With low
Ąller contents, the material is insulating. The rapid change in electrical conductivity indicates
the percolation threshold Vt. With high Ąller contents conducting pathways through the matrix
are formed and the composite is conductive. Adapted from [116].

The amount of Ąller material plays a crucial role as high Ąller amounts alter the matrix
properties and often lead to matrix reinforcement and hence a change in mechanical
properties. [20] To achieve a small percolation threshold Ąller materials with high aspect
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ratios are advantageous and providing smaller volumes for equal Ąller amount or even
predetermining conductive pathways lead to lower percolation thresholds as well.

The three main strategies to incorporate conductivity in hydrogels are solution mixing,
in situ polymerization and postpolymerization and schematically shown in Figure 2.2.
In situ polymerization is a one batch strategy to form conductive hydrogels in which
the conductive polymer monomers or Ąllers are required to have compatible functional
groups to react with the hydrogel matrix. This results in homogeneous and stable
conductivities in the hydrogel, but requires additional processing steps. [19]

Figure 2.2. Schematics of different strategies to prepare conductive hydrogels: in situ poly-
merization, postpolymerization and blending/solution mixing.

In the postpolymerization approach, preformed hydrogels are immersed in, e.g., a
monomer solution of a conductive polymer and the soaked hydrogels are subsequently
placed in an oxidant solution to start polymerization where an interpenetrating net-
work of conductive polymer is formed within the hydrogel. As coating procedures can
be performed in a similar fashion, this techniques offers great versatility as hydrogels
can be prefabricated in addition to the numerous conductive polymers that can be
employed to introduce conductivity in subsequent steps. However, one aspect that
should be taken into consideration is that the process relies on monomer or oxidant
solution diffusibility into the bulk hydrogel so the conductivity is prone to be inhomo-
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geneous. [1] A hydrogel example prepared with this method is GelMA soaked in an
ammonium persulfate solution followed by incubation in an aniline solution to form
a polyaniline-GelMA hydrogel with a 165.5 kΩ electrical resistance that was measured
by two-point method. [1, 117]

Another method to prepare conductive hydrogels is through solution mixing where
hydrogel precursor solutions are directly mixed with a conductive particle dispersion
and a hydrogel forms after initializing the polymerization process. The conductivity
is provided by virtue of conductive Ąllers percolating network formation. Prominent
Ąller materials are either carbon-based materials such as carbon nanotubes, graphene
and reduced graphene oxide or metal nanoparticles like gold nanorods and MXenes
(Ti3C2Tx), or conductive polymers like polyanilin or PEDOT. [19, 118Ű120] Over the
last decades, graphene has emerged as a very popular material for numerous applica-
tions because of its very high Young’s modulus (1000 GPa) [121] as well as its high
charge carrier density and mobility resulting in an outstanding electrical conductiv-
ity of up to 6 · 105 S m−1. [116, 122] Graphene is a two-dimensional, carbon-based
material with a hexagonal honeycomb structure that consist of sp2-hybridized carbon
atoms. [122] It is transparent when sufficiently thin as a single layer only absorbs 2.3 %
of incident white light, which makes it relevant in hydrogel applications where they are
required to be optically transparent. [123] Graphene has been widely used for generat-
ing conductive, biocompatible hydrogels for tissue engineering [3], bioelectronics [4] or
in biohybrid applications. [21]

One of the shortcomings in directly mixing conductive Ąller materials is that a large
amount of Ąller material is required to reach the percolation threshold, which in turn
increases the chance of Ąller material aggregation that hinders a homogeneous distri-
bution within the polymeric network and thus results in a lower electrical conductiv-
ity. [124] Furthermore, it results in hydrogel matrix stiffening due to the extensive use
of Ąller material, the amount of which is a critical aspect. [20] The main challenge
when preparing conductive hydrogels is to maintain the physicochemical properties of
the hydrogel matrix such as toughness, stretchability and sustaining multiple cyclic
compression.

In this part of my thesis, I employed a novel micro-engineering approach to create
a conductive hydrogel with extremely low Ąller concentration while maintaining the
original matrix properties. This was carried out using a sacriĄcial interconnected zinc
oxide network coated with a dispersion of exfoliated graphene Ćakes which results in a
microengineered graphene framework structure that establishes conductive pathways
within the hydrogel matrix and thus promotes electrical conductivity. The template
dissolution in the hydrogel matrix creates an interconnected system comprising mi-
crochannels with channel walls coated with the conductive Ąller material similar to
nerves in the body. By restricting the conductive pathways to the microchannel walls,
99.9 % [125] of the hydrogel matrix remains Ąller-free and thus mechanically unaltered
in striking contrast to previously published attempts.
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2.2. Microengineered conductive hydrogel

preparation

The conductive hydrogels were prepared using a template-assisted approach that is
schematically shown in Figure 2.3. The sacriĄcial template was made from tetrapo-
dal zinc oxide microparticles (t-ZnO), which were fabricated with the so-called Ćame
transport synthesis. [126,127] The latter was conducted as follows: Zinc oxide powder
with 1 µm to 5 µm grain size was mixed with poly(vinyl butyral) using a mass ratio of
1:2 and the mixture was heated to 900 °C in a furnace with a 60 °C min−1 heating rate
for 30 min and the t-ZnO microparticles powder was subsequently harvested.

In the Ąrst template preparation step, a deĄned amount of loose t-ZnO powder was
pressed into a template with a deĄned density (here: 0.3 g cm−3) by using a rigid mold
with a speciĄc geometry (here: 6 mm height, 6 mm diameter). This was followed by
an annealing step at 1150 °C for 5 hours. The tetrapodal structure and the sintering
step resulted in a template with an interconnected arm structure with a high control
over porosity (up to 94.7 %), pore-size and geometry. The template and a t-ZnO arm
cross-section are schematically shown in Figure 2.3 a. The ZnO template has open
pores in the micrometer regime that generates large capillary forces upon contact with
aqueous dispersions. In addition with the hydrophilic nature of ZnO surfaces, the
template structure thus enables a homogeneous nanomaterial coating upon inĄltra-
tion with aqueous 2D nanoparticle dispersions using a drop-casting process [128] as
shown schematically in Figure 2.3 b, f. Droplets of nanoparticle suspension were gently
dropped on ZnO tetrapods until the template is fully soaked and then the water was left
to evaporate in a 4-hour drying step at 50 °C. The nanoparticles form a homogeneous
layer on the ZnO surface and the layer thickness can be adjusted to up to 10 nm by ei-
ther adjusting the concentration of the dispersion or tailoring the inĄltration frequency.
[125] In this work, I employed exfoliated graphene2 (EG) for its higher conductivity
and superior mechanical properties when incorporated in hydrogel matrices in com-
parison to other commonly used nanomaterial suspensions such as CNTs. This coated
template is highly porous with a free volume of approximately 94 %3 that was subse-
quently Ąlled completely with a hydrogel precursor solution of polyacrylamide (PAM),
shown schematically in Figure 2.3 c. The hydrogel precursor was prepared by mixing
acrylamide (Bio-Rad, 40 %, 1250 µL), N, N ′-methylenebis(acrylamide) (Bio-Rad, 2 %,
1000 µL), HEPES buffer (Sigma-Aldrich, pH 7.5, 50 µL), 2625 µL ddH2O and ammo-
nium persulfate (APS, Sigma-Aldrich, 10%, aq., 75 µL) and degassing the mixture in a

2EG dispersion (1.7 or 1.9 mg ml−1) was kindly provided by Sixonia Tech GmbH, Dresden and used
without further puriĄcation.

3The porosity is calculated as follows: a deĄned amount of ZnO powder (here: 0.051 g) is pressed
into a speciĄc shape (here: cylindrical, diameter and height: 6 mm), which equals a volume of
approximately 0.170 cm3 at a density of 0.3 g cm−3. The bulk density of ZnO is 5.61 g cm−3 and
thus the porosity is ~ 94 %.
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Figure 2.3. Fabrication route of conductive microchannel-containing hydrogels. a-d)
Schematic illustration of the preparation steps for a 3D network composite consisting of a
hydrogel matrix and microchannels coated with exfoliated graphene. e-h) Images for the in-
dividual inĄltration processes: e) t-ZnO template before inĄltration, f) drop-casting process
with 2D Ąller material (Step 2), g) after complete inĄltration, the hydrogel precursor solu-
tion is drop-cast on the template until completely Ąlled (Step 3), h) polyacrylamide-exfoliated
graphene (PAM-EG) composite (EG: 0.32 vol%). Reprinted with permission. [115] Copyright
2021, American Chemical Society.
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2.2. Microengineered conductive hydrogel preparation

desiccator for at least 10 minutes. Afterwards, N, N, N ′, N ′-tetramethylethylenediamine
(TEMED, Sigma-Aldrich, 10 %, 100 µL) was added and the hydrogel precursor solution
was drop-cast onto the t-ZnO templates until their entire free volume was Ąlled. The
hydrogel was then left to polymerize for 90 minutes. Subsequently, the ZnO template
was removed by wet-chemical treatment with hydrochloric acid (HCl, 0.5 mol L−1) (Fig-
ure 2.3 d) and the scaffolds were washed extensively with double distilled water prior
to use to remove the acid and unreacted by-products.

The process eventually resulted in a scaffold from PAM pervaded with hollow mi-
crochannels where the channel surfaces are covered with graphene as illustrated in the
process sequence in Figure 2.3 e-f. The bonding between EG and PAM is based on
structural attachment and van der Waals forces rather than covalent bonds as con-
Ąrmed by Raman spectroscopy.4 Figure 2.4 shows the Raman spectra of network PAM
and a PAM-EG sample with 0.16 vol% EG. The conductive hydrogel reveals additional
bands at ~ 1350 cm−1, ~ 1580 cm−1 and ~ 2700 cm−1, which correspond to the D, G and
2D band of graphene, respectively. [125] No further bands are shown, which indicates
an absence of covalent bonds and bonding based on structural attachment and van der
Waals forces.
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Figure 2.4. Raman spectra of network PAM and PAM-EG samples. Additional bands
at ~ 1350 cm−1, ~ 1580 cm−1 and ~ 2700 cm−1 corresponding to the D, G and 2D band of
graphene are visible for the PAM-EG sample. Reprinted with permission. [115] Copyright
2021, American Chemical Society.

4Raman spectroscopy was kindly performed by M. Hauck and Dr. F. Rasch, CAU Kiel on a alpha300
RA (WITec) microscope with a triple grating spectrometer (600 g mm−1) and a charge-coupled
device detector. The excitation wavelength of the laser was 532.2 nm, the spot size on the sample
was 1.41 µm and the maximum power was 52 mW.
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As the use of microengineered scaffolds is intended for in vitro applications, their bio-
compatibility was determined using an indirect MTT extraction test performed accord-
ing to ISO-109935 using rat embryonic Ąbroblasts (REF52 wt) as a model system and
culture medium as a control (Figure 2.5). In an MTT assay, methylthiazolyldiphenyl-
tetrazolium bromide (MTT) is converted into a purple-colored crystalline formazan
product by viable cells with active metabolism. Since dead cells are unable to convert
the dye, the color formation can be assumed to be directly proportional to the number
of viable cells. [129] The network PAM samples demonstrated higher biocompatibil-
ity than 90 % for undiluted extracts. A diminished Ąbroblast proliferation transpired
when cells were exposed to extracts of PAM-EG samples, yet still with biocompatibility
values above 70 % for undiluted extracts, which the ISO norm regard as biocompatible.

This microengineering approach is very versatile and can be adapted to different ma-
trix materials and nanoparticle dispersions. Besides PAM, other matrix materials like
gelatin methacryloyl (GelMA) and mixtures of PAM and GelMA (cf. Section 2.6) as
well as the thermoresponsive hydrogel poly-N -isopropylacrylamide (PNIPAM, cf. Sec-
tion 2.7) were also analyzed in this work as suitable scaffold matrices in cell culture.
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Figure 2.5. Cell viability of rat embryonic Ąbroblasts (REF52 wt) exposed to medium ex-
tracts of network PAM and microchannel-containing PAM with 0.32 vol% EG determined with
an indirect MTT extraction assay. Error bars depict standard deviations, N = 3. Dashed line
marks a cell viability of 70 %. Reprinted with permission. [115] Copyright 2021, American
Chemical Society.

5Experimental details are provided in Appendix A.3.
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2.3. Microstructural analysis

The microstructure of the conductive hydrogel scaffolds was analyzed by scanning
electron microscopy (SEM) and X-ray microtomography (micro-CT). SEM images of
t-ZnO and graphene coated t-ZnO were kindly provided by Dr. Florian Rasch from
the group of Prof. Rainer Adelung at Kiel University. Figure 2.6 shows SEM images
for the different stages of the conductive microchannel-containing hydrogel fabrication.
The tetrapodal ZnO template structure is shown before (Figure 2.6 a) and after coating
with EG (Figure 2.6 b) with the insets showing macroscopic images of the respective
samples. The Ągure demonstrates that the drop-casting process generated a uniform
coating of ZnO with EG.

Figure 2.6. Representative microstructure scanning electron micrographs of a) a t-ZnO tem-
plate, b) t-ZnO template coated with exfoliated graphene, c) microchannel-containing polyacry-
lamide (network PAM) and d) microchannel-containing polyacrylamide-exfoliated graphene
(PAM-EG) composites. The white arrows in c) and d) mark a channel cut in half. The
channel surfaces in network PAM are smooth while the PAM-EG composite channels are
uneven and rippled, which indicates EG coverage. The characteristic wrinkled structure of
multilayered graphene is visible in high magniĄcation (d3). e) A thin layer of PAM-EG com-
posite on a SiO2 wafer imaged with light microscopy shows interference pattern (arrow) of
multi-layered graphene assembled on tetrapod arms. Scale bar insets: 6 mm. Adapted with
permission. [115] Copyright 2021, American Chemical Society.

SEM analysis of the hydrogel samples has been kindly performed by Dr. Irene Wacker
in the group of Prof. Rasmus R. Schröder at the Center of Advanced Materials (CAM)
at Heidelberg University. The SEM analysis of highly hydrated biomaterials was chal-
lenging as the water removal from specimen is required prior to placing it in high
vacuum chambers. Freezing the samples by conventional methods like "Ćash freezing"
in liquid nitrogen followed by lyophilization [130] may not lead to accurate ultrastruc-
tural features while other techniques like high-pressure freezing are limited to small
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2. Microengineered functional hydrogels for biohybrid applications

sample sizes. [131] The ice crystal formation upon freezing the hydrogels is in particu-
lar problematic due to formed artifacts that subvert the outcome. Hence, a quantitative
assessment of the swollen hydrogel channel size is not possible via SEM analysis but
the channel structure as well as the homogeneity of the graphene coating on the chan-
nel surface can be studied. The scaffolds were dehydrated with a series of steps using
graded ethanol with a Ąnal exchange to acetone followed by air drying and cutting in
an ultramicrotome.

Figure 2.6 c and d show a microchannel-containing polyacrylamide hydrogel (network
PAM) and a polyacrylamide-exfoliated graphene composite (PAM-EG) with conduc-
tive microchannels, respectively, where the tetrapodal structure that originates from
the sacriĄcial ZnO template is clearly visible. The arrows in Figure 2.6 c, d indicate a
microchannel that has been halved. The Ągure demonstrates a signiĄcant difference
between microchannel-containing PAM and PAM-EG samples in the topography of the
channel surfaces. While the channel surface of the network PAM seems very smooth, it
appears uneven and rippled in PAM-EG. Especially in Figure 2.6 d3, the characteristic
wrinkled structure of multi-layered graphene [132, 133] is distinctive. The images evi-
dently illustrate that graphene is only present inside the channels on the channel walls
and did not diffuse into the hydrogel matrix. To conĄrm that multi-layered graphene
was present, a dehydrated PAM-EG sample was cut with an ultramicrotome, mounted
on a Si-wafer and was visually inspected with a light microscope in epi-illumination
mode (Figure 2.6 e) as multilayered graphene shows interference pattern on SiO2 due
to strong scattering centers. [134] The arrow indicates one example of the visible in-
terference pattern on a tetrapod arm.

The interconnectivity of the channels and the network was analyzed with micro-CT
and the imaging and analysis were kindly performed by Dr. Berit Zeller-Plumhoff at
the P05 microtomography beamline operated by the Helmholtz-Zentrum Geesthacht at
the PETRA III storage ring at Deutsches Elektronen-Synchrotron (DESY), Hamburg.
Details about the analysis can be found in [115]. In Figure 2.7, rendered micro-CT 3D
images of a t-ZnO-EG and a network PAM scaffold are shown, where similar colors
designate connected networks. The t-ZnO scaffold coated with EG has a calculated
connectivity of 97.1 % compared to the 70.6 % in the network PAM sample. As the
latter contains water, it is more prone to movement during the measurement as the
beam scans the sample that results in image artefacts and lower contrast, both of
which impact the calculated connectivity. The decrease of about 30 % in connectivity
can be attributed to the hydrogel system itself as it swells and eventually leads to a
destruction of the original connections and conductive pathways. In Figure 2.7 b the
ROI used for the PAM network analysis has a dimension of 1.6 x 1.2 x 0.36 mm3 and
one connected component (purple color) extends over the entire samples.

30



2.4. Conductive properties

Figure 2.7. Rendered X-ray microtomographies of a) t-ZnO-EG and b) network PAM.
Connected components are denoted with the same colors. Scale bar insets: 6 mm. Adapted
with permission. [115] Copyright 2021, American Chemical Society.

2.4. Conductive properties

As the DC conductivity of heart muscle tissue is 0.1 S m−1 [48], the use of cardiomy-
ocytes in biohybrid applications necessitates the employment of scaffolds with even
higher conductivity than the tissue so that cell-to-cell signals can be transmitted via
the scaffold. To examine the scaffolds electrical properties, the conductivity was an-
alyzed using a two-wire sensing method with the setup shown in Figure 2.9 a. Prior
to inĄltrating it with the hydrogel solution, the template was mounted between two
brass plates using silver paste to ensure a good electrical contact and the measurement
on triplicates of samples were conducted in double distilled water. The double dis-
tilled water has a negligible ionic conductivity and thus no impact on the conductivity
measurement. The microchannel-containing samples were measured in water Ąrstly
to prevent the composites from drying during the measurement and secondly because
they should be later used in aqueous environments. The current was measured while
the voltage was increased from -1 V to +1 V in 0.05 V step sizes.6 All samples showed
a linear relationship between current and voltage (Figure 2.8) thus Ohm’s law (Equa-
tion (2.1))

R =
V

I
(2.1)

can be applied to calculate the speciĄc resistivity ρ:

6The current-voltage curves were recorded using a Keithley 2400 sourcemeter and a customized
LabView program developed in the group of Prof. R. Adelung, CAU Kiel.
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ρ = R ·
w · h

l
= R ·

q

l
(2.2)

with R being the resistance and l, w, h being the length, width and height of the
sample, respectively. q thus equals the cross section of the sample.

The speciĄc electrical conductivity σ is the inverse of the speciĄc electrical resistance:

σ =
1

ρ
. (2.3)

The speciĄc electrical resistance is calculated using the cross section of the whole tem-
plate including the hydrogel cross sections, conductive Ąller material and incorporated
water. Due to the high resistivities of polyacrylamide and water in comparison to the
conductive Ąller, the conductivity can here be attributed to the latter.

Figure 2.8. Exemplary current vs. voltage curve of PAM-EG (0.16 vol%). The measured
current was plotted as a function of the applied voltage. The sample shows ohmic behavior
and the speciĄc conductivity was obtained from the linear Ąt (red). Reprinted with permission.
[115] Copyright 2021, American Chemical Society.

In Figure 2.9 b, the speciĄc electrical conductivity is illustrated as a function of Ąller
concentration and the network PAM samples show a conductivity of 0.006 S m−1 (red
dashed line). An increase of Ąller material from 0.04 to 0.32 vol% leads to an increase
in speciĄc conductivity by more than three orders of magnitude, which indicates the
presence of percolating pathways consisting of graphene. In general, electrical signals
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can be transmitted by either tunneling or direct contact between graphene Ćakes. [116]
Thus, the higher conductivity can be explained by the formation of more direct contacts
when more exfoliated graphene is added to the system. Using a Ąller fraction of only
0.04 vol% EG, an increase of 50 % in conductivity compared to pure network PAM
samples was achieved while a 0.32 vol% Ąller fraction increased the conductivity from
0.012 S m−1 for the lowest tested Ąller amount to 1.8 S m−1.

Figure 2.9 c shows a comparison of the conductivity values achieved with this new
microengineering method with state of the art approaches to generate conductive hy-
drogels. Remarkably, the method requires more than one order of magnitude less
amount of Ąller material yet still delivers better electrical properties than previously
reported values with a conductivity that exceeds the 0.1 S m−1 in heart tissue. This
shows that pervading the material with conductive pathways similar to an artiĄcial
nervous network is a very efficient way to achieve high conductivities at very low Ąller
concentrations. With a potential use in, e.g., 3D cell culture or biohybrid robotics
applications, it is important that the material properties remain stable over extended
time periods. Figure 2.9 d shows the conductivity values normalized to the starting
conductivity measured over a time period of 12 days for a PAM-EG composites with
0.32 vol% EG. After nine days, the conductivity remains on a stable level but decreased
by 31 % compared to the conductivity measured on day one, which is presumably due
to a perpetual hydrogel swelling and EG redispersion in water. A Raman spectroscopy
investigation (see Section 2.3) showed that EG is not covalently bound to the PAM
but rather linked via Van der Waals forces, structural attachment or electrostatic in-
teractions which are ill-suited for keeping the integrity of the conductive pathways up
to a certain point that eventually leads to deterioration of electrical conductivity. The
decrease in conductivity ceased after nine days.

Resistance measurements during cyclic compressions are shown in Figure 2.9 e. A
PAM-EG (0.32 vol%) composite was compressed by 35 % for 15 consecutive cycles while
current vs. voltage curves were recorded in a customized micromanipulator setup.7

The samples were compressed in water and Ąxed with silver paste in the setup prior to
measurement to ensure a good electrical contact. The normalized change in resistance
∆R/R was calculated with

∆R

R
=

R0 − R

R0

(2.4)

with R0 as the initial measured resistance and is depicted in dependence of the com-
pressive strain up to 35 %. The change in resistance increases upon compression, which
implies that more conductive pathways are formed.

7Micromanipulator setup was developed in the group of Prof. R. Adelung, CAU Kiel. The current-
voltage curves were recorded using a Keithley 2400 sourcemeter and a customized LabView pro-
gram.
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Figure 2.9. Electrical properties of microchannel-containing conductive hydrogel composites.
a) Image and schematic illustration of the electrical conductivity measurement setup in water.
The samples are Ąxed to brass plates using silver paste in a customized sample holder. b) Spe-
ciĄc electrical conductivity as a function of Ąller concentration. Error bars depict standard
deviation, N = 3. c) Comparison of the speciĄc electrical conductivity of conductive hydrogels
prepared using carbon-based Ąller materials. The red stars signify the results from microengi-
neered PAM-EG composites. In Table B.2 in Appendix B.6, the list of conductive hydrogels
with information and references is available. d) Conductivity of PAM-EG composites with
0.32 vol% EG was measured over a 12 days period. The normalized conductivity (σ(t)/σ0) is
displayed as a function of time. Error bars depict standard deviation, N = 3. e) Normalized
change in resistance (∆R/R) during cyclic compression up to 35 % compressive strain. The
inset shows the resistance values of compressed and uncompressed states for 15 consecutive
cycles. f) Water content and mass swelling ratio of different sample types. Reprinted with
permission. [115] Copyright 2021, American Chemical Society.

34



2.5. Mechanical properties

The inset in Figure 2.9 e shows electrical resistance values for the compressed and
uncompressed state during 15 consecutive cycles. After the Ąrst compression cycle,
the resistance value of the uncompressed state increased by approximately 30 % but
remained unchanged in the subsequent cycles. The increase in resistivity after the
Ąrst cycle is likely due to a partial destruction of conductive pathways, e.g., by the
rearrangement of graphene sheets as a result of the compression.

In Figure 2.9 f, the results of swelling tests are shown. Swelling tests are used to obtain
information about water content and the mass swelling ratio of hydrogel samples.
Therefore, the samples are weighed in their hydrated and dried state. The initial
weight (Wi) is determined by blotting hydrated samples with paper to remove excess
water and weighing them. Afterwards, the samples are dried in an oven at 50 °C until
there is no further change in weight (Wd).

The water content Wc is determined with

Wc =
(Wi − Wd)

Wi

· 100 % (2.5)

and the mass swelling ratio (Wm) is calculated with

Wm =
(Wi − Wd)

Wd

· 100 %. (2.6)

All sample types have a high water content of approximately 90 % and a mass swelling
ratio of around 870 %, which further shows that the inĆuence of the Ąller material on
the matrix properties is negligible.

2.5. Mechanical properties

Scaffolds in contractile cells and biohybrid applications need to withstand several hun-
dreds of contraction cycles and thus the material is required to be Ćexible enough to
recover after deformation, to be within a suitable stiffness range to provide optimum
cell proliferation and cellular functions and to be soft enough for cells to deform the ma-
terial. To visualize the compression at a macroscopic scale, a microchannel-containing
PAM-EG hydrogel with 0.32 vol% EG was compressed multiple times and the image
sequence of deformation is demonstrated in Figure 2.10. As seen in the Ągure, the
sample immediately recovered its original shape and dimensions after approximately
25 % deformation.

In order to analyze the mechanical properties of the samples in more detail, cyclic
compression tests on a ZwickRoell 2.5 kN Zwicki equipped with a Xforce P 5 N force
sensor were performed. The samples were compressed in water to avoid drying them
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Figure 2.10. Image sequence for macroscopic deformation of a microchannel-containing
PAM-EG composite (0.32 vol% EG). The sample instantly recovers shape after deformation
of around 25 % upon force removal. Scale bar: 10 mm.

during the experiment and to avoid matrix alterations when water is squeezed out
during compression. Samples from bulk polyacrylamide, microchannel-containing PAM
without graphene (network PAM) and microchannel-containing PAM with 0.16 and
0.32 vol% EG were compressed by 33 % with a speed of 10 mm min−1 for 100 consecutive
cycles and a pre-load of 30 mN. From the recorded force-distance curves, stress σ and
strain ϵ were calculated using the initial length l0 and cross section A0 of the sample
according to equation Equation (1.3) and Equation (1.4).

Representative stress-strain curves of each sample type are shown in the left column
of Figure 2.11 a, c, e, g. All samples show a viscoelastic behaviour, which is attributed
to the viscoelastic properties of the hydrogel matrix. PAM-EG composites also show
a distinctive hysteresis to the initial cycle which is likely due to graphene Ćakes re-
arrangement that transpires during the Ąrst compression cycle. Moreover, material
interaction and breaking of Van der Waals forces might take place as the material is
adapting to the applied force in a phenomenon known as preconditioning. [135] In all
subsequent cycles, the stress-strain curves show no further signiĄcant change, thus after
the initial cycle and the material’s adaption to force, the system is in an equilibrium
state.

The Young’s modulus E is deĄned as the elastic, reversible deformation during a tensile
or compression test and is the initial slope in the stress-strain curves. Thus, the Young’s
modulus was calculated by linear Ątting the initial slope up to a speciĄc compression
strain mark for all 100 cycles and taking the mean values. Representative linear Ąts
up to a strain rate of 10 % are shown in Figure 2.11 b, d, f, h. For most applications of
conductive hydrogels such as biohybrid robotics, a strain rate of 5 % is sufficient, thus
the Young’s moduli were determined from the linear Ąt up to a 5 % strain rate. After
100 cycles with 33 % compression, the samples showed a slight reduction in height as
shown in Figure 2.12 where the relative recovery in % as a function of the cycle number
for every sample type is given. During the Ąrst few cycles the samples deform but, as
the material adapts to the applied force, the deformation remains unchanged at a level
higher than 94 % for all sample types, which implies a very good mechanical stability.
Bulk PAM showed the least deformation after 100 cycles with ~ 97.7 % recovered height
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Figure 2.11. Stress-strain curves of bulk PAM, microchannel-containing PAM and PAM-
EG composites with 0.16 and 0.32 vol% EG Ąller content measured in cyclic compression up
to 33 % strain. a, c, e, g) Representative cyclic stress-strain curves of the different sample
types. b, d, f, h) Representative linear Ąts up to a 10 % strain mark in the second cycle for
every sample type. Young’s modulus was determined with a linear Ąt to the slope up to 5 %
strain. Adapted with permission. [115] Copyright 2021, American Chemical Society.
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while network PAM and PAM-EG with 0.16 vol% EG underwent similar deformation
at approximately 96 % recovered height. Hence no noticeable inĆuence of Ąller material
amount at this low concentrations is demonstrated. However, with higher Ąller content,
the relative recovery decreases to 94 % (PAM-EG with 0.32 vol% EG). The results are
summarized in Figure 2.13 b. As addressed earlier, the preconditioning phenomenon
might lead to graphene Ćakes rearrangement and therefore a decrease in the composite
samples height recovery.

Figure 2.12. Representative graphs for the relative height recovery in % as a function
of cycle number for a) bulk PAM, b) network PAM, c) PAM-EG (0.16 vol%), d) PAM-EG
(0.32 vol%). Samples deform in the Ąrst few cycles but the deformation remains constant in
subsequent cycles (> 95 % for all sample types), indicating high mechanical stability with a
33 % compression strain. Reprinted with permission. [115] Copyright 2021, American Chem-
ical Society.

In Figure 2.13 a, the compressive Young’s moduli of the different sample types are
shown. Bulk PAM has a Young’s modulus of 45 kPa, whereas network PAM has a
Young’s modulus of 83 kPa. The introduction of a microchannel network almost dou-
bled the material stiffness due to the fact that microchannels are Ąlled with water
that has a high compressive bulk modulus of 2.25 GPa. [136] On the other hand, the
Young’s modulus of microchannel-containing PAM-EG composite with 0.16 vol% exfo-
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liated graphene is 91 kPa, which is not signiĄcantly different from the network PAM
results. This implies that introducing exfoliated graphene into the matrix neither in-
duce material reinforcement nor alter its mechanical properties as suggested in this
work’s hypothesis.

Figure 2.13. a) Initial Young’s modulus up to 5 % strain of different sample types. b)
Recovered height after 100 cycles for the different sample types. Error bars depict standard
deviation, N = 3. Reprinted with permission. [115] Copyright 2021, American Chemical So-
ciety.

However, PAM-EG composites with 0.32 vol% Ąller content exhibited a Young’s mod-
ulus of 60 kPa, which represents a 33 % increase to the bulk PAM and a 34 % decrease
to the values from composites with 0.16 vol% Ąller material. Although a decrease
in Young’s modulus with an increase in Ąller material appears counterintuitive, it is
likely due to the interactions of exfoliated graphene with ammonium persulfate (APS),
which is used as the initiator in the PAM synthesis. In the production of graphene oxide
sheets, APS is used to enhance the oxidation of the graphite Ćakes. [137] Consequently,
the decomposition of APS by the exfoliated graphene might lead to a reduced number
of formed free radicals available for the polymerization process. Therefore, the polymer
chains become longer in length, which in turn leads to a higher elasticity and can thus
explain the reduced Young’s modulus. To this end, and to show that it is possible to
tailor the Young’s modulus by changing the polymerization parameters, the amount
of APS and the catalyst N, N, N ′, N ′-tetramethylethylenediamine (TEMED) were ad-
justed and tested. Instead of 10 % solutions, 20 % solutions of APS and TEMED were
used and the amount of TEMED in the precursor solution was doubled.8 As shown in

8The modiĄed hydrogel precursor consists of acrylamide (Bio-Rad, 40 %, 1250 µL), N, N ′-
methylenebis(acrylamide) (Bio-Rad, 2 %, 1000 µL), HEPES buffer (Sigma-Aldrich, pH 7.5, 50 µL),
2625 µL ddH2O, ammonium persulfate (APS, Sigma-Aldrich, 20 %, aq., 75 µL) and N, N, N ′, N ′-
tetramethylethylenediamine (TEMED, Sigma-Aldrich, 18.2 % aq., 200 µL). A comparison of both
recipes is shown in Table B.1 in Appendix B.1.
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Figure 2.13 a, the Young’s modulus could be restored to 74.5 kPa.

Furthermore, the samples ultimate compressive strengths were analyzed through ap-
plying a compression force at 10 mm min−1 speed until the samples collapsed and rep-
resentative stress-strain curves are shown in Figure 2.14 a-d. The ultimate compressive
strain of all samples is around 67 % with an ultimate compressive stress of approxi-
mately 0.1 N mm−2 (Figure 2.14 e).

Figure 2.14. Representative ultimate compressive stress-strain curves of a) bulk PAM, b)
network PAM, c) PAM-EG (0.16 vol%), d) PAM-EG (0.32 vol%). e) Overview of ultimate
compressive stress and strain values for all sample types. Error bars depict standard deviation,
N ≥ 3. Reprinted with permission. [115] Copyright 2021, American Chemical Society.
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Taken together, this method permits Ąller concentrations as low as 0.16 vol% EG to
yield an electrical conductivity as high as 0.34 S m−1 together with a negligible impact
on the hydrogel matrix’ mechanical integrity with a mere 10 % increase in Young’s
modulus. This is an unprecedented success in achieving that high level of conductivity
with such a low Ąller material to hydrogel ratio as evidenced in Figure 2.15 that high-
lights state of the art attempts at producing conductive hydrogels in comparison to
this work. In the Ągure, the weight-percent normalized conductivity was depicted as a
function of the Young’s modulus increase in different conductive hydrogel systems.

Figure 2.15. Ashby plot showing the weight-percent normalized conductivity as a function
of Young’s modulus for various electrically conductive hydrogel systems based on carbon Ąller
material incorporation. The red star indicates the results for a PAM-EG composites with
0.16 vol% from this work. The list of electrically conductive hydrogels with corresponding ref-
erences are shown in Table B.3 in Appendix B.6. Reprinted with permission. [115] Copyright
2021, American Chemical Society.

2.6. Biofunctional conductive scaffolds

The microengineered conductive hydrogels based on PAM and EG are promising can-
didates in a wide variety of applications. From bioelectronics and biosensing (cf. Fig-
ure 2.9 e) to biohybrid soft robotics, liquid transport and drug delivery [138], all of
which can beneĄt from the interconnected channel system that enhances diffusion as
seen in Figure B.1 in the appendix. The microchannel system can also be advantageous
for creating 3D cell scaffolds where vascularization for sufficient nutrient and oxygen
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transport is crucial when exceeding scaffold thicknesses of 500 µm. In terms of biohy-
brid robotics, tailoring the hydrogel matrix system is necessary in, e.g., PAM, which
though well-known and widely used as a biocompatible (cf. Figure 2.5) hydrogel in
literature, is naturally inert to cell adhesion. However, this inherent impedance to cell
adhesion can be overturned after coupling biofunctional groups via covalently-binding
adhesion promoting proteins [76] that can be achieved through modifying the PAM pre-
cursor by either adding, e.g., sulfo-SANPAH9 or N -hydroxysuccimide (NHS) groups
and then incubate the scaffold in, e.g., a Ąbronectin solution after sample prepara-
tion. [139]. One of the drawbacks in the Ąrst strategy is a necessary UV radiation step
of the sample in order to bind sulfo-SANPAH to the PAM gel. In this work, the EG
might hinder sufficient UV light penetration to the bulk sample that makes biofunc-
tionalization hard to control. In general, an adequate functionalization and a uniform
adhesion proteins dispersion throughout the scaffold is a prerequisite. Additionally, to
avoid a subsequent biofunctionalization protocol after material preparation, which in
turn also depends on proteins diffusion within the material, a different strategy based
on gelatin methacryloyl (GelMA) was pursued in this work. GelMA inherently accom-
modates RGD10 motifs that mediate cell adhesion. [140] Besides pure GelMA, various
combinations of PAM and GelMA were analyzed as potentially suitable solutions for a
facile scaffold biofunctionalization procedure with substantial mechanical properties.

2.6.1. Gelatin methacryloyl as a matrix material

Gelatin methacryloyl (GelMA) was synthesized following a protocol published by Shi-
rahama et al. [102] 2.5 mL of methacrylic anhydride (MAA, Sigma-Aldrich) was added
to 250 mL of 10 %(w/v) gelatin in carbonate-bicarbonate buffer (CB, 0.25 mol L−1) and
the solution was stirred at 50 °C for a predeĄned time before adding hydrochloric acid
to adjust the pH to 7 and stop the reaction. Various reaction times (15 min, 30 min
or 3 hours) resulted in different degrees of substitution (DS), i.e., the percentage of
amino groups that has been substituted with methacrylate groups. The solution was
then dialyzed (12 - 14 kDa molecular weight cut-off) against double distilled water for
more than three days to remove salts and unreacted by-products and then subsequently
lyophilized.

The synthesized GelMA polymers were examined by proton nuclear magnetic resonance
(1H NMR)11 as shown in Figure 2.16 a. In comparison to the gelatin backbone spectra,
the GelMA spectra shows two new peaks at 5.4 and 5.6 ppm that correspond to the
methacrylamide grafts acrylic protons of both lysine and hydroxyl lysine groups (peaks
a and b), which indicate that the gelatin was successfully modiĄed with methacryl
groups. The other distinctive peak (peak c) around 3 ppm is correlated to the methylene

9Sulfosuccinimidyl-6-(4′-azido-2′-nitrophenylamino)hexanoat
10RGD is a tripeptide sequence consisting of arginine, glycine and aspartic acid.
11Bruker Avance 200, Otto Diels Institute of Organic Chemistry, CAU Kiel
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protons of unreacted lysine groups that do not appear in spectra of GelMA with a high
DS and are thus indicating a complete conjugation of lysine with MAA. Additionally,
methyl protons of methacrylamide around 1.9 ppm (peak d) are more apparent in
GelMA with high DS. [102]

Figure 2.16. 1H NMR spectra of pristine gelatin (black) and synthesized GelMA (blue).
The peaks correspond to acrylic protons (2H) of methacrylamide grafts of (a) lysine groups
and (b) hydroxyl lysine groups, (c) methylene protons (2H) of unreacted lysine groups and
(d) methyl protons (3H) of methacrylamide grafts.

The degree of substitution (DS) of the synthesized GelMA was determined by a TNBS
assay (details in Appendix B.3) and the inĆuence of different DS and light doses12 on
GelMA stiffness was analyzed with a microindentation device (Pavone, Optics11 Life).
The microindentation tests were conducted in water using a 4 N m−1 spring constant
cantilever with an attached sphere with 23 µm radius. Bulk samples with approximately
1 mm height were Ąxed on silanized glass slides13 and indented for 5 µm at 2 µm s−1

indentation speed at different positions. A Hertzian Ąt was used to determine the
Young’s modulus of the recorded force-distance curves using the DataViewer software14.
GelMA with DS of 78 %, 85 % and 97 % at 10 % (w/v) in PBS containing 0.1 % (w/v)
phenyl-2,4,6-trimethylbenzoyl-phosphinate (LAP) as photoinitiator were prepared and
exposed to doses of 1.5, 5.2 and 35.2 mJ cm−2, respectively. Samples were measured at
20 °C and 37 °C and the results are shown in Figure 2.17. The Young’s modulus did
not change signiĄcantly when the light dose changed in GelMA with 78 and 85 % DS,
whereas with 97 % DS the difference was signiĄcant between samples illuminated with

12Further information about the LED system and light doses are available in Appendix B.4.
13Experimental details are provided in Appendix B.5.
14V.2.4.0, Optics11. Fits with a R2 ≤ 0.97 were excluded and the Poisson’s ratio ν was assumed with

0.5. An exemplary force-distance curve with Hertzian Ąt is shown in Figure B.4
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Figure 2.17. Young’s modulus of bulk GelMA samples with different degree of substitution
(DS) exposed to different light doses and measured at different temperatures. Young’s modulus
was determined with microindentation using a Hertzian Ąt. ANOVA one-way with post hoc
Tukey test was used for statistical analysis. *** p < 0.001, * p < 0.05, n.s. = not signiĄcant.

1.5 mJ cm−2 and 5.2 or 35.2 mJ cm−2, respectively. Interestingly, the Young’s modu-
lus decreases with higher doses. The difference between Young’s moduli of 78 % DS
and 85 % DS GelMA for a dose of 1.5 mJ cm−2 and 35.2 mJ cm−2, respectively, was
signiĄcant (p = 0.0047; p = 0.01009) but not signiĄcant for an intermediate dose. As
the difference between varying doses for GelMA with the same DS is not signiĄcant
as well, this leads to the conclusion that a dose of 1.5 mJ cm−2 is already high enough
to crosslink the samples completely. Additionally, the difference in DS of 78 and 85 %
is apparently not large enough to yield different Young’s moduli. Nonetheless, 97 %
DS GelMA has signiĄcantly higher Young’s moduli than those with lower values. At
room temperature, the Young’s modulus for GelMA with 78 and 85 % DS is between
25 and 30 kPa, whereas at 97 % DS it is around 55 to 68 kPa, and at physiological
temperatures Young’s moduli decreases noticeably to around 16 kPa for GelMA with
85 % DS and to around 45 to 58 kPa for GelMA with 97 % DS.

In conclusion, only GelMA with a DS higher than 95 % was employed in cell exper-
iments for its reliability and batch-to-batch stability as well as for having a Young’s
modulus around 50 kPa at physiological temperatures. This stiffness is within a suit-
able range for biohybrid devices as reported in previous works such as in Lee et al. [22]
where a gelatin body with a stiffness of 56 kPa was employed.
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2.6. Biofunctional conductive scaffolds

2.6.2. Polyacrylamide - gelatin methacryloyl matrices

GelMA can either be used in its pure form or combined with polyacrylamide to facilitate
the inĄltration process during scaffold preparation as the gelatin, and consequently
GelMA, has thermoresponsive properties. [88] Figure 2.18 shows the changes in both
storage and loss modulus as well as the viscosity change as a function of temperature
for gelatin and GelMA hydrogels15. The viscosity in bulk GelMA samples decreased
with increasing temperature and showed slight Ćuctuations at around 32 °C, gelatin’s
melting temperature (Figure 2.18 b). This Ćuctuation is most likely attributed to a
sudden break of physical crosslinks, e.g., hydrogen bonds and triple helices, that form
when aqueous gelatin solutions solidify below 25 °C. [88] At physiological temperatures,
the GelMA viscosity is around 84 Pa s and increases to around 267 Pa s at 20 °C, which
represents a 68.5 % gain. Therefore, the GelMA solutions as well as the templates
need to be kept at around 40 °C to enable the inĄltration process that is necessary for
preparing microengineered conductive scaffolds.

Figure 2.18. Rheological analysis of a) gelatin and b) GelMA bulk hydrogels. Storage
modulus G′, loss modulus G′′ and viscosity η as a function of temperature are shown. Gelatin
melts at 32 °C and remains in liquid state at physiological temperatures. GelMA’s viscosity
decreases from 267 Pa s to 84 Pa s with increasing temperature but maintains its solid state.

An additional challenge in the preparation of microengineered conductive hydrogels is
the UV light absorption of ZnO [141] that impedes the light-induced polymerization of
GelMA, which is the state of the art fabrication method. Moreover, the radical starter
system consisting of APS and TEMED becomes more sensitive at elevated temper-
atures and thus accelerates polymerization time, therefore it is necessary to operate

15Gelatin and GelMA solutions at 10 % (w/v) in PBS containing 0.1 % (w/v) LAP as photoinitiator
were prepared, placed in teĆon molds, irradiated with 1.5 mJ cm−2, allowed to gelate at room
temperature and stored in water until the experiments.
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Table 2.1. Components for the synthesis of polyacrylamide-gelatin methacryloyl
hydrogels.

PAM PAM0.75
GelMA0.25

PAM0.5
GelMA0.5

PAM0.25
GelMA0.75

GelMA

Component Quantity (µL)

PAM precursor (Recipe B) 1000 750 500 250 0

GelMA, DS > 97 %, 10 wt% 0 250 500 750 1000

APS, 20 wt% 30 30 30 30 30

TEMED, 10 wt% 40 40 40 40 40

APS = ammonium persulfate; GelMA = gelatin methacryloyl; PAM = polyacrylamide; TEMED =
N, N, N ′, N ′-tetramethylethylenediamine
Recipe B: acrylamide (40 %, 1250 µL), N, N ′-methylenebis(acrylamide) (2 %, 1000 µL), HEPES buffer
(pH 7.5, 50 µL), 2625 µL ddH2O, APS (20 %, aq., 75 µL)

with concentrations that maintain appropriate polymerization times but yield stable
hydrogels. Nevertheless, this issue can be addressed with the hypothesis that mixing
PAM with GelMA would alleviate the thermoresponsive sensitivity in a mixed hydrogel
matrix throughout which the GelMA would provide the necessary adhesion motifs for
cell attachment. This was shown in an in vitro and in vivo study using chondrocytes
for cartilage repair. [142] Each of these two hydrogels have methacrylate groups that
are responsible for covalent crosslinking during polymerization. The compositions and
individual amounts for hydrogel preparation are shown in Table 2.1 where the numbers
next to PAM and GelMA indicate their respective proportions.

The Young’s modulus of different PAM-GelMA bulk scaffolds with varying ratios were
tested at room temperature using a microindenter (Pavone, Optics11 Life). In a similar
setup to what was described in the previous section, a 4 N m−1 spring constant can-
tilever with a 23 µm radius attached sphere was used on approximately 1 mm height
samples that were indented for 5 µm at 2 µm s−1 indentation speed at different posi-
tions. A Hertzian Ąt was employed to calculate the Young’s modulus from the acquired
force-distance curves using the DataViewer software16 and the results are shown in Fig-
ure 2.19 a. Bulk PAM generated a Young’s modulus of around 45 kPa, which coincides
with values determined from compression tests (cf. Section 2.5, Figure 2.13). Albeit
an initial increase in the PAM Young’s modulus to around 55 kPa when 25 % GelMA
was added, an additional increase in GelMA concentration led to a drop in the com-
posite’s Young’s modulus to a mean value of approximately 25 kPa for bulk samples

16V.2.4.0, Optics11. Fits with a R2 ≤ 0.97 were excluded. The Poisson’s ratio ν is assumed with 0.5.
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with 25 % PAM and 75 % GelMA. The Young’s modulus of pure GelMA bulk samples
was measured to be around 55 kPa.

Figure 2.19 b displays phase contrast images of skeletal muscle cells (C2C12) grown on
pure PAM and GelMA as well as on PAM-GelMA composite surfaces for three days.
Cells on pure bulk PAM scaffolds cells show round morphology that indicates poor cell
adhesion, whereas on 25 % GelMA bulk scaffolds they already exhibit a signiĄcantly
enhanced cell spreading and adhesion that continues to improve with increasing GelMA
content.

Figure 2.19. a) Young’s modulus of different compositions of polyacrylamide (PAM) and
gelatin methacryloyl (GelMA) bulk hydrogels as determined by microindentation method using
a Hertzian Ąt. ANOVA one-way with post hoc Tukey test was used for statistical analysis.
*** p < 0.001, n.s. = not signiĄcant. b) C2C12 skeletal muscle cells grown for three days on
bulk PAM, PAM-GelMA and GelMA scaffolds. On pure PAM scaffolds, cells show a round
morphology and poor cell adhesion while cells on PAM-GelMA samples are well spread. The
blue color saturation indicates PAM concentration. Scale bars: 100 µm.

Incidentally, the poor cell adhesion on PAM samples is not the result of low biocompati-
bility as the cytotoxicity of microchannel-containing polyacrylamide composites was
analyzed using an indirect MTT extraction test (cf. Figure 2.5 in Section 2.2) with
PAM samples demonstrated higher biocompatibility than 90 % for undiluted extracts,
thus regarded as biocompatible. GelMA’s biocompatibility is extensively studied in
literature for in vitro and in vivo applications [86, 143], thus PAM-GelMA composites
are expected to be biocompatible as well, which is further conĄrmed by the normal
morphology of muscle cells grown on these composites.

Taken together, as small amounts of GelMA added to PAM improve cell adhesion, the
precursor solutions are still facile to inĄltrate, and the mechanical properties do not
change signiĄcantly, this makes such mixtures suitable matrix materials for microengi-
neered conductive scaffolds.

47



2. Microengineered functional hydrogels for biohybrid applications

2.6.3. Contractile cells on microengineered conductive
scaffolds

Skeletal muscle cells (C2C12) were used to analyze cell adhesion on the surface
of thin conductive hydrogel scaffolds based on exfoliated graphene and GelMA. The
preparation procedure follows similar steps to those presented in Section 2.2 apart
from exchanging the polyacrylamide solution with a pure GelMA precursor solution
(cf. Table 2.1) that was inĄltrated to result in a GelMA-EG scaffold with a 0.16 vol%
EG concentration.

Figure 2.20 shows C2C12 cells cultured on Ćat, microengineered GelMA-EG scaffolds
Ąve days after changing to starvation medium17 immunoĆuorescently stained18 with
Hoechst (nucleus, DAPI), anti-myosin heavy chain 7 (myosin, Alexa Fluor® 488) and
rhodamine-phalloidin (actin Ąlaments). In the bright Ąeld images, dark regions are
areas with exfoliated graphene on which more myotube formation can be observed.

Figure 2.20. ImmunoĆuorescent staining of C2C12 skeletal muscle cells on GelMA-EG
composite scaffolds (200 000 cells/sample) Ąve days after differentiation against Hoechst (nu-
clei, blue), myosin-heavy chain (green) and phalloidin-rhodamine for actin Ąlaments (red).
Scale bars: 100 µm.

One of the remaining challenges is the alignment of muscle cells on the scaffold’s sur-
face, which is crucial for orientating the forces cells exert on their environment. In a
perspective study to help organize skeletal muscle cells and align the myotubes, the
scaffold surface is microstructured using a grooved stamp given that t-ZnO templates

17Dulbecco’s modiĄed Eagle medium + 2 % FBS + 1 % Penicillin/Streptomycin.
18Experimental details are provided in Appendix A.4.2.
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themselves are easy to mold and model in various shapes and forms. [125] One critical
aspect in this procedure is to keep the stamp on the scaffold while the hydrogel pre-
cursor is inĄltrated in order to avoid Ąlling the microstructure’s grooves with aqueous
hydrogel precursor. The microstructured stamp can either be prepared using PDMS
stamps molded by stereolithographic structuring of Si-wafers or by additive manufac-
turing processes, e.g., SLA (stereolithographic) printing where resolutions of less than
100 µm are possible, or possibly through two-photon polymerization with which even
Ąner resolutions of around 500 nm in xy and 1000 µm in z are achievable. Microstruc-
turing the hydrogels surfaces for aligning skeletal muscle cells or cardiomyocytes is a
common strategy that is regularly employed in biohybrid robotic research. [21,22] Typ-
ical groove width for aligning muscle cells are around 10 µm to 100 µm [38, 140, 144],
and a schematic representation of a proposed preparation scheme is displayed in Fig-
ure 2.21. The microstructured stamp with an SLA printed example for creating pock-
ets in the hydrogel (Figure 2.21 a2) is used to either structure t-ZnO templates before
(Figure 2.21 b) or after (c) inĄltration with a conductive Ąller dispersion besides a sub-
sequent inĄltration step with the hydrogel precursor. After the wet-chemical etching of
t-ZnO, the hydrogel is detached from the stamp and can be used for cell culture after
sufficient washing with PBS. A similar technique was already successfully employed
for creating pockets in microengineered conductive scaffolds from exfoliated graphene
and polyacrylamide for embedding retinal Ąsh organoids and is still ongoing work for
contractile cell types. As other works showed successful alignment of skeletal muscle
cells on grooved hydrogels [140], this strategy should be pursued for orientating the
forces cells exert on their environment to enable cell-induced contraction of scaffold
material.

Figure 2.21. Schematic representation of a conductive hydrogel surface micropatterning
strategy prior b) or after c) inĄltration with a conductive Ąller dispersion, followed by sub-
sequent inĄltration with both a hydrogel precursor (d) and wet chemical removal of t-ZnO e)
and detachment from the stamp. a1) and c2) show an example of a 3D printed stamp to
generate pockets and t-ZnO-EG template molded on top of the stamp.
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In contrast to skeletal muscle cells, cardiomyocytes require neither a speciĄc align-
ment on the scaffold surface nor electrical stimulation as they contract spontaneously.
However, this advantage is partly cancelled out by the fact that no cardiomyocyte
cell line able to generate enough forces are commercially available [13], hence pri-
mary neonatal cardiomyocytes are commonly used, albeit animals are sacriĄced, which
raises ethical questions. Therefore, induced pluripotent stem cells (iPSCs) can serve
as a good alternative as they are differentiated into cardiomyocytes, a time-consuming
yet valuable process to prepare cardiomyocytes (iPSC-CM) with all original features.
In this work, I tested iPSC-CM cell adhesion and beating behavior on microengineered
GelMA-EG scaffolds. The cells and media were kindly provided by Dr. Ayca Sey-
han Agircan and Prof. Dr. Johannes Backs from Heidelberg University Hospital.
Figure 2.22 shows iPSC-CMs cultured on Ąbronectin-coated cell culture plastic (a)
and microengineered, conductive GelMA-EG scaffolds (b) after being immunoĆuores-
cently stained with Hoechst (nucleus, DAPI), anti-myosin (myosin heavy chain, Alexa
Fluor® 488) and rhodamine-phalloidin (actin Ąlaments). Cells in the control sample
are well spread and show discernible actin stress Ąbers and myosin Ąlaments whereas
those on microengineered GelMA-EG scaffolds have a rather round morphology and
demonstrate no apparent actin stress Ąbers, which signiĄes poor cell adhesion.

Figure 2.22. iPSC-CM cultured on a) Ąbronectin (FN)-coated glass slides and b) FN-
coated microengineered, conductive GelMA-EG scaffolds (20 µg/sample). Cells were stained
with Hoechst (nucleus, blue; anti-myosin (myosin heavy chain green and rhodamin-phalloidin
(actin Ąlaments, red). The cells in the control are well spread and show distinct actin stress
Ąbers and myosin Ąlaments. Cells on microengineered GelMA-EG scaffolds have a more
round morphology and show little actin stress Ąbers. Scale bars: 100 µm.

Embryonic myocardium is rich with Ąbronectin [145] so iPSC-CMs are more likely
to bound to Ąbronectin than to collagen and RGD motifs widely present in GelMA.
However, with the lack of reactive groups that provide covalent bonding, the micro-
engineered scaffolds coating with Ąbronectin was based on physisorption that was pre-
sumably insufficient for supporting an overall good cell adhesion. Nevertheless, some
iPSC-CMs were able to adhere well enough on GelMA-EG scaffolds to exercise con-
centric contractions that translates into deformation of the underlying thin scaffold.
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This phenomena can not be observed when these cells are cultured on solid surfaces
where they do not show any change in their length and therefore isometric contraction
as demonstrated in Figure 2.23 a.

Figure 2.23. iPSC-CM cultured on a) Ąbronectin (FN)-coated cell culture plastic and b)
FN-coated, Ćat, microengineered, conductive GelMA-EG scaffolds (20 µg/sample). a1, a2,
b1, b2) show cells at two different time points during a contraction. The yellow arrows in b)
highlight areas where contraction is particularly visible. a3, b3) shows the difference between
images in a1 and a2 or b1 and b2, respectively. a4, b4) shows an overlay of a1/b1 with a3/b3,
respectively, highlighting the changes (cyan) during a contraction. Cells on cell culture plastic
show isometric contraction, i.e., no change in their length during a contraction, whereas cells
on GelMA-EG show concentric contraction deforming the underlying GelMA substrate. b5)
shows measurements of how much the GelMA substrate was deformed during cell contraction.
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Figure 2.23 a1 and a2 show the beating behaviour on cell culture plastic at two different
time points during a contraction. To examine the change in between the two stages, the
two images were subtracted from each other using the Image Calculator function in the
ImageJ [146] software to excerpt the difference (a3), which was then superimposed onto
the original image (a4) to elucidate the transformation (displayed in cyan color) upon
contraction in both the cell and scaffold. A similar analysis procedure was followed for
cells grown on GelMA-EG (b). The analysis show that cells cultured on plastic did
not alter their length as the change was only visible within the cell itself, i.e., isometric
contraction, whereas cells on GelMA-EG were able to perform concentric contraction
and impose scaffold deformation that is particularly visible in the areas marked with
arrows in (b). This visible shift in length was measured using ImageJ, analyzed in
Figure 2.23 b5 and suggests approximately 2.5 µm substrate deformation, which when
compared with the cell’s original length yields about 5 % change.

For an overall contraction of the scaffold material, Lee et al. [22] reported a cell density
of 2.2· 105 cm−2 on each of the two sides of a hydrogel backbone to power an artiĄcial
biohybrid Ąsh. Using a comparable cell density on microengineered GelMA-EG is a
purposeful aspect, but equally important is the cell adhesion that needs to be enhanced
in order to enable concentric contractions of cardiomyocytes using biofunctionalization
strategies that promote chemical linking of Ąbronectin to GelMA like an EDC-sulfo-
NHS19 coupling strategy. [22]. Such strategies could lead to the necessary increase in
density of well-adhered cells that are required for the cell-induced macroscopic scaf-
fold actuation. For aligning the cardiomyocytes on the hydrogel surface, a Ąbronectin
micropatterning strategy [145] could be also taken into consideration.

2.7. Thermoresponsive scaffolds

Poly-N -isopropylacrylamide (PNIPAM) is a well-known temperature-responsive poly-
mer that is used as a stimuli-sensitive material in drug delivery systems [81, 89], for
studying cellular responses to cyclic forces in vitro [65] and has recently evolved as a
commonly used hydrogel in soft robotics. As a thermoresponsive hydrogels, PNIPAM
is in a hydrated, swollen state below the lower critical solution temperature (LCST,
32 °C), whereas when exceeded, the hydrophobic functional groups in the polymer
chains become dominant and thus cause the chains to collapse. This leaves the hy-
drogel in a contracted, dehydrated state, which is usually too stiff to be used as a
mechanically-apt scaffold in biohybrid robotics. Nonetheless, this effect is exploited
in a process called cell sheet engineering through which 2D cell Ąlms can be pre-
pared and potentially used in, e.g., biohybrid robotics to power a microspherical heart
pump. [13,101] The temperature-induced changes in hydrophilicity and the associated

19EDC = 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride, sulfo-NHS = N-hydroxy-
sulfosuccinimide
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2.7. Thermoresponsive scaffolds

strong shrinkage when heated above its LCST can be utilized for actuation in soft
robotics as demonstrated in Figure 2.24. When a macroscopic PNIPAM20 structure
was anisotropically heated by a heating rod (Figure 2.24 a), it bent because the hy-
drogel structure collapsed due to the localized temperature increase above PNIPAM’s
LCST. This process is accompanied by a change in opacity and the transparent parts
in the Ągure were kept at a temperature below the LCST whereas opaque parts are
those heated above the LCST.

Figure 2.24. a) Bending of a macroscopic PNIPAM structure in response to anisotropic
heating by a heating rod. Transparent parts of the material still at a temperature below the
LCST, whereas the opaque parts of the material are heated above the LCST. b) A single
micropillar (highlighted by the red circles) in a micropillar structure from PNIPAM is heated
by a heating rod and shrinks within 20 s by expelling water.

In Figure 2.24 b, a single micropillar (highlighted with red circles in the image se-
quence) in a micropillar structure was heated by a heating rod that led to its shrinkage
whereas the neighboring micropillars remained mostly unaffected. The water expul-
sion due to the temperature-induced change in hydrophilicity is clearly visible by the
water droplet at the micropillar side after 20 s. This micropillar structure resembles a
macroscopic version of a microĆuidic bumper array used for sorting beads according to
their sizes, [147] thus a miniaturized version of this system could potentially serve as a

20PNIPAM precursor solution for experiments shown in Figure 2.24 and Figure 2.25 con-
sisted of 600 mg N -isopropylacrylamide, 10 mg N, N ′-methylenebis(acrylamide), 10 mg ammo-
nium persulfate and 4500 µL water. After degassing the solution, 46 µL of N, N, N ′, N ′-
tetramethylethylenediamine (TEMED) was added and the solution was Ąlled in suitable teĆon
molds for preparing bulk samples in a speciĄc form, or drop-cast on a t-ZnO templates, and
afterwards left to polymerize for two hours at room temperature. For experiments shown in
Figure 2.26, the PNIPAM precursor solution consisted of 600 mg N -isopropylacrylamide, 15 mg
N, N ′-methylenebis(acrylamide), 10 mg ammonium persulfate, 4600 µL water and 23 µL TEMED.
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2. Microengineered functional hydrogels for biohybrid applications

cell sorting device. Such setup would also beneĄt from adding a dynamic component
to an otherwise static, rigid device via introducing channels that could open and close
in response to temperature changes. Also, incorporating gold nanoparticles in the hy-
drogel would enable optical heating and allow a spatial control. [65] As the PNIPAM
biocompatibility when used in a cellular environment is an important aspect, it was
determined using an indirect MTT extraction test that was performed according to
ISO-1099321 using rat embryonic Ąbroblasts (REF52 wt) as a model system and cul-
ture medium as a control (Figure 2.25 d). The PNIPAM samples demonstrated higher
biocompatibility than 88 % for undiluted extracts and can thus be used in in vitro
applications.

Figure 2.25. a) Response to temperature changes of PNIPAM structures and microchannel-
containing PNIPAM structures. Upper row: samples at temperatures lower than LCST
(32 °C), lower row: samples at temperatures above LCST. b) Microchannel-containing PNI-
PAM structure (network PNIPAM) response to temperatures above LCST is more apparent
(51 % size reduction in diameter) than for bulk PNIPAM (24 % size reduction in diameter).
c) Microstructural analysis with scanning electron microscopy showing the microchannels ori-
ginating from the tetrapodal ZnO structure in PNIPAM. The inset shows a channel surface.
Inset (yellow) scale bar: 1 µm. d) Cell viability of rat embryonic Ąbroblasts (REF52 wt)
exposed to medium extracts of bulk PNIPAM with an indirect MTT extraction assay. Error
bars depict standard deviations, N = 6.

21Experimental details are provided in Appendix A.3.
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The PNIPAM response rate in both presented examples is slow, with the Ąrst example
on a several minutes scale as the Ćow of water in and out of the hydrogel is restricted
due to passing through the hydrogel’s small pores. Hence, tuning the porosity of the
hydrogel will positively impact the rate of water transport as the pore structure in-
Ćuences the phase transition rate. [89] Therefore, it is hypothesized that introducing
a microchannel-system in the hydrogel22 will lead to a higher water Ćow rate and a
greater stored quantity as water can then pass through the microchannels and does
not need to pass solely through the hydrogel’s small pores. Figure 2.25 a shows a com-
parison of bulk and microchannel-containing PNIPAM23 above and below the LCST,
with both samples having similar initial sizes. Samples in the hydrated state at a
temperature below 32 °C are shown in the upper row, whereupon the microchannel-
containing PNIPAM sample appears milky due to light scattering by the channel walls.
Above 32 °C, the bulk as well as the dehydrated and collapsed microchannel-containing
samples demonstrate a diameter reduction of approximately 24 and 51 %, respectively
(Figure 2.25 b). This nearly twice as much shrinkage is a result of introducing the
microchannel-system that only makes up approximately 6 % of the sample volume.
Figure 2.25 c shows a microstructural SEM image displaying the tetrapodal ZnO struc-
ture present in the hydrogel matrix and the channel surface in the inset. SEM imaging
was kindly performed by Dr. Irene Wacker in the group of Prof. Rasmus R. Schröder
at the Center of Advanced Materials (CAM) at Heidelberg University.

In a work carried out in the group by Tobias Spratte and published in Spratte, Arndt et
al. [97], the actuation capabilities of microengineered PNIPAM were tested with a sim-
ple temperature-controlled gripper as demonstrated in Figure 2.26 a for bulk PNIPAM
and in Figure 2.26 b for microengineered PNIPAM. The gripper was made from two
3D-printed polylactic acid (PLA) parts connected by a joint, with the sample acting
as an artiĄcial muscle between the two arms. When the gripper was transferred from
a water bath at 22 °C to one at 42 °C, the sample dehydration caused a contraction
of the artiĄcial muscle that was signiĄcant enough in the microengineered hydrogel to
close the gripper and hold and deform a piece of sponge positioned between the lower
arms ends. The microengineered hydrogel caused the gripper’s lower ends to deform by
approximately 4.7 mm, which corresponds to roughly a 54 % deformation. On the other
hand, the contraction of bulk hydrogels was not sufficient for neither closing the gripper
arms nor holding the sponge as the gripper opening was shut by approximately 0.7 mm
that translates to a mere 5.3 % deformation. This small deformation is attributed to
the small volume change and weak force generation. In contrast, the considerable po-
tential to change the microengineered hydrogel dimensions substantially makes it ideal
for implementation in soft robotic designs to move and transport objects underwater.

22Part of this work was published in Spratte, Arndt, et al., Advanced Intelligent Systems, 2021. [97]
23The preparation procedure follows the same steps as explained in Section 2.2 except for the inĄl-

tration steps with the nanoparticle dispersion.
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Figure 2.26. Temperature-controlled grippers driven by a) bulk or b) microengineered hy-
drogel (with 5 vol% microchannels) as an artiĄcial muscle (see red arrows), respectively.
Bulk hydrogel is not able to move the gripper arms while the microengineered sample can
close the gripper opening halfway to hold and deform a piece of sponge. The experiment
was performed by Tobias Spratte. The image is reproduced under the terms of the CC-BY
Creative Commons Attribution 4.0 International License (http: // creativecommons. org/

licenses/ by/ 4. 0/ ). [97] Copyright 2021 The Authors, Advanced Intelligent Systems pub-
lished by Wiley-VCH GmbH.

2.8. Fibroblast contraction in soft scaffolds

In addition to secreting extracellular matrix proteins, Ąbroblasts are able to exert
tensile forces in the form of contraction that plays an important role in wound healing
upon injury as tissue lose their mechanical integrity. [31] The storage of tensile forces in
the ECM has a signiĄcant contribution to macroscopic tissue tension. [148] As a non-
contractile mammalian cell type, Ąbroblasts were employed as motor cells for biohybrid
actuation in an ongoing and pioneering study that, to the author’s best knowledge, has
not been conducted before.

The work is based on exploiting the tensile forces exerted by Ąbroblasts on the underly-
ing substrate and the ability to release those stresses after cell detachment by chemical
cues such as trypsin or Accutase® that unbind focal adhesion points. The actin in-
hibitor jasplakinolide could be an alternative chemical cue that promotes aggregation
of G-actin monomers and suppresses depolymerization of actin Ąlaments. [149] How-
ever, one of the drawbacks in both approaches is that they function globally and lack
any spatial or temporal control. Borowiak and Küllmer et al. [149] have successfully
synthesized photoswitches for jasplakinolides that they called optojasps, which are a
family of azobenzene-based small molecules that can provide direct optical control of
actin cytoskeleton. Azobenzenes are photoswitches that change their diazene conĄg-
uration upon UV irradiation (trans → cis at 390 nm) and at 470 nm (cis → trans) or
thermal relaxation. This system allows direct spatiotemporal control at single-cell
scale as jasplakinolide can be activated and deactivated by light pulses, which makes
the process also reversible. Figure 2.27 a presents the idea schematically.
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2.8. Fibroblast contraction in soft scaffolds

Figure 2.27. a) Schematic of the idea of using Ąbroblasts for scaffold contraction. b)
InĆuence of the actin inhibitor jasplakinolide on REF52 wt Ąbroblasts stained with SiR-actin.
Cells in medium exhibit prominent stress Ąbers (b1, b3) whereas cells exposed to jasplakinolide
showed aggregation of G-actin (b2, b4). c) InĆuence of optojasp-1 (OJ-1) on REF52 wt
Ąbroblasts before (c1) and after expose to pulses of UV light (c2, c4) and after 12 hours in the
dark (c3). d) Diameter of methacrylated collagen discs with incorporated REF52 wt Ąbroblasts
when cultured in medium and after exposure to Accutase®, e) jasplakinolide (1 mmol L−1) or
f) OJ-1 (5 µmol L−1; 4 h UV exposure, 75 ms pulses every 15 s).
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Fibroblasts (e.g., REF52 wt24) are incorporated in a very soft collagen matrix (i) and
start over time to exert forces on their surroundings, which leads to scaffold contrac-
tion (ii and iii). When chemical cues (e.g., Accutase® or jasplakinolide) are applied,
either the cell’s focal adhesion points are detached from the matrix or the depolymer-
ization and aggregation of actin Ąlaments is promoted, which releases the stress on
the matrix and allows the scaffold to expand again (iv). The effect of jasplakinolide
on REF52wt cells is presented in Figure 2.27 b. REF52 wt Ąbroblast cells are stained
with SiR-actin, a silicon-rhodamine (SiR) conjugate that is cell permeable and visual-
izes F-actin dynamics in living cells. [149] The cells are imaged before and 80 minutes
after adding jasplakinolide with Cy5 Ąlter units (b1, b2) and in phase contrast (b3,
b4) on an inverted IX81 Olympus microscope. The chemicals and drugs (Jasplaki-
nolide, SiR-actin and optojasp-1) used in this section were kindly provided by Prof.
Hans-Dieter Arndt from Friedrich-Schiller-University Jena. Cells cultured on glass in
normal culture medium25 exhibit prominent stress Ąbers that span the cells (b1, b3).
After adding jasplakinolide (50 nmol L−1), the cells collapse due to aggregation of G-
actin and formation of large actin aggregates, hence no stress Ąbers are visible (b2,
b4). The same process can be observed when using optojasp-1 (OJ-1, 0.25 mol L−1),
as shown in Figure 2.27 c. OJ-1 is added in the beginning of the experiment but shows
no effect on the cells (c1) until illuminated with UV light (λ = 365 nm) in 75 ms long
light pulses every 15 seconds for 4 h upon which azobenzene switches from trans → cis
to induce actin polymerization into amorphous clumps in the cells. The cells were
illuminated with UV light pulses instead of a constant illumination to avoid cell toxi-
city. [149] The illumination setup consists of an LED (from Sahlmann Photochemical
solutions) that can be controlled via an Arduino Mega2560 and a customized software.
After 4 hours, OJ-1 caused an increase of actin nucleation, resulting in actin aggre-
gates formation (c2, c3) that led to a very similar cellular phenotype as caused by
jasplakinolide (b2). After 12 hours, the OJ-1 switched back to the trans-state by ther-
mal relaxation and the cells showed no abnormalities in the F-actin network anymore
and recovered their stress Ąbers (c4). The REF52 wt Ąbroblast cell’s ability to con-
tract their surrounding was analyzed by incorporating Ąbroblasts in a methacrylated
collagen matrix (ColMA; Advanced BioMatrix) under sterile conditions. ColMA was
dissolved in acetic acid at a concentration of 4 mg mL−1 following the supplier’s instruc-
tion and 1000 µL of ColMA solution was mixed with photoinitiator dissolved in PBS
(10.9 µL phenyl-2,4,6-trimethylbenzoyl-phosphinate, 1 mg mL−1) and 90 µL of neutral-
ization solution (Advanced Biomatrix) then chilled on ice. A cell suspension containing
approximately one million cells per milliliter was prepared and shortly chilled on ice,
then added and mixed with the ColMA solution. 113 or 154 µL were placed on sterile
coverslips with 12 or 14 mm diameter, respectively. The solution was then covered with

24REF52 wt cells were kindly provided by PD Dr. Dr. Ada Cavalcanti-Adam from the Max Planck
Institute for Medical Research in Heidelberg.

25Dulbecco’s modiĄed Eagle’s medium (DMEM) supplemented with 10 % fetal bovine serum (FBS)
and 1 % penicillin/streptomycin.
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a second coverslip to obtain collagen discs with approximately 1 mm height, followed
by blue light irradiation (405 nm, 12 mJ cm−2). Afterwards, cell culture medium was
added and the samples were stored at 37 °C for some time before carefully removing
the coverslips. To measure the change in diameter, the medium was removed before
images were taken (shown in insets in Figure 2.27 d - e) and the circumference of the
collagen discs are highlighted by the red dashed line. The collagen samples appear in
an imperfect circular shape and the diameter was measured using ImageJ by taking at
least ten measurements in various directions of the disc to obtain an average value. To
analyze the relaxation behavior of the collagen disc, Accutase® (d), jasplakinolide (e)
and OJ-1 (f) were used to release the stresses exerted by cells. Samples were immersed
completely in Accutase® for approx. 30 minutes or in jasplakinolide at 1 mmol L−1 con-
centration in cell culture medium for 2 h, then imaged (see insets) to demonstrate a
diameter change of approximately 12 % in both cases. As the drugs have to penetrate
the collagen scaffold, higher concentrations were chosen than when cells were simply
growing in 2D. OJ-1 was used at a concentration of 5 µmol L−1 and was activated by
UV light (λ = 365 nm) for 4 hours in 75 ms long light pulses every 15 seconds to switch
the azobenzene state from trans → cis, which induced a change in diameter of approx-
imately 6 % that is only half of what was achieved using Accutase® or jasplakinolide.
This limited change might be due to the collagen matrix light absorption capacity or
an insufficient illuminated area by the LED light source. Nevertheless, this approach
shows suitability for application in biohybrid robotics with a potential to speed up the
process using optojasps with faster kinetics. [149]

2.9. Conclusion and Perspective

In this chapter, I presented a highly versatile microengineering approach to prepare con-
ductive hydrogels through incorporating an exfoliated graphene (EG) framework into
a hydrogel matrix to generate conductive pathways that are pervading the hydrogel
matrix similarly to an artiĄcial nervous system. This method permits Ąller concentra-
tions as low as 0.16 vol% EG to yield an electrical conductivity as high as 0.34 S m−1

together with a negligible impact on the hydrogel matrix’ mechanical integrity with a
mere 10 % increase in Young’s modulus. The results represent an unprecedented success
in achieving that high level of conductivity with such a low Ąller material-to-hydrogel
ratio compared to other state of the art attempts. The approach introduced here is
very versatile and offers a great control over matrix size, shape, porosity, conductivity
and mechanical behavior as well as the freedom to adjust matrix features through var-
ious means such as t-ZnO template density, inĄltration number and conductive Ąller
dispersion concentration. Also, it is possible to use other 1D or 2D nanomaterials such
as reduced graphene oxide, CNTs, MXenes (Ti3C2Tx) or gold nanorods.

The functionality and beating behaviour of assorted contractile cell types such as mam-
malian skeletal muscle cells (C2C12) and cardiomyocytes derived from induced pluripo-
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2. Microengineered functional hydrogels for biohybrid applications

tent stem cells (iPSC-CM) were also tested on conductive hydrogels. To this end,
biofunctional groups were incorporated into the matrix using combinations of PAM
and GelMA hydrogel to activate cell binding through adhesion proteins that allowed
for a good C2C12 cell spreading albeit an imperfect myotubes alignment, which could
potentially be improved by a proposed scaffold microstructuring strategy. In contrast
to C2C12, iPSC-CM illustrated ill-suited adhesion on GelMA-EG composites and thus
requires a more suitable biofunctionalization technique. Yet, sufficient concentric con-
traction to deform the GelMA substrate a few micrometers, which translates to 5 %
change in cell length was observed and thus can be potentially useful in biohybrid
applications.

Taken together, the conductive hydrogels presented here promise a wide range of ap-
plications that spans bioelectronics and biosensing as well as biohybrid soft robotics
and drug delivery, all of which can beneĄt from the interconnected channel system that
promotes diffusion. This microchannel system is also advantageous for creating 3D cell
scaffolds where vascularization for sufficient nutrient and oxygen transport is essential
when exceeding scaffold thicknesses of 500 µm.

Furthermore, I demonstrated alternative hydrogel systems based on poly-N -isopropyl-
acrylamide (PNIPAM), gelatin methacryloyl (GelMA) and combinations of GelMA and
polyacrylamide. The thermoresponsive PNIPAM hydrogel is a prominent material in
soft actuators despite its slow response rate and the relatively weak forces it can apply.
This shortcoming was addressed through microengineering that signiĄcantly increased
response rate and volume change even without employing conductive Ąller materials.
In a perspective work, integrating these Ąnding with added conductive Ąllers would
enable heating up a hydrogel via applied electrical or light pulses instead of heating
the whole hydrogel surrounding.

Finally, Ąbroblasts as a non-contractile mammalian cell type were employed in a novel
study as motor cells for biohybrid actuation. Photoswitchable drug optojasps were
exploited as means to release the tensile forces exerted by Ąbroblasts that generated a
collagen scaffold contraction and result in a 6 % change in specimen diameter.
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3 Conductive, Ąbrous

scaffolds for biohybrid
applications

In this chapter, I present a Ąbrous, soft, conductive scaffold made from poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) that is suitable for cul-
turing contractile cells and as a scaffold material for biohybrid soft robotics. After an
introduction to state of the art studies (Section 3.1), the fabrication method and ma-
terial properties will be presented in Section 3.2. This will be followed by biofunctional
studies (Section 3.3) including biocompatibility tests and the assessment of appropri-
ate biofunctionalization with cell adhesion promoting motifs, which were tested with
Ąbroblast and skeletal muscle cells (Section 3.4). The electrical stimulation of cells and
the beating behavior of cardiomyocytes that are induced from pluripotent stem cells
and rice Ąsh are analyzed in Section 3.5.

3.1. State of the art

Nerve, cardiac and skeletal muscle cells rely on electrical signals to function and commu-
nicate among themselves, [8,10,136] so the electrical conductivity of artiĄcial cell scaf-
folds is a prerequisite. [13] In biohybrid robotics where cardiac or skeletal muscle cells
are often used, the scaffold is additionally required to be soft in order to accommodate
for material actuation due to cell contraction yet strong enough to provide structural
integrity to support the adhering cells. As cells demonstrate acute mechanosensitivity
to their extracellular matrix, the scaffold material stiffness is an essential contribut-
ing factor. [13] Besides adding conductive Ąller materials to hydrogels as discussed
in Chapter 2, another means to generate conductive cell scaffolds is through the use
of intrinsically conductive polymers like poly(3,4-ethylenedioxythiophene):polystyrene
sulfonate (PEDOT:PSS; Figure 3.1).

During polymerization, overlapping p-orbitals form π-bonds throughout the polymer
backbone along which the charges are able to move by intra- and inter-chain charge
transfer and hopping [1] and thus the freely moving π-electrons serve as mobile car-
riers. By doping with anions they counterbalance the positively-charged holes in the
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Figure 3.1. Chemical structure of PEDOT:PSS. Adapted from [150].

conjugated backbone chain of, e.g., PEDOT, which enables electrical conductivity.
Hence, the dopant amount and the anion chemical nature determine the PEDOT
physical and chemical properties. Polystyrenesulfonate (PSS) is a preferably used
dopant for its chemically-inert polyanionic structure that enables water solubility and
yields stable composites [151] of PEDOT:PSS (Figure 3.1) with a high conductivity
(4600 S cm−1 [152]) achieved after further processing, like, e.g., the addition of organic
solvents, acid or heat treatment. [153] PEDOT:PSS, which is used in this work, enables
water dispersibility and provides a good electrical conductivity and hence, is used for or-
ganic electronic applications such as bioelectronic devices and biosensors. [154,155] PE-
DOT:PSS is furthermore a highly attractive polymer in cell scaffold research for its sta-
bility, conductivity [156] and cytocompatibility with various cell types [9,151,157,158]
in addition to promoting cell adhesion and proliferation. [158] However, 3D scaffolds
prepared with pure PEDOT:PSS rarely exist due to the PEDOT’s inherent rigidity
by virtue of its extended π-electron-system that renders the polymer brittle. [158]
Dry 0.5 mm thick PEDOT:PSS thin Ąlms have a very wide range of reported Young’s
moduli that begins from 9.3 ± 0.7 MPa [159] to between 0.9 and 2.9 GPa, [160] whereas
6.5 GPa for air-dried Ąbers was reported. [161] PEDOT:PSS in a Ąlm form is commonly
used as a conductive surface in 2D cell culture to, e.g., modulate the proliferation of
human glioblastoma multiforme cells and human dermal Ąbroblasts, [151] although
the stiffness is not compliant with human tissue stiffness ranges, especially not with
electrically-excitable cells such as muscle or nerve cells. Still, electrically excitable
PC12 neural cells cultured on PEDOT:PSS demonstrated enhanced cell differentia-
tion [157] and higher neurite expression [9] whereas primary neurons showed long-term
survival and growth. [162] Additionally, another common application for PEDOT:PSS
is the use as a conductive Ąller material in hydrogels. Cardiomyogenic differentiation
of human induced pluripotent stem cells on alginate-collagen hydrogels in the pres-
ence of PEDOT:PSS (conductivity of 0.35 S m−1) was studied, e.g., by Roshanbinfar et
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al. [14] and cells showed improved maturation and beating properties without external
mechanical or electrical stimulation.

The brittle and hydrophobic nature as well as the high rigidity makes the preparation
of 3D macroporous PEDOT:PSS scaffolds a great challenge. One strategy is the so-
called ice-templating method, [156, 163, 164] where dispersions are frozen at -26 or
-80 °C and subsequently lyophilized and afterwards annealed at elevated temperatures.
Ice templating, or generally speaking freeze casting, is a common technique used for
preparing 3D scaffolds not only from conductive polymers but also from hydrogels and
a variety of other materials like ceramics, metals and biomacromolecules. [165] The
scaffold Ąnal architecture in terms of porosity and pore morphology can be tuned by a
number of chemical or physical parameters such as the solution composition, solvents
used as well as freezing rate and temperature. Although this Ćexibility in procedure
parameters renders the process versatile, alterations in process conditions may lead
to drastic changes in scaffold microstructure as well. [164, 165] For example, Guex
et al. [156] fabricated 3D PEDOT:PSS scaffolds with a pore diameter above 50 µm, a
conductivity between 0.61 mS m−1 and 14 mS m−1 and an elastic modulus of 37 kPa (wet
state) and 69 kPa (dry state) that is suitable for bone tissue engineering as evidenced by
the osteogenic precursor cells (MC3T3-E1) differentiation into osteoblasts. Also, Wan
et al. [164] generated macroscopic PEDOT:PSS scaffolds with pore sizes between 30 and
100 µm through the ice-templating method by varying freezing rate, crosslinker amount
and PEDOT:PSS concentration to yield a 4.5 kPa elastic modulus measured in an
aqueous environment. Moreover, PEDOT:PSS-based conductive scaffolds can also be
used as a live-cell monitoring platform to analyze cell growth in situ by measuring the
impedance that changes when cells are growing within the scaffold. [166] An additional
3D PEDOT:PSS scaffold prepared by freeze drying in combination with gelatin and
bioactive glass showed 13 to 35 MPa Young’s modulus, 0.17 mS m−1 conductivity and
around 60 % porosity with a 50 to 300 µm pore size. [163]

However, the fundamental shortcoming in all the above mentioned approaches is that
the scaffold conductivity is much smaller than the DC conductivity of heart tissue
(0.1 S m−1 [48]). In this work, I applied a microengineering method analogous to that
addressed in Chapter 2 to generate reproducible scaffolds with a Ąbrous structure that
resembles the cell’s extracellular matrix while having a high speciĄc conductivity of
22.6 S m−1 even after two weeks of storage in water. The aero-PEDOT:PSS’ Young’s
modulus is approximately 15 kPa when samples are immersed and measured in an
aqueous environment.

3.2. Microengineered scaffold properties

Fibrous, conductive PEDOT:PSS scaffolds were successfully prepared using a similar
strategy to the one introduced in Section 2.2 for fabricating microengineered conductive
hydrogels that is based on employing a sacriĄcial template. The aero-PEDOT:PSS
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preparation method was developed by Igor Barg in the group of Prof. Franz Faupel at
Kiel University and the preparation procedure is schematically shown in Figure 3.2.

Figure 3.2. Aero-PEDOT:PSS scaffold preparation and properties. a) Schematic presenta-
tion of the preparation route of Ąbrous, conductive PEDOT:PSS scaffolds. i) Highly porous
t-ZnO template inĄltrated with a PEDOT:PSS precursor dipersion. ii) Multiple repetitions
of the process during which the solvent evaporates and the polymer crosslinks. iii) In the
last step, the sacriĄcial t-ZnO template is removed by hydrochloric acid treatment to yield
a Ąbrous aero-PEDOT:PSS structure with a 7.5 mg cm−3 density. Adapted from [115]. b)
A Ąbrous PEDOT:PSS scaffold image with 37.7 S m−1 and 22.6 S m−1 speciĄc conductivities
measured in water shortly after preparation and after 14 days, respectively, and a 15 kPa
Young’s modulus in an aqueous environment.

An aqueous PEDOT:PSS precursor dispersion that consists of PEDOT, PSS, divinyl
sulfone (DVS; acts as a crosslinker), ethylene glycol and ethanol1 was drop-cast onto
highly porous tetrapodal zinc oxide (t-ZnO) templates to form a homogeneous poly-
mer assembly on the ZnO arms. After repeating this process several times and al-
lowing the solvent to evaporate at 55 °C for a period of time during which crosslink-
ing was taking place, the ZnO template was eventually removed by a wet-chemical
etching step with hydrochloric acid. An image of the resulting macroscopic sample
termed aero-PEDOT:PSS is shown in Figure 3.2 b. The microstructure of the sacriĄ-
cial t-ZnO template (Figure 3.3 a) and aero-PEDOT:PSS (b) was analyzed by scanning

1The chemical structure of aero-PEDOT:PSS is shown in Figure C.1.

64



3.2. Microengineered scaffold properties

electron microscopy. The aero-PEDOT:PSS’ structure shows some sail formation of
PEDOT:PSS between the tetrapod arms that is an effect arising from the assembly
process of aqueous nanomaterial dispersion on the ZnO by means of water meniscus
formation between ZnO arms during the drying process. [167]

Figure 3.3. Representative microstructure scanning electron micrographs of a) a t-ZnO
template and b) aero-PEDOT:PSS.

As a potential scaffold material in biohybrid soft robotics and for culturing electrically
excitable cells, the samples Young’s modulus measurements is prompted to be per-
formed in an aqueous environment given the fact that PEDOT:PSS absorbs water and
swells and thus changes its mechanical properties, [156] even though no swelling of the
samples was observed. PEDOT:PSS is commonly used as a thin Ąlm with reported
stiffness in the MPa and low GPa region, [159Ű161] which is not compliant with elec-
trically excitable cells where a stiffness of a few tens kPa is necessary to mimic their
natural ECM. The Young’s modulus of aero-PEDOT:PSS samples with a 7.5 mg cm−3

density were measured in cyclic compression using a ZwickRoell 2.5 kN Zwicki equipped
with a Xforce P 5 N force sensor. Prior to the test, the samples were stored in water
for at least 24 h to ensure full swelling. The samples were compressed by 20 % with a
5 mm min−1 speed for 50 consecutive cycles and a 20 mN pre-load.2 From the recorded
force-distance curves, the stress σ and strain ϵ were calculated using the initial length
l0 and the samples cross section A0 according to equation Equation (1.3) and Equa-
tion (1.4). A representative stress-strain curve is shown in Figure 3.4 a that displays a
viscoelastic behaviour with a distinctive hysteresis to the initial cycle which might be
attributed to the preconditioning phenomenon [135] as explained in Section 2.5. The
Young’s modulus E is deĄned as the elastic, reversible deformation during a tensile
or compression test that can be deduced from the initial slope in a stress-strain curve
and here was calculated by linear Ątting the initial slope up to a 1 % compression
strain mark for all 50 cycles (Figure 3.4 b). The Young’s modulus drops drastically

2Compression tests were kindly performed by Dr. Mohammadreza Taale.
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after the initial cycle but remains at a stable level after approximately 10 cycles. The
Young’s moduli of cycle 10 to 50 were averaged for every sample to result in an aero-
PEDOT:PSS mean Young’s modulus of 14.9 ± 5.8 kPa (Figure 3.4 b1) and thus making
it an ideal candidate for cardiomyocytes or skeletal muscle cells culturing.

Figure 3.4. Mechanical properties of aero-PEDOT:PSS samples measured in cyclic com-
pression for 50 consecutive cycles up to 20 % strain. a) Representative cyclic stress-strain
curve. b) Young’s modulus determined with a linear Ąt to the slope up to 1 % strain for every
cycle. After the Ąrst cycle the Young’s modulus drops but remains stable after approx. 10 cy-
cles. c) Mean Young’s moduli averaged from cycle 10 to 50 for every sample that results in
a 14.9 ± 5.8 kPa mean Young’s modulus (red).

The aero-PEDOT:PSS speciĄc conductivity was measured in water using the two-
point method presented in Section 2.4 that yielded an initial value of 37.7 ± 6.9 S m−1.
The measurements and analysis were kindly done by Igor Barg from the group of
Prof. Franz Faupel at Kiel University. After 7 and 14 days, the speciĄc conductivity
decreased to 24.2 S m−1 and 22.6 S m−1, respectively, which is four orders of magni-
tude larger than, to my knowledge, previously reported 3D PEDOT:PSS structures
that showed maximum conductivities of 0.014 S m−1. [156, 163] As aero-PEDOT:PSS
demonstrates a conductivity that exceeds the 0.1 S m−1 [48] heart tissue DC conductiv-
ity threshold, it is thus suitable for use with contractile cells. PEDOT:PSS thin Ąlms
show conductivities as high as 4600 S cm−1 [152], though they are highly dependent on
the process, added solvents, temperature or morphology [156, 168]. The reduced con-
ductivity in 3D structures can be explained by the scaffolds high porosity that leads to
reduced accessible surface area and material thickness that are necessary for electricity
transport. [156]
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3.3. Biofunctional studies

In this section, the aero-PEDOT:PSS scaffold’s suitability with various cell types was
studied and the cytocompatibility using different biofunctionalization prospects was
analyzed.

3.3.1. Biocompatibility tests

The cytotoxicity of Ąbrous aero-PEDOT:PSS scaffolds was determined by an indirect
MTT extraction test that was performed following ISO-10993-53 and using rat embry-
onic Ąbroblasts (REF52 wt) as a model system (Figure 3.5). Culture medium served
as a control and was set as 100 % cell viability. Undiluted extracts taken from aero-
PEDOT:PSS samples showed a high cell viability of around 80 % that increased to
around 90 % after decreasing the extract medium concentration to 30 %. The ISO
norm regards samples with biocompatibility values above 70 % for undiluted extracts
as biocompatible, thus aero-PEDOT:PSS can be employed as scaffold materials in cell
culture.

control 100 % 70% 50% 30%
0

20

40

60

80

100

 Control      PEDOT:PSS    

of extract medium

V
ia

b
le

 c
e
lls

 (
%

 o
f 
c
o
n
tr

o
l)

Figure 3.5. Cell viability of rat embryonic Ąbroblasts (REF52 wt) exposed to medium ex-
tracts of PEDOT:PSS scaffolds determined with an indirect MTT extraction assay. Error
bars depict standard deviation of three independent experiments each with N = 3. Dashed
line marks a cell viability of 70 %.

3Experimental details are provided in Appendix A.3.
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3.3.2. Biofunctionalization of aero-PEDOT:PSS

The protein adsorption capacity of the PEDOT:PSS scaffolds was tested using bovine
serum albumin (BSA) in a colorimetric detection assay with bicinchoninic acid (BCA;
Thermo ScientiĄc™ Pierce™ BCA Protein Assay Kit). PEDOT:PSS samples were
incubated in 200 µL bovine serum albumin solution (BSA, 2 mg mL−1) for 5, 10 and 30
minutes and 1, 2, 4, 8 and 24 hours. Afterwards, the supernatant was removed, mixed
with 200 µL working reagent (Thermo ScientiĄc™ Pierce™ BCA Protein Assay Kit)
and then incubated for 30 minutes. Next, the protein concentration in the supernatant
was quantiĄed by absorbance measurements at 570 nm (Epoch 2, BioTek) and then
compared to a control (BSA solution, 2 mg mL−1) tested without any sample. By
subtracting the measured protein concentration from the 2 mg mL−1 initial protein
concentration, the protein amount that was adsorbed by the samples was calculated
and is shown in Figure 3.6 a. The experiments have been kindly performed by Dr.
Mohammadreza Taale. After 24 hours, about 1.3 mg of protein (~ 66 % of protein
present) was absorbed by the sample.

Figure 3.6. Biofunctionalization of PEDOT:PSS. a) BSA adsorption by PEDOT:PSS scaf-
folds measured with a BCA colorimetric assay in three independent experiments each with
5 replicates. Error bars depict standard deviation. b, c) NHS-Fluorescein staining (green
Ćuorescence) was used to visualize adsorbed proteins in PEDOT:PSS specimens. Samples
were immersed in PBS (b) or in a Ąbronectin solution (0.1 mg mL−1 in PBS) (c) over night,
stained, cut and then imaged using a GFP Ąlter unit. c) shows a successful and homogeneous
biofunctionalization with stained Ąbronectin of a sample’s cross section.

Proteins can bind to a biomaterial surface through van der Waals, hydrophobic or
electrostatic forces. [158, 169] The PEDOT positive charge allows it to interact elec-
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trostatically with the negatively charged PSS and due to the PEDOT’s hydrophobic
nature, it permits protein adsorption that improves signiĄcantly as was shown when
mixing PEDOT in, e.g., alginate scaffolds. [158] For the aero-PEDOT:PSS used in
this study, divinyl sulfone (DVS) was added as a crosslinking agent with the chemical
structure shown in Figure C.1 in the appendix. Because the scaffold fabrication pro-
cess requires an etching step with hydrochloric acid to eliminate the sacriĄcial t-ZnO
template, parts of anionic PSS as well as its DVS crosslinked form were removed as
conĄrmed by X-ray photon spectroscopy (XPS; XPS spectra shown in Appendix C.2).
The PEDOT:PSS precursor solution initially had a ratio of 1:2.5 that decreased to
1:0.85 after the etching step, thus it is likely that the overall sample has a slightly
positive net charge. Given the fact that BSA is negatively charged under physio-
logical conditions by virtue of its isoelectric point that is around 4.7 [170], the high
protein adsorption can potentially be inĆuenced by local electrostatic interactions and
other electrical charges present in the conjugated polymer. Fibronectin has a - 5.7 mV
ζ-potential [171] and thus carries a small net negative charge that enhances binding
by electrostatic interaction and thus attributes to the good protein adsorption, which
is why the samples were incubated in a Ąbronectin solution (20 µg Ąbronectin/sample)
over night at 4 °C for biofunctionalization.

To investigate the feasibility of this approach, N -hydroxysuccinimide-Ćuorescein (NHS-
Fluorescein) was used in order to label the proteins as it reacts efficiently with primary
amino groups and form stable amide bonds with N -hydroxysuccinimide released during
the reaction. [172] PEDOT:PSS samples, incubated over night at 4 °C in PBS with and
without Ąbronectin, were washed with 50 mmol L−1 borate buffer and then incubated in
NHS-Fluorescein (1 mg mL−1 in DMSO) in 1 µL mL−1 borate buffer concentration for
2 hours at room temperature. After a thorough wash with borate buffer, the samples
were cross-sectioned and analyzed using an Olympus IX81 microscope with GFP Ąlter
unit and the results are shown in Figure 3.6. The control sample (Figure 3.6 b) shows no
green Ćuorescence whereas the cross-sectioned sample that is incubated in Ąbronectin
(c) demonstrate homogeneous staining. Hence, incubation in a Ąbronectin solution
over night is sufficient to biofunctionalize the samples efficiently.

3.4. Cell adhesion and function

Rat embryonic Ąbroblasts (REF52 wt) adhesion and function were analyzed upon
culturing on aero-PEDOT:PSS scaffold samples immersed in either a Ąbronectin solu-
tion (20 µg/sample) or in cell culture medium supplemented with FBS (full medium)
over night. Fibroblasts are the most common cells in the connective tissue and are
essential for tissue development. They are responsible for secreting extracellular ma-
trix (ECM) precursors and thus preserve the structural integrity of the connective
tissue. [173] Fibroblasts were chosen as a model system in this work for their ability to
create an ECM environment best suited to their function.
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The aero-PEDOT:PSS samples were placed in transwells, 5 · 104 cells per scaffold were
seeded and then cultured for 7 or 14 days before immunoĆuorescently staining4 their
actin Ąlaments and nuclei as shown in Figure 3.7.

Figure 3.7. REF52 wt on aero-PEDOT:PSS structures (50 000 cells/scaffold) functionalized
with Ąbronectin (FN, 20 µg/sample, a, b image series) or incubated over night in full medium
for biofunctionalization (c, d image series). The staining for nuclei (Hoechst, blue) and actin
Ąlaments (Phalloidin-Rhodamine, red) was done after 7 and 14 days. Scale bars: 100 µm.

The Ągure shows that the cells demonstrated good adhesion, distinct actin stress Ąbers
and an ability to span well between the PEDOT:PSS arms on all biofunctionalized and
medium-incubated samples. Furthermore, the cells density appeared to grow higher
after 14 days, which acutely indicate cell proliferation.

To study cell adhesion on PEDOT:PSS in more detail, the REF52 wt were additionally
immunoĆuorescently stainedfor paxillin and zyxin (see Figure 3.8), which are proteins
present in the focal adhesion clusters that regulate, e.g., mechanical force transmission
to the extracellular matrix. [174] Images were acquired with an Nikon A1R confocal
microscope and a z-stack (145 µm) projection is shown in Figure 3.8. The results
show no noticeable difference between cells grown on biofunctionalized (Figure 3.8 a) or
unfunctionalized (b) aero-PEDOT:PSS samples in terms of cell distribution (a1, b1) or
actin stress Ąbers development (a2, b2). On both sample types, cells spanned between
the PEDOT:PSS arms and were able to develop focal adhesion clusters, which elucidate
a suitable adhesion to the substrate as indicated by the zyxin and paxillin expression
(a3/4, b3/4). The similar cell adhesion and functionality on both biofunctionalized and
unfunctionalized scaffolds conĄrm the PEDOT:PSS high protein adsorption capacity.

Moreover, the aero-PEDOT:PSS scaffolds biocompatibility was studied with mouse
skeletal muscle cells (C2C12) as they can be used as actuators in biohybrid soft

4Experimental details are provided in Appendix A.4.2.
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Figure 3.8. REF52 wt on aero-PEDOT:PSS structures (150 000 cells/scaffold) a) biofunc-
tionalized with Ąbronectin (FN, 20 µg/sample) or b) incubated in medium. Staining was done
after 14 days for nuclei (Hoechst, blue), actin Ąlaments (Phalloidin-Rhodamine, red), zyxin
(green) and paxillin (violet).

robotics when fused into myotubes, which are able to contract and exert forces on
their surrounding matrix. Cell adhesion and myotube formation were examined using
Ćuorescence imaging and scanning electron microscopy (SEM) (Figure 3.9) and the
cell cytoskeleton structure was analyzed through immunoĆuorescence staining for the
actin cytoskeleton, nuclei and myosin heavy chain (Figure 3.9 a). The results demon-
strate skeletal muscle cell growth throughout the scaffold as well as steady spreading
and adhesion that are accounted for by the apparent actin stress Ąbers development
especially visible in Figure 3.9 a3. Myosin is expressed once myogenesis starts at the
onset of myoblasts fusion into multi-nucleated myotubes and the development of the
sarcomeric structure where myosin is widely present. This process typically starts three
days after cells reach a sufficient conĆuency, which was not met yet in Figure 3.9 a2
and thus myosin is not expressed. Myoblasts grown for 14 days on aero-PEDOT:PSS
scaffolds show high cell density (b1) and myotube formation (b2). Figure 3.9 b3 shows
an overlay of b1 and b2 that is displayed in high magniĄcation in (c). Myotube forma-
tion appears to be in a directed fashion on the surface of aero-PEDOT:PSS samples
and is similar to those grown on a control sample, i.e., on cell culture plastic (Fig-
ure 3.9 e), except that the myotubes have spread shorter and thinner as compared in
Table 3.1. Though, it has to be taken into account that imaging samples in 3D might
result in projection errors due to myotubes growth in multiple layers, and as myotube
formation depends on cell number and density, cells growing on a 2D control sample
will predictably be longer and thicker than on a 3D aero-PEDOT:PSS.

Figure 3.9 d shows SEM images of myotubes forming on the surface (d1) and inside
(d2) the Ąbrous structure of aero-PEDOT:PSS scaffolds after the sample was cut in
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Figure 3.9. Myotube formation of C2C12 skeletal muscle cells in aero-PEDOT:PSS scaf-
folds immunoĆuorescently stained for nuclei (Hoechst, blue), actin Ąlaments (Phalloidin-
Rhodamine, red) and myosin (anti-myosin heavy chain, green) Image series a) After 3 days,
myoblasts were spreading with visible actin stress Ąbers (a3) but no sign of myogenesis and
thus no myosin expression (a2). Image series b) After 14 days, myotubes have developed
within the scaffold and shown in higher magniĄcation in c). Image series d) SEM micro-
graphs of myotubes formed after 14 days. Image series e) C2C12 skeletal muscle cells grown
on cell culture plastic imaged after 14 days.

half with more details demonstrated in Figure 3.10. To obtain the SEM micrographs,
the cells in the scaffold were Ąxed with paraformaldehyde (PFA, 4 %, Sigma-Aldrich)
for 20 minutes at room temperature followed by an ascending ethanol concentration
sequence (50, 70, 80, 90, 95, 99 % ethanol, > 30 min time between each step) that is
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Table 3.1. Average length and thickness of myotubes grown for 14 days
in Ąbronectin-functionalized aero-PEDOT:PSS or on cell culture plastic (Fig-
ure 3.9 b3, e3).

Length in µm Thickness in µm

Aero-PEDOT:PSS 174.8 ± 49.2 15.9 ± 5.5

Control 256.1 ± 106.1 21.4 ± 6.2

necessary for the subsequent critical-point-drying process using an EMS 3000. Prior to
SEM, the cells were coated with a thin sputtered gold layer (Bal-Tec SCD 050, 30 mA,
60 s). After 7 and 14 days of C2C12 myoblasts growth periods inside aero-PEDOT:PSS
scaffolds, no distinct difference in myotube formation and adhesion is visible between
aero-PEDOT:PSS samples incubated in Ąbronectin or in pure cell culture medium
(Figure 3.10). Predictably, myotube formation has only taken place after 14 days
and was not visible after 7 days as myoblasts were still not conĆuent enough to start
myogenesis. The good cell adhesion of muscle cells to the PEDOT:PSS scaffold is
highlighted in Figure 3.10 a2 and c3 and that cells are well spread is visible in c2 where
a myoblast spans between the PEDOT:PSS arms.
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Figure 3.10. SEM micrographs of C2C12 skeletal muscle cells grown for 7 and 14 days
on a and b image series) Ąbronectin-biofunctionalized samples (FN, 20 µg/sample) or c and
d image series) samples incubated in growth medium over night. Cells are well spread and
show good adhesion to their substrates in both functionalization strategies, notably visible in
a2 and c3. Myotube formation can be observed after 14 days of cell culture (b2, d1).
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3.5. Contractile cells on aero-PEDOT:PSS scaffolds

With an applicable conductivity of 22.6 S m−1 (after 14 days stored in water) and
suitable mechanical properties with a 15 kPa Young’s modulus in aqueous environment
for contractile cells, aero-PEDOT:PSS is a promising structural material for use in
biohybrid applications. The aero-PEDOT:PSS potential as a scaffold for contractile
cells like cardiomyocytes is presented in this section. Cardiomyocytes derived from
induced pluripotent stem cells (iPSC-CM) and whole heart tissue from rice Ąsh are
analyzed.

3.5.1. Electrical stimulation setup

External electrical stimulation is required to trigger skeletal muscle contraction or
orchestrate a synchronized cardiomyocytes beating behavior if they form a monolayer
within a scaffold. [44] The stimulation is provided by an electrical setup that consists
of a small electric circuit (1 kΩ resistance, 220 µF capacitance in series), to prevent
electrolysis by producing a signal with alternating polarity, and 1 cm wide electrodes
with an interelectrode distance of 1 cm attached to a function generator (Rigol DG1022)
as shown in Figure 3.11 a.

Figure 3.11. a) The electrical stimulation setup combined with an inverted microscope. b)
MTT extraction assay with REF52 wt cells of non-woven CNT mats. c) A characteristic
single electrical pulse with 1 cm interelectrode distance with a 13 V, 1 Hz input signal and
30 ms pulse width measured in full cell culture medium.

The electrodes made from non-woven carbon nanotubes (CNTs) mats5 with a conduc-
tivity around 0.3 · 105 S m−16 were inserted in the cell culture medium that in turn car-
ries the electrical current by ionic conductivity. CNT mats are great electrode material
candidates despite their conductivity is about two orders of magnitude lower than those
of platinum, gold, copper or silver. CNT mats are cheaper than the other elements, do

5The non-woven CNT mats were kindly provided by the company Tortech Nano Fibers, Israel.
6Numbers provided by Tortech Nano Fibers.
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not cause electrolysis [38] or pH change [175] as platinum does and they also do not
share the copper and silver’s drawbacks in having antibacterial [176] and cytotoxic [177]
properties. The non-woven CNT mats were autoclaved while immersed in water prior
to use and an MTT extraction assay with rat embryonic Ąbroblasts (REF52 wt) showed
that the mats were suitable for use with cells (Figure 3.11 b). A characteristic pulse
is shown in Figure 3.11 c measured with an oscilloscope (Voltcraft DSO-1084E) in
growth medium7 with an input voltage of 13 V, 1 Hz and 30 ms pulse width, which
results in an electrical Ąeld strength of approximately 0.5 V cm−1 as the electrodes
are 1 cm apart from each other. The Dulbecco’s modiĄed Eagle’s medium (DMEM)
that was used for culturing, e.g., C2C12 skeletal muscle cells, has an approximately
1.5 S m−1 ionic conductivity. IPSC-CMs were cultured in RPMI-1640 medium with
an ionic conductivity of approximately 1.4 S m−1. Both values were measured using a
universal conductivity measuring cell (TetraCon® 325, WTW) and both are in good
agreement with the 1.7 S m−1 DMEM electrical conductivity found in literature. [178]
However, the media salt concentration is additionally affected by cell metabolites and
Ćuid evaporation over time as well as by the addition of supplements like FBS or the
B-27 supplement in the iPSC-CMs case that change the volume of the medium and in
turn the salt ions concentration.

The C2C12 mouse myoblasts is a widely used contractile cell line that fuse into multi-
nucleated myotubes under low serum conditions when the cell density is sufficiently
high as explained in the previous section. Myoblasts were grown on normal cell cul-
ture plastic to a conĆuency stage at which the growth medium was exchanged to a
starvation medium8 and cells started to fuse into myotubes that were subsequently
electrically-stimulated three days later. Although culturing skeletal myotubes on con-
ductive substrates or scaffolds would be advantageous, this setup is ideal for electrically
stimulating the cells to trigger their contraction when grown on cell culture plastic as
can be deduced from their response to the stimulus in Figure 3.12. Figures a1 and a2
show myotubes at two different time points during a contraction after stimulation by
pulsed square waves with 10 V, 1 Hz and 30 ms pulse width and 0.5 V cm−1 electrical
Ąeld strength. To examine the change between the two stages, the two images were
subtracted from each other using the Image Calculator function in the ImageJ soft-
ware [146] to excerpt the difference (shown in a3) that was then superimposed onto
the original image (a4) to elucidate the transformation (displayed in cyan color) upon
contraction. The myotubes changed their length by approximately 0.88 µm and their
thickness by approximately 0.96 µm upon a single contraction.

To quantitatively study cellular behavior after electrical stimulation, the cells contrac-
tion frequency was analyzed using a Python 9 script where the Fast Fourier Transfor-

7Dulbecco’s modiĄed Eagle’s medium (DMEM) supplemented with 10 % fetal bovine serum (FBS)
and 1 % Penicillin/Streptomycin.

8DMEM supplemented with 2 % FBS for starvation medium and 1 % Penicillin/Streptomycin.
9Python programming language: Python Software Foundation, https://www.python.org/.
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Figure 3.12. C2C12 cells grown on cell culture plastic 3 days after changing to starvation
medium and electrically stimulated with different frequencies (10 V, 30 ms or 60 ms pulse
width). a1, a2) show C2C12 myotubes at two different time points during a contraction
(electrically stimulated with 10 V, 1 Hz, 30 ms). a3) shows the difference between the images
in a1 and a2. The change in length of the myotube is approx. 0.88 µm, the thickness changes
by 0.96 µm. a4) shows an overlay highlighting the changes (turquoise) during a contraction.
b) Exemplary result of Fast Fourier transformation analysis of the beating frequency of C2C12
myotubes. The resonance frequency is 1.04 Hz. In b1) active areas at this speciĄc frequency
are visible. c) Contraction frequency of C2C12 myotubes vs stimulation frequency for different
electrical stimulation settings and on different substrates.

mation (FFT) algorithm (numpy.fft) was employed. FFT is an algorithm used for an
efficient computation of the Discrete Fourier transform (DFT) that functions by sepa-
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rating the frequency component from a discrete-time signal to yield a spectrum similar
to the example shown in Figure 3.12 b. In that spectrum, the peak is at 1.04 Hz and
the areas where the contraction at that frequency took place are highlighted in inset
b1. The results illustrate that myotubes contraction frequency corresponds with the
electrical stimulation frequency as shown in Figure 3.12 c. The contraction and stim-
ulation frequencies are directly proportional when frequencies up to 3 Hz were applied
regardless of pulse width or the substrate used (GelMA or cell culture plastic in this
study) that is in agreement with previous works published. [38,179]

3.5.2. Induced pluripotent stem cell derived cardiomyocytes

In contrast to skeletal muscle cells, cardiomyocytes need no speciĄc alignment on the
scaffold surface and necessitate no electrical stimulation by virtue of their spontaneous
contraction. However, a cardiomyocyte cell line able to generate high enough forces
is not commercially available, [13] hence primary neonatal cardiomyocytes are com-
monly used, albeit animals are sacriĄced and ethical questions are raised. Therefore,
induced pluripotent stem cells (iPSCs) represent a good alternative as they are do-
nated by patients to then be differentiated into cardiomyocytes, a time-consuming
yet valuable process to prepare cardiomyocytes (iPSC-CM) with all original features.
Cardiomyocytes derived from induced pluripotent stem cells (iPSC-CMs) and their
culturing media were kindly provided by Dr. Ayca Seyhan Agircan and Prof. Dr.
Johannes Backs from Heidelberg University Hospital. 6 mm in diameter and 0.5 - 1 mm
in height circular aero-PEDOT:PSS samples were incubated in Ąbronectin solution
(20 µg/sample) over night and then Ąxed with sterile needles to transwell bottoms to
prevent them from Ćoating while the cell suspension was carefully poured on top to
ensure a high cell density of approximately 3 · 105 cells per sample. 48 hours later, cells
were Ąxed with 4 % paraformaldehyde and the cytoskeleton structure was evaluated
by immunoĆuorescent staining of the nuclei (blue), actin Ąlaments (red) and myosin
(green) as shown in Figure 3.13. The cardiomyocytes show good distribution through-
out the aero-PEDOT:PSS sample as depicted in the overview images in Figure 3.13 a
and Ągures b and c display individual cardiomyocytes and their actin and myosin Ąl-
aments in different magniĄcations where the cells are spreading and extending well
within the scaffold. The lateral boundaries of each sarcomere and the smallest con-
tractile unit of cardiomyocytes (also known as Z-bands) are illustrated and marked
with white arrows in the confocal microscopy images in Figure 3.13 d.

Figure 3.13 e shows the various shapes and clear actin Ąlament expression of cardiomy-
ocytes seeded on Ąbronectin-coated glass with no apparent difference to those cultured
on PEDOT:PSS in appearance or morphology of the sarcomeric structure, myoĄbers or-
ganization and actin stress Ąbers as emphasized in higher magniĄcation in Figure 3.14.
The contraction course analysis of individual iPSCs growing in aero-PEDOT:PSS is
shown in Figure 3.15 and was analyzed using FFT analysis as presented in Section 3.5.1.
Cells in aero-PEDOT:PSS scaffolds were beating with around 0.7 Hz. Figures a1 and
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Figure 3.13. Cardiomyocytes in aero-PEDOT:PSS scaffolds immunoĆuorescently stained
for nuclei (Hoechst, blue), actin Ąlaments (Phalloidin-Rhodamine, red) and myosin (anti-
myosin heavy chain, green). Image series a) Overview of cardiomyocyte distribution in the
aero-PEDOT:PSS scaffolds. Image series b) Cardiomcyoytes showing different shapes while
spanning the PEDOT:PSS arms, especially visible in image series c. Image series d) Confocal
microscopy images depicting the Z-bands in cardiomyocytes as highlighted by the white arrows.
Image series e) Cardiomyocytes grown on Ąbronectin-coated glass substrates. Scale bars:
100 µm.

a2 show the beating behaviour at two different time points during a contraction and
the change that took place during this time period is projected in a3, which in turn is
superimposed onto the original image (a1) to elucidate the transformation (displayed
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in cyan color) upon cell contraction (a4). A similar analysis procedure was followed for
image series b and c in Figure 3.15. As already shown in Section 2.6.3, cardiomyocytes
cultured on plastic or glass substrates show isometric contraction, i.e., no change in
their length during a contraction as seen in Figure 3.15 c, whereas cardiomyocytes in
aero-PEDOT:PSS are able to perform concentric contractions and cause a deformation
of their surrounding (a, b).

Figure 3.14. Single cardiomyocytes immunoĆuorescently stained for nuclei (Hoechst, blue),
actin Ąlaments (Phalloidin-Rhodamine, red) and myosin (anti-myosin heavy chain, green) in
a) aero-PEDOT:PSS scaffold and b) cultured on a glass substrate. Scale bars: 50 µm.

A more detailed macroscopic analysis of cardiomyocyte-induced scaffold contraction is
shown in Figure 3.16. In Ągure series a, the deformation of a large part of the aero-
PEDOT:PSS scaffold during a cell contraction is expressed using a comparable analysis
method to that presented above, whereas b shows the change upon contraction at the
scaffold boarder. To quantify scaffold deformation caused by cells contraction, the
thickness of multiple red lines (marked exemplary with white arrows) in b that resem-
ble material displacement during a two-beats interval was analyzed using the ImageJ
software for three different samples with approximately 30 measurements taken per
specimen. The results show that the cardiomyocytes induced an approximately 4.3 µm
deformation at the edge of the aero-PEDOT:PSS scaffold as shown in Ągure c. As a
comparison to these values, iPSC cardiomyocytes cultured on 2D GelMA substrates
deformed their underlaying material by approximately 2.5 µm (cf. Section 2.6.3), which
therefore makes the aero-PEDOT:PSS Ąbrous structure more favorable for cells due to
the ease of deformation.

Biohybrid robots reported in literature are almost exclusively based on 2D scaffolds
and rely on sheets of contractile cells for actuation. One of the prominent examples
is the mimicry of the batoid Ąsh shape by Shin et al. [21] who used a 10 µm thick
hierarchically-structured hydrogel scaffold with an incorporated Ćexible gold micro-
electrode array seeded with a cardiomyocyte cell layer for actuation. Another exam-
ple is the culturing of optogenetically modiĄed primary cardiomyocytes on structured
poly(dimethylsiloxane) (PDMS) thin Ąlms that encloses a microfabricated gold skele-
ton in the shape of a tissue-engineered ray with a maximum PDMS backbone thickness
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Figure 3.15. Contraction of individual cardiomyocytes cultured in aero-PEDOT:PSS (a and
b image series) and on cell culture plastic (c image series) as a control. a1, a2, b1, b2, c1,
c2) Cells at two different time points during a contraction. The white arrows in image series
a and b) highlight areas where contraction is particularly visible. a3, b3, c3) The subtraction
of images 1 and 2 in their respective image series. a4, b4, c4) Overlay of images 1 with 3
in the respective image series that highlights the changes (cyan) during a contraction. Cells
on cell culture plastic show isometric contraction, i.e., no change in their length during a
contraction, whereas cells in aero-PEDOT:PSS show concentric contraction that causes a
deformation of their surrounding.

of 28 µm. The same group also presented an autonomously swimming biohybrid Ąsh
powered by a bilayer of cardiomyocytes seeded on both sides of a 200 µm thick struc-
tured hydrogel. 3D attempts involved the use of whole muscle tissue for actuation as
for instance the dorsal vessel tissue of insects [13], engineered skeletal muscle strips [23]
and neuromuscular tissue circuits from marine sea slugs [34]. Although the culturing
of single cells in 3D scaffolds was reported in tissue engineering, [15,50] it has not been
explored in the Ąeld of biohybrid robotics. In a breakthrough, Noor et al. [17] 3D-
printed a thick vascularized, perfusable heart tissue with a natural architecture where
iPSC-CM at a concentration higher than 108 cells mL−1 were directly printed within
the structure, however neither an apparent tissue contraction nor blood pumping was
achieved. Although lacking a quantitative analysis, the work of Noor et al. also illus-
trated that macroscopic contraction of cardiac patches with vacscularization requires
an extremely high number of cells. Hence, increasing the number of cardiomyocytes in
the scaffold and enhancing the cell beating synchronization would perspectively make
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Figure 3.16. Contraction of cardiomyocytes cultured in aero-PEDOT:PSS. a1 and a2) The
scaffold deformed by cells at two different time points during a contraction. a3) Subtraction
of a2 from a1. a4) Overlay of a1 with a3, highlighting the changes (red) during a contraction.
b) The difference between two contractions at the boarder of an aero-PEDOT:PSS scaffold is
represented by the thickness of the red lines. c) The line thicknesses (marked exemplary with
white arrows in b) measurements for three different samples showing around 4.3 µm average
deformation.

macroscopic contraction attainable. Cardiomyocytes grown on Ąbronectin-coated glass
slides showed no noticeable reaction to electrical stimulation. This might be attributed
to the low cells density that was not enough to transfer cell-to-cell signals with the lack
of a conductive substrate that caused a synchronization hindrance. [13] Similarly, car-
diomyocytes grown in aero-PEDOT:PSS scaffolds showed no signiĄcant reaction to
electrical stimulation as well, which might be due to an insufficient ionic conductivity
of the cell culture medium to transfer the electrical signals and induce electrical stimu-
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lation in the cells. The RPMI-1640 medium showed adequate conductivity of approx-
imately 1.4 S m−1, however the salt concentration in the media is additionally affected
by cell metabolites, Ćuid evaporation over time and the addition of supplements like
B-27 that changes the medium volume and consequently the salt ions concentration.
Therefore, the triggering signal was possibly too weak to induce sufficient electrical
stimulation in the cells in these experiments. A higher stimulation signal can be ob-
tained by a greater applied voltage, but this can cause a local increase in temperature
that impacts cell viability. A more synchronized beating would lead to an increase in
cell force and thus to higher deformation capabilities, hence this should be the focus
of future studies. Despite the limited, microscopic-level of achievable deformation, my
results represent a stepping stone in the Ąeld of 3D scaffolds for biohybrid soft robotics.

3.5.3. Fish hearts from medaka

One promising alternative animal source especially for primary cells are cardiomyocytes
isolated from zebraĄsh (Danio rerio) or Japanese rice Ąsh (also known as medaka;
Oryzias latipes) embryos. Fish embryos are considered a replacement or reĄnement
method according to the 3Rs (replacement, reduction and reĄnement) of animal exper-
iments as they are likely to experience no suffering, distress or lasting harm at these
development stages. [180] Early-life stages of Ąsh are not protected as animals until
being capable of independent feeding which is 120 h post fertilization10 and are thus
not falling into the regulatory framework when employed for animal experiments. [181]
Furthermore, not only the breeding time and cell development for these Ąsh are faster
than in mammals, they also keep their functionality at a 10 to 40 °C temperature
range [182], thus enable biohybrid actuators operation should they be used at room
temperature.

Medaka rice Ąsh hearts were isolated by Dr. Thomas Thumberger from the group
of Prof. Jochen Wittbrodt at the Center of Organismal Studies (COS) in Heidelberg
University. The isolated hearts were reanimated by electrical stimulation (pulse square
signals, 15 V, 10 Hz, 50 ms) while placed in complete cell culture medium (DMEM
supplemented with 10 % FBS and 1 % Penicillin/Streptomycin) and subsequently glued
to PEDOT:PSS samples using a superglue (Figure 3.17).

In this proof-of-principle study, a whole heart tissue was opted for in order to ensure
that a sufficient number of cells are available for prompting contraction and to allow
the inĆuence of stimulation to be easily visible. A piece of aero-PEDOT:PSS glued to a
whole beating heart at a frequency of 1.4 Hz was observed rotating 90°(Figure 3.17 a-c)
within a minute. The resonant beating frequency was determined using a video analysis
with FFT functions and the resulting frequency spectrum is shown in Figure 3.17 d
where the 1.4 Hz peak is marked with a pink line. The inset in d illustrates the area

10According to the EU Directive 2010/63/EU on the protection of animals used for scientiĄc purposes.
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where contraction at this frequency took place. This Ąnding demonstrates a Ąrst
macroscopic biohybrid actuator that represents a signiĄcant stepping stone for future
studies.

Figure 3.17. PEDOT:PSS scaffold glued to a Ąsh heart. The heart’s contractions caused a
scaffold rotation of approximately 90° within one minute with a 1.4 Hz beating frequency.

Nevertheless, instead of using a whole heart, implementing individual cardiomyocytes
would be a more feasible approach as discussed in Section 3.5.2 where cardiomyocytes
could either be isolated from heart tissue or generated by induced pluripotent stem cells
from, e.g., Ąbroblast cells. An additional advantage to using Ąsh or lower vertebrates
is their cardiomyocyte’s lifelong ability to proliferate in comparison to the mammals’
drastic drop within a month after birth. [183] Isolated primary cardiomyocytes from
adult zebraĄsh hearts could be cultured up to 4 weeks while maintaining their mature
sarcomeric integrity and contractile properties. [184] Although the iPSC technology
was mainly focusing on mammalian species in the past decade, efforts were also made
to generate induced pluripotent stem cells from Ąsh as new chemical reprogramming
methods were successfully employed. [185] Taken together, the use of Ąsh cardiomy-
ocytes offers great potential in biohybrid robotic applications due to their proliferation
capabilities, fast development in contrast to mammals and their functionality at room
temperature.

3.6. Conclusion and perspective

In this chapter, I presented a novel preparation method of reproducible Ąbrous, con-
ductive scaffolds made from aero-PEDOT:PSS that is suitable for culturing contractile
cells and applicable in biohybrid soft robotics. Based on a microengineering approach,
this method enables a fast and easy fabrication of MTT assay-conĄrmed biocompati-
ble macroscopic specimens with a Ąbrous structure analogous to a cell’s extracellular
matrix. The scaffolds exhibit a high speciĄc conductivity of 22.6 S m−1 even after two
weeks of storage in water, which is four orders of magnitude larger than previously
reported 3D PEDOT:PSS structures with a 0.014 S m−1 maximum conductivity. They
also demonstrate a sufficient mechanical stability with a 15 kPa Young’s modulus in

84



3.6. Conclusion and perspective

an aqueous environment, which renders them suited to serve as artiĄcial extracellular
matrix environments for contractile cells like skeletal muscle cells or cardiomyocytes.
I displayed a straight-forward incubation procedure to achieve a homogeneous cover-
age of the aero-PEDOT:PSS scaffold arms with cell adhesion promoting motifs. Cell
adhesion studies using Ąbroblasts and skeletal muscle cells were carried out to verify
the aero-PEDOT:PSS scaffolds suitability as artiĄcial cell platforms through Ćuores-
cence staining and scanning electron microscopy that elucidated the cells’ excellent
adhesion and proliferation as well as myotube formation in the case of skeletal mus-
cle cells. This was additionally validated by the lack of any signiĄcant differences in
cell behavior between those cultured on Ąbronectin-biofunctionalized scaffolds or when
merely incubated in pure medium, thus infers a sufficient protein adsorption capability
of PEDOT:PSS. Moreover, cardiomyocytes derived from induced pluripotent stem cells
(iPSC-CMs) cultured on aero-PEDOT:PSS scaffolds illustrated great spreading, devel-
oped visible actin Ąbers and Z-bands as well as enacting a good beating behavior. The
cardiomyocytes’ ability to deform the individual PEDOT:PSS arms they were attached
to was also analyzed and the overall scaffold deformation was calculated to be around
4.3 µm. I also carried out a pioneering study using a whole heart tissue from a medaka
rice Ąsh that was integrated successfully with a PEDOT:PSS scaffold. The use of in-
dividual Ąsh cardiomyocytes, whether isolated from animals or derived from induced
pluripotent stem cells, offers a great potential in biohybrid robotic applications due to
their proliferation capabilities, rapid development and their ability to function at room
temperature in contrast to those extracted from mammals. This work represents an
important advancement and a crucial step towards future work in this Ąeld.

Taken together, I demonstrated that aero-PEDOT:PSS scaffolds are valuable scaffolds
for culturing contractile cells by virtue of their Ąbrous structure, great protein ad-
sorption aptitude, high electrical conductivity, applicable mechanical properties and a
promising capacity to assimilate the extracellular matrix structurally and biochemi-
cally.
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I developed and employed a microengineering approach to fabricate two different 3D
conductive scaffold systems for culturing contractile cells like skeletal muscle cells and
cardiomyocytes that can serve as motors for biohybrid soft robotics. Both systems were
able to provide the required electrical and mechanical cues for a successful implemen-
tation as artiĄcial scaffolds that mimic the physical and structural characteristics of a
cell’s natural extracellular matrix. The approach is based on exploiting a functionally-
coated sacriĄcial template of interconnected tetrapod-shaped zinc oxide micro particles
(t-ZnO) that resulted in a highly porous network of conductive pathways from either
a hydrogel permeated with a Ąller material that renders it conductive or a conductive
polymer matrix.

In the hydrogel system, the conductivity was obtained through incorporating an ex-
foliated graphene (EG) framework into a polyacrylamide (PAM) hydrogel to create a
conductive network that pervades the matrix. Filler graphene concentrations as low as
0.16 vol% EG resulted in an electrical conductivity as high as 0.34 S m−1 while inĆicting
a negligible impact on the hydrogel mechanical stability that displayed a mere 10 %
increase in Young’s modulus, which represents an unprecedented success in comparison
to state of the art techniques. The approach also demonstrated a great versatility and
allowed a useful control over matrix size, shape, porosity, conductivity and mechanical
behavior in addition to offering the freedom to adjust matrix features through various
means such as t-ZnO sacriĄcial template density, inĄltrations number and conductive
Ąller dispersion concentration as well as by using different nanomaterials. For instance,
conductivities that spanned a range between 0.012 S m−1 to 1.8 S m−1 were achieved by
using different Ąller concentrations whereas mechanical strengths between 60 to 90 kPa
were attainable in PAM with an ability to customise it to a level between 25 and 55 kPa
using assorted PAM and gelatin methacryloyl (GelMA) composites. GelMA and com-
binations of PAM and GelMA also demonstrated their suitability as biofunctional con-
ductive hydrogels that were capable of promoting good skeletal muscle cells spreading
and proliferation. Cardiomyocytes induced from pluripotent stem cells (iPSCs) showed
concentric contraction that led to a GelMA substrate deformation by a few microm-
eters that translates to 5 % change in cell length, which presents a valuable potential
in biohybrid applications. I additionally studied the microengineering method’s capac-
ity for enhancing the thermoresponsive poly-N -isopropylacrylamide hydrogel volume
change that increased from around 5.3 % in bulk hydrogels in terms of deformation
to a remarkable 54 % in microengineered specimens even without a conductive Ąller
material. The integration of these Ąndings with added suitable conductive Ąllers in a
perspective work would enable heating up only the hydrogel via applied electrical or
light pulses instead of the entire hydrogel surrounding.

In a pioneering study, Ąbroblasts as a non-contractile mammalian cell type were em-
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ployed as motor cells for biohybrid actuation. Here, photoswitchable drug optojasps
were exploited as means to release the tensile forces exerted by Ąbroblasts that gener-
ated a collagen scaffold contraction and result in a 6 % change in specimen diameter.

In the second part of my thesis, I exploited the microengineering approach in com-
bination with the conductive poly(3,4-ethylenedioxythiophene):polystyrene sulfonate
(PEDOT:PSS) polymer to generate biocompatible 3D scaffolds suitable for contractile
cells culturing with a Ąbrous structure that mimics a cell’s extracellular matrix. Even
after two weeks of storage in water, the scaffolds exhibited a high speciĄc conduc-
tivity of 22.6 S m−1 that is four orders of magnitude greater than previously reported
3D PEDOT:PSS structures with a 0.014 S m−1 maximum conductivity in addition to
demonstrating a substantial mechanical integrity with a 15 kPa Young’s modulus in
an aqueous environment, which makes it structurally capable as an artiĄcial cellular
environment. The scaffolds showed a good biocompatibility of around 80 % in MTT
assays and also a high protein adsorption capacity of about 66 % of the available pro-
teins in solution within 24 h, thus allowing for a simple biofunctionalization procedure
via incubation. Cultured Ąbroblasts and skeletal muscle cells elucidated excellent ad-
hesion and proliferation besides myotube formation in the case of skeletal muscle cells
whereas iPSC-cardiomyocytes were able to spread well, developed visible actin Ąbers
and Z-bands in addition to enacting a steady beating behavior while inducing a 4.3 µm
overall scaffold deformation.

The various 3D scaffolds I developed, investigated and presented in my work are valu-
able for culturing contractile cells by virtue of their microstructure, great protein ad-
sorption aptitude, high electrical conductivity, applicable mechanical properties and a
promising ability to assimilate the extracellular matrix. They also demonstrate poten-
tial in a wide variety of desirable applications from liquid transport and drug delivery
where the interconnected channel system pervading the hydrogel can enhance diffusion
to bioelectronics, biosensing and biohybrid soft robotics.
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A Supplementary general

information

A.1. Cell lines and tissue

REF52 wt are rat embryonic Ąbroblasts wild type cells. Fibroblasts are incompletely
differentiated cells and are the most common cells in the connective tissue. They are
important for tissue development, are responsible for secreting extracellular matrix
(ECM) precursors and thus preserve the structural integrity of the connective tissue.
[173] REF52 wt cells were isolated from rat embryos (B.Geiger, Weizmann Institute,
Israel). [186]

C2C12 is an immortalized mouse myoblast cell line originally derived by Yaffe and
Saxel in 1977. [187] The cells undergo rapid proliferation under high serum conditions,
whereas the myoblasts fuse into myotubes with an ability to contract and exert forces
under low serum conditions or starvation.

iPSC-CM are cardiomyocytes differentiated from induced pluripotent stem cells,
which are able to self-replicate and differentiate into any cell type in the body. [188]

Fish heart isolated from medaka The Japanese medaka Ąsh (Oryzias latipes) is
a small, egg-laying fresh-water Ąsh that is easy to bread and very tolerant against a
wide range of salinities and temperatures between 10 to 40 °C. [182]

A.2. Cell culture

In general, cells were cultured in Dulbecco’s modiĄed Eagle’s medium (DMEM, PAN-
Biotech) supplemented with 10 % fetal bovine serum (FBS, PAN-Biotech) and 1 % Peni-
cillin/Streptomycin (Sigma-Aldrich) at 37 °C with a CO2 level of 5 % and about 90 %
humidity. Rat embryonic Ąbroblasts (REF52 wt) are used at 70 - 80 %, skeletal muscle
cells (C2C12) at 60 - 70 % conĆuency. For detaching cells Accutase® (PAN-Biotech)
is used and cells were centrifuged at 800 x g for 4 minutes or 200 x g for 5 minutes,
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respectively. Cardiomyocytes from induced pluripotent stem cells (iPSC-CMs) were
differentiated and cultured in the group of Prof. Dr. med. Johannes Backs from
Heidelberg University Hospital. Medaka Ąsh are bred and maintained in the group of
Prof. Dr. Jochen Wittbrodt from Heidelberg University.

A.3. Cell viability assay

Information about the cytotoxicity of biomaterials on cells can be obtained by using
the MTT tetrazolium reduction assay in agreement with ISO-10993. In an MTT assay
methylthiazolyldiphenyl-tetrazolium bromide (MTT; Sigma-Aldrich) is converted into
a purple colored crystalline formazan product by viable cells with active metabolism.
Dead cells are not able to convert the dye, thus the color formation can be assumed to
be directly proportional to the number of viable cells. [129] For an indirect MTT assay,
extractions are prepared by incubating samples in culture medium (for Ąbroblasts:
Dulbecco’s modiĄed Eagle’s medium (DMEM) supplemented with 10 % fetal bovine
serum (FBS) and 1 % penicillin/streptomycin.) for 24 h at 37 °C. 1·104 cells are seeded
in a 96-well plate and incubated in 100 µL culture medium for 24 hours. Afterwards,
the medium is removed and a dilution series of the extract medium (30 %, 50 %, 70 %,
100 % of extract medium) with culture medium as the diluent is added to the wells.
Culture medium with 10 % dimethyl sulfoxide (DMSO) is used as a positive control and
pure culture medium as a negative control. After 24 hours of incubation the medium
is removed and 50 µL of MTT solution (1 mg mL−1; in culture medium) is added to
each well. After 2 hours of incubation, the MTT solution is exchanged with 100 µL
isopropanol and the absorbance is measured at 570 nm (Epoch 2, BioTek). The blank
value (empty wells, ODblank) is calculated as an arithmetic mean and subtracted from
all measured values. To calculate the cytotoxicity of the test substances the values
obtained from the negative control are set as 100 % (ODnegative) and the cell viability
is calculated as follows:

cell viability (%) =
(ODsample − ODblank) · 100

ODnegative − ODblank

(A.1)

OD is short for optical density. ODsample is the measured optical density of the tested
samples.

A.4. Fluorescent staining

A.4.1. Live/Dead assay

For a live/dead assay CalceinAM (Sigma-Aldrich) and Propidium Iodide (PI, Ther-
mo Fisher ScientiĄc) at concentrations of 1 µg mL−1 were used. Optionally, Hoechst

xxii



A.4. Fluorescent staining

(Thermo Fisher ScientiĄc) can be added to stain cell nuclei at the same concentration.
After 20 minutes of incubation protected from light, samples are washed three times
with PBS and afterwards imaged with GFP, RFP and DAPI Ąlter units.

A.4.2. ImmunoĆuorescent staining

Cells are Ąxed with paraformaldehyde (PFA, 4 %, Sigma-Aldrich) for 20 minutes at
room temperature, followed by cell permeabilization with 0.1 % Triton X-100 (Sigma-
Aldrich) for 15 min. Afterwards, non-speciĄc antigens are blocked with bovine serum
albumin (BSA, Sigma-Aldrich, 1 %, 20 min) and subsequently samples are incubated
with primary antibodies diluted in BSA over night at 4 °C. The next day, samples are
incubated with the secondary antibodies diluted in BSA for two hours at room temper-
ature. Additionally, cells can be stained with phalloidin conjugated with rhodamine or
iFluor 488, which is added during the secondary antibody reaction step as well. In the
last 20 minutes of incubation time, Hoechst (1 µg mL−1, Thermo Fischer ScientiĄc) is
added for nuclei staining. Between each step, the samples are washed extensively with
PBS (3x, 5 min). Antibodies used in this thesis are shown in Table A.1. Images were
acquired with GFP, RFP, Cy5 and DAPI Ąlter units with an IX81 Olympus inverted
microscope or with a Nikon A1R confocal microscope.
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B Supplementary

information for Chapter 2

B.1. Fabrication of microchannel-containing

PAM-EG networks

Table B.1 shows the components and amount necessary for the polyacrylamide syn-
thesis. Recipe A refers here to the original recipe used for almost all experiments
in Chapter 2. Recipe B was used to restore mechanical properties for scaffolds with
0.32 vol % exfoliated graphene and PAM-GelMA composites. Higher amounts and/or
concentrations of ammonium persulfate and N, N, N ′, N ′-tetramethylethylenediamine
were necessary because exfoliated graphene acted as a radical scavenger during poly-
acrylamide synthesis.

B.2. Diffusion experiments

Diffusion through bulk PAM samples and network PAM samples obtained from 0.3
and 0.9 g cm−3 sacriĄcial t-ZnO templates was analyzed via methylene blue diffusion
and absorption (Figure B.1). Two half-cells separated by a wall containing a hole for
the samples to act as diffusional membranes were used, which were either Ąlled with
distilled water or an aqueous methylene blue solution (MB, Eydam, 2.5 mm). After
speciĄc time points, 1 mL of the solution from the water-Ąlled half-cell was analyzed
using an UV-Vis spectrometer (Lambda 9000 by Perkin Elmer) by recording absorption
spectra in a range of 550 to 750 nm. The solution was placed back in the respective
half-cell after the measurement. Absorption values at 662 nm were extracted from the
spectra for each sample type and time point and absorption values for network PAM
were normalized to the absorption value of bulk PAM as shown in Figure B.1. Although
methylene blue also diffuses through the PAM matrix, the results clearly indicate that
the microchannel network enhances the diffusion as the values of network PAM samples
are twice as high as that of bulk PAM after 30 hours.
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B. Supplementary information for Chapter 2

Table B.1. Components for the synthesis of polyacrylamide hydrogels

Component Quantity (µL) Manufacturer

Recipe A Recipe B

P
re

cu
rs

or

40 % acrylamide solution 1250 1250 BioRad

2 % bis-acrylamide solution 1000 1000 BioRad

HEPES, pH = 7.5 50 50 SigmaAldrich

Double distilled water 2625 2625 -

APS 75 (10 %(w

v
)) 75 (20 %(v

v
)) SigmaAldrich

TEMED 100 (10 %(w

v
)) 200 (18.2 %(v

v
)) SigmaAldrich

APS = ammonium persulfate; bis-acrylamide = N, N ′-methylenebis(acrylamide); HEPES = 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid, TEMED = N, N, N ′, N ′-tetramethylethylenediamine

Figure B.1. Absorption values Ai (λ = 662 nm) normalized to the values of bulk PAM
(Abulk) measured with UV-Vis for different time points for bulk PAM, network PAM
(0.3 g cm−3 t-ZnO template) and network PAM (0.9 g cm−3 t-ZnO template) samples.
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B.3. TNBS assay

B.3. TNBS assay

To determine the degree of substitution (DS) of gelatin methacryloyl (GelMA) a TNBS
assay [102] is performed. TNBS is 2,4,6-Trinitrobenzene sulfonic acid, which reacts
with primary amines to form a highly chromogenic product that is orange in color. For
the assay, gelatin and GelMA samples are dissolved at a concentration of 1.6 mg mL−1

in 0.1 mol L−1 sodium bicarbonate buffer. To 500 µL of the sample solution 500 µL
of 0.01 % TNBS is added and incubated for two hours at 37 °C. Afterwards, 250 µL
of 10 % sodium dodecyl sulfate and 125 µL of hydrochloric acid (1 mol L−1) are added
and the absorbance is measured at 335 nm (Epoch 2, BioTek). As a standard glycine
(MW = 75.07 g mol−1) with one free amine group per molecule is used. An example of
a standard curve and the chemical formula of glycine are displayed in Figure B.2 a.
The absorption values at 335 nm of concentrations of glycine with 0.8, 2, 4, 8, 16 and
32 µg mL−1 in 0.1 mol L−1 in sodium bicarbonate buffer are plotted and Ątted linearly.
Figure B.2 b shows exemplary absorption spectra of gelatin and GelMA. With the
linear Ąt, the concentrations of primary amines present in gelatin and GelMA and
subsequently by comparison the degree of substitution can be determined.

Figure B.2. a) Exemplary standard curve with linear Ąt (red) for determining the degree of
substitution of gelatin methacryloyl. Glycine which has one free amine group (chemical for-
mula displayed) was used for the standard curve. b) Absorption spectra of gelatin (black) and
GelMA (red). Absorption values at 335 nm are used for determining the degree of substitution.

B.4. Photoinitiated polymerization

Hydrogels used in this thesis are crosslinked by free radical polymerization. For radical
generation, photoinitiators can be used, which are activated upon exposure to UV
(365 nm) or blue (405 nm) light. The lamps used are from Sahlmann Photochemical
solutions (Nichia NVSU233A-U365 or Nichia NVSU233A-U405 LEDs). The irradiance,
measured with a laser power and energy meter (Coherent), as a function of lamp
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B. Supplementary information for Chapter 2

intensity1 is shown in Figure B.3 for 365 and 405 nm LEDs, respectively. For 405 nm,
the decrease in absorption by a cover glass is shown as well. The intensity loss is
approximately 8 %.
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Figure B.3. Irradiance E of 365 and 405 nm LEDs as a function of lamp intensity is shown.
Intensities determined here are used to calculate the UV dose for the individual reactions.

B.5. Microindentation measurement

Samples to be measured in a microindenter (Pavone, Optics11 Life) have to be Ąxed
to prevent Ćoating. To promote hydrogels to stick to their glass substrate, the glass
slides are pretreated with methacrylate. Glass slides were cleaned three times with
double-distilled water and ethanol and are afterwards incubated over night in a solu-
tion of ethanol (19.1 mL), double-distilled water (800 µL) and 3-(Trimethoxysilyl)propyl
methacrylate (100 µL; Sigma-Aldrich). The next day, cover slips are washed twice with
double-distilled water and ethanol followed by heat-treatment at 80 °C over night. For
sample preparation, 380 µL of hydrogel precursor solution is placed between a silanized
glass slide and a round coverslip with a diameter of 22 mm, which is removed after hy-
drogel polymerization. This results in a hydrogel with a height of 1 mm with an even
surface. The polymerization reaction is either initiated by the APS/TEMED radical

1100 % = 4 x 1400 mW = 5600 mW
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B.6. Supplementary information for Figure 2.9 and Figure 2.15

formation system or by photoinitiators. To induce photopolymerization, the samples
are subsequently exposed to UV or blue light, respectively. After polymerization, sam-
ples are stored in double distilled water at 4 °C until the measurement.

Figure B.4 shows an exemplary recorded force-distance curve (black) for a GelMA sam-
ple with 97 % degree of substitution. The Young’s modulus is determined by applying
a Hertzian Ąt (red) using the software DataViewer (V.2.4.0, Optics11). Fits with a
R2 ≤ 0.97 were excluded and the Poisson’s ratio ν is assumed with 0.5.

Figure B.4. Force-distance curve of GelMA sample (degree of substitution (DS) = 97 %)
measured by microindentation (black). A Hertz Ąt (red) is used to determine the Young’s
modulus.

B.6. Supplementary information for Figure 2.9 and

Figure 2.15

In Table B.2 and Table B.3 information about different conductive hydrogels based
on carbon Ąllers from literature are shown and compared with the microengineered
conductive hydrogel.
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C Supplementary

information for Chapter 3

C.1. Chemical structure of aero-PEDOT:PSS

The chemical structure of PEDOT:PSS with divinyl sulfone (DVS) as a crosslinking
agent used in this thesis is shown in Figure C.1.

Figure C.1. Chemical structure of aero-PEDOT:PSS scaffolds with divinyl sulfone (DVS,
greenish blue) as a crosslinking agent. Adapted from [199].
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C.2. XPS analysis

The XPS analysis was done by Igor Barg in the group of Prof. Franz Faupel at Kiel
University. The spectra in Figure C.2 show PEDOT:PSS samples before (a) and after
(b) the wet-chemical treatment with acid to remove the sacriĄcial t-ZnO template. The
intensity of the sulfur (S) 2p peak decreases after the treatment and the ratio between
PSS and PEDOT is reduced to 0.34, which means that 66% of PSS is removed by the
treatment.

Figure C.2. XPS spectra of PEDOT:PSS a) on the sacriĄcal t-ZnO template and b) after
the t-ZnO is removed by wet-chemical treatment.
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