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Abstract

Skeletal muscle tissue contributes to many functions in the human body such as locomotion and
maintaining the body temperature. Tissue engineering could open up possibilities of grafting musde
tissue ex vivo and make way for new autologous treatments mitigating pathological muscle loss.
Additionally, skeletal muscle tissue of mammal originis one of the main nutritional protein sources in
the western diet. Also here the production of skeletal muscletissue ex vivo could provide measuresto
reduce environmental strains due to conventional live-stock production and produce food in a more
resource efficient manner. Until a market maturity is achieved, methods have to be found to produce
cells in high enough numbers and the differentiation has to be ensured to allow for functional tissue
for medical applications and nutritionally valuable food. Additionally, the production of larger tissue-
engineered constructsis challenging due to the absence of a perfusion network bringing the nutrients
and oxygen deepintothe constructs.

The aim of the projectisto grow parallel aligned musclefibresin athree dimensional scaffold with the
help of a perfusion bioreactor. The approach was to grow and differentiate C2C12 mouse myogenic
progenitor cells inside capillary alginate gels. It was hypothesized that the parallel aligned capillary
structure inside the gels could help the alignment of the muscle fibres and prospectively be used in
generating muscle constructs closer to physiological muscle found in mammals. In order to promote
cell attachment to the gels, different modifications of the alginate gel have been performed. Bulk
modifications have beenachieved by mixing pure alginate solutions with pre -coupled RGD-alginate or
gelatin solutions prior to crosslinking. Furthermore, surface modifications have been performed via
collagen coatings or carbodiimide coupling of RGD pe ptides to the surfaces of crosslinked alginate gels.

Cell cultures were performedon the surface of samples cut from thesegels to evaluate the attachment
improvement of the various modifications and to study the influences of the capillaries on alignment
of the cells. In addition to the cultures the scaffolds have been investigated by light and confocal
microscopy. Forthree dimensionalcell cultures a perfusion bioreactorhas been designed. Computer-
based simulations have been performed for in silica evaluations of the flow and oxygen distribution
inside the bioreactor and the capillaries of the alginate gels. Eventually, the bioreactor and the
RGD:alginate bulk modified gels were combined in 3D culture experiments to characterize the culture
setup in different operational modes, to formulate protocols and to test the feasibility of the
experimental setup for cell growth and differentiation.

As a result of this project, a bioreactor system has been developed allowing for future investigations
of capillary alginate gels as a culturing scaffold for skeletal muscle progenitor cells. The bulk
modification with RGD-alginate seems to be most beneficial in growing high cell numbers and
achieving good attachment quality of the cells to the alginate gels. Optimization of the sterilization
techniques in concert with improved modifications of the alginate scaffold to better present the
functional groups to the cells could lead to more promising results of the cell cultures. CaCl, is
recommended to be replaced by another crosslinking agent because the gels crosslinked with Ca*do
not have the necessary structural integrity throughout the cell culture. A switch to covalently bound
gels and more careful tailoring of the scaffold properties, e.g. elastic modulus, stress relaxation
behaviour, could improve the outcome of the cell cultures. This project serves as a basis for future
advancementsin culturing skeletal musclecellsin vitro for nutritional as well as medical applications.
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culture, simulations
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1
Introduction

Muscle tissue is divided into cardiac, smooth or skeletal muscletissue. All three of them share certain
traits but each of them is specialized for specific functions in the human body (Tortora & Derrickson
2012). Unfortunately, muscle tissue is limited to a small amount of regenerative capacity which
increases the potential impact that tissue engineering could have in tackling diseases leading up to
functional and volumetric muscle loss (Bian & Bursac 2008). In addition to this, a growing interest in
developing alternative techniques of producing animal-based protein for human consumption is
leading companies and researchers into the area of skeletal muscle tissue engineering (Post 2012).
Therefore, studies on mammalian skeletal muscle tissue can both support the medical advancement
and be utilized by the food processing industry. With the help of cell culture experiments and the
detailed characterization of the skeletal muscle tissue the underlying mechanisms for tissue
regeneration, maintenance and homeostasis are unravelled piece by piece. These findings are put
togetherto get a grasp of the complex system and to make way for future applications.

In the medical field the amount of prospective applications for grafted skeletal muscle tissue could be
tremendous due to the many functions the tissue performs in the human body, like locomotion,
stabilizing the body posture, circulating fluids and even contribution to the regulation of the body
temperature (Tortora & Derrickson 2012). The prospective applicationscould include the mitigation of
muscle loss forexamplein therapies for facial reconstruction (Yan et al. 2007) or to bring back muscular
functionsthat have beenlostin traumaticevents (Bian & Bursac 2008). If understood sufficiently the
regenerative treatment of skeletal muscletissue could provide autologous therapies reducing the risk
of tissue rejection (Ellis et al. 2005) and amplify the results of today’s approaches like satellite cell
injection (Tedesco et al. 2010). Apart from the direct patient centred applications a high demand for
basic and reliable human tissue models is arising in the pharmaceutical industry. The prospect of
testing drugs directly on the specifictissue or to assemble whole simulations of a functioning metabolic
system in a lab-on-a-chip fashion could open the way for a more streamlined process of drug
development. Applications to produce therapeutic proteins are also imaginable (Kosnik et al. 2003).
Not only therapeutic, but also nutritional proteins get more and more into the focus of research.
Producing meatis an expensive process and puts heavy loadson the environment withrespect to land
mass, water usage and greenhouse gas emissions. Furthermore, itis fairly ineffective with respectto
overall resource input against protein output. Onealternative couldbe the productionof in vitro meat.
No whole organisms would haveto be maintained for only asmall amount of desirable meat products
and the resources could be transformed more effectively. The overall high level of effectivenessin
producing meat in an in-vitro fashion would be a favourable change for sustaining the growing
population and could reduce the impact on the environment tremendously. (Tuomisto & de Mattos
2011; Post2012).

When seeing the vastness of promises and prospective applications, one can understand thatitis a
reasonable choice to invest in understanding the growth of skeletal muscle tissue. Ways of feasibly
growing and cultivating skeletal muscle cultures ex vivo have yet to be unravelled, and many future
challenges have to be taken on like vascularization, enervation, growing three dimensional specimens
and developingrobust protocols. This project aims to take on some of these challenges onasmall scale
to receive more insightsinto the generation of skeletal muscle tissue ex vivo.



The Story Line

This project was set out to develop a method with which it would be possible to grow muscle cells
outside of a natural host. Growing muscle as atissue is gainingimportance becauseit could provide us
with a future food source and even help patient that suffered from muscle or functional loss. For
growing a piece of functioning muscle tissue itisimportant to not only increase the amount of cells in
the culture but to support the cellsin theirspecialization process to gain in functionality, this process
isreferredtoas differentiation. During this process the cellswill start to merge togetherand form long
fibresintheirdriveto become musclefibres that can bearload and contract. Forthis processof gaining
function, several proteins have to be expressed by the cells. Among the building blocks of those
proteins are some indispensable nutrients for the human nutrition, therefore it gains a load of
attention fromthe cultured meat community.

As aforementionedthe cellswillformintolongfibresand eventually will start to align to each otheror
the substrate. Thus the substrate gives us the opportunityto control the development of the cells. One
of those substrate materialsis alginate hydrogel, whichis harvested from brownseaweed. It is known
forits easy handlingand can be easily mouldedinto the desired shape. Itis usuallysold and shipped in
dry powdery state and resultsin athick solution when dissolved in water. This solutionis the basis for
the gelation process which we usually perform with the help of salt solution (calcium chloride). With
the help of the saltthe formerly separatedchains of the alginate can be connected to form anetwork.
A special technique usedin this project allows to produce parallelaligned capillariesin the alginate. It
was hypothesized that this conformation could assist the cellsintheiraligning process to form fibres.

The capillary alginate has good structural properties for housing cells and also the mechanical
properties can be tailored withthe help of different methods, concentrations and salts. One challenge
isincreasing the attractivity forthe cellstohold ontothe surface (attachment) and for givingthem an
opportunity tospread out overthe substrate, as thisis not usually provided by the pure alginate. The
attachment is important for the cells and stimulates processes inside the cell for increasing the well-
being of the cell. Also as mentioned before, the cells need to work together in building the typical
muscle fibres.Forthatitis necessary that the cellsfindtogetherin preparation of the merging process.
A good substrate with good opportunities for attachment can support the cell when it probes their
surroundings for other cells. What we can do for example is mix in bioactive materials that can be
foundin the natural surroundings of the cells or we bind these materials tothe surface of the gel.

After having the cell cultures on the one hand and the alginate gel as a scaffold we need a confined
environment that we can place themintogether. Forthat so-called bioreactors are developed closely
to the needs of the cell culture. In this project we aimed for achieving a flow through the capillaries
where the cellssit. This shouldsupport themwith the necessary nutrition, oxygenand otherimportant
factors that we mixinto the medium. In the natural cell environment, a closely knit network of small
blood vesselsis found which can provide those compounds deep into the tissue. When trying to grow
larger constructs of muscle cells, we often do not have that network so that after a certain size the
cells in the middle of the constructs start to suffocate or starve. Therefore, the combination of
capillaries with flow issupposed to assist the culture deep into the construct. The bioreactors are often
placedinincubators. Those incubators give asterile environment, with afixed mixture of air, humidity
and temperature. Thus both incubator and bioreactor can work in concert to build up stable
surrounding conditions.

From this outset the three main components of the system are the bioreactor, the alginate scaffold
and the cell culture. When those three parts are put together, with every component being carefully
designed, characterized and optimized a cell culture with differentiation towards functioning musde
tissue might be achieved.
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2
Objective & Purpose

Hypothesis

It was hypothesized that alginate scaffolds with their specific properties like simple crosslinking
methods, easy handling and scaffold tailoring and bio inertness offer a suitable environment for cell
culturing. The ability to form capillaries into the hydrogel supports that claim even further by
mimicking the spatial conditions of the extracellular matrix (ECM). With the help of a flow-through
bioreactor a culturing of skeletal muscle progenitor cells in the capillaries should be enabled, thus
tackling the challenges of suffocation in three dimensional cultures. Carrying thatidea even further, a
differentiation of the skeletal muscle cells to successfully form myosin heavy chains (MHC) should be
enabled. The hope is that this could lead to the formation of skeletal muscle tissue with the help of
vascularization from co-cultured endothelial cells and the breakdown of the biodegradable alginate.

Aims

The goal is to create a functioning culture environment allowing for the usage of three dimensional
capillary alginate scaffolds for the cultivation of C2C12 cells. It is aimed for prolonged culture times,
proliferation and differentiation of the cells to form vital cultures and mature muscle fibres in or on
the alginate scaffolds. The development of a functioning platform includes a working bioreactor
defined geometrically, by specific flow parameters and a robust concept. Furthermore, producing
promising alginate scaffolds that can serve the hypothesized perks, like sufficient nutrient and oxygen
transport to the culture and giving the desired parallel aligned capillaries. With the help of
modifications, the effectiveness of the alginate with regards to cell attachment should be increased
and the cell cultures controlled better. The desired outcome of this project would be a robust
foundation comprisingthe culture system, the necessary body of knowledge about culture techniques,
the basic protocols and results that stimulate future cell experiments.

Limitations

At the beginning of the project simulations were performed to guide in the design of the bioreactor.
Estimations about the flow profile and oxygen were of importance during that step. The simulations
are supposed to be used as a tool for assisting the design process of the bioreactor. Furthermore, they
can give some indications of the conditions inside the culture chamber. A detailed simulation of the
culture conditionsis notthe prioritized aim of the modelling, butit could provide the beginnings fora
project focusing on the simulations alone.

The main goal of the project was feasibility and realisation of cell culturinginstead of minutely detailed
analysis of the single factors on the culture. With that the focus was notto probe for the most efficent
solution of every single method before progressing but rather trying to find a realisation that has
shownto be feasibletoimprove the specific properties. Eventually the cell viability and maturation of
the cell culture are often the ultimate measure for this project, thus it relies on a solid amount of
gualitative data.

The alginate scaffold developmentisimportantas longas it is serving the purpose of helping the cell
culture. That means for the project that it was not the goal to test a multiplicity of properties of the
alginate to characterize them fully like for example diffusion characteristics, degradation time or



mechanical properties. These would only be performed if the expected results would help to improve
the cell attachmentand the success of cell culturing on the scaffold. If there are indicationsduring the
project that specificparameters are necessary to achieve abetterattachmentand survival of the cell
culture the necessary parameters would be investigated more closely.On the one hand how we could
control the parameters and on the other hand what would be the optimal range the cells prefer for
the planned maturation processes. Thisemphasizes the iterative character of this work as it takes on
one challenge afterthe otherinstead of finding a theoretically optimal path before goinginto culture
experiments.

The projectis designedto pick up several loose ends and combinethem as a prove-of-concept project.
It is composed of three main stages, which are the bioreactor design, the scaffold development and
cell culture methods. These have to be combined to allow for future more in-depth culture
experiments. Thus additional characterizations and detailed optimizations are to be performed after
achievingthe first solid experimental stage. With this advanced cell experiments including co-culture
of endothelial cells, degradation of the alginate or the formation of a more tissue like construct are
out of beyond the scope at the current state of the project.



3
Background

3.1 Muscle Tissue

3.1.1 Physiological Basics of Muscle Tissue

Muscle tissue accounts for up to 50 weight percent of the human body (Tortora & Derrickson 2012)
andisfoundinthe form of threedifferent phenotypes, the smooth, the cardiacand the skeletal muscle
tissue (SMT). The smooth muscle cells are lining the inner organs and the cardiac muscle can be found
at the heart muscle. Indicated by the name SMT can be found in close proximity to the skeletal system
tightly linked via tendons. Besides location further classifications are made according to striation
pattern or form of innervation. SMT is likewise known as striated muscle due to the distinct pattern
found on the muscle fibres, smooth muscle is classified as non-striated muscle tissue and some sources
speak of semi-striated muscletissue (The Anatomical Travelogue LLC. 2014) whenitcomesto cardiac
muscle. Voluntary muscle activityis only possible with SMT but the smooth and cardiactissue can only
be controlled involuntary either by the central nervous system (CNS) or peripheral innervation, as well
as endocrine exposure. (Tortora & Derrickson 2012)

The SMT in collaboration with tendons and bonesform the mechanical part of the locomotive system.
Which allows for generation of movement and the maintenance of posture. Furthermore, it
contributestothe temperature control of the body by performing exercise-associated thermogenesis
(e.g.shivering) and aidsinthe transport of fluids like lymph and blood. (Tortora & Derrickson 2012)

Figure 1 shows the different compartments of skeletal muscletissue. The smallest buildingblock is the
muscle fibre comprised of fused muscle cells organized in muscle fibrils. The fibres get aggregated in
fascicles and several of those will make up the main part of the internal lumen wrapped up by a layer
called the perimysium.The outer lining of the muscleis governedby the epimysium. This whole bundle
of compartments is interspersed by a highly branched blood vessel system to provide oxygen and
nutrition deepinto the tissue. These aforementioned compartments allow for a good transduction of
mechanical forces along the longitudinal axis of the muscle. Tendons connecting the muscle to the
bone make up a strong conductor of the mechanical motion for physiological dislocation.

Structure of a Skeletal Muscle
Perimysium Blood vessel

i Muscle fiber

r - Fascicl
Tendon Epimysium Endorr’]ysmm e

Figure 1: Structure of a skeletal muscle (National Cancer Institute 2014)



When working at the cellular level one has to investigate the details of the immediate environment
like cell organisation, structure and ECM. Myogenesis is the process of new muscle formation and
usually occurs simultaneous with embryonic bone formation (Crawford 1954). During this process
progenitor cells fuse together forming multi nucleated muscle fibres and build up the microstructure;
depicted in Figure 2 A. When SMT is formed, three major steps are distinguished: Proliferation of
myoblasts; Differentiation of myoblasts and early stage fusion into myotubes containing around 10
nuclei; Formation of myofibres by fusing the smaller myotubes together. Achieving the last stage in-
vitrois still challenging and often only leads to small and weak fibres. (Nevilleetal. 1997)

The microstructure of the muscle fibres gives the SMT its distinct optical pattern and leads to the
classification as striated muscle tissue. As shown in the top of Figure 2 A alongthe longitudinal axis of
a myofibrils sarcomeres and the Z disc are found in an alternating fashion. The sarcomeres itself, as
functional unit enabling the contraction of the muscle, is divided into a brighter | band and darker A
band causing the previously mentioned striated appearance. Multiple sarcomeres are linked to each
other in a "zig-zagging" (Tortora & Derrickson 2012) fashion by the Z disc, a protein dense region
strongly connecting the neighbouring sarcomeres. By binding of the myosin heads of the thickfilament
to the actin of the thin filament structural crossbridges are formed. A pulling motion by twisting these
crossbridges is enabled, thus leading to muscle contraction. In a fully contracted muscle the H zone
will be covered by the overlapping thin filament (Tortora & Derrickson 2012).

The ECM (Figure 2 B) isan important part as it "ensures a functional link between the skeletal musde
cell and the bone" (Kjaer 2004) and creates the specific mechanical properties of the SMT. The main
constituent of the ECM is collagen type | and Il making up the fibrous cell environment it provides
stability and acts as a force transmitter through the tissue. Glycosaminoglycans (GAGs) and
Proteoglycans (PGs) are specified as the ground substance which can present growth factors (GFs) to
the cells. Glycoproteins (GPs) like fibronectin or laminin are structural linkages between the cells and
the fibrous proteins e.g. collagen. Supported by the ECM components, GF and enzymes will take on
the intercellular messagingin the tissue. (Gillies & Lieber 2011; Temenoff & Mikos 2008)

Sarcomere
Zdisc T Z disc

filament  filament

(b) Myofibril

Thin filament
Thick filament
0

E Sarcomere ]
F——H zone —3 5 > o = ....’ s R
—lbandi=E Aband JE— I band —> PSR 2NN % Seten! AL

Figure 2: A) Sarcomere structure (Tortora & Derrickson 2012) B) SEM image of the collagen ECMin bovine skeletal
muscleafter NaOH-digestion (Trotter & Purslow 1992)



Background

3.1.2 Challenges and Applications for In Vitro Grown Muscle

Tissue engineering (TE) has emerged as a field that aspires to grow tissues outside of the living
organism in lab conditions (in vitro). Potentially making way for new therapeutic applications like
already used skin grafting from foreskin to treat burn victims (Naughton & Tolbert 1996) or other
methods in which scaffolds are seeded with autologous cells to re-grow lost or missing organs
(Olaussonetal. 2014). Asintroduced inthe previous Chapter there are different typesof muscle tissue
making up the human body. All those areas could benefit greatly from tissue engineering applications.
The gap between supply and demand in the food and medical care sector enforced by the faster

growing population is creating a niche where tissue engineering could provide solutions (Ehrlich &
Holdren 1971; Abouna 2008).

According to doctor Anthony Atala Director of the Wake Forest Institute for Regenerative Medicine
“Every 30 seconds a patientdies from a disease that could be treated with tissue replacement”(Atala
2013). From this dramatic phrasing one of the main motivators for realizing clinical applications in
tissue engineeringis clear. When looking deeper at the potential of skeletal muscle tissue engineering
the apparent needs that could be addressed are volumetricas well asfunctional loss of muscle tissue
(Yan et al. 2007; Bian & Bursac 2008). These approaches could go beyond the current limitations of
satellitecell injectionin which we are strictly limited to the regen erative capacity of the cells (Tedesco
et al. 2010). The hopeis to find a way of sufficiently manipulating the cells toform a complete tissue
outside of the host, or at least form a construct that enables the full reconstruction inside of the
patient’s body, like the Dermagraft products (Organogenesis Inc. 2015; Naughton & Tolbert 1996).
Pharmaceutical companies are getting increasingly interested in developing stages containing tissue
engineered constructs to test the metabolisation of novel drugs. The ideas here range from single
organ models up to four-organ-chip approaches tryingto model the whole metabolicchain (No et al.
2015; Maschmeyeretal. 2015). Given the background that the cost of drug development has increased
overthe course of the last decades and that prognoses hintto continue that trend dependingon the
impact of new biomedical applications (DiMasi et al. 2003). In a very recent news the FDA approved
an anthrax vaccine called BioThrax developed by Emergent BioSolutions Inc. (Emergent BioSolutions
Inc. 2015). Thisdrug was approved underthe “Animal Rule” setin place to allow forapproval of drugs
against rare or too lethal conditions that have not been fully tested in clinical trials (FDA - U.S. Food
and Drug Administration 2015). With the progression of tissue engineeringit might be possible in the
future to create disease models with human cells on a chip to assess the efficacy of the drugs closer to
the area of application.

Stepping aside from the therapeutic applications a growing interest in novel food manufacturing is
motivating researchers and companies to join forcesininvestigating future source s for human protein
nutrition (Mark J. Post 2014; Huiset al. 2013). The growth in population and the increase in livestock
consumptionis challenging the conventional ways of meat production (Sun et al. 2015), as more and
more people realize that an upscaling of the current methods will have severe impacts on the
environmentand the human population (Mattick & Allenby 2012; Tuomisto & de Mattos 2011).



Figure 3 shows the different areas in which meat production has the largest impact. Those different
impacts are intertwinedwitheach otherin such away thattheirindividualimpacts on the environment
are amplifying each other. For example the GHG emissionis on the one hand caused by the livestock
production itself and roughly one third of the livestock related GHG emissions is caused due to
deforestation (Datar & Betti 2010). Thusthe land use and GHG emission effect each other directly and
the regulating capacities of theforestare lostin the process additionally (Tuomisto & de Mattos 2011).
Manure management has another huge impact onthe emissions overalland often affect the amounts
of usable fresh wateradditionally (Datar & Betti 2010).
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Figure 3: Estimated impacts on Energy use, greenhouse gas (GHG) emission,land and water use of the different
production methods of meat (Tuomisto & de Mattos 2011)

Afterthat short introduction to the impacts of livestock production and its associated problems, one
has to look at the factors that challenge the development of cultured meat solutions. One of the first
and profound problems would be the acceptance struggle in communicating this form of meat
productionto the general public (Marcu et al. 2015). With this the so-called Yuck-Factoris expressing
the ambivalence of the society towards “unnatural” approaches (MarkJ Post 2014). Without educating
the consumers only small niche markets would open up towards cultured meat solutions. The next
challenges lie within the technical realisation to evolve from smallscale production as shown in prove-
of-concept realisations like cultured meat burger (Mark J Post 2014) towards a fully established and
approved processing chain. For this the future research will have to deal with scalability (Rafiq et al.
2013), processing technigues ensuring quality for approval (Mattick & Allenby 2012), to refrain from
using animal supplements like serum (Brunner et al. 2010) and find stable and feasible culture
protocols as a whole to also address the wide variety of meat products offered.

When this would be realised the prospects for the future could be bright as the reduction of the
previously discussed strains on the environment could be initiated and other promises of health
benefits might be realisable. Realising cell cultures without antibiotics which is widely usedin livestock
production could dampen the distribution of multiresistant bacteria (Post 2012). Others hope for
functionalizingthe meat to address cardiovascular problems caused by the high consumption of meat
throughincreasing protein content, lowering fat content oreven substitute with beneficial fatty adids
(Hopkins & Dacey 2008). Closing with the words of Mattick & Allenby who wrote:

“Regardless, due tothe potential impacts, now s the time to begin developinga framework in which
to monitorand adaptively manage its development, commercialization, and diffusion.”
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3.2 Bioreactors

Bioreactorsin TE serve as an artificial environment to ensure constant and controllable conditions"to
either maintain a whole muscle organ ex vivo indefinitely or promote the differentiation of cells and
the maturation of both intra and extracellular structures resulting in the generation of an organized
tissue" (Dennisetal.2009). Controllability is key for a successful bioreactor as it either maintainsthe
culture, sends out specificstimulior completelychanges operational modes (van Blitterswijk, Clemens
Thomsen et al. 2008). This enclosed environment is achieved and influenced by tightly controlling
parameters such as pH, temperature, pressure, flows, or concentrations of diluted species (van
Blitterswijk, ClemensThomsen et al. 2008). The strive towards an almost native environment is usually
the goal of a good bioreactor system, thus bioreactors gain a lot of complexity and are being closely
tailored to the needs of the cell culture.

Dennis et al. make the point that the understanding of muscle is not sufficient enough to unravel
precisely what properties are requiredwhen designing a muscle tissue bioreactor (Dennis et al. 2009).
Upon this overthe lastdecades critics argued thatit is "cumbersome and unnecessary" (Abbott 2003)
todo 3D cultures, thusitseemsto be challenging to establishfeasible 3D bioreactors. Accordingto van
Blitterswjik et al. these cultures have more biological significance than common petri dish cultures, so
while challenging they are more rewarding (van Blitterswijk, Clemens Thomsen et al. 2008).

To take on those tasks key parameters should be included in designing a bioreactor for muscle tissue
growth:

e potential failure modes and countermeasures
e meansto probe and monitor muscle development non-destructively
e algorithmstoguide the developing muscle alongaseries of developmental milestones

Figure 4 shows a schematic of a flow-through bioreactor allowing for culture inside of a porous
scaffold. A way of controlling the surrounding conditions with regard to temperature and oxygen
supply is to place bioreactors in an incubator. The incubator will establish an environment with a
constant temperature, humidity and air constitution. PDMS is often chosen as moulding material for
fluidicchannel asitis easyto handle and allows foreasy transport of oxygen via diffusion.
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Figure 4: Schematic of a flow through bioreactor (Peng et al.2014)



3.3 Scaffolds

3.3.1 Alginate as Scaffolding Material

Alginate has emerged asa common scaffold material in the field of TE duringrecentyears. Belonging
to the natural polysaccharidesitfoundits wayinto "medical applications due to[...] biodegradability,
biocompatibility" (Baysal et al. 2013), bioactivity properties and "its structural similarity to the natural
ECM" (Drury etal. 2004). Natural polymers, like alginate, can be controlled and tailored to the demands
of specific applications by means of processing or by invoking specific changes to the polymeric
structure (Drury et al. 2004). Furthermore, it is widely accessible and simple to process (Baysal et al.
2013).

Alginate is comprised of two functional units, the mannuronic (M-Block) and the guluronic (G-Block)
blocks, when brought in contact to a crosslinking agent these reactive blocks with their respective
carboxylic group will start to align around the crosslinker in the so-called egg-box model; as seen in
Figure 5. These crosslinking agents can be divalent cations like Cu?*, Ca?*, Ba** and Sr?* (Rowley et al.
1999). By aligning the previously looselydistributed polymerchainsinto double strains a solidification
into hydrogelsis performed. One commonapplicationis the formation of small alginate calcium beads
as an drug envelopeor as scaffolding materials (Murata 2000; Tanaka etal. 1984).
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Figure 5: Crosslinking process of alginate gel (Pawar 2010)

Beinga polymerthe manufacturing possibilities are very broad and one way proposed by Thiele etal.
allows for the formation of capillary alginate by directed crosslinking (Thiele & Hallich 1957). CaCl,
solutionisintroducedto the alginate solution and by guiding the crosslinking process through the gel
fromtop to bottom self-assembled capillaries are achieved. In Figure 6 on the left side we can see the
prepared beakerthatisfilled withthe alginate solution and also the walls of the beaker are pre -treated
with the alginatesolution. Thispre-treatment allows for a better adhesion of the solution to the beaker
walls. With this a small amount of the crosslinking solution can be balanced on top of the alginate
solution and form a primary membrane of alginate hydrogel on top. After the formation of that first
gel phase more CaCl, solution can be poured on top. The nextprocessisdescribed by Thiele and Hallich
as drop like separation between fluidand gel where smalldrops build at the interface between gel and
CaCl,-solution. These drops will take up more of the redundant water during the crosslinking process.
They will not mixwiththe sol and progress through the gelin front of the gelation process, thus imprint
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the capillary structure in the hydrogel (Thiele & Hallich 1957). Willenberg et al. explains that the
ionotropicgel formationstems from fluid instabilities invoked by frictiondue to the contraction of the
polymers at the front of the newly formed gel (Willenberg et al. 2006). A hydrogel based on alginate
interspersed with these characteristic capillaries, as seen in Figure 6, could bridge the structural gap
between physiological and synthetic ECM even further. It would allow for an aligned organization of
the cells along the capillaries. In three dimensional cultures a lot of contact points can be developed
tothe surrounding matrix butalso to othercells theoreticallyall aroundthe cell (Yan et al. 2007). These
environmental cues are beneficial for cell development and as we know from Chapter3.1 in orderto
form viable muscle tissue cell fusion hasto occur. Thus a well-designed scaffold can greatly influence
the results of the cell culture.

Figure 6: Formation of alginate capillaries (Despangetal.2011)

3.3.2 Modifications for Improved Cell Attachment

Forsetting up three dimensional cell culturesscaffolds are thefirst choice to spatially organize the cells
and invoke reactions lacking in petri dish cultures. Many different materials and manufacturing
methods allow us to create structures favourable for close to native cell organization but often the
important triggers foundin the native ECMare missing. At this point material modifications come into
play to compensate forthe lack of these signals. Therefore, animportant factorin scaffold design are
the surface properties which should support cell attachment, migration, proliferation, differentiation
as foundin the native environment (van Blitterswijk, Clemens Thomsen et al. 2008).

When lookingatthe ECMwe can see aplethora of different materials workingtogether as acompound
supporting the viability of the cells (Gillies & Lieber 2011). On the way to create suitable scaffolds
multiple approaches have emerged; some try to use the native ECM-Material as a basis (Methe et al.
2013), and other approaches deliver just enough stimuli to the cell culture to achieve a long viability
and to trigger an auto-assembly of the necessary ECM components by the cells (van Blitterswijk,
ClemensThomsen et al.2008). Eventually, itcomes done to the cell type that is to be culturedinthe
scaffold, as specific pre-requisites have to be metfordifferent cell families.
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This project deals with the natural polymeralginate inthe form of hydrogels. Alginate is described as
a very inert material that means by definition thatit does not invoke any responses or interacts with
biological tissue (Blokhuis et al. 2000). This stems from the absence of functional groups responsible
for attachment and spreading in the native cell environment. To compensate for that lack of
interaction material modifications are performed. Common modification methods are bulk or surface
modification. In a bulk modification functional groupsare broughtinto the mixture before crosslinking
to gels. This enables the modification materials to link to the monomers and get strongly embedded
afterthe scaffoldis formed. Surface modifications can be carried out by easy drop-on or engulfing the
already crosslinked material into a solution of the coating material. Functional groups can be delivered
by RGD-peptides or collagen which can interact with the integrins at the cell surface, thus enabling
attachment, migration andeven cell survival. The RGD-peptidesare an amino acidsequence containing
arginine, glycine and asparticacid and can be found as a binding motif on the fibronectin as shown in
Chapter 3.4.2. Thissmall peptide fragmentis able to bind with the integrinreceptors found on the cell
surface (Boontheekul etal. 2008; Humphries etal. 2006). Humphries et al. describes the RGD-binding
integrins as one of the most “promiscuous” binding receptorsin the integrin family (Humphries et al.
2006) underlining the importance of the RGD sequence as a mean to improve cell attachment on
biomaterials. From the previous section we knowthat collagen is one of the main ECM constituentsto
promote structural stability and with the help of GPs like Laminin and Fibronectin and theirfunctional
regionsa link can be established from cellsto the ECM. Fibronectinitself has both collagen aswell as
RGD binding sites, thus modifications with these two components are a common choice in scaffold
design. (Temenoff & Mikos 2008; van Blitterswijk, Clemens Thomsen et al. 2008)

3.4 Cells

3.4.1 Choosingthe right cell line — C2C12 cell line

The choice of the right cell line for the respective study is one of the main components necessary to

start a project. Therefore, this decision is of great importance with respect to scope and goals of the
projectas well as the specificresearch questions.

Figure 7 shows a detailed illustration of the cellular neighbourhood of a skeletal muscle. The cells can
be seenresidingintheirrespective niches of the muscle. Forregenerative purposes or cultured meat
production, two cells shown here are of particular interest, the satellite cells embedded below the
basal lamina of the myofibres and the mesenchymal progenitors between the fibres (Pannérec et al.
2012). Differentsources report aboutarecruiting process of the satellite cellsto bring other stem cells
(SC) to the damaged area (Pannérecetal. 2012) and that other cells can entera satellite-state in the
tissue coming fromthe bone marrow (Péault etal. 2007). Thus physiologically atissue (re)generation
can depend on other cell sources outside of the skeletal muscle as well. With this other cell types are
consideredinthe productionof tissue engineered constructs such as embryonicstem cells (Willenberg
et al. 2006) and induced pluripotent stem cells (iPS cells) (Goldthwaite 2006) as they both possess
pluripotent properties. Therefore are able to form the three germ layers and eventually form every
tissue foundinthe human body (Binder et al. 2009). Togetherwith their universalityfor generatingall
sorts of cellular cultures these cells are unequivocally harder to guide into differentiated cells than
progenitorcells. The progenitors are determined to a specificcell lineage (totipotent) (Burattini et al.
2004) andthe protocolsfortriggering specialisation are more reliableto perform (Blau et al. 1983).
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Figure 7: Cellular composition of the skeletal muscle tissue;showing the long striated myofibres tightly packed
together and a vessel stem sitting on top and interspersing the bundle with the respective cells sitting on the
tissue (Pannérec et al.2012)

All the aforementioned cells have the opportunity to generate new muscle cells. Thus either produce
newly specialised cells to compensate functional losses of the tissue or produce larger quantities by
divisionto compensate forthe loss of cell population. Different forms of division have beenidentified
to occur with cellsin a stemcell or progenitorstate. These forms are asymmetricand symmetriccell
division, effecting maintenance and differentiation of the cellsin different ways. Asshownin Figure 8
the two main forms of division can be divided clearly, but the symmetric division allows for
multiplication of the multipotent parent generation or can generate two cells of the new specialized
daughtergeneration. The asymmetricdivisionon the other hand will self-renew the parent generation
while forminganew cell of the daughter generation hence only increase the number of daughter cells
whilst maintaining the progenitor numbers. (Blanpain & Fuchs 2009)

Asymmetric cell division Symmetric cell division

Symmetric self-renewal Symmetric differentiation
SC

LN ZN N
©@ © e @

SC Committed cell SC SC Committed cells
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Figure 8: Different forms of stem cell division (Blanpain & Fuchs 2009)

Controllingthese processesin cellculturesis atthe core of guiding cellular fate processes towards the
specific goals, e.g. generation of high cell numbers, invoke different cell lineages or the creation of a
functional tissue. Those are the challenges to be taken on when creating tissue constructs for tissue
engineering purposes.
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The C2C12 mouse muscle progenitor cell line has been established by Yaffe and Saxel (YAFFE & SAXEL
1977) and has been used as a model cell line for skeletal muscle development in numerous studies
(Kislingeretal. 2005; Grossi et al. 2011; Burattini etal. 2004). As a progenitor cell linethe handling and
manipulation of the cell culture is straight-forward as demonstrated by Blau et al. (Blau et al. 1983).

3.4.2 Cell-Environment Interactions

As discussedin the previous Chapter, guiding the cells down and towards the specificlineages of the
cells to generate tailor made cell cultures is a main goal in tissue engineering. In the natural
environment the cells will be exposed to different cues provided by the ECM materials, mechanical
forces or the flowing fluids containing different soluble compounds e.g. oxygen, GFs. These main
processes have the abilityto act onthe single cellin culture over different ways, where the specific cell
receptors make up the link between effector and reaction in the cell. (van Blitterswijk, Clemens
Thomsen et al. 2008)

In Figure 9examplesforthe different effectors onthe stem cells and their fates are shown. Within the
main effector categories there are many different factors that can act on the cell. Here we have a
schematicof two cellsin close proximity to each other. These kind of close interactions between cells
can keep cellsina quiescentstate asa niche cell (Discheretal. 2009). As observed by Pannérecetal.
for the satellite cells that are kept on top of the myofibres below the basal lamina (Pannérec et al.
2012). The illustration only shows a few examples of the different fates a cell can be determined to
and it exemplifies the vast majority of ways toinfluence the cell. Inside of asingle cellalot of different
signals come togetherwerethe results can work together or may even be contradicting to each other.
For example, a cell can get signals for proliferation and differentiation at the same time (left cell in
Figure 9). Other might be triggered towards differentiation and even get the initial cues forapoptosis
(rightcellin Figure 9). This superposition of different signals can be assumed to happeninside of the
cell at all times giventhe shearamount of effectorson the cellina complex culture. Finally, the most
prominentsignal orcross inhibition will determine what pathway the cell will go down.

Onthe verybasiclevel we can observe the nutrients and the oxygen supporting the cell survival. A lack
of those factors can lead to the secretion of other GFs such as vascular endothelial growth factor
(VEGF) to stimulatethe vessel growtharound thecell (Forsythe et al. 1996; De Coppi et al. 2005). Going
more into detailon the illustrationwe can observe the chemical signalling betweenthe cells (paracrine)
and the signalling of cells to themselves (autocrine) with the help of GFs. The paracrinesignalling allows
cell communication in close proximity or in larger cultures to allow for culture wide maturation
processes (DeHart et al. 2006). Besides the signalling with GFs direct cell to cell binding can trigger
culture development. In many culture protocols aiming for proliferation a dense cell culture
(confluency) needsto be avoided to suppress the triggering of differentiation. Another common way
of triggering maturation processes is by either actively reducing the media content of GFs or create
gradientsasseeninthe Figure 9 as well (Blau etal. 1983). On the leftcell all the cell receptors forthe
growth factors provided by the cell culture are occupied contrary to the slow depletion on the right
cell due to the growth factor gradient. This results into proliferative signals for the left and triggers
differentiationin the rightcell (Blau et al. 1983).
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Figure 9: Schematic of two cells in cultureshowingthe different effectors and respective reactions of the cells;

based on the illustration by Discher et al. (Discher et al.2009)



Besides the triggering through media and cells among each other, the scaffold or the ECM in a
physiological environment provides another group of effectors on the cell culture. The main example
in Figure 9isthe binding of the integrinreceptorstothe RGD sequence of the fibronectin or artificially
brought down to the matrix (Puleo & Bizios 2009). When establishing thatlink between RGD domain
and integrin receptors the presence of cations, especially calcium is of great importance. On the
cellularside the calcium caninvokesstructural changesin the integrin receptors toimprove the binding
efficacy (Lawler 1988). The binding is established by embedding the R residue of the RGD molecule
intoa cleftof the a integrinand with the help of the calcium cation the D residue can attach into the
B subunitof the integrinreceptor (Humphries et al.2006). When forming the connection, the receptors
are drawn together and form the focal adhesion complex (FAC). This complex allows for the stable
attachmentof actin filaments orreferred to as the development of stress fibresin cells (Chaudhuriet
al. 2015). With the help of those complexes reaching from the surrounding materialdeep into the cell
viafilaments a migration and attachment to the surface is ensured which inturn promotes survival of
the cell. With the help of these complexes the cells are also able to sense the mechanical properties of
the scaffolding material and mechanical stimulations can be successfullycommunicated to the cell. As
Chaudhuri et al. or Genes et al. show those mechanical stimulations are important beyond spatial
fixation (Chaudhuri et al. 2015; Genes et al. 2004). Ensuring the stimulation of the cell allows for all
other downstream processes like proliferationand differentiation. Onthe right cell itisillustrated that
a lack of attachmentinhibits the formation of FACs.

Figure 9 only shows a few of the many pathways possible acting on the cellular fate. The cross talk
between the different effectors and pathways is much more complex in the native cell. This gives
researchers a lot of different possibilities to stimulate their cultures. The key is to find the effectors
that efficiently achievethe goals forthe specificresearch question orapplication.

3.5 Sterility

Sterilityisacrucial topicwhenitcomesto culturing cellsinvitro. The conditions we want to achieve in
the bioreactor for the benefit of the cell culture are also beneficial for bacteria, fungi or other
impurities of the culture. Achieving asuccessful outcome for cell experiments does notjustlie witha
well-designed project and afeasible concept, furthermore one shouldalwayskeep the sterilityin focus.
All materials used, all processing methods applied should be tailored to work with aseptictechniques
and withstand atleast one sterilizationmethod without altering the substantial properties (Gatenholm
2014). Common techniques of sterilization are autoclaving, ethanol treatment, UV light or Gamma
radiation (Ratneretal. 2012). Duringthe work with the cell culture procedural measures, like clothing
and workingina laminarflow hood are compulsory to maintain asterile state.

Millet et al. proposed the autoclave sterilization of PDMS to be beneficial even beyond achievinga
sterile material (Millet et al. 2007). By autoclaving the PDMS the crosslinking processis driven further,
thusincrease the average culture viability by reducing the PDMS monomerleachinginto the well. The
next main material used is ABS the printing material of the 3D printer. With this autoclaving is not
possible, but due it being resistant to ethanol a sufficient sterilization with ethanol treatment is
possible (Dynalab Corp 2014).

The alginate gel itself is more challenging to keep sterile. An autoclaving of the solution should be
possible before forming the capillary gels. In previous experiments this applied to gelatin:alginate, but
Schusteretal. succeeded at autoclaving the alginate 1.5 % weight to weight (w/w) solution beforehand
and still forming capillary gels (Schuster et al. 2014). A possible change in viscosity caused by the
autoclaving process should be accounted for. Stoppel et al. immersed the alginate cuts into ethanol
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for 20 minutes to achieve a sterility even after crosslinking (Stoppel et al. 2014). When successfully
sterilizing the hydrogel before the cell culture no problems with viscosity change or gelation under
strict sterile conditions arise. All the other materials like culture media, single -use tools and other
additives should be keptstrictly sterile as well (Gatenholm 2014).

3.6 Measurement Techniques

3.6.1 Light Microscopy

Light or optical microscopy can help to investigate specimens that are not resolvable with the human
eye. Those microscopes are based around the spectrum of the visible light, hencetheir naming. Simply
put, the purpose of a microscope is to magnify the image of a smaller sample. This encompasses an
important property of a microscope, which states that “we are looking at an IMAGE of a specimen
ratherthan at the specimenitself” (Oldfield 1994). Building on that statement as we are working with
images of specimens only, which shouldallow for changes inthe formation of theimage (Oldfield 1994)
and enablesthe manipulation of the image representation of the specimenin such away that we can
extractthe necessary information forourapplication. With thiswe have to accept that the image itself
will never be a “perfect, enlarged copy of the specimen” (Oldfield 1994). Therefore, one has to
understand and be aware of the limitations connected to light microscopy to be able to enhance the
application opportunities.

From a singular point in the object the light rays will emanate in a wave-like fashionequallyin all
directionsthus create a spherical wave front around the object. The condenser (optical lenses) in the
microscope are gathering that light to form the real image in the microscope. In Figure 10 A we can
see how only a small portion of the wave fronts can be caught by the lens. From that the numerical
aperture (NA) results as a limiting factor of the lens itself. As expressed in equation 1 where n is the
refractive index as relation of the mediathe lightis travellingthrough and the lens. a denotes half of

the intake angle of the lens (Oldfield 1994). The NA results in different sizes of the airy disk as seenin
Figure 10 B (Wegerhoff etal. 2006).

A

Figure 10: A) Lens (bold framed object) Acceptance of a spherical wavefront (Oldfield 1994);B) Airy disk patterns
of different sizedepending on the NA of the lens, low NA (left) to high NA (right) (Wegerhoff et al.2006)

NA=n-sina (1)
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More importantly what we can use the NA for isto calculate the ability of a lens system to distinguish
between two points in the sample. This is expressed through the minimal recognizable distance
between the two points. Thus it determines if the systemis able to represent the two points as two
pointsin the image planas well and the distance is the quality measure of the optical system. This is
referred toresolving power orresolution of the system and givesone of the mostimportantmeasures
of an optical microscope. (Oldfield 1994)

Additionally, to the NA we have to take the wavelength Ainto consideration for determining the
resolving power of a lens which has been calculated by Abbe to determine R the minimum distance
that can be resolved by the setup. Thisintroduces a new limitation as the wavelength size should not
exceed the dimensions of the object to be observed (Oldfield 1994). More importantly is to have
anotherlook at the resolving power with respect to the magnification looking atthe Abbe Equation 2
one can see that the minimum resolvable distance (MRD) is independent from the magnification of
the object (Oldfield 1994). Thus it can be concluded that by increasing the magnification alone the
detail richness or texture resolution does not have to be increased. All we achieve is an “Empty
Magnification” (Oldfield 1994) as the purpose of the microscope isto enlarge the image to a size that
is resolvable by the human eye. If we are able to magnify the MRD of the microscope to the MRD of
the human eye (0.2 mm (Oldfield 1994)) every magnification above that will be rendered useless, as
the “eye can already perceive the smallest [...] detail [...] in the image” (Oldfield 1994). Furthermore,
artefacts could be introduced by choosing the magnification too high.

R :0.5i
NA

P (2)

MRD =0.5

ax

Figure 11 shows a simple optical microscope with a bottom illumination and top-down observation.
The light is focused on the object where the sample is placed and allows for the illumination of the
specimen thus the condenser (here objective lens) can gather the emitted light. It shows how a real
image isformedin the microscope allowing forthe aforementioned manipulations of the image itself
and eventually the eye isable toform a virtual image for the observerto perceive.

eyepiece lens

real image

objective lens

object

virtual image
st
O N lens to focus light
— illuminating mirror

Figure 11: Schematic of a simplelight microscope (Imaging Technology Group 2015)
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Today the most optical microscopes are equipped with a digital camera containing a CCD (charged
coupled device) chip for transforming the optical image into a digital image. The image has to be
guantized into pixels to allow for the composition of a digital image. To not introduce an additional
loss of information or detail the digital spatial resolution has to be at least equal or higher than the
optical spatial resolution (Wegerhoff et al. 2006). This is expressed in the Nyquist theorem with “the
samplinginterval (i.e. number of pixels) must be equal to twice the highest spatial frequency present
inthe opticalimage” (Wegerhoff etal. 2006). This introduces another part that has to be dimensioned
correctly to allow fora well enough representation of the detailsin the image.

In this Chapter, the basics of optical microscopy have been introduced and some of the many
limitations or challenges have been presented. Most of which are linked to the direct setup or
dimensions of the microscope. Additionally to that there are challenges lying within achieving a
sufficient contrastinthe images as wellas the thickness of the specimens investigated (Oldfield 1994).
With thistechniques have been developed based on the simple light microscope presented here like
phase contrast microscopy to pronounce less contrasted areas (Imaging Technology Group 2015) or

additional hardwareto reduce out of focus blur like the pinholein the confocal microscopy (Wegerhoff
et al. 2006) as discussedin Chapter3.6.4.

3.6.2 Immunostaining

At the basis of immunocytochemistry lies the specificinteraction between a probe and a target which
can be utilized forselectiveimmobilization of particles on asurface, the antibodieson specimens orto
build different forms of aggregates. Additionally, to thisinitial binding process asignal transducer has
to be used toallow forthe bindinginformation to be convertedto an easily detectable signal, e.g. dyes
or radioactive markers. Inthe case of immunostaining afluorescentdye is broughtinto the sample to
allow forimaging or intensity measurements. This information can be used for either qualitative or
guantitative measurements on the samples depending on the specificapplication. (Wild 2013)

As introduced above the antibodies are used for their unique properties (Wild 2013):

¢ Flexibility, ability to bind to a wide range of chemicals, molecules and biological specimens
e Specificity, only binding (strongly) to objects presenting the counterpart to the antibody

e Sensitivity, strong binding strength between antibody and target allowing for even small
amountsto be detected

The antigen marked and identified by the assays is not necessarily of main interest of the investigation,
more overitisusedas an identifier for different proce sses or structuresin the sample.Either we want
to be able to stain specific parts of a cell oritallows for the investigation of the developmental status

of a whole cell culture by coupling to the antigens specific to the proteins expressed during
differentiation.

Figure 12 shows the most commonly used methods to label a sample fluorescently for use in
immunoassays. Thefirstmethod involves asingularantibodywiththe fluorescent dye directlytethered
toit, thusitcan directly be boundto the antigen and afterrinsing one can perform the measurements
onthe sample. The indirect coupling shown inthe middle of Figure 12includes a primaryand secondary
antibody to which the fluorescent markers are coupled to. Resulting in a two-step process in which
first the primary antibody has to be bound to the antigen and to this the secondary antibody can be
bound later. There are certain perks of performinganindirect coupling f or example economic reasons
so that the secondary antibody can be produced sensitive to a wider range of primary antibodies. In
applications like ELISA it allows for measuring particles free in solution. Thus we present an antigen
immobilized on the surface,and bringin the secondary antibody into the sample solution. The antibody
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to be measured will be trapped in between and due to immobilization on the surface as well as
fluorescentlabellingthe sample content can be estimated. The last method presented here isadirect
coupling withoutareadily fluorescent markerthus it will only emit fluorescent light after being bound
to the antigen and after undergoing the conformational change following the binding event. (Wallin
2009; Wild 2013)

Indirect Coupling
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Figure 12: Different techniques used inimmunostaining for fluorescently markingthe expressed antigens (Wallin
2009)

3.6.3 Fluorescence Microscopy

The previous Chapter discussed the topic of immunostaining and the most common techniques
performed with fluorescent dyes. It was introduced how this allows to selectively stain for specific
antigens and materialsinthe sample. To extract the information highlighted in the immunostaining a
fluorescent microscope is used to selectively extractimages of the different fluorop hores.

A fluorophore has the opportunity to emitlight of a characteristicwavelength when excited with light
of a specificwavelength. The basic processof fluorescenceis explained by incident photonsof the light
source that excite the moleculesinto higherenergeticbut unstable states. The energy of the photons
isabsorbed by the fluorochrome, afraction of that energy is translated intovibrational energyresulting
inheatdevelopmentinthe sample. The remaining energy isemittedin the form of an emission photon
whenthe moleculejumps back toits normal energeticstate. Thus the energy of the emitted photon is
lowerthanthe energy of the exciting photon. Alowerenergy leads to lower frequencies and a higher
wavelength of the emitting photons. (John Innes Centre 2015)

The wavelength shift can be seen in Figure 13 for the two fluorochromes DAPI and AlexaFluor 488.
With the help of those curves the relation between absorbance and emission is displayed. This can be
usedto configure the fluorescence microscope forthe specificfluorophores.

20



Background

8 :
2 e - i
8 Z[ \ / — AN 2l O :
/ \ Y4 N HN=C N 5
3 / \ w ; fi2
° C —NH,
/ \ / . . DAPI 2
° / \ \\
7/ 3 \
8~ Excitation  / Emission e o
=] Y Tl 2
9] A I g
= B ™ | <
& S0 340 380 420 460 500 540 580 é
8 5]
v
2
< / N /\ o
' o
Pl I é
P -
Ik \
AT
L I \
Excitation /| Emission "\
7 / i .
7 S T
500 600

Wavelength (nm)

Figure 13: Excitationand Emission curves of the fluorophores DAPI (top) and AlexaFluor 488 (bottom) (Mondal
& Diaspro2014)

In Figure 14 we have the opportunity tolook at the basic principle behind a fluorescence microscope.
A light source of choice containing the wavelengths that are necessary for sufficient excitation of the
used fluorophores. Following the path of the light emitting from the light source we can see the
multispectrallighthitting on the excitation filterwhere itisnarroweddown to the necessary excitation
wavelength (shown with the blue ray) which is reflected on the dichroic mirror down to the sample
where itexcites the fluorochromesto emit lights of smaller frequency as explained above. The excited
light rays are allowed to pass vertically through the dichroic mirror and hit the emission filter
eventually. Thisemission filteris chosen to permit the passage of the wavelengths to be expectedfrom
the used excitation frequency and fluorescent label.

A

Emission Filter

Light Source

Dichroic %
Mirror
v
Sample

Figure 14: Schematic showingthe basic setup of a fluorescence microscope (Mondal & Diaspro 2014;John Innes
Centre 2015)
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After the reduction of the light to one fairly narrow band of wavelengths the detector can record an
intensity image. Thanks to that a fluorescent specific image can be taken as a grey value
representation. This allows for easy handling and processing of the multiple images as different
channels. These images are easier to manipulate and require less computing power, hence simplify
image analysis (Chodorowski 2014). The filters and mirror are commercially available as filter cubes
allowingforeasy switching between the channels. With thisa step-wise exposure of every individual
channelisachieved resultingin animage exemplified in Figure 15.
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Figure 15: Example of the image construction after fluorescence microscopy

Every single channel of wavelength gets assigned 256 grey values and the channels can be analysed
separately. In the example the grey value images directly recorded can be seen on the left. For the
individualimage the different cellorganelles of interest were labelled with another fluorophore. Thus
we retrieve animage of the cell nuclei, the myosin heavy chains (MHCs) as well as the actin found in
the exposure frame. Afterthat colours can be assigned to the different channels with the help of the
used recording software as seeninthe middle row and eventually asuperposition of all the channels
givesthe final resulting microscopicimage.

When working with fluorescence microscopy different drawbacks have to be mentioned, asindicated
beforehand portions of the incident light energy are converted into heat energy and emitted into the
surroundings of the fluorophore. This heat energy can lead to damage like photobleaching or
photodamage of the sample (Mondal & Diaspro 2014). The photobleachingitself is the destructionof
the fluorophore due to the energy exposure of the exciting light which will limit the cumulative
exposure time of the sample and demand for workingin a darkened environment. The photodamage
will have effects onthe sampleitselfespeciallywhenitis a heatsensitive sample orimaging of live cell
culturesis performed. The additional energy broughtinto the culture will lead to denaturation of the
proteins and often resultin bursting of the cells. (Magidson & Khodjakov 2013)
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Background

3.6.4 Confocal Microscopy

Afterintroducingthe basics of light microscopy and fluorescence microscopy we can build on further
by addingthe confocal microscopy into the background knowledge forthe project. In Figure 16 we can
already see the principle setup of a confocal microscope. Here we haveanilluminationsource attached
tothe side of the optical pathwaythrough thefilter cube similarto the principal setup of a fluore scence
microscope. Furthermore, we can see that the microscope used here works in inverted mode as it
illuminates and records images from below. What sets the confocal microscope apart from the
microscopesintroduced before isillustrated onthe right hand side of Figure 16. There we can see the
optical elementstogetherwith a pinhole right before the detector. Two main optical paths shown by
a blueandaredsetof rays, where the blue originates from an off-focal plane and the red directlyfrom
the focal plane. These rays are now traversingtothe objective lens and only the light originating from
the focal plane will be traversing parallel throughthe optical system. Right before the pinholethe light
isfocused forasharp image represented on the detector. At that stage the function of the pinholecan
be observed as it discriminates between the light that originates from the focal plan and the light
outside of the focal depth. The light originating from the rest of the volume is blocked by the pinhole
and does not contribute to the final image. (Mondal & Diaspro 2014)
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Figure 16: Schematic setup of a confocal microscope (left); function of the pinhole (right) (Mondal & Diaspro
2014)

With this technique a scanning process is necessary to achieve a whole image of the sample as only
one point of the focus area will be represented sharply in the image (Wegerhoff et al. 2006).
Furthermore, itenables to perform 3D mapping of the specimen as we can also scan through the axial
plane of the sample. The final image will not be blurred by the light emanating from outside of the
focus. Besides the increased axial resolution an additional effect of the pinhole will be the
improvement of the spatial resolution (Scientific Volume Imaging B.V. 2015). Additionally, to the
specific properties of a confocal microscope it can be specifically expanded to accommodate for
fluorescence measurements by dimensioning the filter cube, light source and detector accordingly.
(Mondal & Diaspro 2014)
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4
Materials & Methods

4.1 Approach

The basis of the project was the idea of differentiating C2C12 cellsin athree -dimensional environment
provided by the capillary alginateintofunctional skeletal muscle cells. The third componentin addition
to cell culture and alginate scaffold would be the design of the bioreactor. In Figure 17 we can see a
sketch of the basic concept on which this project was based. The three main components of the
experimental setup are shown. On the left we have the alginate scaffold in a schematic showing the
unidirectional capillaries, on the right we have the cells precultured and on the middle bottom the
bioreactor shown as a rectangular casing. The concept was to develop abioreactor were the capillary
alginate can be placed in (Step 1), the precultured cells can be seeded into (Step 2) and that would
allow the culture mediato flow through the bioreactorand through the capillary respectively to bring
the nutrientsand oxygen downto the cell culture (Step 3).

Step 2
Ca pI”a ry Harvest and seed the cells

Alginate

Step 3

Establish culture media
flow in the bioreactor
through the capillaries

Step 1
Prepare and insert the
alginate into the bioreactor

&8 C2C12cells

|"|||i Capillary Alginate

Bioreactor Flow of Culture Media

Figure 17: Sketch of the basicidea of the experimental setup and cell culture procedure

This here presented project is the continuation of a student project started during the tissue
engineering courses (KPO065/FTF225) at Chalmers which had a similar goal in building a bioreactor
system, with the capillary alginate to achieve skeletal muscle differentiation of C2C12 cells. Therefore,
the findings and results of that student project build a good starting ground for progression and allow
forimprovement of the previously used systems.

Ina first step computersimulations were performed to compare the bioreactor design of the previous
project withan improved version of the system. Here flow and oxygen distribution inside the culture
chamber and through the capillary alginate were of main interest. With these simulations the inner
geometry of the bioreactor was to be evaluated and improved. On top of these inner parameters for
the bioreactorthe outside of the bioreactor wasimproved to address leakage problems.
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When starting to work with the alginate scaffolds it wasknownthat the alginate bulk modification with
gelatinand alginate that was pre-coupled with RGD sequences yielded the best attachment of the cell
culturesinthe previous project. Therefore, those were chosen to be in the main focus of the scaffold
development process with the inclusion of new surface modifications. The sterilization process of the
alginate scaffolds has been known to be problematicfromthe previous projectto address thisa new
sterilization method was employed.

Cell culture experiments on the surface of the alginate gels had provento be a feasible manner. This
allowed for easy cell culture handling as well as simple fixation, staining and imaging to assess the
culture status with respecttothe capillaries and different modifications.

A detailed list of materials can be foundin Appendix 1.

4.2 Bioreactor

4.2.1 Simulations

The simulations in this project were performed with the help of “Comsol Multiphysics 4.2” (Comsol
Inc. 2015) in the designing phase. Overthe course of the project the simulations were picked up later
again to see if the system could be developed further and additional more refined simulation steps
could be run. The new modelling was performed with a re-build version of the conical bioreactor in
“Comsol Multiphysics 5.0” (Comsol Inc. 2015). One of the main goals was to update the simulation to
anewerversion foreasierupdatinginthe future and toimplementthe Glucose consumption into the
overall model. In the following Chapter the design of the simulation is introduced and the used
parameters are presented as well as moderated.

Two different designs of the culture chamber were tested in the computer simulations during the
designing phase of the project. Figure 18 shows the two different models used for simulating the
conditionsinthe proposed Bioreactor. On the left side we have arepresentation of the old bioreactor
design according to the previous project and on the right we can see the new design used in this
project. The physical models applied were “Turbulent Flow” and the “Transport of DilutedSpecies” for
the oxygen distribution.

Flow direction

[J PDMS
O Media
[ Alginate

10 mm

Figure 18: Old rectangular Bioreactor format (left) and new conical channel design (right)
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Materials & Methods

In the previous projectalginate gels with varying modifications and concentrations of the crosslinking
agentwere imaged and analysed to assess pore diameterand pore density in the scaffolds. Based on
these results Table 1givesthe modelling parameters forthe average alginate usedin this project (see
Chapter 4.3.2) and the maximum cell number used in the previous project for estimating the oxygen
consumption of the cell culture. (Pengetal. 2014)

Table 1: Alginate properties inthe simulation

Parameter Dimensions
Pore density 30 Pores/mm?
Pore diameter 78 um
Alginate diameter 17.5 mm

Cell number 500,000 cells

For modelling the oxygen diffusion through the materials the corresponding coefficients had to be
defined. Table 2 shows the parameters for the three main components media (approximated as
water), PDMS and alginate with their respective literature sources and coefficient values. In the
publication by Kim et al. a mathematical model was created to estimate the oxygen transferthrough
microfluidicdevicesmade from PDMS and Mehmetoglu et al. investigated the oxygentransfer through
calcium alginate beads by the momentanalysis method (Kim etal. 2013; Mehmetoglu et al. 1996).

Table 2: Diffusion coefficients for the oxygen transport

Material Diffusion Coefficients (m?2/s)
Media (Water) (Kim et al. 2013) 2.80e-5
PDMS (Kimetal. 2013) 7.88e-5
Alginate (Mehmetoglu etal. 1996) 2.50e-5

To further model the oxygen diffusion through the system a constant inflow was realized by setting
the outer boundaries to a concentration of 0.2 mol/m?3 corresponding to the 20 % oxygen in the air.
For the current simulation cells are solely modelled as oxygen consumers therefore sinks for the
diluted O, got placed inside of the capillaries. Table 3 shows the values for oxygen consumption
convertedinto Sl base units forusage in Comsol and the respectiveliterature sources. Both Nicholls et
al. and Li et al. were interested in the metabolic behaviour of the C2C12 cells under changed
environmental circumstances. Nicholls et al. measured the cells with the Seahorse XF 96 analyser
(Seahorse Bioscience 2015) from here the basal oxygen consumption of the two different
measurementseries was used. Inthe publicationby Li et al. the maininterest was on determining the
effects of different levels of glucose and oxygen on the metabolicactivity of the C2C12 cells. The data
was measured with the Becton and Dickinson (BD) Biosensor system (BD Biosciences 2015) from here
the normoxic and high glucose (in accordance to the used culture media) oxygen consumption rate
was taken. (Nicholls etal. 2010; Li etal. 2013)

Table 3: Oxygen Consumption of C2C12 cells

0, Consumption (mol/(m?*s))  Source
4.115e-9 Nichollsetal.2010
9.969e-9 Nichollsetal.2010
2.288e-5 Lietal.2013
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The whole setup was assumed to be fully saturated with oxygen at the beginning of the simulation and
the mediaisassumed saturated as well thus allows foradditional inflow of dissolved oxygen from the
reservoir. The flow velocities through the bioreactor was swept over several extrema as displayed in
Table 4. The first two parameters are the minimum and maximum pump speeds used in the 3D cell
cultures during the previous project (Peng et al. 2014). Dennis et al. compiled a general guide for
bioreactors to culture muscle tissue (Dennis et al. 2009) and the parameters givenin Table 4and Table
5 are the boundaries in which a perfusion bioreactor should operate to increase the number of cells
deepinthetissue (Dennisetal. 2009).

Table 4: Simulated flow rates

Inflow (m/s) Inflow (pumpdim) Source

1.415e-6 0.6 ul/min  Min

1.415e-7 6.0 ul/min  Max flow ratesusedin (Pengetal. 2014)
1.415e-3 0.6 ml/min  Min

7.074e-3 3.0 ml/min Max flow rates used in (Dennis etal. 2009)

In the updated model in “Comsol Multiphysics 5.0” the flow rates were chosen according to the range
given by Dennis et al. as they were planned to be used in the 3D cell cultures as well. Additionally to

the boundary parameterstwointermediate speeds were chosento allow for betterapproximation of
theideal flow speed asshownin Table 5 (Dennis etal. 2009).

Table 5: Simulated flow rates for Comsol Multiphysics 5.0 (Dennis et al.2009)

Inflow (m/s) Inflow (pump dim)
1.415e-3 0.6 ml/min
2.830e-7 1.2 ml/min
5.660e-3 2.4 ml/min
7.074e-3 3.0 ml/min

The oxygen consumption was now modelled as a reaction at the position of the cellsin the capillaries
anditwas focused onthe maximum oxygen consumption according to Nicholls et al. Incidentally, Table

6 shows the oxygen consumption convertedforusage in the newmodel based onthe value from Table
3. (Nichollsetal.2010)

Table 6: Oxygen Consumption as reactioninthe Comsol Multiphysics 5.0 model

0, Consumption (mol/(m3*s)) O, Consumption (mol/(m?*s)) O, Consumption (pMol/min)
6.6468e-4 9.969e-9 550

The Glucose usage was estimated stoichiometrically as shown in equation 3. It got implementedin a
similarfashion as the oxygen consumption (“Transport of Diluted Species” and the consumptionas a

reaction) but limited to the culture mediaonly. The glucose content of the used DMEM (Sigma Aldrich
2015) was 24,98 mol/m?3(4.5g/l).

C,H,,0,+6-0,=6-CO, +6-H,0

mol O,Consumption
GIucoseconsumption£ 3 j: 2 p (3)
m’-s 6
GC =1.1078.10 M
m’-s
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Materials & Methods

4.2.2 Design and Manufacturing

In concert with the results of the simulation the design of the bioreactor was determined. AutoCAD
2012 (Autodesk Inc. 2014) was used to draft the models and handed over to MakerWare for 3D printing
with the MakerBot Replicator 2X (Makerbot Industries 2014). The PDMS was moulded in 3D printed
casts according to the attached protocol (see Appendix 2). Furthermore, the retainer pressing the
PDMS halves together and the culture stands have been printed for usage during the experiments in
this project. Figure 19 shows a schematic of the PDMS channel to illustrate the interlocking of the top
with the bottom half of the PDMS channel. This was achieved by creating a general mould for the
vertical borders and allow for different horizontal inlays. The printing roughness of the 3D printer was
compensated by smoothing the inlays inner face to achieve soft meeting faces of the PDMS halves.
This in concert with the interlocking mechanism allowed for better tightness and leakage prevention
of the bioreactor.

Channel

Borders

Figure 19: Schematic of the PDMS interlocking with each other

Figure 20 shows the printed moulds on the left side (A-C) in Cthe smoother surface can be seen on the
sides compared to the roughness from the filament extrusion at the other surfaces. The two halves
shownin Figure 20 D need to be tightly pressed togetherto achieve stable culture conditions inside of
the bioreactor. Forthisa holdersystem was designed as depicted in Figure 21.

Figure 20: Printed ABS moulds (left) and PDMS mouldingresult(right); A) Outer castwith positiveinlay B) Outer
castC) Negative Inlay D) PDMS halfwith positivelip (left) and with wider opening (right)
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Figure 21: ABS Retainer for assembling the PDMS with screw holes (A), lateral retainers (B) and inner ring (C); (D)
shows the PDMS channel and retainer fully assembled

The screws allow for a very tight pressure application on the PDMS channel and fine tuneable re-
screwing in case of later leakages due to pressure spikes. With the lateral retainers ( Figure 21 (B)) a
sliding of the PDMS channelsisinhibited. The innerring(Figure 21 (C)) together with the honeycomb
mesh structure allow for a good distribution of the force over the whole PDMS whilst letting air into
the culture chamber. Additionally, the inner ring takes prevents direct pressure to be applied on the
culture chamber.

In Figure 22 the bioreactoris placed in the culturing stand, a 3D printed stand made from ABS together
with a250 ml containerbelow.The culturingstand allowsforbetter handling during the cell culture as
well as more stable conditions with respect to positioning of the culture channel.

Figure 22: Full assembly of the bioreactor together with the culturingstand
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Materials & Methods

4.2.3 Leakage Experiments and Flow Through

For the leakage experiments the retainer together with the conic PDMS channel was assembled
completely (Figure 23) and filled with water while pushing the remaining air out. The potential risk of
bubble formation was given great attention to achieve agood representation of the desired culturing
conditions and assess the feasibility of the new PDMS channel.

Figure 23: Setup for the leakage experiments with the pump system

During the flow through experiments a gelatin:alginate (1:1) sample was inserted into the flow
chamber. MilliQ water dyed with blue food colouring was used as a flushing mediato assess the flow
distribution after opening the bioreactor again. Areas of higher colour intensities were assumed to
have higher throughput. Flow was performed for 30 minutes at 10 pl/s adapted from Dennis et al.
(Dennisetal.2009).

4.3 Scaffolds

4.3.1 Alginate Gel Formation

The non-porous gelswere preparedin 100 ml beakers by filling 30 ml of alginate (1.5% w/w) solution
intothem. The nextstep was to spray the surface with CaCl, (1M) amountingto roughly 5-6 ml. After
lettingthe gels settlefor20mins the beakers are filledup with additional 25 ml of CaCl,-solution (1M).

The last step was to cover the beakers with Parafilm and the whole formation process will take 12-24
h.

4.3.2 Formation of Capillary Alginate Gels

The capillary alginate gels need additional steps prior to crosslinking the alginate. The inner walls of
the beakers (100 ml) are covered with a thinlayer of alginate (1.5% w/w) solution, the excess was let
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dripped off and then they are baked in the oven for 1 h at 140 °C. After cooling off they can be used
for gel formation orstored for later use by covering with Parafilm.

The further processing steps are similar to the formation of the non-porous gels. After spraying the
alginate solution with CaCl, (1M) and waiting for 20 mins a meniscus has to form on top of the gels.
The filling up with the last 25 ml of CaCl,-solution (1M) has to be performed carefully to not destroy

the meniscus, otherwise the capillary structure cannot form. To allow for clean growing of the
capillaries the beaker should not be moved afterfillingup and left unattended forupto 48 h.

A detailed protocol used as basis can be found in the Appendix 4.

4.3.3 Modification of Alginate Gels
(a) Bulk Modifications

Bulk modifications used during this project have been gelatin or pre-coupled GRGDSP alginate. Both
were mixed with the pure alginate at the desired weight-to-weight ratios and further handled like the
alginate solution for crosslinking to capillary or non-capillary alginate gels as described in the previous
Chapters4.3.1 & 4.3.2.

(b) Surface Modifications

Surface modifications were performed with collagen or GRGDSP sequence obtained by BACHEM
(BACHEM 2015). The peptide sequence arrivedin a freeze-dried powder state and was dissolved to a
stock solution of 0.1 mg/ml GRGDSP:MilliQ waterand keptat— 18 °C for later usage (according to the
BACHEM costumer service (BACHEM 2015)). The alginate gel used for the surface coupling protocols
was pre-formed 1.5 % alginate without capillaries and stored in MilliQand fridge priorto usage.
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The first RGD couplings (see Table 7) were adapted from Rowley et al. (Rowley et al. 1999) in which
the preformed alginate gels are suspended in an aqueous solution of ddH,0 (40 ml), Sulfo-NHS and
EDCin aratio of 1 to 2. Eventually followed by the addition of the GRGDY peptide and areaction time
of 20 h. Inthis projectitwas refrained from using such a high solution of the reagents, and MES buffer
was added toreduce the risk of hydrolization of the EDC.

Table 7: RGD surfacecouplingonalginatediscs; protocol adapted from Rowley et al. (Rowley et al.1999)

Experiment Alginate discs

Quantities and Procedure

1°t RGD 14 (7/7)
surface coupling

NHS & EDC dissolvedin MES (0.1 M) stock
MES buffer (0.1 M) freshly dissolved
GRGDSP 0.1 mg/ml

wN e

4

discssuspendedin 2.5ml MES buffer
3 ul EDC and 6 pl NHS added

100 ul RGD solution

20 h incubation

2" RGD 14 (7/7)
surface coupling

sNHS & EDC prepared as new stock solutions 0.1M
MES buffer (0.1 M) freshly dissolved
GRGDSP 0.1 mg/ml

1.
2.

3.
4.

discs placedin 15 ml centrifuge tube

20 ul EDC, 40 ul sNHS and 100 ul RGD stock
added

Filled up to 1 ml with MES buffer

70 hincubation

34 RGD 18 (9/9)
surface coupling

sNHS & EDC prepared as new stock solutions 0.1M
MES buffer (0.1 M) freshly dissolved
GRGDSP 0.1 mg/ml

LANESEE Sl

discs placedin MilliQ (total of 2.5 ml)

500 pl of MES Bufferadded

4 mg sNHS freshly dissolved around discs
2 mg EDC freshly dissolved around discs
17 hincubation
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In the coupling process for RGD experiments 4-5 (see Table 8) a new protocol by Life Technologies
(Thermo Fischer Scientific & Life Technologies2015) for “Two-step Coupling of Proteins Using EDCand
NHS or Sulfo-NHS” (see Appendix 5) was altered to fit the necessaryconditions. Activation and coupling
bufferhave been prepared asdescribed inthe protocol.

Table 8: RGD surface coupling of alginate discs, protocol adapted from Life Technologies (Thermo Fischer
Scientific & Life Technologies 2015)

Experiment Alginate discs Quantities and Procedure

4t RGD 10 (5/5) Activation and coupling buffer freshly prepared
surface coupling

PBS 1. discsplacedin2 mlactivation buffer

2. 6.74 mg EDC +2.35 mg sNHS dissolved
in 2 ml activation buffer
Added 1 mlto each discbatch
Incubate for 15 minsat RT
Quenched with 4.22 pl 2-mercaptoethanol
200 ul RGD stock solution mixed with
800 ul coupling buffer
Addedtoone batch
800 pl of coupling buffertothe otherbatch
Incubated for2 h at RT
Aspirated solution from the vials
. Wash with PBS
10. Placedin MilliQ
4% RGD 10 (5/5) Activation buffer NaOH adjusted to pH 6.04
surface coupling Prepared new Coupling buffer substituting PBS with HEPES
HEPES and NaOH adjustmentto pH 7.02

e w

© o NP

1. discsplacedin2 mlactivation buffer
2. 6.64 mg EDC +2.49 mg sNHS dissolved
in 2 ml activation buffer
Added 1 mlto each discbatch
3. Incubatefor15 minsat RT
Quenched with 4.22 pl 2-mercaptoethanol
200 ul RGD stock solution mixed with
800 pl coupling buffer
Added toone batch
6. 800 pl of coupling buffertothe otherbatch
7. Incubatedfor2 hatRT
8. Aspiratedsolutionfromthevials
9. Wash with MilliQ; two times for5 mins
10. Placedin MilliQ

v e

5% RGD 6 (3/3) Same protocol and chemicals asin previous coupling,
surface coupling Sterilization of the alginate discs before coupling according
to Stoppel etal. (Stoppel etal. 2014)
sNHS 6.71 mg/EDC 2.42 mg in 2ml activation buffer
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The collagen surface coating was performed with a surface coverage of 5 pg/cm? and dropped on the
preparedslides(see4.4.1). Afterincubationin the LAF bench for 1h the excess collagen was aspirated
and the sample washed withserum free medium (DMEM). The coating was always performeddirectly
priorto the seeding. The detailed protocol can be seeninthe Appendix6.

4.3.4 Sterilization

In preparation to cell cultures the alginate scaffolds have to be sterilized to allow for long standing
culturesand reduce the risk of infections. In this study a protocol proposed by Stoppel et al. was used
to achieve sterile scaffolds (Stoppel etal. 2014). Thisincludes placing the alginate in 70 % Ethanol for
20 mins and washing the slides 3 times in MilliQ water for 2x5 mins and 10 mins successively. In
between the steps thorough aspiration and rinsing has to be performed to ensure the sterility and

simultaneously prevent residing Ethanol to not negatively influence the culture. Sterile working
methods apply during the whole procedure.

Detailed protocol in Appendix 3.
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4.4 Cells

4.4.1 Flat Gel Experiments

The cells have been cultured in T-flasks prior to the usage in the culture experiments. Forthese culture
conditions the seeding and counting protocols are attached in the Appendices (8-10). The mediathat
has been used duringthe culture inthe T-Flasks and inthe proliferative phase was the Growth Media
(GM) and when initializing the differentiationin the culture experiments the Differentiation Media
(DM) was used. Culture media compositions are shown below:

Growth Media: DMEM
10 % Fetal Bovine Serum (FBS)
1 % Penicillin Streptomycin

Differentiation Media: DMEM
2 % Horse Serum (HS)
1 % Penicillin Streptomycin

For the Flat Gel Experiments, small rectangular (w*b*h: 18*%15*%2 mm) slides have been cut from the
alginate gel and were transferred to multi-well culture dishes for cell experiments. The cell solution
with desired cellconcentration was dropped onto the gel slides, trying to get as much cells as possible
on the gels. After an initial attachment time of 30 mins, the excess media was aspirated and growth
media (GM) was filled inaround the gel slides.

Table 9 shows an overview about the experiments performed on the flat gels prepared as described
previously. The first column gives a rough description and the used work title for the respective
experiment. Under specifications the motivation, newly implemented techniques and method changes
between the experiments are listed to give an overview of the development process. As the goal was
to analyse the attachment efficiency of various scaffolds, a list of the materials used for each
experiments is given under scaffolds. Besides the seeding amounts and the theoretical cell densities
on the surface the durations of the cell cultures are given. These time pointsare also the time points
at which the samples were imaged. Noteworthy is that after the introduction of the live-staining the
cultures could be checked more often and the same cultures could be followed up for prolonged
periods without terminating the experiment through fixation and staining.

For Flat Gel Experiment 3and 4 the cell solution was diluted to be up to 3 ml of GM and later contain
a lot of cellsin comparison to the gel size. With this the whole culture well was filled up allowingthe
cellstosettle anywhere and toincrease the chances of the cells landing on the culture slides.
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Table 9: Experiments in cell culturedishes
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4.4.2 PDMS dish Cell Cultures

A refinement of the gel cultures on flat gels has been proposed during the project. The PDMS dishes
were created by fillingin PDMS (mixed according to the PDMS protocol Appendix 2) lettingitsitinfor
crosslinking atroom temperaturefor24— 48 hours. Afterthatasmall piece of the PDMS was punched
out with the help of a hole punch (diameter 7 mm). These dishes were sterilized with ethanol and
rinsed with sterile MilliQ priorto the culture.The culture readyalginate was cut with the help of a hole
punch to small gel discs (diameter 7 mm; ~2 mm thick). The discs were stored in GM either after or
before cutting, due to swellinginthe GMa re-cutting was performed before placingitinthe middle of
the PDMS. A small drop of the cell solution of desired densitywas placed directlyon top of the alginate
gel by utilizing the PDMS’s hydrophobicity. After initial incubation and attachment of the cells, the
excess mediawas aspirated and the whole dish filled with culture medium.

The schematicin Figure 24 shows a cross section of a PDMS dish during the cell seeding process. It
displays how the punched whole inthe middle of the PDMS is filled with the alginate disc priorto cell
culture.In red we can see how the cell mediais placed as a droplet overthe scaffold with the help of
the hydrophobicity of the PDMS.

! ' O PDMS
Alginate
1 Cell Media

O Dish

Figure 24: Schematic of the PDMS dish duringcell seeding

Table 10 shows the different culture experiments performed in the PDMS dishes to compare the bulk
modified alginate gels with respect to their influenceson cell attachment. For this many different
alginate modification combinationswere screened as shown in the columnsscaffold. From experiment
“PDMSFlatGelExp —3+7d” onwards the GMwas exchanged afterafew days by DMto test the different
effects of both culture medias. The respective culture times for the GM and DM are shown in the
specifications column.

The PDMS dishes were also used during the testing of the RGD surface couplingefficacy shownin Table
11. In addition to the experiment parametersgivenin the previous tables, the alterations of the surface
coupling protocols together with a reference to the basic surface coupling protocol is given. This
couplings have been performedbased on the one published by Rowley et al. (Rowley & Mooney 2002)
or Life Technologies (Thermo Fischer Scientific & Life Technologies 2015) as described in Chapter4.3.3.
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Table 10: Experiments incell culturedishes with PDMS retainer

%S'T 21Uy "ded

%S'T @1euld|y-goy "ded
00T:T @1euld|v:vaoy ‘ded
0T:T d3euld|y:vaoy "ded
G:T 9euld|v:vaoy ‘de)

8uIpaas 24043q paule}s-aA

9SU3p 00} puUE UOIIeID}I|04d
PaPa3s SJIaqUINU |[30 J3MOT

p £+€ —dx3|9D3e]4SINAd

T
T
T
T
T
T T 91euld|v:vaoy ‘ded nauip/
09¢ PLPE T T:T @1euld|v:vaoy "ded Woulp¢g
000°0T sulw Qg T (198 ou) |0s3u0) sjuswadx3g uonenualaa  SaYsIP SINAd Ul 2inynd |19
T 00T:T 21eul3|V:vaoy 3UIP33s 21049q PaUILIS-DAI aoy —dx3jaolejisnad
T 0G:T d1euld|v:vaoy
T GC:T 9leuls|v:vasy
T 0T:T ®1euld|v:vaoy
pOT T T:T 9euld|v:vasy
8/0°C PripT T (2euIS|V 0/M) %€ uire|ao
00008 ‘sulw og T (198 0u) |josuo) suonelen 8|v:vaoy Saysip SINAd Ul a4nin) |13
T ?1euId|y:une|an Suipaas auojaq pauiels-ann p € —dx3|9D1e|4SINAd
T 00T:T 21euld|v:vaoy
rd 9jeuld|y ‘de)
T 91euld|y 9zIsaileuld|y Ja||lews
6L L [4 ysiq ‘3eod une|an
000‘00€ pe€ T (198 0u) |josuo) ysigainin) maN  Saysip SINAd Ul ainynd (|3
(;ww/s|192) Auisuag
Jaunowy 3uipaas uoneing sajdwes Sp|o}jeas suonedyads Juswiadxy

39



Table 10 continued
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Table 11: RGD surfacecouplingcell experiments
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Table 11 continued

YsIp SINAd/paulels-aAr
S3d3H Yyam|odoo.d

Sujjdnod adeyins Aoy Y4

salbojouyosay afi

€ 9|M3ISSHNS/2A3 % S'T "8IV SIdIH 3u1jdnooa yunoy pasn
09¢ PSPt € 3|12ISADY/SHN/IAI % S°T 81V S3dIH 3u1jdnoo adeyins aInynd |[3D
000°0T ‘sulw og T (198 ou) jos3uo) 91043 S|93 paz1|1431S yim3uijdnod asepns goy
[4 9|MdISSHNS/2A3 % S'T "8IV SIdIH ysip SINad/pauleis-aarl  Suijdnod adeyns oy yHno4
T SHNS/2a3 % ST 3|V S3dIH salbojouyray afi]
[4 9|1491sd9Y/SHN/203 % S'T "8IV SIdIH
T a94/SHN/203 % S'T "8IV S3dIH
[4 9|M3ISSHNS/203 % S'T 3|V Sad 1944ng
T SHNS/203 % S°T "8IV Sdd Sepasn S3d3H pue Sdad
[4 9|133SA9Y/SHN/IA3 % S'T "8IV Sad
09¢ X3 T A9¥/SHN/203 % S'T 8|V Sad $3180]0UYI}-341| W04 ainMn)|3d
000°0T ‘sulw Qg T (198 ou) josyuo) |[020304d M3U JO |e1u3 15414 yim3uijdnod adepns doy
(;ww/s||92) Ayisuag
Jiaunowy 3uipaas uoneing sajdwes Sp|o}jess suonedyads Juawiadx3

42



Materials & Methods

4.4.3 3D Cell Cultures

A protocol was put togetherto guide through the seeding process of the 3D cultures. See Appendix 14.

The cell culturesinthe bioreactor (as well as the previously discussed 4.2.3 Leakage Experimentsand
Flow Through) have been performed with gels cut from the capillary alginate gel. Gels with a height of
10-15 mm were cut out in a barrel shape with the capillaries aligned parallel to the longitudinal axis.
The diameterwas chosena bit largerthan the diameter of the culture chamberresultingingelsaround
20 mm in diameter. The gels were sterilized according to the standard procedure (4.3.4), emerged in
culture mediaand placedin the incubator overnight for swellingand lettingthe media diffuse in the
matrix. It is important to cut the alginate from the central part. If we remember the spindle like
structures from the capillary alginate formation (Figure 6 in Chapter 3.3.1), we can imagine that the
border of the beakerand the height will influence the capillary distribution in the gel. Therefore, the
central part of the gel will yield the most parallel aligned capillaries.

Figure 25 shows the different pump and valve configurations used during the project. Where the
schematic key displays the individual components of the system. As one can see all the setups relied
on one pump and four stop-cocks. The three way stop-cocks allowed for conveniently accessing the
system with syringes at specific spots for either insertion or extraction of media. In the two
configurations on the bottom an additional component was added to the setup, the bubble trap. This
was chosento be done for the longercell culturesto avoid air accumulationin the system, to have a

reservoirformore culture mediaand it allowed forrefreshing the culture with new media during the
culture.

Configuration 1 Schematic Key

Tubings

\W Reservoir/Bubbletrap
2

Bioreactor

—ta

%} Three way stop-cock

@ Pump

} > | -

Figure 25: Schematic of the different system configurations used during3D cell culture
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To ensure a healthy cell culture the preparation process had to be optimized to reduce the amount of
enclosed airinthe systemas much as possible. Especiallywhenworking with serumcontaining culture
media a bubble formation can lead to immense foaming. The first step was to connect the alginate
loaded bioreactortothe connectors Aand B. Then GM filled syringes (10 ml) were connected to those
connectors and the media was pressed through while holding the syringes in an upright position as
shown in Figure 26. This allowed the air to enter into the syringes but not back into the culture
chamber. Aturning of the bioreactor was beneficial to allow the airto traverse into the syringes more

easily. Afterthe bioreactor was prepared it would be storedin the incubatorat 37°C; 5 % CO, until the
culture was started.

Figure 26: Flushing of the Bioreactor with media (here MilliQ)

The rest of the system was filled with media in a similar fashion by attaching two syringes step wise
overthe different connectors (e.g. Bto C, D to A or overthe pump) followed by the cellharvesting and
preparingthe desired cell concentrationsinthe seeding solution.

The cell seeding was performed either by hand or with the help of the pumps. The respective seedings
have been performed for several minutes perfusing the alginate gels while trying to maintain a stable
flow regime inside of the bioreactor. When usingthe hands two 2 ml syringes were connected at the
stop-cocks A and B. One syringe was empty and the otherone was filled with cell solution. By pressing
the media back and forth for several minutes the cells were given the opportunity to settle into the

capillaries. The speed was tried to remain equal over the course of the seedingand a similarseeding
time was used as for the seeding with the pump.

The other way was performing the seeding process with the help of the pumps. This was only
performed in configuration 1. For this the cell solution filled syringe was placed right before the
bioreactor (connector A) and the empty syringe afterthe pump (connector D). The pump was setto a
speed of 5 or 10 pl/s and the cell solution was sucked in automatically into the system. After all the
media was out of the seeding syringe, the perfusion was immediately set to closed-loop and the cell
solution was circulated in the bioreactor system for an equal amount of time as the injection time
(time until the syringe at A was empty). More detailed information about the seeding and other
parameters are displayedin Table 12.

For the seeding experiments no waiting time afterwards was used, as directimaging was supposed to
assessthe efficacy of the seeding. Forthe culture experiments however, multiple waiting steps were
incorporated to allow for better distribution and attachment. An initial attachment time in the
incubator of 30 mins followed up the seeding process immediately, after that the pumps would be
turned on for 5 mins at 5 pl/s and the bioreactor turned by 90° as depicted in Figure 27. This was
followed by another hour of waiting. The whole process of 5 mins pumping and turning the bioreactor
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is repeated fourtimes with atotal of 3-4 hours of waitingtimesin between. Afterthatthe bioreactor
istransferredinto the culture stand, the setup modifiedto configuration2 or 3 by attaching the bubble
trap tothe respective connectors. Eventually the cultureis started at the chosen pump speed at either
5 or 10 pl/s (minimum flow speed according to Dennisetal. (Dennisetal. 2009)). For further details,
referto Table 12. In Table 12 an overview of the 3D cell cultures is given it is structuredin the same
way as tables 9-11 thus the specific parameters of the respective experiments can be taken fromthere.

Figure 27: The bioreactor in the Incubator during the seeding process; red arrows depicting the flow direction
through the culturechamber; bluearrow showingthe vertical rotation of the bioreactor

Figure 28 shows an overview of the whole 3D culture setup fully placed in the bioreactor in
configuration 2with the bubble trap being positioned between valve Dand A. The red arrows give the
flow directions and show how the mediais coming fromthe pump directly into the bubble trap. From
there the pump draws the mediathrough the bioreactorback into the pump.

Figure 28: Bioreactor setup right before startingthe culture during “First 3D cell culture”; showing configuration
2 andthe flow directions of the media (red arrows)
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Cell experiments on the 3D gels

Table 12
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4.4.4 Staining & Fixation

Different staining techniqueshave beenperformed throughout the course of the project. Such as live-
staining, cell staining with DAPland Rhodamine Phalloidin (RP) as wellas MHC staining. The later ones
have been performed afterfixation of the cell culture.

The live-staining was most commonly performed before seeding the cells. The staining agent was
NucBlue and it would allow for a follow-up of the cell cultures during the experiments. A detailed
protocol can be foundin the Appendix7.

The gels were fixed with eitherethanol (70%) or by using cold formaldehyde (4%, cold) as a fixative
agent. After that the cell staining would be performed according to the protocols listed in the
Appendices 11-13. The used fluorescent stains have been DAPIfor the DNA content of the cell nuclei,
Rhodamine-phalloidin for the actin filaments in the cytosol and Alexa Fluor 488 for staining the
expression of MHCs.

47






Results

5.1 Bioreactor

5.1.1 Simulations

Forsimplificationreasonsthe system was modelled as atwo dimensional representation as the culture
channel was radial symmetricand the reduction of the computational load was staggering compared
to the first trials with 3D models. With this multiple experiments and parameter sweeps were possible
to easily test different conditionsin the bioreactor.

One of the first question that was addressed by the simulation was the flow field inside the culture
chamber. More specifically two designs were compared (rectangularand conical design) as shownin
Figure 29.

Surface: Velocity magnitude (mfs) Surface: Velocity magnitude (m/s)
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Figure 29: Flow velocity simulation, rectangular design (left) and conic design (right); Inflow 0.6 ml/min; colour
scheme depicts the velocity magnitude

When investigating the rectangular design of the PDMS channel it got clear that there was a great
disturbance of the flowby the edges found in the channel layout so the id ea was to reduce the amount
of edges by introducing a more funnel shaped in/outlet. The initial entry point is still causing
disturbances so increasing the volume of the pre-chamber and moving it away from the gel was
anotherwayto reduce the strains on alginate and cells alike.
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In the current modelling the oxygen transport can be influenced by the different flow speeds as the
diffusion into the chamber is only reacting according to the gradients build up. When the oxygen
consumption is assumed in the range according to Nicholls et al. (Nicholls et al. 2010) and with
sufficient flow, smaller local deficiencies can be compensated by the diffusion through the PDMS
shown in Figure 30 (left). Here the minimum is 0.1999 mol/m3 and the model is completely red
estimating afull saturation of oxygen throughout the whole system. When the oxygen consumption is
assumed according to Li et al. (Li et al. 2013) not enough oxygen reaches the centre of the alginate
Figure 30 (right).

moI/(mzls) 6.0 pl/mln 2e-5 moll(mz,s) o2

JJ-LL
WIHIIU"\" |||uu||wlll|LH|||M|“

mﬂlHImum Ak IIHMHW‘” oos
;TR

0.2000 mol/m3 °
0.1999 mol/m?3 0.0000 mol/m?3

O2max = 0. 2000 mol/m3
O2min

Figure 30: Comparison of preferred and unwanted oxygen distribution showing the maximum and minimum
values; flow=6.0 ul/min; oxygen consumption 9e-9 mol/(m?/s) (left) and 2e-5 mol/(m?/s) (right); white arrows
showingdiffusive flux and the colour scheme resembles the spatial concentration of oxygen

In the new modelling with Comsol Multiphysics 5.0 (Comsol Inc. 2015) the parameters according to
Nicholls et al were used as those seemed to be closer to the actual oxygen consumption of the cells.
See Chapter 6.1.1 for further discussions. Incidentally the oxygen results of the new model did not
differ much from the results of the first modelling. The implementation of the glucose consumption
was not successful.

Inthe nextstep the time dependence of the system was investigated. The simulations were calculated
for a total of one hundred seconds (t=100s) and the oxygen concentration plotted for different time
points. The systems usually reachedsteady conditions between5-10seconds as no significant changes
can be observed when comparing t=10s and t=100s.

In Figure 31 the different time points are illustrated and the oxygen concentration is displayed by the
coloured background (see scale to the right). The arrows show the direction and magnitude (size) of
the diffusioninto the system. With this the main paths of influx into the system are shown. Most of it
originates from the top and bottom of the PDMS channel. The consumption here is estimated
according to Li etal. which causedthe oxygeninsufficiencies inthe middle of the bioreactor (Li et al.
2013).
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Figure 31: Oxygen diffusion accordingto Li et al. at different time points; t=0-100 s; ¢=0.0-0.2 mol/m3; v=0.6
ml/min; oxygen consumption=2.28e-5 mol/(m2-s); colour scheme resembling the concentration of oxygen and
the white arrows depictingthe diffusive flux

In Figure 32 the case of oxygen consumption according to Nicholls et al. (Nicholls et al. 2010) is
presented. Thisresultsin adifferent colour distribution as the needfor oxygendiffusioninwards is not
as large as inthe previous example. The steady-state conditions are reached inthe same time scale as
inFigure 31.

t=5s ..]

¥ 0.1999

Figure 32: Oxygen diffusion accordingto Nicholls et al. at different time points; t=0-100 s; ¢=0.19-0.20 mol/m3;
v=0.6 ml/min; oxygen consumption=4.12e-9 mol/(m?-s); colour scheme resemblingthe concentration of oxygen
andthe magenta arrows depictingthe diffusive flux

The interaction of the different models was of interest to evaluate the importance of diffusion and
flow especially with respect to the oxygen concentration. Therefore, another way of illustrating the
diffusion of the oxygen in the system was chosen for Figure 33. Here the red lines display the main
paths of the oxygen diffusioninto the system alongside the blue arrows of the diffusive flux. The flow
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speedsinthe two cases are different to make an assumption aboutthe model interaction. Atthe low
flow speed, the diffusiveinfluxis quite equally displayed and symmetrical between inflowand outflow.
Here the diffusion seems to take over most of the oxygen transport as the flow speeds are too low to
compensate forthe usage of the cells. Whenlooking at the higherflow speed on the right side we get
a different picture as the diffusive flux is reversed compared to the case on the left at least on the

3.0 ml/min

g

6.0 pl/min

Uy

inflow. Atthe outflow diffusion through the PDMS still is necessary to support the culture.
i |Il|

il

Figure 33: Diffusive flux and diffusion pathways of oxygen through the bioreactor; Blue arrows display the flux
and the red lines depictthe pathways; oxygen consumption=9.97e-9 mol/(m?-s); oxygen saturation=~0.2 mol/m3
throughout the whole bioreactor

These findings indicate that the diffusion is still the main process of oxygen transport into the cell
culture and the flow only supports the culture additionally.

5.1.2 Leakage and Operability of the Bioreactor

The leakage and operability has been assessed either through dedicated experiments or by
observations made during the project. The experimentshave been presented in Chapter4.2.3and the
otherobservationshave been gathered during the 3D cell seeding as wellas 3D cell cultures presented
inTable 12.

Other characterizations and how to operate the system in a feasible manner have been performed
before the first 3D seeding experiment. During this experiment the amount of media that can flow
through the system has been estimated. The system could store between 4-5ml without the alginate
gel, with the alginate gelthisamount reducedto 1-2 ml. The addition of the bubble trap increased the
total volume to 6-7 ml.

The Table below illustrates the testing of the tightness of the bioreactor. It shows that a full closure of
the culture channel is possible to achievethusit can be safely used for culture experiments.

Table 13: Leakage experiments performed with the pump system

Experiment 1 Experiment2
Flowspeed (ml/min) 0.6 3.0 6.0
Duration (h) 16 1 1
Volume pumped (ml) 417 130 264
Volume lost (ml) 3 55 0
Volume lost (%) 0.7 42 No loss
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As afollow-up experiment about the media distribution in the culture chamber flowthrough tests have
been performed (results shown in Figure 34). Which showed a good distribution of the dyed media
throughout the gel, it was assumed that areas of higher flow-through would stain darker and areas
with less flow would appear paler. The diffusion was not taken into consideration during this
experiment, but the flow through times were tried to be limited to reduce the influence of other
processes besides flowthrough.

Figure 34: Alginateafter flow through tests; Rectangular design (left) and conical design (right)

Here a rectangular design used during the tissue engineering project (Peng et al. 2014) has been
comparedto the gelin the newly designed conical bioreactor used for this project. The distribution in
of the blue dye seemed more equaland spatial differences were not as prominent asin the rectangular
design.

As aforementioned the leakage also has been assessed during the course of the cell experiments. The
observations show that although a good sealing of the bioreactor is possible, when using the pump
systemforperfusion, itis possible to provoke leakage when using syringes to manually pump inmedia.
In concertto that also the used alginategel in theflowchamber can have adverse effects to the sealing
of the bioreactor. Ifit sitstoo loose orto high pressureis exerted onthe gelit can slide downand block
the exit thus increasing the chamber pressure beyond the sealing capacity. An illustration of that
process can also be seenin Figure 35.

Inflow

Capillary
Diameter

Downward
Movement

Figure 35: Schematic to show the overpressureresults during flow through the bioreactor
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In the second 3D culture experiment different configurations of the pump system had been utilized
(see Figure 25). Configuration 2 has provento be the bestchoice for the cell experiments performed
in this project. It took the old media from the bottom part of the bioreactor thus the inflow coming
fromthe bubble was driven by the under pressurein the culture chamber. This culture has been stable
without leakage or bubble build up in flow system for 6 days. Alongside that experiment another
culture was performed with the configuration 3 but probably resulted in the situation described in
Figure 35. Resulting in a leakage of the bioreactor and the stop-cocks drawing in air as well as finally
depletingthe bubbletrap. Eventually inhibiting the usability of the configuration3in the current setup.

5.2 Scaffold

5.2.1 Alginate

The alginate has been crosslinked by the method presented in Chapter 4.3.1 and the corresponding
parameters, thus the achieved gels have been fairly uniform throughout the whole project. Only
exerting differences due to the beakers used orthe typical variations of aself-assembly process.

In Figure 36 we can observe the first result after crosslinking the alginate in the 100 ml beaker from
which the alginate gel for later characterization and cell experiments are cut. Red food colouring has
been used as a contrast agent to verify the formation of capillariesin the alginate gels. It can be

observed that the dye is not taken up in the non-capillary alginate (Figure 36 B) contrary to the flow
through the capillary alginate gel (Figure 36 C).

Figure 36: Gelling result of 1.5 % pure alginate gel; A) Capillary alginate gel directly from the beaker ¢ 40 mm
height 30 mm; on the right alginate blocks (ca. 10x10x10 mm) from non-capillary (B) and capillary (C) alginate
with 5 ml red food colouringdropped on top

Aftertheinitial investigation of the alginate gels the gel was cutinto slices and investigated under the
microscope. The gel was cut along and perpendicular to the capillaries resulting in slices of 1-2 mm
thickness. The capillary alginate gel in Figure 37 (left) shows the capillaries opened towards the
observer thus exerts smoother valleys and more pronounced ridges that makes up the material
betweentheindividual capillariesin thegel.Forthe gelonthe right (Figure 37(right)) the round shapes
are the capillaries shown from a top down view and the material between the capillaries can be seen

more clearly than on the left side. Furthermore, it displays the typical variationin diameter between
the assembled capillaries.
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Figure 37: Capillary alginategel cut along the capillaries (left) and perpendicular to the capillary direction (right)

In the gels formed variations have been observed regarding the capillary density (amount per mm?)
and capillary diameter when observing the gelscutlike in Figure 37. Those factors are also affected by
the origin of the cut sample with regard to the crosslinked gel. As introduced in Chapter 3.3.1 with
Figure 6where spindlelike capillary bundles formed thus giving vertical variations as well as interacting
withthe beakerwall resultingin differences along the horizontal plane. This has been observed when
investigating the alginate gel and also later been confirmed by imaging the gelatin:alginate.

Differences in mechanical properties where discovered while handling and cutting the alginate gels.
This seemingly depending on the amount of capillaries interspersing the hydrogel. The non-capillary
alginate gels seemto behave more elastically contrary to a more plasticdeformation behavio ur of the
capillary alginate. No further mechanical testing has been performed in this project, as opposed to the
previous work of my collaborators on capillary alginates (Schuster et al. 2014).
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5.2.2 Gelatin:Alginate

The confocal microscopy imaging has revealed that the gelatin has been distributed equallythroughout
the gel. In Figure 38 one can observe the reflective as well as the auto-fluorescence of the gelatin in
the gels. The top row shows the reflective channel of the confocal microscopy, thus showing animage
of the alginate gel asa whole. Inthe bottom whole only the auto-fluorescence of the gelatinis visible,
thusthe spatial distribution of the gelatinin the hydrogel can be assessed.

Figure 38: Result of the confocal microscopy doneon gelatin:alginate 1:1 (A; B), gelatin:alginate 1:1 (C; D) stored
in MilliQfor several months and gelatin:alginate 1:10 (E; F), A-C displayingthe reflective channel, D-F displaying
the autofluorescence of the gelatininthe wavelength interval from500-650 nm

One additional question was if the storage of the gelatin:alginatein MilliQ water over prolonged times
would affect the gelatin concentration inside of the alginate gels. This could not be observed in the
confocal microscopy, because there were no significant differences found between the newly
crosslinked (Figure 38 A; B) and the stored ones (Figure 38C; D).

Furthermore, SAXS measurements have been performed on the gelatin:alginate gelsin comparisonto
pure alginate gels (see Appendix 15). Similar results have been retrieved for both cases indicating an
equal distribution of the gelatin throughout the alginate matrix.

The confocal microscopy and SAXS measurements have been performed and subsequently been

evaluated by my collaborators Anna Strom (Chemistry and Chemical Engineering, Chalmers) and Erich
Schuster (SIK, SP Sverige).
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5.2.3 RGD Modified Alginate

The bulk modification of the alginate with the GRGDSP peptide-coupled alginate worked well and
formed capillaries in most of the cases. It was observed that the RGD-coupled alginate shows alower
viscosity at 1.5 % w/w solutions as Protanal RF6650 at the same ratios. This mightimpairthe ability of
the formation of capillaries in the gel. Also performing the capillary formation in beakers below the
usual volumes (50—100 ml) like performedin PDMSFlatGelExp —3+ 7d and 1+7d (see Table 10) did not
form capillaries reliably. Those gels were formed in small 4 ml beakers with a consequently smaller
diameter. In these cases, capillaries could not be found throughout the whole gel. Especially for gels
with higheramounts of the RGD-coupled alginate, e.g. RGDA:alginate 1:1and 1:2. Figure 39 compares
RGDA:alginate 1:5(left) and RGDA:alginate 1:2 (right) formed in the 4 ml beakers.On the right side the
striated structure in the background is missing indicating the lack of capillaries. Albeit being an
interesting observation the capillaries were formed reliably in any othercase.

Figure 39: PDMSFlatGelExp 3+7d right after seeding the cells, cells live-stained with NucBlue (blue) and the
brightfield channel; capillary RGDA:alginate 1:5 on the left and capillary RGDA:alginate 1:2 on the right

Afterperformingthe last RGD surface coupling experiment the other gelsfrom RGD coupling 1-4 have
beeninspected asthey had been storedin MilliQwater inthe fridgefor several weeks. When doing so
it was discovered that the gels had lost a lot of stability and even started to break apart under
mechanical pressure. In contrast to bulk modified alginate gels were such a behaviour has not been
observed during the project.

Additional to the stiffness changes of the RGD surface coupled gels a drastic loss in gel stiffness has
been observed when cells were cultured on top of the flat gels or inside of the capillary gels. When
storing weakened gels in GM and in the Incubator for longer periods of time a stiffening has been
observed. Assoon as cells were added to the gels adecreasein matrix stiffness started over the period
of culture time. The gel usedin the second 3D cell culture and cultured for 7 days softened up and it
broke apart easily even with minimal mechanical force applied toiit.
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5.2.4 Sterilization

The sterilization processusedin this project was amethod proposedby Stoppel et al.in which emulsion
in ethanol with subsequent washing steps in MilliQ water was applied (Stoppel et al. 2014). Several
observations were already made during the sterilization process of the alginate gels. When the ethanol
treatmentwas overand the samples were transferred into the MilliQ they would start floating. After
all the washing steps thus longer exposure to the MilliQ these phenomena would cease and the
alginate slides would start sinking again. As shown in Figure 40a shrinkage of the gel after exposureto
ethanol has been observed in some cases, such as the fixation with ethanol or when sterilizing after
surface coupling accordingto the protocol usedinthe 4" RGD surface coupling HEPES/PBS.

Figure 40: Alginate without capillaries from FlatGel Exp4 after fixation with ethanol

The gelsrelaxed again by washing withPBS orwhen placed in MilliQwater. The changesin MilliQhave
been ratherdrastic as it expanded beyond the original size of the gel sample. This lead to chipping of,
breakage atthe outerrimand a softeningthat made handling without breaking the gelsimpossible. In
the case of the surface modification an addition of GM helped to cure the gels from that deformation
again.

The change of sterilization and surface coupling order in the 5™ RGD surface coupling experiment
helpedto preventthose drasticalterations of the gels.
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5.3 Cells

5.3.1 Flat Gel Experiments

The flat gel experiments have been performed, as described in Chapter 4.4.1, thus the slides were
placedin multi wellculturedishes and the cell mediawas droppedon. The different experiments could
only provide qualitative estimations of the influences of the different scaffold modifications or other
properties.

Figure 41 shows an overview of the results from the FlatGelExp3 that shouldillustrate the individual
progression of the cultures from the seeding up to the fixation and staining of the culture on day 8.
The images show only one dish over the course of the whole culture time, as the live -staining with
NucBlue allowedto observe the progression of each single culture on a daily basis. Thisseries ofimages
was included to exemplify the broad screening process that has been done for every culture
experiment on the flat gels. Many images were taken in every step together with noting down the
observations to assess the trends in the culture without quantitative data. The control in this
experimentwasaplain cell culture dish without any gel placed inside.

In the Figure 41 green and red was used to mark positive or unwanted effects respectively. The red
marks the areas of clustering of the cells over the alginate. These clusters are cells attaching to each
other rather than the substrate and will eventually lift off from the gel. Especially observed on the
alginate without capillaries where the live-staining highlights (blue) the clustering of the cells. On the
bottom right image for the RGD modified alginate the clustering (shown by the red rectangles) is
probably additionally induced dueto the washingsteps during fixation and staining. In this processthe
cells can easily detach fromtheiroriginal anchoring points.

The last three rows show images of capillary alginate gels, which can be observed by the striated
background and by the ridges or grooves shown at the fixed gels without culture media on top of the
gels. On those gels the organisation of the cellsin the cut open capillaries could be observed, see the
green highlighted images. The blue labelled cells align inside the capillaries and build chains in the
same direction as the substrate striation shows in the background. Furthermore, the loss of the cells
on the gels often induced by clustering does not have such a great impact on the capillary gels in
general. Overall the cell numbers seemed to be retained better on the gelatin and RGD modified
alginate gels.

After fixation and staining further wash off of cells was observed and when imaging the gels without
media the cells were also located on the ridges between the capillaries. Indicating that also positive
topographical cuesimprove the attachment of the cells.
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Figure 41: Overview of the FlatGel Exp3; Stained with NucBlue (blue) until day 8; afterwards fixed with DAPI
(blue) and RP (red); merged with brightfield image (not for control); magnification 10x
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Afterthe fixation and staining process some cells have been foundstill attached and elongated on the
substrate gel. When looking atthe other samples the most cellsfound have been ball shaped or have
been attached to each other inbundles butare detaching fromthe substrate. Different examples can
be seenin Figure 42 showcasingthe different morphologies found on the alginate gels. In Figure 42 A
we can see multiple cells in parallel to each other and aligning with the ridges and grooves of the
capillary RGDA:alginate. The cell bodies shown in red build small fibre like structures and group
togetherverytightly. Interestingto note in Figure 42 B is that even without any modification the cells
were able to find attachment points which can be seen by the long elongation of the cell bodies (in
red) but contrary to the capillary gelin Figure 42 A the lateral spreadingis wider. In Figure 42 C what
seemsto be partially detached cellscan be seen. Here the cells start to clump together but slowly loose
integration with the matrix. For the last gel shown here without modification but with capillaries no

interaction with the topographical properties of the scaffold can be observed. These cells only form
ballsloosely “swimming” on top of the sample.

A - RGDA:A 1:100 with Cap. B - Alginate w/o Cap.

50 ym 50 ym
C - Gelatin:A 1:1 with Cap. D - Alginate with Cap.

Figure 42: Images from the FlatGelExp3; fixed and stained with DAPI (blue) and RP (red), imaged at 40x
magnification withimmersivelens

One exceptional finding during this experiment has been an elongated fibre on the RGDA: alginate
1:100 presented in Figure 43 as a stitched image. The length was calculated to be a total of 643 um
with a total amount of 9 nuclei. One can observe the cell nuclei (blue) to stretch out which indicates
the fibre like structure of the cell cluster. When compared to the one foundin Figure 42 A where clear
grain borders can be seen between the cytosols (red) of the neighbouring cells those seem to be
vanished forthe fibre in Figure 43 indicating the beginning of fusion processes. This even without the
introduction of DM potentially triggered by the surface structure due to the capillaries bringing the
cellstogetherverytight.
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100 pm,

Figure 43: Stitched image of an elongated fibre; on RGDA:alginate 1:100 during FlatGel Exp3; fixed and stained
with DAPI (blue) and RP (red); imaged at 40x magnification withimmersivelens

5.3.2 PDMS Dish Experiments

The PDMS experiments have been introduced to allow for more comparability of the different

materials, mainly to optimize the seeding process. Thus decrease the systematic variations of cell
numbers on the alginate gels.

The first experimentsin the newly made dishesproved that the drop of seeding solution could be easily
balanced on top of the alginate gel, thus decreasing the chance of flow-off fromthe sample. Hence it
was observed that the seeding densities used previously were too high for the optimized seeding

process. Every blue dot in Figure 44 is one live-stained cell nucleus and the orange circle marks a
particular dense area.

200 pm

Figure 44: Live-stained (NucBlue) image from PDMSFlatGel Exp2 showing the RGDA:alginate 1:100 30 mins after
seeding (10x)

These clusters wereonly looselyattached to the substrateand they were observed moving around the
anchor pointin a cloud-like fashion. Similar observations have been made on other gels, forexample
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the RGDA:alginate 1:50 during the FlatGelExp2. The progression of cluster formation over time is
shown in Figure 45. Right after the seeding the distribution of the cellsis quite equal over the whole
substrate, after 24 h clumps starttoform in which the singular nucleiare not distinguishableanymore,
this processincreases towards the fourth dayand a lossin cell numbers can be observed. It seems to
be more favourable for the cells to attach to each other instead of the alginate substrate. With this
onlyafewcells of the clusterkeepthe whole bulk down on the scaffold and eventually they will start
to floataway. Resultingin lack of environmental cues and cell death.

E 1
(200 m, (200 um, (2004,

Figure 45: Live-stained (NucBlue) image from PDMSFlatGelExp2 showing the RGDA:alginate 1:50 30 mins after
seeding, 1 day of cultureand after 4 days of culture (10x)

Afterthose firstfindings the cell seeding concentrations were reducedfurther to prevent the clustering
and give the cellsroom for proliferation. Additionally, the culturetime with GMwas restricted and an
additional few days of culture with DM was applied. In none of the slidesa well spread culture could
be found even after 3days only some clustersremainedon the gels. See Figure 46 where the cell nudei
are live-stained and only dimremnants can be observed at day10 of the cell culture.

Seeding 3 days 10 days

200 ym 200 pm 100 pm
200 pm 200 pm 100 pm

Control

RGDA:A 1:5

Figure 46: Live-stained (NucBlue) image from PDMSFlatGel Exp2 showing the RGDA:alginate 1:5 inthe firstrow
and control dish without gel in the second row; 30 mins after seeding (10x), 1 day of culture (10x) and after 4
days of culture (20x)

To furtherinvestigate the theory of clustering and cell ablation the switch to DM was performed even
earlierin the culturing process. Thisshould reduce the proliferation time of the cellson the gels and
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was hopedto “freeze” the state on the gelsin a way to see whetherthey can live on the substrate or

not. This experiment called the PDMSFlatGelExp — 1+7 d proved to be quite successful in terms of
maintaining a healthy cell culture, as shownin Figure 47.

In the control dish (no alginate scaffold; Figure 47 A) we can see a dense coverage of the dish,
comparable tothe RGDA:alginate 1:2 in Figure 47 B. The highest densities are usually observed at the
out rim of the gel.In Cand D, the cellsare a bit sparserdistributed over the alginate gel not reaching
that sheetlike structure asin A and B.

A - Control B - RGDA:A 1:2 w/o Cap.

200 pm 200 pm
C - RGDA:A 1:100 w/o Cap. D - RGDA:A 1:100 w/o Cap.

Figure 47: Images of the PDMSFlatGel Exp 1+7d after fixation and myosin heavy chain staining; showingstaining
with DAPI in blue, RP (A-D), and brightfield (C, D); magnification 10x

Regarding the myosin heavy chain staining no differentiation has been observed during the whole
culture experiment, even in the control dish no evidence for myosinheavy chains has been confirmed.

Only some unspecific signals as few green dots throughout the dish (see Figure 48) have been
observed.

RGDA:A 1:2 with Cap.

Figure 48: RGDA:alginate 1:2 stained with DAPI (blue), AlexaFluor488 (green) and RP (red) magnification 10x
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InFigure 49 a very dense coverage of the alginate surface has been observed and agood distinction of
the capillaries was possible. Figure 49 A shows two parallel aligned lines in the gel that are easily
contrasted towards the background. These are capillaries that are cut open to the top and the cells
had the opportunity to form multiple cell layers inside. That got apparent when increasing the
magnificationin Figure 49 B. While further panningalongthe z-axis of the gel it was observedthat the
cellswere notonly covering the surface but grew into the alginate fromthe borders as well.

Figure 49: RGDA:alginate 1:5 with capillaries fixed and stained with DAPI (blue) and RP (red); magnification A —
10x, B — 40x immersed

The analysis of the flat gel cultures has beenimpaired by the wash off of cells. Invery dense cultures
sheets of cells have been seenlying aside from the sampleon the PDMS or being half attached (Figure
50). The folded sheetsas seen here makethe assessment very challenging as the cell well -being cannot
be related tothe spatial surroundings of the cell anymore. When the cells are washed off completely
the approximation of the cell numbers overthe course of the culture timeisimpossible.

A - Control B - RGDA 1.5 % w/o Cap.

Figure 50: Wash off of cell sheets during the PDMSFlatGel Exp1+7d, fixed and stained with DAPI (blue), RP (red)
in A and B, + brightfield channel in B; magnification 10x

The last experiment performed on the alginate gelin the PDMS dish have been the control cultures
alongside the second 3D cell culture.Here the gelwas seededforeither proliferation or differentiation
experiments comparableto the aforementioned experimentsin the PDMS dishes (the exact modalities
of the experiment can be seenin Table 10in Chapter4.4.2). Although the material of choice has been
the RGDA:alginate 1:5with capillaries theresultsof the previousexperiment could not be reproduced.
During this experiment even the controls have not produced satisfying results, after the fixation and
staining process almost no actin expression has beenfound inthe samples. The images of the control
cultures are showingalmost no fluorescence signals, neither nuclei noractin staining. Only one patch
of actin expressing cells has beenfoundinthe GMcontrol (Figure 51 middle of top row).
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live-stained fixed and stained

200 pm 200 pm
200 ym 200 pm 200 ym

Figure 51: Control dishes of the PDMSFlatGel cultures seeded in parallel to the second 3D cell culture; Fixed with
4 % formaldehyde and stained with NucBlue (blue), DAPI (blue) and RP (red); magnification 10x

GM - Control

DM - Control

Figure 52 shows the cellsthat remained attached on the gel after culture, fixationand staining process.
Some cell clusters are stretched out on the substrateand seemto be providedwith the necessary cues
to maintain their position. Some cells formed clusters (Figure 52 left row) and what could be tube like
structures (Figure 52 down right), but a fusing of the cells or the expression of MHCs has not been
proven.

10 x 40 x - immersed

DM on alginate GM on alginate

200 pm

Figure 52: Images from cell cultures on the RGDA:alginate 1:5 with the GM or DM protocol; fixed with 4%
formaldehyde and stained with DAPI (blue), RP (red) and AlexaFluor488 (green); varying magnifications
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5.3.3 3D Cell Seeding

The refinement of the seeding and culture preparation protocols had to be assessed before starting
the cell culturesinthe bioreactor. As explainedin Chapter 4.4.3two main approaches were utilized for
the cell seeding. After the performance of the different seeding techniques (here by hand and pump
system) the gels were cut into 4 slices and imaged with the help of the fluorescent microscope. The
cuttingtechniquecan be seenin Figure 53 displayinga schematic of the alginategel inthe background.
The three black lines overlaid show the cuttinglines at their respective depthsin the gel dividing the
alginate into four slices (S1-4). These have been imaged directly after cutting from the inward out
shown by the red arrows. The so retrieved images were stitched togetherto the position where they
were taken on the gel slice resulting in the images of Figure 54 and Figure 55. The cells were live-
stained with NucBlue and we achieve a grey value representation of the alginate in the background
and the cells are shown as white spots throughout the matrix. During the assessment of the seeded
gelsitwas observedthatthe cells were easily distinguishablein larger clustersevenwith the bare eye.
Therefore, pictures were taken with an external cameraas displayed in Figure 56. The setup schematic
shows how the alginate slide was illuminated by the microscope from the top and with that a volume
of the gel could be observed showing small fluorescing clusters even throughout the slice thickness of
the alginate gel.

Imaging Direction

-« < > >

Bottom

Top

S4
S3 S2 o

11 mm 7 mm 2 mm 0 mm

Figure 53: Schematic of the gel cutting process to assess thecell seeding

At first glance both cases resulted in cells being distributed throughout the gel but some differences
between the two techniques should be noted. When looking at slice 3 of the hand seeded alginate
(Figure 54) a large cluster of cells that accumulated directly at the inflow of the culture chamber can
be easily spotted. Thisisonce moreillustrated in Figure 56 here the same cluster can be seen from the
front. Thisindicates that alot of the seeded cells got stuck already at the inflow without even reaching
furtherintothe alginate gel.
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Slice 1 Slice 2

Slice 3 Slice 4

Figure 54: Seeding by hand

Further comparing the two seeding methods the pump seeding seemed to have resulted in a better
distribution of the cells along the capillary direction of the alginate gels thus higher densities of cells
were achieved further downinto the gel towards the outflow. Cells lying on top (at the inflow side) of
the alginate gels can be observed forboth seeding methods. Inaddition to the evaluation by imaging
the further observations with the hand seeding should be recognized. When seeding with the hand it
is challenging to remain a constant flow of media through the bioreactor, the alginate can be easily
moved around the culture chamberand the dangerto break the sealing density of the bioreactor due
to overpressureis higher.

68



Results

Slice 1 Slice 2

r

Slice 3 Slice 4

Figure 55: Seeding by pump

The images presentedin Figure 56 show that the cells seemedto be better distributed also through
the thickness of the slide for the pump seeded gel as small dots light up throughout the whole bulk.

This way of imagingallowed for quite good estimation of the cellular distribution even forthicker gels
without beinglimited by the focal depth of the microscope.

Slice 3 - hand Setup Slice 3 - pump
Fluorescent
Microscope
Illumination
‘ Alginate
D
7 Glass slide

Figure 56: Frontal images taken with additional camera utilizing the DAPI illumination of the fluorescent
microscope
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5.3.4 3D Cell Cultures

The first 3D cell culture ran for a total of 3 days but was stopped because of too much airleaking in the
system. The pump was running completely on airleakingin at the stop-cocks below the bioreactor see
Figure 57 A. This air was released intobubble trap so no culture mediawas transported to the alginate.
Figure 57 B shows the air on top of the alginate gel the culture chamberisonlyfilled up to 50 % with

mediaand the gel started to dry out. Afterthat firstassessmentthe bioreactor was disassembled and
the gelinvestigated.

Figure 57: First3D cell cultureafter 3 days of cell culture; A) bioreactor system outside of the incubator with air
filled tubings on the pump side (connector B to D), B) top of the bioreactor upper partlargeair bubblevisible

In the Figure below one can see the deformations of the gelin Aand B and the accumulation of some
black remnantsin the bubble trap C. Some culture mediawas standing on top of the alginate gel but
no flow was performed anymore. When looking at Figure 58 B the PDMS channelis clearly imprinting
intothe alginate gel. The small protrusionis whereit was pressedinto the exit of the culture chamber.

Figure 58: A) alginategel after disassembly from the top/inflowsite B) gel turned around with the bottom side
pointingupwards C) remnants at the bubble trap

The gel was cut and stained as shown in the 3D cell seeding experiments but no viable cell culture
could be found inside of the alginate gel.
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In the second 3D cell culture experiment 2 different systems for flow through were utilized. The first
culture, withthe pump right before the bioreactor (configuration 3), had to be stopped after 1 day as
it could not assure leakage free operability and the culture medium started to foam up around the
bioreactor. Afterwards the gel was investigated in terms of cell survivaland distribution.

In Figure 59 we can observe that after 1 day of cell culture in the capillary alginate gel we are still able
to find some cellsresidinginthe gel. Especially onthe images B, D and E we can see them placed (the
blue dots) alongthe capillariesindicating that they not only float on top of the gel after cutting but are
distributed throughout the gel thickness. In Aand F the signals from the NucBlue cannot be related to
the topographical properties so easily, the fluorescent signal of the cells might originate from deeper
inthe scaffold. Cshows the protrusiontip seenin Figure 58 Bitis challengingto image butthere seems
to be alotof cellsaccumulating at the exit of the culture chamber and asimilar phenomenon has been
observedinthe first 3D cell culture.

Figure 59: Images showing the live-stained (blue) cells of the second 3D cell culture experiment after 1 day of
culture, A/E/F Brightfield channel and DAPI channel; B/C/D only DAPI channel; SlicelinA & B; Slice2 inC & D;
Slice3inE &F

Overthe course of the first 24 hours some air leaked into the other bioreactor and small bubbles where
showingup on top of the alginate gel. They had been gently removed after pausing the flow through
and the culture was started again. After that no bubble formationhas beenobservedon the bioreactor
side of the culture system overthe course of 6 days. Although no drastic colour change of the culture
media was observed, 3 ml of the GM (at the top layer) were exchanged on the 5™ day of culture to
ensure asufficient nutrient supportto the cells. After 7 days of cell culture the bioreactor was opened
forimaging.

While openingthe PDMS channel the GM coming out was partially milky and also the bubble trap had
some milky sedimentation on the bottom. This milky culture media can also be observed when looking
at the pictures of the gel in Figure 60 indicatinganinfection of the culture. The infection can be seen
throughout the picturesandis highlighted by ablue rectangle around it.
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Figure 60: A and B) Showing the alginategel rightafter taking it out from the PDMS channel; C) a slice of the gel
ina multi-well plate; The blue boxes indicatethe Infectioninsidethescaffold; Thegel sizeas described in Chapter
443

Interestingto note isthe clear contrast of the capillariesinthe gel being flown through by the culture
media. This proving that flow through the capillaries is possible even over prolonged culture times.

The gel stiffness had decreased a lot during the culture period. It was comparable to the PBS buffer
treatment as in the surface modification experiment (Chapter 5.2.3). Thus the handling with the
tweezersaswell asthe cutting priorto imaging was hard to perform without breaking the gel.

Figure 61 shows an image of a capillary stitched together from multiple exposures. What it shows us
is the inside of a capillary with micro sized objects and fluid flowing through. Under the microscope
the small objects have been observed to move in a self-propelled way once more confirming an

infection of the culture. Calciumcrystals have beenobservedto forminthesolution as well (see orange
box).

Figure 61: Stitched image of a singlecapillaryin brightfield mode; blue lines indicating the capillary borders, red
arrow showingthe insideofthe capillaryand orangerectangleshowing calciumcrystals
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6
Discussion

6.1 Bioreactor

6.1.1 Simulations

The main goal of the simulationsin the terms of this project would have to be described as a tool in
guiding the overall designing process of the bioreactor and specifically the PDMS channel. With this
the design was changed from a rectangular to a conical design based on the flow distribution as
presented in Figure 29 (Chapter 4.2.1). Furthermore, the estimation of the oxygen concentration in
the middle of the bioreactor was of interest because in the conical design the wall thickness of the
PDMS channel was increased. Therefore, it was necessary to judge if that would negatively affect the
cell culture, which according to the results was not the case.

The main limitations of the model can be summarized inthe following bullets:

- 2D Simulation

- Cellsmodelledinthe middle of the capillaries only as O,-sinks

- Missingthe culture-dependent diffusivity and O,-Consumption

- No deformations or mechanical stimuli from flow to other materials

- Disregarded surface properties e.g. printingand gel roughness

- Idealized capillary properties with regard to size, tube shape and distribution

Seeing that list of limitations gives a good idea of how challenging it is to make precise estimations

with such a model system, especially about the internal processes in the bioreactor like oxygen
concentration.

Finding reliable estimation of parameters like oxygen consumption has been problematic. Two
different oxygen consumptions were given in literature and both were estimated with different
measurement techniques. Furthermore, the choice of surrounding parameters e.g. glucose
concentration in culture media or culture status is not always clear. In Nicholls et al. (Nicholls et al.
2010) different values for the oxygen consumption can be found therefore a parameter range was
chosen in the first simulations. Eventually a discussion about the different possible factors for
measurement variations in the oxygen consumption can be tied to this. As aforementioned the
measurements were conducted in different ways, either with the Seahorse XF 96 analyser (Nicholls et
al. 2010) or by using the Becton and Dickinson (BD) Biosensor system (Li et al. 2013). Albeit both
measurement systems rely on fluorescence measurements the well-sizes and other dimensions can
vary the culture conditions and impairthe comparability of the two results. The oxygen consumption
can also vary according to the stages of differentiation (Kislinger et al. 2005) or other metabolic
changes caused by outer stimulants as shown by Nicholls et al. (Nicholls et al. 2010) or different
concentrations of glucose can stimulate the metabolismas well (Li etal. 2013). Eventually there are a
lot of factors to be considered but a difference of four orders of magnitude is still a very substantial
change. When consulting other sources for different cell types one can find a publication by Kim et al.
(Kimetal. 2013) about hepatocytes and human umbilical vein endothelial cells (HUVEC) whose oxygen
consumptionliesinorders of 10° and 102° respectively. Thus closerto the datagiven by Nicholls et al.
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(Nicholls et al. 2010). With this the values for the modelling in Comsol Multiphysics 5.0 (Comsol Inc.
2015) was based on the data from Nicholls etal. (Nicholls etal. 2010).

The way the systemis modelled at the moment sets the outer boundaries of the PDMS to be in contact
with a constant supply of oxygen, an instream of oxygen saturated culture medium and a time-
independent usage of the oxygen inside of the capillaries. After a steady stream betweenin and out
flux is established the conditions will stabilize. Under culture conditions the oxygen consumption of
the cells would fluctuate with increasing numbers, the cell fate and other biological variations in the
metabolism. As indicated by Kim et al. (Kim et al. 2013) the diffusion through the cell culture layer
should also be taken into account, which was disregarded here as well to limit the complexity of the
model. Because the diffusivity would also change together with the cell culture state as mentioned
before.

Eventually, simulations like this can be a useful tool in determining different changes and allow for
visualisation like the flow field in the bioreactor. To set up a very precise model system remains very
challenging as one also has to balance between computing power/time and to what extendthe gained
results are supposedto be used. As aforementioned the main purpose of the simulation was to justify
design choices and to hint on problems in the geometry. The highly detailed implementation of the
oxygen and glucose consumption could provide additional estimationsof the culture status but would
go beyond the goals of this prove-of-concept project.

6.1.2 Design of the Bioreactor

It was proposed in the half-time report to incorporate systems for measurement and parameter
surveillance duringthe cellculture. No such system has been putin place toretrieve direct data about
the culture statusinside of the bioreactor. There were certain things that have beenreliedon, such as
the colour indication of the GM as well as the transparent design of the bioreactor in general. This
helpedtoinvestigatethe status of the flow system, as bubbles could be observed and measurestaken
to reduce them. On the cellularlevel the indication of the GM can help to justify the oxygenlevels as
well as pHlevelsand givearough estimationof the culture wellbeing. Althoughan infection cannot be
observed in such a way. To observe infections, the bubble trap can be helpful as bacteria or other
material starts accumulating at the bottom of the bubble trap. Here a differentiation between plain
wash-out of the cells and accumulation of bacteria can be challenging attimesas well.

The inclusion of a bubble trap has been speculated before as a future improvement of the bioreactor
to give an additional meantotrack the statues of the culture, both visually and as an access path for
taking media samples. It was implemented when longer 3D cell cultures with the bioreactor system
were performed, because of previous problems with airleakinginto the system. Additionally, the stop-
cocks were exchanged for newlybought and pre-sterilized three-way stop-cocks. The old ones seemed
to be one source of air leaking into the system. To avoid this problem in the future the trap was
included but the trap proved itself useful for additional purposes. The system was planned to be used
ina closed-loop fashion, thus the overall media content would be limited to roughly 1-2 ml. By adding
the bubble trap an additional 5 ml reservoir was added to the system. Furthermore, a new mean of
checkingon the culture status was introduced and what turned out to be even more helpful was the
possibility to exchange the culture media. As discussed later in the report (Chapter 6.3.1) at least a
partial refreshmentshould be considered for longer cell cultures and when changing between different
culture phases (proliferation to differentiation) the serum needs to be exchanged as well . This was all
conveniently enabled with the inclusion of the bubbletrap.
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Another outlook from the half-time report has been the evaluation of the feasibility of the culture
system by performing cell cultures with the whole bioreactor system assembled. This was performed
during the seeding and culture experiments with the 3D alginate gels, hereby a lot of observations
have been made and furthermore resulted inthe protocolforthe 3D seeding(see Appendix 14). Taking
the result of the leakage experiments and the observations during the 3D cell cultures together a
prolonged culture inthe bioreactor system without leakage and even immense air bubble formation
is possible whilst still maintaining flow through the alginate gel.

The shifting down of the alginate gels, resultinginthe imprinting of the PDMS channelinto the scaffold

has raised some concerns about the dimensions of the bioreactor again. With respect to the pre-
chamberbefore and afterthe gel in the culture chamber.

Inthe literature the distinctionbetween batch and continuous feedbioreactors is established to divide
between bioreactor systems that produce theirresults based on what has been giveninto the system
at the beginning of the culture, batch bioreactor. The continuous feed bioreactor allows for a more
active intervention throughoutthe cell culture by adding new mediaas well asremoving overflow or
waste (Ellis etal. 2005). The here presented bioreactorleans more towards the batch bioreactorside,
with only littleintervention whenexchanging the mediain thereservoir/bubbletrap. As later discussed
in Chapter 6.3.2 for finding a better operation mode of the system the further development of the
bubble trap maybe to fulfil even more purposes. A concept drawing can be seen in Figure 62. This
systemwould be put at the position of the bubble trapin a setup close to configuration 3 ( Figure 25)
because a direct pumping out of the bubble trap would be necessary in such an open bubble trap
system. The media coming from the bioreactor would first go through a filter system, which could
contain a sedimentation area were larger floating particles could sediment and be sucked away as
waste. Additional filters could be used to get rid of the last particles remaining. Some more volume
should be taken away to allow for the addition of new mediainthe reservoir.

tl Adding reagents

Point to access for
measurements

From Bioreactor

_i» @ Filter ||
¥ s v o=

Remnants Agitator To Pump
Waste

)

Figure 62: Concept of a new bubble trap & reservoir system

The mediatogetherwith potential airis released in the tank where the bubblescan be released in the
air. New media, other reagents or a culture media change can be performed through the nozzles
droppingindifferentfluids. A slow turning agitator (<30rpm) in the middle of the reservoir could help
to equalize mediawiththe added reagents and dilute the potential unwanted leftovers from the filter
system. Afterwards the pump can take the new media and deliver it to the bioreactor. An additional
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access pointfortaking measurements of the mediaoradd otherreagentsirregularly should be added

to assessthe status of the culture. A similar system mighthelp to address some of the problems of the
momentarily ratherenclosed culture system.

6.2 Scaffold

6.2.1 Alginate a Feasible Scaffolding Material?

The capillary alginate used during this project has been investigated in pure form and has been
modified with different materials. The overall goal has been to enablecells to attach and thrive on the
alginate gel while being utilized in aflow through fashion. Therefore, the alginate also needs to enable
the possibility of media flowing through and cells growing in. As we know from the background
chaptersaboutthe cells, several cues need to be full-filled to allow the cells to attach well, proliferate
or differentiateon a syntheticsubstrate. The evaluation what cues are more important than others or
what set of criteria sets the minimum requirement has to be unravelled when developing a new
scaffolding material. During the project it was in the main focus to bring down biologically effective
modifications such as gelatin and GRGDSP on or into the matrix. During the culture experiments the
elasticity and structural changesof the alginate has been observedas another crucial factor, which has
not been accountedforinthe planningof the project to a great extent.

The importance of mechanical stimulion cell culturesfor developmentis discussed by different sources
(Chaudhuri et al. 2015; Palchesko et al. 2012) and specifically the influence on C2C12 cells is
investigated (Sbrana et al. 2008; Grossi et al. 2011). Besides the specific modulations of the elastic
moduli and various parameters more basicstructural properties have to be takeninto consideration.
As aforementioned the alginate gel has been formed with the help of ionic processes, another way of
crosslinking the alginate would be covalently binding the hydrogel. This processis more complex and
a way of maintaining the capillary structure has to be found. Both fabrication methods result in
hydrogels with the ability of stress relaxation but the characteristics are completely different (Zhao et
al. 2010). The ionically crosslinked gel has the ability to dissociate the linkers and reform itself when
stress is exerted thus displaying plastic behaviour. The covalently crosslinked gels react to stress by
shiftingthe water concentrations within the gel and are able to fully recover from the deformation by
shiftingthe water back into the network, described as elasticbehaviour. (Zhao et al. 2010)

During the differentiation cycle of the C2C12 cells to functional skeletal muscle cells, spontaneous
contractions of the fused fibres can be observed. The gel has to withstand these contractions and
supportthe cellsintheir maturation process. Hydrogels with high plastic properties could not ensure
a stable anchoring of the cellsinthe matrixwhen the cells gauge their substrate. Therefore, a “rip-out”
from the matrix seems possible, too high stiffness onthe otherhand can lead to rupture of anchoring
points because the substrate cannot give into the contractions of the cells. With this an ideal elastic
modulus has to be found to allow for long-term cell cultures. Additionally the observations made by
Palchesko et al. on C2C12 cultures on PDMS with varying elastic moduli where softer gels decreased
the differentiationefficiencycompared to the stiffergels (Palchesko et al. 2012), making clear that the
design of the alginate gel has to be performed more in concert with the cell’s requirements. It can be
assumed thatthe C2C12 cells prefera certain range of elasticmodulus of substrate on which they can
thrive best on. Previous reports on cells cultured on glass cover slips have not lead to successful
differentiation, as the cells wouldalready lift-off from the surface before reaching sufficientconfluency
(Wallin 2009). Thisis assumed to happen due to the lack of elasticproperties of the glass surface.

What Palchesko et al. could not confirm is a difference in cell density caused by the different elastic
moduli of the substrate. Thisis the line where the comparability of PDMS to alginate hydrogels has to
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be drawn, as the PDMS will react in an elastic matter whereas the alginate strongly depends on the
crosslinking process. (Palchesko etal. 2012)

The initial properties of the gel have to be considered with care, but to achieve a well-being of the
culture the changes over culturingtime have to be accounted for as well (Chaudhuri etal. 2015). For
example a “rapid degradation upon incubation with cell culture medium” (Bernhardt et al. 2009) is
describedinthe literature due to the dependence on divalent cations. This observation has not been
confirmed in this project, as the gels seemed to regain stability by storage in the used GM. Which is
supported by the results of Chaudhuri et al. where the Ca?* in the DMEM of the culture media was
used for crosslinking (Chaudhuri et al. 2015). This degradation effect was observed whenthe gels came
in contact with a cell culture and cell culture medium, here it was speculated that exchange process in
the gel occurred either through interactions with the cells, cations were “bound by medium
compounds orexchanged withnon-gel-inducingions such as sodium and magnesium ions” (Bernhardt
etal. 2009). In general, itis strongly depended on the mixture of the used culture medium, but the
best way of avoiding any conflicts is refraining from the usage of divalent ions as crosslinking agent,
specifically calciumions.

Prang et al. performed the ionotropiccrosslinking of the gel with copper nitrate solution utilizingthe
Cu?* as a gelation agent (Prang et al. 2006). To compensate for the problems mentioned earlier the
copperions were exchanged by protons after retrieving the alginate gel. The gel was dehydrated by
pure acetone several times, immersedin 10 % hexamethylene diisocyanate solution with the acetone
soaked into the scaffold for 12 hours. Afterwards rinsed to eliminate remaining crosslinking solution
and the gels were heated up to 70° C for 20 minutes in water. This way the gels were fixed and by
rinsing with hydrochloric acid solution at 1 mol/I the copper ions were substituted. This process
resulted in a metal-free hydrogel and it could withstand storage in sterile PBS at pH 7.4, confirming
that no precipitation or dissolving of the gel occurs. Thus makingit more suitable for cell cultures while
still remaining the anisotropic capillary structure but also alot more challenging to produce. Espedially
with the applicationas nutrition source or medical application the usage of awide variety of chemicals
will complicate the approval process.

Othersources reportabout usingastrontium salt solution as a crosslinking agent to prevent the usage
of calcium in the alginate gels (Thiele & Hallich 1957). It has been shown to be more stable in
maintaining the anisotropic structure when in contact with culture medium as well as cell cultures.
And it would be an easier method than proposed by (Pranget al. 2006). But it would not account for
the mechanical differences between covalently andionically bound gels, thus a cell culture could face
potential problems with detachmentin later stages of developmentas well.

Besides the problems withthe cell attachmentand well-being on the alginate hydrogels a softening of
the gelsreportedly impaired the feasibility of the bioreactor system. Itis speculated that the decrease
ininnerstrengthincreasesthe movability of the gel inside of the flow channel and as a resultit blocks
the outflow. Eventually leading to a stop of flow through most of the capillaries, blocking the overall
sealing quality and asufficient support of the cellsin the gel is not possible.

One problem that came up during the discussion is the classification of the alginate gel properties
dependingon the crosslinking method, as aforementioned ioniclinking results in plasticbehaviour and
covalentcrosslinkingin elasticgels (Zhao et al. 2010). But more importantly both gels have theirown
mechanism of stress relaxation (Zhao et al. 2010). Chaudhuri et al. on the other hand classified the gels
into elastic for the covalently bound and stress relaxing gels for the ionically bound (Chaudhuri et al.
2015). The problem with thatisthat it neglects the forms of stress relaxation in covalently boundgels
formerly observed. Forthe U20S cellsusedin that study the proliferation and YAP expressionhad been
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better on the ionically crosslinked gels, furthermore it was concluded that “stress relaxation can
compensate for matrices with a lower stiffness” (Chaudhuri et al. 2015). If the results of the culture
are solely explainable due to the different cell lines used is open for debate, but what it might
emphasize is that proliferation and differentiation phase should be observed independent from each
other. This ties in with the results of this project, as the PDMSFlatGelExperiment 1+7d showed the
highest levels of survival on the used substrates. Therefore, the properties of the RGDA:alginate 1:5
might be more suitable fora differentiation phase.

To classify alginate as asuitable scaffolding material one has to investigate the biodegradability of the
alginate gel as well. Because itinteracts with the capability of maintaining a cell culture for prolonged
periods. By utilizing the oxidizing capabilities of sodium periodate and varying the amount of low or
high molecular weight alginatea controllable degradation of the alginate was achieved by Boontheekul
et al. (Boontheekul et al. 2005). A decrease in tensile strength and weight loss has been investigated
when keeping the gel in aqueous solution together with other parameters indicating degradation
processes. If investigated further a tuning of the degradation process might be possible allowing for
calibration of the degradation process with the development and shiftin demands of the cell culture
inmind. Eventually maybe evenatotal dissolution of the syntheticscaffold when the grown construct
is strong enough. In the work by Boontheekul et al. the gels have been coupled with RGD and C2C12
cells were cultured on them (Boontheekul et al. 2005). This was just used to verify that no adverse
effects of the degradation modification inflict with culture and differentiation of the cells. These both
factors have been sufficiently proven by the results, but it raises concerns with respect to the
observations made in this project and by Bernhardt et al. when the ionically crosslinked gels get in
contact with actual culture mediaand acell culture (Bernhardtetal. 2009). In the publication only the
cellswell-being has beeninvestigated after cell culture, but not confirmedif the degradation processes
have been that controllable in the culture condition as well as in the degradation experiments in the
aqueous solution.

6.2.2 Scaffold Modifications

The positive influence of the modifications of the alginate gelhas been observed in some cases like the
PDMSFlatGelExp-1+7d (Table 10), but the most promising results have only been produced with the
help of bulk modified alginate gels. Especially with the pre-coupled GRGDSP-alginate. These methods
can be easily realized asthey only include mixing of the respective solutions priorto crosslinking. The
effectiveness with respectto cell interactionto the modification and the cost effectivenessis open for
debate when usingthis rather crude method.

The surface modifications that have been performed with either collagen or GRGDSP did notresultin
gelsdisplaying good attachment of the cells. The collagen has not been pursued further after the initial
cell experiments of the project, but the RGD coupling was taken up inthe later stages of the project to
achieve a higher efficiency between protein content and cell availability. Thus improving the cell
attachment as well as making it more controllable with regard to spatial distribution and
concentration. A successful surface coupling could not be confirmed due to problems with the
protocols used as well as the limited testing with the cells as single measure. The scaffold problems
faced during the coupling process might be solvable by utilizing the gel preparation technique
proposed earlier by Prang et al. making the gel more mechanically stable by removing the highly motile
divalentions. In addition tothat a surface coupling allowing foraxonal regrowth has been performed
in this publication as well. The used method is straight forward as the alginate gel was placed in a
solution containing laminin, collagen, fibronectin and poly L-ornithine for 12 hours. Here a healthy
culture of adult neuronal progenitor cellswas achieved and even axon regrowth was improved. (Prang
et al. 2006)
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Another aspect to consider is the RGD sequence that has been used during the project, the GRGDSP
used duringthis projectisassumed to be similar to the GRGDY peptide usedin the first surface coupling
protocol that has been followed (Rowley et al. 1999). Later papers indicate a switch towards a RGD
peptide with more spacer units (G) either using the GGGGRGDY (Rowley & Mooney 2002) or the
GGGGRGDSP sequence (Chaudhurietal. 2015). This placing the bioactive component of the sequence
furtheraway from the surface and potentially increasing the availability to the cell culture. In the later
process a similar process of carbodiimide coupling of the RGD to the alginate has been performed in
solution before crosslinking, to our knowledge, a surface coupling as performed by Rowley et al.
(Rowley etal. 1999) has notbeen published by the group afterwards again or been utilized by others.

Although the challenges faced during the surface couplingitis still highly advised to perform surface
couplingformultiple reasons. First the modification is supposedto help the attachmentof the cells on
the surface onthe gel doesit needsto be available on the top.Secondly a surface modification is easier
to control than a bulk modification in terms of amount, density and distribution in the gel. Bulk
modifications are performed before crosslinking thus the interactions of the capillary formation with
the modification material is unknown. The modification could end up buriedin the gel due to phase
separation processes. Mathematical estimations have beenperformed(see Appendix 16) showing that
underthe assumption of a 50 nm penetration depth (Rowley etal. 1999) the cells would only be able
to access 0.03 % of the total gel and modification respectively, if an equal distribution is assumed. This
shows how ineffective a bulk modification is, adding economic constraintsto the proposedtechniques
as well as challenging the scientificdiscussion due to unknown availability to the cells.

The gelatin modification of the gel has certain merits and should be revisited for future investigations
at least when aiming for a medical application. Remembering the results of the confocal microscopy
performed on the gelatin:alginate 1:1(5.2.2 page 56) an equal distribution throughout the gel had
been achieved and it added to the structural properties of the hydrogel without interfering with the
alginate structure according to the SAXS data (Appendix 15). In contrast to that it was able to support
the capillary formation process when the gelatin:alginate 1:1 solution was autoclaved before the
crosslinking process (Pengetal. 2014). Furthermore, itindicatedto be beneficial for cellgrowth on the
alginate gel as well. One way of utilizing the gelatin:alginate could be to use it in connection to other
modification techniques. In that way an autoclavable solution could be achieved, the capillary
formation process ensured and additional surface modifications could increase the effectives of the
culturing overall. Future investigations towards mechanical properties, feasibility of covalently
crosslinking the gel (dependence on ionical crosslinking) and the overall culture behaviour should be
performedto progress with the gelatin.

The verification of the modification success has been performed by judging the attachmentand well-
being of the cell cultures on the gel surfaces. This has only been a strictly qualitative measure and
showed to be challengingto assess duringthe project, as the well-being of the cells can be influenced
by many different parameters.

In additiontothat many other observations have been made like changing substrate stiffness or even
the failure of the control cultures on the dishes (ControlFlatGelCulture GM/DM) which provided too
little cellnumbers forunknown reasons. Thusitis still challenging to keep the other parameters strictly
confined between the different experiments oreven the several dishes of one ex periment.

If these other problems could be addressed and better controlledin the future, thenmethods like FTIR
should be considered inverifying the success of the surface coating method. Here specifically looking
out forthe nitrogeninthe amide bond of the RGD to the alginate or inthe RGD sequence itself.
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The bulk modification with gelatin has been tested with a confocal microscope by my collaborators
and an even distribution of the gelatin throughout the scaffold has been confirmed. With this it got
clear that the gelatin staysin the matrix and might potentially participate in stabilizing the gel as well
as supportingthe cell adhesiontothe gel.

6.2.3 Optimization of the Protocols

The sterilization protocol of the scaffolds according to Stoppel et al. has proven to be sufficient in
avoidinganinfectionof the cell cultures overthe course of the project. The only timean infection was
observed was during the second 3D cell culture experiment. But this cannot be linked to an insuffident
sterilization method, as the possibilities for infection with the 3D cell culture experiments can be of
multiple source. No signs of infection had been observed when taking the alginate gels stored in GM
and in the incubator for several weeks prior to cell culture. Thus the sterilization method was also
sufficientforthe larger 3D alginate gels.

For the sake of the project other methods of sterilization might strongly be considered to progress
with the culturing experiments and as shown now also to prevent further adverse interactions with
the modification protocols. The group around Schuster et al. has been successful in performing the
capillary forming procedure on autoclaved alginate, in ourlab this has only been shown possible with
the addition of gelatin to the solution. Thus the gelatin:alginate ina 1:1 weight ratio producedcapillary
hydrogels (Pengetal.2014).

Bernhardtet al. sterilized the gels with gamma-irradiation priorto cell culture but this technique has
beenusedtodecrease the molecularweightinthe alginate solution by Boontheekul etal. (Bernhardt
et al. 2009; Boontheekul etal. 2005). With thisitis open for debate if gamma-irradiation really serves
as a suitable way of sterilizing the gel. The huge merit could be avoiding chemical reactionsinthe gel
and the residing of the sterilizing agent in the gels especially in methods with ethanol emulsion
(Stoppel etal.2014; Prang et al. 2006). Furthermore Prang et al. placed the alginate gelsin PBS after
sterilization, thus a non-ionic crosslinking technique would be necessary for achieving subsequent
washing (Prangetal. 2006).

When a full sterilization of the single constituents of the scaffold would be possible, it might be
beneficial to perform the crosslinking in complete sterilize conditions from the beginning to rule out

any after effects due to the sterilization. Then the crosslinking would have to be performed under
sterile conditions butinitial contaminations could be ruled out from the beginning.

6.3 Cells

6.3.1 Culturing Techniques

Duringthe work with the projectit got clearthat one mainfocusin establishing future cell cultures has
to be the scaffold development. Almost all of the cell experiments, besides the 3D cell cultures with
the whole bioreactor system, have been designed to test the efficacy of the different modification and
scaffold properties. Furthermore, most of the problems that arouse during those cultures have been
linked back to the alginate behaviour in culture. For example, the not sufficient RGD modification of
the gel or the changes in mechanical properties which lead tothe lossin cell numbers. Nevertheless,
duringthe hands on work with the many different cultures several observations were made that can
lead to the development of culture protocols on andinthe alginate gels.
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One of those observations has been the decrease in cell number around day four on the alginate
surface when cultured in GM. Originally, alginateslides of higher RGD content were seeded with cells
and after 3 days the culture media was switched from GM to DM (during the PDMSFlatGelExp —3+7
d). With this the possibility of differentiating C2C12 cells on RGD modified alginate was supposed to
be tested. But here again the reduction of the cells during this proliferative phase in GM was observed
until the switchto DM was performed. From this the ideato seed an even higher density of cells and
switch to the DM after 24 hours of culture emerged (PDMSFlatGelExp — 1+7d). With this experiment
the longest and most promising cultures have beenachievedon the RGD modifiedflat gels. Therefore,
it was speculated that maybe for future cell culturesin the capillary gel very high densities shouldbe
used and only the maturation steps should be performed in the capillary alginate. This would divide
the proliferation and maturation phase completelybut might have merits for later applications as well.
Ways to produce high cell numbers could be provided by cell cultures on microcarriersin stirred-tank
bioreactors (Rafig etal. 2013). Afterwards the cells could be harvested fromthere and be seeded into
prepared capillaryalginate gelsfor self-aligning and maturation. Thiscould make wayfor an automated
seeding process and reduce the high demands of human intervention during culture and espedally
during the differentiation process. The methodintroduced by Mark J. Postincludes alot of handling of
the cells themselvesin small quantities and the maturation process for one single muscle fibre takes
approximately three weeks. Afterthat the assemblyprocessto afull meat productis performed (Mark
J. Post 2014). Here the ideaof culturing cellsinlarge tanks and sub sequentially mature them is pitched
as well (Mark J. Post 2014).

The optimization of the seeding protocol has been tried for the flat gel experiments to allow for a
better comparability between the different experiments and over the whole culture time.
Furthermore, first experiments on the seeding techniques for the capillary alginate have been
performed. As hinted for the seeding on the flat gel this was a mean to improve comparability and
significance of the conclusionsfrom the imaging. Focusing more on the seedingin the capillary gel the
usage of the flow bioreactorin connectionwith the pump system resulted in a good distribution of the
cellsin the alginate gel. Cells were found throughout the whole volume of the alginate gel showing
that a flow through s possible and allows for cell depositinthe gel.

One outlookinthe halftime report was to adjust the cell numbers for the seeding processes on flat as
well as capillary alginate gels. Depending on the planned culture timesthe cell numbers were seeded
to be confluent (~500 cells/mm?2) when leaving the proliferation phase. Forthe capillary alginate gels
high numbers as possible were used to get as many cells as possible into the construct as a counter
measure to the speculated loss during seeding, not fully optimized attachment and death due to
seeding stress. Together with the previous discussion in the case of producing the high cell numbers
outside of the bioreactor the seeded cell numbers should be adjusted to allow for a confluent cell
culture inthe capillary gels. Estimating the cell numbers (see Appendix 17) based on the model alginate
usedinthe calculations forthis project we estimated that at least four million cells are necessary tofill
the alginate gel with skeletal muscle fibres (Pengetal. 2014; Bruusgaard et al. 2003). Disregarding the
remaining satellitecellsinthe fibres as wellas only limiting to muscle cells. Overallalot more cells and
cell typeswill be necessary fora tissue mimicinthe future.

Many challenges remain until afunctional method exists for producingtissue engineering for various
applications. When coming from the area of cultured meat one huge interest would be to substitute
the currently used serum (e.g. FBS (Brunneret al. 2010)) contributingto animal welfare, thus cutting
out animals completely from the production chain. Besides the ethical problems there lies profound
scientificinterestinreducingthe usage of serumin culture mediaall-along (Brunneretal. 2010). As a
product harvested from animalsit has inherent batch-variation in form of quality and quantity of the
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constituents (Brunneretal. 2010) thus itisan “ill-defined medium supplement” (Gstraunthaler 2003).
The challenges in substituting serum completely lies in addressing the wide range of functions the
serum provide inacell culture where growth factors and hormones are just one small stepping stone.
Brunneret al. summed up some of the additional roles like providingamino acids, vitamins and trace
elements, protease-inhibitors, detoxification, osmotic pressure and even more (Brunner et al. 2010).
Findingreagentsto take overthose functions will be a huge undertaking but can contribute greatly to
the nearer understanding of the cells in culture. Our methods and scientific question narrow down
furtherand furtherto evensingle cell assessmentand interactions are studied on so small scales that

possible variations as the lot-to-lot quality of serum just do not seem appropriate for future
proceedings anymore.

In connection tothe aspiration towards serum-free cultures some argued thatthe usage of FBS could
evenincrease the risk of microbial infections oreven virus transmission (DORMONT 1999; Eloit 1999).
To address the problems of microbialinfections the usage of antibiotics isadvisedas performedin this
project as well. In the boundaries of the lab and during culture experiments it helps to prevent
infections during the whole processing but when the methods are supposed to be devised for
applications the reduction of antibiotics should be considered. As of now we already have problems
regardingthe rise of multiresistant bacteria (Dennesen et al. 1998) and the amount of antibiotics used
in food production seems to be one factor for increasing the number of resistant bacteria stems
(Perretenetal. 1997). Furthermore, the food could serve as a carrier for spreadingthose newly bred
bacteria. A problem that will also have to be addressed when designing future culture techniques in
tissue engineering. The aforementioned virus transmission is not solvable with antibiotics and
especially whenaimingto use the cultured products form farm animals for nutritional applications the
transfection of viruses passing over species boundaries might be a problem that would have to be
facedinthe future.

On top of the technical issues to be solved one should keep in mind what would be necessary for
approvingfuture applications of tissue engineered constructs. Quality standards that have to be kept
very high and batch variation should be almost non-existent. Applying that to cells we would have to
make sure that especially inthe proliferation phase the cues one singlecell is exposed to be similarto
every othercellinthe culture. This criteriawould have to be addressed by agood mechanism to keep
up the suspension(Rafiqetal.2013) or when using the microcarriers one concernraisedis the quality
and uniformity of the carriers. Maybe small debris of synthetic material could end up on the inside of
the cell orin the final products, which would raise the hurdles forapproval. Taking up the previously
discussion on serum usage in cell cultures it was mentioned that it displays a lot of batch variations.
Trying to approve a product for food or medical application where the quality and quantity of one
constituent cannot be assured within reasonable boundaries will be challenginginthe future.

6.3.2 Operations Mode

During the performance of the seeding and culture experiments with the capillary gels several
observations have been made towards the future operation mode of the bioreactor. One major result
of that is the 3D Seeding protocol (foundin the Appendix 14) giving a first guideline of how to work
when using the designed system. Which utilized the bioreactor as a seeding device for seeding the
capillary alginate gels.

In the 3D culture experiments the used flow speeds have been used up to 10 pl/s (0.6 ml/min) which
was the recommended minimum according to Dennis et al. (Dennisetal. 2009). This flow speed was
used to avoid wash-out of the cells from the capillary gel. The bioreactors were operated in closed-
loop during cell cultures because in open-loop the usage of the media would be extensive, with 36
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Discussion

ml/h and a three-day culture would already use up over 2.5 litre of culture media. Besidesthe huge

amounts of culture media used there are several merits and drawbacks to either of the operating
modes.

As we know from Chapter 3.4.2 the interactions between a cell and its surroundings are manifold,
hence it is challenging to model the right environment for a cell to grow in. Besides the scaffold, the
media is the main carrier of reagents and cues to the cells. Paracrine and autocrine signalling of the
cellsis avery important step for the overall culture development and for this the surroundings have
to be suitable for that form of communication to occur. If we now run the cell culture in open-loop,
we deprive the cell culture of those factors released. On the other hand, in closed-loop mode
everythingthatisreleased fromthe cell culture will be exposed to the culture again. The induction of
apoptosis through otherapoptoticcellsis not unheardof either (Pérez-Garijoetal. 2013). Thus a good
balance between freshening up the media over the time of the culture should be found also with
respect to other culture parameters like pH or oxygen content. A new reservoir was proposed in
Chapter6.1.2 to address some of those problems.

The cell yield of bioreactors, culturing techniques or other specific parameters is at the focus of interest
of many groups (Rafig etal. 2013; Shipley etal. 2011; Ellis etal. 2005). At the forefrontisto reduce the
amount of culture media for producing reasonable quantities of cells with for example hollow fibre
bioreactors (Shipley et al. 2011). Tying in with the previous experiences gathered during this project
there are many things to consider when discussing the cell media handling during a cell culture. The
typical cultures keptinthe lab environment are performed on flat stackable T-flasks which are easy to
handle. Butinthe culture medium itself gradientsof gases, nutrients, pHand temperature will emerge
due to the limited agitation and the gas exchange effectively happening at one side of the flask.
Additional the amounts estimated for growing a complete organ in T-flasks are not feasible for
applications (Ellis et al. 2005). Perfusion bioreactors like the hollow fibre bioreactor (Ellis et al. 2005)
are presented as an alternative forincreasing the cell yield while reducing the amount of used media.
Hewittetal. is usingstirred-tankbioreactors forscaling up purposes of human mesenchymal stem cells
to tackle the gradient problematic in larger cell cultures (Rafiq et al. 2013). These systems hold
promises for the production of large cell numbers and could be combined with the aforementioned
ideas. In producing high cell quantities outside of the system and use the proposed bioreactor with
scaffold toaddress the needforhigherorders of culture by creating three -dimensional constructs for
maturation.

6.3.3 Sterility during the cell culture

The sterility in connection to the scaffolding techniques has been discussed before. But maintaining
sterility is not solely based on the sterile scaffolds. Every single component used needs to be sterilized,
here ethanol sterilization has been performed quite often. This technique has shown to be efficientin
most of the cultures, and has to be keptfor the 3D printed parts made from ABS or othertechniques like
EtO sterilization (Medical Device & DiagnosticIndustry 1997) should be considered to achieve longer shelf
lives. The other components like PDMS channel, tubings, screws etc. could be put together to “culture
kits” and autoclaved togetherforequally long storage.

For the future it would be beneficial to migrate more processesinto the LAF bench to allow for a better
controllable sterility conditions. Measures should be taken to allow better moving of the culture system
betweenincubatorand LAF bench, thus reduce the risk of infections during the culture time.
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7
Summary and Conclusions

In this project a bioreactor system has been designed to culture muscle progenitorcellsina capillary
scaffold. It was mainly divided into three main compartments, the bioreactor design, the scaffold
development and the cell cultures with their respective culturing methods. These three parts were
developed either individually or in concert with each other if possible. For example, the cell cultures
were performed on the alginate gels, thus gaining insight into culturing techniques as well as
supporting the scaffold development.

Atthe beginning modelling and simulation of the bioreactor was performed to assess the flowthrough
and simulate the conditions during cell culture. The flow profile together with the spatial distribution
of the oxygen concentration was of main interest during those simulations. The model served as a
goodtool to develop the system further. The flow profile resulted in changes of the bioreactor design
and the flow through experiments have shown the improved flow distribution through the culture
chamber. The oxygen simulations showed no sign of too low oxygen concentration during the cell
culture, butthe limitations of the current model do not allow for full predictionof the real cell culture
conditions. The simulation of the diffusion pathways into the system over the PDMS further helped in
developingthe bioreactor system justifyingthe mesh like structure of the retainer.

A bioreactorsetup was realised, which allows for perfusion cultures inside of the culture chamber of
the PDMS channel. Aleakage free operation was achievedand the pump system used allows for highly
controllable flow rates during the culture. A bubble trap was introduced into the system to eradicate
air bubblesinthe system, allowing for media exchange and partial assessment of the culture status.

Hydrogels with parallel aligned capillaries have been formed from alginateand have been successfully
modifiedwith gelatinas wellas RGD as bulk modification. These modifications showed positive effects
when the C2C12 cells were cultured on them compared to the pure alginate gels with or without
capillaries. Especially the capillary RGDA:alginate 1:5 displayed the densest cell cultures and allowed
forthe longest culture timeup to eight days. Furthermore, the spatial orientation of the cells along the
capillaries has been the best observed in this project. The surface modifications of the alginate gels
with collagen or GRGDSP have not resulted in enhanced cell growth on the alginate gels. The
modification with GRGDSP resulted in structural changes of the alginate gels thus impairing the
usability and cell culture results. More structural changes have been observed afterlonger cell culture
experiments on or within the alginate gels. The alginate started to loose tensile strength and parts
broke off during handling. It was speculated that this prevents the cells from successfully attaching to
the substrate.

All parts were put together in a perfusion 3D culture experiment. The bulk modified capillary
RGDA:alginate 1:5 was seeded with the C2C12 cells inside of the bioreactor system. The bioreactor
showed good results when used for seeding of the capillary gels. The cells were cultured for 24 hours
in closed-loop perfusion at a flow speed of 5 pl/s. After this culture cells could still be found in the
capillaries throughoutthe alginate gel. A total perfusion experiment without leakage and air bubbles
build upinthe system was possibleunderthe same conditions for up to seven days.

Eventually, the project developed a prove-of-concept bioreactor allowing for future investigations. It
helped to characterize the three main stages and delivers proposals for future experiments. The
alginate scaffold should be developed furtheras a basis for future advances.
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8
Future Outlook

The development of the alginate as a scaffold material was evaluated as the highest priority for
progressing with the presented project. The alginate together with the RGD modification should be
addressed first before progressing with any other part of the system. For future experiments the
scaffold shouldbe developedwith the elasticmodulus in mind and for this different crosslinking agents
should be considered. In concert with this the possibility of covalently crosslinking the gels after
formation of the capillary gels should be considered allowing for potentially beneficial changes of the
mechanical properties. The switch from ion-dependant binding of the scaffold should increase the
stability towards surface modifications and broaden the possibility of efficiently coupling the alginate
gels. As shown in the project, the surface modifications should strongly be kept in focus from both a
scientificand economical point-of-view. Especially the RGD modification as it has shown the best
culture improvements when used as bulk modification. Othertechniques of surface modificationwith
laminin, collagen and fibronectinshould be considered to furtherincrease the amount of stimulations
beneficial for cell attachment and development. After achieving a successful culture, the individual
effects of the materials as surface coatings on the alginate can be investigated. Besides the cells as
indicator surface analysis like FTIR should be considered to assess the modification efficacy of the
alginate gels.

Regarding the elastic moduli and stress-relaxation behaviour of the substrate the cells might need
different mechanical cues during different times of their developmental stage. Cell experiments with
well-defined elastic moduli should be considered to unravel the needs of the cell culture. Together
with this the degradation processes of the alginate gels (with different modifications) should be
investigated toindicate limits of cell culture times.

The development of the scaffold should be performed while considering new sterilization methods. A
sterilization of the components before scaffold formation is beneficial to not alter the properties of
the finished construct. As long as the capillary formation can be assured.

Afterthese in-depth investigations of the capillary alginate different progression could be:

e Developmentof alginate gelsforspecificdevelopmental stages

e Rememberingthe discussion onseedinghigh cell numbers tosolely utilize the aligning and
3D orientation support by the alginate gel

e Inclusion of co-culture especially when performing the differentiation of C2C12 cellswithe.g.
endothelial cells

e Developmentof protocolsto degrade the alginate fasterand allow forlayd own of ECM by
the culturedcells

e Tryingto establishserumfree cultures of the C2C12 cells,
for scientificadvantages and to enable applications for cultured meat production

e Furtherdevelopmentof the bioreactor system,

Change the culture chamber by increasing the pre-chambers
Inclusion of the further developed reservoir/bubble trap

All the aforementionedideas couldspawn many new projects performed on the basis of the proposed
system. But several side projects are imaginable resulting from the overall thesis project that not
necessarily contribute to the achieving of the aims of the project.
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One project could be the development and investigation of the capillary gelatin:alginate as a
biomaterial maybe for more medical oriented applications. The interactions of both materials could
be studied, especially with respect to the formation of capillaries. This could help to unravel the
amount of contribution of the gelatin to the alginate mesh. A closer investigation of the storage

process of the gelatininthe alginate mesh could be anotherfocus of that work. This project could be
enhanced with the inclusion of collagen as the pre-product of gelatin.

Another project could be performed solely on the started simulations to develop the model further.
This could allow for a more dynamic modelling where the population growth of the cells could be
included or the alginate modelled in a less computing power demanding way allowing for more

reasonable simulation times or the addition of more complexity. This model could be developed
furtherto allow foreasierestimationsinindustrial upscaling projects.
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1 List of Materials
FMC BioPolymer:

- Alginate Protanal RF6650 (food grade)
- Novatech MVG GRGDSP peptide-coupled alginate

Sigma Aldrich:
- CalciumChloride (CaCl,)
- Gelatin
- Collagen
- C2C12 cellline

- Fetal Bovine Serum (FBS)

- Horse Serum (HS)

- Dulbecco's Modified Eagle Medium (DMEM)
- sNHS

- EDC

- HEPES buffer

BACHEM:
- GRGDSP - H-Gly-Arg-Gly-Asp-Ser-Pro-OH H-7630
Dow Corning:

- PDMS Sylgard 184
- Sylgard 184 — Silicone Elastomer Curing Agent

Makerbot Industries:
- ABSfilament
Thermo Fischer Scientific & Life Technologies:
- lifetechnologies NucBlue live staining
B. Braun:

- Discofix C—three-way stop cock (16494CSF)

Appendices

PBS buffer

MES buffer

Rhodamine Phalloidin (RP)
DAPI

Triton-X 100

Ethanol

Glutaraldehyde

0.25 % trypsin EDTA
Mercaptoethanol

Sodium Phosphate (Na;PO,)
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2 PDMS Protocol

PDMS moulding

Adapted from Patric Wallin, Chalmers Géteborg

Reagents: Material:
Sylgard 184 PDMS Mixing beaker
Sylgard 184 Silicone Elastomer Pipette (single use)
Curing Agent
Vacuum pump
ABS mould
Petri dish
Protocol:

1. Mix the PDMS and the curer in a 10:1 ratio into the mixing beaker
Carefully steer the mix with pipette until the viscosity is equal
Degas the mix in the vacuum pump for 1 hour

Place ABS moulds in Petri dishes for easier handling

wok WD

Pour in PDMS into the moulds, start slowly with the delicate structures and then fill up the

rest. Carefully prevent additional bubble formation!

6. Let it sit in the fume hood over night to let it slowly degas more and fill in the gabs of the
moulds

7. If necessary fill up the moulds to full amount

8. Bake the PDMS for 1 h at 90 °C

9. Let it cool off

10. Extract PDMS from the mould
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3 Sterilization Protocol

Source: Stoppel etal. (Stoppel etal. 2014)

ASEPTIC TECHNIQUES ASEPTIC TECHNIQUES

Terminal sterilization
of alginate hydrogels

Adapted from Stoppel et al. (PMID: 24259507)

Reagents: Material:
Sterile MilliQ 1x 50 ml Tube (Waste)
Ethanol 70 % 1000 pl Pipette (Blue)

Well plate (Washing)

Best performed before cell culture
Protocol:
1. Add alginate gels to the well plate
Add ethanol for the gel to immerse fully (use similar amount for MilliQ washing steps)
Incubate for 20 min at room temperature (RT)
Aspirate media carefully

Add MilliQ P Incubate for at least 5 min at RT

LA

6. Aspirate media carefully

7. Add MilliQ » Incubate for at least 5 min at RT
8. Aspirate media carefully

9. Add MilliQ » Incubate for at least 10 min at RT
10. Leave the gels in sterile MilliQ until application

11. If stored for later usage sterile storage conditions have to be ensured
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4 Capillary Alginate Protocol

Alginate Modification (optional)
CaClz sol. (£1M)

Syringe

move the move the
pa ok:::ﬂar fIlling ., .mation of Capillary p;;‘:::ﬂ,, filling
be in €aClz Alginate Hydrogels o jn CaClz
Adapted from Strom & Schuster, (personal communication)
Reagents: Material:
MilliQ Glass beaker
Alginate sol. 1.5 % w/w (3 % w/w stock) Spray nozzle

Protocol:

1.

o T L T

12.
13.

Fill in a small amount of alginate 1.5 % solution in the Glass beaker

Turn and tilt the beaker to cover all surfaces; let the excess trip out (turn upside down)

Place the beaker in the oven P at least 1 h at 140 °C

If alginate is dried completely, let beaker cool off

Cover with Parafilm, if stored for longer time-period

Prepare Alginate solution according to wanted ratios (decrease bubbles)
Fill in beaker, e.g. 30 ml in 100 ml sized beaker

Spray vertically on top of the alginate solution with CaClz sol.,

3 sprays for 100 ml sized beaker

Let beaker sit until a meniscus is observed on the top layer » 30 mins at RT

. Fill up the rest of the beaker to an equal amount as the alginate with CaClx sol.,

Carefully with the syringe to not disrupt meniscus

. Seal with Parafilm and let it sit for » 48 hours at RT

Extract gel from beaker and wash it with MilliQ

Put it to storage in the fridge or use it for application

Formation of non-capillary alginate can be performed in a similar way omitting the steps 1-5!
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5 Two-Step coupling of Proteins Using EDS and NHS or Sulfo-NHS

Source: Life Technologies (Thermo FischerScientific & Life Technologies 2015)
https://www . lifetechnologies.com/se/en/home.html

Procedure for Two-step Coupling of Proteins Using EDC and NHS or Sulfo-NHS

The following protocol, adapted from a procedure described by Grabarek and Gergely, allows sequential coupling of two
proteins without affecting the second protein’s carboxyls by exposing them to EDC. This procedure requires quenching the
first reaction with a thiol-containing compound.

The activation reaction with EDC and Sulfo-NHS is most efficient at pH 4.5-7.2; however, the reaction of NHS-activated or
Sulfo-NHS-activated molecules with primary amines is most efficient at pH 7-8. For best results, perform the first reaction in
MES buffer (or other non-amine, non-carboxylate buffer) at pH 5-6, then raise the pH to 7.2-7.5 with phosphate buffer (or
other non-amine buffer) immediately before reaction to the amine-containing molecule. For quenching the first reaction, use
2-mercaptoethanol, or the excess reagent can be simply removed (as well as the reaction pH adjusted) by buffer-exchange
with a desalting column.

Materials Required

s Activation Buffer: 0.1M MES, 0.5M NaCl, pH 6.0

¢ Coupling Buffer: Phosphate-buffered saline (PBS), 100mM sodium phosphate. 150mM NaCl; pH 7.2 (Product No.
28372)

s Protein # 1: Prepared in Activation Buffer at lmg/mL

e Protein # 2: Prepared in Coupling Buffer

e NHS or Sulfo-NHS (Product No. 24500 and 24510, respectively)

s 2-Mercaptoethanol (Product No. 35600)

e (Optional) Zeba™ Spin Desalting Column (Product No. 89891) or other gel filtration column
s HydroxylamineHCI (Product No. 26103)

Procedure
1. Equilibrate EDC and NHS to room temperature before opening bottles.

2. Add 0.4mg EDC (~2mM) and 0.6mg of NHS or 1.1mg of sulfo-NHS (~5mM) to 1mL of protein #1 solution and react
for 15 minutes at room temperature.

Add 1.4pL of 2-mercaptoethanol (final concentration of 20mM) to quench the EDC.

4. Optional: Separate the protein from excess reducing agent and inactivated crosslinker using a desalting column that has
been equilibrated with Coupling Buffer (PBS).

5. Add protein #2 to the activated protein at an equal molar ratio with protein #1. Allow the proteins to react for 2 hours at
room temperature.

6. To quench the reaction, add hydroxylamine to a final concentration of 10mM. This method hydrolyzes nonreacted NHS
present on protein #1 and results in hydroxamate. Other quenching methods involve adding 20-50mM Tris, lysine,
glycine or ethanolamine; however, these primary amine-containing compounds modify carboxyls on protein #1.

7. Remove excess quenching reagent using a desalting column.
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6 Collagen Coating Protocol

The Collagen coatingis adapted from BD Biosciences (BD Biosciences 2015):

1)
2)

3)

4)

6)

Thin_Coating- We recommend using collagen as a thin coating at 5 ug_per cm’. Please use this as a guideline for
determining the optimum concentration for your application.

Dilute material to 50 ug/mi using 0.02N acetic acid. Collagen is insoluble at neutral pH.
Add enough diluted material to coat dishes with 5 ug/em®.

For example: A 35mm dish has a surface area of approximately 10 cm®. One to two ml of the above solution
would be sufficient to cover the dish.

Incubate at room temperature for one hour.
Carefully aspirate remaining solution.
Rinse well to remove acid, using PBS or serum free medium.

Plates may be used immediately or may be air dried. They may be stored at 2-8°C for up to one week under
sterile conditions.
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7 NucBlue Protocol

Source: Life Technologies (Thermo Fischer Scientific & Life Technologies 2015)
https://www lifetechnologies.com/se/en/home.html

NucBlue™ Live Cell Stain (R37605]

quick start guide

%1 .Add 2 drops per mL of media

h 7. Incubate 20 mins at 20-25°C

4
& 3. Image cells

Important Licensing Information - These products may be covered by one or more Limited Use Label Licenses. By use of

these products you accept the terms and conditions of all applicable Limited Use Label Licenses.

Life Technologies Corporation molecul.ﬂr
Forresearch use only. Not intended for hurnan oranimal therapeutic or diagnostic use. © 2011 Life Technologies 29851 Willow Creek Road pm es‘
Corporation. All rights reserved. The trademnarks mentioned herein are the property of Life Technologies Corporation Eugene, OR USA 541.445.8300
and/orits affiliatels) or their respective owners. R37403_QuickReferenceCard 2 s by Af: imenneloges
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8 Cell Seeding Protocol

Source: Patric Wallin, Chalmers Goteborg

.
pSEPTICTECHNIOUED . - ecaing  pgPTIC TECHNIQUES

Reagents: Material:

Cell solution (with known concentration) 1x 50 ml Tube (Waste)

Growth medium (GM) (Pre-heated to 37°C) 1000 pl Pipette (Blue)
100 pl Pipette (Yellow)

(10 ml Transfer pipettes)

(5 ml Transfer pipettes)

Protocol: (Pipette Boy)

1. Obtain the cell solution according to protocol “Cell passaging” and count the cells to
calculate the cell concentration according to protocol “Cell counting”

2. Handle all samples and surfaces that are used as cell culture substrates with aseptic
techniques and sterilize them before use.

3. Label all samples clear information (data, name, cell type, experiment...)

4. Add the right amount of media on the cell culture substrate; see table “Culture
volumes”.

5. Mixing the cell solution regularly during the seeding procedure (shaking every =5th
pipetting step) to ensure equal cell densities in all samples.

6. Pipette the calculated amount of cell solution into each well.

7. Gently shake the seeded samples at the end.

8. Place the samples in the incubator
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9 Cell Passaging Protocol

Source: Patric Wallin, Chalmers Goteborg

g
ASEPTIC TECHNIQUES C2C12 cell passaging ASEPTIC TECHNIQUES

Reagents: Material:

Phosphor Buffered Saline (PBS) Microscope

Trypsin/EDTA 1x (TE) 1x T-25 Flask

Fetal Bovine Serum (FBS) 1x 15 ml Tube

Growth medium (GM) (Pre-heated to 37°C) 1x 50 ml Tube (Waste)
10 ml Transfer pipettes

5 ml Transfer pipettes
Pipette Boy
1000 pl Pipette (Blue)

Protocol: 100 pl Pipette (Yellow)

1. Start the laminar flow hood, wait until the correct speed is established and wipe the

metal surface and pipettes with ethanol.

Wipe the microscope stage and incubator door with ethanol.

Take the cells out of the incubator and check them under the microscope.

Take the cells into the laminar flow hood.

Remove the media from the cell culture flask with a 10 ml transfer pipette and dispose

it in the 50 ml waste tube.

6. Add =5 ml PBS (from the side, to not detach the cells), move the flask to wash away
all remaining media and remove the PBS.

7. Add 1 ml Trypsin/EDTA with the blue pipette and make sure the surface off the flask
is completely covered with TE.

8. Incubate the flask for 4 min at 37°C.

9. Shake the flask and make sure that the cells are detached from the surface. Use the
microscope to inspect the cells.

10. Deactivate the Trypsin/EDTA by adding 1 ml FBS with the blue pipette.

11. Add 2 ml GM with a 5 ml transfer pipette. Pipette the cell solution up and down, wash
the cells from the surface and transfer the solution into a 15 ml tube.

12. Count the cells using the hemocytometer according to protocol “Cell counting”.

13. Label the new T-25 flask and add 6 ml GM with a 10 ml transfer pipette

14. Add the calculated amount of cell solution into the flask with the yellow pipette.
Before pipetting the cell make sure that you have a homogenous cell solution by gently
shaking the tube.

15. Move the T-25 flask to ensure equal cell distribution on the surface and place the flask
in the incubator.

16. Clean the laminar flow hood, switch it off and make sure that everything is as it should
be before leaving the lab.

A e D
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10 Cell Counting Protocol

Source: Patric Wallin, Chalmers Goteborg

.
ASEPTIC TECHNIQUES ting ASEPTIC TECHNIQUES

Reagents: Material:
Cell solution Microscope
Hemocytometer
Erotocol: 20 pl Pipette (Orange)

1. Obtain the cell solution according to protocol “Cell passaging”.

2. Clean the hemocytometer with ethanol and dry it carefully with a special microscope
tissue (the hemocytometer is more expensive than it looks like).

3. Wet the outer rim for the top glass slide and place it on top of the hemocytometer slide.

4. Mix the cell solution before pipetting.

5. Add 10 pl cell solution on each side; add the solution slowly to ensure that it is filling
the space between the two glasses. Change tips in between the two pipetting steps.

6. Take the hemocytometer to the microscope and focus on the cells/grid.

7. Count at least 2 squares on each side. If there are strong differences between counts on
one side count additional squares. If there are strong differences between the two sides
repeat the whole preparation and mix cell solution more thoroughly. In cases where the
cell density is high it might be beneficial to dilute the cell solution to simplify
counting. The number of cells per square should be between 30 and 70.

8. Counting:

a. Each square is defined by a triple line and contains 4x4 small compartments.

b. All corners of the square should be visible in one field of wide before counting.

¢. The usual practice is to include cells overlapping the top and left lines, but not
those overlapping the bottom or right lines.

d. Write down the cell count for the square and count the next one.

9. Calculation:

a. Calculate the average from all cell counts.

b. Multiply the number by 10.000 that is the number of cells per ml

c. Multiply this number with the amount of cell solution (normally 3-4 ml), in
order to know the total number of cells

10. Clean the hemocytometer with ethanol and put it back in the box.

Counting Square

]
\
with 4x4 compartments\ ‘
\
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11 Cell Fixation Protocol

Source: Patric Wallin, Chalmers Goteborg

ASEPTICTECHNIOUES . on  pgEPTIC TECHNIQUES

Rearents: Material:
Phosphor Buffered Saline (PBS) Microscope
Paraformaldehvde 4% (Fixative solution) {cald) 1% 50 ml Tube (Waste)

1.

oo e

=

i b3

1000 1] Pipette (Bloe)

Protocol:

Start the laminar How hood, wait until the correct speed 15 estabhshed and wipe the
metal surface and pipettes with ethanal.
Wipe the microscope stace and meubator door with athanol.
Take the cells out of the incubator and check them under the microscope.
Take the cells into the laminar flow hood.
Remove the media from the sample and dispose it in the 50 ml waste tube,
Addd PBS, simmlar amount as cultwre medium, o wash the sample and remove the PBS
after pentle shaking.
Auld 4% fixative solution, wse as much as vou need to cover the whole sample.
Incubate for 20 min at 4°C,
Remove the fixative and dispose it in the 50 ml waste wbe.
Wash the sample with PBS:
a. Add PBS, similar amount as belore
b. Remove PBS
c. Add PBS, similar amount as before
d. Remove PBS
e, Add PBS, the amount should be sufficient 1o ensure that the sample does not
dry out too fast,

. Srore the sample at 4°C for up to several weeks before staining and imaging. Check

regularly if PBS needs to be added to avoid drying.
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12 Cell Staining Protocol

Source: Patric Wallin, Chalmers Goteborg

Working

jn the dark

i rk
Cell Staining  working in the da

Reasents; Material:

Phosphor Buffered Saline (PBS) Ix 50 ml Tube {Waste)
Staming solution (pre-heated) 1000 ul Pipette (Blue)
- DAPI 11000

EhodaminPhallaidin 1:400
- 0% Triton-X 100

- PBS
Pratocol:
1. Pra<heat and mixed the staining solution by putting it m the Sonicator for 20 min.
2. Remove the PR3 from the sample and dispose it in the 50 ml waste tube
3. Add sraining soletion to sample, use just enough to cover it (it is expensiva).
4. Incubate for 30 min at ropm temperature,
5. Remove the staning solution and dispase it in the 50 m] waste tube.
6. Wash the sample with PES:
a. Add PBS, similar amount as was in the sample before
b, Remove PBS
¢, Add PBS, similar amount as before
d. Remove PBS
e. Add PBS, the amount should be sufficient to use the immersion lens.
7. Store the sample wrapped in aluminum foil to avead photo bleaching at 4°C.

% Image the sample with the Zeiss fluorescence microscope according to protocol “Cell

tmaging
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13 MHC Staining Protocol

Working in the Myosin Heavy Chain Working

staining C2C12

Adapted from Patric Wallin, Chalmers Géteborg
Reagents: Material:

Phosphate Buffered Saline (PBS) 1x 50 ml Tube (Waste)
Fixative 4 % Formaldehyde in PBS (ice-cold) 1000 pl Pipette (Blue)

Blocking solution:
- 3 9% Milk Powder
- 0.1 % Triton-X 100
- PBS
Primary antibody:
- 1:1000 Anti-Myosin MY 32 produced in mouse M4276 Sigma
Secondary antibody:
- 1:2000 Anti-mouse Alexa Fluor 488 or Alexa Fluor 594

Staining Solution:

- Rhodamin:Phalloidin 1:400
- DAPI 1:1000

- 0.1 % Triton-X 100

- PBS

Protocol:

—

Remove media

Wash with PBS 1x

Fixate cells with ice cold fixative » Incubate for 30 min at 4 °C

Wash with PBS 1x

Add blocking solution P Incubate for 10 min at room temperature (RT)
Aspirate the solution

Add primary antibody 1:1000 in blocking solution P Incubate for 1 hour at RT
Wash with blocking solution 3x

A e AT L R B

Add secondary antibody 1:2000 in blocking solution P Incubate for 1 hour at RT
10. Wash with PBS 3x

11. Add Staining solution P Incubate for 30 min at RT in the dark

12. Wash with PBS 3x

13. Add mounting media carefully (optional step)

14. Keep the samples in the dark & Image
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14 3D Cell Seeding Protocol

Asept

jc techniques

techniques
3D Cell Seeding Aseptic

Material: Reagents:

4x Three-way stop cocks Ethanol 70 %

Pump with Luer-lok connectors Sterile MilliQ

5 ml Eppendorf Growth Media (GM)
with tubing + Luer-lok connectors (2x)

Syringes:

Sterilized components:

2x 10 ml syringes
2.5 ml syringe

Culture Stand

PDMS channel (bottom and top part)
ABS retainer

Screws (4x), washers (8x), nuts (8x)
Overflow cup (250 ml)

Protocol: .
1. Cut the capillary alginate generously for the culture chamber, g e ST, t':", 2 )
Test capillary flow through by dropping on water, otherwise re-cut E ‘ ‘ ‘ ' ‘ ’ ‘
2. Sterilize according to the Alginate Sterilization Protocol - — =
3. Suspend alginate gel in GM P Incubate overnight 12 hours at 37 °C 20 mm
4. Work in LAF bench;
Place alginate in PDMS channel and assemble the bioreactor around plus three-way
stop cocks
5. Fill two 10 ml syringes with ~5 ml GM , flush with alternating direction until air is out

of the system, close stop cocks and place it in the incubator until used further
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6. Prepare the pump + set up computer, connect two three-way stop cocks to the ends of

the tubing on each site clean the pump (Ethanol P sterile MilliQ)

Tubings

v Reservoir/Bubbletrap

Bioreactor
Flow N
% Three way stop-cock

@ hue

7. Take bioreactor from the incubator, place in culture stand and connect as shown in the

schematic above
8. Flush between the connectors D-A and C-B with GM with the help of syringes
9. Connect 10 ml syringe with 10 ml GM to connector B and one empty syringe on A
10. Turn on the pump to flush the left half of the system with GM,
Make sure that every air bubble is out of the system until proceeding!!!
11. Prepare 2.5 ml syringe with cell solution for seeding
12. Connect a waste syringe to D and connect syringe with cell solution to A
13. Let the pump draw in cell solution » 10 pl/s (~3 min)
14. When the syringe at A is empty switch to closed loop,

let it run for at least another 3 min and turn of the flow

15. Place it in Incubator as shown above » Incubate for 30 min at 37 °C

16. Closed loop » 5 pl/s for 5 min .
Repeat four times

17. Turn bioreactor 90° according to rotation in picture above . _
Turn back in original position

18. Incubate for 1 hour at 37 °C before last waiting times

19. Place bioreactor in culture stand
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—— Tubings

] U Reservolr/Bubbletrap
@ Bloreactor

% Theee way stop-cock

20. Add in bubble trap (5 ml Eppendorf tube), fill wiht GM and flush the tubing from

connector D and A P make sure that no air reaches the bioreactor from connector A

21. Place the set-up in the incubator like in the figure below
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15 SAXS results

Reference solutions measured
1.5 % w/w alginate and 1.5 % w/w gelatin

corrected for kapton kratky plot - corrected for kapton

Alginate 1.5 %|
Gelatin 1.5 %

107 b | ‘
. -50 1
E o'l ] & |
z E
= -100 1
| ]
i -150 1
L
10k .
-200 1
1072 5 \1 \D , _250 1 L L L
10 10 10 10 1 2 3 4 5
q/nm1 q/nm1

Capillary gel measured
1.5 % w/w alginate capillary gel and gelatin:alginate 1:1 capillary gel

B corrected for kapton kratky plot - corrected for kapton
10 600 T T T T
R Alginate 1.5%
104 [ Alg:Gel 1:1 i 500 i
10° L | 400 1
10° L | 300 1
E W
Stk | < 200 1
E E
10° L w | 100 1
!
10t ‘ f 0 w j
|
107k ] 100 \ 1
10'3 S L ; ' - , 200 L L L '
10 10 10 10 0 L 2 3 4 5
q/nm1 q/nm1
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16 Estimation of the Relative Amount of Surface Interaction

Poresize (Pengetal.2014):

d .. =78um

pores

Pore density (Pengetal. 2014):

ores
pPores =30 p /an

Scaffold size:

h=10mm
d =17.5mm
Penetration depth (Rowley et al. 1999):
p =50nm
Total amount of poresin the gel:
Ny = Ay Prores

2
np = ﬂ(g) 'ppores
2

S 17.5mm 2.30 porey
P 2 mm?

n, = 7216 pores

Active volume of asingular capillary:

I’pores =d pores +2

=78um=+2
=39.00pum

r-pores

r.pores

R = rpores +p

pores

R, =39um+50nm

pores

R ... =39.05um

pores

Aactive = ﬂ-(RZ - rZ)
A = ﬁ((39.05um)2 —(39um)2)
Aactive :12'26um2
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Vactive = Aactive ' h
Ve =12.26um? -10.00mm

Ve = 0.1226mm?
Active volume of all capillaries:
Vtotal :Vactive : np
V. =0.1226mm?® - 7216 pores
V., =884.6816mm°
Total volume of gel:
Vgel :Vouter _Vcapillaries

gl

V, = 2405.28mm° —86.20mm’
V,, = 2319.08mm’

Relative volume accessible by the cells:

V. =\M-100%
. Vgel
3
v, = 884.6816mm3 100%
©2319.080mm

rel

V., =0.0381%

2 2
Vi = 1Omm-7r(17'52mmj }{mmm-ﬂ(?’gT“mj 7216 pores}

(12)

(13)

(14)

(15)
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17 Estimating the cell numbers for a confluent seeding

Poresize (Pengetal.2014):

d_ .. =78um

pores

Pore density (Pengetal.2014):

ores
ppores =30 p AmZ

Scaffold size:

h=10mm
d =17.5mm

Total amount of poresin the gel:

np = Ag 'ppores

d 2
nD :”(Ej 'ppores

N =7 17.5mm 2.30 pore7
P 2 mm?

n, = 7216 pores

Cell nuclei density of askeletal muscle fibre (Bruusgaard et al. 2003):

d. e =50 Nuclei/mm
Initial cell amountfor maturation process:
Negtis = Apueiei *Mp oD
Neenis =90 Nuclel - 7216 pores-10mm

mm
N.yis = 3,608,000cells = 4,000, 000cells
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18 Gantt Schedules
From planningreport
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Revision after half time report

27 28

Project Week 2425126 27 28/29 30|31 32 3334 35 36|37 38/39/40
Dates May June July August Sep
Calender week 19/20 21 24 25 29 30 31 32 33 3437 38 39 40

Task and Milestones

Report Writing

Final Report

Simulation

Add nutrient simulation
Re-visit simulation and adjust
Material

Adjust RGD content

|

Surface modifications
Flat Gel Experiments

Cultures on RGD-modified Alginate
Investigate the alignment on cap. Gels

Imaging
Capillary Gel Experiments
Conduct first experiments

Develop & evaluate seeding protocols
Proliferation & Differentiation testing

"
1 |

Assessing the culture status
Investigate culturing times

Imaging
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Appendices

19 Questions to be Addressed

Collection of Questions to be addressed for the project, from the planning report. Used for planning

and visualising the contents of the project.
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20 Overview Mind map

The mind map showing categorizing the different experimentintotheir respective categories. Used for

planning duringthe half time report.
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