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Abstract

Skeletal muscle tissumntributes to many functions in the human body such as locomotion and
maintaining the body temperature. Tissue engineering could open up possibilities of grafting muscle
tissue exvivo and make way for new autologous treatments mitigating pathologicachausss.
Additionally, skeletal muscle tissue of mammal origin is one of the main nutritional protein sources in
the western diet. Also here the production of skeletal muscle tissuevexcould provide measuresto
reduce environmental strains due to ceentional livestock production and produce food in a more
resource efficient mannetntil a market maturity is achieved, methods have to be found to produce
cells in high enough numbers and the differentiation has to be erstarallow for functional tssue

for medical applicationand nutritionally valuable foodAdditionally, the production of larger tissue
engineered constructs is challenging due to the absence of a perfost@rorkbringing the nutrients

and oxygen deep into the constructs.

The ainof the projectis to grow parallel aligned muscle fibres in a three 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 hypsitted 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 imnnads In order to promote

cell attachmem to the gels, different modifications of the alginate gel have been performed. Bulk
modifications have beenachieved by mixing pure alginate solutions witequpled RGElginate or
gelatin solutions prior to crosslinking. Furthermore, surface modifiosthave been performed via
collagen coatings or carbodiimide coupling of RGjtigle s to the surfaces of crosskedalginate gels.

Cell cultures were performed on the surface of samples cut from these gels to evaluate the attachment
improvement of thevarious 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. For three dimensional cell cultures a perfusion bioreacsbban designed. Computer
based simulations have been performied in silica evaluations dhe flow and oxygen distribution
inside the bioreactor and the capillaries of the alginate gels. Eventually, the bioreactor and the
RGDalginate bulk modified gelsere 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 thigroject, 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 RGEalginate seems to be most beneficial in growing high cell numbeds an
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 piiging results of the cell cultures. Ca@Gl
recommended to be replaced by anoth@psslinking ageriecause the gels crosslinked with* i

not have the necessary structural integrity throughout ttedlculture. A switch to covalently bound
gels andmore careful tailoring of the scaffold properties, e.g. elastic modulus, stress relaxation
behaviour, could improve the outcome of tleell cultures.This project serves as a basis for future
advancements in culturing skeletal muscle cellgtiro for nutritional as well as medical applications.

Keywords

Tissueengineering, C2C12 muscle cells, capillary alginate, scafioltificationsbioreactor, 3D cell
culture, simulations
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Introduction

Muscle tissue is divided into cardiac, smooth or skeletal muscle tissue. All three of thesaehan

traits but each of thenis specializedor specific functiosin the human bodyTortora & 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 lof8ian & Bursac 2008)n addition to this, a growing interest in
developingalternative techniques of producing animdlased protein for human consumption is
leading companies and researchers into the area of skeletal muscle tisgureeenng(Post 2012)
Therefore, tudies onmammaliarskeletal muscle tissue can both support the medical advancement
and be utilized by the food processing industith the helpof cell culture experimergandthe
detailed characterization of the skeletal muscle tissulee underlying mechanismior tissue
regeneration, maintenance and homeostaais unravelled piece by piece. ®eefindings are put
togetherto get a grasp of the complex systand to makewvay 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 posturejrculating fluids and even contribution to the regulation of the body
temperature(Tortora & Derrickson 2012Jhe prospective applications could include the mitigation of
muscle loss for exampile therapies fofacial reconstructiorfYan et al. 2009r to bring back muscular
functions that have been lostin traumatic evefBan & Bursa 2008) If understood sufficientithe
regenerative treatment of skeletal muscle tissue cquiovide autologous therapies reducing the risk
of tissue rejectior(Ellisetal. 2005} Y R | YLX A F& (KS NB &tke saellite@cdll (2RI &
injection(Tedesco et al. 20100\part from the diect patient centred applications a high demand for
basic and reliablauman tissuanodels is arising in the pharmaceutical industry. The prospect of
testing drugs directly on the specific tissugmasse mble whole simulations of a functioning metabolic
system in a labon-a-chip fashion could open the way for a more streamlined procdsdrog
development. Applications to produdberapeutic proteinsare also imaginabléKosnik et al. 2003)

Not only therapeutic, but also nutritional proteins get more and more into the fadusesearch
Producing meatis an expensive process and pesyy loads on the environmentth respect to land
mass, water usage argteenhotwse gas emissionsurthermore, iis fairly ineffectivevith respect to
overall resource input against protein outp@ne alternative could be the production of in vitro meat
Nowhole organismsvould have to be maintainer only a small amount of desible meat products

and theresourcexould be transformed more effectively. The overall high level of effectiveness in
producing meat in an Hvitro fashion would be a favourable change for sustaining the growing
populationand could reducghe impact on he environment tremendously{.Tuomisto & de Mattos
2011; Post2012)

When feing the vastness of promises and prospective applications, one can understand that it is a
reasonable choice to invest in understanding the growth of skeletal muscle tissue. Ways of feasibly
growing and cultivating skeletal muscle cultuessvivohave \et to be unravelled, and many future
challenges have to be taken on like vascularization, enervation, growing three dimensional specimens
and developing robust protocols. This project aims to take on some of these chaltengesall scale

to receive moe insights into the generation of skeletal muscle tissxeivo.



The Story Line

This project was set out to develop a method with which it would be possible to grow muscle cells
outside of enatural host Growing muscle as atissue is gaining importéegguse it could provide us

with a future food source and even help patient that suffered from muscl&inctionalloss. For
growing a piece of functioning muscle tissue itis important to not only increase the amount of cells in
the culture but to suppd the cells in their specialization process to gain in functionality, this process
is referred to as differentiation. During this process the cells will start to merge together and form long
fibres in their drive to become muscle fibres that can bear laadicontract. For this process of 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 from the altured meat community.

As aforementionedthe cellswill forminto long fibres and eventually will start to align to each other or
the substrate. Thus the substrate gives us the opportunity to control the development of the cells. One
of those substrate m@rialsis alginate hydrogel, which is harvested from brown sea weed. Itis known
forits easy handling and can be easily mouldedinto the desired shape. Itis usually sold and shipped in
dry powdery state and results in athick solution when dissolvedhiter. This solution is the basis for

the gelation process which we usually perform with the help of salt solution (calcium chloride). With
the help of the salt the formerlgeparatedthains of the alginate can be connected to form a network.

A special telenique used in this project allows produceparallel aligned capillaries ingtalginate. It

was hypothesizethat this conformation could assist the cells in their aligning process to form fibres.

The capillary alginate has good structural propertiesiousing ellsand also the mechanical
properties can be tailored with the help of differemiethods, concentrationand saltsOne challenge

is increasing the attractivity for the cells to hold on to the surf@echment)and for giving them an
opportunity to spread out over the substrate, as this is not usually provided by the pure algihate.
attachmentis important for the cells and stimulates processes inside the cell for increasing the well
being of the cell. Also as mentioned before, the calted to work together in building the typical
muscle fibres. For that itis necessary that the cellsfind together in 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
found in the natural surroundings of the cells or we bindse material$o the surface of the gel.

After having the cell cultures on the one hand and #hginate gel as a scaffold we need a confined
environmentthat we can place them in togetheffor that secalled bioreactors are developed closely

to the needs of the cell culture. In this project we aimed for achieving a flow through the capillaries
where thecells sit. This should support themwith the necessary nutrition, oxygen and other important
factors that we mix into the medium. In the natural cgtlivironment,a closely knit network of small
blood vessels is found which can provide those compounds oieeghe tissue. When trying to grow
largerconstructs 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 starflieerefore,the combination of
capillaries withlow is supposetb assist the culture deep into the construthe bioreactors are often
placed in incubators. Those incubators give a sterile environment, with a fixed mixture of air, humidity
and temperature. Thus both incubator and bioreactor can warkconcert to build up stable
surrounding conditions.

From this outset the three maicomponents of thesystemare the bioreactor, the alginate scaffold
and the cell culture. When those three parts are put together, with egergponentbeing carefully
dedgned, characterized and optimizeaacell culture with differentiation towards functioning muscle
tissue might be achieved.
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Objective & Purpose

Hypothesis

It was hypothesized that alginate scaffolds with their specific propettlessimple crodanking
methods, easy handling and scaffold tailoring and bio inertées a suitableenvironment for cell
culturing. The ability to form capillariesito the hydrogel supports that claim even further by
mimicking the spatial conditions of the extracellular matrix (EEGMth the help of a flowthrough
bioreactor a culturing of skeletal muscle progenitor cellthim capillaries should be enabled, tu
tacklingthe challenges of suffocation in three dimensional cultures. Carrying that idea even further, a
differentiation of the skeletal muscle cells to successfully form myosin heavy chain$ $Nb@d be
enabled.The hope is thathis could lead to the formation of skeletal muscle tissue with the help of
vascularization from ceultured endothelial cells and the breakdown of the biodegradable alginate.

Aims

The goal is to creata functioning culture environment allowing for the usage of three dimensional
capillary alginate scaffolds for the cultivation of C2C12 cells. It is aion@ddlonged culture times,
proliferation and differentiation of the cells to form vital culturasd mature muscle fibres in or on

the alginate scaffoldsThe development of a functioning platform includes a working bioreactor
defined geometrically, by specific flow parameters and a robust concept. Furthermore, producing
promising alginate scaffoldsahcan serve the hypothesized perks, like sufficient nutréeroxygen
transport to the culture and giving thelesired parallel aligned capillarie®/ith the help of
modifications the effectiveness of the alginateith regards to cell attachmerghould be increased

and the cell cultures controlled better. The desired outcome of this project would be a robust
foundationcomprising the culture system, the necessary body of knowledge about culture techniques,
the basic protocoland results that sthulatefuture 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 Ste@.simulations

are supposedtb 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 conditions is not the prioritized aim of the modellibgt it could provide the beginnings for a
project focusing on the simulations alone.

The main goal of the project was feasibility and realisation of cell culturing insteaichafe lydetailed
analysis of the singfactors on the cultureWith that the bcus was not to probe for the most efficient
solution of every single method before progressing but rather trying to find a realisation that has
shown to be feasible to improve the specific properties. Eventually the cell viability and maturation of
the cdl culture are often the ultimate measure for this project, thus it relies on a solid amount of
qualitative data.

Thealginate scaffold developmentisimportant as long as it is serving the purpose of helping the cell
culture. That means for the project #t it was not the goal to test a multiplicity of properties of the
alginateto characterize them fullyike for examplediffusion characteristicgjegradation time or



mechanical properties. These would only be performed if the expected results wouldheiptove

the cell attachment and the success of cell culturing on the scaffold. If there are indications during the
project that specific parameters are necessary to achieve a better attachment and survival of the cell
culture the necessary parameters wide investigated more closely. On the one hand how we could
control the parametersand on the other hand what woulle the optimal rangehe cells prefefor

the planned maturation processes. This emphasizes the iterative character of thigsvitrtales on

one challenge after the otherinstead of finding a theoretically optimal path before going into culture
experiments

The projectis designedto pick up several loose ends and combinesthamroveof-concept project.

It is composed of three mainages, which are the bioreactor design, the scaffold development and
cell culture methods. These have to be combined to allow for future mordeipth culture
experiments. Thus additional characterizations and detailed optimizations are to be performed afte
achieving the first solid experimental sta§¥ith this advanced cell experiments includingadture

of endothelial cells, degradation of the alginate or the formation of a more tissue like construct are
out of beyond the scopat the current state othe project.



Background

3.1 Muscle Tissue

3.1.1 Physiological Basics of Muscle Tissue

Muscle tissue accounts for up to Beightpercent of the human bodgTortora & Derrickson 2012)

and is found in the form of three differé phenotypes, the smooth, the cardiac and theketalmuscle

tissue (SMJ. The smooth muscle cells are lining the inner organs and the cardiac muscle can be found
at the heart muscle. Indicated by the name SMTlmamound 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 pattem
found on the muscle fibres, smooth muscle is classified asstriated muscle tissue and some sources
speak of semstriated muscle tissu€The Anatomical Travelogue LLC. 20Hgn it comes to cardiac
muscle. Voluntary muscle activity is only possible with SMT but the smooth and cardiac tissue can only
be controlled involuntary either by the central neus system (CN8r peripheral innervation, as well

as endocrine exposuréTortora & Derrickson 2012)

The SMT in collaboration with tendons and bones form the mechanical part of the locomotive system.
Which allows forgeneration of movement and the maintenance of posture. Furthermore, it
contributes to the temperature control of the body by performing exer@ssociated thermogenesis
(e.g. shiveringdnd aids in the transport of fluids like lymph and blo@ibrtora & Derrickson A®)

Figurel shows the different compartments of skeletal muscle tissue. The smallest building block is the
muscle fibre comprised of fused muscle cells organized in muscle fibrils. The fibres gettagdrega
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 muscle is governed by the epimysium. This whole bundle
of compartments is interspersed by a highkabched blood vessel system to provide oxygen and
nutrition deep into the tissue. These aforementioned compartments allow for a good transduction of
mechanical forces along tHengitudinalaxis of the muscle. Tendons connecting the muscle to the
bone makeup a strong conductor of the mechanical motion for physiological dislocation.

Structure of a Skeletal Muscle

- Perlmiysmm Blood vessel
-y ; Muscle fiber
G

Fascicle
Tendon Epimysium Endomysium

Figurel: Structure of a skeletal musc{National Cancer Institute 2014)



When working at the cellular level one has to investigate the details of the immediate environment
like cell organisation, structure arllCM.Myogenesis is the process of new muscle formation and
usually occurs simultaneous with embryonic bone formai{@Grawford 1954) During this process
progenitor cells fuse together forming multi nucleated muscle fibres and build up the microstructure;
depicted inFigure2 A. When SMT is formed, three major steps are distinguished: Proliferation of
myoblasts; Differentiation of myoblasts and early stage fusiwo imyotubes containing around 10
nuclei Formation of myofibres by fusing the smaller myotubes together. Achieving the last stage in
vitro is still challenging and often only leads to small and weak filkeille et al. 1997)

The microstructure of the muscle fibres gives the SMT its distinct optical pattern and leads to the
classification as striatbmuscle tissuéAs shownnthe top of Figure2 Aalong the longitudinal axis of

a myofibrils sarcomeres and the Z disc are found in an alternaastydn. The sarcomeréself, as
functional unit enabling the contraction of the muscle, is divided into a brighter | band and darker A
band causing the previously mentioned striated appearaidtiple sarcomeres are linked to each
other in a "zigzaggng" (Tortora& Derrickson 2012jashion by the Z dis@a protein dense region
strongly connecting the neighbouring sarcome &g binding of the myosin heads of the thick filament

to the actin of the thin filament structural crossbridges are formed. A pulling mdtyawisting these
crossbridges is enaldiethus leading to muscle contraction. In a fully contracted muscle the H zone
will be covered by the overlapping thin filameiortora & Derrickson 2012)

The ECMKigure2B) is an important part as it "ensures a functional link between the skeletal muscle
cell and the bone(Kjaer 2004and creates the specific mechanical properties of the SMT. The main
constituent of the ECM is collagen type | and Il making up the filmeli®nvironment it provides
stability and acts as a force transmitter through the tissue. Glycosaminoglycans)(@AGs
Proteoglycans (P(are specified as the ground substance whichm@sent growth factors (GF&

the cellsGlycoproteinsGF) like fibronectin or laminin are structural linkages between the cells and
the fibrous proteins e.g. collagen. Supported by the EGMponents GF and enzymes will take on
the intercellular messaging in the tiss&illies & Lieber 2011; Temenoff & Mikos 2008)

Sarcomere
Zdisc T Z disc

filament  filament

(b) Myofibril

=

=,
S e W) e
Lrteeted IS L]
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Thick filament
0

--------

-----

E Sarcomere ]
F——H zone —3 o 1 ..0 S RS
<= l:band:=—F— Aband JE— I band —> EERRNCE S L) S SR

Figure2: A) Sarcomere structur@ortora & Derrickson 2018) SEM image of the collagen ECM in bovine skeletal
muscle afteNaOHdigestion(Trotter & Purslow 1992)



Background

3.1.2 Challenges and Applications for In Vitro Grown Muscle

Tissue engineering (YBas emerged as a fielthat aspires togrow tissues outside of the living
organism in lab conditions (witro). Potentially making way for new therapeutic applications like
already used skinrgfting from foreskin to treaburn victims(Naughton & Tolbert 1996pr other
methods in which scaffolds are seeded with autologous cells tgrogv lost or missing organs
(Olausson et al. 2014As introduced in the previoBhaptethere are different types of muscle tissue
making up the human bodyll those areasould benefit greatly fronissue engineeringpplications

The gap between supply and demand in the food and medical care sector enforced by the faster
growing population is creating a niclheretissue engineering could provide solutidiighrlich &
Holdren 1971; Abouna 2008)

According todoctor AnthonyAtalaDirector of the Wake Forest Institute for Regenerative Medicine

G 9 @S NE o patianfdiedrghfadiselase that could beeated with tisslzS NB LI (At@eS Y Sy (i ¢
2013) From this dramatic phrasing one of the main motivators for realizing clinical applications in
tissue engneering is clealWhen looking deepeat the potentialof skeletal muscle tissue engineering

the apparent needs that could be addressed are volumetric as well as functional loss of muscle tissue
(Yan et al. 2007; Bian & Bursac 200Bhese approaches could go beyond the current limitations of
satellite cell injection in which we are strictly limited to the regeative capacity of the cel(3edesco

et al. 2010) The hope is to find a way of sufficiently manipulating the cells to form a complete tissue
outside of the host, or at least form a construct that enables the full reconstruction inside of the
LJ- G A Sy flikedhe Bexniagraft produci®rganogenesis In2015; Naughton & Tolbert 1996)
Pharmaceutical companies are getting increasingly interested in develsigiggs containing tissue
engineered constructs to test the metabsditionof noveldrugs. The ideas here range from single
organ models up to fouorganchip approaches trying to model the whole metabolic cH&lo et al.

2015; Maschmeyer et al. 201%}iven the background thaté cost of drug development has incredse
overthe course of the last decades ahet prognoses hintto continue that trend depending on the
impact of new biomedical applicatiofBiMasi et al. 2003)n a very recentews the FDA approved

an anthrax vaccinealled BioThrax developed by Emergent BioSolutiongEmergent BioSolutions
Inc.2015% ¢ KA & RNHzZA gl a | LIWINBYGSR dzy RSNJ GKS a! yAYIlE
against rare or too lethal contilbns that have not been fully tested in clinical trigl<DA- U.S. Food

and Drug Administration 2015)Vith the progression of tissue engineering it might be possible in the
future to creatediseasenodelswith human cell®n a chip tassess 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 forces in investigating future ssfardeumanprotein
nutrition (Mark J. Post 2014; Huis et al. 201Bhe growth in population and the increase in livestock
consumption is challenging the conventional ways of meat produ¢tam et al. 2015)as more and
more people realize that an upscaling the current methods will have severe impacts on the
environment and the human populatigiMattick & Allenby 2012; Tuomisto & de Mattos 2011)



Figure3 shows the different areas in which meat production has ldmgest impact Those different
impacts are intertwined with each other in such a way that their individual impacts on the environment
are anplifyingeach other. For example the GHG emission itherone hand caused by the livestock
production itself and roughly one third of the livestock related GHG emissions is caused due to
deforestation(Dafar & Betti 2010) Thus the land use and GHG emission effect each other directly and
the regulating capacities of the forestare lost in the process additiofEllgmisto & de Mattos 2011)
Manure management has anothbugeimpact on the emissions overall and often affect the amounts

of usablefresh water additionallyDatar & Betti 2010)
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Figure3: Estimated impacts on Energy uggeentouse gagGHG emission, land and water use of the different
production methods of mea¢Tuomisto & de Mabs 2011)

After that shot introduction to the impacts of livestock production and its associated prob)enes

has tolook atthe factorsthat challenge the development of cultured meat solutio@e of the first

and profound problems would be the agtance struggle in communicatirigis form of meat
production to the general publigJarcu et al 2015) With this the secalled Yuckractor is expressing
GKS F'YOAQIESYyOS 2F (KS a2 OM&KIPosti2aldyithoRt@dudattay y | (i dzNJ
the consumers only small niche markets would open up towards cultured meat solutions. The next
challenges ligvithin the technical realisation to evolve from smaidate production as shown in prove
of-concept realisations likeultured meatburger(Mark J Post 2014pwards a fully established and
approved processing chailRor this the future research will have to deal with scalab{Rgfiq et al.

2013), processing techniques ensuring qualdy approval(Mattick & Allenby 2012)to refrain from

using animal supplements like seruf@runner et al. 2010pnd find stable ad 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 withotiteotics which is widely usedin livestock
production could dampen the distribution of multiresistant bactefRost 2012) Others hope for
functionalizing the meat to address cardiovascular problems calgétte high consumption of meat
through increamgproteincontent, lowetingfat content or eversubstitute withbeneficial fatty acids
(Hopkins & Dacey 2008} Iosing withthe words of Mattick & Allenby who wrote:

awS3F NRt Saaz RdzS (G2 GKS LRAGSYGAlrf AYLIOGaZ y24
to monitorand adaptively I y+ 3S A G4 RS@St2LISyiGs O2YYSNDALFTE AT
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3.2 Bioreactors

Bioreactors imMEserve as an artificial environment to ensure constant and controllable conditions "to
either maintain a whole muscle organ ex vivo indefinitely or promote thedifftiation of cells and

the maturation of both intra and extracellular structures resulting in the generation of an organized
tissue"(Dennis et al. 2009)Controllability is key for a successful bioreactor as it either maintains the
culture, sends otspecific stimuli or completely changes operational moges 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 sieaies
Blitterswijk, Clemens Thomsen et al. 2008)e strive towards asmmost 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 notcefit enough to unravel
precisely what properties are required when designing a muscle tissue bioréBetonis et al. 2009)

Upon this over the last decades critics argued that it is "cumbersome and unne cg#dabptt 2003)

to do 3D cultures, thus it seemsto be challenging to establishfeasible 3D bioreactors. Accordingto van
Blitterswijik et al. these cultures have more biological significance than common petri dish cultures, so
while challenging they are more rewardifugn Blitterswijk, Clemens Thomsen et al. 2008)

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

1 potential failure modes and countermeasures
1 meansto probe and monitor muscle development rdestructively
9 algorithms to guide the developinguscle along a series of developmental milestones

Figure4 shows a schematic of a flethirough bioreactor allowing for culture inside of a porous
scaffdd. 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 constitutionrPDMSs often chosen as moulding material for
fluidic channel as itis easy to handle and allows for easy transport of oxygen via diffusion.

Pump E Incubator

T=37 °C
CO25%

i }:ETI .

PDMS Mold

Scaffold
C O Flow

Figure4: Schematic of flow throughbioreactor(Peng et al. 2014)



3.3 Scaffolds

3.3.1 Alginate as Scaffolding Material

Alginate has emergedsa common scabfd material in the field of TBuring recent years. Belonging

to the natural polysaccharides it found its way into "medical applications due to [...] biodegradability,
biocompatibility"(Baysal et al. 2013bioactivity properties and "its structural similarity to the natural
ECM'(Drury et al. 2004)Natural polymers, like alginate, can be controlled and tailored to the demands
of specific applications by means of processindgyinvoking specific changeto the polymeric
structure (Drury et al. 2004) Furthermore it is widely accessible and simple tmpesgBaysal et al.
2013)

Alginate is comprised of two functional units, the mannuroniegMcK and the guluronic (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 txealled egghox model; as seen in
Figure5. These crosslinking agents can be divalent cations like Cdr, B&* and St* (Rowley et al.

1999) By aligning the previously loosely distributed polymer chains into double strains a solidification
into hydrogels is performe®ne common applicationis the formation of small alginate calcium beads
as an drug envelope or as scaffolding matef(islisrata 2000; Tanaka et al. 1984)

Sodium
alginate
sol

Diffusion
L A4 \ Flattening and
parallel alignment

of polyelectrolyte

chains
Divalent

electrolyte
solution

Formation of "egg box" structure

Co0" HO coo” HO coo’ HO
HO o HO o HO o

Figure5: Crossinking process of alginate gétawar 2010)

Being a polymer the manufacturing possibilities are very broad and one way proposed by Thiele et al.
allows forthe formation of capilary alginate by direetd crossinking(Thiele & Hallich 1957)CaGl
solution is introduced to the alginate solution and by guiding the crosslinking process through the gel
from top to bottom selfassembled capillaries aretaeved.InFigure6on the left side we can see the
prepared beaker that is filled with the alginate solution and also the walls of the beaker atepied

with the alginate solution. This preeatment 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 ofgahate hydrogel on top. After the formation ahat first

gel phase more CaGbolution can be poured aiwp. The nextprocess isdescribed by Thiele and Hallich
as drop like separation between fluid and gel where small dbaplsl at the interface betweegel and
CaCJ-solution. These drops will take up more of the redundant water during the crosslinking process.
They will not mix with the sol and progress through the gelin front of the gelation process, thus imprint

10
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the capillary structure in the hydrogéThiele & Hallich 1957)Willenberg et al. explains th#te
ionotropic gel formation stems from fluid instabilities invoked by friction due to the contraction of the
polymers at the front of the newly formed g@Nillenberg et al. 2006 A hydrogel based on alginate
interspersed with these characteristic capillaries, as seefigures, could bridge the structural gap
between physiological and synthetic ECM even furthiewould allow for an aligned organization of

the cells along the capillaries. In three dimensional cultures a lot of contact points can be developed
to the surrounding matrix but also to other cells theoretically all around thg ¥ah et al. 2007These
environmental cues arkeneficiafor cell development and as we know frd@haptei3.1in orderto

form viable muscle tissue cell fusion has to oc@inus a wetdesigned scaffold can greatly influence

the results of the cell culture.

Figure6: Formation of alginate capillarig®espangt al. 2011)

3.3.2 Modifications for Improved Cell Attachment

For setting up three dimensional cell cultures scaffolds are the first choice to spatially organize the cells
and invokereactionslackingin petri dish culturs. Many different materials and maacturing
methods allow us to create structures favourable ¢tyse tonative cell organization but often the
important triggers found in the native ECM are missing. At this point material modifications come into
play to compensate for the lack of thesgsals. Therefore, an important factor in scaffold design are
the surface properties which should support cell attachment, migration, proliferation, differentiation

as found in the native environmefian Blitterswijk, Clemens Thomsen et al. 2008)

When looking at the ECMwe can see a plethorafédidint materials workingtogether as a compound
supporting the viability of the cell&Gillies & Lieber 2011)0On the way to create suitable scaffolds
multiple approaches have emerged; some try to useriave ECMMaterial as a basidvlethe et al.
2013) andother approachesleliver just enough stimuli to the cell culture to achieve a long viability
and to trigger an auteassembly of the necessary ECM components by the @elis Blitterswijk,
Clemens Thomsen et al. 2008ventually, it comes done to the cell type that is to be cultured in the
scaffold, as specific prequisites have to be met for different cell families.

11



This project deals with the natural polymer alginate in the form of hydrogdtsnate is described as

a very inert material that means by definition thatit does not invoke any responses oaatsevith
biological tissué€Blokhuis et al. 2000)This stems from thabsenceof functional groups responsible

for attachment and spreading in the native cell environméra. compensate for that lack of
interaction material modifications are performe@ommon modification methods areulk or surface
modification. In a bulk modificatidunctional groups are brought into the mixture before crosslinking

to gels. This enables the modification materials to link to the monomers and get strongly embedded
after the scaffold is formed. Surface modifications can be carried out by easyodrope ngulfing the
already crosiénked material into a solution of the coating material. Functional groups can be delivered
by RGBEpeptides or collagen which can interact with the integrins at the cell surfaces, émabling
attachment, migration and even cell surviviheRGDBpeptides are an amino acid sequence containing
arginine, glycine and aspartic acid and can be found as a binding motif on the fibronectin as shown in
Chaptef3.4.2 This small peptide fragmentis able to bind with the integrin receptors found on the cell
surface(Boontheekul et al. 2008; Humphries et al. 2008umphries et al. descrils¢he RGBbinding
integrins as one of the mospromiscuougbinding receptors in the integrin famifiiumphries et al.

2006) underlining the importance of the RGD sequence as a mean to improve cell attachment on
biomaterialsFrom the previous section we know that collagen is one of the main ECM constituentsto
promote structural stability and with the help of GPs like Lamamic Fibronectin and their functional
regions a link can be established from cells to the ECM. Fibronectin itself has both collagen as well 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 1 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
project as well as the specific research quassi.

Figure7 shows a detailedlustrationof the cellular neighbourhood of a skeletal muscle. The cells can
be seenresiding in their respective niches of the muscle. For regenerative purposes @aundat
production,two cells shown here are of particular interest, the satellite cells embddzklow the

basal lamina of the myofibres and the mesenchymal progenitors between the {iPeemérec et al.
2012) Different sources report about a recruiting process of the satellite cellsto bring other stem cells
(SO to the damaged are@Pannérec et al. 2012)nd that other cells can enter a satellistate in the
tissue coming from the bone marro{f?éault et al. 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
considered in the production of tisse@agineered constructs such as embryonic stem ¢&liflenberg

et al. 2006)and induced pluripotent stem cells (iPS cgl@oldthwaite 2006)as they both possess
pluripotent properties. Therefore are able to form the three germ layers and eventually form every
tissue bund in the human bod{Binder et al. 2009)Together with their universality for generating all
sorts of cellular cultures these cells are guevocally harder to guide into differentiated cells than
progenitor cells. The progenitors are determined to a specific cell lineage (totipg@umtattini et al.

2004) and the protocols for triggering specialisation are more reliable to peri@tau et al. 1983)
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TRENDS in Molecular Medicine

Figure7: 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.dither produce

newly specialised cells to compensate functional losses of the tissue or produce larger quantities by
division to compensate for the loss of cell population. Different forms of division have been identified
to occur with cellsin a stened or progenitor state. These forms are asymmetric and symmetric cell
division, effecting maintenance and differentiation of the cells in different ways. As shdviguire3

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
daughter generation. The asymmetriiwidion on the other hand Wiselfrenew the parent generation

while forming a new cell of the daughtgenerationhenceonly increase the number of daughter cells
whilst maintaining the progenitor number&@lanpain & Fuchs 2009)

Asymmetric cell division Symmetric cell division

Symmetric self-renewal Symmetric differentiation
SC

Q.@@..

Committed cell Committed cells

Figure8: Different forms of stem cell divisidiBlanpain & Fuchs 2009)

Controlling these processes in cell cultures is at the core of guiding cellular fate processes towards the
specific goals, e.g. generation of high cell numbers, inddfferent 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 a(d/AaKkEI& SAXEL
1977) and has been used as a model cell line for skeletal muscle development in numerous studies
(Kislinger et al. 2005; Grossi etal. 2011; Burattini et al. 283 progenitor cell line the hdhng and
manipulation of the cell culture is straighirward as demonstrated by Blau et éBlau et al. 1983)

3.4.2 Cell-Environment Interactions

As discussed in the previoGhapter guiding the cells down and towards the specific lineages 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, neathan
forces or the flowing fluids containing different soluble compounds e.g. oxygen, GFs. These main
processes have the ability to act on the single cellin culture over different ways, where the specific cell
receptors make up the link between effectonéreaction in the cell(van Blitterswijk, Claens
Thomsen et al. 2008)

InFigure9examples for the different effectors on tleéemcells and their fates are shown. Within the
main effector céegories there are many different factors that can act on the cell. Here we have a
schematic of two cells in close proximity to each other. These kind of close interactions between cells
can keep cellsin a quiescent state as a nichgbé&sther et al. 2009)As observed by Pannérec et al.

for the satellite cells that are kept on top of the myofibres below the basal lafitaanérec et al.
2012) The illustration only shows a few examples of the different fates a cell can be determined to
and it exemphifies the vast majority of ways to influence the cell. Inside of a single cell alot of different
signals come together were the results can work together or may even be contradicting to each other.
Forexample a cell can get signals for proliferationdadifferentiation at the same time (left cell in
Figure9). Other mighbe triggered towards differentiation and even get the initial cues for apoptosi
(right cell inFigure9). This superposition of different signals can be assumed to happen inside of the
cell at all times given the shear amounedfectors on the cell in a complex cultufénallythe most
prominent signal or crogshibition will determine what pathway the cell will go down.

Onthe very basic level 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 sudasular endothelial growth factor
(VEGIHo stimulate the vessel growth around the ogtbrsythe et al. 1996; De Coppi et al. 20@w)ing

more into detail on the illustration we can observe the chemical signalling betweenthe cells (paracrine)
and the signHing of cells to themselves (autocrine) with the help of GFs. The paracrine signalling allows
cell communication in close proximity or largercultures to allow for culture wide maturation
processegDeHart 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) needs to be avoided to suppsdhe triggering of differentiation. Another common way

of triggering maturation processes is by either actively reducing the media content of GFs or create
gradients as seen intheigure9 as well(Blau et al. 1983) On the left cell all the cell receptors for the
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 folghie@nd triggers
differentiation inthe right cell(Blau et al. 1983)
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Figure9: Schematic of two cells in culture showing the different effectors and respective reactions of the cells

based on the illustration by Discher et @bischer et al. 2009)
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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
inFigurelis the binding of the integrinreceptors to the RGD sequence of the fibronectin or artificially
brought down to the matriXPuleo & Bizios 2009When establishing that link between RGD domain
and integrin receptors the presence of cations, especially calcium is of great importance. On the
cellular side the calcium can invoke structural ofp@sin the integrin receptors to improve the binding
efficacy(Lawler 1988) The binding is established by embedding the R resadilee RGD molecule
AyGz2 | Ot STh 2F GKS b AyGSaINARY YR gAGK (GKS KSf
i adzodzy Al 2F G(HuBhphlieg ét &.2000YWien kaBnih§ théidrthétlionthe receptors

are drawn together and form the focal adhesion complex (FARIs complex allows for the stable
attachment of actin filaments or referred s thedevelopment of stress fibres in ce(lShaudhuri et

al. 2015) With the help of those comples reaching from the surrounding material deep into the cell

via filaments a migration and attachment to the surface is ensured which in turn promotes survival of
the cell. With the help of these complexes the cells are also able to sense the mechapeaties of

the scaffolding material and mechanical stimulations can be successfully communicated 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. 20@jsuring the stimulation of the cell allows for all
other downstream processes like proliferation and differentiation. On the right cell itis illustrated that

a lack of attachment inhibitéie formation of FACs.

Figure9 only shows a few of the many pathways possible acting on the cellular fate. Theatkoss
between the different effeadrs and pathways is much more complex in the native ddlisgives
researchers a lot of different possibilities stimulatetheir cultures. The key is to find the effectors
that efficiently achieve the goals for the specific research question or apioinca

3.5 Sterility

Sterility is a crucial topic when it comes to culturing cellsin vitro. 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. Acleiving a successful outcome for cell experiments does not justlie with a
well-designed project and a feasible concept, furthermore one should always keep théysteficus.

All materials used, all processing methods applied should be tailored towitirlase ptic techniques

and withstand at least one sterilization method without altering the substantial propdi@esenholm

2014) Common techniquesf sterilization are autoclaving, ethanol treatment, Ught or Gamma
radiation(Ratner et al. 2012)During the work with the cell culture procedural measures, like clothing
and working in a laminar flow hood are compulsory to maintain a sterile state.

Millet et al. poposed the autoclave sterilization of PDMS to be beneficial even beyond achieving a
sterile materia(Millet et al. 2007) By autoclaving the PDMI& crosslinking process is driven further,
thus increase the average culture viability by reducing the PDMS monomer leaching into the well. The
next main material usets ABShe printing material of the 3D printerWith thisautoclaving is not
possible but due it being resistant to ethanol a sufficient sterilization with ethanol treatment is
possiblgDynalab Corp 2014)

The dginate 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 appliedtion: alginate, but
Schuster et al. succeeded at autoclaving the alginate 1.5 % weight to weightg@hiion beforehand

and still forming capillary gelSchuster et al. 20)4 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 crosslink®pppel et al. 2014)When successiully
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, stngéetools and other
additives should be kept strictly sterile as w@htenholm 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, hence their naming. Simply
put, the purpose of a microscope is to magnify theaga of a smaller sampl&his encompasses an
AYLRNIOFY (G LINPLISNIE 2F ' YAONRAO2LIS: gKAOK adlid
NI} G KSNJ GKIy | { (Gldiekl 1994) BSidihgostiat staiemebttasinve are working with

images of specimens onlyhichshould allowfor change inthe formation of the imag€Oldfield 1994)
andenables the manipulation @dhe image representation of the specimen in such away that we can
extract the necessary information for our application. With thiswe have to accept that the image itself
gAftt YSOSNI 6S | aLISNFSOI@Idifely 1994NHeBefore Ore hds to2 T i K S
understand and be aware of the limitations connected to light microscopy to be able to enhance the
application opportunities.

N>

From a singular point in the object the light rays will emanate in a wiesfashion equally in all
directions thus create a spherical wave front around the object. The condenser (optical lenses) in the
microscope are gathering that light to fortine real image in the microscope. fiigurel0A we can

see how only a small portion of the wave fronts can be caught by the Feors that the numeical
aperture (NA) results as a limiting factor of the lens itself. As expressedjuation1 wherenis the
refractive indexas relatiorof the media the lightis travelling through and the lehslenotes half of

theintake angle of the len@ldfield 1994) TheNAresults in different sizes of the airy disk as seenin
FigurelO B (Wegerhoff et al. 2006)

A

Figurel0: A) Lengbold framed objectpcceptancef a spherical wave frorfOldfield 1994)B) Airy disk patterns
of different size depending on éNAof the lens, lowNA (left) to highNA (right) (Wegerhoff et al. 2006)

NA= n $ha (1)
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More importantly what we can use tH¢Afor is to calculate the ability @ 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 system s abler&present the two points as two
points in the image plan as weilhd the distance is the quality measwtfthe optical systemThis is
referred to resolving power or resolution of the systentdagives oe ofthe most important measue

of an optical microscopgOldfield 1994)

Additionally, to theNA we have to take the wavelengtinto consideration for determining the
resolving power of a lens which has been calculated by Abbe to deteRtireminimum distance
that can be resolved by the setup. This introduces a new limitation as the wavelengtth®uld not
exceed the dimensions of the object to be obserg&ddfield 1994) More importantly is to have
anotherlook at theresolving power with respect to the magnification looking at the ABtpgation2
one can see that the minimum resolvable distance (MRDndependent 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 inereased. All we achieve is am 9 Y LJi &
al 3y A F XCdfieidABW4p$ the purpose of the microscope is to enlarge the image to alsire
is resolvable by the human eye. If we are able to magnifiMRDof the microscope to théMRDof
the human eye (0.2 mrfOldfield1994) every magnification above that will be rendered useless, as
GKS aSesS OFy I|fNBIFRe& LISNDSA GSOIlifig$199%) Furtietmdré, i o X 8
artefacts could be introduced by choosing the magnification too high.

R= O.SL

NA

, @

MRD=0.5

ax

Figurellshows a simple optical microscope with a bottom illumination anddopvn observation.

The light is focused on the object where the sae@ 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 is formed in the microscope allowing for the aforementioned manipulations of the image itself
and eventually the eye is able to form a virtual image for the observer to perceive.

eyepiece lens

real image

objective lens

object

virtual image =
i
O N lens to focus light
— illuminating mirror

Figurell: Schematic of a simple light microscdjmaging Technology Group 2015)
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Today the most optical microscopes are equipped with a digital camera containing a CCD (charged
couwpled device) chip for transforming the optidahageinto a digital image. The image has to be
guantized into pixels to allow for the composition of a digital imalg@not introduce an additional

loss of information or detail the digital spatial resolutibas to be at least equal or higher than the

optical spatial resolutiofWegerhoffetal. 2008) ¢ KA a A& SELINBaaSR Ay G(GKS
sampling interval (i.eaumber of pixels) must be equal to twice the highest spatial frequency present

Ay (GKS 2 Loivagérhoff et dl. PUOETKintroduces another part that has to be @insioned
correctly to allow for a well enough representation of the details in 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 linkateodirect setup or
dimensions of the microscope. Additionally to that there arellenges lying within achieving a
sufficient contrast in the images as well as the thickness of the specimens inves(iQatédld 1994)

With this techniques have been developed basedhe simple light microscope presented here like
phase contrast microscopy to pronounce less contrasted afi@aaging Technology Group 2015)
additional hardwae to reduce out of focus blur like the pinhole in the confocal micros¢@ysge rhoff

et al. 2006)as discussed iGhapte3.6.4

3.6.2 Immunostaining

At the basis of immunocytochemistry lies the specific interadiietweenaprobe and a targetvhich

can be utilizel for selective immobilization of particles on a surfaces, #mtibodies on specimens or to
build different forms of aggregateAdditionally to this initial binding process a signal transducer has

to be used to allow for the binding information to be convertedto an easily detectable signal, e.g. dyes
or radioactve markers. In the case of immunostaining a fluorescent dye is broughtinto the sample to
allow for imaging or intensity measurements. This information can be used for eithétajiva or
guantitativemeasurements on the samples depending on the speagplication(Wild 2013)

As introduced above the antibodies are used for their unique prope(iiésd 2013)

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

1 Sensitivity,strong binding strength between antibody and target allowing for even small
amounts to be detected

The antigen marked and identified by the assays is not necessarily of main interest of the investigation,
more over itis used as an identifier for different preser structuresn the sample. Either we want

to be able to stain specific parts of a cell or it allows for the investigation of the developmental status
of a whole cell culture by coupling to the antigens specific to the proteins expressed during
differentiation.

Figure12 shows the most commonly used methods to label a sample fluorescently for use in
immunoassays. The firstmethod involves a singular antibody with the fluorescent dye directly tethered
to it, thus it can directly be bound to the antigen and after rinsing oan perform the measurements

on the sample. The indirect coupling shown inthe middIeigtirel2includes a primary and secondary
antibody to whit the fluorescent markers are coupled to. Resulting in a-st&p 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 performing an indirect couptingxtample 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 surfa and bring in the secondary antibody into the sample solution. The antibody

19



to be measured will be trapped in between and due to immobilization on the surface as well as
fluorescentlabelling the sample content can be estimated. The last method predesteds a direct
coupling without a readily fluorescent marker thus it will only emit fluorescent light after being bound
to the antigen and after undergoing the conformational change following the binding efx&fallin

2009; Wild 2013)

Indirect Coupling

& Primary Antibody
H Specific binding to
J.  antigenand

/ \ secondary Antibody

-)%{L* Secondary Antibody
with fluorescence

Direct Coupling Chemical Coupling

E'L"x
| | 4

Primary Antibodies
With fluorescence marker

£\ Primary Antibodies
With molecule to change
conformation after binding

Sample
presenting
antigens

%®

Figure12: Different techniques used in immunostaining for fluorescently marking the expressed an{Wetis
2009)

3.6.3 Fluorescence Microscopy

The previouhapterdiscussed the topic of immunostaining atfte most common techniques
performed with fluorescent dyedt was introduced how this allows to selectively stain for specific
antigens and materials in the sample.&xtract the information highlighted in the immunostainiag
fluorescent microscope is used to selectively extractimages of the different flhores.

A fluorophore has the opportunity to emit light of a characteristic wavelength when excited with light

of a specific wavelength. The basic process of fluorescence is explained by incident photons of the light
source that excite the molecules intoghier energetic but unstable states. The energy of the photons

is absorbed by the fluorochroma fractionof that energy is translated into vibrational energy resulting

in heat developmentin the sample. The remaining energy isemitted in the form of essiemphoton

when the molecule jumps back to its normal energetic state. Thus the energy of the emitted photon is
lower than the energy of the exciting photon. A lower energy leads to lower frequencies and a higher
wavelength of the emitting photongJohn Innes Centre 2015)

The wavelengtlshift can be seen iRigurel3 for the two fluorochromes DAPI and AlexaFluor.488
With the help of those curvethe relation between absorbance and emissisisplayed. fiis can be
used to configure théluorescence microscogder the specific fluorophores.
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Figure 13: Excitation and Emission curves of fliworophores DAPI (top) and Alaxluor 488 (bottom)Mondal
& Diaspro 2014)

In Figurel4 we have the opportunity to look at the basic principle behind a fluorescence microscope.
A light sourceof 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
multispectral lighthitting on the excitation filter where it is nawed down to the necessary excitation
wavelength (shown with the blue ray) which is reflected on the dichroic mirror down to the sample
where it excites the fluorochromesto emit lights of smaller frequency as explained above. The excited
light rays are dbwed to pass vertically through the dichroic mirror and hit the emission filter
eventually. Thisemission filter is chosen to permit the passage of the wavelengths to be expected from
the used excitation frequency and fluorescent label.

Detector

Emission Filter

Light Source

Dichroic %
Mirror
v
Sample

Figurel4: Schematic showing the basic aptof a fluorescence microscofidondal & Diaspro 2014; John Innes
Centre 2015)

|| Excitation Filter
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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 thah fluorescent specific image can be taken asgrey value
representation This allows for easy handling and processing of the multiple images as different
channels. These images are easier to manipudaigrequire less computing powehence simplify
image analysi§€Chodorowski 2014)The filters and mirror areommercially availablasfilter cubes
allowing for easgwitching betweerthe channels. With this a stewise exposure of every individual
channelis achieve@sulting in an image exemplifiedkigurels.

Grey values Assigned colours Superposition of coloured images

AlexaFluor488 DAPI
(MHCs) (Cell Nuclei)

Rhodamine
Phalloidin
(Actin Filaments)

Figurel5: 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
individual image the different cell organelles of interegtre labelled with another fluorophore. Thus

we retrieve animage of the cell nuclei, the myosin heavy chains (Mk$Ggell as the actin found in

the exposure frame. After that colours can be assigned to the diffedieatinels with the help of the

used recording software as seen in the middle row and eventually a superposition of all the channels
gives the final resulting microscopic image.

When working with fluorescence microscopy different drawbacks have to be meedias indicated
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 sampl@Mondal & Diaspro 2014)The photobleaching itself is the destruction of

the fluorophore due to the energy exposure of the gy light which will limit the cumulative
exposure time of the sample and demand for working in a darkened environment. The photodamage
will have effects on the sampleitselfespeciallywhenitis a heat sensitive sample orimaging of live cell
cultures s performed. The additional energy broughtinto the culture will lead to denaturation of the
proteinsand often resultin burstingf the cells.(Magidson & Khodjakov 2013)

22



Background

3.6.4 Confocal Microscopy

After introducing the basics of light microscopy and fluorescence microscopy we can build on further
by adding the confocal microscopy into the background knowledge for the projégguinel6we can
already see the principle setup of a confocal microscope. Here we have an illumination source attached
to the side of the optical pathway through the filter cube similar to the principal setup of a Boenee
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
microscopes introduced before is illustrated on the right haite ofFigurel6. There we can see the
optical elements together with a pinhole right before the detector. Two main optical paths shown by
a blue aml ared set of rays, where the blue originates from arfofal plane and the red directly from

the focal plane. These rays are now traversing to the objective lens and only the light originating from
the focal plane will be traversing parallel througletbptical system. Right before the pinhole the light

is focused for a sharp image represented on the detector. At that stage the function of the pinhole can
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 imag@vlondal & Diaspro 2014)

r

). ’
“off-focal plane

focal plane

- . - g o 1 }
illumination !E: U< -~ = r/é

filter cube

ddtector

Figure16: Schematic setup of a confocal microscope (left); function of the pinhole (rilglathdal & Diaspro
2014)

With this techniquea scanning process is necessarpachieve a whole image of the samgalg only

one point of thefocus area will be represented sharply ithe image(Wegerhoff et al. 2006)
Furthermore jt enables to perform 3D mapping of the specimen as weatswscan through the axial
plane ofthe sample. The final imageill 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 resolutio(Scientific Volume Imaging B.V. 201Bdditionally,to the
specific properties of a confocal microscope it can be specifically expanded to accommodate for
fluorescencemeasurements by dimensioning the filter cube, light source and detector accordingly.
(Mondal & Diaspro 2014)
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Materials & Methods

4.1 Approach

The basis of the project was the idea of differentiating C2C12 cells in adimensional environment
provided by the capillary alginate into functional skeletal muscle cellghltiecomponent in addition

to cell culture and alginate scaffold would be the design of the bioreactérigurel7we can see a
sketch of the basi concept on which this project was based. The three main components of the
experimental setup are shown. On the leftwe have the alginate scaffold in a schematic showing the
unidirectional capillaries, on the right we have the c@llscultured and on theniddle bottom the
bioreactor shown as a rectangular casing. The conceptwas to develop a bioreactor 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 tfough the bioreactor and through the capillary respectively to bring

the nutrients and oxygen down to 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 a

%% C2C12 cells

|"|||i Capillary Alginate

Flow of Culture Media

Bioreactor

Figurel7: Sketch of the basic idea of the experimental setup and cell culture procedure

This herepresented project is the continuation of a student project started during the tissue
engineering courseKPOO068-TF225) at Chalmers which had a similar goal in building a bioreactor
system, with the capillary alginate to achieve skeletal muscle diffextoti of C2C12 cell$herefore,

the findings and results of that student project build a good starting ground for progressiailenwd
forimprovement of the previously used systems.

In a first step computer simulations were performed to compare thedwotor design of the previous
project with an 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 bioreactowas to be evaluated and improved. On top of these inner parameters for
the bioreactor the outside of the bioreactor was improved to address leakage problems.
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When starting to work with the alginate scaffolds it was known that the alginate bulk modificsitio
gelatin and alginate that was preoupled with RGD sequences yielded the best attachment of the cell
culturesin the previous project. Therefore, those were chosen to be in the main focus of the scaffold
development proceswith the inclusion of nevgurface modifications'he sterilization process of the

alginate scaffolds has been known to be problematic from the previous project to address this a new
sterilization method was employed.

Cell culture experiments on the surface of the alginate gelginaden to be a feasible mannerhis
allowed foreasy cell culture handling as well simplefixation, staining and imaging to assess the
culture status with respectto the capillaries and different modifications.

A detailed list of materials can be fodmAppendixL.

4.2 Bioreactor

4.2.1 Simulations

¢CKS aAYdzZ FdA2ya Ay GKAA& LINR2SO0 ¢SNB (O6méd 2 NYSR
Inc. 2015)in the designing phas@ver the course of the project th@mulations 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 @teld version of the conicddioreactor in

G/ 2Yaz2ft adz (CansKik.2005)@ne of thermain goals was to update the simulation to

a newer version for easier updating in the future and to implement the Glucose consumption into the
overall model.In the followingChapterthe design of the simulation is introduceaa 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 projedtigurel8 shows the two different models used for simulating the
conditions in the proposed Bioreactdn the left side we have arepresentation of the old bioreactor
design according to the previous project and on tight we can see the new design used in this
project.¢ KS LK@ AaAAOlIf Y2RSf & FLIWJXASR 6SNB dac¢dz2Nbdz Sy i
the oxygen distribution.

Flow direction

o

[ PDMS
O Media
[ Alginate

10 mm

Figurel8: Old rectangular Bioreactor format (left) and new conical channel design (right)
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Materials & Methods

In the previous project alginate gels with varying modifications and concentrations of the crosslinking
agentwere imaged and analystexassess pore diameter and pore densityhe scaffoldsBased on
these result§ablelgives the modelling parameters for the average alginate used in this p sgect
Chapter4.3.2 and the maximum cell number used in the previous project for estimating the oxygen
consumption of the cell cultur¢Peng et al. 2014)

Table 1: Alginate properties in the simulation

Parameter Dimensions
Pore density 30 Pores/mnt
Pore diameter 78 pm
Alginate diameter 17.5 mm

Cell number 500,000 cells

For modelling theoxygendiffusionthrough the materials the corresponding coefficients had to be
defined.Table2 shows the parameters for the three main components me@ipproximated as
water), PDMS and alginate with their respective literature sources and coefficient values. In the
publication by Kinet al. a mathematical model was created to estimate the oxygen transfer through

microfluidic devices made from PDMS and Mehmetoglu et al. investigated the oxygen transfer through
calcium alginate beads by the moment analysis me{ach et al. 2013; Mehmetoglu et al. 1996)

Table 2: Diffusion coefficients for the oxygen transport

Material Diffusion Coefficients (#/s)

Media (Water)Kim et al. 2013) 2.80e5
PDMSKim etal. 2013) 7.88e5
Alginate(Mehmetoglu et al. 1996) 2.50e5

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 moFeorresponding to the 20 % oxygen in the air.
For the curret simulation cells are solely modelled as oxygen consumers therefore sinks for the
diluted G, got placed inside of the capillariegable3 shows the values for oxygen consumption
converted into Sl base units for usage in Comsol and the respective literature s@otteNicholls et

al. and Li et al. were interested in the metdlr behaviour of the C2C12 cells under changed
environmental circumstances. Nicholls et al. measittee cells with theSeahorse XF 96 analyser
(Seahorse Bioscieac2015) from here the basal oxygen consumption of the two different
measurement seriewas usedin the publication by Li et al. the main interest was on determining the
effects of different levels of glucose and oxygen on the metabolic activity (@ #@&12 cells. The data
was measured with thBecton and Dickinson (BD) Biosensor sygtemBiosciences 2015pm here

the normoxic and high glucose (in accordance to teediculture media) oxygen consumption rate
was taken(Nicholls etal. 2010; Li etal. 2013)

Table 3: Oxygen Consumption of C2C12 cells

O, Consumption (mol/(rf*s))  Source
4.115e9 Nicholls etal.2010
9.969e9 Nichollsetal. 2010
2.288e5 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 mediais assumed saturated as well thus allows for additional inflow of dissolved oxygen from the
reservoir. The flow velocities through the bioreactoas swept over several extrema as displayed in
Table4. The first two parameters are the minimum and maximum pump speeds used in the 3D cell
culturesduring the previous projediPeng et al. 2014)Dennis et al. compiled a genegide for
bioreactors to culture muscle tissBennis et al. 2009)nd the parameters givenifable4andTable

5 are the boundaries in which a perfusion bioreactor should operate to increase the number of cells
deepin the tissu¢Dennis et al. 2009)

Table 4: Smulated flow rates

Inflow (m/s) Inflow (pump dim) Source

1.415e6 0.6 yl/min Min

1.415e7 6.0 pI/min Max flow rates used i(Peng et al. 2014)
1.415e3 0.6 ml/min  Min

7.074e3 3.0 mi/min  Max flow rates useth (Dennis et al. 2009)

Ly (GKS dzLJRIFGSR Y2RSft A yowdate8v¥ra chdsenactrding thiKexangeOa p ®
given by Dennis et ahs they were planned to be used in the 3D cell cultures as well. Additionally to

the boundary parametersio intermediate speedwere chosen to allow for better approximation of
the ideal flow speeds shown iTable5 (Dennis et al. 2009)

Table5: Simulated flow rates for Comsblultiphysics 5.Dennis et al. 2009)

Inflow (m/s) Inflow (pump dim)
1.415e3 0.6ml/min
2.830e7 1.2 ml/min
5.660e3 2.4 ml/min
7.074e3 3.0 ml/min

The oxygen consumption was now modelled as a reaction at the position of the cells in the capillaries
and it was focused on thaximum oxygen consumptn according to Nicholls et ahcidentally Table

6 showsthe oxygen consumption converted for usage in the newmodel based on thefvaha@&able
3. (Nicholls et al. 2010)

Table 6: Oxygen Consumption as reaction in the Comsol Multiphysics 5.0 model

O, Consumption (mol/(rffs)) O, Consumption (mol/(rfrs)) O, Consumption (pMol/min)
6.6468e4 9.969e9 550

The Glucose usage was estimated stoichiometrically as shoeaqjuiation 3. It got implemented in a

AAYAE NI FLAKARZY & GKS 2E&3Sy O2yadzYLJiAzg 6 ac¢ NI
reaction) but limited to the culture media only. The glucose content of the used D{&&lyma Aldrich

2015)was 24,98 rol/m3(4.5g/l).

C.H,0,+6 0,=6 CO, 6 H,00

c ~&mol § O,Consumptiol
onsumptloréﬁﬁc-}s 9 6

mol

m’ G

G 3

lucose

GC=1.1078 @0
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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. 2014yas used to draft the models and handed over tddglaVare for 3D printing

with the MakerBot Replicator 2fMakerbot Industries 2014'he PDMS was moulded3Dprinted

casts according to the attached protocol (s&ependix?). Furthermore, the retainer pressing the
PDMS halves together and the culture stands have been printed for usage during the experiments in
this project Figurel9shows a schematic of the PDMS channel to ilaistthe 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
compensatedy smoothing the inlays inner face to achieve soft meetatgs of the PDMS halves.
This in concert with the interlocking mechanism allowed for better tightness and leakage prevention
of the bioreactor.

Channel

Borders

Figurel9: Schematic of the PDMS interlocking with each other

Figure20shows the printed moulds on the left side-@) in C the smoother surface can be seen on the
sides compared to the roughness from the filamhertrusionat the other surfacesThe two halves
shown inFigure20D need to be tightly pressed together to achieve stable culture conditions inside of
the bioreactor. For this a holder system was designed as depicteidime21l

Figure20: Printed ABS moulds (left) and PDMS moulding result (right); A) Outer castwith positive inlay B) Outer
castC) Negative Inlay D) PDMS half with positive lip (left) and with wider opening (right)
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Figure21: 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 PDM$hehand fine tuneable re
screwing in case of later leakages due to pressure spikes. With the lateral ret&igenepl1(B)) a
sliding of the PDMS channelsis inhibited. The inner kigufe21(C)) together with the honeycomb
mesh structure allow for a good distriban of the force over the whole PDMS whilst letting air into
the culture chamberAdditionally the inner ring takes preventirect pressurdo be appliedon the
culture chamber.

InFigure22the bioreactor is placed in the culturing stand, a 3D printed stand made from ABS together
with a 250 ml container below. The culturing stand alébov better handling during the cell culture as
well as more stake conditions with respect to positioning of the culture channel.

Figure22: Full assembly of the bioreactor together with the culturing stand

30



Materials & Methods

4.2.3 Leakage Experiments and Flow Through

For the leakage experiments the retainegether with the conic PDMS channel was assembled
completely Figure23) and filled with water while pushing the remaining air out. The potentiklafis
bubble formation was given great attention to achieve a good representation of the desired culturing
conditions and assess the feasibility of the new PDMS channel.

Figure23: Setup for the leakage experiments with the pump system

During the flow through experimenta gelatin:alginate (1:1yamplewas inserted into the flow
chamber. MilliQuater dyed with blue food colouring was used as a flushing media to 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 adigpted fromDennis et al.
(Dennis et al. 2009)

4.3 Scaffolds

4.3.1 Alginate Gel Formation

The nm-porous gels were prepared in 100 ml beakers by filling 30 ml of alginate (1.5% w/w) solution
into them. The next stewasto spray the surface with Ca€1M) amounting to roughly-6 ml. After
letting the gels settle for 20 mins the beakers are fillpdwith additional 25 ml of Cags$olution (1M).

The last stepvasto cover the beakers with Parafilm and the whole formation process will tak&112

h.

4.3.2 Formation of Capillary Alginate Gels

The capillary alginate gels need additional steps prior to crosslinking the algihatener walls of
the beakers (100 ml) are covered with a thin layer of alginate (1.5 % w/w) solution, the svashsis
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dripped off and then they are baked in the oviam 1 h at 140 °C. After cooling off they can be used
for gel formation or stored for later use by covering with Parafilm.

The further processing steps are similar to the formation of the-porous gels. After spraying the
alginate solution with Cag(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 Ca@blution (1M) has to be performed carefully to not destroy

the meniscus, otherwise the capillary structure cannot form. To allow for cleawigg of the
capillaries the beaker should not be moved after filling up and left unattended for up to 48 h.

A detailed protocol used as basis can be found iXppendixd.

4.3.3 Modification of Alginate Gels
(a) BulkModifications

Bulkmodificationsused during this project have been gelatin or maupled GRGDSP alginate. Both
were mixed with the pure alginate at theedired weightto-weight ratios and further handled like the
alginate solution for crosslinking to capillary or rcapillary alginate gels as described in the previous
Chaptes4.3.1& 4.3.2

(b) SurfaceModifications

Surface modifications were performed with collagen or GRGE&fience obtained by BACHEM
(BACHEM 2015)The peptide sequence arrived in a freediéed powder state and was dissolvierh
stock solution of 0.1 mg/ml GRGDSP:Mi\li®er and kept at 18 °C for later usage (according to the
BACHEM costumer serviBACHEM 201p)The alginate gel used for the surface coupling protocols
was preformed 1.5 % alginate without capillaries and stored in MilliQ and fridge prior to usage.
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Materials & Methods

The first RGD couplings (s€able7) were adapted from Rowley et §Rowley et al. 1999n which

the preformed alginate gels are suspended in an aqueous solution g ml), SulfdNHSand
EDGn aratio of 1 to 2Eventually followed by the addition of the GRGDY peptide and areaction time
of 20 h. In this project it was refrained from using such a high solution of the reagents, atdNES
was added to reduce the risk of hydrolization of the EDC

Table 7: RGD surface coupling on alginate discs; protocol adapted from Rowley(Boadey et al. 1999)

Experiment Alginate discs  Quantities and Procedure
1*RGD 14 (717) NHS & EDC dissolved in MES (0.1 M) stock
surface coupling MES buffer (0.1 M) freshly dissolved

GRGDSP 0.1 mg/ml

1. discssuspendedin 2.5ml MES buffer
2. 3 pl EDC and 6 pl NHS added
3. 100 pl RGD solution
4. 20 hincubation
2d RGD 14 (717) sNHS & EDC prepared as new stock solutions 0.1M
surface coupling MES buffer (0.1 M) freshly dissolved
GRGDSP 0.1 mg/ml

1. discs placedin 15 ml centrifuge tube
2. 20 pl EDC, 40 pl sNHS and 100 pl RGD stock
added

3. Filledupto 1 mivith MES buffer

4. 70 hincubation
3YRGD 18 (9/9) SNHS & EDC prepared as new stock solutions 0.1M
surface coupling MES buffer (0.1 M) freshly dissolved

GRGDSP 0.1 mg/ml

discs placed in MilliQ (total of 2.5 ml)

500 pl of MES Bufferadded

4 mg sNH8eshly dissolved around discs
2 mg EDC freshly dissolved around discs
17 h incubation

agrwdPE
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In the coupling process for RGD experiments($eeTable8) a new protocol byife Technologies
(Thermo Fischer Scientific & Life Technologies ZD15)NJ -step @dupling of Proteins Using EDC and
NHSorSultd | { ¢ ¢ & S ) whslaltel®d/diittie necessary conditioAstivation and coupling
buffer have been mpared as described in the protocol.

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

Experiment Alginate discs  Quantities and Procedure

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

PBS 1. discs placedin 2 ml activation buffer

2. 6.74 mg EDC + 2.35 mg sNHS dissolved
in 2 ml activation buffer

Added 1 ml to each disc batch

Incubate for 15 mins at RT

Quenched with 4.22 pl-thercaptoethanol
200 pl RGD stock solution mixed with
800 pl coupling buffer

Added to one batch

800 ul of coupling bufferto the other batch
Incubatedfor 2 h at RT

Aspirated solution from the vials

9. Wash with PBS

10. Placed in MilliQ

ok w

© N

4" RGD 10 (5/5) Activation buffer NaOH adjusted to pH 6.04
surface coupling Prepared new Coupling buffer substituting PBS with HE
HEPES and NaOH adjustmentto pH 7.02

1. discsplacedin 2 ml activation buffer

2. 6.64 mg EDC + 2.49 mg sNHS dissolved
in 2 ml activation buffer

Added 1 ml to each disc batch

Incubate for 15 mins at RT

Quenched with 4.22 pl-thercaptoethanol
200 pl RGD stock solution mixed with
800 pl coupling bur

Added to one batch

800 pl of coupling buffer to the other batch
Incubated for 2 h at RT

Aspirated solution from the vials

. Wash with MilliQ; two times for 5 mins
10. Placed in MilliQ

ok w

©o N

5" RGD 6 (3/3) Same protocol and chemicals as in previous coupling,
surface coupling Sterilization of the alginate discs before coupling accort
to Stoppel et al(Stoppel etal. 2014)
sNHS 6.71 mg/EDC 2.42 mg in 2ml activation buffer
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Materials & Methods

Thecollagersurface coating was performed with a surface coverage of 5 Liggan dropped on the
prepared slides (set4.]). After incubation in the LA¥ench for 1 h the excess collagen was aspirated
and the sample washed with serum free medium (DNIEMe coating was always performed directly
prior to the seeding. The detailed protocol can be seen inAlppendi6.

4.3.4 Sterilization

In preparation to cell cultures the alginaseaffoldshave to be sterilized to allow for long standing
cultures and reduce the risk of infections. In this study a protocol proposed by Stoppel et al. was used
to achieve sterile scaffoldStoppel et al. 2014)This includes placing tlaginatein 70 % Ethanol for

20 mins and washing the slidegifes in MilliQwater 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. Sterilengork
methods apply during the whole procedure.

Detailed protocol ilAppendix3.
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4.4 Cells

4.4.1 Flat Gel Experiments

The cells have been cultured iffl&sks prior to the usage in the culture experiments. For these culture
conditions the seeding and counting protocols are attached inAppendces(8-10). The mediathat
has been used during the culture in thé-Tasks and in the proliferative phase was the Growth Media

(GM) and when initilizing the differentiation in the culture experimesthe Differentiation Media
(DM) was usedCulture media compositiorese shown below

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

Differentiation Media: DMEM
2 % Hors&erum(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 multiell culture dishes for cell experiments. The cell solution
with desired ell concentration 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 (GNlwas filled in around thgel slides.

Table9 shows an overview about the experiments performed on the flat gels prepared as described
previously. The first column gives a rough description and the wsm# title for the respective
experiment. Under specifications the motivatiarewly implementedéchniquesand methodchanges
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 séafds. Besides the seeding amounts and the theoretical cell densities
on the surface the durations of the cell cultures are given. These time points are also the time points
at which the samples were imaged. Notewortigythat after the introduction of théive-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 tplie 8 ml of GM and later contain
a lot of cells in comparison to the gel size. With this the whole culture well was filled up allowing the
cells to settle anywhere and to increase the chances of the cells landing on the culture slides.
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Table 9: Experiments in cell culture dishes
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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 filling in PDMS (mixed according to the PDMS protocol Apf2 tetiing it stin for

crosginking at room temperature for 2448 hours. After that a small piece of the PDMS was punched

out with the help of a hole punch (diameter 7 mm). These dsshere sterilized with ethanol and

rinsed with sterile MilliQpriorto the culture The culture ready alginate 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 cuttingdue to swelling in the GM a reuttingwas performedefore placing itin the middle of

the PDMS. A small drop of the cell solution of desired density was placed directly on top of the alginate

38t o0eé& dziAf AT Ay3d (GKS t 5ayb@ian arfdatRdiBdniforitie celithel & & | F
excess media wasspiratedand the whole dish filled with culture medium.

The schematic irigure24 shows acrosssection of a PDMS disturing the cell seeding process. It
displays how the punched whole in the middle of the PDMS is filled with the alginate disc prior to cell
culture. In red we can sdew the cell mediais placed as a droplet over the scaffdlt the help of

the hydrophobicity of the PDMS.

! ' O PDMS
Alginate
1 Cell Media

O Dish

Figure24: Schematic of the PDMS dish during cell seeding

Tablel0Oshows the different culture experiments performed in the PDMS disthhesmpare the bulk
modified alginate gels with respect to their influences on cell attachmgat.this many different
alginatemodification combinations were screenad shown in the columns scaffoldoR experiment
Gt 5a{ Ct ¢t b BdRuaitdthe GMwas exchanged after a few dayB®Mto test the different
effects of both culture mediaghe respective culture timdsr the GM and DM are shown in the
specifications column

The PDMS dishes were also used during the testing of the RGD surface coupling efficacy Sadwn in
11 In addition to the experiment parameters given in the previous talthesalterations of the surface
coupling protocols together with aeference to thebasicsurface coupling protocol isivgen. This
couplings have begmerformedbasedon the one published birowley et al(Rowley & Mooney 2002)

or Life Technologidghermo Fischer Scientific & Life Technologies 28 8escribed i€hapte#.3.3
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Table 10: Experiments in cell culture dishes with PDMS retainer
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Table 10 continued
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Table11: RGD surface coupling cell experiments
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Table 11 continued
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4.4.3 3D Cell Cultures
Aprotocol was put together to guide through the seeding proadtke 3D culturesSeéAppendixl4

The cell culturesin the bioreactor (as well as the previousigu$sed!.2.3Leakage Experiments and
Flow Throughhave 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 longitudsal axi
The diameter was chosen a latgerthan the diameter of the culture chamber resulting ingels around
20 mm in diameter. The gels were sterilized according to the standard proce4l@rd (emerged in
culture mediaand placed in the incubator over night for swelling and letting the media diffuse in the
matrix. It is important to cut the alginate from the central part. If we remember the spindle like
structures fom the capillary alginate formatiori{gure6in Chapter3.3.1), we can imagine that the
border of the beaker and the heightwill influence the capillary distribution in theTdedrefore the
central part of the gel will yield the most parallel aligned capillaries.

Figure25 shows the different pump and valve configurations used during the project. Where the
schematic key displays the individual components of théesysAs one can see alié¢ setips relied

on one pump and four stopocks.The three way stofgocks allowed for conveniently accessing the
system with syringes at specific spots for either insertion or extraction of medidghe two
configurations on the bottom an additional compent was added to the setup, the bubble trap. This
was chosento be done for the longer cell cultures to avoid air accumulation in the system, to have a
reservoir for more culture mediaand it allowed for refreshing the culture with new media during the
culture.

Configuration 1 Schematic Key

Tubings

W Reservoir/Bubbletrap
2

Bioreactor

-

%} Three way stop-cock

@ Pump

Figure25: Schematic of the different system configurations used during 3D 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 airin the systemas much as possible. Especially whenworking with serum containing culture
media a bubble formation can lead to immense foamifige first step was to connect the alginate
loaded bioreactor to the connectors A and B. TiBMfilled syringes (10 ml) were connected to those
connectors and the media was pressed through while holding the syringes in an upright position as
shown inFigure26. This allowed the air to entenio the syringes but not back into the culture
chamber. A turning of the bioreactor was beneficial to allow thieatraverse into the syringes more
easily. After the bioreactor was prepared it would be storedin the incubator at 37 °C; 50atT@e

culture was started.

Figure26: 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
over the different connectors (e.g. Bto C, D to A or over the pump) followed by the cell harvesting and
preparing the desired cell concentrations in theeding 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 bioreactoWhen using the hands two 2 ml syringes were connected at the
stop-cocks A and B. One syringe was empty and the other one was filled with cell solution. By pressing
the media back and forth for several minutes the cells were given the opportunity tesetb the
capillaries. The speed was tried to remain equal over the course of the seeding and a similar seeding
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 after the pump (connector D). The pump was setto a
speed of 5 or 10 pl/s and the cell solution was sucked toraatically into the system. After all the
media was out of the seeding syringe, the perfusion was immediately set to elosp@nd 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 emptylore detailed information about the seeding and other
parameters are displayed irablel2

For the seeding experiments nawing time afterwards was used, dsectimaging was supposed to
assess the efficacy of the seeding. For the culture experiments hoyweuliple waiting steps were
incorporated to allow for better distribution and attachment. An initial attachment timethe
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 depict&dgure27. This was
followed by another hour of waiting. The whole process of 5 mins pumping and turning the bioreactor
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is repeatedourtimes with atotal of 34 hours of waiting times in between. After that the bioreactor

is transferred into the culture stand, the setup modified to configuration 2 or 3 by attaching the bubble
trap to the respective connectors. Eventually the culture is started at the chosen pumpaieséer

5 or 10 pl/s (minimum flow speed according@ennis et al(Dennis et al. 2009) For furthedetalils,

refer toTablel2 InTablel2 an overviewof the 3Dcell cultures is given it is structured in the same
way as tables-91thus the specific parameters of the respective experiments can be taken fromthere.

Figure27: The bioreactor in the Incubator during the seeding process; red arrows depicting the flow direction
through the culture chamber; blue arrow showing the vertical rotation of the bioreactor

Figure28 shows an overview of the whole 3D culture setup fully placed in the bioreactor in
configuration 2 with the bubble trap being positioned between valve D and A. The red arrovilsegive
flow directions and show how the media is coming from the pump directly into the bubble trap. From
there the pump draws the mediathrough the bioreactor back into the pump.

Figure28:. A 2 NS OG2NJ aSldzLd NAIKG o0SF2NB adl NiUAy3I GKS Odzf G dzN.
2 and the flow directions of the media (red arrows)



Table 12: Cell experiments on the 3D gels
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4.4.4 Staining & Fixation

Different staining techniques have been performed throughout the course of the project. Such as live

staining, celstaining with DAPI and RhodareiRhalloidin(RP as well as MHC staining. The later ones
have been performed after fixation of the cell culture.

The livestaining was mostommonly performed before seeding the cells. The staining agent was
NucBlue and it would allow for a folloup of the cell cultures during the experiments. A detailed
protocol can be found in th&ppendix.

The gels weréxedwith either ethanol (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
Appendiced1-13 The usedluorescent stains have been DAPI for the DNA contetii®tell nuclei,

Rhodaminephalloidin for the actin filaments in the cytosol and Alexa Fluor 488 for staining the
expression of MHCs.
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5
Results

5.1 Bioreactor

5.1.1 Simulations

For simplification reasons the system was modelled as a two dimensional representation as the culture
channel was radial symmetric and the reduction of the computational load was staggering compared
to the first trialswith 3D modelsWith this multiple egeriments and parameter sweeps were possible

to easily test different conditions in 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 comparedt@ngular and conical design) as shown in
Figure29,

Surface: Velocity magnitude (m/s)

A 1676x107" A 16863x107"
=107 x10™

16

14

Figure29: Flow velocity simulation, rectangular design (left) andicadesign (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 flow by the edges found in the channel layout so th&whs to reduce the amount

of edges by introducing a more funnel shaped in/outlet. The initial entry point is still causing
disturbancesso increasing the volume of the pahamberand moving it away from the gebas
another way to reduce the strains @tginate 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 thamge according to Nicholls et gNicholls et al. 2010and with
sufficient flow, smaller local deficiencies can be compensatedHzy diffuson through the PDMS
shown inFigure30 (left). Here the minimum is 0.1999 molfand the model is completely red
estimating a full saturation of oxygehroughout the whole systenwWhen the oxygen consumption is
assumed according to Li et &Li et al. 2013not enough oxygen reaches the centre of tiginate
Figure30 (right).

moII(mzls) 6.0 pl/mln

JJ-LL
WIHIIU"\" |||uu||wlll|LH|||M|“

2e-5 moII(mzls) >

mﬂlHImum Ak IIHMHW‘” oos

O2max = 0. 2000 mol/m3 0.2000 mol/m3 °
O2min 0.1999 mol/m?3 0.0000 mol/m?3

Figure 30: Comparison of preferred and unwanted oxygen distribution showing the maximum and minimum
values; flow=6.0 pl/min; oxygen consumption-9amol/(m#'s) (left) and 26 mol/(m?/s) (right); white arrows
showing diffusive flux and the colour scheme resemblesgpatial concentration of oxygen

In the new modelling with Comsol Multiphysics 8dbmsol Inc. 2018he parameters according to
Nicholls et al were used as those seemed to be closer to the actual oxygen consumption of the cells.
SeeChapter6.1.1 for further discussions. Incidentally the oxygen results of the new model did not
differ much from the results of the first modellinthe implementation of the glucose comsption

was not successful.

In thenext step 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 usualgached steady conditions betweefl® seconds as no significant changes
can be observed when comparing t=10s and t=100s.

In Figure31the differenttime 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 diffusion into the system. With this the main paths of inflato the system are showMost of it
originates from the top and bottom of the PDMS channel. The consumption here is estimated
according to Li etalvhich caused th@xygen insufficiencieis the middle of the bioreactdiLi et al.

2013)
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Figure31: Oxyen diffusionaccording to Li et aht different time points; t=0100 s; ¢6.0-0.2 mol/m3; v=0.6
ml/min; oxygen consumption=2282 Y2f KOYHT &0T O2f 2dz2NJ 8 OKSYS NXaSvyof Ay3
the white arrows depicting the diffusive flux

In Figure32 the case of oxygen consumption according to Nicholls efNikcholls et al. 2010)s
presented Thisresultsin a different colour distribution as the need for oxygen diffusion inwards is not
aslargeas in the previous example. The steatigte conditions are reached in the sanmmé scale as
inFigure3L

t=0s

e

\HH

H Il y m

t=5s ..]

T

e ‘r_,_ } — et

Figure32: Oxygen diffusiomccording to Nicholls et at different time points; t=6100 s; ¢=0.19.20 mol/n?;
v=0.6 ml/min; oxygen consumption=4.1-8emol/(n¥is); colour scheme resembling the concentration of oxygen
and the magenta arrows depicting the diffusive flux

¥ 0.1999

The interaction of the different modelsas of interest to evaluate the importance of diffusion and
flow especially with respect to the oxygen concentratidherefore,another way of illustrating the
diffusion of the oxygen in the system was chosenFigiure33. Here the red lines display the main
paths of the oxygen diffusion into the system alongside the blue arrows of the diffusive flux. The flow
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speeds inthe two cases are different take an assumption about the model interaction. At the low
flow speedthe diffusive influxis quite equally displayed and symmetrical between inflow and outflow.
Here the diffusion seems to take over most of the oxygen transport as the flow speeds &evtimo
compensate for the usage of the cells. When looking at the higher flow speed on the right side we get
a different picture as the diffusive flug reversed compared to the case on the left at least on the
inflow. At the outflow diffusion through th DMS still is necessary to support the culture.

6.0 pllmm

| Hi||||||l||'H!|l||l||

Figure33: Diffusive flux and diffusion pathways of oxygen through the bioreactor; Blue arrows display the flux
and the red lines depictthe pathways; oxygen consumption=9®if®|/(nm?is); oxygen saturation=~0.2 mol¥m
throughout the whole bioreactor

3.0 ml/min

g

|

|

These findingsdicate 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 eitimeugh dedcated experimentsor by
observations made durirfpe project.The experimenteave been presented iGhapter.2.3and the

other observations have been gathered during the 3D cell seeding as well as 3D cell cultures presented
inTablel2

Other characterizations ahhow 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 betwBenl4vithout the dginate

gel, with the alginate gelthis amount reduced t@ inl. The addition of the bubble trap increased the
total volume to 67 ml.

TheTablebelowillustratesthe testing of the tightness of the bioreactor. It shows that a full closure of
the culture channel is possible to achieve thus it can be safely used for culture experiments.

Table 13: Leakage experiments performed with the pumpsm

Experiment 1 Experiment 2
Flow speed (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 afollowup experiment about the media distribution in the culture chamtbew through testhave
been performedresults shown ifrigure34). Which showed a good distribution of the dyed media
throughout the gel, it was assned that areas of higher floshrough would stain darker and areas
with lessflow 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 oéoth
processes besides flowthrough.

Figure34: Alginate after flow through tests; Rectangular design (left) and conical design (right)

Herea rectangular design used during the tissue engineering prdjeeng et al. 2014has been
compared to the gel in the newly designed conical bioreactor used fepttoject. The distribution in

of the blue dye seemed more equal and spatial differences were not as prominent as in the rectangular
design.

As aforementioned the leakage also has been assessed during the course of the cell experiments. The
observations saw that although a good sealing of the bioreactor is possible, when using the pump
system for perfusion, itis possible to provoke leakage when using syringes to manually pump in media.
In concertto that also the used alginate gel in the flow chambeheare adverse effects to the sealing

of the bioreactor. If it sits too loose orto high pressure is exerted on the gelit can slide down and block
the exit thus increasing the chamber pressure beyond the sealing capacity. An illustration of that
process camlso be seen iRigure35.

Inflow

Capillary
Diameter

| \
L ’\\‘HW‘\\“H Hl

Downward
Movement

Figure35: Schematic to show the overpressure results during flow through the bioreactor
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In the second 3D culture experiment different configurations of the pump system had been utilized
(seeFigure25). Configuratior2 has proven to be ta best choice for the cell experiments performed

in this project. It took the old media from the bottom part of the bioreactor thus the inflow coming
from the bubble was driven by the under pressure in 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 configuratiahbut probablyresulted in the situation described in
Figure35. Resulting in a leakage of the bioreactor and the stogks drawing in air as well as finally
depleting the bubble trap. Eventually inhibiting the usability of tbefiguratiorBinthe current setup

5.2 Scaffold

5.2.1 Alginate

The alginate has been crosslinked by the method presemé&hapterd.3.1and the corresponding
parameters, thus the achieved gels have been fairly uniform throughout the whole project. Only
exerting differences due to the beakers used or the typical variatioaseffassemby process.

In Figure36 we can observe the first result after crosslinking the alginate in the 100 ml beaker from
which the alginate gdbr later characterization and cell experiments are cut. Red food colouring has
been used as a contrast agent to verify the formation of capillaries in the alginate gels. It can be
observed that the dye is not taken up in the roapillary alginateRigure36B) contrary to the flow
through the capillary alginate getigure36C).

Figure36: Gelling result of 1.5 % pure alginate gel; A) Capillary alginate gel directly from the beaker g 40 mm
height 30 mm; on the right alginate blocks (ca. 10x10x10 mm) fromaaquillary (B) and capillary (C) alginate
with 5 ml red food colouring dropped on o

After the initial 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 sli€2snofi 1
thickness. The capillary alginate gelRigure37 (left) shows the capillaries opened towards the
observer thus exerts smoother valleys and more pronounced ridges that makes up the material
between the individual capillaries in the gel. For the gel on the rilgigre37(right)) the round shapes

are the capillaries shown froatop downviewand the material between the capillaries can be seen
more clearly than on the left sidéurthermore it displays thetypicalvariation in diameter between

the assembled capillaries.
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Figure37: Capillanalginate gel cut alonthe 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 gels cut likeigure37. Those factors are also affected by

the origin of the cut sample with regard to the crosslinked gel. As introduc€thapter3.3.1with
Figure6where spindle like capillary bundles formed thus giving vertical variatismge|l as interacting

with the beaker wall resulting in 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 propertiagere discovered while handling and cutting the alginate gels.
This seemingly depending on the amount of capillaries interspersing the hydrogel. Tiuapithary
alginate gels seem to behave more elastically contrary to a more plastic deformation betatie
capillary alginate. Nfurther mechanical testing has been performiedhis project asopposed to the
previous work of mgollaborators on capillary alginatéSchuster et al. 2014)

55



5.2.2 Gelatin:Alginate

The confocal microscopy imaging has revealed that the gélatileen distributeé quallythroughout
the gel. InFigure38one can observe theeflective as well as the autfluorescence of theelatin in
the gels.The top row shows the reflective channel of the confocal microsdbys showing an image
of the alginate gel as a whole. In the bottom whole only the afliiorescence of the gelatiis visible,
thus the spatial distribution of the gelatin in the hydrogel can be assessed.

Figure38: Result of the confocal microscopy done on gelatin:alginate 1:1 (A; B), gelatin:alginate 1:1 (C; D) stored
in MilliQ forseveral months and gelatin:alginate 1:10 (E; F, éisplaying the reflective channetdisplaying
the autofluorescence of the gelatin in the wavelength interval from-&30 nm

One additional question was if the storage of the gelatin:alginate inQAater over prolonged times
would affect thegelatin concentrationnside of the alginate gels. This could not be observed in the
confocal microscopy, because thewvgere no significant differencefound between the newly
crosslinkedFigure38A; B) and the stored oneBigure38C; D).

Furthermore SAXS measurements have been performed on the gelatin:alginate gels in comparisonto
pure alginate gelsseeAppendixl5). Similar results have beeatrieved for both cases indicating an
equal distribution of the gelatin throughout the alginate matrix.

The confocal microscopy and SAX®asurements have been performed and subsequently been
evaluated bynycollaboratorsAnna Strém (Chemistry and ChealiEngineering, Chalmers) and Erich
Schuster (SIK, SP Sverige)
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5.2.3 RGD Modified Alginate

The bulkmodification of the alginate with the GRGDSP peptidepled alginate worked well and
formed capillaries in most of the cases. It was observed that the &®@pled alginate shows a lower
viscosity at 1.5 % w/w solutions as Protanal RF@8%0e same ratiosThis might impair the ability of

the formation of capillaries in the gel. Also performing the capillary formation in beakers below the
usual volumes (5100 ml) like performed iRDMSFlatGelExg8 + 7d and 1+7d (sé@blel0) did not

form capillaries reliably. Those gels were formed in small 4 mldrsakith aconsequentlysmaler
diameter. In theseasescapillaries could not be found throughout the whole gel. Especially for gels
with higher amounts of the RG&bupled alginate, e.g. RGDA:alginate 1.1 andFiglire39 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 thek laf capillariesAlbeit being an
interesting observation the capillaries were formed reliably in any other.case

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

After performing the last RGD surface coupling experiment the other gelsfrom RGD cowphagel
beeninspected as they had been stored in MilliQ watehe fridge for 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 bulodified alginate gels were such a behaviour has not been
observed dung 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 andthe Incubator for longer periods of time a stiffening has been
observed. As soon as cells were added to the gels a decrease in matrix stiffness started over the period
of culture time. The gel used in the second 3D cell culture and redtior 7 days saéned up and it
brokeapart easily even with minimal mechanical force applied toit.
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5.2.4 Sterilization

The sterilization process usedin this project was a method proposed by Stoppel et al. in which emulsion
in ethanol with subsequent washing steps in MilliQ water was apgsedppel et al. 2014)Several
observations were already made during the sterilization process of the alginate gels. When the ethanol
treatmentwas over and the samples were transfefrato the MIliQ they would start floatingAfter

all the washing steps thus longer exposure to the Mith@se phenomenavould cease and the
alginate slides would start sinking agas.shown irrigure40a shrinkage of the gel after exposure to
ethanol has been observed in some cases, such as the fixation with ethanol or when sterilizing after
surface coupling according to the protocol used in#eRGD surface coupling HEPES/PBS.

Figure40: Alginate without capillaries from FlatGelExp4 after fixation with ethanol

The gels relaxed again by washing with PBS or when placed in MilliQ water. The changesin MilliQ have
been rather drastic as it expanded beyond the original size of the gel sample. This lead to chipping of,
breakage atthe outer rim and a softening thataeshandling without breakintpe gelampossible. In

the case of the surface modification an addition of GM helped to thegelsrom that deformation

again.

The change of sterilization and surface coupling order in thé&k6D surface coupling experinbe
helped to prevent those drastic alterations of the gels.
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5.3 Cells

5.3.1 Flat Gel Experiments

Theflat gel experiments have been performed, as describe@hapterd.4.], thus the slides were
placed in multi well culture dishes and the cell media was droppedloedifferent experimentsould
only provide qualitative estimations of the influences of the different scaffold nfigdtions or other
properties.

Figure4l shows an overview of the results from the FlatGelBk@8 should illustrate 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 thetdimeng with
NucBlue allowedi observe the progression of each single culture on a daily Fdssseries of images
was included to exemplify thbroad screening process that has been done for every culture
experiment on the flat gels. Many images were taken in every step togettiemating down the
observations to assess the trends in the culture withquantitative data.The control in this
experiment was a pia cell culture dish without any gel placed inside.

In theFigured4lgreen 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 han the substrate and will eventually lift off from the gel. Especially observed on the
alginate without capillaries where thieve-staining highlights (blughe clustering of the cells. On the
bottom right image for the RGD modified alginate the clustgrishown by theed rectanglekis
probably additionally induced due to the washing steps during fixation and staining. In this processthe
cells can easily detach from their original anchoring points.

The last three rows show images of capillary algirghs, 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 cells in the cut open capillaries could be obseeviad,
greenhighlighted images. The blue labelled cells alitgide the capillarieand 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 havehsagreat 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 whenimgntge gels without
media the cellsvere also located on the ridges between the capillaries. Indicating that also positive
topographical cues improve the attachment of the cells.
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Figure41: Overview of the FlatGelExp3; 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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After the fixation and staining process some cells have been foulhditiche dandelongatedonthe
substrate gel. When looking at the other samplestinastcells found have been ball shaped or have
been attachedo each otheiin bundles but are detaching from the substrate. Different examples can
be seen irFigure42 showcasing the different morphologies found on the alginate dalsigure42A

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
together very tightlyinteresting to noe in Figure42 B is that even without any modification the cells
were able to find attachment points which can be seen by the Idoggation of the cell bodies (in

red) but contrary to the capillary gel Figure42 A the lateral spreading igider. InFigure42C what
seems to beartially detachedells can be seeHere the cells start to clump together but slowly loose
integration with the matrixFor the last gel shown here without modification but with capillaries no
interaction with the topographical properties of the scaffold candiiserved Thesecells only form
olffta ft22aSfteé& GasAYYAYyIE 2y (G2L) 2F GKS al YLX So

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

50 ym 50 ym
2pm., P2opm

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

Figure 42: Images from the FlatGelExp3; fixed and stained with DAPI (blue)Rih@ed), imaged at 40x
magnification with immersive lens

One exceptional finding during this experiment has been an elongated fibre on the 8gnste

1:100 presented ifrigure43as a stitched image. The length was calculated to be a total of 643 um
with a total amount of 9 nuclelOne can observe the cell nuclei (bjue stretch out which indicates

the fibre like structure of the cell cluster. When compared to the one fourkdgnre42A where clear
grain borderscan be seen between the cytosols (red) of the neighbouring cells those seem to be
vanished for the fibre ikigure43indicating the beginning of fuen processes. This even watlt the
introduction of DM potentially triggered by the surface structure due to the capilldrasying the

cells together very tight

61



100 pm,

Figure43: Stitched image of an elongated fibre; on RGIDdinate 1:100 during FlatGelExp3; fixed and stained
with DAPI (blue) and RP (red); imaged at 40x magnification with immersive lens

5.3.2 PDMS Dish Experiments

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

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

The first experiments in the newly made dishes proved that the drop of seeding solution could be easily
balanced on top of the alginate géhus decreasing the chanceftdw-off from the sampleHence it

was observed that the seeding densities used previously were too high for the optimized seeding
process Every blue dot ifrigure44 is one livestained cell nucleus and the orange circle marks a
particular dense area.

Figure44: Livestained (NucBlue) image froRDM%|atGelExp2 showing the RGalginate 1:10030 mins after
seeding (10x)

These clusters were only loosely attached to the substrate and they were observed moving around the
anchor pointin a cloudike fashion. Similar observations have been made on other gels, for example

62



Results

the RGD/Adlginate 1:50 dumg the FlatGelExp2. The progression of cluster formation over time is
shown inFigure45. Right after the seeding the distribution of the cells istgeiqualover the whole
substrate, after 24 h clumps start to foimwhich the singular nuclei are not distinguishable anymore
this process increases towards the fourth day arldssin cell numbers can be observdtlseems to

be morefavourablefor the cells to attach to each othémstead ofthe alginate substrate. With this
only a few cells of the cluster keep the whole bulk down on the scaffold and eventually they will start
to float away Resulting indck of environmental cues amell death.

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

Figure45: Livestained (NucBlue) image froRDMElatGelExp2 showing the RGalginate 1:50 30 mins after
seeding, 1 day of culture and after 4 days of culture (10x)

After those firstfindings the cedbedingconcentrations wereeduced furthetto prevent the clustering
and give the cells room for proliferatioAdditionally the culture time with GMwas restricted and an
additional few days of culture withM was applied. In none of the slidesvall spreactulture could
be found even after 3days only some clusters remained on the gelBi@ge46where the cell nudei
are livestained and only dimemnants can be observeda@ayl0 of the cell culture

10 days

pm 100 pm
100 pm

Figure46: Livestained (NucBlue) image froRDM%latGelExp2 showing the RGalginate 1:5 inthe firstrow
andcontrol dish without gel in the second row; 30 mins aftereding (10x), 1 day of culture (10x) and after 4
days of culture (20x)

Seeding

Control

RGDA:A 1:5

To further investigate the theory of clustering and cell ablationgtwich to DMwas performed even
earlier in the culturing proces3his should reduce the proliferation time of tieells on the gels and
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was hopedtat T NB ST S¢ (KS & i ItdsBe vehgtheiitteBcardigefdhe subsfratdor & | &
not. This experiment called the PDMSFlatGelEkp7 d proved to be quite successful in terms of
maintaining a healthy cell culturas shown ifrigure4?.

In the control dishno alginate scaffoldFigure47 A) we can see a dense coverage of the dish,
comparable to the RGDdginate 1:2 irFigure47 B. The highest densities are usually observed at the

out rim of thegel. In C and, the cells are a bit sparser distributed 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.

Figure47: Images of the PDMSFlatGelExp 1+7d after fixation and myosin heavy chain staining; showing staining
with DAPI in blue, RP {2), and brightfield (C, D); magnification 10x

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

Only some unspecific signas few green dots throughout the diglseeFigure48) have been
observed.

RGDA:A 1:2 with Cap.

Figure48: RGDAlginate 1:2 stained with DAPI (blue), AlexaFluor488 (green) and RP (red) magnification 10x
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InFigure49 a very dense coverage of the alginate surface has been observed and a good distinction of
the capillaries was possiblBigure49 A shows two parallel aligned lines in the gel that are easily
contrasted tavardsthe background. These are capillaries that are cut open to the top and the cells
had the opportunity to form multiple cell layeraside That got apparent when increasing the
magnification irFigure49B. Whilefurther panning along the-axis of the gel it was observedthat the
cells were not only covering the surface but grew into the alginate from the beetawell

Figure49: RGDAalginate 1:5 with capillaries fixed and stained with DAPI (blue) and RP (red); magnificgtion A
10x, B¢ 40x immersed

The analysis of the flat gel cultures has been impaired by the wash off of cells. In very dense cultures
sheets of cells have been seenlying aside fiteesample on the PDMS or being half attachEy(re

50). The folded sheets as seen here make the assessment very challenging as the cb#ing ttannot

be related to the spatial surroundings of the cell anyma¥en the cells are washed off congely

the approximation of the cell numbers over the course of the culture is impossible.

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

Figure50: Wash off of cell sheets during the PDMSFlatGelExp1+7d, fixed and stained with DAP R (nes))
in A and B, brightfield channel in B; magnification 10x

The last experiment performed on the alginate gel in the PDMS dish have been the control cultures
alongside the second 3D cell culture. Here the gel was seededfor either proliferation or differentiation
experimeants comparable to the aforementioned experimentsin the PDMS dishes (the exact modalities
of the experiment can be seenTablel0in Chapte#.4.2. Although the mateal of choice has been

the RGDAlginate 1:5with capillaries the results of the previous experiment could not be reproduced.
Duiing this experiment even the controls have not produced satisfying results, after the fixation and
staining process almost no actin expression has been found in the samples. The images of the control
cultures are showing almost no fluorescence signalsheenuclei nor actin staining. Only one patch

of actin expressing cells has been found in the GM confiiigiufe51 middle of top row).
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live-stained fixed and stained

200 pm 200 pm
200 ym 200 pm 200 ym

Figure51: 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)RiP(ded); magnification 10x

GM - Control

DM - Control

Figure52shows the cellsthat remained attached on the gel after culture, fixation and staining process.
Some cell clusters are stretched out on the substrate and seem to be provided with the necessary cues
to maintain their position. Some cells formed clustéfigure52left row) and what could be tube like
structures Figure52 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

Figure 52: Images from cell cultures on the RGalginate 1.5 with the GM or DM protocol; fixed with 4%
formaldehydeand 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 auité preparationprotocols had to be assessed before starting
the cell cultures in the bioreactor. As explaine@napte#.4.3two main approaches were utilized for

the cell seeding. After the performance of the different seeding technig¢hese by hand and pump
system)the gels were cut into 4 slices and imaged with the help of the fluorescent microscope. The
cutting technique can be seenhigureb3displaying a schentia of the alginate gel inthe background
The three black linesverlaidshow the cutting lines at their respectidepths in the gel dividing the
alginate intofour slices (S#4). These have been imaged directly after cutting from the inward out
shown bythe red arrowsTheso retrievedmageswveresstitchedtogetherto the position where they
were taken on the gel sliaesulting in the images dfigure54 and Figureb5. The cells were live
stained with NucBlue angle achieve a greyaluerepresentationof the alginate in the background
and the cells are shown as white spots throughout the mabxing theassessment of the seeded
gelsitwas observed that the cells were easily distinguishabdeger clusters evenwith the bare eye.
Therefore pictures were taken with an external camera as displayédgnres6. 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 evemghout the slice thickness of

the alginate gel.

Imaging Direction

-« < > >

Bottom

Top

S4
S3 S2 o

11 mm 7 mm 2 mm 0 mm

Figure53: Schematic of the gel cutting process to assess the cell 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
(Figureb54) alargecluster of cellshat accumulatedirectly at the inflow of the culture chamber can

be easily spotted. This is once more illustrateBigureS6here the same cluster can be seen fribm

front. This indicates that lot of the seeded cells got stuck already at the inflow without even reaching
furtherinto the alginate gel.
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Slice 1 Slice 2

Slice 3 Slice 4

Figure54: Seeding by hand

Further comparing the two seeding methods the pump seeding seemed to have resulted in a better
distribution of the cells alonthe capillary direction of the alginate gels thus higher densities of cells
wereachieved further down into the gel towards thetflow. Cells lying on top (at the inflow side) of

the alginate gels can be observi both seeding methodsn additionto 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 chamber and the danger to likthee sealing densitgf the bioreactodue

to overpressure is hig.
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Slice 1

Slice 2

Slice 3

r

Slice 4

Figure55: Seeding by pump

The images presented Figure56show that the cells seemed to 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 imaging allowed for qugeodestimation of the cellular distribution eveoifthicker gels
without being limited by the focalepth of the microscope.

Slice 3 - hand

Setup
Fluorescent
Microscope
Illumination
Alginate
Glass slide

Slice 3 - pump

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 celldture ran for a total of 3 days but was stopped because of too much air leaking in the
system. The pump was running completely on air leaking in at thestoks below the bioreactor see
Figures7A. This air was released into bubble trap so no culture media was transported to the alginate.
Figure57 B shows the air on top of the alginate gel the culture chamber is only filled up to 50 % with

media and the gel started to dry out. After that first assessment the bioreactor was disassemiled
the gel investigated.

Figure57: First 3Dcell culture after 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 upge gorge airbubble visible

In theFgurebelowone can see the deformations of the gel in A and B and the accumulation of some
black remnants in the bubble trgfp Some culture media was standing on top of the alginate gel but
no flow wagperformedanymore. When looking &igure58 B the PDMS channel is clearly imprinting
into the alginate gel. The small protrusion is where it was peelsnto theexit of the culture chamber

Figure58: A) alginate gel after disassembly from the top/inflow site B) gel turned around with the bottom side
pointing upwards C) remnants at the bubble trap

The gel was cut and stained as shown in 3Bcell 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 utilizedirsthe
culture, wih the pump right before the bioreactor (configuration 3), had to be stopafer 1 day as
it could not assure leakage free operability and the culture medium started to foammaymd the
bioreactor. Afterwardshe gel was investigated in terms of callgival and distribution.

In Figure59we can observe that after 1 day of cell culture in the capillary alginate gel we are still able
to find some céls residing in the gel. Especially on the images B, D and E we can see then(tpéaced
blue dots)along the capillaries indicating that tii@ot only float on top of the gel after cutting but are
distributed throughout the gethicknessIn A and F theignals from the NucBlue cannot be related to
the topographical properties so easithefluorescent signal of the cells might originate from deeper

in the scaffold C shows the protrusiontip seenkigure58B it is challenging timage but there seem

to be alot of cells accumulating at the exit of the culture chanameia similar phenomenon has been
observedin the first 3D cell culture.

Figure59: Images showing the livetained (blue) cells of the second 3D cell culture experinadter 1 day of
culture, A/E/FBrightfield channel and DAPI channel; B/C/D only DAPI channel; Slicel in A & B; Slice2inC & D;
Slic8inE & F

Overthe course of the first 24 hours some air leakedtimgoother bioreactoand small bubbles where
showing up on top of the alginate gel. They had been gently removed after pausing the flow through
and the culture was started again. Afteat nobubble formation has beenobserved on the bioreactor
side of the culture system over the 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 ori'taysof cultue to
ensure a sufficient nutrient support to the cells. After 7 daiysell culturethe bioreactor was opened

for imaging.

While opening the PDMS channel the GM coming out was partially milky and also the bubble trap had
some milky sedimentation on theoftom. This milkyulture mediacan also be observed when looking

at the pictures of the gel iRigure60 indicating an infection of the culture. The infection can be seen
throughout the pictures and is highlighted by a blue rectangle around it.
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Figure60: A and B) Showing the alginate gel right after taking it out from the PDM@&heheC) a slice of the gel
in amulti-well plate The blue boxes indicate the Infection inside the scaffotat gel sizas described ihapter
443

Interesting to note is the clear contrast of the capillaries in the gel being flown through by the culture
media. This proving that flow throughe capillariess possible even over prolondeulture 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 experime@hapters.2.3. Thus the handling with the
tweezers as well as the cutting prior to imaging was hard to performawithreaking the gel.

Figure61 shows an image of a capillary stitched together from multiple exposures. What it shows us
is the inside of a capillary withicro sized objectandfluid flowing through. Under the microscope

the small objecthave beenobserved tomove in a selfpropelled way ore more confirming an
infection of the cultureCalcium crystals have been observedto form in the solution as well (see orange
box).

Figure61: Stitched image of a single capillary in brightfisidde; blue lines indicating the capillary borders, red
arrowshowing theinside of the capillary and orange rectangle showing calcium crystals
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Discussion

6.1 Bioreactor

6.1.1 Simulations

The main goal of the simulations in tkerms 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 distridmition
presented inFigure29 (Chapterd.2.]). 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 increas@terefore,it was necessary to judge if that wouldgatively affect the

cell culture which according to the results was not the case.

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

- 2D Simulation

- Cellsmodelled in the middlef the capillaries only as,(3inks

- Missing the culturedependent diffusivity and @Consumption

- No deformations or mechanical stimuli from flow to other materials

- Disregarded surface properties e.g. printing and gel roughness

- ldealized capillary propegs 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 sucha model g/stem, 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 consumpticswere given in literature and both were estimated with different
measurement techniquesFurthermore, the choice of surroundig parameterse.g. glucose
concentration in culture mediar culture statuss not always cleatn Nicholls et al¢(Nicholls et al.

2010) different valuedor the oxygen consumptiooan be found therefore a parameter range was
chosen in the first simulation&ventually a discussion about the different possible factors for
measurement variations in the oxygen consumption can be tied to. thss aforementioned the
measurements were conducted in different ways, either with the Seahorse XF 96 ar{alicsentls et

al. 2010) or by usng the Becton and Dickinson (BD) Biosensor sy¢temt al. 2013)Albeit both
measurement systems rely on fluorescence measurements thesizdé and other dimensions can
vary the culture conditions and impair the comparability of the two resdli® oxygen consumption

can alsovary according to the stages of differentiatigislinger et al. 2005pr other metabolic
changes caused by outer stimularis shownby Nicholls et al(Nicholls et al. 2010pr different
concentrations of glucose can stimulate the metabolism as (i.eélit al. 2013)Eventually there are a

lot of factors to be considered but a differencefolur 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.
(Kim et al. 2013bout hepatocytes and human umbilical vein endothelial cells (HUVEC) whose oxygen
consumption lies in orders of 2@nd 10'° respectively. Thus closer to the data given by Nicholls et al.
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(Nicholls et al. 2010With this the values for the modelling in Comsol Multiphy&d(Comsol Inc.
2015) was based on the data from Nicholls et@icholls et al. 2010)

The way the system is modelled at the moment setsaler 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 establiskd 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 @im et al. 2013}he 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 wdedol 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 extend the gained
results are supposed to 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 additieséimations of the culture status but would

go beyond the goals of this provaf-concept project.

6.1.2 Design of the Bioreactor

It was proposed in the hatlime report to incorporate systems for measurement and parameter
surveillance during the cell culture. doch system has been putin place to retrieve direct data about
the culture status inside of the bioreactor. There were certain things that have been reliedon, such as
the colour indication of the GM as well as the transparent design of the bioreact@miaral. This
helped to investigate the status of the flow system, as bubbles could be observed and measurestaken
to reduce them. On the cellular level the indication of the GM can teejpstifythe oxygen levels as

well as pH levels and give a rougtiienation of the culture wellbeing. Although an infection cannot be
observed in such a way. To obsemaéections,the bubble trap can be helpful as bacteria or other
material starts accumulating at the bottom of thribble trap Here a differentiation beteen plain
washout of the cells and accumulation of bacteria can be challenging attimes as well.

The inclusion of a bubble trap has been speculated before as a future improvement of the bioreactor
to give an additional mean to track the statues of thétare, both visually and as an access path for
taking media samples. It was implemented when lorgj2rcellcultureswith the bioreactor system
were performed because of previougroblems with air leakinginto the syste#dditionally, the stop

cocks wereexchanged for newly bought and peterilized threeway stopcocks. The old ones seemed

to be one source of air leaking into the systefio avoid this problem in the fututhe trap was
included buthe trap proved itseltisefulfor additional purposes.fie system was planned to be used
ina closedoop fashion, thus the overall media content would be limited to rougk®yl. By adding

the bubble trap an additional 5 ml reservoir was added to the system. Furthermore, a new mean of
checking on the culturstatus was introduced and what turned out to be even more helpfultvas
possibilityto exchange the culture media. As discussed later in the re@irapter6.3.1) a 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 asislivas all
conveniently enabled with the incéion of the bubble trap.
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Another outlook from the halime report has been the evaluation of the feasibilfythe culture
systemby 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 protocol for thes8Bding (seAppendixl4). Taking

the result of the leakage experiments and the observations during the 3D cell cultures together a
prolonged culture in the biomctor 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, resulting inthe imprinting of the PDMS channelinto the scaffold

has raised someoncerns about the dimensions of the bioreactor agaiith respect to the pre
chamber before and after the gel in the culture chamber.

In the literature the distinction between batch and continuous feed bioreactors is established to divide
between bioreator systems that produce their results based on what has been given into the system
at the beginning of the culture, batch bioreactor. The continuous feed bioreactor allows for a more
active intervention throughout the cell culture by adding new medisvadl as removing overflow or
waste(Ellis et al. 2005)The here presented bioreactor leans more towards the batch bioreactor side,
with only little intervention when exchanging the media in the reservoir/bubble trapaisdiscussed

in Chapter6.3.2for 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 beisdggure62. This
system would be put at the position of the bubble trap in a setup close to configuratieigGre25
because a direct pumping out of the bubble trap would be necessary in suopembubble trap
system The media coming from the bioreactor would first go through a filter system, which could
contain a sedimentation area wetargerfloatingparticles 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 mediain the reservoir.

l Adding reagents

From Bioreactor
( Filter (O) ®
$ Ol =>
Remnants Agitator To Pump
Waste

Figure62: Concept of a new bubble traf reservoirsystem

The mediatogether with potential air is released in the tank where the bubbles can be released in the
air. New media, other reagents or a culture media change can be performmedgh the nozzles
dropping in different fluids. A slow turning agitatet30 rpmnj in the middle of the reservoir could help

to equalize mediawith the added reagents and dilute the potential unwanted leftovers from the filter
system. Afterwards the pump ndake the new media and deliver it to the bioreactor. An additional
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access point for taking measurements of the media or add other reagents irregularly should be added

to assess the status of the culture. A similar system mighthelp to address someodithems of the
momentarily rather enclosed 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 enable cells to attach and thrive on the
alginate gel while being utilized in a flow throughHam. Thereforethe alginate also needs to enable

the possibility of media flowing through and cells growing in. As we know from the background
chapters about the cellseveral cues need to be ftiilled to allow the cells to attach well, pliferate

or differentiate on asyntheticsubstrate. 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 mairuto bring down biologically effective
modifications such as gelatin and GRGDSP ort@tha matrix.During the culture experiments the
elasticity and structural changes of the alginate has been observed as another crucial factor, which has
not beenaccounted forin the planning of the projecta great extent

The importance of mechanical stimuli on cell culturesfor development is discussed by different sources
(Chaudhuriet al. 2015; Palchesko et al. 201apd specifically the influence on C2C12 cells is
investigated(Sbrana et al. 2008; Grossi et al. 201B¢sides the specific modulations of the elastic
moduli and various parameters more basic structural properties have to be taken into consideration.
As aforementioned the alginate gel Hasen formed with the help of ionjgrocesses, another way of
crossinking the alginate would be covalently binding the hydrogel. This process is more complex and
a way of maintaining the capillary structure has to be found. Both fabrication methods mesult
hydrogels with the ability of stress relaxation but the characteristics are completely diffefbab et

al. 2010) The ionically crosslinked gel has the ability to dissociate the linkers and reform itself when
stress is gerted thus displaying plastic behaviour. The covalently crosslinked gels react to stress by
shifting the water concentrations within the gel and are able to fully recover from the deformation by
shifting the water back into the networklescribed as elagtbehaviour(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 contragitbns
support the cells in their maturation process. Hydrogels with high plastic properties could not ensure

a stable anchoring of the cells in the matrix when the cells gauge their subStratefore)  G2N\d&iLS)

from the matrix seems possible, too higtiffness on the other hand can lead to rupture of anchoring
points because the substrate cannot give into the contractiofithe cells With thisan ideal elastic
modulushas to be found to allow for lonterm cell cultures. Additionally the observatiomsade by
Palchesko et al. on C2C12 cultures on PDMS with varying elastic moduli where softer gels decreased
the differentiation efficiency compared to the stiffer géalchesko et al. 201,2nakngclear that the
RSaA3aly 2F (GKS Ft3IAyFrdS 3St KFa (2 0S LISNF2NK¥SR
assumed thatthe C2C12 cells prefeedain range of elastic modulus 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 would already idtf from the surface before reaching suféat confluency

(Wallin 2009) This is assumed to happédueto the lack of elastic properties 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. This is the line where the comparability of PDMS to alginate hydragéds
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be drawn, as the PDMS will react in an elastic matter whereas the alginate strongly depends on the
crosslinking proceséPalchesko et al. 2012)

The initial properties of the gel have to be considered with chug to achieve a welbeing of the

culture the changes over culturing time have to be accounted for as(@bHudhuri et al. 2015}-or

SEFYLE S I GNILAR RSENBREKA OEt 6z(BBrybbriit dréIEIO00ES R A dzY &
described in the literature due to the dependenon 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 alheve the C&' in the DMEM of the culture media was

usedfor crosslinkingChaudhuri et al. 2015Jhisdegradatioreffect was observedhenthe gels came

in contact witha cell cultureand cell culture medium, heiiéwas speculated thaxchange process in

GKS 3St 200dzZNNBR SAGKSNI GKNRdzZZK AYyGSNYOGA2ya
compounds orexchanged withnegetA Y RdzOA y3 A2y a adzOK | a(BerdhdRih dzY | y |
et al. 2009) Ingeneral,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 calcium ions.

Prang et al. performed th@notropic crosslinking of the gel with copper nitrate solution utilizing the
Cu*as a gelation ager{fPrang et al. 2006)To compensate for the problems mentioned earlier the
copper ions were exchanged by protons after retrieving the alginate gel. The gel was dehydrated by
pure acetone several times, immersed in 10 % hexamethylereogiasate solution with the acetone
soaked into the scaffold for 12 hours. Afterwards adgo eliminate remaining crobsking 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 hydrochiric acid solution at 1 mol/l the copper ions were substituted. This process
resulted in a metafree hydrogel and it could withstand storage in sterile PBS at pH 7.4, confirming
that no precipitation or dissolving of the gel occurs. Thus making it mategsde for cell cultures while

still remaining the anisotropic capillary structuret also a lot more challenging to produce. Especially
with the application as nutrition source or medical application the usage of a wide variety of chemicals
will complicde the approval process.

Other sources report about using a strontium salt solution as a crosslinking agent to prevent the usage
of calcium in the alginate ge(hiele & Hallich 1957)It has been showmo 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 proposedByang et al. 2006)But it would not account for

the mechanical differences between covalently and ionically boundtielsa cell culture could face
potential prodems withdetachmenin later stages of development as well.

Besides the problems with the cell attachment and weding on the alginate hydrogels a softening of

the gels reportedly impaired the feasibility of the bioreactor system. Itis speculate thindecrease
ininner strength increases the movability of the gel inside of the flow channel and as a result it blocks
the outflow. Eventually leading to a sta flow throughmost of the capillaries, blocking the overall
sealing quality and a sufficiestipport of the cells in the gel is not possible.

One problem that came up during the discussion is the classification of the alginate gel properties
depending on the crosslinking method, as aforementioned ionic linking results in plastic behaviour and
covalent crosslinking in elastic g€ghao et al. 2010)But more importantly both gels have their own
mechanism of stress relaxatigdhao et al. 2010Chaudhuri et al. on the other hand classitiesligels

into elastic for the covalently bound and stress relaxing gels for the ionically d@halidhuri et al.

2015) The problem with that is that it neglects the forms of stress relaxation in covalently bound gels
formerly observed. For the U20S cellsusedin that study the proliferatioffARdexpression had been
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are solely explainable due to the different cell lines used is operdédrate, but what it might
emphasizaes that proliferation and differentiation phase should be observed independent from each

other. This iesin with the results of this project, as theDM%|latGeExperimentl+7dshowed the

highest levels of survival ong¢hused substratesTherefore the properties of the RGDA:alginate 1.5

might be more suitable for a differentiation phase.

To classify alginate as a suitable scaffolding material one has to investigate the biodegradability of the
alginate gel as welBecase itinteractswith 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 alginate a controllable degradation of the algwatgachieved by Boontheekul

et al.(Boontheekul et al. 2005A decrease in tensile strength and weight loss has been investigated
when keeping the gel in aqueous solution together with other parameters indicating degradation
processeslf investigatedurther atuning of thedegradation process miglte possibleallowing for
calibration of the degradation process with the development and shiftin demands of the cell culture
in mind Eventually maybe even a total dissolution of lyathetic scaffold when the grown construct

is strong enoughn the work byBoontheekul et althe gels have been coupled with RGD and C2C12
cells were cultured on therfBoontheekul et al. 2005)This was just used to verify that no adverse
effects of the degradation modificatianflict 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 media and a cell cult¢Bernhardt et al. 2009)n the publication only th

cells welbeing has been investigated after cell culture, but not confirmed if the degradation processes
have been that controllable in the culture condition as veslin the degradation experiments in the
aqueous solution

6.2.2 Scaffold Modifications

The mwsitive influence of the modifications of the alginate gel has been observed in some cases like the
PDMSFlatGelExpt+7d Table10), but the most promimg results have only been produced with the

help of bulkmodified alginate gel€specially witthe pre-coupled GRGDSHginate These methods

can be easily realized as they only include mixing of the respective solutions prior to crosslinking. The
effediveness with respect to cealiteractionto the modification and the cost effectiveness is open for
debate when using this rather crude method.

The surface modifications that have been performed with either collagen or GRGDSP did notresultin
gels displging good attachment of the cells. The collagen has not Ipeesued further after the initial

cell experiments athe project, but the RGD coupling was taken up in the later stages of the projectto
achieve a higher efficiency between protein content arell 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 thienited testing with the cells asinglemeasure. 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 $tatdenoving thehighly motile
divalentions. In addition to that a surface coupling allowing for axonal 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, collagefibronectin and poly {ornithine for 12 hours. Here a healthy
culture of adult neuronal progenitor cellswas achieved and even axon regrowth was imp(iesaed)

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 during this projectisassumed to be similar to the GRGDY peptide usedin the first surface coupling
protocol that has been followe(Rowley et al. 1999) ater papers indicate a switch toward®&D

peptide with more spacer units (G) either using the GGGGRBDWley &Mooney 2002)or the
GGGGRGDSP sequef@eudhuri etal. 2015)This placing the bioactive component of the sequence
further away from the surface armbtentiallyincreasing the availability to the cell culture. In the later
process a similar process of carbodiimide coupling of the RGD wmigheate has been performed in
solutionbefore crosslinkingto our knowledge, a surface coupling as performed by Rowley et al.
(Rowley etal. 1999 as not been published by the group afterwards agaimes@nutilized by others.

Although the challenges faced during the surface coupling itliigghly advised to perform surface
coupling for multiple reasons. First the modification is supposedto help the attachmentof the cells on
the surface on the gel does it needs to be available on the top. Secondly a surface modification is easier
to control than a bulkmodification 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 couldiexp buried in the gel due to phase
separation processes. Mathematical estimations have been performe d\{gagendixL6) showing that

under the assumption of a 58m penetration depti{Rowley et al. 199%he 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 butkodification is, adding economic constraints to the proposed techniques

as well as challeging the scientific discussion 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 applicatilfe membering the results of thnfocal microscopy
performed on the gelatin:alginate 1:5.2.2page56) 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 datpdendix15). 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 proceg®eng et al. 2014-urthermore jtindicated to be beneficial for cell growth on the
alginate gel as welDne 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 inctbaseffectives 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
performed to progress with the datin.

The verification of the modification success has been performed by judging the attachment and well
being of the cell cultures on the gel surfaces. This has only been a strictly qualitative measure and
showed to be challenging to assess during thgggxt, as the wetbeing of the cells can be influenced

by many different parameters.

In addition to that many other observations have been made like changing substrate stiffness or even
the failure of the control cultures on the dishes (ControlFlatGelCalGM/DM which provided to

little cellnumbers for unknown reasons. Thus itis still challenging to keep the other parameters strictly
confined between the different experiments or even the several dishes of opergmwent.

If these other problems could be addressed and better controlled irfiuhee, then methods like FTIR
should be considered in verifying the success of the surface coating method. Here specifically looking
out for the nitrogenin the amide bond'the RGD to the alginate or in the RGD sequence itself.
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The bulk modification with gelatin has been tested with a confocal microscopeylzpllaboratos

and an even distribution of the gelatin throughout the scaffold has been confirmed. With this it got
clear that the gelatin stays in the matrix and might potentiplyticipatein stabilizing the gel as well

as supporting the cell adhesion to the gel.

6.2.3 Optimization of the Protocols

The sterilization protocol of the scaffolds according to Stoppel et a&.pnaven to be sufficient in
avoiding an infection of the cell cultures over the course of the project. The only time an infection was
observed was during the second 3D cell culture experiment. But this cannot be lirduehsufficient
sterilization mehod, as the possibilities for infection with ti8® cell culture experimentsan 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. Thesdterilization method was also
sufficient for thelarger3D alginate gels.

For the sake of the project other methods of sterilizatiaight strongly be considered to progress
with the culturing experiments and as shown now also to prevent further advietseactions with

the modification protocols. The group around Schuster et al. has been successful in performing the
capillary forming procedure on autoclaved alginate, in our lab this has only been shown possible with
the addition of gelatin to the solubn. Thus the gelatin:alginate ina 1:1 weight ratio produced capillary
hydrogelqPeng etal. 2014)

Bernhardt et al. sterilized the gels with gamiimeadiation prior to cell culture but this technique has
been used to decrease the molecular weightin the alginate solution by Boonthe ekul@¢aihardt

et al. 2009; Boontheekul et al. 2003)ith this it is open for debate if gammaadiation really serves

as a suitable way of sterilizinge gel. Théaugemerit could be avoiding chemical reactions in the gel
and the residing of the sterilizing agent in the gels especially in methods with ethanol emulsion
(Stoppel etal. 2014; Prang et al. 2Q06urthemore Prang et al. placed the alginate gels in PBS after
sterilization, thus a nosonic crosslinking technique would be necessary for achieving subsequent
washing Prang et al. 2006)

When a full sterilization of the single constituentstbke 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 @nditions but initial contaminations could be ruled out from the beginning.

6.3 Cells

6.3.1 Culturing Techniques

During the work with the projectit got clear that one main focus in establishing future cell cultures has
to be the scaffold developmenflmost all otthe cell experiments, besides the 88l cultures with

the whole bioreactor system, have been designed to test the efficacy of the different modification and
scaffold propertiesk-urthermore most of the problems that arouse during those cultures haveibee
linked back to the alginate behaviour in culture. Egamplethe not sufficient RGD modification of

the gel or the changes in mechanical properties which lead to the loss in cell numbers. Nevertheless,
during the hands on work with the many differentitures several observations were made that can
lead tothe development of culture protocols on and in the alginate gels.
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One of those observatighas been the decrease in cell numka@ound dayfour on the alginate
surfacewhen cultured in GM. Originig, alginate slides of higher RGD content were seeded with cells
and after 3 days the culture media was switched from GM to DM (during the PDMSFlatGatzxp

d). With this the possibility of differentiating C2C12 cells on RGD modified alginate wasesifgpos

be tested. But here again the reduction of the cells during this proliferative phase in GMwas observed
until the switch toDM was performed. From this the ideato seed an even higher density of cells and
switch to the DM after 24 hours of culture enmged (PDMSFlatGelEgfi+7d) With this experiment

the longest and most promising cultures have beenachieved on the RGD modified flahgedore,

it was speculated that maybe for future cell cultures in the capillary gel very high densities should b
used and only the maturation steps should be performed in the capillary alginate. This would divide
the proliferation and maturation phase completely but might have merits for later applications as well.
Ways to produce high cell numbeesuld be providd bycell cultures on microcarriers in stirretdnk
bioreactorg Rafiq et al. 2013)Afterwardgthe cells could be harvested from theaedbe seededinto
prepared capillary alginate gels &elf-aligning andnaturation. This coulthake way for an automated
seeding process and reduce theggh demand®f human interventiorduring culture and especially
duringthe differentiation processrhe methodintroduceby Mark J. Postincludes alot of handling of
the cells themselves in small quantities and the maturation procerssrfe single muscle fibre takes
approximateljthreeweeks. After that the assembly process to a full meat product is perfofiverk

J. Post 2014 Here the idea of culturing cellslargetanks and sh sequentially mature them is pitched

as well(Mark J. Post 2014)

The optimization of theeedingprotocol 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 thapillary alginate have been
performed.As hinted foithe seeding on the flat gehiswas a mean to improve comparability and
significance of theonclusionsfrom the imaging. Focusing more on the seeding in the capillthg gel
usage of the flow bioregor in connection with the pump system resulted in a good distribution of the
cells in the alginate gel. Cellere found throughout the whole volume of the alginate galowing
that a flow through is possible and allows for cell depositin the gel.

One aitlook in the half time report was to adjust the cell numbers for the seeding processes on flat as
well as capillary alginate gels. Depending on the planned cuiitues the cell numbers wergeeded

to be confluent (~500 cells/mthwhen leaving the prolération phase. For the capillary alginate gels
high numbers as possible were used to get as many cells as possible into the casawctunter
measureto the speculated loss during seeding, not fully optimized attachmentaaath due to
seeding stressTogether with the previous discussionthe case oproducing the high cell numbers
outside of the bioreactothe seeded cell numbers should be adjusted to allow for a confluent cell
culture in the capillary gel&stimating the cell numbefseeAppendixl7) based on the model alginate
used in the caldations for this project westimated thatat least burmillion cellsare necessarto fill

the alginategel with skeletal muscle fibréBeng et al. 2014; Bruusgaard et al. 20@8yregarding the
remaining satellite cellsin the fibras well as only limiting to muscle cells. Overall alot more cells and
cell types will be necessary for a tissue mimithe future.

Many challenges remain until a functional method exists for producing tissue engineering for various
applications. Whenaming from the area of cultured meat omeigeinterest would be to substitute

the currently used serum (e.g. FEBunner et al. 201Q)contributing to animal welfare, thus cutting

out animals completely from thproduction chain. Besides the ethical problems there lies profound
scientificinterestin reducing the usage of serumin culture medialahg(Brunner et al. 2010As a
product harvested from animals it has inherent batgariation in form of quhty and quantity of the
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constituents(Brunneretal. 201Ghusitismd ARSTA Y SR Y S RA {@straantzéi 2003) Y S y (i ¢
The challenges in substituting serum completely lies in addressing the wide range of functions the
serum provide in a cell culture wdre growth factors and hormones are just one small stepping stone.
Brunner et al. summed up some of the additional roles like providing amino acids, vitamins and trace
elements, proteasenhibitors, detoxification, osmotic pressure and even m{Beunne et al. 2010)

Finding reagents to take over those functions will lrigeundertaking but can contribute greatly to

the nearer understanding of the cells in culture. Our methods and scientific question narrow down
further and furtherto even singlestl assessment and interactions are studied on so small scales that
possible variations as the kb-lot quality of serum just donot seem appropriate for future
proceedings anymore.

In connection to the aspiration towards serdimee cultures some arguetiat the usage of FBS could
even increase the risk of microbial infectiar®even virus transmissigibORMONT 1999; Eloit 1999)

To address the problems of microbial infections the usage of antibioticsiiseaths 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 antibiotichould be considereds of now we already have problems
regarding the rise of multiresistant bacte(i2ennesen et al. 1998nd the amount of antibiotics used

in food production seems to be one factor for increasing the number of resistant bacteria stems
(Perreten etal. 199. Furthermore, the food could serve as a carrier for spreading those newly bred
bacteria. A problem that will also have to be addressed when designing future culture techniques in
tissue engineering. The aforementionedus transmissions not solvabe with antibiotics and
especially whenaiming to use the cultuneebducts form farm animals farutritional applications the
transfection of viruses passing over species boundaries might be a problem that would have to be
faced in the future.

On top of he technical issues to be solved one should keep in mind what would be necessary for
approving future applications of tissue engineered constructs. Quality standards thatdbede pt

very high and batch variation should be almost rexistent. Applyinghat to cells we would have to
make sure that especially in the proliferation phase the cues one single cell is exposed to be similar to
every other cell in the culturélhis criteriawould have to be addressed by a good mechanism to keep
up the suspensio(Rafig et al. 2013)r when using the microcarriers one concernraised is the quality
and uniformity of the carriers. Maybe small debris of synthetic material could end up on the inside of
the cell or in the final products, whietould raise the hurdles for approval. Taking up the previously
discussion oserum usgein cell cultures it was mentioned thétdisplays a lot of batch variations.
Trying to approve a product for food or medical applicatidmeve the quality and quantjt of one
constituent cannot be assured within reasonable boundaries witHa¢lenging in the 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 (found in tAppendixl4) giving a first guideline of how to work
when using the designed systelhich utilized the bioreactor as a seeding device for seeding the
capillary alginate gels.

Inthe 3D culture experimentshe used flow speeds have been used up to 10 pl/s (0.6 ml/min) which
was the recommended minimum according to Dennis etl2&nnis et al. 2009)This flow speed was
used to avoid wastout of the cells from the capillary gellhe bioreactors were operated in closed
loop during cell cultures because in opéoop the usage of the media would be extensive, with 36
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Discussion

ml/h and athree-dayculture would already use up over 2.5 litre of culture medasides the huge

amounts of cultue media used there are several merits and drawbacksitioer of the operating
modes.

As we know fromChapter3.4.2 the interactions between a cell and its surralingsare manifold
hence it is challenging to model the rigétivironment 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
cells is a very important sgefor 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 dqpan

we deprive the celkulture of those factors released. On tlmher hand, in closedloop mode
everything thatis released from the cell culture will be exposed to the culture again. The induction of
apoptosis through other apoptotic cells is not unheard of eiffiRaErezGarijo et al. 2013)Thus a good
balance between freshening up the media over the tiofehe culture should be found also with
respect to other culture parameters like pH or oxygen conténnew reservoir was proposed in
Chaptel6.1.2to address sme of those problems.

The cell yield of bioreactors, culturing techniques or other specific parameters is at the focus of interest
of many groupgRafiq et al. 2013; Shipley etal. 2011; Ellis et al. 2@@3heforefrontis to reduce the
amount of culture medidor producing reasonable quantities of cells with for example hollow fibre
bioreactors(Shipley et al. 2011)ying 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 keptin the lab envirorant are performed on flat stackablefflasks which are easy to
handle. Butin the culture medium itself gradients of gases, nutrients, pleanperature will emerge

due to the limited agitation and the gas exchange effectively happening at one side faske
Additional the amounts estimated for growing a complete organ 4ftagks are not feasible for
applicationgEllis et al. 2005Perfusion bioreactors like the hollow fibre bioreact&tlis et al. 2005)

are presented as an alternativer increasinghe cell yield while reducing the amount of used media.
Hewitt et al. is using stirrethnk bioreactors for sdang up purposes of human mesenchymal stem cells

to tackle the gradient problematic in larger cell cultur@afiq et al. 2013)These systemkold
promises for the production of large cell numbers and could be combined with threraémtioned

ideas. In producing high cell quantitiestside of the system andse the proposed bioreactor with
scaffold to address the need for higher orders of culture by creating toiegensional constructs for
maturation.

6.3.3 Sterility during the cell culture

The sterility inconnection to the scaffolding techniquéss been discussed befaf8ut maintaining

sterility is not solely based on the sterile scaffolds. Every single component used needs to be sterilized,

here ethanol sterilization has begaerformed quite often. This technique has shown to be efficientin

most of the cultures, and has to be kept for the 3D printed parts made fronoABtBer techniques like
EtOsterilization(Medical Device & Diagnostic Industry 198A9uld be considered to achieve longer shelf

lives The other components like PDM3ciff y St = (1dzoAy3axX aONBga SO0 02 d
1 A ( Aautodiayetogether forequally long storage.

For the future it would be beneficial to migrate more processes into the LAF bench to allow for a better
controllable sterility conditiondMleasures should be taken to allow better moving of the culture system
between incubator and LAF bench, thus reduce the risk of infections during the culture time.
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Summaryand Conclusions

In this project a bioreactor system has been designed to culture muscle progenitor cells in a capillary
scaffold. It was mainly divided into three main compartments, the bioreactor design, the scaffold
development and the cell cultures with their respeetigulturing methods. These three parts were
developed either individually or in concert with each other if possibleekamplethe cell cultures

were performed on the alginate gels, thus gaining insight into culturing techniques as well as
supporting tre scaffold development.

Atthe beginning modelling and simulation of the bioreactor was performed to assess the flow through
and simulate the conditions during cell culture. The flow profile together with the spatial distribution
of the oxygen concentratiowas 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 thratghculture
chamber. The oxygen simulations showed no sign of too low oxygen concentration during the cell
culture, but the limitations of the current model do not allow for full prediction of the real cell culture
conditions. The simulation of the diffias pathways into the system over the PDMS further helped in
developing the bioreactor system justifying the mesh like structure of the retainer.

A bioreactor setup was realised, which allows for perfusion cultures inside of the culture chamber of
the PDM channel. A leakage free operation was achieved and the pump system used allows for highly
controllable flow rates during the culture. A bubble trap was introduced into the system to eradicate
air bubbles in the system, allaingfor media exchange and &l assessment of the culture status.

Hydrogels with parallel aligned capillaries have been formed from alginate and have been successfully
modified withgelatin as well as RGD as bulk modificafidrese modificationshowed 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
for the longest culture time upoteight days. Furthermore, the spatial orientation of the cells along the
capillaries has been the best observed in this projébe surface modifications of the alginate gels
with collagen or GRGDSP have not resulted in enhanced cell growth on thetalgéeis. 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 after longer cell culture
experiments on or within the alginate gelBhe 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 aperfusion 3D cultureexperiment The bulkmodified 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 closedloop perfusion at a flow spekof 5 pl/s. After this culture cells could still be found in the
capillaries throughout the alginate gel. A total perfusion experiment without leakage and air bubbles
build up in the system was possible under the same conditions for up to seven days.

Everually, the project developed a provef-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 further as a basiitare advances.
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Future Outlook

The development of the alginate as a scaffold matewakevaluatedas the highest priority for
progressing with the presented project. The alginate together with the RGD mdabficghould be
addressed first before progressing with any other part of the system. For future experiments the
scaffold should be developed with the elastic modulus in mind and for this different crosslinking agents
should be considered. In concert withi$ 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 rolependant binding of the scaffold should incseathe
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 focusdtoe
scientific aml economical poinbf-view. ESpecially the RGD modification as it has shown the best
culture improvements when used as buflodification. Other techniques of surface modification with
laminin, collagemandfibronectinshould be considered to further increase the amoungtahulations
beneficial for cell attachment and developme#gifter achieving a successtullture,the individual
effects of the materials as surface coatings on the alginate can be investigatedes the cells as
indicator surface analysis like FTIR should be idensd to assess the modification efficacy of the
alginate gels.

Regarding the elastic moduli and stregtaxation behaviour of the substrate the cells might need
different mechanical cues during different times of their developmental stage. Cell expesinmith
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 to indicate limits of cell culturiartes.

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 capillfammation can be assured.

After these indepth investigations of the capillary alginate different progression could be:

1 Development of alginate gels for specific developmental stages
1 Remembering the discussion on seeding high cell numbers to suiletg the aligning and
3D orientation support by the alginate gel
1 Inclusion of ceculture especially when performing the differentiation of C2C12 cells with e.g.
endothelial cells
1 Development of protocols to degrade the alginate faster and allow fordeydof ECM by
the cultured cells
1 Tryingto establish serumde cultures of the C2C12 cells,
for scientific advantages and to enable applications for cultured meat production
1 Furtherdevelopment of the bioreactor system,

Change the culture chamber by ieasing the prechambers
Inclusion of the further developed reservoir/bubble trap

All the aforementionedideas could spawn many new projects performed on the basis of the proposed
system. But several side projects are imaginable resulting from the ovkealis project that not
necessarily contribute to thachieving 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 intevastof 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 gelatin in thalginate mesh could be another focus of that work. This project could be
enhanced with the inclusion of collagen as theqpreduct of gelatin.

Another project could be performed solely on the started simulations to develop the model further.
This couldallow 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 modelcbeldeveloped
furtherto allow for easier estimations in industrial upscaling projects.
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1 List of Materials
FMC BioPolymer

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

Sigma Aldrich
- Calcium Chloride (Cagl
- Gelatin
- Collagen
- C2C12cellline
- Fetal Bovine Serum (FBS)
- Horse Serum (HS)
- Dulbecco's Modified EagMedium (DMEM)
- sNHS
- EDC

-  HEPES buffer

BACHEM
- GRGDSPHGIy-ArgGly-Asp SerPro-OH H7630
Dow Corning

- PDMS Sylgard 184
- Sylgard 184 Silicone Elastomer Curing Agent

Makerbot Industries

- ABS filament
Thermo Fisker Scientific &ife Technologies

- lifetechnologies NucBlue live staining
B. Braun

- Discofix € three-way stop cock (16494CSF)

Appendi ces

PBS buffer

MES buffer

Rhodamine Phalloidin (RP)
DAPI

Triton-X 100

Ethanol

Glutaraldehyde

0.25 % trypsin EDTA
Mercaptoethanol

Sodium Phosphate (NRQ)
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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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Appendices

3 Sterilization Protocol

Source: Stoppel et al. (Stoppel et al. 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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Appendices

5 Two-Step coupling of Proteins Using EDS and NHS or Sulfo-NHS

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