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Evaluation of ELP, collagen and laminin hydrogel composites to suppostitro
differentiation of hAADSCs toward adipocytes dndells

MARIA ASTROM
ROBIN DAHLEN

Department oBiology and Biological engineering
Chalmers University of Technology

ABSTRACT

Drug discovery typically involvesstudies onanimal models as proxies for human beings
followed by three phases of clinical studies, which result in frequent late rejections due to
interspecies differencepresent moral issues and requires extensive administregmce, large

efforts are made to develap vitro drug screening assays bdsen human cells, which provide
detailed information on intracellular processes and enablethighghput analysis of multiple
drugsin parallel. Assays mimicking metabolic diseases such as diabetes and obesity are of
particular interest, due to their m@asing prevalence and due to important interspecies
differences in metabolic pathwaydowever, it becomes increasingly clear that cells grawn

vitro on conventional flat surface®ave difficulties maintaining their native, mature
functionalities andeventually develop artificial phenotypdsor that reason, we have evaluated
tissuemimicking, proteincomposite hydrogels fadhreedimensionalgrowth and differentiation

of human adipocyted er i ved stem cell s (hADSCscgls.Thewar d
proteins collagen I, laminin isoforms 411 and 511 and recomberagiheered elastihke
proteins (ELP) have been investigated in detadlividually as well as in mixes. Their different
amincacid sequences coding for cell attachment/interacatinactive material properties (i.e.

soft and hydrated) together with the thddmensional encapsulatiare intended to mimic the

native microenviroment, and thereby drive the differentiation and cellular maturation. The
metabolic activity, viability ad function of the differentiated cells were analyzed with cellular
assaysFurther the tissuemimicking samples were evaluated with Horear microscopy; muki

photon excitation fluorescence (MPEF, autofluorescence and stains), cohereBtokedi

Raman scattering (CARS;ellular lipid content) and second harmonic generation (SHG, collagen
fibers). The assays and MPEF microscopy revealed that cells do not thrive in the ELP hydrogels
crosslinked with amineeactive THPC, probably due to cytotoxicity betcrosslinker and as the
hydrogel seems not to permit cellular expansion. In contrast, cells in collagen and collagen/ELP
matrices were successfully differentiated into adipcetiites cells, confirmed by the presence of
excessive amounts of lipid storeslocalized with perilipin. Insulifpositive cells were found in

the collagen and collagen/laminin matrices. Hence, different collagen mixes teedra
promising hydrogel materials fahreedimensionalgrowth of hADSCs for metabolic drug
screening.

Keywords: 3D scaffold,Ad i p o c-gellse @llagerh diabetes, ELP, hADSCs, laminin,-non
linear microscopy, obesity



ABBREVIATIONS

HAC
CARS
DMEM
ECM
ELISA
ELP
EthD-1
GSIS
hADSCs
ICC
LM
mADb
MPEF
NaOH
OPO
pAb
SHG
THP
THPC
W1t%

Acetic acid

Coherent AntiStokes Raman Scattering
Dulbecco's Modified Eagle Medium
Extracellular matrix

Enzymelinked immunosorbent assay
Elastinlike protein

Ethidium homodimed

Glucose stimulated insulin secretion
Human adiposelerived stem cells
Immunocytochemistry

Laminin

Monoclonal antibody

Multiphoton excitation fluorescence
Sodium hydroxide

Optical parametric oscillator

Polyclonal antibody

Second harmonic generation
Trishydroxymethyl phosphine
Tetrakis(hydroxymethyl)phosphonium chloride
Weight percent
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1. INTRODUCTION

Throughout thehistory of modern medicine, scientists have tried to understand diseases that
causediscomfortor eventually could lead to death for the patientsnfiained untreated. With

all diseaseghat are still uncured today it is easy to overlook the improvementidiiabeen
accomplished for human health. By global immunization, Smallpox has been erddicated
vaccination coverage of diseases such as Diphtheria, Measles lendyRbtis reached 84%

in 2013% Further, alleviating medicines have been developed for many other diseases
enabling the patients to live a long and high quality life.

Diabetes Mellitus, or short diabetes, is an example of such a disease that has not yet been
cured but is treatableowadays. In 1869, diabetes was still a dreaded disease with deadly
outcome. It was at that time Paul Langerhans, a German medical student, examined a sample
of pancreatic tissue and observed clusters of cells within the tissue which had an unknown
function Later, it was revealed that these cell clusters played a huge role in the understanding
of diabetes since they contdircells, the insulin secreting cell type

The next breakthrough in diabetes research was attained in 198& Banadian doctor
Frederick Bating and his assistant Charles Best who conducted experiments ofi Bpgs.
removing the pancreas of one dog, the animal started ®lagetypical diabetes symptoms
i.e. excessive drinking and urinating while also having high blood sugar levels.
Simultaneously they extracted and isolated a substancelimpancreas of lmealthy dogAs
the substance was injedtinto the diabetic do@r. Banting and Mr. Best could observe how
the blood sugar in the diseased dog droppetitiae overall health improved@hrough further
purification and intensive work the team enabled the first diabetic person in history to be
treated by insulin shots ithe beginning of 1922 This was a major breakthrough and the
starting point of modern diabetizeatmenf The discoveries in the 1920's have saved
millions of lives during the years but since diabetes is such a complex disease it is not
completely understood and mapeople still die of it as a primary cause. In 2012 this number
were estimated to 1.5 million wordide.® More knowledge about the disease has revealed
that even thoughnsulin injections help with the primary symptoms, it does not prevent
secondary diseases. These secondary diseases can be cardiovascular diseases such as heart
attack7s and strokes or kidney failures due to excessive blood filtration during high blood sugar
levels

Diabetes can be grouped into different types, with onpg tiyand type 1l discussed in this
work, and are categorized by tbause of hyperglycemia (high blood sugar). The causes of
type | diabetes are still debated but characteristic for these patients is that they rely on
exogenous insulin replacement due to lack of own production. In the majority of the cases this
is becaus®f an autoimmune response caused by a series of defect functions inside of their
bodies in places such as the thymus, boneanaimmune system and tlesulin producing
bi cells®® Type Il diabetes comprises 90% of all cases of diabetessaftmhracterized by the
incapability for the body to utilize insulin ithe blood stream and failure of the pancreas to
compensate for this inabilify.This diseaseype has been considered as a disease only
affecting adults but in reo¢ yeas, cases of children with the diseabave also been
reported:’ Obesityand inactivity are risk factors highly associated with type Il diaBetes
therefore also a trigger for secondary diseases. As obesity and type Il diabetes accelerates all
over the world more scientists focus their research on studying the adipose tissue and their
adipocytes® In 2014, the World Health Organisatiestimates that 600 miiin people suffer
from obesity with a bdy mass indexabove 30 Even though many of the cellular
mechanisms connecting obesity to the effects on insulin resistance and diabetes have been
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investigated®, medicine to reverse the illness remain to be discovered. A healthy lifestyle
based on diet and physical activity has shown to be the most effective way to reduce the
symptoms and improve glucoseldrance? Treatment with substances that manage
hyperglycemiahave alsobeen investigated and shown positive results on cardiovascular
diseases connected with diabetes type I, but remain sparse regarding diabete¥ fipe .
adipocyte cells in adipose tissue increase in size during weight gain and triggers a state of
chronic inflammation with metabolic changes as re$ulo study these changes and enable
drug screenings on these cells, improvedcels to attain mature adipocyt@s vitro are
crucial

To get a better understanding of how drugs affect diabeteektdddisease vivo, it is
desirable to develop reliable vitro drug screening platforms which enable characterisation
of diseaseedated drugs. Normaltwo-dimensional 2D) substrates for cell studies do not
provide the complexin vivo microenvironmental effects, such #g extracellular matrix
(ECM) and matrixcell interactionsBoth adaptation and lack of stimuli from all directions
this nonnative topography have shown to change the cellular behaviour and stfiflitte.
threedimensional 8D) scaffolds, the ECM can be more explicitly mimicked and more tissue
like resultscanbe obtained’

In this projectevaluationof how 3D hydrogel scaffolds formed by mixtures of elatika
protein (ELP), collagen and laminin affect human adiptes@ved stem cell$hADSCs) were
performed. ELPs provide mechanical and biological similarities to the etagtiieCM, as
well as containing cell binding sité$This sequence is a fibronectin derived motif with three
specific amino acids #&-D (arginine, glycine and aspartic acid) which provides attachment
sites for cell$® Collagenis a major component in the ECidr adipocyte tissue meanwhile
collagen IV is the most abundant isoform in pancf@asmininsare glycoproteins which are
a major component in the basement membrane in the pancreas and an important regulator for
cellular function®

1.1. Aim

By mixing different amounts of ELP, collagen aftaminin the aim of the project is to
evaluate the best suited composition for proliferation and differentiation of hADSCs into
adipocytes and-cells. Structural examination of hydrogels and cells will be perfonwitgd
microscopy techniques (CARS, SHGJPEF and confocal) complemented with <ell
biological assays to verify cell viability, metabohctivity, tissuelike functionalizationand
differentiation.

2. BACKGROUND

This section describes the tissues involved with the cell types investigated and proteins
important to these tissues. The differentiation process of the cell types are also described, as
well as the microscopy techniques used to analyze the results.

2.1. The adipose tissue

The human body containao types of adipostissues with distinctlglifferent task&, brown

adpose tissue (BAT) and white adipose tissue (WAT). BAT exists to keep a balanced body
temperature and produce heat when the body is experiencing cold temperatures, by
metabolizing fat. WAT is instead responsible for energy storage. BAT is morphologically
different from WAT mainly by the lipid droplet structure in the cells. BAT adipocytes contain
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several smaller droplets while adipocytes in WAT contain one single lipid droplet covering
almost the entire cytosolhe focusin this projectwill be onWAT, which is more abundant

in obesity related aspects and also the main target for drug discodvesytype ofadipose

tissue, as mentioned, is to store fat when intake is larger than then the metabolic output.
Storage is accomplished by either lipogsis or ugake of fatty acidsand in times of
deprivation of energyWAT mobilizes the fatty acids by lipolysis. WAT is located in
different areas in the body as inwhdomnal tissue (surrounding organs) or subcutaneous
tissue (under the skinfExcess fastorageis linked to diabetes type*fland inflammation in

the adiposetissue This inflammation alters the behavior of the adipocytes and other
constituents of the adipose tissue. Obesity is lately considered to be an inflammatory disease
of the white adiposedssué” and questions regarding how inflammation starts and how to cure
this state on a cellular level need to beveered. Large scale geexpression studies have
shown that typical macrophage genes arestrdibed in adipocytes of obesgce™ and that
macrophage recruitment during weight gain may lead to altered adipocyte function such as
insulin resistancé® A drug screening model with mature adipocytes might play an important
role in better understanding the regulatory mechanismsféeuseof possible drugs.

2.2. The human pancreas

The pancreas is an organ which is considered both an endocrine and an exocrine gland in the
human body. Its exocrine functioris to aid the digestive system by secreting enzyme
containing pancreatic fluid into the small intestfheThe endocrine compartment only
contributes to 2% of the pancrea but is governed by cell clusters, called islets of
Langerhang® These isletssecrete hormonewhich are responsibléor the maintenance of

blood sugar homeostasfsThere are five different cell types in the islets of Langerhans, all
characterizedbyite i r secr et e-dehbs mpn e d ucélle segdielinsuirg o n ,
cel | s gener at-eells sexmeta ghodin ant iRBIls prdduce pancreatic
polypeptides® The principal constituents of the islets areh ec efl | s -cebismhich U
approximéely constitute54% and 3% respectively of the total cell mass in human isfets.

All these cells work together in a highly regulatory manner by activating and inhibiting
cellular secretiorupon exogenous signalifgA high blood glucose concentration activates
insulin production which in turns activates glucose uptake by cells in the peatfigheh as

liver, muscle and adipose tissi@sThe endcrine pancreas also expresses vascular
endothelial growth facteA (VEGFA) which promotes capillary growth within the tissue
supplying the endocrine compartment witlp to 57 times as much capillaries as the
neighboring exocrine compartmeitThe highly vascularized network also provides an
environment wheré-cells are closely interacting with-2 adjacent capillarie¥. Each of

these capillaries is surrounded by a basement meml§Bivi which provides structural
support and influences cellular functions. The BM is a thin layer composed mainly of
laminins and cllagen IV, which seHassemblanto a network andre connected with each
other by nidogen®’ It has been found that the BM embedding capillaries in humans differs
from the BM found in nie® Otonkoskiet al found thateach vesseh miceis surrounded

by a single membrane but in humans each vessel is actually embedded by two layers of BM,
each with a specific composition of proteins. The endocrine BM sheath in humans is solely
exprﬁssing laminin isoform 511 while the vascular sheathesgps both laminin 511 and
411:



2.3. Extra cellular matrix protein overview

To mimic the native ECM hreeproteins have been used in this project. Collagen and laminin
are two extracellular proteins and ELP is a bioengineered protein with similarities with native
elastin.Thesethree proteins are methoroughly described in this section.

2.3.1. Collagen

There are more than 20 natural collagen types, and even more proteins exists that expresses
collagenlike domains* Collagen constitutes to almost 30% to the total protein content in in
our body and is the major insoluble prot&iiCollagen I, IV and VI are the most abundant in
adipose tisstf, where collagen | is a fibril forming collagen, collagen IV forms multi
tetramer complexes and collagen Virfar beaded filaments. Disregarditng structure of the
collagen type, the main purpose oflagkens is to help various body compartments to tolerate
and cope with stretching of the tissieCollagen | polypeptides forms triptranded
molecules in the cell and are thereafter transported to the extracellular space where they
spontaneously forms fitls after C and Neerminus cleavage by proteadé®8ecause of its
abundance in adipose tissue, collagers Iregarded as a suitable protein for hydrogel
formation for adipocyte studies, since it mimics the ECM and therefore provides similar
extracellular cues. Collagen | is widely used in hydrogel fabricitiorsince it is easily
extracted from animal tissue. With its fibrous structure that is detectable witlinean
microscopy’® (SHG) it is well suited for hydrogehatrices in this project.

2.3.2. Laminins

Rupert Timplet al. first discovered laminins (LM) as a constituent of BM in 18#8hen
investigating protein contendf mouse sarcomas. Laminins hasgce then also been
identified in humarfs and in lower species such as worms and fruitfié&he preservation of

laminins throughout evolution indicates its importance for normal development and function
which is confirmed by experiments with knockout mice possessing severe defestsnins

are letrotrimeric glycoproteinscn s i st i n-g - @flo-cleam.eTo tateat least 19

isoforms have been identififdand ech isoform is named according its canposition of

these chainse.galmi ni n 111 i s c ospghmiss dhe bermitus diffels 1 a n d
depending on isoform but generally they can be described to possess a globular(diNinain
followed by a tandem laminin epidermal growth fadtke domain However, they all shra a
characteristic @ er mi n al end composed of five h-omol og
chain. The three chains entwine and form a ceil@tiresulting in a ¥shaped structure. An
interruption of a few amino acids within the coHedil has beenloat e d -ohain whiche b
therefore is cal?Lladinins seassénblmand foma 2D nekvarlo Hy .

mutual binding of LNdomains® Even though the first protein in the laminin family was
discovered 36 years ago, it was omlyli997 that Laminin 411 and 511 were characterized

Laminin 411, a 56%Da" protein, has been identified agruncated protein lacking the =N

domai n -chain, efleaivelyJreducing the number of possible binding sites and may
therefore negatively influence the saffsembledtructure’* Laminin 511 on the other hand

is a 766kDa* isoform which seems to have an elongated 8 r mi n u-shain’f t he U

2.3.3. Elastin-Like Protein (ELP)

Elastin is an important extracellular protein giving flexibility in body tissues. EHiken
proteins(ELP9 are recombinant proteins with varying properties that are becoming of interest
for biomaterial production. Advantages include the possibility to produce tunable hydrogels
with determined stiffness depending on cell type investigdtadother advantage is the full
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control from gene to product which reduce the b#&tebatch differences found in other
hydrogel materials such as MatridIThe risk of contaminated samples due to animal
harvested proteins is also removed with this production control. ELP, developed at Stanford
University (Heilshornbiomaterials group), offers these possibilities. Several cell types have
been investigated within this scaffdfdof which some show promising results in both
proliferation and differentiation. The adhesion site for cells normally found in fibroffectin

the RGD sequence, consists of the three amino acids Arginin€&lRgine(G) Aspartic
acid(D), is inserted into the protein sequence. These motifs have shown to promote viability
and a more spread morphology of different cell ty}85A type of membrane proteins in
cells, integrins, recognize the RGD sequence and this provides the cells with anchor points,
signals fo migration and polarity, differentiation and other sigrfals.

2.4. Tissue specific differentiation

Two different differentiations of hADSCs have been performed in this project, one toward
adipocytes and one towabecells. Backgrouneéxplainingboth everd arepresentedbelow.

2.4.1. Adipocyte differentiation

Two steps in the differentiation process from stem cell to adipocyte have been charatterized.
Determination phaseStem cell conversion into cell lineage committed to adipose cells. At
this point the ability to differentiate into other cell types than adipocytésstisbut typical
adipocyte characteristics are not yet develdBedifferent words to describe the stem cells
isolated from adipose tissue have been used, which may lead to confusion. The word
preadipocyte has been used in the field leading to misinterpretations, since tharecells
multipotent and can differentiate into several cell ty385Therefore the terminology in this

thesis will be kept to hADSCs for theest cells used. Cells with some degree of
differentiation toward adipose cells will be referred saadipocytdike cells.

Terminal differentiation phaséviature adipogenic markers are developed. Morphologically,
lipid droplets forms and the shape of tbells turn more roundThey start to produce
molecules needed for adipogenic processes as transport, insulin recognition and secretion of
specific proteing?> Over 2000 genes are connected to adipocyte behavior and regulation
which have to be activated or silenced by a cascade of events during differeffitien.

most important transcriptional ahges include the proteins C/EBP a n d -0C/ tEB&Pt ar e
early induced in adipocyte differentiatiohThese then induce PPAR a n d -UC/wEhBiPc h
are responsible for the consequent activation of several downstream factors that are important
for adipocyte behavic PPARo i s t hough confirmed as the
since no adipocyte behavior is seen if itnist present’ There are bih similarities and
differences betweein vitro differentiated adipocytes and adipose cells matunedivo.
Lipolysis, insulin stimulated glucose uptake and lipid accumulation occur inbegttro and

in vivo adipocytes®> One major morphological difference betweinvitro differentiated
adipocytes and mature adipocytes is the lipid droplet arrangemevitro adipocytes have
multiple lipid drgplets and comparably large cytoplasmiolume, where as a mature
adipocyteusually have one large single lipid droplet covering almost the entirplagto®*

This difference suggests that protocols to fully differentiate adipose derived stem cells to
mature adipocytes needs improvement. Toaild lead to the understanding of the
mechanisms behind adipogenesis and drive cellular experimerdsufpiscreeningorward
Terminology in this thesis will ben vitro adipocytesor adipocytdike cells when the
morphology resembles that with multiple lipid droplets. If comparad tavo adipocytes the
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term mature adipocytes will be used to refer titsaeith one large single lipid dropldtigure

1 shows an illustration of lipid accumulation from stem cell to matuigoagite. In the last
stage,one large lipid droplet covel@most the entire cell and the third stage resembles the
phenotype oin vitro differentiated adipocytes.

Figure . 1 | l ustration AAdi po gNucleus
(purple) and lipid droplets (yellow). © 2013 Gary Carlson,
permission to use aiven 2008-05. www.acarlson.com

2.4.2. b-cell differentiation

The differentiation of hADSCs towardslike cells has been charad#ed in a stepwise
differentiatiort® since the hADSCs are multipotent mesenchymal stroma ‘cafid needs to

be driven towards endodermal cells in order to become insulin producing.®ellkis has
beenachieved by first growing the cells in three different media, in this report referred to as
M1, M2 and M3. In the first phase of the differentiation these cells needs to become definite
endoderm andhre thereforeexpose to M1. In this stagethe cells starto express HNF
3/FoxA2 whichis a typical endoderm markeAt day three of differentiatignmedia is
changed to the taurine supplemented M2 medium. Taurine is -®ssential amino acid
which has been shown to baimportant factor fob -cell development anchaturatior™® By

this phase of the differentiatipthe cell will start to express PDX1 amtkX6.1°° which
indicates pancreatic endoderm staijiéer two days otulturewith M2 another media change

is made expasg the cellsto M3 medium throughout the remaining time of the
differentiation. By the end of differentiation the hADSCs have becbrike cells with
upregulated expression of the transtoip factor PDX1 which is involved in pancreatic
developmentwhile also expressingheir own insulin upo exogenous glucose stimuln |
Figure2 an overviewof the differentiatiorschemeas presented.
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Phase 1 Phase 2 Phase 3
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Figure22.An overview of the diff er e-ke ceblstTheotime limaefinesthe
days of culture. The three different phases during differentiation all involves a specific growth medium.

2.5. Microscopy techniques

This section explains the different microscopy techniques used in this report in more detail.
First Multiphoton excitation fluorescend®PEF) is explained, followed by Coherent anti
Stokes Raman scatterif@ARS) and lastly Second harmonic generat(@HG). Figure 3
describes, with Jablonski diagrams, how electrons are excited and how measureable photons
are generated in each method.

— 5
K~
< S -5
YW A 7\ e Virtual i Virtual
states
SRR " iy Pt ? states
- _ | _ _ W YW i
A Virtual S p| . — =
|7 | T T state P t rl g | w A -
u [o] o t
AV m k b o B 2
P e el k
S e
y |° S— (T -
A So v o
So
MPEF CARS SHG

Figure 3. Jablonski diagram for the multiphoton excitation fluorescence (MPEF), CohererBtakés
Raman Scattering (CARS) and Second harmonic generation (SHG). The ground state and excitec
the electron is denoted &d S regpectively. The dashed lines illustrate virtual states. The waved ar
represent the incoming and outgoing photons.

2.5.1. MultiPhoton Excitation Fluorescence (MPEF)

In conventional fluorescence microscopy the illuminating light passes through a filter which
selectively only passes wavelengths which excites the fluorophore of choice. The emitted
wavelengths from the molecule pass through another filter selective foentngsion
wavelengths. Internal conversion within the molecule causes energy losses resulting in lower
energy photons emitted than those which excite the molexyleenomenaalled theStokes

shift.°* Confocal microscopesnly detect light which is emitted by the fluorophores at the
focal plane within the specimen. This is achietgdiinholes placed in éhfocalplane of the

rays emitted from the specim&nDue to these pinholes, rays that are not in focus in the
sample will not be in focus at the pinholes either Hmatefore mostly excluded from the
detector® Another advantage with the pinholes is that the point spread function is reduced
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which improves the resolutidi.In this kind of setup a fluorophoreis excitedwith one
photon of specific wavelengtiwhich iscalledone photonexcitationfluorescence.

In MPEF on the other handwo or more photonsire absorled and excite an electron
within the fluorophoe. Lessenergetic photons in the infrared rarmggn be used to reach a
similar excitation compared the single photon excitationrhis techniqueallows for higher
depths ofpenetrationand less scattering in threample Additionally, photo damage and
bleachingare reducef* The emission process after internal conversion is the same as for
conventional fluorescence microscopy and hemicen the electron returns to its ground state
a photon is emitted witHower energythan the sum of the ingoing photdtisMany
endogenous cellular components emits fluorescent signals when exposed todiglstofct
wavelengttf® According to Monici, oganelles such as lysosomes and mitochondria
contribute mostd this autofluorescence since they contain mgésc of certain properties
such as the pyridinilNADPH. Zipfel et al. have reportedseveral endogenous molecules
excite(:{ﬂin twephoton micoscopy that also emits photons with wavelengths in the green
spectra.

2.5.2. Coherent anti-stokes Raman Scattering (CARS)

Chemical bonds have characteristic vibrasibfrequencies, which depend on the atoms as
well as the type of bond between thdmRaman microscopthese properties are measured
as a change of frequency of an incident photon, cafielstic Raman scattering. A laser
illuminates the sample and somiethe light shifts in frequencyt a molecule absorbs energy
from the photon the outgoing light is retlifted compared to the ingoing light, and called
Stokes scattering. If the photon absorbs energy from the molecule the light-shifled
comparedo the ingoing light, and called artokes Raman scattering. Thkift measured
over a spectral rangean be seen as a chemical fingerprint of the molsdunl¢he samplé®
Since most of the light is unaffedtend transmitted through the sam@@man microscopy
requires long integration times and high laser powers which for living systems is a major
drawback® CARS microscopy overcomes theoptems of weak signals since the molecular
vibrations are coherently driven by a wave mixing process consistiagoump beam(),
Stokes beanmss) and probe beam¥(,) which usually have the same wavelength as the pump
beam If the difference betweem, and ¥s correspond tahe energy ofa Ramanactive
vibrationalbond an antiStokes signalr ,9 is generatedccording to:

5 5 05 b (Eq. 1)

This signal is considerably stronger than Raman scattalimging visualization bunlabeled
samples with high chemical sensitivity. CARS is specifically good at imaging lipids
commonly found in cells and tissues which are often hard to visualize due to their small size
and difficulties in labelling without altering their properties. Adipose &sdor example,
contains a lot of lipids with multiple GFgroups which have a mational signature at 2845
cm™.’® With CARS, both transmission and refi@ece setups are possible aril €ctioning
is possible, granting visualization of thick samples, up to 4®0° The outgoing light is
easily distinguishable from fluorescence and Second Harmonic Generation (SHG) due to its
higher wavelength where litaslow disturbaace from other light. One limiting aspect of the
method is the so called noasonant background, giving low signal to background ratio in the
detection. Weak signals from objects smaller than the optical wavelength are therefore better
detected in the epilirection where backscattered light gives a strong sign&arly
improvements of the CARS miciapy technique was performed Bymbuschet al.”> when
introducingnear-infrared pulses, high numerical apertiamd an optical oscillator/amplifier.
These longer wavelengths, compared to earlierdarethe visible rangesoftened the phase
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matching condition making©ARS microscopy possibl€ This also reduce the Rayleigh
scatteringmaking it possible tamage thicker sample&?

2.5.3. Second Harmonic Generation (SHG)

SHG is a lightmatter interaction, where the matter facilitates a frequency doubling of the
incoming light waves. Frequenalpubling results in half the wavelength of the origin photon
according to the formula

]} - (Eq. 2)

where & corresponds to the wavelength, c 1is
nonlinear signal of the SHG is in the order of the square of the incoming laser intensity, which
gives signal mainly in the focus of the objectiviecal the power is highest there. This enables

high depth 3D imaging® From quantum mechanical equations it can be understood tha
resonance only occurs in neentrosymmetric structur€sand it is therefore suitable for
visualisationof nonlabelled collagen fiberahich comprise these characteristics.

3. METHOD AND MATERIALS

This section first describes the methods and materials used for the differentiation processes
Afterwards, each ofhe cellular assays performed in this project explained Finally, the
multimodal microscope, used for visualizing the samples, is described.

3.1. Adipocyte differentiation

Differentiation of hADSCs towards adipdeg was performed in two stag@&gure4).** Two
time points have been performed for each seedifige first ane was donebefore
differentiation mediavasadded at day,2o analyze cell proliferation at an early staghe
secondtime point was performedat the end of theprotocol at day 13to evaluate
differentiationand viability.

o Terminel 3
[ hADSC= ] 3 [D“:"h:':"m & [d'rff::::ﬁm B [M"’c‘:’,:m I
phase

| | | -

I I I
Day-1 Day2 Day9 Day13
Seeding DM-2 media AM-1 media Protocol

completed
Timepoint 1 Timepoint 2

Figure 4. Schematic overview of the procedure for differentiation of hADSCs toward adipocyte
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3.1.1. First seeding i ELP/Collagen hydrogels

The first seeding evaluates the impact on cell proliferation and differentiation of hydrogel
compositions consisting of different ratios of collagen and ELP. The conditions for this
differentiation study are presented Trable 1. Twelve wells per condition were used for the
different assayslheseassays include live/dead staining, metabolic activity assay (MTS) and
PicoGreen DNA assay. Hydrogels for nordar microscopy were also includedla&s
bottom plates (Invitro Scientific, catalogue number: R3&EH-N) were used for the two time
points, due to multimodal microscopy requirements. hADSCs (Batch 14038y were
seeded in enriched endothelial growttedium2 (EBM-2) (Lonza, catalogue number €C
3156) A cell suspension was counted in Cedex HiRes cell counter (Innovartis). A cell
concentration of 2000 cells/ul was prepared prior to seehdghydrogels, each of 5 ul, were
used

Collagen | Rat Tail teshon 2.92mg/mL, Merck Millipore catalogue number: @B15, lot
number: 243504 was used incollagen coating as well as fatl hydrogels composed of
collagen For coating, collagen I diluted in 0.02 acetic acidHAc) was filter sterilized prior
to 1 howu incubation time at room temperature. This procedure was performed one day prior
to seedingto reduce thelaboratory time for the seedin@oating was included in the
experiments a 2D control to asseaability and differentiationAll wells for hydrogels were
also precoated with the same concentratidfor collagen | hydrogelssodiumhydroxide
(NaOH) was included before seeding increasehe pH of the storage solution leading to
spontaneus formation of collagen fibresTwo different crosslinking temperatures were
examined to investigate the effect of fiber diameter and pore size on differentiatoer
crosslinking temperatures have been shown to increase pore size and diameter of the collagen
fibers/® Collagen Iwasmixed with cell media and NaOH on ice and instapilyetted into
well to avoid gelation prior to pipetting.

For ELP hydrogels the crosslinker Tetrakisfiydroxymethyl)phosphoniumchloride
(THPC) was used. This compound crosslinks the amine groups of ELP cradtydyogel
composed o& protein network

Mixtures of collagen | and ELP at ratios 25/79/3®, 75/25 and pure ELP 5wt% were
used. These mixesere chosen texplorehow hADSCs proliferate and differentiate while
increasing ELP concentratibB®GD contentstepwise. A stock solution of 10wt% UV
sterilized ELP (Stanford University)dissolved overnight in 1x Dulbecco's phosphate
buffered saline (1xDPBSkas prepared prior teeeding. Collagen |, ELP, cell medidaOH
and THPC were mixedn ice and instantly pipetted into well for gelati@ells were added
after gelation of hydrogels to investigate survivaltop of the matricesStudies have shown
that the ratio between ELP afitHPC determine the stiffness of the hydro{dtor the first
differentiation, aratio of 1:2.4 betweeramine groups in ELRndreactive groups of THPC
was usedThe first differentiation medium was added to wells at day 2, and media changes
with this medium were performed evesgcondday. At day 9 the second differentiation
medium was added followed by one media change prior to completiie differentiation
protocol at day 13
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Table 1. Conditions used for first seeding

Compound/Mix Concentration SEEUE
temperature
Collagen coating 50 pg/ml -
Collagen | hydrogel 1.5mg/ml 4°C
Collagenl hydrogel 1.5mg/ml 37°C
ELP/Collagen hydrogel | 1.25wt% / 0.375 37°C
(25/75) mg/mi
ELP/Collagenhydrogel 2.5wt% / 37°C
(50/50) 0.75mg/ml
ELP/Collagenhydrogel 3.75wt% / 1.125 37°C
(75/25) mg/mi
Pure ELP 5wt%ydrogel Swit% 37°C

3.1.2. Second seeding

Based on the result from the first differentiatiseveral changes were made in kiyelrogel
compositions Table?2). Cells wereencapsulated inside tihgdrogelsin an effort to mimic the
natural surroundings oh vivo adipocytes. The weight percent of ELP in th&lragels were
lowered from 5wt% to 3wt%o provide a less stiff materiamore suitable for adipogenic
differentiation. The ratio of THPC reactive groups to ELP aminestieeforealso lowered
from 1:2.4 to 1:1.4This lower THPC concentratioshould givean elastic modulcloser to

1.5 kPain a 3wt% ELP hydrogét* Another possible advantage with the lower crosslinker
concentration iseducel toxicity from this compoundCell concentration was increased from
2000cells/ulto 6000cells/ul for all conditions exept the cells incorporated in ELP hydragel
For these hydrogels aoncentrationof 50,000 cells/pl was used,based oninformation
attained by personal communication with prof. Sarah Heilshorn, Biomaterials Group, Stanford
University. No coating was usediqr to casting hydrogels to prevent misleading positive
results rising from cells attaching to the coating instead of being incaegddrathe hydrogel.
ELP was used agD coaing instead of collagen to investigate its properties on cellular
differentiaton on flat surfacesCollagen| and ELP were allowedto adsorb in mixture
overnight and crosslinked with NaOH. Collagen | hydrogel prepared as in sde(Bnb 1)
and the differentiation protocol was performed in the same manner as befotg. fa¥el
perilipin andstem cell surface mark@D105 immunostainings well aseutral lipid staining
(Bodipy) were included.

Table 2. Conditions used for second differentiation

Compound/Mix Concentration Gelation temperature
ELP coating 1 mg/ml -
Collagen/ELPhydrogel 1.5mg/ml/ 1.7wt% 37°C
Collagenl hydrogel 1.5mg/ml 37°C
ELP hydrogel 3wt% 37°C
(50,000 cells/ul)
ELP hydrogel 3wt% 37°C
(cells seeded on tpp
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3.2. b-cell differentiation

Differentiationof hADSGCs towardsb-like cells were performed in threkfferent phasesvith
media formulation based on Chanéitaal.”® Two time points havéeen performed on each
seedingone at day and one at the last day of differentiation. Assays used during time points
are morehoroughly described in the sections below.

3.2.1. First seeding i ELP/Collagen hydrogels

The initial seeding for this project was performed in order to evaluate how different
compositions of ELP and collagen affected the cellular function and differentiabie 3
presenthe eight conditions examined.

Table 3. Conditions for first seeding. Compound, concentrations and gelation temperatures arestated.

Compound/Mix Concentration teﬁf)gt;gre
Collagenl coatng S0 pg/ml -

ELP pure Swi% 4°C
Collagen | 1.5mg/ml 4°C
Collagen | 1.5mg/ml 37°C
ELP/Collagenl 50/50 4°C
ELP/Collagenl 25/75 4°C
ELP/Collagenl 75125 4°C
Matrigel 4.2mg/ml 37°C

ELP 10wt% stock solutionsvere prepared firm UV-sterilized ELP powder (provided by
Stanford 80 min in UV ligh) mixedin 1XxDPBS The solution was storeat 4°C overnightto
ensure full solvation before us@lassbottom plates(Invitro Scientific, catalogue number:
P3841.5HN), one for the first time point at d&/and another for the second time point at
day 18wereused during this experimendells used inthe experimentwere coated one day
prior to seeding with 3Qul of 50 pg/ml UV sterilized collagen Rat Tail tendon (2.92 mg/mL,
Merck Millipore, catalogue number: @B15, lot number: 243504diluted in 0.02M HAc, for
45 minutes in room temperaturéhereafter, PBYLife technologies, catalogueumber:
10010 was added to each well and the plates vggveedat 4 °C overnight The wells were
rinsed withPBS twice before seeding of cellBhawedhADSCs (Batch 140304 P¥3vere
suspendedn additive enriched endothelial growth medi2n(EBM-2) (Lonzag catalogue
number CC3156) referred to aseeding mediumThe cell numberwas counted in a&Cedex
HiRes cell counter (Innovartisihich also providedviable cell concentration, percentage
viability, average diameter and aggregaercentageA final cell concentration of 2000
viable cells/plwasprepared in microcentrifuge tubes for uséhehydrogels All components
were stored on ice when not used during the hydrogel mixing step to minimize the risk of
gelation before casting. Collagen I, ELP and Mpi(BD, CAT: 354230, Lot 327064 yere
added to eachicrocentrifugetubeaccording to calculationgastly, 0.1 M NaOH and 13.95
mg/ml of the crosslinker THPC were added to each tube. The added amount of NaOH in each
tube was 236 of the collagen | volumi to promote fibrillogenesis by adjusting the jjH
while the molar ratio between amine groups of ELP and hydroxyl groups of THPC was 1:2.4
Hydrogelsof 5 ul were casted in eadf the precoatedwells. The plates were incubated on
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cooling packs for 30 mutes prior to incubation in incubator (3T, 5% CO,, 95%rH) for
additionally 30 minuted-resh seeding mediuns0 ul, wasadded to each well after gelation
and the plates were placed into incubator.

The day of seeding was nominated as dagus one and differentiation protocol was
initiated on the followed dayOn dayzerqg asa first step inthe differentiation towards
endodermic cells the seeding medium was exchanged to a new medium (M1) which contained
DMEN/F12 with sodium butyrate, penicillin sptomysin, Activin A andoasic fibroblast
growth factor BFGF) The medium wasenewedeveryday during the differentiatiorAt day
three, the medium was changed to the second differentiation medium (M2) which contained
Taurinein order to promote pancréatendoderm On day5, the medium was exchanged
again to a new medium (M3) which contained Taurine, GlL&hd Nicotinamideo achieve
matureb-like cells.The rest of the components in MA3 are stated in the reference.

Two time points were included in the differentiation, one at slapd one on dag8. In
the first time point metabolic activity of the cells were analysed with a cell proliferation assay
(Promega). A Picogreen assay was used to examinedele strandedNA (dsDNA)
content in wells used for thmetabolic activityassay. The cellular morphologynd viability
wereexamined with Life technologies Live/dead kit. The cells used for live/dead staining and
the cells in remaining wells were fixed by incubation ifo4ormaldehyde for 15 minutes at
room temperature. After fixation imaging with nrbnear microscopy weregpsformed. For
the second time point live/dead assay, proliferation assay and imaging wiinesmn
microscopy were performed. Image analyses have been performed in ImageJ.

3.2.2. Second seeding i Laminin hydrogels

The second seeding was performed as the dgstling but with changes explained in this
section. he hydrogels composition was changed based on experimental resultbdifmst
seeding and ELP optimization trials. The aim of this seeding was to investigate if laminins
enhanceddifferentiation towads b-like cells and if isoform or mixes affected tlend
commitmentresult.

The additionallaminin isoforms were LM 411 and LM 511 both purchased from
Biolamina (product numbers: LN4102, LN51202). The collagenl concentration was
reduced to 1.15 mg/nih order to retain the hydrogel volume during LM incorporatiéth.
hydrogels including those with LM,have the same collagen | concentration in order to
evaluate the effect of LM incorporatioithe compositios and concentrations dhe new
hydrogels ae stated iffable4. For LM mixed hydrogels the concentration denotes the final
concentration with isoforms in equal amoufhe cell concentration was increased to 6000
cells/pl based on published data from Idleorrss Lah’’ The differentiation time was reduced
and the second time point was performed at day 16 instead of day 18. During time points, the
cell number and viability wre examined withthe CedexHiRes cell counter instead of the
picogreen assay. Ammunocytochemistry assay was performed for both time points. For the
time point at day 16cells were also stained with Bipy and two additional assays were
performed namely, glucosgimulated insulin assay (GSIS) andp€ptide enzymdinked
immunosorbent assaZ{peptideELISA).
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Table 4. Overview of second seedinfpydrogels with concentrationand gelation temperature stated
For the LM mixed hydrogels the concentration denotes the final concentration with each isoform in equal

amounts.
Compound/Mix Concentration Gelation
temperature
Collagenl 1.15mg/ml 37°C
Collagen I/ 1.15mg/ml/ 37°C
Laminin 411 50 pg/mi
Collagenl/ 1.15mg/ml/ 37°C
Laminin 511 50 pg/mi
Collagen I/ 1.15mg/ml/
L 37°C
Laminin mix 50 pg/mi
Collagen I/ 1.15mg/ml/ 37°C
Laminin 411 10 pg/mi
Collagen I/ 1.15mg/ml/ 37°C
Laminin 511 10 pg/mi
Collagen I/ 1.15mg/ml/
N 37°C
Laminin mix 10 pg/ml
ELP coaing 1 mg/ml -

3.3. ELP optimization

Between the first and second cell specific differentiation, a seeding to evaluate how different
weight percentages of ELP and THPC concentrations impacted the cellular survival in the
scaffolds was performed. To investigate cell viability and proliferatior2D growth, well

were also coated with the protein. Two different cellular concentrations, 6000 cells/ul and
4000 cells/ul, were included in this seeding in order evaluated how the cellular density
affected the cellular survival in the 3D matrices. &gdin coating were included as controls

for both of these cellular densitieBable 5 summarizes the conditions used in this seeding.
The cells were wtured 3 days prior to examination with metabolic activity assay and
live/dead staining.

Table 5. An overview of the seeding details for the ELP optimization experiment. Cellular
concentration, condition and crosslinker ratio arepresented.

Cell concentration Condition Crosslinker ratio
(cells/pl) (ELP: THPC)
6000 ELP coating -
6000 3wt% ELP 1:1.4
6000 3wt% ELP 1:0.7
6000 1wt% ELP 1:1.4
6000 Collagen coating -
4000 ELP coating -
4000 3wt% ELP 1:1.4
4000 3wt% ELP 1:0.7
4000 1wt% ELP 1:1.4
4000 Collagen coating -
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3.4. Toxicity evaluation

To evaluate the toxicity of the crosslinkEBHPC and tocompare itto other crosslinkersa
toxicity seedingwvasperformed after the second differentiatiéa this point of the project, it
was of interest to investigate if a crosslinker change could be beh&diciature studies. The
three crosslinkersTHPC, trishydroxymethyl phosphingTHP) (SigmaAldrich, product
number: 177881and Glutaraldehyd€Acros organics, product code: G/0518/PB08gre
examined in both collagen and ELP hydrogdlsese crosslinkers were chosen since they
previously have shown to form hydrogels which supports cellular suf¥iffaBoth collagen
hydrogel without crosslinker and an ELP coating was includede experiment as controls.
A stock solution ofTHPC was preparefiom the 8@vt% storage flaskvith 1.5 pl diluted in
345 pl PBS. THP was prepared with 208y in 205.7 pl PBS from a solution with
concentration 8.05 mg/ml. Glutaraldehyde from &2%Solution was diluted as 0.75 pl in 50
pul PBS to give a final hydrogel concentration of 0.075Rér the live/dead assay, 2.4 pl
Ethidium homodimetd (EthD-1) and 06 pl calceirAM was diluted in 1197 pl PBSThe
compounds, concentration and gelatitemperatures are stated Tiable 6. Results from
Cedex measuremeare included iMPPENDIX E

Table 6: An Overview of the toxicity evaluation seeding. Compounds, carentrations and gelation time
are stated for each condition.

Compound/Mix Concentration Gelation temperature
Collagen | 1.5 mg/ml 37°C
Collagenl + THPC 1.5 mg/ml 37°C
ELP + Glutaraldeyde 3wit% 37°C
ELP + THPC 3wt% 37°C
ELP + THP 3wt% 37°C
ELP Coating 1 mg/ml -

3.5. Metabolic activity assay

The metabolic activity assay is a colorimetric method which measures the absorbance of
formazan at 490 nm, a bioreduced product converted from the rédg&ntetrazolium The
product quantityobtained in the assayg proportional to the aount of living cellsin the
sample.The solution was mixed by adding20 ul MTS reagento each100 pl of phenol red

free Dulbeccds Modified Eagle Medium (DMEMin dark environmentAfter mixing, 100 ul

of solution wereadded to each weilh the 384well plate and the plate was incubatg®B7°C

for 1.5 and 2hours for the first and second seeding respectivélediawastransferred ta

96-well plate covered by aluminum foilfollowed by absorbance measurement in a
microplate reader.

3.6. Proliferation assay

The kit for this assay were purchased from Invitrogen (catalogue nuRiiE89. This assay
guantifiesthe dsDNA contentin a solution. Initially, 100 ul of watewas addedo each well
for cellular lysis after which the plate was incubated for 1.5 housg &C. After incubation,
28.7 ul of lysate from eachwell was mixed with 713 pl PicoGreenreagentsolution and
transferrednto a 96-well plate For this assaywo wells per condition were examined with
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threereplicateseach.Calibration concentrations of lamb&aNA ranging between Qg/ul i 2

pg/ul were prepared by dilutions wittxTrissEDTA (1xTE) buffer according tdable7. The

calibrators were also analyzed with three replicates per concentifdtionescence intengit
at 520 nm was measured The inear regressiorof calibrators obtained ithe software
GrapltPadPrism 6 wasusedfor the calculation ofDNA concentrationn the sampls.

Table 7. Concentration of calibrators used inproliferation assay.

Concentration Lambda-DNA 1XTE buffer
(Hg/pl) (W) (W)
0 0 1000
0.2 2 998
0.5 5 995
1 10 990
15 15 985
2 20 980

3.7. Live/Dead assay

The cells were investigated with Life technologies LIBEAD Viability/Cytotoxicity kit (
catalogue number:-B224).In amicrocentrifugetube,2 pl of EthD-1 and 0.5ul calceinAM
werediluted with PBS to a final volume of inl. The wellswerewashed with 10qul PBS
before 100pl of EthD-1/calceirAM solution was applied. The plate was covered in
aluminium foil and incubated in room temperature for 10 minutes. Wdiks were rinsed
again with 10Qul PBS and steed in PBS during measurements watinfocal microscopéAll

time pointshave been analysedth Nikon Eclipse TE200QJ except forthetime pointat day

18, for the first seeding ob-cells where the cells werevisualized with Nikon Eclipse
TE2000-E. EthD-1 is a reagent which enters cells with damaged cell membrane and upon
binding to DNA fluoresce with emission maximum around 6585 nm. CalceirAM is a
reagent which can penetrate throutife intact cell membrane but inly converted
intracelular in living cells by the presence of esterase into the fluorescence product calcein
which has a emission maximum at 8867 nm.

3.8. Glucose-Stimulated Insulin Secretion Assay (GSIS)

Insulin secretion is the primary function bicells The cellsrelease insulirupon elevated
glucose concentrationsvhich can be stimulated in am vitro assay and useih investigate
the cellular response.

Kreb buffer stock solution containing 25M HEPES, 115nM NaCl, 24mM NaHCGQ;, 5
mM KCI, 1 mM MgCIl,*6H,0, 0.26 BSA, dH0 and2.5mM CaC}L*2H,0 were mixed with
glucose into two differentnicrocentrifugetubes to a finablucoseconcentration of 2.8nM
and 28mM respectively. Cells were washed with BOPBS prior to 30 minutes incubation
with 2.8 mM glucose contaiing kerbbuffer at 37°C. Supernatant were removed and 120
2.8mM or 28mM glucose krekbuffer solution wasadded. Cells were incubated at ‘€7 for
one hour followed by collection of supernatamd transfer to a 9&ell plate Supernatant
were storedat-20 °C until analysis with €peptide enzynmdinkedimmunosorbent assay. Cell
number for each wells were analysed with Cedex HiRes cell counter (Innovartis).
established-cell line, EndoGbH1, was used a& positivecontrol for this assay but exanaith
with 25mM of glucose as the higher concentration.
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3.9. C-peptide Enzyme-Linked Immunosorbent Assay (ELISA)

C-peptide concentration irollected supernatant fronsection 3.8 was investigated with
MercodiaUltrasensitiveC-peptide ELISA kit (cataloguaumber: 1601141-01) according to
suppliers instruction. Briefly, samplegere thawed athe laboratorybench and dplicates of
calibrators, controls and samples were added to separate wells in the ELISA plate. Assay
buffer wasadded to each welfollowed by incubation on a shaké50 rpm, 20 'C) for one

hour. Wells were washed 6 times with 300 1x wash bufferprior to addition of 1x
conjugated solution to each welhe platewas therre-placed orthe shaker (85@pm, 20°C)

for an additional hour. Another washing step, repeated 6 times, was performed prior to
3, 3 otetamethglbenzidine TMB) substrate addition to wells. Because of the light
sensitivity of TMB the plate wasovered in aluminium foil and incubated in room
temperature for 30 minutes. The reaction was terminated by addition of stop solution to each
well. Optical density measuremts at 450 nm were performed within the suggested time
span.

Modifications of the analysis protocol had to be done due to low detection of samples. The
calibration curve was modified by removing the two highest concentrations and adding the
zero concentran value as a data point for the calibration. Furtiee, the curve was
constrained at the first data point of the calibrators. The concentration for calibrators can be
seen inTable 8. The linear regression model and followinliagram were achieved in
GrapHPad Prism 6.

Table 8. Concentration for calibrators used in analysis of Cpeptide content of each condition.
*=Calibrato r 0 is not a part of the original calibrators.

Calibrator Co(npcrﬁg][/rf; lon
0* 0
1 4.71
2 16.2
3 67.2

3.10. Immunocytochemistry assay (ICC)

Fixed cells were permeabiled with 01% Triton X-100/PBS for 10 minutedpllowed by a
washwith PBS Samples were incubated 3% BSA/PBS for 1 houto prevent unspecific
binding of antibodiesSpecific primary antibodies used are stated in sections bElomary
antibodies wre dilutedto specific concentrations and a total26ful antibody solutionvas
added to each well. Samples where then incubated oveatidtfiC. Afterwards,cells were
permeabilized with A% Triton X-100/PBSandrinsedin PBS for 10 minutes. Secondary
antibodies were dilutednd 20ul of solutionwasadded to wellsvith primay antibodiesThe
secondary antibody mix which consisted of goat-arduse Alexa Fluor 488 (1:400, Life
technologies, pAb) and goat andéibbit Alexa Fluor 594 (1:650,Life technologies, pAtgre
dilutedin a 1% BSA/PBSsolution After 2 hour incubationn darkenvironmentwells were
washedwith PBS for 10 minutes. Hoech&@3342 Life technologiesat concentratiomf 0.2
pHg/ml was added as nuclei stain for 15 minutes and washed with PBS for 15 minutes.
Samples were stored in PBS af@ until visualizéion. Controls for unspecific binding of
secondary antibodies wendDSCs at passage 0
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3.10.1. Adipocyte differentiation markers

For detection of the mesenchymal stem cell marker CDhi¥yse ant-CD105 (1:100,
Abcam ab114052mAb) was usednd measuredt 495530 nm with nonlinear microscopy.
Perilipin, an intracellular lipid droplet proteimvas detected withabbitanti-Perilipin (1:500,
Abcam ab3526 pAb) and fuorescenceneasurementat different wavelengths (57&40nm,
650-720nm) was performedvith nonlinear microscopy.

3.10.2. b-cell differentiation markers

In theb-cell differentiation protocol the followingrimaryantibodies were mixed and applied
on the firsttime point plate: rabbit anti N F 30xA2 (1:100, Merck Millipore07-633, pAb)
was mixed with mouse artbox17 (1:60, R&D system$AB1924, mAb). The same anti
Sox17 were also mixed with rabbit afPiDX1 (1:750, abcamab47267pAb) and placed in a
separate well. For the last time point pJaaaibodies were mixed accordinglgntrPDX1
(mentioned above) wamixed with mouse aninsulin (1:1000, Sigma Aldrici2018, mAb).
Another mixurewith anttPDX1 and antiSox17 (both mentioned above) walso applied to
a separate well.

3.11. Bodipy

Neutral lipid stainingwas performedwith Bodipy (1:1000, Life technologiesP-3922 (4,4
difluoro-3a,4adiazas-indacene)Each well was covered with 20 Bodipy solutionfollowed
by incubation of the plate for 15 minutes. The staining solution was remodeBBS was
addedFluorescence at 51#m wasexaminedn microscope

3.12. Multimodal Microscope

A multimodal microscope was used in these projects, which is detail&agume 5. A
picosecond laser generatestdifferent laser beamene witha wavelength of 1064m and
the otherone with a wavelength of 532im. The latter beam enters theptical parametric
oscillabr (OPO)which enables tuning of the wavelength. In these projeetgelengtls
between 818B17nm have been usedhe 10641m beam is time delayed in the retroreflector
while lambda haHplates are used to adjudte power of the outcoming beam from the
beamsplitter (BS)The different optical tools enable the two beams toverlappedn time
and space before reaching the samples which is necessary for det€btiem.different
detectorsare incorporated into the sap, mefor detection inforwarddirection,denoted F in
the picture and twofor detection irepi direction denoted EThe epi detectors are referred to
as epistraight and epside with separateavelength ranges due to optical-gpt
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1064 nm
532 nm

o 4

Figure 5. Schemaical overview of the notinear multimodal microscope. Ingoing laser beams are den
as 1064 nm and 532 nm. The blue device is the optical parametric oscillator denoted (OPO) while tt
splitter is denoted (BS). The three detectors of the microso@pked as F, E, E in the picture. (Grot
internal picture, used with permission from Enejder lab, Chalmers University of Technology.)

Laser powers ranging fromDénW to 120mW have been used throughout the experiments.
Image size of 512 %12 pixelsand pixel dwell of 4 pshas beemwsed if not explicitly stated
otherwise. All images compared in figures will have same settings on gain, exposure times
and laser powers if nioing else isstated.The softwareEZ-C1 (Nikon) has been used to
control the microscope.The softwareDCC (Becker & Hickl)and SPCM (Becker & Hickl)

were used to mnag the detectors and signal collecticespectively For bright field images

the softwareMicro Manager 1.4. (Vale Lab UCSRasused

4. RESULTS AND DISCUSSION

The first results obtained in this thesis for the adipocyte el differentiation are
presented and discussed in secdah Thereafter, the resulieom the ELP optimization trial
are discussed. The second differentiation of the adipocytebaual differentiation are
presented and discussed in sectb8 Lastly, theresults from the crosslinker toxicitig
presented and discussed.

4.1. First differentiation

Hydrogels without cells are referred to as pure hydrogels in this report. The results from pure
hydrogels used in first seeding, imaged with 4inear microscopy techniques will first be
described. Later results from adipocyte differentiation are praesanttlastly results from the
b-cell differentiation will be presented and discussed.
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4.1.1. Pure hydrogels

Nonlinear images of hydrogels without cellsed in first differentiationvere taken to assess
the structure of the proteins in thgdrogels(Figure6). Collagen fibersareclearly visiblein
forward detectionwith second harmonic generation (filter 403 nm) with excittion
wavelength of 81hm set by OPQimageA. ELP domainsre visualized in imagB-C, with
both detection ofautofluorescence (filte614/30 nm) and with CARS (filter 661/20 nm).
Excitation wavelengthsised for this investigation wakl7 nm and 1064 m. ELP structure
obtained in these images @@mparable with earlier experiments with EX3P

50 ym G, £ 0D «10pm 10 pm

Figure 6. Pure hydrogels imaged with nonlinear microscopyPure ollagen hydrgel, zstacks projected
into same planescalebar:50umCollagen fibersreclearlyvisible with Second Harmonic Generatidst
CARS signal of pure ELP hydrogel detected ingpaight direction with 661/20nm filte€:
Autofluorescencesignal collected in epside detector with 514/30nm filteBoth ELP hydrogels have a
scalebar of 10um

4.1.2. ADIPOCYTE DIFFERENTIATION

In this section results from the initial seeding of hADSCs towards adipocytes will be
presented. Confocal overview images and more detailed nonlinear images will be presented.
The assays performed will also be discus$gata from the Cedex measurements prior to
seeding is included in Appendix.A

4.1.2.1. Time point day 2

Confocal microscopymages Figure7) stainedwith Live/Dead flusescent markers (Calcein
and EtiD-1) from day 2 show that cells on collagen coating and in collagen hydrogels
proliferate well anchavehigh cell density. €ll moiphology is spread and HR1 DNA-stain

of nonviable cells is lowNo cellular morphological difference between the two crosslinking
temperatures of collagen visibl€ells on hydrogels containing ELP show low or no spread
morphology and nowiable cell cmcentration is higheFigure8 show nonlinear images with

a more detailed cellular morphology.
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Figure 7. Confocalimages of live/dead stained cells at dawith calcein in green (live) and EthD in
red (dead)A - Collagen coating. B Collagen hydrogel 4°C. €Collagen hydrogel 37°C. B25% ELPi
75% collage hydrogel. E50% ELPi 50% collagen hydrogel. F75%ELPT 25% collagen hydrmgel. G-
Pure ELP 3wt% hydroge(Scalebar: 100um, image sizes 710x710pum)

A possible factor influencing these results is tayiof the aminereactive crodsker
THPC used for ELP hydrogel formation. This crosslinker reacts avitine groups in ELP in
a fast Mannich type reaction leading to gelation times around 10 mifiutes.

After the reaction the THPC toxicity is lowered due to the linkage with primary and
secondary amines of proteins. A toxicity assay where THPC was added to cells growing on
2D collagen coating showeddgh increase irtell death giving sength to the conclusion of
toxicity. Since the cells @ere added after gelation at this first assay, toxicity should be low
since most THPC molecules have crosslinked before cell addition and less reactive groups are
present. Resudtsuggesthat unreacted HPC moleculesnight still be present whiclaffects
the proliferation of the cells. Ithe assumption is made ah all THPC molecules are
crosdinked whenthe cells are added, other factors explaining the viability/morphokrgy
present. The ELFydragel might not provide a suitable surface for the cells, at current
concentration. Further investigations with new conditions are determined to be made to
further assess reason for differences in morphology (second differentigfimte the
decision to use WBt% ELP hydrogels based on research showing spread morphology in
fibroblast4® does not seem to be appropriate for hADSCs, an approach to lower the matrix
stiffness was implemented. Heilshoet al’® managed to enhance neurite outgrowth in
hydrogels with a lower concteation of ELP (3wt%) which formed the basis for the next
differentiation.
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Figure 8. Non-linear images showingD rendering viewed from aboveivie/dead stainingvith
calcein in green and EtRD in blue A i Cells on collagerydrogel. Bi Cells on 25% ELP /
75% collagen hydrogelmage sizeA - 159,1x159,%66um. B - 159,1x159,%31um.

A viability investigation from the live/dead stained cells where the area of live cells (green)
and the area dbtal staining(green and @) weredividedto give a comparable quantitative
value of cell survivalFigure 9). This is not a value representipgoper cellviability but a
way to visualize relative live stainingdm dead staining in the sample&c® calcein sias
the whole cytoplasm and HIR1 only stains nuclei the area is not comparable for actual
difference between amounf cells that are alive or dead, but presentmare visually
understandable comparison of amount live/dead .stéilis calculation confirmsthe
impression giverby Figure 7 of a higher ratio of deadtain present in all conditions where
ELP crosslinked with THPC is present.

Metabolic activity

Viability percentage TP 1 2 days

1007
50 I I I I
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Figure 9. Live stain divided by total stair
in confocal images at day 2

o

Live/dead staining, even though widely useah lead to misinterpretation of viability due to
overall incorporation of calcein in not spread cells (most likely dead cells). Complementary
assays need to be performed to improve the understanding of cetletabolism.MTS
resultsvaried heavily both between conditions and within the same condtiompromising

the interpretation of theesults (Figure 10). Cells on hydrogels containing ELP show
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comparable values in metabolic activéfter 2 days as cells seeded on collag®ghen the
values are normalized the dsDNA contentfluorescence of DN/Atainedwith PicoGreen),
similar results are obtainetdhe high variance of the results leading to large error bars can be
depending on: few replicates, cells detaching from the hydrogels, hydrogel detachment during
media change and washing leading to loss of cells. thibaells on ELP have a high arbitrary
MTS value despite the round morpbgy that suggest low viability, indicates that there are
issues with the MTS assay when performed on cells in hydroGe¢s ELP hydrogels are
opaque with a brownisbolor similar to that of the MTS reagent that is used &asure the
metabolic activity. This might affect the value from tt@dorimetricabsorbance measurement
since parts of the hydrogel might bransferred into the measuring velbiving a higher
value. Due to these issues with the assay, results are oetémot to bear large input to the
cellular state.

MTS TP1 MTS TP1 normalized
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Figure 10. Metabolic activity at day 2. A Overall average value/well and-Biormalized value to dsDNA
content.

4.1.2.2. Time point day 14

After completion of the differentiain it is visible, that the trend predicted on day 2
continued. @lIs incubated on collagen coating atmllagen hydrgels have a morphology
indicating that differentiation towasdin vitro) adipocytes has been successful. Crosslinking
temperatures o€ollagen hydrogels show no impact on differentiati@ells incubatedn
ELP-containing hydrogels show no lipid droplets and cell number is greatly reduipéd
droplets in cells on collageneaclearly present in all welliNo distinguishable differensen
lipid droplet size or cell morphology were found in cellstba different collagen scaffolds
(Figurell).
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Figure 11. Nonlinear microscopy images of cells after 14 dath lipid droplets in red (CARS) anc
cytoplasm in greenA - Collagen coating. B Collagen hydrogel 4C. C- Collagen hydrogel 37C. D-
25% ELP1 75% collage hydrogel. E50% ELPi 50% collagerhydrogel. F- 75% ELPi 25% collagen

hydrogel. G- Pure ELP 3wt% hydrag. Image size 159.1x159.1 pm. (Scaleb@®um, image sizes
710x710pm)
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Lipid droplet analysis

A small lipid droplet analysis was performéd the three conditions where lipid dregs
formed (Table 9). Lipid/cell area alculated to aroun®0% in all conditions and no major
differences in lipid size was found between the conditidhge amount of lipid droplets per
cell increass with cell size. A more thorough lipid analysis of second differentiation is
included in latechapter Figure12 describes the method of the calculation.

Table 9. Lipid size analysis

. Number of lipid Mean lipid Lipid area
Condition droplets/cell di cel droplet diametell percent of whole
iameter
>4pum > 4um cell
Collagen 7 44,6um 6,87um 34,6%
coating
Collagen 37C 11 50,3um 6,08um 0%
) NA due to issues
Collagen 4°C 14 57,3pm 5,67pm with cell area
ELP 25% - 17,6um - -
ELP 50% - 18,8um - -
ELP 75% - 15,3um - -
ELP - No cells - i
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Figure 12. Lipid droplet and cell size calculation (collagen hydrogel°@J. A. Lipid diameter
assessment (white line). B. Lipid volume / cell volume calculated by color threshaifliigd
droplets (red) divided by total cellular area by manual border sectioning of cell in ImageJ. (Sc
50 um, image sizes 159.1x1594in)

Metabolic activity

After 14 days, the metabhol activity on ELP hydrogels havdecreased versus collagen,
indicatingthat the cellcamot survive on this material during differentiation proto@@igure

13). Figure 11 show that no cells are present on the ELP 5wt% hydrogel. This show that
improvement of the MTS assay is needed when peddrin hydrogels composed of ELP,
since he MTS value should bdase to zero if no cells are present. One possible explapation

as mentioned earlieis that debris from the hydrogel is transferred from the seeding well into
the 96well plate used for measuring absorbance and that this debris affects the obtained value
from theabsorbance measurement
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|

0.5

0.3

T

0.0 0.0

Absorbance 490nm
Absorbance 490nm

Jdo WO 4O S & B o WU AC > & & >
& & NS S E Ll AN ST
& & g0 Q 5 & S S S &
SN LA SR 9 %) S % N 2> N < S
L2800 NI A P PR S N < S\e S\e NG
< o & <\¢9 \q’c, & < foud 5 <> < 2] \,f; 9

ge & ] s\e 53 53

s & & S G\Q@\/ °\°<,>/
P A BT A8

Figure 13. Metabolic activity at day 140verall averag® TS value/well and normalized valueds DNA
content.
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4.1.3. b-CELL DIFFERENTATION

In this section results from thenifial seeding of hADSCs towaré-like cells will be
presented. Firstresults from themetabolic activityassay andoroliferation @saywill be
discussed. Secondlgonfocal images of live/dead stained cells are presented and lastly non
linear results otells in hydrogels are presentdahata for the Cedex measurements prior to
seeding are provided MPPENDIX C

4.1.3.1. Metabolic activity assay

The preparation and measurements were performed accordingly to the swtbodbed in
section3.5 and the results are visualizedFigure 14. Here, the first barfor each condition
represent thebsorbancevalue for the first time pointvhile the second barepresent the
absorbance measurements for the setiomel point.Undifferentated cells are only measured
at the first time point sincehe hADSCs have high proliferation and a#nost totally
confluent at this time pointThe high poliferation of these cells also results in a high
absorbance value for fmazan and therefore theaxis has beenlivided into two parts to
illustrate the other results bett@verall, a slightendency of increased metabolic activity can
be seen for cells grown on collagen coating, collagen hydrog€ dnd matrigel.Even
thoughcells grown in collagen 37C hydrogelshave relatively large error bars at second time
point, the resulindicate that th@bservatiorof increased activitynight also be applicable for
this condition

The collagen coating (2D) resuits higher absthance than all the different compositions
of collagen hydrogels (3D)which initially seento indicate that cellgrown in 3D matrices
has an additional stress factor. However, simeuldkeep in mind that this assay is formulated
for 2D seeded cells and the recommended incubation time bpamsen one to four hours.
Because the plate is incubated with the reagent in a humidifiedeammktature controlled
incubator, the process ohow the reagentpenetrateshe hydrogels andhe subsequent
metabolical conversion to formazanpgrely diffusion driven For that reasonthe incubation
time of 1.5hoursmight be too short for cells in hydrogels and favorable towards 2D seeded
cells sincen that casehe reagent is applied directly on the cells #mdiffusion process is
not significant.When comparindetween 3D seeded celthe cells grown in matrigel give
rise to the highest metabolic activity followed by cells grown in collagen hyldroge

It is known that cellsan begrown in matrigel hydrogels Yet, this is a materialthat is
extracted from EngelbretHolm-Swarm mouse sarcomameanng that the material is
chemically undefined witbatchto-batch variatiof?, which may lead to incomparable results
when different batass are usedSince more stable hydrogels are desirable to findhis
project matrigel hydrogels can be seen as a control that the cells g&W in

Lastly, all hydrogels with ELP result in very low absorbance values hence low metabolic
activity. This observation can be seen already at time point day 5, which @slipabr
proliferation of the cells at an early stage of differentiation.

4.1.3.2. Proliferation assay

The results from this assayre typicallyused as normalization for theetabolic activity
assay This approach coulthereby generata result of metabolic acfty per dSDNA content
which then would minimize variations due to different cell number in between Waks.
linear regressiowas obtained in Graladprism 6
Each calibrator has been analyzed three times, result and error bars with standard deviation
for each calibrator is presentétgure 15. These measurements show very low variation for

26



each calibrationwvhich indicates low effect of sample handlifdpwever, vinen analyzing the
sampleresults presenteth Figure B, large variation ofdsDNA content in measurement
within the same well can be obsenfedsome of the condition&dditionally, hydrogels with
ELP mixtures havaegativedsDNA content acording to the resultgresented in thdiagram
Intuitively, thisis not possible since @ells havetheoretically been seeded in each hydrogel.
The large variation within samples might be due to lack of mixing before pipetting aliquots
into the reader plateesulting in higher concentration dEDNA in some wells However,
since the samplesalie been treated the samay as the calibrators, with aspect of sampling
handling the impact of pipetting should not be that significant. Another explanaticthdor
result ofthesehydrogelsis that thecells might already havelied As a consequencie
cellular integrity was compromised allowing some of @&NA to be washedaway in
medium changes. This reasoning sklowsult in a low amount afsDNA, but not a negative
value. For some of thehydragels it is also possible that they were accidentally removed
during the washing step in betweetetabolic activityassay and thproliferationassay but
this should not result in hydrogel losses for all ELP mixtudemtherpossibleexplanation is
that tre dDNA content in these hydrogels was matractedrom thehydrogels and that the
negative amouris a result of error in the linear regression at that low concentration of DNA.

4.1.3.3. Live/dead assay

Live/dead staining of cells enable visualization ofiudat viability and morphology since
calcein fluorescein the cytplasmof live cells and also gives information of the cellular
integrity since EthBEL is not able to penetrate cells with intact cellular integrity.

For the images presentedFigure 17, two different confocal microscopes habeen used
for the two different time points. Therefore the datalyses of the different time points have
been donewith different methods All images from the first time point atay 5 havebeen
normalized to the same gain withk4095 photons per pixel for the green channel aa8@
photons per pixel for the red channel. This allows for direct cross evaluation of the conditions.
For the second time point at ddy, the images did not havéhe same contrast to the
background. Therefore, the channfds hydrogels containindELP hare been modified by
using the threshold function in ImageJ and tbenstraininghe area to the outline of the cells
before adjusting the gaiAfter merging chanels the gain was adjusted tel®0 photons per
pixel for the green channel and1@0 photons per pixels for the red chaniigright field
images of these cells have also been included due to the low coftiasissay confirmed
the results obtained imé proliferation assay budlid not provide any additional information
The thresholdoperationwas complicated to perform for the rest of the hydrogels and the
coating where the cells were spread. For that reason, these images have been presented
withoutany changes.

By examinations of the cellular morphologgne can observe that theells in ELP
containing hydrogsl are round atboth time points andiigh abundance ofed stainimy
indicates that these cells halest their cellular integrityEven cellswhich fluoresce in the
green channel but have EtfiDstaining in the nucleus should be considered as unhealthy
cells. The undifferentiated hADSCarealmost fully confluent at da§. The collagen coating,
collagen hydrogelsind matrige hydrogel visualizesellular spreading which indicates that
the cells have adhed and interacts with the matricéSome red stainingndicating dead
cells,can be seen in these imagekichis expected in any cell cultur€luster formatiorcan
also be seen in collag@maing and matrigel hydrogel which is a desirable rebeltause of
its similarity to previous publishedresults®® By examining the collagen hydrogels no
significant difference in appearance can be concluded &.dayfortunately, the collagen 37
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'C hydrogel was lost for the second time point and therefore no comparison can be done at
this time point.

4.1.3.4. Non-linear images

Images taken with multimodal ndimear microscopyaveprovided additional information in
the analyses. In this sectioomages of ELP 5wt% and Elddllagen mix(50/50 will be
presented ifrigure18 andFigure19 respectivelybut similar results were obtained for the rest
of the ELPmixed hydrogels. Collagen '€ will also be discussed.

The upper image of ELP 5wttydrogel inFigure 18 showsthe cellular distributionwithin
the hydrogel. Most of the cells hawdescended to the bottom of the hydrogel with only a few
cells still remaining within the hydrogerhis result indicatethat the gelation time was not
short enough andherefore that the cells sunk during thgelation process Another
explanation ighat thehydrogel wastoo soft and that theells havesunlendue to that reason.
When examining a cross section of the hydrogel as in the bottom ,iradgéional
information for the analysewas obtainedThe imaes takernwith this microscope hava
much narrowerfield of view, 159.1x159.Jum in comparisonto the 710x710um of the
live/dead stained imageghis cross sectiommageconfirmsthat the cells are round and that
the EthD1 has stained the nucle(ldue) When anbyzing the green signabne should keep
in mind that autofluorescence from endogenous fluorophsralso collectedn this channel
since the filter (514/3@Gm) has a transmissiomindow between approximately 4833 nm.

It can clearly be seen that onellchasinitiated cellular expansion within the hydrogel but
could not survive and therefore has developed to a necrotic cell whictetnaasedn size.
Another interesting featureof the images is that the ELPomtaining matrix also
autofluoresceswhich gives information about how much each cell has expanded and
contracted thdwydrogel. However, only a large cell and a cell on the left sielem to have
contracted thdwydrogel. When examining seven celigshich can clearly be distinguished in
the hydrogel, the average diametavas 18.6 um. Comparing this result with the initial
average diameter #tieday of seeding which was 17u6n also indicated that the cells has not
expanded significantly in size.

The results from the 50/50 n&s hydrogelin Figure19 also indicate that some of the cells
on the bottom have tried to exparnihe distribution is presented in the upper image and
analyzed withtrilinear interpolation involume viewer. A cross section and enlargement of the
bottom left cell in the upper image are displayed in the middle image. This cell has a clear
halo around it of contractduydragel. Measurement of tHealoresuls in a diameter ad82-35
pm which indicates that the cell has expanded during the differentiation. lhottioenimage
the same cell with surrounding matrix is displaydgth intensity ranging from low (blue) to
high (yellow). L seems that the intensity of the border of the halo has a slightly higher
intensity than the bulk hydrogelhich indicates that thhydrogel has been compressed.

The cells incollagen 4°C hydrogelin Figure 20 havea totally different morphology than
the cells in ELP hydrogels. The upper image shows the cellular distribution throughout the
hydrogel and spread cells can be observed along with mlisd In the lower image a cross
section of the hydrogel is displayed which aldmows elongated cellsCollagen fibers,
detected with SHG, can be observed in the red channel which confirms that the cells are
located within the hydrogel.

The lastfigure in this section Figure 21, presentsa comparisonof the two collagen
hydragels and theresults was considered to be silimar in both images. Therefore, the
comparision dichot reweal any additional information which would favor ohgdrogel over
the other.
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Figure 14. Absorbance measurematt490 nmof formazana product of MTS tetrazolium. The first ba
represent data from time point day 5 and the second bar represent data from time point day 1
condition has been measured with three adjacent wells. Undifferentiated cells have only been me:
day 5. 1: Undifferentiated cells, 2: Collagen coating, 3: 5wt% ELP hydrogel, 4: Collagén¥drogel, 5:

Collagen 37°C hydrogel, 6: ELP/Collagen 50/50 hydrogel, 7: ELP/Collagen 25/75 hydroge
ELP/Collagen 75/25 hydrogel, 9: Matrigel hydrogel.
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Figure 15. Regression model fgroliferation assay based on lamHIBA calibrators. Each calibrator ha
three replicates.
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Figure 16. Results fran proliferation assagt time point day. The bars represent the DNA content (n
Each condition has been analyzed in three wells with three replicates from each well. Measureme
known errors, collagen 3T (3) and undifferentiated cells (1), have been subtracted.
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Figure 17. 20x confocal images of live/dead stained cells at day 5 and day&8&ells stained with calcein (green) and dead cells stained with- E{n€d). A, B,
E,F, I, L, O, Rand U are images from time point day 5. C, G, J, Bddd V are images from time point day 18 analyzed by thresholding in ImageJ. D, H, K
Q, T and W are bright field images of the conditions taken at time point day 18. A: Undifferentiated-BeltnlRgen coating, E: collagen 3€, FH: collagen 4
'C, I-K: ELP/Collagen 25/75, IN: 50/50, OQ: 75/25, RT: 5wt% ELP, UW: Matrigel. Scale bar 100pm.
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ELP 5wt%

50. um

Figure 18. 40x Multimodal microscope ingges of cells from day 18 time point, differentiated in 5wt% EL
Images have been taken two days past live/dead staining. Calcein staining and autofluorescence
(MPEF) and EthBL staining in blue (MPEF). Upper image: Volume view of cells, analyzéd trilinear
interpolation. Scale-axis: 159.1 ym. saxis: 76 um. Bottom image: 2D image of cells, 15 pum from gl
surface. Epstraight filter 661/20 nm (blue), Eide filter 514/30 nm (green). Color gain &tB, B:0-33
counts per pixel.
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ELP Collagen 50/50

Figure 19. 40x Multimodal microscope inges of cells from day 18 time point, differentiated in collag:
ELP 50/50 hydrogel. Images have been taken two days past live/dead staining. Upper image: Volui
of cdls in hydrogel.Scale xaxis: 158.48um, y-axis: 144.81um, zaxis: 56 uym. The image has bee
analyzed with ttinear interpolationMiddle image: 2D view of cell in hydrogel. Calcein staining a
autofluorescence displayed as green (MPEF), Ethdainirg as blue (MPEF). Bottom image: Volum
view of the same cells as in the middle image. Image has been analyzed with trilinear interpolation
intensity is ranging from low (blue) to high (yellow). Scaleaxis: 89.18 pum, yaxis: 56.56 pm, &axis: 34
pm. Epistraight filter 661/20 nm (blue), Egide filter 514/30 nm (green). All images has the same g
G:0-45, B:033.
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Collagen £C

Figure 20. 40x Multimodal microscope ingges of cells from day 18 time point, differentiated in collage
°C hydrogel. Images have been taken two days past live/dead staining. Calcein and autofluores
green (MPEF), EthEL in blue (MPEF) and collagen fibers in red (SHG). Upper image: fcakicross
section of the hydrogel. Image has been analyzed with trilinear interpolation. Bottom image: 2D i
cells in hydrogel. Forward filter: 405/10 nm, Egiraight filter 661/20 nm (blue), Egide filter 514/30 nm
(green). Both images haveetsame gain.

34



Collagen 4'C Collagen 37'C

Figure 21. 40x Multimodal microscope inges of cells from day 5 time point, differentiated in collag
hydrogels. Left:Collagen 4°C hydrogel. Right: Collagen 37C hydrogel. Epi-straight filter 661/20 nm
(blue), Episide filter 514/30 nm (green). Both images have the same gain.

4.2. ELP optimization

A survival study was performed in order to investigate HelP, crosslinkerand cell
concentration affects proliferatiowiability wasevaluatedyy cellular morphologyand with a
metalwmlic activity assay.

Table 10 summarize which cells that have spread and which cells that have not after 3
days of cultureA new coating conditiowith ELP was included tanvestigate if the cells
could proliferate on the proteiAll coating conditions with n@ell spreadingveresubjected
to THPC duringhydrogel incubation. Onlyone condition of ELP hydrogels (600€ells/pl,
3wt% ELP, 1:14 ratio d THPC) showedtell spreadingn 50% ofthe wells. No explanation
for cell survival inthese three wells can be given since tiveye seeded from the same vial
andsubjected to the same treatmastthe three subsequentiiwevhere cells did not spread.

The results from the metabolic activity assay are display&thure22. ELP coating show
similar cell spreading and MTS value as the collagen apathich indicate that the protein is
not toxic to the hADSCsThe results showthat cells grown on 2D conditionsegardless of
substrate, have much higher metabolic activity than cells grown in hydrddess.result
indicates that thassue with cell dga has to do with the hydrogel composition. When
comparing theabsorbance values between the hydrogel seeded cells, nona sigwificant
result which would favor #t condition over the others. Also, no correlation between less
ELP or lower crosslinkeratio and cell viability can be seen. Another observation is that the
cell concentration does not seem to influence the results significantly since the absorbance
value for each condition is similar for both concentratibfmvever, no examination aictuad
cell number in each well hasdreperformed for this seeding.

Results from live/dead stainingf the cells are preseted in Figure 23. Cells cultured on
collagen coating for three days can be seen in Image A. These cells clearlysiead
morphology and havhigh esterase activity since theajority of the cells contaithe green
fluorescencecalcein A few dead cells with incorporated EthD(red) were also observed in
this condition Cells grown on collagen coating subjectedltéPC during hydrogel gelation
time show significant difference in morphology as can be seenage B Even though the
cells fluoresce in the green channel tlaag clearly round which indicates unhealthy cells.
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Staining of spread cells in 3wt% ELP hydrogel with 1:1.4 crosslinago are shown in

image C These cells, although encapsulated &Damatrix, show similar morphology as cells
grown on collagen coating. Further, almost no cells with Ethiéduld be observed. The last
image, D, visualizes cells grown in 1wt% Ehlpdrogel with the same crosslinker ratio as in
image C. This images repreentable for all other conditions were no cellular spreadiag w

observed.The round morphology and the relatively high detection of Ethddggestiow

viability.

Figure 24 presents a 3D rendering of cells grown in 3wt% EBhfestigated with40x
multimodal microscopeBoth live/dead stainral morphology show that cells near thattom
of the hydrogel arenore vable(green) than cells further up in the hydrogel (blue)

Table 10. Cell viability after 3 days of culture.

Cell Condition
concentration | (crosslinker Well 1 Well 2 Well 3 Well 4 Well 5 Well 6
(cells/ul) ratio)
6000 ELP coating « cell cell cell cell cell
spreading| spreading| spreading| spreading| spreading
I cell cell cell
S0 ke spreading| spreading| spreading X X X
3wt% ELP
6000 (1:0.9 X X X X X X
1wt% ELP
6000 (1:1.9 X X X X X X
6000 (ézl;&:{crj]en X cell cell cell cell cell
9 spreading| spreading| spreading| spreading| spreading
4000 ELP coating X cell cell cell cell cell
spreading| spreading| spreading| spreading| spreading
3wt% ELP
4000 (2:1.9 X X X X X X
3wit% ELP
4000 (1:0.7 X X X X X X
1wt% ELP
4000 (2:1.9 X X X X X X
4000 (ézl;e:%en X cell cell cell cell cell
9 spreading| spreading| spreading| spreading| spreading
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MTS

1.5+

Absorbance 490nm

Figure 22. Absorbance measurememtsformazan at 490 nrfor metabolic activityassayBlue bars
represent cell seeding concentration of 4000 cells/ul and green bars represent the

concentration of 6000 cells/ul. 1: ELP coating 2: 3wt% 1:1.4 ELP hydrogel 3: 3wt% 1:0.7
hydrogel 4: 1wt% 1:1.4 ELP hydrogel 5: Collagen coating.

Figure 23. 20x mnfocal images of cellim ELP optimizatiortrial. Calcein in green channel and Ethl
1 in red channel. A: collagen coating. &llagen coating with THP@dded C. ELP 3wt% 1:1.4
crosslinker ratio. D1wt% ELP 1:14. D is presentable for atither conditionswith ELP except ELP
3wt% 1:14 crosslinker. (Scalebar: 2@0n, image sizes 710x730m)
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Figure 24. 40x multimodal image of cells that survived three days of culture
3wt% ELP hydrogel with 1:1.4 ratio toward crosslinker. Image analyzed '
trilinear interpolation in volume viewer (ImageJ). Calcein in green (MPEF)
EthD-1 in blue (MPEF). Scale-xandy-axis: 3175 pum.

4.3. Second differentiation

This section presents the results of the second differentiation of hADSCs toward adipocytes
andb-cells. Confocal and nonlinear images are presented and discussed together with cellular
assays. Images frothe immunocytochemical staining and bodipy stainargalso included

in thischapter.

4.3.1. ADIPOCYTE DIFFERENTIATION

Knowledge gathered from the first experiment led to conclusions about changes that might
enhance differentiation on ELBessstiff hydrogels ae propose where cells can spread at an
early stage and expand during lipid accumulation if differentiation is achieved, and thereby
avoidingobstruction ofcell spreadingELP with no crosslinker waisivestigatedo examine

the effect of ELP on differerdtion without thecytotoxicity effects Therefore ELP coating
instead of collagen coating was performed as both a 2D castrekll as an investigation of
effects of ELP contra collagen coajimhe viability of hADSCson ELP coating has already
been confirmed in the ELP optimizatioA. new hydrogel composed of collagen and ELP
(explained inmethodsection3.1.2 wasincludedin an effort to investigate ELI hydroge$
without the crosslinker cytotoxicity This mix was then gelatedith NaOH as prior collagen
hydrogels with the hypotheseis that the adsorbed Biuld be incorporated and trapped
inside the gebecause of its sizdhe pure collagen hydrogel (37°C gelation temperature)

from the first seeding was used as a positive control due to prior successful Eselts.
crosslinking temperature &7 °C for mllagen was chosen over collageriGito ensure fast
gelationtimesand thereby avoiding cedinking Results from measurements in CedexHiRes
prior to seeding are stated in Appendix B.

With 3wt% ELP and lower concentration of crosslinker softer hydrogels ithgomior
investigations were preparedeilshornet al. managd to promote neurite outgrowth in this
more compliant matrixComparison withthis successfubutcomemight rot be guaranteed
due to different cell typebut ther resuls gave a direction in hydrogel matrix preparation
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since both neurites and adipocyte fragile cell types sensitive to stress and surrounding
factors. There are many different fat compartments in the body with different prdperties
which makes conclusions from published literature on adipose tissue difficult to interpret.
Adipose tissue of abdominal faés been shown to have mechanical stiffness properties in the
dimensionof the elastic moduliof the prepeed ELP hydrogelsgiving strength to ta used
protocol®!

The threeotherfactors changedn this second experimentere: cell incorporation inside
hydrogels (instead of seeded on tophigher cell concentration and no coatipgor to
hydrogel seeding. These changgbto highhydragel contraction resulting in small hydrogels
with high cell density. This also led to manyligestill being present outside of timgdrogel
growing on a 2D surface composed of proteins from heérogd adsorbed to the glass
surfaceduring contraction, a conclusion made since cell attachment directly on glass surfaces
with no ®ating is difficultto maintain.

4.3.1.1. Time point day 2

Confocal images from day Eigure 25) are comparable to that of the first seediith few
exceptions.Cellular morphologies are again spread on coated surface (ELP) and the two
different collagen containingydragels whereas round cellular phenotypes are dominating in
the hydrogels consisting of ELP with THPC. Live/dead staining show high cell viability on
coatingand in collagermydrogels and lower irhydrogels containing ELP. The EU#ydrogel
where the cells were seeded on togrevt opaque for visualization so images where taken
outsde of thehydragel, ontheglass surface. Subsequent Amear images of dis seeded on

top of the ELPhydragel showed consistent round morphold§igure 26). Cell spreading on

ELP coating and collagen/ELP hydrogel show &P is supporting cell spreading when not
crosslinked with THPCas seen in the ELP optimizatiadonlinearimages(Figure 26) show

high confluence of cells on ELP coating with higher cell concentration compatkd twst
seeding due to higher seeding concentration. Cells seeded on top ofhidlifegel or
encapsulated in ELP hydrogel show round morphology. That cells show diffeogoihology
when seeded on 2D ELP coatiff§gure 26 A) and on top of ELFhydragel (Figure 26 B),

which should provide similar attachment for the cells suggest crosslinker toxicity.
Morphology of cells incorporated inside thydrogel (Figure 26 C) could except from
crosslinker toxicity, also suffer from the inability tkegrade the matrix and therefore not
expand in thénydrogel. Figure27 shows nonlinear image suggesting that the stiffness of the
hydrogel is still too high for hADS€to expand and that cellular degradation of the matrix is
not presentCertainty that the results from the collagen hydrogel with adsorbed ELP are
affected by the presence of ELP cannot be guaranteed since a molecular investigation of
content in the hydrogel have not been performed.
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Figure 25. Confocal images of live/dead stained cells at dawitd calcein in green and EthDin red.A
- ELP coating. Bi Collagen hydrogel, G collagen/ELP hydrogel. D ELP hydrogel with cells seede
after gelation. E ELP hydrogel with cellencapsulatednside. (Scalebart00um, image sizes 710x71

1nm\

Figure 26. Nonlinear images of live/dead stained hADSCs on datl2 calcein in green and EthDin blue
AT ELP coating, B ELP hydrogel, cellsseeded on top, € ELP hydrogel with encapsulated cells. Imac
size 171,9 x 171,9 pm.
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Figure 27. Nonlinear images ofive/dead stained cells
with calcein in green and EtRD in blue for ELP
hydroge 3wt% with crosslinker ratio 1:1.4

When amount of live stain versus dead stain was calculated at day two, results consistent with
the first seeding arebtained(Figure 28). A higher amount of dead cells are present in the
hydrogels containing ELP crosslinked with THPC.
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Figure 28. Live stain divided bydtal stain in confocal images ¢
day 2.
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Metabolic activity assay

The MTSassay Figure 29) showsthat cells on 2D coatg of ELP are most metabolically
active at day 2, followed byollagen hydrogel and then lowen the ELP hydragels
crosslinked with THP@nd the collagen/ELRydrogel. When normalized to number of viable
cells, determined with CEDEX cell counter, cells in ELP hydrogel showed highest value
though strongly varying between welfsgain, it must be pointed out that values in this assay
are varying greatly. Problemsitiv this assay combined with ELP hydrogels as mentioned
earier seem to be persistesutd no conclusions will be based on these restitis.low value

of cells on ELP coating after normalization might depend on faster saturation on 2D surfaces
sinceMTS terazoliumdoes notneed to penetrate into the hydrogel prior to conversion into
formazan. A time dependent investigation of cells on 2D surfaces and cells incorporated in
hydrogels could be of value to improve the assay.

MTS TP1 MTS TP1 normalized

0.0025+

0.0020

0.00154
0.00104

0.0005+4

0.5 o

Absorbance 490nm
Absorbance 490nm

Figure 29. Metabolic activity at day 20verall average value/well and normalized value to viable
number counted in CEDEX HiRes.

4.3.1.2. Time point day 14

Confocal images with live/dead staining from dayaké shown inFigure 30. Viable cells

show a more contracted morphology compared to day 2 which is typical for adipocytes,
giving strength to that differentiation has occurred. Cells on ELP coating have a higher
amount of cells with ruptured membranes (red). A possible explanatiois ie the high cell
concentration that, on a coated surfanght giveatoo highcell density since the cells have

no distribution in the -axis (height). Cells in collagelmydrogel and collagen/ELRydrogel
havea highviable cell amount. Cells on and ELP hydragels with THPC have a higher
amount ofdead cel and the morphology othe cells is round.Figure 31 show nonlinear
images of all conditins investigated. Lipid droplets in red (CAR&E apparent in all wells

with ELP coating, collagen hydrogel and collagen/ELP hydrogel. No lipid dragoietssible

in cells in ELP hydrogel or in cells seeded on top of ELP hydrogel.
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Figure 30. Confocal images of live/dead stained cells at dyv'ﬂ;l4 calcein in green and EthDin red.A
- ELP coating, B collagen hydrogel G collagen/ELP hydrogel. DELP hydrogel with cells seeded afts
gelation, E- ELP hydrogelwith cells encapsulated inside. (Scalebar: 100 image sizes 710x730m)

A Cc E
50 pm 50 pm 50 pm

Figure 31 Nonlinear images of unstained cells at day w#h lipid droplets in red (CARS) anc
autofluorescence in green (MPER)T ELP coating B i Collagen/ELPhydrogel. Ci Collagenhydrogel. D -
ELP hydragel. Ei Cells on top of ELRhydrogel. Scalebar 50 um, image sizes 180,1 x 180,1 um
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After 13 days the amount of liv&ainedcells in hydrogels containing ELP crosslinkedh
THPC is very low compared to deathinedcdls (Figure32)

Viability percentage TP 2 14 days
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Figure 32. Live staindivided by total stain in
confocal images at day 14.

Lipid droplet analysis

A lipid droplet analysis of larger lipid droplets (aboveudh) was performed. Larger lipid
droplets are more interesting since they bear more resemblance to maturetadipaty
droplets. Cells that @re outside of t hydrogel due to contractioreve calculated separately
because they have difnt external surroundings. A total 5 lipid droplets per condition
wereinvestgated. Larger lipid droplets eve found to range beeen 41 22 um with most
abundant ranges between 40 um (Figure33). Lipid droplets show little difference inz
between the three conditions,halugh cells differentiated in collagen hydrogel have more
lipid droplets in the range-8 um where the other conditions have the most lipid droplets in
the 46 pm range.Total amount of lipids/cell was calculated for three cells per condition as
area oflipids divided by cellular outlinegexample inFigure 33). This resulted in lipid
percentages of 46% in ELP coatin@.@% in collagen/ELP hydrogel dm2% in collagen
hydrogel. These are higher values than calculated in the first seeding, suggesting that higher
cell concentration promote higher lipid contenipid percentage is highest in the hydrogel
containing ELP adsorbed to collagen. An analy$iamount of lipids droplets (> gm) per

cell in the different conditions was performed with ihéent that lesser amount of lipid
droplets versus total lipid content can assess the degree of differentiation. The number of lipid
droplets per cell was onvarage 9.67 on ELP coat,33.in collagen/ELP hydrogel and 11 in
collagen hydrogels. This show that lipid droplets are fewest in collagen/ELP hydrogel as well
as they take up the largest area in this condition, suggesting more similarities with mature
adipocytes. Difficulties with estimating cell outlines inside hydrogels complicated the lipid
per volume investigation, and that is the reason for few repdi¢dteells) in this calculation

The values may therefore not be representable for the whole Miglire 34 shows
comparative images of cells inside ydiogel and cells outside ofteydrogd. Cell outlines
aremore clear and easily estimated (image B) when no disturbance from autofluorescence or
cell debris is present (image A).
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Figure 33. Histograms showingpid droplet size Cells growing outside of hydrogel due to contracti
have been measured separately due to different external factors that might affect differentiatio
though seeded inside tigdrogel at day 0. Lipids smaller than 4um are excluded. Example of cell
outlines drawn by hand to calculate area withdeiwith lipid droplets in red (CARS), cytoplasm in dai
green (MPEF) and Hoechst staining in bright green (MPHEF) Lipid droplets diameter drawn
Measured by hand with ImageJell from collagen/ELP hydrogel (outside gel)
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Figure 34. Comparison of cells inside hydrogel and sidé hydrogel due tc
contraction Nonlinear images with lipid droplets in red (CARS), Hoechst staining
green (MPEF), and autofluorescence in darker green (MPER). o&lls inside
collagen/ELP hydrogel. B cells outside hydrogel with less disturbing fluorescer
from surrounding cells and debris.

Metabolic activity

After 14 days theanetabolic activityassay indicates that metabolic activity of cells in ELP
with crosslinkerhydragelshave diminished to very low values, but that cells on ELP coated
wells as well as in collagehydrogel and collagen/ELRydragel have relativig high activity.

The normalized values show much higher metabolic activity in cells in collagen and
collagen/ELPhydrogels compared to ELP coatifgreason for thicould bethat when cells

are counted in order to normalize the value, more cells detach froELEheoated surface
than from inside of the hydrogelsence giving lower value according to absorbance divided
by viable cells. The cells that are encdasd inside the hydrogel caot break out of the
hydrogelprior to cell counting giving a lower, but false value on viable cell concentration.
Problems wth saturation as described earlier might also be presbigt.concludeghat the
MTS assay overalhas many disadvantages when working with hydrogels of different
compositiorwhen trying to compare values between the conditions.
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Figure 35. Metabolic activity at day 14MTS values in total and normalized to number of viable ce
Cell counting vas done with CEDEX HiRes.

Adipogenic phenotype assessment

In this section, stem cetharker CD105, as well as lipid droplet associated protein perilipin
areinvestigated. The neutral lipid stain bodipy is also examined.

Surface marker for mesenchymal stem cells i CD105

CD105,0r endoglinis a surface protein of mesenchymal stem @elldshould show strong
presence in wells before differentiation is commeriédchmunolabeling of this ptein at

day 2 (Figure 36), before differentiation, showresence of this protein pointing to thhere

in fact are stem cells (hAADSC8J, and that the purity of thetemm cells seem highThe
strongly fluorescing cells in image A are stained with antibody versus CD105. Compared to
unlabeled cells in image B presence of CDDB is determinedlimage C is the same image

as image B with increased gain to show that cells are present, but low fluorescing compared to
A. Image Dis CD105 and Hoechst stained and show strong signals versus image E which is
the secondary antibody control (and Hoechsinety). At day 14 of differentiationower
presence of CD10%as detectedn cells containing lipid dropletpointing towards that the
transcription of CD105 is altered duriddferentiation Figure36, F).
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Figure 36. CD105 labeled cells at day 2 {8) and at day 13 (FA - CD105Hoechststained cellggreen)
day 2 B - Unlabeled cells day 2. €(B) again with higher gain to show cell presence.CD105(green) and
Hoechst staining (blue) in confocal microscope- Eontrol stained only with secondary antibody a
Hoechst(blue). F - Differentiated cells at day 13 with lipid droplets in red (CARB)w low fluorescence
from CD105 compared to autofluorescence from cell debris.

Adipogenic markers 1 Perilipin expression

Neutral lipids synthesized by adipocytes are stored in lipid dr8pletsi are only used in
times of need, i.estressstarvationor similar. Perilipinis a protein present in adipocytes with
the role of encapsulating lipid droplets, hindering lipases to break down theifipidsal
conditions®® Perilipin governs the hormonal stomgand release of triglycerides where
phosphorylation of perilipin by protein kinase A leads to lipolysis by hormone sensitive lipase
and adipose triglyceride lipagePerilipin is primarily found in adipocytéé making it a good
adipayenicdifferentiation marker to compare with results from nonlinear microsdéigyre

12 shows perilipin present athelipid droplet bordersimageD shows perilipin imaged witha
609/57 nm filter. When filter was changed t® 720 nmshort pass filte(image F)perilipin
intensty was increasedue to factors from the microscopic setup. The dichroic mirror in the
setup used idlocking most signals below 63tm and this only permits a low amount of
photonswith lower wavelengtho pass through. Since the short pass mdilter permits all
wavelengths between 65tm and 720nm more unspecific signals from the cellre also
included Imaging with filters in that high wavelength range is possible since Alkia 594

have broad emission ranging from 5&® to 750nm. Perilipin should primarily be found in
differentiated adipocytes so immunolabeling of hADSCs at day 2 and adipocytes at day 14
should show difference in fluorescence at B8®720 nm (emission spectra of Alexa 594)
Interestingly thereseem to beeven though low ahnot ordered, presence of perifigh the
undifferentiateccells Figure38). The gain in this image is increased compdceligure 37

F, andnot comparative in signabince the stem cells used are extracted from adipose tissue,
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the finding that perilipin seems tze existing in the hADSClsefore differentiation protocol
towards adipocytes is startadight have importanceegardingthe hormonal state of the stem
cells. If the hADSCs that are able to differentiate into several cell types such as osteoblast,
chondrocyte® andb -cells have already started to commit to adipogenic fate, then research
trying to assess these other cell types may have problems with successful differentiation. If
endocrine signals are inducing perilipin traistion, then other adipogenic factors might also

be present, which should be further investigated.

50 pm 50 pm

Figure 37. Hoechst stained and Perilipentibodystainedcells at day 13 with lipid droplets in re
(CARS), Hoechst staining in bright green (MPEF), autofluorescence in darker green (MPEF
perilipin in blue (MPEF)A T All channels. B- CARS at 661/20m. C- fluorescence at 514/3dm. D i
fluorescence at @®/57 nm (peilipin). Photon hits increased due to low signal at 609457 due to
dichrac blockage of wavelengths < 635n.

E- Lipid droplets (CARS)F i Perilipin imaged with short pass filter 720n yielded much strongel
signals of peripin but more uspecific signals from cells.

Figure 38. Nonlinear images o€ells at day 2A i Perilipin immunostainingn blue (MPEF) and
Hoechst staining in blue (MPEHRg¢aking through filter. Bi Hoechst &ining for comparison to
verify that signals in A is not unspecific Hoechst staining or autofluorescemdg.SP720nm filter
channel included for better visualization of differefice
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Lipid droplet stain T Bodipy

Bodipy (D-3922)staining of neutral lipids is a common wayvisualize lipid dropletslt is a

very intensely fluorescing molecule making detection easy but also impairs possible other
nearby signals due to its potendy verify the nonlinear microscopy setup of lipid imaging,
bodipy sténing was performed. Thishews that lipid droplet location and size exgct
corresponds to CARSignal Figure 39). When working with adipocytes without access to
nortlinear migoscopy, bodipy staining is a suitable method to image lipid drapBetdipy

stain in hADSCs at day 2 prior to differentiation, where hypothesized to give low fluorescent
signal since no lipid droplets should yet have been forikigdre40 confirms lower presence

of bodipy stain but there seem to be a few small lipid droplets present also at this time point.
This couldstrengtherthe finding of perilipin being present in the BACs at day 2. Since
many cell types have been found to store Sprddroplets, this discovery doest ensure that

the stem cells have committed to adipogenic fate, but further investigation to assess the state
of the hADSCs could be valuable.

= 0

Figure 39. A- Bopy stained cells imaged with filter 514/8tn in green (MPEF)B 7 Same cells imagec
with filter 661/20nm in red (CARS).

™ 25 pm

Figure 40. deynd Hoechst stained hADSC
in green (MPEF) at day 2, showing small lip
droplets. Larger bright green is nucleus.
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Cellular distribution in hydrogels

All hydragelsin the second seedingiere put inanincubator at 37C directly after seeding
each condition tpreventcells from sinkng to the bottom of the well and to reduce toxicity of
the crosslinker. Despite this, a higher cell concentration was found near the bottom due to
sinking (Figure41). The interesting fact is that cells near the glass bottom had both more and
larger lipid droplets and lssundifferentiatecells (Figure41). This suggestthat cells préer

a solid surface to spread on, that the glass bottom m@®vith improve differentiation.
Another possible explanation is that the cells can spread more easilythadg which is

not covalently bonded to the glass bottom. It could also depend on lower nutrient availability
in the middle of the hydrogel due to high cell density, however, the upper borders of the
hydrogels also show less differentiation than thetdmotreducing the strength to this
assumption.

Figure 41. A7 3D rendering of cell near glass bottom in a collagen hydrogel. Lipid droj
in purple (CARS) and nuclei in green (cell outlines not visitise) 3D rendering of adipocyte
distribution in collagen hydrogel. Lipid droplets (purple) near bottom and incree
autofluorescing less differentiated cells (green) as height increases. Length of celti7A
um. Image size in B180,1x180,1x51 um

Hydrogel degradation effect

The mechanical properties of a hydrogel matrix are as mentioned of high importance for the
fate oftheencapsulated stem cells. Properties similar to that of the natural ECM are suggested
to favor differentiation. Results showhat the successful differentiation in hydrogels
composed of the natural ECM protein collagen is also dependent on the degradation of the
matrix. The negative differentiation results from the ELP madrx(together with crosslinker
toxicity) assumed talepend on the inability to degrade the matrix, making cell spreading
prior to anchoring impossihlé=igure 42 shows the matrix degradation over time, where
collagen fibers seem to have been completely degraded whereas the ELP remains similar over
time. This is alsopresented earliein Figure 27 where cells seem to have tried to grow,
pushing onto the hydrogeknd thencollapseddue to failure of expandingHydrogel
degradatiorwasassessed with nonlinear microscppyiere SHG was used itmagecollagen

fibers (image A,B) and (ARS to assess ELP structure (imageDJ., Thatthe cells show a
morphology suggesting dead cells already at day two could explanotieegraded ELP. If
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the cells die early due to toxicity of the crosslinker, they can obviously not degrade the
matix. More experiments where the toxicity is reduced need to be carried out to ensure the
degradation capabilities of ELP. A result that can be more surely obtained from this
degradation assay is that the ELP is stable in wet condition ‘@ @uring the tw weeks of
incubation.

50 pm

Figure 42. A i SHG signal from collagen fibers at day 2.i BSHG

signal from day 14 shows degradation of collagén. CARS signal
from ELP at day 2.D i CARS signal from day 14 shows n
degradation oELP.

4.3.2. b-CELL DIFFERENTIATION

This sectionis devoted to the results obtained in the seabfidrentiationof hAADSGCs toward
betalike cells. Initially, results from themetabolic activityassaywill be presented and
discussed Later images of cells fronthe live/dead staining from both time points are
displayed. These are followed by a discussion of the results obtained with -inoear
microscopy. Subsequentlynages from the Bodipy staining and an argument of the findings
are given. As an important védation of b-like cells GSIS and Geptide ELISA assays
were performed. Finally, images from the immunocytochema®presented for cellsrgwn

in LM 511 50ug/ml hydrogel. Results from the other conditions cafolb@din APPENDIX

G.

4.3.2.1. Metabolic activity assay

The absorbance measurements at d90of formazan for both time points are presented in
Figure 43. The result is based on two measurements for each condition except for ELP
coating at day where only one measurement has been perforAreayverall analysis of the
chart reveals that the mt@bolic activity dereaseswith time but less variation between
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conditions can be observed at day 16 in comparison t&.dgye fact that rmasuremerfrom
thefirst time point indicates quite large variatias probablydue tothe selected wells. At this
time pointthe first and the laswells for each conditiorwereselectedAs a consequence of
pipetting, the cell number in each well igrobably not consistentand decreaseas the
hydrogels has been cast. For the second time point the wells chosenrfonatian were
adjacentto each otheand theresults indicate less variatiom this time point the variation
between conditionare also quite small when the resultvéaot been normalized to cell
number.

The number ofcellsin each well was counted withe Cedexcell counter and the results
were used to normalize the absorbance valuesults are presented Figure 44. This
procedure was performed since the proliferation assay does not talemdount the actual
cell number in each well, it only measure the amount of formazan produced by living cells.
One problem which was raised during that procedure lwasogel losses. Thehydragels
were very loose and during the washing step some ofhtleogels were rinsed away
resulting in an absorbance value for the proliferation assay but without any cells in the
counting step. For that reason some of the values have beentedrby the average of the
otherhydragels for these condition3his approactmight not be optimal buhe resultcould
providea hint of the viability for that conditiorDne of the values that had to be adjusted was
the cell number for the second mesnent of LM 511 50ug/ml which might be an
explanation to the large error bar. For more information of which cell concentration that has
been used, sePPENDIX H. However when analyzing thighartsome variation between
the conditions can be observed, especially at daytl&kems that the cells grown in LM
scaffolds had the highest proliferation during day 5 time point. Another observation is that
cells grown n LM 511 50ug/ml have a tendency to higher proliferation than cells grown in
LM 411 50 pg/ml hydrogels at day 16. The result for LM 411 p@d/ml has a higher
normalized value than LM 411 50g/ml. This could be a result of adjusted value for the
hydrogelwith lower concentration of LM but when comparing the result with the collagen
hydrogel they seem to be simil&or that reason, an explanation is that the low concentration
of LM in the hydrogel does naignificantly affect the cellular viability, Anoér explanation
to the result is thahe LM has not sustained in the hydrotigbughouthe differentiation and
therefore been washed away in medium changes.

4.3.2.2. Live/dead staining

The images from the Live/dd staining from both time points are visualizegigure 45 All

of these images have spread cells expressing calcein staining and no obvious difference can
be seen between the imagkragesk and L represent LM 411 1fag/ml and ELP coang
respectively at time point day 16. Comparison between 3D Bndr@wth can be done by

these images and both have satisfying cellular morphologyighdiability. An interesting

feature for the cell grown on ELP coated well is that they seem to form compartments. This
might be because there is some artifact on tagsgor that this formation is more beneficial

for the cell cluster. During measurements in the confocal microsagp®blem with the
penetration depth occurred. Some areas of the hydrogels were too thick and could not be
imaged. This is probably becaube cells had contracted the hydrogel.

4.3.2.3. Non-linear images

Pure lydrogels without any entrapped cellsvere cast and visualized with the Aamear
microscope. The purpose with thexperiment was to investigaté any sgnal could be
detected fromiLM or if LM changed the structure of the collagi@mers within the hydrogels.
The filters used during these experinseewere choseas405/10nm in forward, 514/3Gim in
eprside and 661/2Gim in epistraight. With this setup, SHG signal rfinocollagen can be

53



detectedrom 817nm laser in forward idection andthe filter of choice forepiside collects
autdluorescence that might arise during measureméis.results from these measurements
aredisplayed inFigure46 wherethe red signal is generaterh the forward scattering and
the green signal is generated from scattering irsiel@ direction.The imagesshow that the
signalsis mostly collected in the forwamktectorand that no obvious difference can be seen
in hydrogels containing LM(B-F) and the collagen hydrog€R). The signals that are
generated alseeemto be generated from fibatructureswhich meanthat the signal most
probablyaregenerated from collagen and not LM.

The cells with live/dead staining were once again imalgetthis time withthe nonlinear
microscope one day post stainidgs can beseenin Figure47 (A-D), thesignal from calcein
(green) isstill present inside of the cells. However, the EthQvhich binds DNA was
supposed to be detected in the blue channel but instead some other features were revealed in
this channelThe signal was not considered to be generated EtrD-1 since the nucles
inside the calcein stained eWas well imaged and the cells seemed to have intact cellular
integrity. As can be seen in the images, the signals were also generated within the cytoplasm
which indicates that it is not DNA bound EtHDin compromised dis which is imaged.

For that reason, unstained cells werenaxed with the same settings and the signal
pattern is also visualizein these cellsas can be seen in imagess. The presence of these
features in unstainedamplesindicates that the sighas generated from endogenous
structures within the cellsThe signalwas detected with theepistraight detectomwhich
indicates that the signal is within thed spectraThe unstained cell images also clearly show
that the signal came from features @fhivere organized in a specific risgaped structure in
the cytoplasm of the cells.

In order tospecify the signalit was examinedin cells grown in the LM 411 5@g/ml
hydrogel from the time point at day 5. The results from these measurements szn be
Figure48. In image A,both beamsvere guided into the sampland the ring structure from
the blue channel iglearlyvisible. However, in imagB the 1064nm laser was blocked and in
imageC the 817nm lasemwasblocked. The beam blocking removes the signal in (B) and in
(C) all signals are lost. This result indicates that the sigeaguires both beams
simultaneously. The time decay from the ngig when no beam was blocked was also
investicated and is presented in image ID this image, the low peak with stretched time
decayis collected from the green channel and the shapthe histogramis typical for
autofluorescenc® The signal from the bkichannehasfaser time decay and generates a
sharp pealn the histogramThe timedecayof this signalis approximatelysub nanosecond
and based on previously published data this is the typical time decay for a CARS%ignal

The structure was examined bgoming in on one of the cells in the laweght corner of
image Ain Figure48. A z-stack revealed that the structure was composed of severa)] small
round,granules A slice of this stack is presentedkigure49. The diameter of 1§ranules
that could clearly be distinguished, was measured and the results of these measurements and
the averageliameter is presented fable 11. The diameterganging betwee@70-1244nm
areroughly the saméength as the wavelengths of the laseised (817nm and 1064hm).

Ther quite small size also confms with the fact that stter from small object should give a
strong CARS signal in epi detectih

With these results in mindt wasof high relevance to investigatetihe granules increased
in size over time An enlargement in size could indicate thhe cells were actually
differentiating towards another cell type than the ainfidike cells. For that reason, cells
from each condition were also investigated at day l@iftérentiation and a comparison to
the cells from time point at day 5 psesented irFigure50. In these images the red signal is
SHG from collagenwhich indicated that the imagesere taken inside of thenydragel.
However, some of the hydrogels were very dense due to contraction and the collagen fibers
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were difficult to image. An enlarged image @#ll grown inLM 411 10 pg/ml hydrogel is
presentedn image K and is considered to bepresentabldor all hydrogels at day 16he
other enlarged image, imade visualizes cells grown on ELP coating. Neither of these
images reveals a notable enlargement of the granule size over time.

In order to disnmssthis finding being solely hydrogel relateglls grown outside of the
hydrogels were examineshd presented irFigure 51. Resultfrom the collagen hydrogel is
displayed inimage A ofFigure51 and cells gravn on ELP coatingre once again displayed
in imageB. An image comparison revedlsat the distinct structure also is generated in cells
grown outside of the contracted hydrogel and therdf@estructures not due to the hydrogel
composition.

4.3.2.4. Neutral lipid staining- Bodipy

The cellsused in this projecare derived from human adipose tissued thereforeone
explanation to these granules is that they are small lipid droplets which also would explain the
CARS signal. For that reason, cells differentidteday 16 were stained with the fluorescence
dye Bodipy which visualizes neutral lipid$loechst stainingvas also included in the
experiment in order to visualize the nucleus, the result can bars&gyure 52. Cells with
Bodipy staining grey) can be seen in all conditiors.zoomedin image of a cell in the LM
mix 50 pg/ml hydrogel is displayed in image.Hhe small lipid droplets can clearhe
distinguished and thegeemto be located at the same positias from where the CARS
signalwas generated in the cells examined in theltimodalmicroscopeThese findings of
neutral lipidsin small clusters inside of the cells indicate that the liprésstored and might
not interfere with the cellular function.

4.3.2.5. C-peptide ELISA assay

The calibration curve which was includedfan the Gpeptide ELISAwas too high ranged for

the intensity valuesneasuredrom the samples. For that reasdime calbration curve was
modified by removing the two highest concentrations and adding the blank as a calibrator.
Further the regression model was constrained at priial/L which was the concentration for

the first original calibratorThis might not be an opimal approach for analyseldowever, it

was considered as the best suited approach for these analyses under the circumstances given.
A comparison between the original and modified regression model can be sé&d#PENDIX

F.

The results generated from the measurements are presefrigdrie53. In thisfigure the
intensity is not normalized to cell number. A first observation is that some of the conditions
have negative concentration which is an error that most probably has tthdbewegression
model. The bars in thechartare based otwo measurements which generatpdte large
standard deviation. It might be that the incubation time needs to be increased during the GSIS
so that the glucose has enough time to diffuse intohylaeogel and thereafter for the-
peptide produced after pnesulin cleavage to diffuse out to the supernat&uirther the
detection limit for the assay is 2@nol/L which means that all measurement of @2ol/L
and below should be considered as no&ber than actual resultds can be seen in the
diagram all values excepfor the EndoGbH1cells which was included gmositive controls
are measured below detection limit.

With this knowledge in mindhe conditionghatgave a positive responsedlucosewere
still normalized to viable cell numbé#o investigate if any condition indicated a tendency of
increased insulin response upon increased glucose concentration. The results from the
normalization aralisplayedin Figure54. Dueto hydrogel losses and undetectegéptide in
many of the conditionst was unfeasible to investigate the response in these conditions.
However, the results indicate that the hydrogel which gives the highest resgpibreskaminin
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mixes. Resultérom theLM mix 10 pg/ml hydrogel even gives ancrease of €peptide upon
increased)lucose levelvhich was the aiming result

4.3.2.6. Immunocytochemistry assay

Results from the ICC assay were first analyzed with 40x multimodal microscoyeMPEF
should provide highdepth of focus andeduces the photdamage and bleaching of the
fluorophore.

Typical results from these images are presentdelgare 55 wherelmages AC and DF
arefrom the same cells but with different filters and stainintageA and D are detected in
forward with 452/45nm filter which was used to visualize nucleus with Hoechst staining.
ImagesB and Evisualizesinsulin and Sox17 respectively wikiexaFluor 488 as secondary
antibody, detected in egide with 514/3(0hm filter. C and F are images of PDX1/alexa594
detected in epstraight with 720nm shortpass filterHoechst, PDX1 and Sox1were all
expected to be found in the nuclesisce they are nuclearagting and transcription factors.
However, problems arose during the measurements due to excitation overlap of Hoechst and
Alexa Flour 488 which made it impossible to conclude the origin of the signal iBXH&0
nm filter. An additional complication durg these measurements whg autdluorescence
from endogenous structures withiells which also werdransmitted in the 51408nm filter.

This fact made itchallenging todistinguish between signal from th&lexa Flour 488
flourophore in the nucleus amditofluorescence in the cytoplasm.

In order to overcome these problems, the dedis theday 16 time pointvere reimage®
days post stainingsinga confocal microscopeln this microscopehree different laserare
being usedsubsequentliyto excite he fluorophoresseparatelywhich enablesmore diret
excitation and collection. Images were taken on cells which had grown both outside and
inside the hydrogelThe results for cells growm LM mix 50 pg/ml were considered as
typical results for all coriions and are presented Fiigure 56; other results can be seen in
Appendix F. The fact that the unstained ceitsimage Agive signal within the nucleus is
probably due to Hoechst staining which has leaked through the abtrer well plateduring
incubation time or transporAll images are composed of ten images witlarl steps which
have been-projected in order to enhance overall signal of the cells. When analyzing the cells
stained for insulin and PDXimage B and E can be seethat the cells grown inside the
hydrogelseems tayive rise toless distinguishablsignal than the cells grown outside of the
hydrogel. This result may be because the contratigdtogelbecame too dense for the cells
and na asfavorable fordifferentiation Other explanations might hieat scattering inside the
hydrogel reduced the signat that the position of the cells causes less distinguishable results
When analyzing the signals from cells stained for Sofdgiéen)and PDX1(red) in 2D
image C, some signalf Sox17was detected even in the cytoplasm of the c&lss result
was not expected since Sox17 is a transcriptional factor which should be detected in the
nucleus. Investigation of the same staining within the hydrogel showeobwvious ce
localization of the signals within the nucleirmage FHowever, when comparing image F to
the unstained cells in image, @ lot of signal seems to be coming from uncontrolled
autofluorescence.

The signat from the cellsgrown on 2Dwere also analyzed with the different channels
separately, the result from these analyses are preseriaire57 togethemwith results from
hADSCsat passage 0. These cells were included as controleantleen treated the same as
the other cells but without primary antibody comparing the control cellsmage K, to
cells treated with antibodiesmages BC and FG, the majority of thedetecté signal seems
to be originating from bound secondary antibotlpwever, the control cells indicate some
unspecific bindingln the cells stain for PDX1/INSmage AD, the signal from insulin can
be detected in the cytoplasm but the signal from PDX1wisisupposed to be in the nucleus
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also seems tobe expressedn the cytoplasm. Furtherore, when analyzing the SOX17
staining image Fthere seem to be an enhanced signdbcalized with the Hoechst s$tang
in image E.However, even though the fluooesice in the cytoplasmwasless than for the
insulin staining, it was stikignificantly higher than for theontrol cells. Evenin this staining
the signafrom PDX1, image Gegollected in the cytoplasmvhich indicates that the some of
the signalis due tounspecific binding of thélexa Flour 594 antibody.If there would have
been autofluorescence then it should have been detected at the unstainedroglise 56.
The dislocated PDX1 expression in battainingmight be because the primary antibody in
this case is a polyclonal antibody and might bind other epitopes which is not investigated in
this project.

The signals frm cells grown inside of thkydragel have also been investigatestparately
and aralisplayedin Figure58. Image B and Fndicate that some of the lteexpress insulin
For the Sox17 stainingmage C and Gthe conclusion is not that obvioggce the signal
should have been originated from the nucldiee cellsn image FH seem to be quite round
which indicates unhealthy cells and these cells can accumulate endogenous fluorophores
which might contribute to the signalhe PDX1 staining is difficult to distinguish in both
hydrogels.

Even though the results from the ICC gaviot of additional information one aspect was
not achievedThe results from time point day 16 were supposed to be compared with results
from time point day 5However, since @amplications arose in the mutibdal microscopeand
time past before the cellgere reimaged in the confocal microscope, the cells from the time
point at day 5 were not in condition for imagiriche desired result after comparison would
have been to seen a decrease of the endodermic marker Sox17 and a regulation of the
pancreatic emmlerm marker PDX1.

MTS D5 and D16

1.0

Absorbance 490nm

Figure 43. Absorbance measuremeait490nmof formazana product of MTS tetrazolium. Blank
has been subtracted from all measurements. The first and second bar represents measuremer
point day 5and day 16 respectively.
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MTS D5 and D16 normalized

0.0020+

0.0015-

0.0010+

Figure 44. Data frommetabolic activityassay normalized witcell number counted in Cedegll counter.
The first bar for each condition represent data from time point day 5 and the second bar represent
point at day 16.
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Figure 45. 20x ®nfocal images of hADSC &ime pointday 5and day 16 of differentiation towafdlike cells.
Cells are stained with live/dead staining, Calcein (green) and-Eitnéd). AB: Collagen 1.15 mg/ml, ©:
Laminin 411 50 pg/ml, B=: Laminin511 50 pg/ml, GH: Laminin mix 50 pg/ml, 43 Laminin mix 10 pg/ml, K:
Laminin 411 10 pg/ml, L: ELP coating. All images are fixed to a gain4®95 counts per pixel for both
channels. Images A, C, E, G, | are taken at time point on day 5 of diffe@mtigtiD, F, H, J, K, L are imaged
at day 16 of differentiation. Scalebar in all images are 100 um.
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Figure 46. 40x multimodal images of hydrogels without celBllagen fibers detected in forward directic
seen in red (SHG) and in epide (MPEF) A: Collagen 1.15 mg/ml, B: Laminin 411 50 pg/ml, C: Lamil
511 50 pg/ml, D: Laminin mix 50 pug/ml, E: Laminin 411 10 pg/ml, F: Laminin mix 10 pg/ml. Laser po\
817 nm:100 mW, 1064 nm: 120 mW, averade pixeldwell: 5.04us, fieldzoom: 143.8 um, stepsize: 1 un
All images have the same gain green: 0.26, redd-5 counts per pixel and have beeiprojectedduring
analysis.
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Figure 47. 40x Multimodal microscope ingges of cells from day 5 time point-B cells imaged one day pos
live/dead staining. A: collagen 1.15 mg/ml, B: Laminin mix 10 pg/mD:Q.aminin mix 50 pg/ml, D is an
enlargement from cell visualized in lower right corner of C. Forward detection of collagen fibers with ¢
nm filter seen in red (SHG), Epiraight detection of granules with 661/20 nm filter seen in blue (CAf
Epi-side detectin of calcein and autofluorescence with 514/30 nm filter seen in green (MPEF). All fot
normalized to same gain, R:1Q G: 053, B: 315 photon counts.E-F cells imaged without staining.: E
collagen 1.15ng/ml, F: Laminin mix 10pg/ml, G: Laminin mix 50 pg/ml. The gain for each image has be
adjusted separately to visualize granules.
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M3 SPC-150 OSCI Mode - 014_c4

Tire [ns]

Figure 48. 40x multimodal image of cellsdm time point day 5, grown iraminin 411 hydrogel50

pg/ml. A: Image generated withoth laser beams (8X1¥n and 1064 m), B: Image genexted with 1064
nm blocked and GOmage generated with laser beam 8t blocked Epi-straight detection of granule
with 661/20 nm filter seen in blue (CARS), Egpde detection of autofluoresceneéh 514/30 nm filter
seen in green (MPEF). Imad® visualizes the time decay of tlseunts in each moddtom picture A.

The sharp peak correlates to the blue signal and has a maximum at approximately 3800Tkheu
second peak correlates to the grefgnal and has a maximum approximately 1600 countsaser
powers 817nm100 mW, 1064 nm 120 mW.
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Figure 49. 40x multimodal image of cefirom time point day 5, grown iraminin 411 hydrogel 50ug/ml.
Zoomed in imaged of dlein Figure48 (A). Measurement of average diameter is based on these gral
Epi-straight detection of granules with 661/20 nm filter seen in blue (CARS)sidiidetection of
autofluorescence with 514/30 nm filter seen in green (MPEF).

Table 11. Measurement ofgranular diameter from cell grown in laminin 411 50ug/ml hydrogel.

(n=15
Measurement Diameter
(Lm)
1 0.912
2 1.051
3 0.984
4 0.886
5 0.984
6 0.926
7 0.770
8 0.815
9 0.939
10 1.214
11 1.244
12 1.162
13 1.013
14 1.073
15 1.132
Average 1.007
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Day 5 Day 16 Day 16

b ,' .
Figure 50. 40x mutimodal microscopic images afnstained cells at day 5 and day A6B: Collagen 1.15
mg/ml, GD: Laminin411 50 pg/ml, BF: Laminin 511 50 pg/ml, @1: Laminin mix 50 pg/ml, 4J: Laminin
mix 10 pg/ml, K: Laminin 411 10 ug/ml, L: ELP coating. A, C, E, G, | are images from day 5 time |
and B, D, F, H, J, K, L are images taken from day 16 time point. Forsgtection of collagen fibers witt
405/10 nm filter seen in red (SHG), Egtraight detection of graunles with 661/20 nm filter seen in L
(CARS), Episide detection of autofluorescence with 514/30 nm filter visualized in green (MPEF). ¢
time pointday 5: A (R: 02, G: 617, B: 05), C (R: 01, G: 032, B: 020), E (R: 01, G: 03, B: 025), G
and | (R: 01, G: 030, B: 013). All images from day 16 timepoint have the same gain {R:®: 053, B:
0-15) with the exception of L, which does not hawg ged signal.
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