
Linköping University | Department of Physics, Chemistry and Biology (IFM) 

Master’s Thesis, 30 hp | Engineering Biology 

Autumn term 2017 | LITH-IFM-A-EX-17/3436-SE 

 
 
 
 
 
 
 
 
 
 
 

Analysis of hydrogels for 
immobilisation of hepatocytes 
(HepG2) in 3D cell culturing 
systems 

 
 
 
 

Elisabeth Westergren 
 

 
 
 
 

Tutors: Christopher Aronsson, Jonas Christoffersson, Daniel Aili 
Examiner: Carl-Fredrik Mandenius 

 
 

 
  



Presentationsdatum 
 
2017-12-15 
Publiceringsdatum (elektronisk version) 
 
2018-02-27 
 

 Institution och avdelning 
 
Institutionen för Fysik, Kemi och Biologi 
Department of Physics, Chemistry and 
Biology (IFM) 
Teknisk Biologi 
 

 

 
URL för elektronisk version 
 

 

Publikationens titel 
 
Analysis of hydrogels for immobilisation of hepatocytes (HepG2) in 3D cell culturing systems 
 
Författare 
Elisabeth Westergren 
 
 

Sammanfattning 
Abstract 
 
In pharmaceutical development cell cultures are used as in vitro models to evaluate the function of drug candidates. In such 
research it is vital to have models that resemble the in vivo environment to get reliable results. In 3D models with hydrogels 
ECM like scaffolds are supporting the cells in a more in vivo like environment than flat 2D cultures.  
In this project PEG-peptide based hydrogels with cell binding RGD incorporated on one PEG-peptide type has been 
evaluated for culturing of HepG2 cells. Structure and viscoelastic properties were evaluated with techniques like circular 
dichroism spectroscopy, dynamic light scattering and rheology. Sterilisation impact was also evaluated for PEG-peptides. 
For cell culturing, observations in light microscope and evaluation with Live/Dead assay and albumin assay were performed. 
A few companies were interviewed regarding 3D culturing and interest in mechanically tuneable hydrogels. 
The HepG2 cells grows and forms spherical clusters in the 3D environment with hydrogels, percentage of RGD seems to not 
impact cell adhesion, growth or albumin secretion. UV irradiation was the most suitable sterilisation method for gel 
components. The most rigid gel combination formed had storage modulus of around 230 Pa. 
Mechanically tuneable hydrogels is interesting for the industry. The PEG-peptide based gels are suitable tor growing cells 
but too soft to closely resemble the in vivo rigidity of hepatocytes.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Nyckelord 
Hydrogel, Hepatocyte, Tuneable, PEG-peptide, 3D cell culture 
 

Språk 
 
 Svenska 
X Annat (ange nedan) 
 
English 
 
Antal sidor 
65 

Typ av publikation 
 
 Licentiatavhandling 
X Examensarbete 
 C-uppsats 
 D-uppsats 
 Rapport 
 Annat (ange nedan) 
 

 

ISBN (licentiatavhandling) 
 
ISRN  
 

Serietitel (licentiatavhandling) 
 
LITH-IFM-A-EX-17/3436-SE 
Serienummer/ISSN (licentiatavhandling) 



2 

Abstract  
In pharmaceutical development cell cultures are used as in vitro models to evaluate the function of 
drug candidates. In such research it is vital to have models that resemble the in vivo environment to 
get reliable results. In 3D models with hydrogels ECM like scaffolds are supporting the cells in a more 
in vivo like environment than flat 2D cultures.  

In this project PEG-peptide based hydrogels with cell binding RGD incorporated on one PEG-peptide 
type has been evaluated for culturing of HepG2 cells. Structure and viscoelastic properties were 
evaluated with techniques like circular dichroism spectroscopy, dynamic light scattering and 
rheology. Sterilisation impact was also evaluated for PEG-peptides. For cell culturing, observations in 
light microscope and evaluation with Live/Dead assay and albumin assay were performed. A few 
companies were interviewed regarding 3D culturing and interest in mechanically tuneable hydrogels. 

The HepG2 cells grows and forms spherical clusters in the 3D environment with hydrogels, 
percentage of RGD seems to not impact cell adhesion, growth or albumin secretion. UV irradiation 
was the most suitable sterilisation method for gel components. The most rigid gel combination 
formed had storage modulus of around 230 Pa. 

Mechanically tuneable hydrogels is interesting for the industry. The PEG-peptide based gels are 
suitable tor growing cells but too soft to closely resemble the in vivo rigidity of hepatocytes.  
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Abbreviations 
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G’ Storage modulus 
G’’ Loss modulus 
HepG2 Human hepatocyte carcinoma cell line 
1H-NMR Hydrogen- Nuclear Magnetic Resonance 
MRE Molar Residue Ellipiticy 
NEAA Non Essential Amino Acids 
Pa Pascal 
PBS Phosphate-Buffered Saline 
PDMS Polydimethylsiloxane 
PEG Poly Ethylene Glycol  
RGD Arginine-Glycine-Aspartic acid, a cell binding motif 
SPPS Solid Phase Peptide Synthesis 
2D Two dimensional 
3D Three dimensional 
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1.  Introduction 

1.1 Purpose of the project  

During pharmaceutical development, cell cultures are used as in vitro models to evaluate the toxicity 
and the efficacy of drug candidates. The cells in these models are often cultured in conventional 
polystyrene tissue culture plates. In contrast, cells in the body are embedded in a complex 3D 
environment, the extracellular matrix (ECM). In vitro models for cell culture in 3D could therefore 
provide more in vivo-like platforms for cell culture assays, mimicking aspects of the ECM. Hence, 
compared to 2D cell culture assays, the results obtained from 3D assays can thus provide more 
relevant ex vivo data in e.g. cancer research, pharmacology, and toxicology, and thus reducing the 
need for animal models and saving time and money in drug development. A wide range of different 
hydrogel-based ECM-mimicking materials for 3D cell culture has previously been developed over the 
years (Caliari & Burdick, 2016), (Edmondson, et al., 2014). However, they typically suffer from limited 
possibilities to tailor the material properties and provide few means to tune the dynamic response of 
the materials. Since the pericellular environment varies significantly between different tissues and 
over time, different applications and cells require hydrogels with markedly different properties. 

The purpose of this thesis is therefore to characterize and evaluate a novel ECM-mimicking hydrogel 
system with tuneable properties for 3D cell culture, and investigate the requirements for these types 
of materials in academic and industrial research.   

1.2 Hypothesis of the project 

Hydrogels based on four-arm-PEG and coiled coils with tuneable mechanical properties are 
commercially feasible and relevant materials for industrial and academic 3D cell culture assay 
development. 

Today most of cell-based assays are performed using 2D monolayer cell cultures on flat polystyrene 
substrates. These conditions differ significantly from the natural environment of cells in the human 
body, where the cells are embedded in a complex protein and carbohydrate based 3D matrix (the 
ECM). (Edmondson, et al., 2014), (Takahashi, et al., 2015) 

By comparing 2D and 3D assays for growing cells, several differences can be noted. As an example, in 
2D assays, the distribution of O2, CO2, nutrients and growth factors are distributed homogeneously 
over the cells. Due to the clustering of cells in the 3D structure, gradients of O2, CO2, nutrients and 
growth factors are present in the cell clusters where a lower concentration is found in the middle of 
the cluster as compared to surface. The differences in the distribution of substances in the 2D and 3D 
cultures are important to take into account in clinical trials for new drugs in order to obtain accurate 
results. Furthermore, it has been shown that 3D assays resemble in vivo cell responses much better 
compared to 2D assays. (Edmondson, et al., 2014) 

Hydrogels are often divided based on their crosslinking strategies. Depending on the polymers the 
hydrogel consists of, the structure can be held together by either chemical or physical crosslinking. 
Chemical crosslinking relies on the formation of covalent bonds between polymers whereas physical 
crosslinking relies on supramolecular interactions such as hydrogen bonds, electrostatic interactions 
and the hydrophobic effect (Maitra & Shukla, 2014). Furthermore, the hydrogel constituents can 
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either be of natural or synthetic origin. Examples of natural occurring polymers that can form 
hydrogels are collagen and fibrin these have the natural ability to adhere to cells. Poly acrylic acid 
(PAA) and poly ethylene glycol (PEG) are two examples of synthetic polymers that can be used to 
form hydrogels with polypeptides.  (Caliari & Burdick, 2016), (Zhu, 2010) 

This study will be focusing on hydrogels based on the synthetic polymer PEG that are conjugated to 
dimerizing self-assembling peptides. Depending on which peptides that are combined, the 
mechanical properties can be adjusted. Aronsson et al., 2015 have recently developed a set of coiled 
coil forming peptides (EI, EV, KI, and KV) with defined and tuneable self-assembly properties 
(Aronsson, et al., 2015). With the peptides EI, KI and KV attached to four-armed PEG structures, the 
mechanical properties of the final hydrogel can be tuned. For example, a hydrogel with EI and KI will 
be more solid-like as compared to a hydrogel comprising of EI and KV that will be more liquid-like. 
This gives possibilities to use different combinations of these peptides to create gels with more 
tuneable mechanical properties. (Dånmark, et al., 2016) 

However, cells can not adhere to PEG alone due to its bio-inertness (Zhu, 2010). However, by 
including bioactive peptide sequences (e.g. RGDS or IKVAV) PEG can be modified to get adherent 
features (Caliari & Burdick, 2016). By adding cell adherent peptides to the arms of the PEG it will be 
able to create an environment suitable for cells to grow. 

1.3 Objectives of the work 

Objectives 

This study aims to: 

a) identify important parameters for the industrial and academic applicability of four-arm-PEG 
coiled coil hydrogels intended for cell culture assays and 

b) to exemplify the use of these hydrogels for 3D culture of hepatocytes. 

Sub objectives 

x Investigate industrial and academic applicability and feasibility: need and cost analysis (3D 
cell culture assays vs 2D assays, compare with commercial options for 3D cell culture) 

o Define important 3D cell culture terms 
x Investigate and suggest practical handling of materials (sterilisation, volumes needed, design 

of culture system- 96 well plate, PDMS wells) to facilitate processing in laboratory and 
industrial scale 

x Investigate cell viability/proliferation, function (develop an assay to test hypothesis) 
o Optimize assay performance (materials properties, culture conditions, addition of 

laminins or cell-adhesion motifs) 
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1.4 Commercial aspects for 3D cell culturing 
In a research survey from 2013 of the 3D cell culture market trends (in 2013) it was presented that 
the global market of 3D cell culturing was estimated to be around 75 million USD 
(RnRMarketResearch, 2013). Only two years later in 2015 the market was evaluated in another 
research to 489.6 million USD and was expected to drastically increase over the coming years 
(Research, 2016). 

The market increase is due to the expanded interest and need of a non 2D culturing setup providing 
physiologically relevant information in disease research. With 3D optimised assays, protocols and kits 
that are expected to give good results which promote the 3D cell culture market. (Research, 2016) 

With an increased need for transplantation tissue and better systems for investigating tumour 
growth, the 3D systems are expected better mimick in vivo state and develop this research field. 
Advantages with working with gel-based 3D culturing techniques are that they are simple to work 
with and the user can have the possibility to change mechanical properties. Bio-printing and 
microfluidics are also techniques that are expected to increase the 3D cell culturing market. 
(Research, 2016) 

For 3D cell culturing in hydrogels there are many different options of hydrogels available. Alginate for 
example is common to use in bio-printing for cell culturing (Jia, et al., 2014). There are also many 
other options for cell culturing. Two examples are peptide based hydrogels and hydrogels built up 
from the same components as the extracellular matrix (Sigma-Aldrich, u.d.).  

With the use of cell based 3D assays in hydrogels one can avoid animal testing in some extent and at 
the same time resemble the in vivo environment. Animal testing is expensive, and by using cell based 
assays these costs can be reduced by a decreased need for animals to test drugs (Edmondson, et al., 
2014). A lowered need for animals in these tests also reduces the ethical dilemma that comes with 
animal trials. 

 

  



9 

2 Scientific background 

2.1 Extracellular matrix (ECM) and cells for culturing 
In all solid tissues cells are surrounded by a supporting insoluble scaffold called, the extracellular 
matrix (ECM). The ECM consists of a mesh of fibrillar and non-fibrillar collagens, non-collagenous 
glycoproteins and elastic fibres. Depending on the composition of the ECM characteristic shapes, 
rigidities/biomechanical properties and dimensions of organs and complex tissues are formed. The 
rigidity of cell types are measured in pascal (Pa) and presented in Figure 1, where the increasing 
elastic modulus means increasing stiffness of a tissue. When comparing smooth muscle tissue with 
brain tissue it is obvious that smooth muscle exists in a stiffer environment than brain tissue. (Cox & 
Erler, 2011) In this thesis liver cells has been examined. The normal Youngs modulus (tissue stiffness) 
for healthy liver tissue lies around and below 6 kPa (Mueller & Sandrin, 2010). 

 

Figure 1 Biomechanical properties of tissues are measured in pascal (Pa). The elastic modulus shows the stiffness of the 
tissue (Cox & Erler, 2011).  

In research many different cell types can be used for cell culturing; human or animal cell lines, cancer 
cell lines or non-cancer cell lines. Therefore it is important to consider the purpose of the experiment 
before choosing cells. For toxicity tests liver-derived cells can be suitable. Primary cells (with limited 
life time) give options for expressing more correct functions but continuous cell lines are easier to 
maintain and clone. (Scientific, 2015) 

The HepG2 cell line is a widely used carcinoma cell line derived from hepatocytes. HepG2 displays 
several of the genotypic properties of normal liver cells e.g. secretion of albumin. These cells can be 
used for screening of cytotoxicity of new chemical compounds, like drugs. ( Gerets, et al., 2012) 

2.2 2D culturing and 3D culturing 
Cell based assays and cell culturing have until recently been most common to implement as 2D 
monolayers on flat substrates like polystyrene or glass. However these 2D monolayer conditions 
differs from the growth conditions in vivo where the cells grows in the complex 3D structure that the 
ECM give rise to. Cell culturing in different 3D assays closer mimics the in vivo state. (Anseth & Tibbit, 
2009), (Baker & Chen, 2012), (Caliari & Burdick, 2016), (Edmondson, et al., 2014), (Takahashi, et al., 
2015) 
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When comparing 2D and 3D cell cultures significant differences can be found. Due to the flat 
monolayer of cells in 2D cultures the cells obtain a flattened shape. This changes complex 
interactions and causes polarisation of integrin bindings and changes in mechanotransduction which 
affect the intracellular signalling. The flattened shape also exposes the cells to an even distribution of 
growth factors, nutrients, O2, CO2 etc. In a 3D culture the cells often forms spherical clusters which 
creates a gradient exposure of the cells in the cluster, surface cells gets more exposure to nutrients 
etc. than those in the middle of cluster just as in live tissue. The 3D culturing responses has been 
shown to resemble in vivo responses better than 2D cultures. (Anseth & Tibbit, 2009), (Caliari & 
Burdick, 2016), (Cox & Erler, 2011), (Edmondson, et al., 2014) 

In drug screening during drug development large numbers of the candidates are discontinued at the 
point of animal testing or clinical trials since the early stage 2D monolayer assays used fail to mimic 
physiological conditions. This cost a lot of money and time for cancer research and drug 
development, and the 3D assays are a promising alternative as they reflect the in vivo conditions 
more closely and can give more true cell responses. (Edmondson, et al., 2014), (Takahashi, et al., 
2015)  

In the study of Takahashi et al., 2015 it has been shown that 3D culturing (hanging drop) of 
hepatocytes, more specifically HepG2 and HepaRG gives higher expression of the functional liver 
markers compared to a 2D system. The liver markers analysed was albumin and apolipoprotein B 
which were compared using an ELISA kit from (TaKaRa) and HRTF (homogenous time-resolved 
fluorescence) kit. (Takahashi, et al., 2015) 

2.3 Crosslinking strategies 
With the use of biomaterials like hydrogels (water swollen networks of polymers) 3D cultures can 
closely resemble the features of native tissues. Hydrogels can possess mechanical properties similar 
to soft tissue ECM and can also support cell adhesion, migration and proliferation. (Caliari & Burdick, 
2016) 

Hydrogels can be of natural or synthetic origin which gives the material different properties. 
Hydrogels from collagen and fibrin have inherent cell binding motifs unlike the synthetically 
produced PAA (poly acrylic acid) and PEG (poly ethylene glycol). (Caliari & Burdick, 2016), (Zhu, 
2010). On the other hand, hydrogels based on biomolecules can display larger batch-to-batch 
variations and are more difficult to tailor and are led robust than synthetic hydrogels. 

The categorization of hydrogels can also be based on the crosslinking strategy of the material. The 
two different crosslinking strategies are; chemical crosslinking consisting of covalent bonds between 
hydrogel components and physical crosslinking based on non-covalent interactions. (Caliari & 
Burdick, 2016), (Jonker, et al., 2012), (Maitra & Shukla, 2014) Chemically crosslinked gels are often 
more stable when exposed to heat or mechanical force than physically crosslinked hydrogels (Mane, 
et al., 2015).  However, if the covalent bond is broken while exposed for external force the gel will 
not be able to reform. On the other hand, physically crosslinked gels often holds self-healing 
properties and will reform when exposure of external force is removed (Aronsson, 2016). 

To create a cell binding motif to the hydrogel a range of cell adhesive peptide sequences, like RGD or 
IKVAV could be added. RGD is a peptide sequence (Arginine-Glycine-Aspartic acid) found in 
fibronectin, commonly used in gels to provide good clustering and ligand density of the cells. (Anseth 
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& Tibbit, 2009), (Caliari & Burdick, 2016) In a study made by Wacker, et al., 2008 both linear and 
circular RGD was used in PEG based hydrogels to evaluate the cell binding and migration of 
endothelial cells in a hydrogel with different RGD present. They found that the linear RGD gave the 
gel increased cell adhesion over a longer time period than cyclic RGD which had a higher migration 
rate of cells. (Wacker, et al., 2008) 

2.4 The PEG-peptides used in this project 
The peptides and PEG-peptides used in this project were the same as in the articles of Aronsson et 
al., 2015 and Dånmark et al., 2016 where a four armed PEG with conjugated dimerizing coiled coil 
peptides were investigated.  

Four of the peptides in Table 1 are the ones used by the previous project; EI, EV, KI and KV. The 
EIRGD sequence was fabricated in this study to be able to integrate a cell binding motif in the gels.  

Table 1 Amino acid sequences of the peptides used in this project, EV was only used in primary sterilisation tests. 

Peptide Amino acid sequences  N.o. aa 
EI EIAALEK EIAALEK ENAALEW EIAALEKC 29 
EIRGD EIAALEK EIAALEK ENAALEW EIAALEK GRGDSGC 35 
KI CKIAALKE KIAALKE KNAALKW KIAALKE 29 
KV CKVSALKE KVSALKE KNSALKW KVSALKE 29 
(EV) (EVSALEK EVSALEK ENSALEW EVSALEK) 29 
 

The amino acids in Table 1 above form a coiled coil structure when forming heterodimers as seen in 
Figure 2 (below). Because of the shape and positioning of amino acids in the different peptides the K-
peptides and the E-peptides will form stabilizing electrostatic bonds (so called salt bridges) between 
the glutamic acids (E) in the E-peptides and the lysines (K) in K-peptides. In contrast, homo-
dimerization (that is dimerization with similar peptides) will be reduced due to destabilizing 
electrostatic repulsion between alike charges. (Aronsson, et al., 2015)  

 

Figure 2 Helical wheel diagram with a heptad repeat for the coiled coil heterodimer. The positioning of glutamic acid (E) 
in E-peptides creates electrostatic interactions with the lysines (K) in the K-peptides.  (Dånmark, et al., 2016) 
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The four components can be combined pairwise to form four different hydrogels; pEI4/pKI4, 
pEI4/pKV4, pEIRGD4/pKI4 and pEIRGD4/pKV4 (Figure 3A). It was primarily these four combinations of 
PEG-peptides that were evaluated in this study. The PEG-peptides are constructed of a four armed 
PEG and one type of peptide as seen in Figure 3B.  

 

 

Figure 3 A) shows which PEG-peptides each PEG-peptide can bind to, e.g. pEI4 can bind to both pKI4 and pKVI4 and B how 
the PEG-peptide is constructed 

  

pEI4 

pEIRGD4 

pKI4 

pKV4 

4-arm-PEG 

Peptide 

B A 
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3 Methodology 

3.1 Characterization of hydrogels 
Many hydrogel properties are interesting to investigate for characterization; mesh size, degradation 
over time and the mechanical properties. The mechanical properties influence the cellular 
mechanotransduction (mechanical signalling) and also the cell spreading and differentiation in stem 
cells. (Caliari & Burdick, 2016) 

3.1.1 Circular Dichroism (CD) spectroscopy 
Circular dichroism (CD) is used for studying the conformation of peptides and proteins, where 
different secondary structures have specific spectra. CD is observed when the right circularly 
polarised and left circularly polarised components of plane polarised light is absorbed slightly 
different by  an optically active substance like a protein. (Aronsson, 2016), (Atkins & De Paula, 2010)  
The common structures found in proteins such as alpha-helices, beta sheets and random coils gives 
CD data with distinctive shapes. A pure alpha helical structure has a characteristic double minimum 
at 208 nm and 222 nm, beta sheets has one minimum at 215nm, whereas random coils typically have 
minima around 198 nm (Figure 4). (Wei, et al., 2014) 

 

Figure 4 Reference Figure for basic secondary structures found in CD measurements (Wei, et al., 2014) 

3.1.2 Dynamic light scattering (DLS) 
Dynamic light scattering (DLS) can be used to study size distributions of particles and aggregates in 
solution. Polarised monochromatic light hits the particles in a sample and the light scatters. The 
scattered light is detected by a photo-multiplier and analysed by an auto correlator. Measurements 
are done in short intervals to detect fluctuations in intensity caused by movement of particles.  
Larger particles will move more slowly as compared to smaller particles. (Aronsson, 2016), (Atkins & 
De Paula, 2010) 

3.1.3 Oscillatory rheology  
Oscillatory rheology measurements are performed to evaluate the viscoelastic properties of a 
sample. In the rheometer different measurements can be performed with predetermined angular 
frequency and angle of rotation. These settings will help evaluating the rigidity of the sample in this 
case how hard or soft the hydrogel is. In rheology results the relation between storage modulus G’ 
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and loss modulus G’’ is presented. Storage modulus shows the elasticity of a material i.e. how solid it 
is, and loss modulus shows the viscosity of the material i.e. how liquid a material is. (Aronsson, 2016), 
(Atkins & De Paula, 2010) If G’ is higher than G’’ the material is more solid than liquid and vice versa. 

In a measurement the sample is placed on a metal plate in the rheometer and a geometry (which can 
have different sizes and be flat or slightly conical) is pressed on the sample with predetermined 
movements. Gel strength and viscoelastic behaviour can be measured with a frequency sweep with a 
fix strain and gradually increasing the frequency over time (Dånmark, et al., 2016), exemplification of 
this type of data is presented in Figure 5 B. Same type of measurements can be done with amplitude 
sweep where the frequency is fixed and the strain changes over time (Figure 5A). Gelation time 
(Figure 5C) and self-assembly (Figure 5D) is measured with time sweeps. Self-healing is monitored by 
first exposing the material to high strain and then direct switch to an ordinary time sweep.) 
(Aronsson, et al., u.d.) 

  

  
Figure 5 Four different data plots for rheology measurements are presented, A) Amplitude sweep, B) Frequency sweep, 
C) Gelation time and D) Self-healing 

3.2 Sterilisation of hydrogels 
A sterile environment is essential for research with cells in culture, all materials that are meant to be 
used for cell culturing or experiments should be as sterile as possible. Materials could be autoclaved 
or treated in other ways to get sterile. Exchange of cell culture medium, taking samples etc. should 

A B 

C D 
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be performed inside a laminar flow hood using conventional sterile techniques for laminar flow hood 
work. (Scientific, 2015)  

In pharmaceutical industry and usage of medical devices terminal sterilisation of materials is an 
important matter. Biomedical implants constructed of metals or commercial polymers are usually 
sterilised by heat. (Huebsch, et al., 2005) Bio mimicking materials like hydrogels containing peptides 
must be sterilised with a method that does not degrade, denature or change the functionality of the 
material. (Caliari & Burdick, 2016), (Huebsch, et al., 2005) 

Some common sterilisation methods are gamma irradiation, ultra violet (UV) irradiation, ethanol 
treatment and heat treatment (Dai, et al., 2016), (Huebsch, et al., 2005).  

3.2.1 Gamma irradiation 
Radiation in the gamma range (>3*1019Hz) penetrates packing materials and is easily applied in any 
temperature, the irradiation does not leave residues. The Gamma radiation breaks RNA and DNA and 
has the ability to inactivate all sorts of bacteria, yeast, molds and most viruses and some bacterial 
spores. The method is effective and simple but damages and changes properties of pharmaceutically 
useful scaffolds like PLLA (poly-L-lactic acid) had significant changes in mechanical properties and 
alginate degrades. (Caliari & Burdick, 2016), (Dai, et al., 2016), (Huebsch, et al., 2005) 

In some studies bioactive materials like amniotic membranes and proteins like albumin have 
successfully been gamma sterilised without damaging the structure of macromolecules. (Huebsch, et 
al., 2005)  

3.2.2 UV irradiation 
For small lab scale research, ultraviolet (UV) radiation is a sufficient alternative to sterilise materials. 
UV radiation in particular UVC-region (wavelength 100-280 nm) is germicidal as it inactivates 
bacterial endotoxins. This method has been used for sterilisation of biodegradable polymers without 
damaging the structure. Huebsch et al., 2005 mentioned that some studies have been done where 
the integrin binding RGD-sequences were not degraded when irradiated. However long term 
exposure can degrade biomaterials (like RGD), and collagen has been shown to denature at a limit of 
1400 J/cm2 (277 nm). (Dai, et al., 2016), (Huebsch, et al., 2005) 

3.2.3 Ethanol treatment 
Ethanol-sterilisation is a method that can be used for hydrogels by soaking the gel in ethanol and 
then removing ethanol by centrifugation and washing with PBS. It is considered to not degrade the 
material (Huebsch, et al., 2005). It is low cost and at a concentration of 60 - 80 % ethanol can 
inactivate gram-positive, gram-negative and lipophilic bacteria. However, lipophilic viruses, 
hydrophilic viruses and bacterial spores are resistant to ethanol. (Dai, et al., 2016) 

3.2.4 Heat treatment 
Heat treatment can include steam sterilisation/autoclaving or dry heat. These methods are simple 
and effective and kill all viable forms of life, but will also affect the structural characteristics of 
sensitive polymers due to the heat. (Dai, et al., 2016), (Rogers, 2013) 

3.2.5 Filtration 
Another alternative for sterilisation can be to dissolve the PEG-peptide in autoclaved PBS and then to 
filter the solution through 0.22 µm sterile filters (VandeVondele, et al., 2003). 
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3.3 Viability assays 
Vitality of cells can be monitored in many ways, for liver cells it is common to examine albumin 
secretion and urea synthesis (Miranda, et al., 2010). 

3.3.1 Albumin ELISA assay 
An enzyme-linked immunosorbent assay (ELISA) can be adapted for measuring concentration human 
albumin in serum, plasma and cell culture media. This type of assay can be bought from e.g. Thermo 
Scientific. (Anon., 2017) 

General method of protein binding ELISA: Protein from sample binds to the wells. Biotinylated 
antibodies connect to protein. Streptavidin conjugated with enzyme binds to biotin. A chromogenic 
substrate is added and gets coloured when in contact with enzyme. Stop solution is then added and 
an absorbance assay can be performed. Protein concentration can be calculated with a standard 
curve that correlates protein concentration and absorbance value. Washing is done between all 
steps. (Berg, et al., 2007), (Frederick, 2017) 

3.3.2 Live/Dead assay 
With a Live/Dead assay living and dead cells are coloured with two different probes, calcein and 
ethidium homodimer. Calcein gets into the cell and gets activated by intracellular esterase making it 
fluorescence in green. The ethidium homodimer binds to the nucleic acids of damaged membranes 
of dead cells making it fluorescence in red. (Invitrogen-detection-thechnologies, 2005) With Hoechst 
nuclei can be detected since Hoechst binds to DNA and colour it blue (Anon., n.d.). Results can be 
interpeded with  confocal microscopy. 
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4 Materials 
In the materials section important materials are presented in Table 2. 

Table 2 Information on where certain chemicals and equipment is acquired from 

Materials Acquired from 
HepG2 cells ATTC 
Cell culture medium 
HyCloneTM Dulbecco’s Modified 
Eagles Medium (DMEM) 

Sigma-Aldrich Co. LLC. 

µ slide III 3D Perfusion Ibidi 
Amino acids for peptide 
synthesis 

Iris biotech GmbH 

Maleimide functionalised four 
armed PEG 

JenKem Technology Ink. 

EI, KI,KV GL Biochem 
Other used chemicals is purchased at Sigma Aldrich   
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5 Methods 

5.1 Production of pEIRGD4 

pEI4, pKI4 and pKV4 was already prepared and produced when needed by the supervisor during the 
experimental session of the project. However the pEIRGD4 was synthesised during the time period of 
this work. 

5.1.1 Peptide synthesis and analysis 

Peptide synthesis was performed using a Quartet automated peptide synthesizer (Protein 
technologies, Inc.). The EIRGD peptide was produced using solid phase peptide synthesis (SPPS) 
utilizing Fmoc strategy. SPPS allows the peptide to be synthesised by adding one amino acid at the 
time to the growing polypeptide chain in a repetitive cycle. The Fmoc group is connected to the N-
terminal of the amino acid and the peptide is synthesised from the C-terminal to N-terminal. 
(Aronsson, 2016) 

The first step of synthesis was to attach the first Fmoc protected amino acid to the resin. Step two is 
to selectively remove the Fmoc group with piperidine in DMF (dimethyl formamide). Step three was 
to add the next (Fmoc protected) amino acid in line which binds to the unprotected amino acid on 
the resin. Step two and three were repeated until the full peptide was produced. The final step was 
to remove the resin and protective groups from the peptides using trifluoric acid with scavenger 
compounds (e.g. 1,2-ethandithiol). 

After the peptide synthesis the peptide was purified using reverse phase high performance liquid 
chromatography (RP-HPLC) to remove all by-products and unfinished peptides. Absorption 
spectroscopy at 219 and 280 nm were used to detect peptides since the peptide backbone and the 
trypthophan (W) absorbs light in these regions. Identity of the peptide was confirmed using Matrix-
Assisted Laser/Desorption/Ionization Time of Flight mass spectrometry (MALDI ToF MS). 

5.1.2 Peg-peptide conjugation 

The peptides were conjugated to the 4-arm poly(ethylene glycol) (PEG) using maleimide-thiol 
addition. The peptides had thiols in form of a terminal cysteine at and the PEG had maleimides added 
to the end of each arm. By reducing the thiol on the peptide with dithiothreitol it was able to bind to 
the maleimide covalently. The mixture was purified by dialysis. (Aronsson, 2016) 
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With a 1H-NMR spectrum one can observe if the maleimide-thiol binding had occurred. In a sample 
with free maleimides there are peaks at approximately 6.86 ppm but when all are bound the peaks 
does not occur, traces of tryptophan can be found at the region of 6-8 ppm. In Figure 6 a 1H-NMR 
spectrum of pEIRGD4 is presented and at approximately 3.5 ppm the sample peak is visible. 
(Aronsson, 2016) 

 

Figure 6 1H-NMR spectra for pEIRGD4 where positions for tryptophan and maleimide are designated, the large peak near 
3.5 ppm is the sample. 

5.2 Characterization of PEG-peptide-hydrogels 

5.2.1 Rheology 

Rheological examination of the different couples of PEG-peptides, with the (peptide) concentration 
of 25 mg/ml, was performed with a Discovery HR-2 rheometer from TA instruments with a 20 mm 1ᵒ 
cone geometry and a temperature of 20 ᵒC. Four different measurements were performed on the 
different gel samples; gelation time, amplitude sweep, frequency sweep and self-healing time. All 
sampling followed the same protocol (found in appendix B); all calibrations needed were always 
done before measuring. A total volume of 50 µl sample was prepared on the rheometer before 
lowering geometry and closing a solvent trap to keep the moist and then running the pre-set 
program. All samples containing two PEG-peptides had the ratio 1:1 (i.e. 50 % 25 mg/ml PEG-peptide 
1 and 50 % 25 mg/ml PEG-peptide 2) all combinations are listed below. 

Analysed PEG-peptide combinations 

x pEI4/pKI4, pEI4/pKV4, pEIRGD4/pKI4 and pEIRGD4/pKV4  
x pEI4/pKI4 both dissolved in PBS to the concentration 5 mM 
x pEI4/pKI4 with pEI4 dissolved in cell culture media and pKI4 dissolved in PBS 

Tryptophan  

Maleimide 
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5.2.2 Circular Dichroism (CD) 

Before the Circular Dichroism (CD) measurements all samples were prepared to a (peptide) 
concentration of 10 µM in PBS. The CD spectra were recorded using the Chirascan 
Spectropolarimeter from Applied Photophysics with a TC 125 temperature controller from Quantum 
Northwest steps with the sample in a 1.0 mm quartz cuvette. In the CD two different types of 
measurements were made; a scan over a wavelength span (200-250 nm, with a step length of 0.5 nm 
and three repeats per measurement) with fix temperature of 20 ᵒC to detect secondary structure of 
peptides and a temperature scan over the span 5-90 ᵒC, increasing 1 ᵒC per measurement and 3 
repeats, and with a fix wavelength of 222 nm to find the “melting point” of the sample. 

To evaluate the stability of the PEG-peptides a temperature scan was performed to find the “melting 
point”, which is defined as the point where there are a ratio of 50 % random coiled peptides and 50% 
coiled coil peptides which is in the midpoint of the measured sigmoidal curve. In the temperature 
scan the results does not always create a full sigmoidal curve which indicates of the sample has a 
high or low melting point. Figure 7A shows three curves pKI4 with a full sigmoidal shape, pEI4/pKV4 
with the first part of a sigmoidal curve and pKV4 with no sigmoidal shape (only the top plateau of a 
sigmodal curve). The melting point can be difficult to find by looking at graphs as in Figure 7A so the 
1st derivate of temperature scan is calculated for each sigmoidal curve and maximum point in that 
graph represents the melting point which is shown in Figure 7B. A graph with no sigmoidal shape is 
said to have a melting point below 5ᵒC and a graph with a first derivative with no maximum is said to 
have a melting point above 90ᵒC.  

  
Figure 7 Different peptides have different melting points (mp), A) shows the result of a temperature scan of pKV4 (low 
mp) , pKI4 and pEI4/pKV4 (high mp), B)  shows the 1st derivative of the sigmoidal curves pKI4 and pEI4/pKV4 in A) and the 
maximum point/melting point of pKI4 . 

  

A B 
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5.2.3 Dynamic Light Scattering (DLS) 

The samples were prepared to a (peptide) concentration of 250 µM in PBS and filtered through 0.2 
µm low protein binding filters, and a total of 600 µl sample was put in a disposable plastic cuvette 
and rested for 5 min before measurement. Two different types of measurements were performed in 
the ZetaSizer Nano ZS90 from Malvern instruments Inc., depending on sample type. The four single 
PEG-peptides were measured with a short program and the four different combinations of coupled 
PEG-peptides with a longer program. 

The program for DLS measurements with the measurement angle 90ᵒ was; 

x First a 60s equilibration to reach 20 ᵒC was performed 
x Then one measurement consisting of 12 runs á 15 s was run. 
x For the longer program a total of 15 measurements were performed with a 600 s (10 min) 

delay between measurements. 

5.2.4 Sterilisation tests of single peptides and PEG-peptides 

Three methods of sterilisation were chosen based on literature and discussions with supervisors. 
These methods were: autoclaving, ethanol soaking and UV irradiation. In order to make the three 
methods comparable it were chosen to treat the samples in its powdered form. 

x UV sterilisation was performed in a UV oven (UVC 500 UV crosslinker from Hoefer) with the 
settings 30s 10x100 µ J/cm2 repeated two times with shaking the powder in the tubes in 
between the two runs. 

x Autoclaving: the dry samples were autoclaved in 121 ᵒC for 20 min. 
x Ethanol-soaking: approximately 100 µl ethanol (or as much as needed to cover sample) was 

poured over the powder since powder does not dissolve in ethanol. Incubation for 
approximately 1 hour in room temperature. Centrifugation 12000 rpm 10 min 20 ᵒC, remove 
excess ethanol and leave to dry in 37 ᵒC incubator. 

To not waste the important PEG-peptides it was chosen to do preliminary testing on a peptide called 
EV (amino acid sequence of EV is shown previously in Table 1) which is quite similar to the EI peptide. 
The test was to evaluate if the peptide was damaged by the sterilisation methods, which it was not 
according to results of absorbance measurements at 280 nm (found in appendix B, Table B1) in a 
spectrophotometer controlling the concentration of peptide where there were no major differences 
in absorbance for samples sterilised compared to unsterilised.  

The same sterilisation procedures were then executed for both pEI4 and pKI4 and for all samples 
possible the samples was dissolved in PBS to a concentration of 80 µl (this to have all samples in the 
same concentration). All of the dissolved PEG-peptides was then analysed in DLS both short 
measurements for the single PEG-peptides and long measurement for combinations. 
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5.3 Evaluation of the hydrogels as 3D culturing matrix for HepG2 cells 

Three different well types have been used for the 3D cell culturing; PDMS (Polydimethylsiloxane) 
wells (Figure 8A), Figure 8C regular microtiter plates (96-wells) and the Ibidi µ-slide III 3D perfusion 
(Figure 8B). The different well types were used to evaluate appropriate gel volumes for 3D culturing 
of HepG2 cells. 

  

 
Figure 8 Two of the  three cell culturing well types are presented A)PDMS wells, B) Ibidi µ slide III 3D perfusion and C) 96-
well microtiterplate (SoCal, u.d.) 

Cells were cultivated in cell culture medium consisting of DMEM +10 % FBS +1 % 
Penicillin/Streptomycin +1 % NEAA. When the cell culture reached a confluency level of 
approximately 80 % it was an appropriate time to split the culture for further cultivation and/or 
setting up a test in hydrogels. At this point of confluency the culture was rinsed with PBS and then 
incubated with trypsin for 5 min in 37 ᵒC. After incubation the enzymatic activity of trypsin was 
stopped by adding cell culture medium, the mixture was collected in a 15 ml falcon tube and 
centrifuged for 5 min in 1.1 rpm. After centrifugation supernatant was removed and cell pellet re-
suspended in cell culture medium. Approximately 1/6 of the cells were put in a T-flask and covered 
with 15 ml cell medium for continuous culturing in 37 ᵒC. 

To calculate the concentration of cells for experimental use a hemocytometer was used. A small part 
of the cell solution was diluted with cell culture medium to a countable concentration and added to 
the hemocytometer and manually counted in a light microscope. Concentration of cells was 
calculated with Equation 1 and then the cell solution was diluted with cell culture medium to desired 
concentration in order to get the right amount of cells in the culture.   

∑ 𝑎𝑙𝑙 𝑐𝑜𝑢𝑛𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠
𝑛.𝑜.  𝑎𝑟𝑒𝑎𝑠 𝑐𝑜𝑢𝑛𝑡𝑒𝑑 ∗ 10 000 ∗ 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 = 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠/𝑚𝑙    (Equation 1) 

All the PEG-peptides was supposed to be dissolved in the cell medium but due to the slow dissolving 
for pKI4 compared to pEI4 it was decided to dissolve all E-type PEG-peptides in cell medium and all K-
type PEG-peptides in PBS to the final concentration of 25 mg/ml. 

For all 3D culturing experiments the gel and cell preparation procedure were similar, and will be 
described in a general matter (not all plates was done at the same time, different combinations of gel 
was tried over a longer period of time). First the pEI4, pEIRGD4 or a combination of those components 
was added to the culturing well. The next step was to add the cell solution to the well and mix with 

A B 

C 
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pipette tip into the PEG-peptide(s). To form a gel pKI4 or a mixture of pKI4 and pKV4 was added to the 
well and the content was pipetted up and down a few times to form a gel with cells as evenly 
distributed as possible. Lastly, gel was covered with DMEM cell media with additives and culturing 
wells was put in a 37ᵒC incubator, the Ibidi device was placed on a rocking platform for continuous 
perfusion. Cell media was exchanged every other to every third day. Sample volumes, gel volumes 
and culture volume and densities are described in Table 3, and the ratios of the different PEG-
peptides in the gels for different analyses are presented in Table B2 in appendix B. 

In the microtiter plates, and PDMS wells the cell culture medium was added or removed with a 
pipette tip directly in the well close to the gel. In the Ibidi µ-slides a coverslip was attached as 
described in Ibidi µ-Slide III 3D Perfusion protocol and cell media is added or removed with channels 
and the risk of accidently removing gel was significantly decreased due to no direct contact with the 
gel 

Table 3 presents the amount of gel, sample volumes and cell densities for 2D and 3D culturing in different well types 

Well type total sample 
volume (µl) 

Gel volume 
(µl) 

Culture 
volume (µl) 

Cell density 
3D (cells/ml) 

Cell density 
2D (cells/ml) 

96 well plate 35 28 7 1x106 - 
PDMS large 
High conc. 
(low conc.) 

35 28 (31.5) 7 (3.5) 1x106 
(0.5x106) 

- 

PDMS small 20 18 2 1x106 0.5x105 
IBIDI device 25 22.5 2.5 1x106 0.7x105 
Glass slide in 
petri dish 

 5 10 - 0.5x105 

 

All handling of the 3D (and 2D) cell cultures, such as starting up experiment and changing cell culture 
medium, has been performed in a laminar flow bench with sterile equipment.  

5.3.1 Cell viability and expression of albumin 

Cell viability was observed with a Live/Dead assay with Hoechst that colours nucleus (DNA) blue, 
calcein that colours live cells green and Ethidium Bromide that colours dead cells red. With light 
microscopy the cell viability can be observed in the meaning of cell growth, in a T-flask the coverage 
of cells increases over time and in culture wells the size of cell clusters can increase over time.  

The Live/Dead assay solution consisted of; 1 ml PBS, 2.5 µl Ethidium Bromide, 0.5 µl Calcein and 2 µl 
Hoechst, the solution was multiplied after need, 100 µl of this mixture was added to each well and 
incubated 45 min. The results were imaged in a confocal microscope, Zeiss LSM 700, and the data 
was then processed in ImageJ. 

An albumin assay was performed according to instructions in Thermo Scientifics Human Albumin 
(ALB) ELISA kit protocol, cell culture supernatant was diluted 50, 500 and 5000 fold after comparison 
with similar kits recommendations (Anon., 2017) and discussion with supervisor. The albumin 
concentration over time was calculated according to instructions in protocol, the absorbance from 
cell media/gel sample was subtracted from sample value.  
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5.4 Industrial need of mechanically tuneable hydrogels for 3D cell 
culturing 

To briefly investigate the need and use of 3D cell culturing in industrial terms five companies (known 
for working with cell culturing or hydrogels with offices in Sweden) were selected for phone 
interviews to answer questions like; what type of 3D culturing is used, if they use hydrogels for cell 
culturing and what hydrogel properties they consider the most important. A summary of interview 
questions can be found in Appendix B. 

The strategy for get in contact with the right person in the company was to send an e-mail with a 
short presentation of myself, the project and the examples of questions I wanted to get answered to 
the companies information e-mail address. Often a few e-mails were needed to get to the person 
with right knowledge. After established contact a 20 min phone interview was booked and questions 
adapted to each company was asked. 
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6 Results 

The results section is divided in three major sections due to the three subprojects. Results regarding 
characterization of the PEG-peptides will be presented first, then cell studies and lastly interviews 
with companies in the hydrogel/3D culturing sector. 

6.1 Characterization of the PEG-peptides 

Results regarding characterization of the PEG-peptides and the chosen combinations will be 
presented here. Secondary structure, clustering size and viscoelastic properties characterizes the 
materials. Also the effect of sterilisation of materials is presented. 

6.1.1 Circular dichroism 

For the unpaired PEG-peptides (Figure 9A) it is clear that pKV4 is random coiled due to the shape of 
the graph with only one minimum which is below 208 nm. pKI4 on the other hand consists of mainly 
coiled coils suggesting that it homo dimerizes, which is indicated by the two same sized minima in 
the graph positioned at 208 nm and 222 nm. pEI4 and pEIRGD4 both have a curve shape somewhere 
in between pKI4 and pKV4 which means that they consists of both random coils and coiled coils.  

In Figure 9B showing the four different combinations of PEG-peptides it is clear that all combinations 
are in the state of coiled coils. pEI4/pKI4 has the highest negative MRE (molar residue ellipiticy) value 
which indicates that this is the most stable combination, pEIRGD4/pKV4 on the other hand has the 
lowest negative MRE value suggesting this is the weakest combination.  

  
Figure 9 A) CD spectra for the single PEG-peptides and B) CD spectra for the combinations which is measured over the 
wavelength span 190-250nm with a fix temperature of 20ᵒC 

When comparing Figure 10A and 10B it is clear that combinations of PEG-peptides results in a higher 
melting point than for the single peptides. This due to the combinations of PEG-peptides in figure 
10B has not yet reached a full sigmoidal shape. pKV4 with a flat shape and close high up in the graph 
of Figure 10A is considered to have a low melting point. 

A B 

208nm 222nm 208nm 222nm 
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Figure 10 A) shows result of temperature scan for the single PEG- peptides and B) for the paired. The wavelength is fixed 
to 222nm and the temperature span 5-90ᵒC 

To give an overview of the results of the CD scans all important data has been summarised in Table 4. 
With the MRE222nm divided by MRE208nm for each combination, one can calculate which PEG-peptides 
that are random coiled and which are coiled coils, these values correlates a lot with the melting 
point. An MRE222nm/MRE208nm value >1 says that the sample definitely have coiled coils, a value <0.8 
says that the sample is random coiled, and a value between 0.8 and 1 means that there are alpha 
helices in the sample and probably also coiled coils.  

 

Table 4 shows the values of MRE222nm, MRE208nm and the ratio between them which gives indications on random coils, 
coiled coils and those in between. Melting points are also presented for all PEG-peptides 

PEG-peptide MRE222 nm MRE208 nm MRE222 nm  

/MRE208 nm 
Melting  
point ᵒC 

pEI4 -12330.3 -10359.5 0.8  38 
pEIRGD4 -9317.76 -7273.9 0.8  41 
pKI4 -17037.3 -16750.0 1.0  58 
pKV4 -4515.53 -737.5 0.2  <5 
pEI4/pKI4 -20017.8 -21103.4 1.1  78 
pEI4/pKV4 -14820.4 -14882.6 1.0  >90 
pEIRGD4/pKI4 -15657.8 -15535.1 1.0  >90 
pEIRGD4/pKV4 -11672.7 -10695.7 0.9  81 

A B 
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6.1.2 Dynamic light scattering  

In Figure 12 the DLS graphs of the four single PEG-peptides are presented. The larger cluster size the 
further to the right the decay of the curve starts. This means that pKV4 and pEI4 seems to be a bit 
larger than pKI4 and pEIRGD4, the latter two also have lower signalstrength. 

 

Figure 11 Shows DLS correlation data for all the single PEG-peptides 

In comparison to Figure 12, the combinations of PEG-peptides (Figure 13 A-D)  have a graphs shifted 
further to the right, giving a larger lagtime, which indicates that larger clusters form in the three hour 
measurements where data for hour 0,1,2 and 3 is presented. pEI4/pKI4 (Figure 13A) and pEI4/pKV4 
(Figure 13B) have four separated curves wich means larger clusters have been formed after each 
measurement point. For pEIRGD4/pKI4 (Figure 13C) the final clustersize is formed instantly and the 
measurements lies in the same position. For pEIRGD4/pKVI4 (Figure 13D) only the first measurement 
is separated from the others suggesting that  the final cluster size is reached quite fast compared to 
pEI4/pKI4 and pEI4/pKV4. 
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Figure 12 DLS results for the four different combinations of PEG-peptides over time where the graphs show the change in 
cluster size over time 

6.1.3 Rheology 

For the rheology data only one whole data set is presented in Figure 13 A-D, this is of the pEI4/pKI4 
25mg/ml dissolved in PBS which show representative data.  Detail data from all Frequency sweeps 
and the gelation times are presented in Table 5. 

The amplitude sweep is presented in Figure 13A , with the constant frequency of 1Hz and increasing 
strain, it seems like the gel stays firm as the storage modulus G’ lies sturdy above the loss modulus 
G’’ at a level above 200 Pa. In the frequency sweep Figure 13B where the strain% is set to 1 % the gel 
seem to retain gel stiffness around 200 Pa until approximately 10Hz, after 10Hz the values becomes 
unreliable and is thereby excluded. Measurements with a raw phase value 175ᵒ or above are 
considered unreliable due to limits in the rheometer. For Figure 13C it is clear that the gel 
components form a gel with rigidity somewhere between 200 and 250Pa occurs quite immediately 
when strain% is 1 % and frequency is 1Hz. For the Figure 13D the sample is clearly liquid (G’’ curve 
above G’ curve) when exposed to a lot of strain% (1000 %), and as soon as the settings are changed 
to normal (Figure 13) settings it instantaneously forms a gel again (G’>G’’). 

A B 

C D 
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Figure 13 the four different measurements done in rheology was A) amplitude sweep with frequency 1Hz and strain% 1-
100%, B) Frequency sweep with strain% 1% and frequency 1-100Hz, C) time sweep to monitor gelation with frequency 
1Hz and strain% 1% and lastly D) time sweep to look at self-healing with high strain in beginning and then frequency 1Hz 
and strain% 1%. 

The exact same behaviour can be seen for pEI4/pKI4 5 mM in PBS but at lower stiffness due to the 
lower concentration, and also for the pEI4/pKI4 where pEI4 was dissolved in DMEM + additives and 
pKI4 dissolved in PBS. The pEIRGD4/pKI4 combination had the same appearance on the results. 

However the gels consisting pKV4 had markedly lower storage modulus and loss modulus than those 
containing pKI4, which was expected since the pKV4 containing gels was visibly more liquid-like. 

  

A B 

C D 
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1 
2 

Table 5 All G’ and G’’ values from the frequency sweeps listed in this Table the self- assembly time is also listed. Note 
that there are two non-reliable values marked with *. 

PEG-peptide 
combination 

G’ Storage modulus 
(Pa) 

G’’ Loss modulus 
(Pa) 

Self-assembly time Figure 
 

pEI4/pKI4, 
25mg/ml PBS 

232.826 27.2447 Instant 13 

pEI4/pKI4, 
25mg/ml 
DMEM+add./PBS 

200.745 18.4814 Instant B1 
(Appendix B) 

pEI4/pKI4 , 
5mM PBS 

84.8043 6.91632 Instant B2 
(Appendix B) 

pEIRGD4/pKI4, 
25mg/ml PBS 

257.841 84.7066 Instant B4 
(Appendix B) 

pEIRGD4/pKV4, 
25mg/ml PBS 

0.361657 0.338418 Instant  
(non-reliable value)* 

B5 
(Appendix B) 

pEI4/pKV4, 
25mg/ml PBS 

7.22076 2.71468 Instant  
(non-reliable value)* 

B3 
(Appendix B) 

*non reliable observation due to Raw phase values higher than 175ᵒ 

6.1.4 Sterilisation of PEG-peptides  

After the sterilisations it was clear that autoclaving was no good option for the PEG-peptides due to 
the difficulty to dissolve the sample in PBS. pEI4 was dissolved after a while but pKI4 did not dissolve 
at all, not even after sonication and mixing on a shaker for extensive amount of time. Figure 14 
shows the difference between autoclaved pKI4 (1) and unsterilised pKI4 (2) both in PBS. 

 
  

Figure 14 A) Autoclaved pKI4 (1) in PBS and unsterilised pKI4 (2) in PBS. B) UV sterilised hydrogel with cells C) unsterilised 
hydrogel with cells and excessive blue DNA spots 

 

In the DLS performed on the single PEG-peptides with different sterilisation treatments it seems like 
the samples treated with ethanol or UV irradiation does not differ markedly from the untreated 
sample, both for pEI4 and pKI4 (Figure 15A). But in the autoclaved pEI4 sample the cluster size is 
higher. The DLS measurement over a longer period of time was made for unsterilised pEI4/pKI4 
(Figure 15B), ethanol treated pEI4/pKI4 (Figure 15C) and UV irradiated pEI4/pKI4 (Figure 15D) and no 
significant difference could be detected between these samples.  

A C B 
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Figure 15 Dynamic light scattering Figures for sterilised and unsterilised pEI4 and pKI4. A) Shows curve for single PEG-
peptides with different treatments. B) Data for unsterilised pEI4/pKI4, C) Data for ethanol treatment, pEI4/pKI4 D) Data 
UV irradiated pEI4/pKI4 

Ethanol treatment and UV irradiation are both considered to not harm the PEG-peptides. However 
the absorbance measurements showed a noticeable decrease of peptide for ethanol sterilisation 
which could be due to the removal of supernatant with possible peptide residues after 
centrifugation. The UV irradiation was chosen for sterilisation method due to its simplicity and for 
being less time consuming than ethanol soaking and due to a lower risk to lose sample in the 
sterilisation treatment. When looking at Live/Dead staining of hydrogels it was clear that the 
sterilisation matters when comparing a sterilised gel (Figure 14 B) and one unsterilised gel (Figure 
14C). Blue shows all DNA in sample, green all live cells and red all dead cells. The small blue dots that 
are significantly smaller than the nuclei in cells is probably bacteria judged by the size. 

6.2 Cell studies 

6.2.1 Gel composition 

In this study different gel compositions were tested, and due to the fact that the gel was quite soft 
independent of combinations, it was chosen to exclude all combinations containing pKV4. Also it was 
tried to use a peptide containing the cell adhesive component RGD but no significant differences 
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could be detected between pEI4/pKI4 and pEIRGD4/pKI4 when analysed in light microscope. All Figures 
presented of this type had 10x magnification and 4x zoom on camera. 

6.2.2 Viability 

For all different compositions of gel it was clear that the HepG2 cells could grow and survive for at 
least two weeks in the 2D and hydrogel environment (Figure 17, 19, 21). The viability measured by 
Live/Dead assays did not show significant viability or morphology differences between gels with 
different ratios of RGD.  What could be seen was that the HepG2 cells were more likely to form 
spherical clusters when embedded in a gel compared to cells cultured on a 2D laminin coated 
substrate. In 2D culturing in surfaces coated with laminin or when analysed in an Ibidi µ-slide III 
perfusion, the cells spread out into a thin layer of cells (Figure 16A). For 2D cell cultures cultivated in 
a longer time period, up to 15 days, segments with thicker layer of cells can be found (Figure 16B). In 
the Live/Dead staining (Figure 17 A-D) the flattened shape is also obvious and a bundle of cells are 
also observed here, most of the cells are alive (Figure 17C), but some dead cells are seen as well 
(Figure 17B). 

 

 
 
Figure 16 Light microscope images on 2D culture in Ibidi slide, A) day 9, flat shape of cells, B) day 15 flattened shape of 
cells but also thicker regions can be seen 

A B 
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Figure 17 Live dead assay 2D culture in Ibidi slide, pictures taken on day 15, A) DNA is coloured blue, B) dead cells 
coloured red, C) live cells coloured green, D) shows an overlay picture with A-C combined 

In the pEI4/pKI4 gel cultures (0 % RGD) the gel was visible and the cells lie on and within the gel in a 
3D structure. In these types of gels the iconic spherical clusters were formed. With the live/dead 
assay it was clear that spherical defined clusters were formed with mainly living (green) cells but 
there were also some read dead cells found in a thicker cluster. 

 

Figure 18 Light microscope images on 3D culture in Ibidi slide, pEI4/pKI4 gel cultures (0 % RGD) at day 15. Both gel and 
spherical clusters can be seen 
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Figure 19Live dead assay on gel with pEI4/pKI4 (0 % RGD), pictures taken on day 15 in Ibidi slide, A) DNA is coloured blue, 
B) dead cells coloured red, C) live cells coloured green, D) shows an overlay picture with A-C combined  

A gel formed of 40 % pEI4, 10 % pEIRGD4 and 50 % pKI4, 10 % RGD, (Figure 20) visibly have the same 
gel structure as 0% RGD (Figure 18) cells and also forms the characteristic spheroids in different 
levels of the gel. The Live/Dead staining (Figure 21) showed multiple defined spheroid clusters which 
had some dead cells in the middle. 

 

Figure 20 Light microscope images on 3D culture in Ibidi slide, 40 % pEI4, 10 % pEIRGD4 and 50 % pKI4 (10 % RGD) at day 
15. Both gel and spherical clusters can be seen 
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Figure 21 Live dead assay on gel with 40% pEI4, 10 % pEIRGD4 and 50 % pKI4 (10 % RGD), pictures taken on day 15 in 
Ibidislide, A) DNA is coloured blue, B) dead cells coloured red, C) live cells coloured green, D) shows an overlay picture 
with A-C combined 

For 3D culturing of pEIRGD4/pKI4 (50% RGD) the gel structure was difficult to monitor in light 
microscope. For the culture in in PDMS well day 4 (Figure 22A) the hydrogel was formed was firm and 
clusters formed within. For the culture in IBIDI slide day 15 (Figure 22B) the hydrogel never formed 
and the culture got a 2D like appearance with sporadic clustering in different levels in gel. 

 
Figure 22 3D culturing of pEIRGD4/pKI4 (50% RGD), A is in PDMS well at day 4 where gel was formed. B) is in IBIDI slide at 
day 15 where gel was not formed. 

In live/dead staining there was no significant differences in viability when comparing 50% RGD 
sample that formed a gel and the one that did not form a gel. In Figure 23 A-D Live dead staining is 
presented for PDMS wells at day 4, there is appearance of dead cells (Figure 23B) and a majority of 
live cells (Figure 23C). 
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Figure 23 Live dead assay on gel with pEIRGD4/pKI4 (50%) RGD, pictures taken on day 4 from a PDMS well, A) DNA is 
coloured blue, B) dead cells coloured red, C) live cells coloured green, D) shows an overlay picture with A-C combined  

6.2.3 Albumin ELISA 
Dependent on how the albumin data was analysed, different results could be interpreted. Raw data 
and standard curve can be found in Appendix B. In Figure 24 the actual concentration in each well 
has been presented, the amount of cells was not taken in to account. These results suggest that 
culturing in the hydrogels results in a higher concentration of albumin in sample. The 50 % RGD 
sample did not form a stiff gel (in this experiment) but seems to be the condition where the most 
albumin is secreted amongst the gel cell cultures. 

 

Figure 24 The Figure shows the amount of albumin observed for four different conditions at three different time points. 
The culture conditions were; gel formed of pEIRGD4/pKI4 (50 % RGD), gel formed of 40 % pEI4/10 % pEIRGD4/50 % pKI4 
(10 % RGD), gel formed of pEI4/pKI4 (0 % RGD) and lastly a 2D condition with no gel. 
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In Figure 25 all measurement data are compensated for the amount of seeded cells in each well; 
1x106 cells/ml in gel samples and 0.7x105 cells/ml in 2D sample, presented as ng albumin/1000 cells. 
With this analysis the 2D conditions were superior regarding production of albumin compared to gel 
samples. The 50 % RGD sample still had a higher value compared to the other gel samples. 

 

Figure 25 The Figure shows the amount of albumin in each sample adjusted based on the seeded cells to a count of 
1x10^3 cells per sample in four different conditions at three different time points. The culture conditions were; gel 
formed of pEIRGD4/pKI4 (50 % RGD), gel formed of 40 % pEI4/10 % pEIRGD4/50 % pKI4 (10% RGD), gel formed of pEI4/pKI4 
(0 % RGD) and lastly a 2D condition with no gel. 

The consequence of these two analyses of data made it difficult to distinguish which culturing 
conditions is the best. A part of the problem was not knowing exact cell concentrations in each 
sample at the different time points. 
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6.3 Interviews with companies in the hydrogel/3D culturing sector 

The results of interviews with five different companies are presented in Table 6. 

Table 6 shows a summary of the responses from the companies regarding questions about 3D culturing and hydrogels 
received during phone interview. The companies are unnamed and are referred to as C1-C5. 

 C1 C2 C3 C4 C5 
Uses 
hydrogels 
in research 

- Yes Yes Yes Not currently, 
previously used 
but no success 

Cell types - Ovarian follicles - Bonemarrow 
Adipose tissue 

Unspecific stem 
cells to; 
Hepatocytes, 
cardiomyocytes, 
B-cells etc. 

Cell 
densities 

- 1-5 cells/ hydrogel - Depends on cell 
type 

0.5-1 X106 
cells/ml 

3D matrix, 
Gel /other 

- Gel Develops 
systems for 3D 
cell studies 

Hydrogels, 3D 
printed 

* 

Types of 
gels 

- 0.5% alginate Clear-vision 
agarose 

-Alginate 
-Cellulose 
-Collagen 
-Synthetic 
 -Hydrogels etc. 

Do not use gels 

Tuneability 
mechanical 
properties, 
available, 
desired 

- Might be interesting - Very interesting,  
working on those 
properties 

It is interesting 
due to different 
stiffness in 
tissues, bone, 
liver, fat etc. 

Desired 
properties 
in hydrogel 

- Permeability 
Visibility 
Stiffness 
Easy to handle 

- -Bioactivity 
-Rheological 
properties 
-Tuneability 

-Active binding 
sites like in in- 
vivo matrix, 
-Permeability, 
-Cells inside not 
on the gel 

Shelf life - At least one month - 6 months-1 year - 
*3D printed hydrogels is something that would be interesting 

The companies’ definitions of hydrogels: 

(1) No answers 
(2) malleable, solid matrix that is able to be manipulated for specific purposes and is able to 

support 3D cell culture 
(3) No answers 
(4) Hydrogels are a water based system, where the material mostly is composed of water , it has 

viscoelastic properties 
(5) Does not currently work with hydrogels and thereby have no internal definition on hydrogels 
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7 Discussion 

7.1 Industrial need for hydrogels 

7.1.1 Interviews 
Considering the answers received from companies and information found in many relatively recent 
articles one can observe that 3D cell culturing in hydrogels is something that is very interesting for 
many research projects and that a lot of money is put into this type of research (Research, 2016). 

In Table 6 in results for the interviews, the answers obtained from the interviewed companies are 
presented. It seems like I barely got any contact with two of the companies, but it has to be added 
that one of the companies that I got in contact with, declined to be part of the survey/study due to 
the risk that sensitive information would be shared, and the other one just said they did not want to 
participate, maybe it was for similar reasons. This is a firm indication on that some companies are 
developing 3D based cell culturing systems for medical development or other research that probably 
will be patented. 

From the companies that answered questions it was difficult to get any answer on how much money 
they are using in hydrogel research, this can be because the persons interviewed did not have that 
kind of information. However the costs for hydrogel development and research are dependent on 
how great amounts of gels that are used and what types. For example the PEG-peptides used in this 
project are too expensive to be used in a larger scale. 

There seems to be a large variety on what cell types and cell counts dependent on 3D culturing 
system and dependent on hydrogel type. Also the range of different hydrogels used differed a lot, 
which was expected due to the differences in the companies. For companies using different cell types 
mechanical tuneability in hydrogels is desirable to closer mimick ECM scaffold of different tissues.   

As expected some of the most important hydrogel properties are permeability, bioactive properties, 
easy handling and stiffness in the gels. These are all properties needed to give the hydrogels more 
ECM like properties by binding to the cells, having rigidity suitable for the cell types in culture and 
allowing the cells to get the important nutrients, or get in contact with a research drug if that is the 
case. 

7.1.2 Economical aspects on 2D and 3D culturing 
In many studies one advantage with 2D cell culturing is the low costs, which is positive if larges 
studies are going to be made. Although one of the major disadvantages of 2D culturing is the 
problems with this assay not mimicking the in vivo environment close enough. This is, as mentioned 
in the introduction a big problem in medical research where many promising drug candidates shows 
different results in clinical trials and has to be discontinued. This does not only cost a lot of money 
but also requires a lot of time. 

3D cultures, especially those consisting of hydrogels with special made peptides etc. is expensive in 
production. However if the 3D culture mimicks the in vivo environment closely and has the ability to 
give reliable cell responses in medical trials, malfunctioning drug candidates will be excluded in an 
early phase. In the long term this would save time and allow the research money to be used in a 
better way. 
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7.2 Characterization of hydrogels 

7.2.1 Sterilisation 

In sterilisation trials, autoclaving was not suitable for the PEG-peptides. With the primary testing on 
only the EV peptide it was shown that none of the sterilisation methods was harmful to the peptide 
itself. Therefore it is most likely the PEG that caused the insolubility which is reinforced by the Sigma-
Aldrich product information sheet that recommends the user to not autoclave PEG (Adrich, n.d.). It 
was indicated by Huebsch et al. 2005 that irradiation could damage the peptide sequences, especially 
gamma radiation. Due to the lack of gamma radiation equipment in the facilities that method was 
excluded in the practical analysis, however the method would be interesting to test due to it being 
used industrially. UV irradiation over longer periods of times was said to also be harmful to peptides 
but in this study no such indications was found. This could be due to the relatively short exposure 
time 2x30 sec in 10x100 µ J/cm2. But obviously it was enough to get rid of bacteria, when comparing 
unsterilised samples that had been dissolved in filtered PBS and UV irradiated samples dissolved in 
sterile solvents. There were large differences in presence of DNA in samples compared, the sterile 
sample only had cell nuclei coloured with blue, and the unsterilised sample had both cell nuclei and a 
massive amount of small blue dots, most likely some kind of bacteria. 

7.2.2 Analysation of hydrogels and PEG-peptides 

With the different characterization methods it has been shown that the four different PEG-peptide 
combinations gets coiled coil structure in CD measurements and forms larger clusters than the 
singles in DLS measurements. The fact that the combinations results in coiled coils in measurements 
says that the desired secondary structure of the PEG-peptides are found and makes is possible to 
form gels in higher concentrations. The increase in cluster size is also a good indication on that the 
PEG-peptides links to each other and forms larger structures, as in the studies of Aronsson et al., 
2015 and Dånmark et al., 2016. 

In rheology measurements it was clear that all hydrogel combinations containing the pKI4 forms gels 
and have similar properties regarding mechanical properties and self-healing properties. Hydrogels 
containing the pKV4 was more liquid than solid when just looking at them. For pKV4 the results 
analysed in rheometer was in most cases not reliable, probably due to the low viscosity in 
combination with the limits of the rheometer. In previous studies by Dånmark et al., 2016 hydrogels 
containing pKV4 did form gels, therefore it seems strange that the PEG-peptides does not form gels.  

There could be many different reasons for the hydrogels containing pKV4 not forming rigid gels. In 
the example of pEI4/pKV4 combination: if not all of the KV peptides are bound to the PEGs there is a 
possibility that both single KV and pKV4 binds to pEI4 which would show coiled coils in CD 
measurement. Clusters would be formed but there would not be as much PEG giving stability, which 
leads to the gels being more liquid like. Another reason could be other molecules interfering with the 
electrostatic interactions between the peptides in such case there would probably be a lower degree 
of coiled coils in the hydrogels which is not the case. 

During the whole project the same batch of pEIRGD4 has been used, until the cultures for albumin 
measurement. A second round of EIRGD, same as used for previous batch of pEIRGD4, was connected 
to PEGs. This was not the most optimal choice for the RGD evaluation but had to be done to evaluate 
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albumin production. After dialysation and lyophilisation in PEG-peptide conjugation it was visible that 
the PEG-peptide looked more crumbly on the second batch than the first where the structure looks 
more like cotton candy. This was an indication on that something was different but in the 1H-NMR 
there was no indications of free maleimides. Therefore it is difficult to say what caused the pEIRGD4 

to not form gels this time. 

The problem with not forming gels has also occurred for the pKI4 peptide one time in the project. 
That time it was concluded that some mistakes were done at preparation (weighing of PEG-peptide 
and calculation of amount PBS) of 25 mg/ml solutions due to the fact that when a new solution was 
prepared no problems with gelation occurred. 

It should also be mentioned that the repetition of PEG-peptide characterization generally gave lower 
signals than the one performed by Dånmark et al., 2016. The reason for this could be differences in 
preparation of PEG-peptides, differences in experience of handling materials and machines or just by 
coincidence. 

7.2.3 Rigidity of hydrogels 

Liver tissue has a Young’s modulus of 6 kPa (Mueller & Sandrin, 2010), this means that liver cells lives 
in a quite stiff environment compared to some other cell types like brain tissue (Figure 1). The gel 
combinations considered the best for the cells in the results is gels containing pKI4 and pEI4 and/or 
pEIRGD4. With rheological examination it is shown that gels consisting of only pEI4/pKI4 or 
pEIRGD4/pKI4 is in the same range of stiffness (200-250 Pa), which indicates that a combination 
would have stiffness in that area. This suggests that the hydrogels have stiffness 30 times weaker 
than liver cells in tissue. This indicates that the hydrogels used probably not are rigid enough to 
mimick the liver cells in vivo environment as the surrounding scaffold is softer than tissue. It is 
needed to closer investigate if the gels combined with cell culture get a higher elastic modulus. But it 
is not likely that these gels with cells incorporated reaches an elastic modulus of 6 kPa, the gels 
needs to be firmer from the beginning. This can be achieved by making the dissolved PEG-peptide 
solutions at a higher concentration than the currently, 25 mg/ml. However at higher concentrations 
PEG-peptides will be more difficult to dissolve in the PBS or cell culture medium. Another solution is 
to change hydrogel type, by changing the peptide groups on the PEG arms to groups that binds to a 
more firm hydrogel. 

Due to these facts one can suspect that this exact types of PEG-peptide gels are not the best 
alternative for culturing HepG2 cells in if in vivo like conditions are desired. These hydrogels might 
suite better for culturing of brain tissue or lung tissue with respect to their elastic moduli. However 
the HepG2 cells can survive for a longer period of time in this type of hydrogel. 
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7.2.4 Instant gelation  
It is positive that the hydrogels forms gels instantaneously when they are combined, since this could 
give the user the possibility to mix one of the gel components with a cell solution and immediately 
form hydrogels when binding component is added. This makes it possible to (at least in theory) 
evenly distribute the cells within the hydrogel. In these cell studies one problem has been that cells 
migrates to the edges of culturing wells, why is not certain but it could be due to capillary forces 
making the gel cup-shaped (not flat) on the surface. Instant gelation is also something that is 
interesting for bio-printing, and according to one of the interviewed companies this is something the 
market is looking for and a lot of research in this field is made. 

7.3 Cell studies 

In the cell studies of this project, differences in 2D and 3D culturing can be seen regarding the 
morphology. For the 2D cultures with pre-coated surfaces the classical monolayer is seen and in a 
few cases when larger accumulations of cells have been developed sporadic spheroids occurs. In all 
the 3D cultures with hydrogels the characteristic spheroid clusters form especially in the more rigid 
gels, but also in the softer ones. The spherical clustering does not seem to be dependent on how 
much cell adhesive motifs added to the cells.  

In the gels with higher concentrations of the cell binding RGD sequences it was expected to see some 
differences in cell clustering due to the fact that the cell clusters had multiple attachment points in 
the gel which could give the cells the possibility to spread out and grow as a larger cluster. However 
no such evident indications was observed. This could be due to that the concentrations of RGD 
sequence was too low or the fact that the HepG2 cells strives to form spherical clusters. Regardless 
of the cause it would be interesting to investigate with cell types that are more sensitive like regular 
hepatocytes or induced pluripotent stem (iPS) cells which probably would give even more in vivo like 
cell response.  

Another interesting observation was that in a 15 day 2D cell culture the cells did not lie on a strict 
mono layer but started to form thicker segments of cells and also sporadic occurring spheroids. This 
indicates that the HepG2 cells like to form clusters and spheroids when they have the possibility to 
do so. 

7.3.1 Albumin assay 

In a previous study of Takahashi et al., 2015, it had been shown that 3D cultures produce more 
albumin than 2D cultures, both seeded with same amount of cells/well.  

As stated in the results section a big problem with the albumin assay data was that dependent on 
how the results were analysed different conclusions could be made. One of the major problems was 
not knowing the actual cell concentration for each condition at the specific days, the only cell  
concentrations known was the seeded cells where the 3D cultures was seeded with 1x106 cells/ml = 
25x103 cells/well and the 2D with 0.7x105 cells/ml=1.75x103 cells/well . 

When comparing albumin concentration in each well Figure 26A the only fair comparisons that can 
be made are those with the same seeding conditions which mean the three different hydrogel 
samples. Of these samples only the two rigid gels (10% RGD and 0% RGD) showed similar 
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concentrations of albumin over time. The 50 % RGD gel did not form a firm gel but had a much higher 
albumin concentration over time anyway.  

One thinkable cause that the 50% RGD cultures seemed to secrete a lot more albumin was that the 
gel had created a high viscosity fluid. In a high viscosity liquid cells would live in a semi 2D/3D 
condition where there is room to grow both on the bottom of the wells and in the fluid, where some 
kind of scaffold would be present. If this condition give the cells much more room to grow, and the 
cell count getting massively increased is likely. 

 
Figure 26 A) results of albumin concentration in wells. B) albumin concentration adjusted  considering seeded cells. This 
is a combination figure of the previously presented figures 24 and 25. 

When the results of the assay were adjusted based on the amount of seeded cells Figure 26B the 
results might not be as trustworthy as one first would think. As in the concentration in wells 
comparison the hydrogel samples are comparable in concentration per 1x103cells due to the 
probable similar cell increase over time. In the 2D assay the cells will have a lot of room to grow 
before reaching a lag phase in growth created by too many cells at the same place. In the 3D there 
already are a lot of cells so the cultures could reach the lag phase much sooner. This could lead to the 
different cultures having cell concentrations that are a lot closer than in the seeding. With high cell 
concentrations compensated for a previous low cell count the amount of albumin/cell will get 
unreasonable high. 

To be more certain of the albumin concentration the samples should have been done in triplicates 
and cell concentration counted for one of each sample at the three time points. For this to be as 
certain as possible the whole content of a well has to be collected and then count the cells. With this 
method one would get comparable results for each time point. 

When adding new cell culture medium to a gel it is easy to see that the medium spreads in the gel as 
the colour changes. Therefore it is likely to believe that the diffusion of O2 and CO2 works as well due 
to the viability tests where it is shown that the cells does not lose the viability, when encapsulated by 
the PEG-peptide based gels. 
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7.3.2 Different well types 

During the cell culturing in the project three different well types were used. 96-well microtiter plate, 
PDMS wells and the Ibidi µ slide III 3D perfusion. When comparing these three well types the Ibidi 
slide stands out in many aspects. By using the Ibidi slide wells the risk of inter fearing with the gel is 
markedly lowered due to the canals where cell media was added and removed compared to putting 
a pipette tip right into the well and hoping to not put the tip into the gel. Another great difference 
was that the incubation of the Ibidi slide was on an rocking plate making the cell medium constantly 
flow over the gel which leads to a constant mixing of the media and nutrients inside. The Ibidi slide 
was most convenient in the matter of easy handling and avoiding interference with cell culture in gel. 
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8 Conclusion 

According to interviews with different companies using hydrogels and/or 3D culturing, a 
mechanically adjustable hydrogel is something of interest due to the variety of cells used for research 
and the different properties of such tissue. However companies or research groups with established 
methods for hydrogels are not always eager to change methods or culturing properties. All 
interviewed were agreed upon that hydrogels adapted for cell type is important as well as 
permeability for nutrients and cell binding motifs to simulate an in vivo like environment. 

Studies has shown that 2D culturing is inexpensive regarding culturing but in medical research they 
are expensive due to the large amounts of drugs tested in these environments has to be discarded. 
3D culturing can be more expensive per culture, due to special made peptides etc. but if the result is 
that drug screening will be more reliable the long term cost is lower. 

In the laboratory section of the project it was concluded that the most rigid forms of hydrogels were 
the most suitable to use, hence hydrogels were constructed of one E-type PEG-peptide and one K-
type PEG-peptide. But regardless of combination the storage modulus, in rheological measurements, 
was never higher than 260 Pa which is 30 times softer than cells in liver tissue. This means that the 
gel is not rigid enough to resemble in vivo conditions when growing HepG2 cells inside.  

For better cell adhesive properties a RGD sequence was incorporated into one of the gels, but for the 
HepG2 cells no major differences was noticed dependent on RGD concentration in gel. In all gel 
types, with or without RGD, the HepG2 cells formed spherical clusters which are characteristic for 
this type of cells in 3D culturing. With live/dead staining it was clear that there are no differences in 
viability between cells in 2D and cells in different gel types, the gels are not harmful for the cells. 

In the performed albumin assay no exact results can be concluded due to not knowing the exact cell 
concentration in each well. It would have been more beneficial to start off with the same cell count 
in both 3D and 2D cultures and/or having the ability to count the cells afterwards. 

Regarding the handling and sterilisation of the hydrogels for cell culturing a lot of work were done. 
The most appropriate sterilisation method for these gels was UV irradiation, which was proven to not 
contain any bacteria compared to an unsterilised which had a lot of unknown DNA traces (likely 
bacteria). Depending on well type different volumes are appropriate, this to avoid consequences of 
capillary force. All 3D cell cultures were in the range of 20-35µl. When considering the possibilities to 
take samples and changing cell culture media the Ibidi slides were preferable as the handler did not 
get in direct contact with the hydrogel. 

For future studies a logical next step is to further evaluate the hydrogels in terms of the permeability 
of different substances like gases, fluids and larger molecules. It would also be interesting to see how 
iPS cells or cells that require a softer environment respond to culturing in these PEG-peptide 
hydrogels. 
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11 Appendix A 
Apendix A consists of the planning report with Materials and methods excluded. 

Abstract 
 
The purpose of this project is to test and evaluate a 3D hydrogel intended for cell cultures from a 
commercial perspective. 
 
The main goals of the thesis is to identify important parameters for the commercial applicability of 
four-arm-PEG coiled coil hydrogels intended for cell culture assays and exemplify the use of these 
hydrogels with hepatocytes. Sub goals of these main goals are to investigate the industrial 
applicability and feasibility of these gels and to investigate and suggest practical handling of gel to 
facilitate processing in laboratory and industrial scale. Also the viability and function of the cells will 
be investigated. 
 
The hypothesis of this thesis is: Hydrogels based on four-arm-PEG and coiled coils with tunable 
mechanical properties are commercially feasible and relevant materials for industrial and academic 
3D cell culture assay development. 
 
This hypothesis will be investigated in several steps; literature studies, laboratory work like 
production of gels and tuning of their properties and 3D cell culture studies. For the industrial 
integration of the project interviews will be held with companies working with 3D gels on an 
industrial scale to include their demands on a gel like ours. 
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Purpose of the project 

During pharmaceutical development, cell cultures are used as in vitro models to evaluate the toxicity 
and the efficacy of drug candidates. The cells in these models are often cultured in conventional 
polystyrene tissue culture plates. In contrast, the cells in the body are embedded in a complex 3D 
environment, the extracellular matrix (ECM). In vitro models for cell culture in 3D could potentially 
provide more in vivo-like platforms for cell culture assays, mimicking aspects of the ECM. Hence 
compared to 2D cell culture assays, the results obtained from 3D assays can thus provide more 
relevant ex vivo data in cancer research, pharmacology, and toxicology, reducing the need for animal 
models and saving time and money in drug development. A wide range of different hydrogel-based 
ECM-mimicking materials for 3D cell culture has been developed, but they typically suffer from 
limited possibilities to conveniently tailor materials properties and provide few means to tune the 
dynamic response of the materials. Since the pericellular environment varies significantly between 
different tissues and over time, different applications and cells require hydrogels with markedly 
different properties. 

The purpose of this thesis is therefor to characterize and evaluate a novel ECM-mimicking hydrogel 
with tunable properties for 3D cell culture, and investigate the requirements for these types of 
materials in academic and industrial research.   
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Hypothesis of the project 
 
Hydrogels based on four-arm-PEG and coiled coils with tunable mechanical properties are 
commercially feasible and relevant materials for industrial and academic 3D cell culture assay 
development. 
 
Today most of cell-based assays are performed using 2D monolayer cell cultures on flat polystyrene 
substrates. These conditions differs significantly from the natural environment of cells in the human 
body, where the cells are embedded in a complex protein and carbohydrate based 3D matrix (the 
ECM). (Edmondson, et al., 2014) 
 
If 2D and 3D assays for growing cells are compared these have several differences. In 2D assays it 
generally is a homogenous distribution of O2, CO2, nutrients and growth factors amongst the cells. 
Due to the bundling of cells in the 3D structure it is more of a gradient of O2, CO2, nutrients and 
growth factors in the cell clusters, lower concentrations in the middle and higher closer to the 
surface. This difference in distribution between 2D and 3D also applies to medicines in clinical trials, 
where it has been shown that the 3D assay resembles in vivo cell responses better than the 2D assay. 
(Edmondson, et al., 2014) 
 
There are two major types of hydrogels, natural hydrogels and synthetic hydrogels which have 
different characteristics. Examples of natural polymers that can form hydrogels are; collagen, fibrin 
and alginate these have the natural ability to adhere to cells. Poly acrylic acid (PAA) and poly 
ethylene glycol (PEG) are two examples of synthetic polymers that can form hydrogels but does not 
have the ability to adhere to cells or biodegrade instead the gels have the ability to change 
mechanical properties and can have the ability to photo polymerize. (Zhu, 2010) (Caliari & Burdick, 
2016) 

This study will be focusing on hydrogel based on the synthetic polymer poly ethylene glycol (PEG) 
due to its ability to adjust the mechanical properties unlike natural hydrogels. But PEG cannot by 
itself adhere to cells (Zhu, 2010). Peg can be modified by adding a functional group like RGD to get 
adherent features (Caliari & Burdick, 2016).By adding cell adherent peptides to the arms of the PEG it 
will be able to create an environment suitable for cells to grow. 

C.Aronsson et al have recently developed a set of coiled coils (EI, EV, KI, and KV) with defined and 
tunable self-assembly properties (Aronsson, et al., 2015).With the peptides EI, KI and KV attached to 
PEG, gel stiffness can be altered. For example a gel with EI and KI will be more solid and a gel with EI 
and KV will be more liquid. This gives possibilities to use different combinations of these peptides to 
create gels with more specific properties. (Dånmark, et al., 2016) 
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Objective 

This study aims to: 
a) identify important parameters for the industrial and academic applicability of four-arm-PEG coiled 
coil hydrogels intended for cell culture assays and 
b) to exemplify the use of these hydrogels for 3D culture of hepatocytes. 

 

Sub objectives 

x Investigate industrial and academic applicability and feasibility: need and cost analysis (3D 
cell culture assays vs 2D assays, compare with commercial options for 3D cell culture) 

o Define important 3D cell culture terms 
x Investigate and suggest practical handling of materials (sterilization, volumes needed, design 

of culture system- 96 well plate, PDMS wells) to facilitate processing in laboratory and 
industrial scale 

x Investigate cell viability/proliferation, function (develop an assay to test hypothesis) 
o Optimize assay performance (materials properties, culture conditions, addition of 

laminins or cell-adhesion motifs 

 

 
Boundary conditions 

 
In this thesis cell growth in 3D cell assays will be examined, multiple different cell types could be 
tested but only HepG2 cells and iPS liver cells will be examined to keep the project defined. Also 
there will only be one type of gel tested, four armed PEG with certain peptides (EI, KI, EV and KV) 
attached to the arms, even though it would be possible to use a wide variety in hydrogel 
compositions.  
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Study model 

 

 
This model shows that our hydrogels will be based on the pEIKV4 peptides and that hydrogels like 
this are industrially used. The predetermined cells and hydrogel components will be combined to a 
3D cell culture which will be analysed by different assays. The industrial needs of 3D cell cultures will 
be investigated. 
  

pEKIV4 
Peptides 

Cells Hydrogels Industrial  
needs 

3D cell  
culture 

Assays 

Celltypes: Hep2G, iPSC 

Concentrations 
Compositions 

Gelling time and rheological properties 
Sterilisation methods/handling volumes 

Viability 
Biological markers: 
Cyp2D6  
albumin etc. 

Creating ‘protocol’ for 
handling of cells in culture 
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Milestones for the project  
  

Milestone List 

Milestone 
number 

Short description Type of 
deliverable1 

Date 
(week) 

1 Planning report ready Report W12 
2 Hydrogel(s) produced  W15 
3 Parameters chosen  W18 
4 Cell viability in gel  W21 
5 Half time report ready Report W25 
6 Industrial needs, interviews    
7 Study of different gels with cell   
8 Look at markers on the cells are there differences?   
9 Final report draft to opponent ready and sent to 

opponent and examiner 
Report  

10 Presentation at LiU (framläggning) Presentation  
 Corrected final report to examiner for final approval Report  
    

1) Report; Diagram; Table; 
 
Time plan  
This is a time plan based on work pace of around 50%. The primary plan is to get many of the 
laboratory sections done before the summer vacations. 
Week 26-31 is preliminary marked as vacations. 
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Calendar week 6-11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26-31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 

Activity                                      

Project planning   
                                    MS1: Planning report                    

 
 i 

                                   Producing peptide                                      

Producing and characterisation 
of hydrogel 

 
      

                                 MS2: hydrogel produced 
    

 i 
                                Handling of materials 

sterilisation, volume  etc.  
    

      
                              MS3: Parameters chosen 

       
i 

                             Cell viability 
      

        
                           MS4: Is the gel suitable 

          
i 

                          "preparing half time report" 
        

              
                      MS5: Half-time report 

              
i 

                      Industrial needs study 
 

              
        

              
              MS6:Industrial needs                        i              

cell studie HepG2 hydrogel ratio 
                  

        
               MS7: Different gels with cells 

                      
 i 

              Protocol 
                      

  
              Cellstudie iPSC 

                       
        

          MS8: Differences in markers? 
                           

 i 
         Protocol uppföljning 

                           
  

         Preparing final report 
                             

            
  MS9:Final report draft  to 

opponent and examiner                                    i  

MS10: Presentation at LiU 
(framläggning)                                    i  

i Milestone 

 

Gantt chart-NEW 
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12 Appendix B 
Protocol for rheology measurements, program 

x Conditioning sample 
o Temp: inherit set point (20ᵒC) 
o Soak time: 10.0s 

x Oscillation time (Time sweep) 
o Temperature: inherit set point 

(20ᵒC) 
o Soak time: 0.0s 
o Duration: 900.0s 
o Maximize number of points 
o Strain %: 1.0% 
o Single point 
o Frequency: 1.0Hz 

x Oscillation amplitude (Amplitude 
sweep) 

o Temperature: inherit set point 
(20ᵒC) 

o Soak time: 0.0s 
o Frequency: 1.0Hz 
o Logarithmic sweep 
o Strain%: 0.1% to 100.0% 
o Points per decade 5 

x Oscillatory frequency (Frequency 
sweep) 

o Temperature: inherit set point 
(20ᵒC) 

o Soak time: 0.0s 
o Strain%: 1.0% 
o Logarithmic sweep 
o Frequency: 0.01Hz to 100.0Hz 
o Points per decade 5 

x Oscillation time (Gelation time part 1) 
o Temperature: inherit set point 

(20ᵒC) 
o Soak time: 0.0s 

o Duration: 180.0s 
o Maximize number of points 
o Strain %: 1000.0% 
o Single point 
o Frequency: 1.0 Hz 

x Oscillation time (Gelation time part 2) 
o Temperature: inherit set point 

(20ᵒC) 
o Soak time: 0.0s 
o Duration: 900.0s 
o Maximize number of points 
o Strain %: 1.0% 
o Single point 
o Frequency: 1.0Hz 

x Settings that was similar for all 
procedures except conditioning of 
sample 

o Controlled strain advanced 
� Controlled strain type: 

continuous oscillation 
[direct strain] 

� Motor mode: auto 
o Data acquisition 

� Acquisition mode 
correlation 

� Conditioning time: 
3.0s 

� Sampling time: 3.0s 
� Save waveform (point 

display) 
� Number of points in 

waveform: 256 
o Step termination 

� No boxes marked 
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Absorbance measurements of EV peptide for different sterilisation 
methods 

Table B1 Absorbance and concentration in mol/l is presented for sterilised and unsterilised EV 

Peptide 
(2mg/ml) 

Method A280nm Conc. (M) 

EV Control (not sterilised) 0,43105 757,56 µM 
EV Autoclaving 0,45482 799,33 µM 
EV Ethanol 0,24567 431,76 µM 
EV UV irradiation 0,37833 664,90 µM 
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Summary of general questions asked to interviewed companies 

x Is the term hydrogel well-known to the company? Is the term used within the company and 
how do you define hydrogels? 

x Is the company currently using hydrogels in (1) Research and development, (2) production or 
(3) Internal/external services? Are hydrogels a part of the company’s product? 

x How widespread is the use of hydrogels in the company? 
x What are the main, concrete applications for hydrogels within the company? 
x Is there a need/ do you want to use hydrogels in a greater extent? 
x Gelation time, molecule composition, crosslinking strategy? 
x What is the shelf life of the hydrogels/ hydrogel components? 
x What cell densities does the company use or recommend for 3D cell culturing? 
x Do the company do the gels themselves or do they buy them? 
x Which are the company’s most important criteria for a hydrogel to be considered good? 
x Can you quantify amount of hydrogels that are used (volumes, prices)? 
x What types of cells does the company currently use in hydrogels? 
x Are there more cell types that the company considers appropriate for hydrogels? 
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Complementary rheology data 

 

  
Figure B1 Complementary figures for frequency sweep and self-healing data of pEI4/pKI4, dissolved in Cell media/PBS to 
concentration of 25 mg/ml 

  
Figure B2 Complementary figures for frequency sweep and self-healing data of pEI4/pKI4,concentration 5mM 
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Figure B3 Complementary figures for frequency sweep and self-healing data of pEI4/pKV4, self-healing data is not reliable 
due to Raw phase data >175ᵒ 

  
Figure B4 complementary figures for frequency sweep and self-healing data of pEIRGD4/pKI4 

  
Figure B5 Complementary figures for frequency sweep and self-healing data of pEIRGD4/pKV4, self-healing data is not 
reliable due to Raw phase data >175ᵒ  
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PEG-peptide distributions in gel for culturing 
Table B2 the Table shows the distribution of the different PEG-peptides in the gels used for cell culturing in different 
experiments 

  pEI4  
25mg/ml 

pEIRGD4 
25mg/ml 

pKI4  
25mg/ml 

pKV4  
25mg/ml 

PDMS (high/low cell 
count) 

Testing of gels and 
cells 

50% - 50% - 

96 well plate 
14d 

Testing ratios of 
RGD and KV, 2x 

50% - 50% - 
49% 1% 50% - 
40% 10% 50% - 
50% - 25% 25% 
49% 1% 25% 25% 
50% 10% 25% 25% 

      
96 well plate 
 

RGD ratios does it 
change cells 
appearance 

50% - 50% - 
25% 25% 50% - 
10% 40% 50% - 
5% 45 50% - 
- 50% 50% - 

PDMS small RGD ratios does it 
change cells 
appearance, 
+laminin+2D, 2x 

50% - 50% - 
25% 25% 50% - 
10% 40% 50% - 
5% 45 50% - 
- 50% 50% - 

Ibidi Dessutom 1 st 10 % 
utan celler och 1st 
2D allt I duplikat (I 
2 brunnar 1 ränna) 

50% - 50% - 
10% 40% 50% - 
5% 45 50% - 
- 50% 50% - 
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Albumin assay 

The Table B3 shows the raw data for albumin assay and Table B4 shows positioning of sample at 
different days (d3, d9, d15) and dilutions (50, 500 and 5000 fold). Sampling was done in duplicates. 
Red boxes are positions for albumin concentration ladder, blanc value is calculated from mean value 
of blue numbers. 

 A sample with 50%,RGD diluted 50 fold at day 3 is called: D3, 50% RGD, 50 

Table B3 Raw data table albumin assay absorbance 

A 3,3814 3,1595 2,2457 2,1683 2,6824 2,4783 2,7793 2,6544 0,5275 0,5021 0,3323 0,3306 

B 3,0134 3,0134 0,6334 0,612 0,9311 0,8762 0,9291 1,0717 0,2673 0,2785 0,3786 0,3362 

C 2,5363 2,4271 0,2624 0,2524 0,3138 0,3045 0,3223 0,3087 0,2404 0,272 0,4299 0,2714 

D 1,8332 1,7123 3,0134 2,8585 2,7445 2,628 2,7123 2,7793 2,327 2,3961 0,3615 0,3393 

E 1,2468 1,2696 2,1425 2,2352 1,2938 1,3814 2,0523 2,1026 1,1277 1,0803 0,3947 1,0469 

F 0,7918 0,7567 0,7761 0,7449 0,4284 0,4437 0,6606 0,6941 0,3909 0,3063 0,4745 1,0746 

G 0,5019 0,5119 3,0803 3,0803 0,6645 2,7445 1,4144 0,4607 2,5161 1,4485 0,5252 2,2674 

H 0,3696 0,2321 2,1595 2,1103 0,6506 2,6824 1,3643 0,4228 2,095 1,432 0,5234 2,2352 

  1 2 3 4 5 6 7 8 9 10 11 12 

 

Table B4 sample position for raw data in albumin assay  

A   
D3, 50% 

RGD, 50 

D3, 50% 

RGD, 50 

D3, 10% 

RGD, 50 

D3, 10% 

RGD, 50 

D3, 0% RGD, 

50 

D3, 0% RGD, 

50 

D3, 2D, 

50 

D3, 2D, 

50 

D3, Gel, 

50 

D3, Gel, 

50 

B   
D3, 50 % 

RGD, 500 

D3, 50 % 

RGD, 500 

D3, 10 % 

RGD, 500 

D3, 10 % 

RGD, 500 

D3, 0 % RGD, 

500 

D3, 0 % RGD, 

500 

D3, 2D, 500 D3, 2D, 500 D3,Gel 

500 

D3,Gel 

500 

C   
D3, 50% 

RGD, 5000 

D3, 50% 

RGD, 5000 

D3, 10% 

RGD, 5000 

D3, 10% 

RGD, 5000 

D3, 0% RGD, 

5000 

D3, 0% RGD, 

5000 

D3, 2D, 5000 D3, 2D , 5000 D3, Gel, 

5000 

D3, Gel, 

5000 

D   
D9, 50% 

RGD, 50 

D9, 50% 

RGD, 50 

D9, 10% 

RGD, 50 

D9, 10% 

RGD, 50 

D9, 0% RGD, 

50 

D9, 0% RGD, 

50 

D9, 2D, 

50 

D9, 2D, 

50 

DMEM, 

500 

DMEM, 

500 

E   
D9, 50% 

RGD, 500 

D9, 50% 

RGD, 500 

D9, 10% 

RGD, 500 

D9, 10% 

RGD, 500 

D9, 0% RGD, 

500 

D9, 0% RGD, 

500 

D9, 2D, 500 D9, 2D, 500 D15, 2D, 

5000 
D15, 2D, 

500 

F   
D9, 50% 

RGD, 5000 

d9, 50% 

RGD, 5000 

D9, 10% 

RGD, 5000 

D9, 10% 

RGD, 5000 

D9, 0% RGD, 

5000 

D9, 0% RGD, 

5000 

D9, 2D, 5000 D9, 2D, 5000 D15, 2D, 

5000 
D15, 2D, 

500 

G   
D15, 50% 

RGD, 50 

D15, 50% 

RGD, 50 

D15, 50% 

RGD, 5000 

D15, 10% 

RGD, 50 
D15, 10% 

RGD, 500 
D15, 10% 

RGD, 5000 
D15, 0% RGD, 

50 
D15, 0% RGD, 

500 
D15, 0% 

RGD, 50 
D15, 2D, 

50 

H   
D15, 50% 

RGD, 500 

D15, 50% 

RGD, 500 

D15, 50% 

RGD, 5000 

D15, 10% 

RGD, 50 
D15, 10% 

RGD, 500 
D15, 10% 

RGD, 5000 
D15, 0% RGD, 

50 
D15, 0% RGD, 

500 
D15, 0% 

RGD, 50 
D15, 2D, 

50 
  1 2 3 4 5 6 7 8 9 10 11 12 

 

Albumin concentration per ml was calculated with the help of a standard curve created from the 
albumin concentration ladder. 
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