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ABSTRACT

Background: This thesis focuses on iz vitro tissue engineering (TE) applications for
the central nervous system (CNS). TE is a multidisciplinary research field that aims
at healing human tissues by developing novel engineered biological constructs.
Typically, these constructs are composed of cells in a 3D biomaterial scaffold. One
promising research platform for neural TE is the use of human stem cell-derived
neural cells, combined with a 3D scaffold, as a simplified model system for CNS —
an in vitro neural model. The commonly used scaffold materials are brain
extracellular matrix (ECM)-mimicking hydrogels or rigid microscale 3D matrices

that support cell growth.

The main aim of this work was to create a 3D neural culturing setup that could serve

as a brain tissue model in the future.

Materials and Methods: In this thesis, human pluripotent stem cell-derived neural
cells were used. The neural cell cultures were visualized with fluorescent labeling,
either using cell-accumulating probes or immunocytochemical labeling. Electrical
neuronal network functionality was measured using a microelectrode array (MEA)
platform. The hydrogels utilized were PuraMatrix®, a synthetic self-assembling
hydrogel, and a natural polysaccharide gellan gum hydrogel crosslinked with
spermidine (SPD). In this thesis, hydrogels were studied using three culturing
methods:

1) Direct gelation of the hydrogel on top of the pre-cultured cell monolayer (2D);

2) Cells cultured on top of the hydrogel surface (2D);

3) Encapsulated cells cultured within the hydrogel (3D).

Rigid tubular microtower scaffolds were polymerized using 2 photon-direct laser

writing (2PP-DLW) from a polymer-ceramic hybrid material, Ormocomp.

Results: Fluorescent probes were found to be suitable for tracking human neural
cells for up to four weeks in culture. Co-cultures from two pre-labeled neural

populations formed a homogenous neural network in 2D culture, and the electrical



neuronal network activity of these co-cultures was similar to that of the control
cultures. Both of the studied hydrogel materials were optimized for human neural
cell culturing by testing different hydrogel compositions. Interestingly, sparse
hydrogels with low PuraMatrix® dilutions were best for neuronal cells, whereas stiff
composition of gellan gum hydrogel supported neural networks better than the softer
compositions. Neural networks cultured within the PuraMatrix® hydrogel were also
shown to have spontaneous electrical activity. Maturation of neuronal activity was
slow in the 3D setup; however, on the other hand, morphological inspection showed
in vivo-mimicking complexity in the cell morphology. Rigid microtower scaffolds
were found to be effective for supporting 3D neural network formation around the
scaffold. These neural networks were stable for up to four weeks in culture, even

though a slight decrease in cell number was seen at the four-week time point.
g g p

Conclusions: Both of the studied scaffold types, hydrogels and rigid scaffolds, were
suitable as a supporting matrix for the formation of 3D neural networks. Large neural
networks randomly formed inside hydrogels and were anisotropic, whereas the
networks formed around microtowers were smaller, but more easily controlled with
the microtower design. All of the studied scaffold materials have potential in in vitro

neural applications, but they are applicable to different study questions.



TIIVISTELMA

Johdanto: Kudosteknologia on monitieteellinen tutkimusala, jonka pitkin linjan
tavoitteena on tuottaa uusia hoitomuotoja sairauksien hoitoon. Kudosteknologiassa
yhdistetiin biologiaa insindoritieteisiin ja pyritidn laboratorio-oloissa luomaan
keinotekoisia kudoksenomaisia viljelmid, joissa soluja kasvatetaan biomateriaali-
tukirakenteessa.  Tdmid  viitoskirja  keskittyy  ihmisen  keskushermoston
kudosteknologisiin sovelluksiin. Keskushermosto, kuten muutkin kudokset, koostuu
solujen lisiksi soluviliaineesta. Keskushermoston soluviliaine on erittdin pehmei,
mutta elastinen rakenne, joka koostuu nanokokoisista siikeistd. Biomateriaalit, joita
kiytetiin viljelmin tukena voivat jiljitelli kohdekudoksen ominaisuuksia tai toimia
mekaanisena tukena solujen kasvulle. Tdmin viitoskirjan tavoitteena oli luoda 3D-

ympiristd, jota voidaan kiyttdd solumallin pohjana.

Materiaalit ja menetelmit: Téssd viitoskirjatyossd kiytettiin thmisen erittdin
monikykyisistd ~ kantasoluista  erilaistettuja hermosoluja. ~ 3D-soluviljelyn
tukirakenteina kiytettiin joko synteettisti PuraMatrix*-hydrogeelid tai gellan gum -
polysakkaridipohjaista hydrogeelid. Solujen vastetta hydrogeeleihin  tutkittiin
kolmella erilaisella tutkimusasetelmalla: 1) viljelemilld soluja hydrogeelin alla, jolloin
hydrogeeli geeliytettiin - suoraan  soluviljelmdn paille, 2) viljelemilld soluja
esigeeliytecyn  hydrogeelipinnan piilli tai 3) viljelemilli soluja sekoitettuna
hydrogeeliin. Hydrogeelien lisiksi kolmiulotteisia hermoverkkoja kasvatettiin
kiytrdmailla tukimateriaalina sylinterimiisid polymeerikomposiitti mikrorakenteita —
mikrotorneja. Solujen kasvua tarkasteltiin fluoresoivien leimojen avulla. Tiassi
viitoskirjatydssi on kiytetty seki yleisid kaikkiin soluihin sitoutuvia leimoja ettd
vasta-ainetunnistuksen avulla vain kohdeproteiiniinsa sitoutuvia leimoja. Lisiksi
hermosoluviljelmien  sihkoistd  akdivisuutta tutkittiin - mikroelektrodihilaan

(microelectrode array, MEA) perustuvalla menetelmaill.

Tulokset: Eliviin soluihin sitoutuvat fluoresoivat merkkiaineet osoittautuivat
hyviksi tutkimusmenetelmiksi. Menetelmin avulla nihtiin, ettd kahdesta eri
viljelmistd perdisin  olevat hermosolut pystyivit muodostamaan yhteniisen
hermoverkon, kun ne yhdistettiin samaan viljelmdin. Timin l6yddksen



soveltaminen jatkossa voi auttaa tutkimuksissa, joissa pyritddn selvittimiin
solusiirrehoidoissa tarvittavaa hermoverkkojen yhteensulautumista.

PuraMatrix®-hydrogeelin sisdlli viljellyt hermosolut kypsyivit muodoltaan
monimuotoisiksi sekd niiden sihkdinen signalointi oli hermosoluille tyypillisti.
Loyddsten valossa PuraMatrix® materiaalina  vaikuttaa  soveltuvan  hyvin
hermosolujen  viljelyalustaksi. ~Hermosoluille  parhaimmat  geelipitoisuudet
muodostivat hyvin 16yhidn geelin, minki johdosta niytteiden valmistus ja kisittely
oli haastavaa. Tdmi seikka huonontaa PuraMatrix®-hydrogeelin kiytettdvyytta
hermokudosmallin tukimateriaalina, vaikka muutoin tulokset ovat erittiin lupaavia.

Gellan gum -pohjaisia geelejd apuna kiyttden tutkittiin tukimateriaalin
jiykkyyden vaikutusta hermosolujen kasvuun ja yritettiin kartoittaa soluviljelyssa
kiytectdville tukimateriaalin ihanteellisia ominaisuuksia. Jiykkyydeltiin aivoja
vastaava materiaali ei kuitenkaan osoittautunut solukokeissa parhaimmaksi. Tdmin
perusteella todettiin, ettd jiykkyyden lisiksi monet muut materiaalin ominaisuudet
vaikuttavat solujen kasvuun. Parhaat tulokset saatiin gellan gum -hydrogeelilld,
johon oli sekoitettu soluviliaineen proteiinia, laminiinia, lisiimiin materiaalin
bioaktiivisuutta.

Hydrogeelien  lisiksi  sylinterimiiset ~ polymeerikomposiittimikrotornit
osoittautuivat erinomaisiksi alustoiksi pienten kolmiulotteisten hermoverkkojen
viljelemiseen. Hermoverkkojen muodostuminen mikrotornien ympirille tapahtui
toistettavasti ja hermoverkot noudattelivat mikrotornin rakennetta. Tami ty6 tukee
ajatusta, jonka mukaan kovista materiaaleista valmistettu tukirakenne on hyvi
vaihtoehto laboratoriomallin pohjaksi.

Johtopiitdkset: Viitoskirjatyon pohjalta voidaan todeta, ettid ihmisen hermosoluille
ihanteellisen tukimateriaalin mekaanisten tai kemiallisten ominaisuuksien
kartoittaminen ei ole yksioikoista. Monet tutkimukset keskittyvidt tuottamaan
monikiyttoisia materiaaleja keskushermoston sovelluksiin. Tami on haastavaa, silli
erilaisiin koeasetelmiin tarvitaan hyvin erilaisia ominaisuuksia. Tdmin tydn pohjalta
herdikin kysymys siici, olisiko parempi keskittyd materiaalin yleisen optimoinnin
sijasta optimoimaan sen kiyttda soluviljelyalustana valikoiduissa sovelluksissa. Tdma
tarkoittaisi materiaalin valitsemista tutkimuskysymyksen mukaan niin, ettd
materiaalin ominaisuudet tukevat parhaalla mahdollisella tavalla tutkimuksen

kohteena olevan ilmién havaitsemista.
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1 INTRODUCTION

Tissue engineering (TE) and regenerative medicine (RM) are multidisciplinary fields
of biotechnology that combine engineering and life sciences. They both aim at
developing engineered biological constructs for restoring, maintaining, or improving
the functionality of diseased or damaged human tissues. Sometimes the terms “tissue
engineering” and “regenerative medicine” are used synonymously, but they can also
be divided by their different areas of application. One classification is that TE aims
to reproduce artificial tissue iz vitro, while RM aims to repair tissue 7z vivo. This in
vitre artificial tissue can also be called a cell-based 7 vitro model, which means that
it is a platform for studying biological phenomena in a controlled, simplified
environment. The research performed with these models can focus on developmental
studies or on solving a clinical problem in human patients. Therefore, the final aims
for developing TE in vitro tissue models include advanced therapies, in vitro
diagnostics, preclinical tests for transplantation and a reduction in animal
experiments. The current trend in these i7 vitro tissue models is towards organotypic
3D cultures. In this thesis, the main focus is to develop an iz vitro neural model
based on biomaterial scaffolds and human pluripotent stem cell-derived neural cells.

The human brain has unique processing power among animals, and the biological
reasons behind this power are still not fully understood. From a TE point of view,
the central nervous system (CNS) is a very interesting and promising target for new
therapies, as its defects are difficult to treat with traditional methods. This is partially
due to the poor inbuilt regeneration capacity of human CNS, and this lack of
spontaneous regeneration causes many medical challenges. The current care
guidelines are mainly targeted at alleviating symptoms; cures for the underlying
dysfunctions in CNS are only available in rare cases. Both new knowledge on the

disease mechanisms and new treatment strategies are needed.
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2 REVIEW OF LITERATURE

The focus of this thesis is the development of stem cell-based neural 77 vitro models.
This literature review will describe different iz vitro models and their key features,
including 1) stem cells and neural differentiation, 2) biomaterial scaffolds and 3)

aspects of scaffold design.

2.1 Stem cells and neural differentiation in vitro

Stem cells have long been regarded as a potential cell source for TE applications since
they offer an unlimited source of differentiated target cell types (Kim and Evans
2005, Avasthi et al. 2008). All stem cells possess the ability to both self-renew and
differentiate. Stem cells can be classified according to their differentiation potential:
totipotent, pluripotent, or multipotent. Totipotent stem cells are the only cell type
that have the ability to form a new individual. The fertilized egg and cells in the first
divisions of an early embryo are the only cells with totipotent differentiation capacity.
After these developmental stages, the differentiation capacity of stem cells decreases.
When the embryo develops into a blastocyst, the cells in the inner cell mass become
pluripotent, having the capacity to differentiate into all tissues except the extra
embryonic tissue (placenta). Later in development, the differentiation capacity
further narrows and the cells become multipotent stem cells. Multipotent stem cells
are tissue-specific and have a restricted capacity to differentiate into the cell types
present in their tissues of origin (Avasthi ez 2/ 2008). In many human tissues, a small
number of cells remain in a multpotent state throughout adulthood and are
responsible for wound or bone healing, for example. These stem cells are also called

adult stem cells (aSC), and they can be found, for example, in bone marrow or in
adipose tissue (Qian ez 2l 2010).

2.1.1 Pluripotent stem cells

Embryonic stem cells (ESCs) are undifferentiated pluripotent cells derived from the

inner cell mass of the blastocyst; they can be maintained and muldiplied in a

21



laboratory and can be grown as a stable cell line (Tabar and Studer 2014). The stem
cell line derivation from the inner cell mass is shown in Figure 1. Before ESCs, the
first pluripotent cells that were found and cultured in vitro were from mouse
teratocarcinoma, which is a malignant teratoma (Evans 2011). These stem cells were
abnormal, malignant cells, but they enabled the experimental setups and
methodological development that finally led to the derivation of native pluripotent
stem cells (PSCs) from embryos (Evans 2011). The first human ESC lines (H1, H7,
H9, H13, H14) were derived in 1998 by Thomson and co-workers (Thomson
1998), and these lines are still used today. The H9 line in particular is widely used
in neural studies (Guo ez al. 2013, Marx 2016). In 2006, a novel type of pluripotent
stem cells, induced pluripotent stem cells (iPSCs), was created from somatic human
cells, even though the principles behind the method had been studied much earlier
(Gurdon 1962, Takahashi and Yamanaka 2006). These artificial stem cells are
somatic cells that are reprogrammed into a stem cell-like state using genetic
modifications (Figure 1). iPCS technology enables the generation of patient-specific
cell lines for studying genetic diseases and developing personalized medicine in the
future (Carlson ez 2/ 2016)

2.1.2 Neural differentiation in vitro

Human PSC differentiation iz vitro is based on signals given to the cell, or an
artificial stem cell niche, to guide differentiation into the target cell type (Walters
and Gentleman 2015, Clevers 2016). The protocols for deriving neural cells from
hPSCs can be roughly divided into two stages (Figure 1). In stage 1, called neural
differentiation or neural induction, the hPSCs are directed towards neural fate to
create neural precursor cells (NPCs). In stage 2, called neural maturation, the NPCs
are further maturated into neurons and/or glial cells. The most commonly used
neural differentiation methods are based on two strategies (Fisher 1997, Dhara and
Stice 2008):

A) Basic fibroblast growth factor (abbreviated here as bFGF, but also known as

FGF2 or FGF-B) and epidermal growth factor (EGF) based pathways;

B) Dual Small Mothers Against Decapentaplegic (SMAD) inhibition-based
pathways.

EGF/FGF-based methods are widely used with slightly different variations
(Carpenter et al. 2001, Dhara and Stice 2008, Lappalainen ez 2/ 2010). The dual
SMAD method was published in 2009 by Chambers and co-workers, and it has been
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widely used since (Chambers ez 2/. 2009, Shi ez al. 2012). Both of these methods
can have suspension or adherent culturing steps in variable order. Suspension
culturing can be performed at the beginning of the differentiation as free-floating
embryonic bodies (EBs) in a stem cell medium (Dhara and Stice 2008) or in a
medium that directs cells to neural fate as free-floating neurospheres (Lappalainen ez
al. 2010). Adherent culturing steps can be used at the beginning of the
differentiation, when stem cells are directed toward neural fate (Chambers et 4l
2009). In addition, adherent cultures can be utilized as a purification step to collect
neural rosettes (Malchenko er 2/ 2014). Many protocols have final neural
maturation steps in adherent culture (Dhara and Stice 2008).

In addition to hPSC-derived neural cells, other techniques to obtain human neural
cultures have been studied. One example of a recent hot topic method is
transdifferentiation, or so-called lineage reprogramming. In older literature,
transdifferentiation, for example, referred to growth factor-based methods where
adipose-derived stem cells were differentiated into neuron-like cells (Safford and Rice
2005, Qian ez al. 2010). More commonly, transdifferentiation refers to a recent
transcription factor-based technique where adult somatic cells, such as skin
fibroblasts, can be directly converted into other somatic cell types, such as neural
cells, without the pluripotent step (Jopling ez a/. 2011). So far, neurons have been
successfully created using transcription factors from human glial cells (Gascén e al.
2016), pericytes (Heinrich ez /. 2015) and skin fibroblasts (Victor ez a/. 2014, Koch
2015).

All of the abovementioned techniques and innovations have enabled the routine use
of human neural cells in the laboratory. In addition, after the deluge of stem cell
lineages, stem cells and in vitro-derived neurons are thought to have four main

application areas:

A tool to study development (i7 vitro models)
A tool to study diseases (i vitro models)

A tool for testing new drugs or the toxicity of compounds (i7 vitro models)

LN

A ool to replace damaged cells or support endogenous regeneration (i vivo)

The use of neural cells in vitro to study development, diseases, drugs or toxicology
will be further discussed in the following chapters.
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Figure 1. Common strategies to derive neural cultures for research and how these cultures can be
utilized. Neural cells can be obtained by differentiation from pluripotent stem cell (hPSC) lines using
either induced pluripotent stem cells (iPSCs) or embryonic stem cells (ESCs). Patient-specific iPSC
lines can be created from somatic cells by genetic modification. Usually, patient lines are created
by first making an iPSC line, which can be differentiated. It is also possible to use
transdifferentiation, where somatic cells are directly converted into specific cell types or
tissue-specific precursor cells. Neural differentiation for PSCs has two stages: initial differentiation
into neural precursor cells (NPCs) and then maturation into neurons or glial cells. Established,
maturated neural cultures can be used for basic research in 1) neural development, 2) neural
biology or more applied research, and 3) drug screening or the modeling of diseases.
iPSC induced pluripotent stem cell, hESC human embryonic stem cell, hPSC human pluripotent
stem cell, NPC neural precursor cell. Image modified from (Mertens et al. 2016).

2.2 Neural Stem Cell-based in vitro models

A cell-based 77 vitro neural model is a cell culture in a laboratory that can be used to
study the biology of health or discase at the level of a single cell or cell population or
at a subcellular level (Lancaster ez 2/ 2013, Choi et al. 2014, Frega er al. 2015).
Compared to patients or animal models, these cell-based neural iz vitro models are
always simplified study platforms. Thus, they fail to reproduce the whole complexity
of organs and organisms, but they offer an ethical, controlled and cost-effective

environment to perform experiments (Astashkina ez 2/. 2012, Kelava and Lancaster

2016).
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In principle, the neural 7z vitro models can be divided into two categories, either
planar 2D cultures, i.e., “the conventional way,” or 3D cultures, i.e., “the modern
way” (Sanyal 2014, Ravi er al. 2015). The simplest models contain only one cell
type in 2D culture, whereas the more complex models contain several neural cell
types in tissue-mimicking organotypic 3D culture (Kelava and Lancaster 2016). In

the following sections, different types of in vitro neural models are described.

Neural 2D culture is the simplest and oldest neural iz vitro model. These cultures
are usually composed of a monolayer of dissociated cells on a rigid protein-coated
surface. Usually, these cultures have only one cell type and a low amount of tissue-
like complexity. These 2D cultures are relatively easy to handle, and a huge amount
of literature is available describing the protocols for neural cultures (Dhara and Stice
2008, Marx 2016). Also, analyzing the results from 2D cultures, especially
monolayer cultures, is relatively straightforward, even automatic, and the results can
be compared to a large number of published studies (Dragunow 2008, Smith ez a/.
2013). These 2D in vitro neural models can be used to study many cell properties,
such as morphological changes in neural cells caused by chemical insule (Harrill ez
al. 2010), or diseases, such as RETT syndrome (Williams ez 2/ 2014). The
parameters used to measure neuronal morphology include neurite outgrowth:
number of neurites, length of neurites or amount of branching in neurites (Harrill ez
al. 2010). Functional iz vitro neural models include neural 2D cultures on top of
small electrodes in a microelectrode array (MEA; can also be referred to as a
multielectrode array), which can be used to monitor neuronal network development
or network responses to different compounds, such as drugs or toxicants (Johnstone
et al. 2010). MEA measures the sum of electrical signaling in neuronal networks and
MEA technology has similar features to electroencephalography (EEG)
measurements in patients (Schevon ez a/. 2012). Neuro-developmental 2D models
with anatomical correspondence include neural rosettes, which are cell clusters

mimicking neural tube formation during early CNS development (Malchenko e al.
2014).

Transwell culture is a co-culture method combining elements of 2D and 3D
culture. It is a cell culture insert-based system that has a porous membrane between
two cell populations. The cell populations can be cultured without physical contact,
with one on the insert part (on top of the membrane) and the other on the bottom
of the cell culture well. Other approach is to culture the cells with a possibility of

physical contact through the pores of the membrane on the upper and lower surfaces
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of the membrane. This setup is ideal for co-cultures and for studying interactions
between cell types, either via soluble factors or via cell-cell contacts (Sanyal 2014).
Transwell systems are widely used in blood-brain barrier (BBB) in vitro models that
are co-cultures of different cell populations associated with the BBB, including
astrocytes and brain microvascular endothelial cells (Eugenin ez 2/. 2011, Lippmann
et al. 2012).

Cell aggregate-based 3D in wvitro models (spheroids and organoids) are
progenitor cell cultures where the cells differentiate into cell types found in the target
tissue and self-organize to form structures that mimic the anatomical features of the
target organ (Lancaster and Knoblich 2014). Cell aggregates called brain spheroids
are neurosphere-like cultures that may contain several neural cell types, but usually
lack large anatomical features (Nat ez a/. 2007, Pagca et al. 2015, Kelava and
Lancaster 2016). Aggregates called organoids are more maturated, larger and have
macroscopic anatomical features, such as a fluid-filled cavity in the middle (Lancaster
et al. 2013). Based on the cell population, neural organoids are further classified into
whole-brain organoids (including different brain regions, Lancaster et al. 2013) or
region-specific organoids, such as cortical organoids (Kadoshima ez 2/. 2013). Many
spheroid or organoid protocols include the use of Matrigel or corresponding ECM
extract as a coating (Tieng ez 2l 2014), a supportive 3D matrix (Lancaster ez al.
2013), or a supplement in the medium (Kadoshima ez 2/ 2013). ECM extracts are
thought to have a beneficial effect on organoid self-orientation (Kelava and Lancaster

2016).

Scaffold-based neural 3D iz vitro models are 3D cell cultures where cells are
cultured on a physically supportive biomaterial, or a scaffold. This iz vitro neural
scaffold can be a soft brain ECM-mimicking hydrogel formed via traditional 77 situ
crosslinking (Saul and Williams 2013, Broguiere ez 2/. 2016) or 3D printing (Lozano
et al. 2015). Also, the scaffold can be a rigid infrastructure for cells to grow on, e.g.,
fibers (Carlson ez 2/ 2016) or beads (Pautot ez /. 2008).

Recently, researchers have realized that monolayer cultures on a rigid surface might
lead to biased conclusions because the cells adapt to the unnatural 2D environment
(Sanyal 2014, Frega et al. 2015). Thus, for cells, 2D culture is a very simplified
environment that fails to offer tissue contacts, such as cell-cell and cell-ECM contacts
(Baker and Chen 2012). These contacts are linked to the cell’s cytoskeleton (Figure
2) and many signaling routes, thus having a huge effect on cell behavior (Doyle and
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Yamada 2016). Not only the number but also the localization of cell attachment
sides is important because cell attachment sites determine cell polarization by
modulating the cytoskeleton (Harunaga and Yamada 2011).

A 2D collagen coating B 3D collagen hydrogel

= N

Figure 2. A schematic figure of the differences in cell adhesion and polarization between 2D and 3D
culturing environments. Cell culture-based models can be built using either simplified planar 2D
models or more tissue-mimicking 3D structures. In a 2D culture, cells become polarized due to the
different stimuli on the cell culture medium side and the cell culture well side (A). In a 3D culture,
cells are surrounded by an ECM-like matrix and the different kinds of stimuli are more evenly
distributed around the cells (B). Cell adhesion is illustrated as red dots. Figure modified from (Baker
and Chen 2012).

In summary, the current trend in models is clearly towards 3D models, cither as
organoids (Lancaster and Knoblich 2014, Clevers 2016, Kelava and Lancaster 2016)
or as 3D neural networks utilizing biomaterial scaffolds (East ez 2/. 2012, Lozano ez
al. 2015). These 3D models are usually based on biomaterial scaffolds and, in the
future, biomaterials may have a more important role in the design of 7z vitro neural

models.

2.3 Biomaterials in neural TE

Biomaterials play a very important role in TE, as they serve as one of the basic
components of TE products. These products are cell transplants and iz vitro models
which can consist of cells, scaffold and growth factors (Chan and Leong 2008).
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Biomaterials can be considered as an artificial ECM (Subramanian ez 2/ 2009). Like
native ECM in a tissue, the biomaterial scaffold offers cells an infrastructure to grow
in vitro (Di Cio and Gautrot 2016). In neural TE, the scaffold is usually either a soft

hydrogel or solid porous matrix, e.g., micro fibrous (Subramanian ez a/. 2009).

2.3.1 Hydrogels

Hydrogels are 3D crosslinked networks formed from polymers. Hydrogels with a
high water content, as high as over 99 wt% water and less than 1 wt% polymer, are
potential for neural TE applications due to ECM like properties (Appel ez al. 2012,
Dai and Huang 2013). The stiffness of hydrogel materials varies from less than 0.1
kPa (very soft gel, such as a viscous fluid) to approximately 500 kPa (hard gel, like
silicone) (T'sou ez al. 2016). Hydrogels used for neural TE commonly have stiffness
less than 10 kPa (Aurand et /. 2012). It could be said that a soft tissue ECM also
meets the criteria of a hydrogel (Bidarra ez a/. 2014). For this reason, hydrogels are
considered potential materials for soft tissue applications. Hydrogel properties, such
as elasticity and stiffness, can be tailored to be very similar to the soft tissue ECM
(Brandl er al. 2007). Many hydrogel materials have good biocompatibility and mild
crosslinking conditions, which are needed in TE applications (Aurand ez 2/ 2012).

Hydrogels can be classified in many ways, and division according to their origin, i.e.,
cither natural or synthetic, is only one possibility. In this thesis, hydrogels are

examined based on origin from a practical point of view in scaffold design.

The natural materials used as hydrogels for neural TE are mainly proteins and
polysaccharides or composites made from these two materials. Natural polymers have
similarities to native ECMs (Cyphert ez /. 2015) and thus have good bioactivity
(Tsou et al. 2016). Their main disadvantage is fast degradation (Tsou ez 2/ 2016).

e The protein-based hydrogels used for neural applications are collagen,
gelatin, fibrin, silk, and rich ECM extracts, such as Matrigel™ or other similar
products, reviewed by LaPlaca et al. (2010).

e The polysaccharide-based hydrogels used for neural applications are
hyaluronic acid (HA), agarose, dextran, alginate (AL), cellulose, gellan gum,
and chitosan (Nisbet et 2/ 2007, Suri and Schmidt 2010, Zhu and
Marchant 2011, Lozano ez 2/ 2015, Palazzolo er 2l 2015).
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e The protein/polysaccharide hybrid hydrogels used for neural applications
include collagen/HA, laminin/cellulose, gelatin/chitosan, and fibrin/alginate
(Zhu & Marchant 2011).

Synthetic materials are engineered artificial molecules. Traditionally, the widely
used synthetic materials include poly(ethylene glycol) (PEG, also called
poly(oxyethylene) (POE) or poly(ethylene oxide) (PEO)), poly(vinyl alcohol) (PVA),
and poly(2-hydroxy ethyl methacrylate) (pHEMA). These three materials all are
biologically inert, but they can provide structural support for cells (Zhu and
Marchant 2011, Gu er al. 2014). Another group of synthetic materials is self-
assembly peptide (SAP) hydrogels, which, unlike those mentioned above, are not
inert (Zhu and Marchant 2011). Some natural ECM components, such as collagen,
can be used as a SAP-like material, but usually the term SAP is used for synthetic

materials.

There are two major SAP types:
1) Peptide amphiphiles (PAs), such as tenascin-C mimetic PA, (Berns ez 4.
2016)
2) Self-complementary peptides (SCPs), such as PuraMatrix® (Zhao et 4.
2005)

PuraMatrix” consists of short oligomers (RADA-16, Arg-Ala-Asp-Ala repetition
sequences) and is thus classified as a SCP. These alternating amino acids, which have
hydrophilic side chains (arginine and aspartate) and hydrophobic side chains
(alanine), trigger self-assembly into a [-sheet structure upon exposure to
physiological ionic strength (Zhao et /. 2005). Commonly, SAPs have very good
biocompatibility due to the nanofibrous structure that mimics the fibrous proteins
in native ECM (Truong ez 2l. 2011).

Hydrogels can also be composites of several materials and can form an
interpenetrating polymer network (IPN) of two or more components. However,

these kinds of complex materials are not widely used in the neural TE field (Suri and
Schmidt 2010, Matricardi ez a/. 2013, Zhang et al. 2016).
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2.3.2 Solid materials

In addition to hydrogels, solid materials are also used as neural scaffolds. These
scaffolds include synthetic biodegradable polymers, such as poly(lactic-co-glycolic
acid) (PLGA) (Lee ez al. 2010), poly(e-caprolactone) (PCL) (Sharifi ez 2/. 2016) and
poly(lactic acid) (PLA) (Melissinaki ez /. 2011). These materials can be fabricated
into various scaffolds at differing scales, such as nano- or microfiber scaffolds with
electrospinning (Han and Cheung 2011), micro-lined scaffolds (Weng ez 2. 2015)
with 2 photon-direct laser writing (2PP-DLW) or solid porous scaffolds by salt
leaching (Murphy ez al. 2017).

Other materials that have been studied in the neural field but are not widely used
include conducting polymers, such as poly(pyrrole) or poly(aniline) (Subramanian ez
al. 2009), and synthetic non-degradable polymers, such as silicone (Lee ez 2/. 2010),
graphene (Li et al. 2013), silica (Pautot ¢z z/. 2008) and carbon nanotubes (Bokara
et al. 2013).

2.4 Important aspects of scaffold design

241 Brain extracellular matrix as inspiration for scaffolds

The main cellular components of the brain are neurons and glial cells (astrocytes,
oligodendrocytes, ependymal cells, and microglia). In addition to cells, brain tissue
is composed of ECM, which constitutes quite a large amount of the brain, i.e., 10—
20 vol% in adults (Lau et 2/ 2013). The ECM is a dynamic structure that is
continuously modulated by cells. CelllECM contacts form via transmembrane
proteins on the cell surface. These proteins recognize and bind to EMC molecules,
thus linking the cell cytoskeleton to the ECM and anchoring the cell to its

surroundings. These linkage sites are called local focal adhesion sites (Stevens 2005).

ECM is commonly divided into two types: 1) pericellular matrices (like basement
membranes), which are situated directly around the cells; and 2) interstitial matrices,
which fill the spaces between the cells in the tissue. The brain is a special case, and
its ECM is classified into three different types, which each have their own molecular
compositions:
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1) Basal lamina (basement membrane, pericellular matrix). The basement
membrane is a thin, sheet-like layer that is rich in collagen, laminin-nidogen
complexes (also known as entactin), and fibronectin.

2) Perineuronal nets (pericellular matrix). Perineuronal nets form from a dense
mesh-like layer with a large amount of chondroitin sulfate proteoglycans and HA.

3) The ECM of the parenchyma (interstitial matrix). The ECM of the
parenchyma is a HA- and proteoglycan-rich area with only low amounts of fibrous

proteins, such as collagen, and cell adhesion proteins, such as laminin and fibronectin
(Lau et al. 2013).

The structure of these ECM types provides the inspiration for artificial ECM
engineering in biomaterial science. Many widely used cell adhesion sequences are
inspired by these molecules, such as the most commonly used RGD-peptide (amino
acid sequence: arginine—glycine—aspartic acid), which is present in many ECM
molecules, such as fibronectin, laminin, vitronectin, and collagen (Drury and
Mooney 2003). Other widely used peptides are YIGSR (tyrosine—isoleucine—
glycine—serine—arginine) and IKVAV (isoleucine-lysine—valine—alanine—valine),
which are both from laminin (Loo et 2/ 2015).

242 Different scales of the 3D biomaterial scaffolds

For different study questions and different researchers, the definition of 3D cell
culture is different. One of the definitions of a 3D environment is the macroscopic
dimensions of the scaffold. A macroscopically flat scaffold that has thickness over 10
times the diameter of the cell appears as 3D to the cells (LaPlaca er 2/ 2010). Such
scaffolds, which have macroscopically low height, are relatively easy to analyze, but
are too small for some applications. A controversial opinion about 3D culture is using
scaffolds that are on the mm scale (Pautot ez /. 2008).

Most studied scaffolds are macroscopically 3D, but also the nano- and microscales
of the scaffold are extremely important to the cells. 3D scaffolds with features
considerably larger than ECM fibers might appear to the cells as 2D surfaces (Figure
3A, B), whereas nanofibrous materials mimic ECM (Figure 3C). Some examples of
scaffolds that are macroscopically 3D matrices, but might be more surface-like for
the cells are beads (Pautot ez 2/. 2008), microporous ceramics (Heinrich ez a/. 2007)
or micron-scale fibers (Lee et /. 2010, Yla-Outinen et /. 2010, Sharifi ez 2/ 2016).
Despite the fact that the scaffold is a 3D block, it appears to the cells as a 2D solid
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substance with cavities or curved surfaces (Figure 3). In fibrous scaffolds, the scale
and fiber diameter (Figure 3B,C) determine how cells attach to the fibers (Stevens
2005). Microfiber scaffolds (Figure 3B) are typically made from synthetic polymers
with a fiber diameter of ~10-50 pm and a pore size of ~10-200 pm (Zhang et al.
2005), such as the PCL fiber scaffold for neural TE with fiber diameters of 2.6 to
36.5 pum (Sharifi ez a/. 2016). Because the pores of the scaffold are considerably larger
than the cells and the fibers are on the same scale as the cells (typical diameter of a
cell ~5-30 pm), the material fails to mimic ECM structure (Zhang ez a/. 2005). The
ECM in the native tissue has a nanofibrous nature with a fiber diameter on the
submicron scale, i.e., from 10 to 300 nm (Stevens 2005), which is considerably
smaller in scale than the micro-size materials. Hydrogels are one example of
nanofibrous materials that form ECM-mimicking scaffolds. The synthetic self-
assembly peptide PuraMatrix” is one typical example of such a material (Zhao ez al.
2005, Loo et al. 2012).

Microporous scaffold Microfiber scaffold Nanofiber scaffold

Scaffold architecture

Cell binding

Figure 3. Different scales commonly used in scaffold materials. Microporous scaffolds are dense
materials with large openings (A). Microfiber scaffolds are fibrous with a fiber diameter measured
in microns (B). Nanofiber scaffolds are natural ECM-like materials with a fiber diameter measured
in nanometers (C). Figure modified from (Stevens 2005). Mechanical, physical and chemical
properties of scaffold

The mechanical, physical and chemical properties of the hydrogel are all important
to the cells, but the mechanical properties are more commonly studied than the other

two (Engler ez al. 2006, Saha ez al. 2008).
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Mechanical properties are measured using the shear modulus, Young’s modulus,
and compressive modulus, which all measure the elastic properties of solid materials
as defined by Hooke’s law (Aurand ez /. 2012). The modulus is calculated from the
linear area of the stress/strain curve (Figure 4A). In the literature, stiffness and
elasticity are the parameters that are most often used to determine the mechanical
properties of soft tissues or scaffold materials, but comparing the exact values
between studies is challenging. The terminology is not standardized, and it might
lead to misinterpretations. Additionally, differences in measurement setups and
analysis methods cause variations in the findings (Morris ez 2/. 2012, Oyen 2014).
In general, the stiffness (Young's modulus) measures the lowest amount of force that
will break the material. A stiff material bears more force without breaking compared
to a soft material. The elasticity or strength of the material is measured with a
modulus called the elastic modulus or tensile modulus. The elastic modulus is also
sometimes referred as Young's modulus, but it is different from Young’s modulus for
stiffness. The elasticity/strength is the amount of force that a material can withstand
and still recover its original shape (sample does not break/no permanent damage).
An elastic material can recover from higher forces, whereas a rigid material breaks.
Mechanically, brain tissue is soft but elastic, and its elasticity or softness is considered
to be in the range of 0.1-1 kPa (Engler ez /. 2006). However, higher values have
also been measured (Budday ez /. 2015).
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Figure 4. The mechanical properties of hydrogels are calculated from the linear part of the elastic
region of in the stress-strain curve using Hooke's law (A). The effect of increasing the crosslinking
density (x-axis) in the hydrogel to the hydrogel stiffness (Z-axis), and a visualization of the changes
in hydrogel structure (small images, B). Figures modified from http://cnx.org/ (A) and (Kloxin et al.
2010)(B).
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The physical properties of the scaffold that have an effect on the cell growth are
mesh size and porosity (Aurand ez 2/. 2012, Saul and Williams 2013). Sometimes
the terms “porosity” and “mesh size” are confused with one another. Usually, pores
are considered to be large openings in the hydrogel structure with a diameter
measured on a micron scale, usually from 3 to 600 pm (T'sou et al. 2016). Mesh size
is the distance between crosslinks (Figure 4B) and is measured in angstroms A),
varying usually from 10 to 150 A (Aurand ez 2/ 2012). Both the pore size and mesh
size affect scaffold properties, such as stiffness and nutrient flow (Yoo et /. 2011,
Aurand ez al. 2012). Of these two, cell migration is mainly affected by porosity, as
cells need physical space for migration (Appel et al. 2012). For CNS, TE in vitro
scaffolds with interconnected pores larger than 40 pm have enhanced cell migration,
whereas pores larger than 100 pm might be needed iz wvivo for successful
vascularization and tissue integration (Li ez 2/ 2012).

Chemical factors that are important to the cell response include non-toxicity, pH,
material surface characteristics, such as wettability or hydrophilicity, and material
charge density (Subramanian ez 2/ 2009).

24.3  Designing scaffolds for in vitro and in vivo neural TE

There are many general requirements that each scaffold material needs to meet,
starting from general biocompatibility (Gu ez a/. 2014). In neuronal scaffolds, more
specific requirements include the ability to support neuronal cell growth and normal
functionality (Pautot er a/. 2008). Material demands differ in iz vivo and in vitro
applications (Aurand ez /. 2012). In in vivo applications, the materials are acting as
a delivery vehicle for drugs, growth factors, or cells to the defected area, as well as
acting as physical support that fills the defect cavity (Kretlow ez 2/. 2007). In contrast,
the main purpose of the material 7z vitro is to aid in reproducing the complexity of
in vivo neural networks, both anatomically and functionally (Pautot ez /. 2008,
Limongi e al. 2013, Frega et al. 2015). In other words, biomaterials are used as a
tool to make better 7z vitro neural models.
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3 AIMS OF THE STUDY

The aim of this thesis was to create a 3D neural culturing setup that could be used
as an iz vitro neural tissue model in the future. The specific focus was to characterize
both the materials and their effect on neural cell growth. The more specific aims for

each study are listed below:

I To optimize a fluorescent cell population tracking tool for long-term
follow-up studies to be utilized in biomaterial studies or studies on the
interactions between two different cell populations.

11 Tostudy the suitability of PuraMatrix® as a structural scaffold for stem
cell-derived neural cells and to show the maturation of human

neuronal cells in a 3D environment.

III  To find the mechanical properties of hydrogels that could be used to

predict biomaterial suitability of a neural scaffold in vizro.

IV To study the suitability of cylindrical structures as an alternative 3D
matrix for long-term neuronal cultures.
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4 MATERIALS AND METHODS

4.1 Cell culture (Studies I, I, Ill and 1V)

411 Stem cell lines

The cells used in this thesis were human neural cells differentiated from hPSC-lines.
Both hESC and iPCS lines were used (cell lines listed in Table 1). Derivation and
characterization of the cell lines was previously described for hESC lines (Skottman
2010). Maintenance of the hPSC lines was performed as described eatlier (Rajala ez
al. 2007, 2010).

Table1  Stem cell lines used in this thesis.

Cell line Type (method) Feeder Derivation  Study Publication

cells
Regea 06/040 hESC hFF UTA* I I (Rajala et al. 2010)
Regea 08/056 hESC hFF UTA* I (Skottman 2010)
Regea 08/023 hESC hFF UTA* LI I, IV (Skottman 2010)
Regea 11/013 hESC hFF UTA* Il (Sorkio et al. 2015)
UTA.04511.WT  iPSC (retrovirus) MEF/hFF UTA* Il (Ojala et al. 2016)
Hel24.3 iPSC (Sendai virus) ~ hFF UH** Il (Trokovic et al. 2015)
A116 iPSC (Sendai virus)  hFF UH** Il (Toivonen et al. 2013)

hESC human embryonic stem cell, iPSC induced pluripotent stem cell, hFF human foreskin fibroblast, MEF
mouse embryonic fibroblast, UTA University of Tampere, UH University of Helsinki, *derivation Adj. Prof. Heli
Skottman (UTA), **derivation Prof. Katriina Aalto-Setala (UTA), *** A kind gift from Prof. Timo Otonkoski (UH).

412 Derivation of neural cultures

The neural differentiation of hPSCs was performed using a bEGF-based neurosphere
method, as published earlier (Lappalainen ez 2/ 2010). This method contains a

neural differentiation phase as freely floating neurospheres in suspension culture,
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followed by growth factor withdrawal-induced neural maturation as an adherent

culture. The experimental setup is briefly shown in Figure 5.

Neural differentiation. For neural differentiation, the hPSC colonies were
mechanically cut into small cell aggregates (Figure 5, step 1) and were directly
transferred into the neural differentiation medium (INDM) containing 1:1
DMEM/F12: Neurobasal supplemented with GlutaMax (2 mM), 1 x B27™, 1 x N2,
penicillin/streptomycin (25 U/ml) purchased from Thermo Fisher Scientific
(Waltham, MA, USA) and bFGF (20 ng/ml) from Bio-Techne (Minneapolis, MN,
USA). After one week in the culture, the cell aggregates formed round, freely floating
neurospheres (Figure 5, step 2). During differentiation, one third of the cell culture
medium was changed three times per week. The neurosphere diameter was kept at
approximately 500 pm by mechanically cutting the neurospheres with a scalpel once
a week to ensure an optimal growth factor gradient and diffusion to the cells in the

central parts of the neurospheres.

1 Mechanical cutting j’ Mechanical cutting or ?“
enzymatic dissociation

Undifferentiated stem cell Neural differentiation Neural maturation
colonies on fibroblasts 8 - 20 weeks adherent culture
Stem cell medium Suspension culture NDM
INDM

Figure 5.  Undifferentiated hPSC colonies (1) were mechanically passaged, and cell aggregates were
transferred into neural differentiation media as free-floating neurospheres. Neurospheres were
kept within a neural niche for 8-20 weeks (2) and were plated as adherent cultures for the final
maturation (3). The cells used in the experiments were all at stage 3. 1NDM neural differentiation
media containing bFGF, NDM neural differentiation media without growth factors.

Neural maturation. For neural maturation, the neurospheres were mechanically
dissected into small cell aggregates (3,000-7,000 cells/aggregate) or were
enzymatically dissociated into a single cell suspension using 1x TrypLE Select
(Gibco). Cells were then plated as an adherent culture on laminin-coated cell culture

plastic or glass (coating solution: 10 mg/ml mouse laminin in Dulbecco's Phosphate-

Buffered Saline (DPBS), Sigma-Aldrich, St. Louis, MO, USA), on top of the
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hydrogel surface, or encapsulated within the hydrogel (Figure 5, step 3). In the
beginning of the maturation phase, bFGF was withdrawn from the NDM in order
to induce maturation. In Studies III and IV, NDM containing 5 ng/ml bFGF and 4
ng/ml brain-derived neurotrophic factor (BDNF, Prospec Bio, Germany) was used
after one week of bFGF withdrawal in order to support neural cell survival. Half of

the medium was changed three times per week during the adherent culturing phase.

41.3  Quality control and ethical permission (Studies I, Il, lll and IV)

All cell lines used in this study were under frequent quality control. Both in the
undifferentiated stage and during the differentiation, the cultures were mycoplasma-
free and the cells had a normal karyotype. In an undifferentiated state, the cells
expressed pluripotency-related genes and proteins and were able to spontaneously
differentiate into cells types from all three germ layers.

BioMediTech (formerly Regea) has ethical approval to derive, culture, and
differentiate hESC lines (Regea- cell lines, Skottman, Pirkanmaa Hospital District,
R05116) and iPSC lines (UTA.04511.WTS- cell line, Aalto-Setili, Pirkanmaa
Hospital District, R08070). BioMediTech also has approval to perform stem cell
research (National Authority for Medicolegal Affairs in Finland, 1426/32/300/05)
and to use hPSC lines for neural research (Pirkanmaa Hospital District, R14023).
Biomedicum Stem Cells Center Helsinki has approval for iPSC line generation (cell
lines A116 and HEL24.3, Coordinating Ethics Committee of the Helsinki and
Uusimaa Hospital District, Nro 423/13/03/00/08).

4.2 Hydrogels (Studies Il and IIl)

The hydrogels used in this study were commercial PuraMatrix® (Study II, BD
Bioscience, Sparks, MD, USA) and an in-house designed gellan gum polysaccharide
hydrogel crosslinked with spermidine (SPD; Study 11I). Reagents for the gellan gum-
based gels were kindly produced by Janne Koivisto, MSc. and Jenny Parraga, Ph.D.
from Minna Kellomiki’s group at Tampere University of Technology, Finland.

Briefly, PuraMatrix® was used in concentration 0.05, 0.10, 0.15 and 0.25 wt%.

PuraMatrix® was gelated according to the manufacturer’s instructions (No 2007)

using a cell culture medium.
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The gellan gum hydrogels were prepared from gellan gum (Gelzan™ CM, low acyl,
#G1910) and SPD both from Sigma-Aldrich (Finland). Gellan gum based hydrogels
all contained 5 mg/ml of gellan gum while the concentration of SPD cross-linker
was varied 1.25 wt%, 1.50 wt% and 3.00 wt%.

4.2.1 Hydrogel components and gelation

In all the hydrogel studies, three culturing methods were utilized. Briefly, the cells
were plated:

1. Under the hydrogel.

2. On top of the hydrogel.

3. Encapsulated within the hydrogel.

The prepared hydrogels were macroscopic in size, with a gel height ranging from 0.5
mm to 1 mm and a volume of 50 to 250 pl per sample.

Cells under the hydrogel. By casting a hydrogel layer on top of the neural cell
culture, the effects of the gelation on cells and nutrient diffusion through the gel
were studied. The gelation was performed directly on pre-cultured healthy neural
network growing on laminin protein coating.

PuraMatrix® was gelated according to the manufacturer’s instructions (No 2007)
using a cell culture medium. For gelation directly on top of the cultured cells, the
PuraMatrix® was diluted into 20 wt% sucrose in sterile water in order to reduce
osmotic shock. This diluted liquid PuraMatrix® precursor was pipetted on top of the
cells, and the medium was added on top to induce the gelation.

In the case of the gellan gum hydrogel, the cell culture medium was removed and
SPD cross-linker was pipetted onto the cells. Immediately after that, the gellan gum
solution was pipetted on the wells and mixture was allowed to crosslink. No
additional stirring was performed to avoid disturbing the cells. After 20 minutes of

gelation cell culture medium was added to wells.

Cells on top of the hydrogel surface. By plating the cells on top of the pre-cast
hydrogel surface, cell attachment to and migration along the hydrogel surface were
studied.

When making PuraMatrix® hydrogel surfaces for the cell culture, the stock
solution was diluted to the final concentration using sterile water and was transferred

to the cell culture wells; hydrogel formation was initiated by adding cell culture
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medium on top. After gelation, media was changed once and cells were plated on top
of the hydrogel surface.

Gellan gum hydrogel surfaces were prepared by first pipetting the cross-linker
into the cell culture well, and the gellan gum stock solution was then added on top
while the mixture was stirred. Solution was allowed to crosslink 20 minutes and after
that cell culture medium was added to wells and cells were plated on top of hydrogel
surface.

Cells encapsulated within the hydrogel. By mixing the cells with a liquid gel
precursor prior to gelation, the cellular response to gelation, survival after gelation,
and attachment to the formed hydrogel were studied.

To prepare the encapsulated cultures in PuraMatrix®, the cells were centrifuged
and the cell culture medium was removed. The cells were suspended in 10 wt%
sucrose in water to a 2x final cell density. The PuraMatrix® was diluted into the 2x
final concentration with 20 wt% sucrose in water. Finally, these solutions were mixed
1:1 in order to obtain the intended PuraMatrix® dilution and cell concentration in
the final gel. After pipetting this mixture into the culture platform, the gelation was
induced by slowly adding the cell culture medium on top of the liquid mixture.

With the gellan gum hydrogels, the cells were mixed into the gellan gum stock
solution before gelation. Otherwise, the gelation was performed similarly as
described above for preparing hydrogel surface for plating cells on top. To enhance
cell attachment to the gellan gum hydrogel, prior to gelation mouse laminin was
mixed with gellan gum solution as a physical mixture. Laminin was used at 1 vol%,

5 vol% or 10 vol% of the gellan gum component.

422  Mechanical testing

Compression testing was performed using a BOSE Electroforce Biodynamic 5100
machine equipped with a 225 N load sensor and Wintest 4.1 software (Bose
Corporation, Eden Prairie, Minnesota, USA) at Tampere University of Technology.
Unconfined compression was performed with a constant 10 mm/min strain rate, and
the samples were compressed until 65% strain was reached from the original height.
For clastic materials Hooke’s law describes the stress-strain relationship in the linearly
elastic range. The compression data was analyzed with MS Excel according to

Hooke’s law:

o =Ex¢
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In the formula the o is stress, E is the Young's modulus (stiffness of the material),
and € is strain (a measure of the deformation). The compressive modulus was
calculated from the stress-strain curve as the slope of the elastic region. Hydrogel
samples and brain tissue samples containing the midbrain, cerebellum, or cortex of
New Zealand white rabbits were processed into similarly shaped samples and were
analyzed in a similar manner. The rabbits, from which the post mortem brain
samples were collected (Study I1I), were under the ethical approval of the Medical
School of the University of Tampere.

4.3 Rigid tubular microstructures (Study 1V)

The tubular cell culture microstructures were fabricated using photopolymerization.
The polymerization was performed on top of 9-mm coverslips using a custom-built
2 photon-direct laser writing (2PP-DLW) setup that is based on previously described
system (Kipyli er 4/ 2011). The material used in this study was commercial
photocurable polymer-ceramic hybrid Ormocomp” (Micro Resist Technology
GmbH, Germany) with photoinitiator 2 wt% Irgacure’ 127 (Ciba Specialty
Chemicals, Switzerland). The fabricated microtowers had the following dimensions:
~150 pm in height and an inner diameter of ~75 pm. Microtowers were kindly
fabricated by Sanna Turunen, MSc., from Minna Kellomiki’s group at Tampere
University of Technology, Finland.

Three different tower designs were used (Figure 6): Tower I (openings and
intraluminal structures, A), Tower II (openings, B) and Tower III (plain cylinder,
C). Before cell culture, the cover slips containing the towers were disinfected with
ethanol and were coated with laminin, similar to the earlier description (4.1.2.
Neural maturation). Pre-differentiated neural cells were plated as a single-cell

solution on the laminin-coated scaffold surface at a density of ~35 000 cells per cm?.
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Figure 6. CAD-models of the microtower designs used in Study IV. Design with openings and
intraluminal structures (webs and pillars, Tower |, A), design with openings but without intraluminal
structures (Tower Il, B), and plain cylinder design (Tower IlI, C). Tower height is 150 um and inner
diameter is 75 um. Upper openings start at a height of 75 um. Also, the lower webs are located at
a height of 75 um. All openings are 27 um in height and 20 um wide. The pillars in Tower | are 5
pm in diameter, and the wall thickness in all towers is 1 pum.

4.4 Fluorescent labeling and imaging

441 Cell viability analysis (Studies I, II, Ill and 1V)

A Viability/Cytotoxicity Kit for mammalian cells (Molecular Probes/Invitrogen,
Finland) was used to study cell viability (Althouse & Hopkins 1995). In brief, the
method is based on two fluorescent dyes: cell-permeable Calcein-AM (0.1 uM, A
emission = 488 nm) accumulates in the cytoplasm of intact cells, and cell
impermeable ethidium homodimer-1 (0.4 UM, A excitation = 568 nm) binds to the
nuclei of cells without an intact cell membrane. These dyes were diluted in fresh
culture medium to the final concentrations of Calcein-AM 0.1 M and EthD-1 0.5
M, and the solution was added to the cells. After 30 min (2D cultures) or 1 h (3D
cultures) of incubation, the cultures were imaged with a fluorescence microscope.

Analysis was performed by manually counting the number of labeled cells in the

images.
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442  Live cell-accumulating fluorescent labels, DiD and CT (Study I)

The label stock solution was diluted to the cell culture media and was incubated with
the cells at +37°C in 5% CO, in a humidified atmosphere (the parameters are listed
in Table 2). After incubation, the labeling medium was replaced with fresh culture
medium. When needed, the pre-labeled cell populations were detached using
enzymatic dissociation. Dissociated labeled cells were re-plated, for example, to
prepare co-cultures (the method is shown in Figure 7).

443  Immunocytochemistry (Studies I, II, [l and IV)

Cells were fixed with 4 wt% paraformaldehyde (Fluka, Italy). Non-specific staining
was blocked with 10 vol% normal donkey serum (NDS) and 1 wt% bovine serum
albumin (BSA) in DPBS, abbreviated as blocking solution (all reagents from Sigma-
Aldrich). Primary antibodies were diluted to 1 vol% NDS and 1 wt% BSA in DPBS,
abbreviated as 1° antibody / 1° wash solution (antibodies in Table 2).
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A

Abbreviation DiD CT
Product DiD, D-307, (Molecular Probes®, Life Cell-Tracker Green CMFDA, C2925,
roduc
Technologies) (Molecular Probes®), Life Technologies)
Carbocyanine 1,1-dioctadecyl-3,3,3,3- o
Full name o ) Carboxymethylfluorescein diacetate
tetramethylindodicarbo-cyanine perchlorate
Cell membrane permeable, accumulates in
Type Incorporates into the cell membranes .
cytoplasm of living cells
Labeling
] 0.2,0.5, 1, 5,10, 20, or 50 uM 0.5,2,4,5,8,10, 16, 20, 30, 40, or 60 uM
concentration
Incubation
q 2,10, 30, or60 minor 2,4, 8, 16, or 24 h 15, 30, or 60 min or 2, 4, 24,48, or 72 h
imes

B

DiD
i 1. Labeling

\ 4

Figure 7.

)
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)
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I

4

2. Culturing labeled populations or detach-
ing cells and re-plating

!

N

Two fluorescent live cell-accumulating labels were used as a cell population tracking tool.

The commercial labels and labeling parameters tested for long-term, live-cell visualization (A).
Diagram outlining the labeling protocol and preparation of pre-labeled neural co-cultures (B).
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Table2  Primary antibodies used in this thesis.

Abbreviation Protein full name and target Animal, dilution, and manufacturer Study

Mouse monoclonal, 1:1250 (Sigma-

b-Tub B-tubulin isotype Ill Immature neuronal Aldrich), I, 10, 11,
- u . .

cell bodies and neurites, mature axons Rabbit, 1:1000, A01627 (GenScript, v

Piscataway, NJ, USA)

Glial fibrillary acidic protein, astrocytic

GFAP Sheep, 1:800, af2594 (R&D Systems) I 1l
cytoskeleton
Microtubule-associated protein )
) Rabbit, 1:400-1:800, AB5622 (Merck I, I, ll,

MAP-2 Immature neuronal cell bodies and

. ) Millipore, Darmstadt, Germany) \%
neurites, mature dendrites

Neurofilament 200 KDa, neuronal . )
NF200 Mouse, 1:500, N5389 (Sigma-Aldrich)
cytoskeleton and axons

The excess primary antibodies were removed by washing with 1° antibody / 1° wash
solution. Next, the secondary antibodies were added in 1 wt% BSA in DPBS,
abbreviated as 2° antibody / 2° wash solution. AlexaFluor-488, -568, or -680
conjugates of anti-chicken, anti-rabbit, anti-mouse, or anti-sheep secondary
antibodies produced in either in goat or donkey (1:600 or 1:400, Molecular Probes
Invitrogen) were used. The excess secondary antibodies were removed by washing
with DPBS. Final washes were performed using phosphate buffer without saline (PB)
or DPBS (Table 3). Solutions without permeabilization or with permeabilization
agent, either 0.1 vol% Triton-X 100 or 0.1 wt% Saponin, both from Sigma-Aldrich
were used (Table 3). Triton-X 100 was added to blocking and 1° antibody /1° wash
solutions and saponin was added to blocking and both 1° antibody /1° wash and 2°
antibody / 2° wash. The incubation times for different protocols are listed in Table
3. For nuclear staining and mounting, Vectashield with 4,6-diamidino-2-
phenylindole (DAPI, H1200, Vector Laboratories, Peterborough, UK) was utilized
(studies I-11I). Instead of Vectashield in Study IV, TDE Mounting media (Abberior
GmbH, Germany), which is 2,2'-thiodiethanol-based embedding media, was used
due to better optical properties (refractive index of 1.518).
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Table 3  Incubation times used in immunocytochemical protocols.

Fixation Blocking 1° antibody 1° wash 2° antibody 2° wash PB wash
2D cultures without 15 min RT 45 min ON +4°C 3*5min 1hRT 5min*2 5min*3
hydrogel (Study I)
3D optimized for 30 min RT 60 min ON +4°C 3*30 min 4-5hRT 3*30 min 2*30 min
PuraMatrix® (Study II)
3D optimized for gellan 30 min 37°C 60 min 3 days +4°C 1*brief+2*1h  ON+4°C 1*brief+2*1h -

gum (Study Ill) and
microstructures (IV)

Solutions used:

Fixation: 4 wt% paraformaldehyde in DPBS

Blocking solution: 10 vol% normal donkey serum (NDS) and 1 wt% bovine serum albumin (BSA) with or without permeabilizations
1° antibody /1° wash: 1 vol% NDS and 1 wt% BSA in DPBS with or without permeabilization agents

2° antibody / 2° wash: 1 wt% BSA in DPBS with or without permeabilization agents

No permeabilization: no permeabilization agent added to any solutions

Saponin permeabilization: 0.1 wt% saponin was present in blocking, 1° antibody /1° wash, and 2° antibody / 2° wash solutions
Triton-X permeabilization: 0.1 vol% Triton-X 100 was present in blocking and 1° antibody /1° wash solutions

PB, phosphate buffer without saline, RT, room temperature, ON, overnight
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444  Wide field imaging and image processing (Studies I, II, Il and 1V)

During cell culture, samples were monitored using phase contrast microscopes: a
Zeiss AxioVert.Al microscope with an AxioCam ERc 5s camera system or a Nikon
Eclipse TE 2000-S microscope with a Nikon Digital Sight DS-Fil camera system.
For fluorescent sample imaging, an Olympus IX51 inverted microscope and an
Olympus DP30BW digital camera were used. The obtained gray scale images were
post-processed using Adobe Photoshop CS4 (version 11.0, Adobe Systems, Inc., CA,
USA). Channels from the fluorescent images were pseudo-colored and combined.
All image panels were created with Adobe InDesign CS4 (version 6.0, Adobe

Systems, Inc.).

445  Confocal imaging and image processing (Studies I, Il, [l and IV)

Confocal scanning of the samples was performed with a Zeiss LSM 780 mounted
onto an inverted Cell Observer microscope (Carl Zeiss, Jena, Germany). The
confocal data were visualized as projections or 3D rendered images with ZEN Black
2012 (Carl Zeiss) or Image] (Version 1.39, U.S. National Institutes of Health,
Bethesda, Maryland, USA) software.

To analyze nuclei distribution in the microtowers, the confocal image stacks were
converted into substacks with a height of 15 pm (principle is shown in Figure 8).
These substacks were further converted into maximal intensity projections and were
used as a data series for cell counting. All cell nuclei inside and outside of the tower

were manually calculated using an Image] cell counter plugin.
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Figure 8. Confocal imaging and image processing. Confocal image stacks (A) were visualized as
maximal intensity projections (B) or 3D projections (3D rendering, C). To count cells in the total
height of the sample, the confocal stack was divided into substacks and was further processed into
maximal intensity projections (in the example, the height of each substack is 50 um)

4.5 Sample preparation for SEM and imaging (Study V)

For SEM imaging, the samples were fixed with 5 vol% glutaraldehyde in DPBS
(Sigma-Aldrich) for 1 h at RT and were washed with ion exchanged water (15 min).
After fixing, the samples were dehydrated by an ascending series of ethanol (10 vol%,
20 vol%, 40 vol%, 60 vol%, 80 vol%, 99.5 vol%, ethanol/water) for 10 min each
and were air dried, followed by storage under vacuum. After complete drying, the
samples were sputter coated with gold in argon atmosphere (S 150 Sputter Coater)
to a coating thickness of approximately 75 nm. Finally, the samples were imaged

with an SEM microscope, Philips XL-30 (Philips Electron Optics, the Netherlands).

4.6 Microelectrode array (MEA), (Studies I, and II)

The electrical activity of the neuronal networks was measured with a MEA system
(Multi Channel Systems, MCS, Reutlingen, Germany). Cells were plated on top of
standard MEA plates containing 59 measurement electrodes (30 mm diameter, 200
mm inter-electrode distance).
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During the measurements, the MEA plates were kept at 37°C with an external heater
unit (TC02, MCS). Signals were pre-amplified with MEA1060-Inv-BC (gain 53,
MCS) and were pre-filtered with FAG0SBC (gain 20, MCS), producing a signal with
a gain of 1100 and a bandwidth of 1 Hz—8 kHz. The data were recorded with
MC_Rack software (MCS). Continuous extracellular field potential data were
collected at a 20-kHz sampling rate and were post-acquisition filtered with a 200 Hz
high-pass filter. The spike counts and time stamps on each electrode were extracted
with NeuroExplorer (Nex Technologies, Littleton, MA, USA) software, collected

into Excel files, and combined into raster plots.

4.7 Statistical analysis (Studies I, Il, Ill and 1V)

Statistical analysis was performed with the IBM® SPSS (version 19) statistical
software package. Due to the non-Gaussian distribution of the data, the
nonparametric Kruskal-Wallis test and Mann—Whitney U test were used. A p-value
of less than 0.05 was considered significant. When more than two groups were
compared, the resulting p-values were multiplied by the number of comparisons

performed (Bonferroni correction).

50



5 RESULTS

5.1 Fluorescent probes as a live cell visualization tool (Study )

To create a cell visualization tool, the neural cells were labeled using fluorescent
probes that accumulate in living cells. The criteria for this tool were that it would
enable long-term cell population tracking in co-cultures and be capable of enhancing
cell visibility inside opaque biomaterials. A wide range of different labeling
parameters, dye concentrations, and incubation times were tested for two
commercial probes: DiD and CT. The best results were obtained with 10 pM DiD
with 2 h incubation and 10 pM CT with 72 h incubation (Figure 9A). With these
parameters, the labels were cytocompatible and the labeling was visible for up to 4

weeks, which was considered a reasonable end point for the long-term experiments.

Parameter optimization. The effects of labeling were studied using viability analysis
and cell proliferation, and durability of labeling was also monitored. The labeling
parameters needed to be optimized for both probes in order to find a safe but effective
parameter range for DiD and to enhance the durability of CT labeling. DiD was
found to be toxic in high concentrations; even a short-term exposure to 50 pM DiD
(30 min) caused cell death. In addition, 5, 10, and 40 pM DiD caused cell death if
the exposure was 16 h or more (Figure 9B). With optimized parameters (10 pM and
an incubation time of 2 h), no toxicity was detected, but DiD still slightly inhibited
cell proliferation in the long-term culture. With CT, none of the tested
concentrations had an effect on viability or proliferation. It was found that CT
incubation times of less than three days caused visible labeling only for up to 2 weceks.
When the incubation time was increased to three days, the cell population had a
stable fluorescence for up to four weeks. The neuronal phenotype of labeled cells was

ensured using immunocytochemical staining (Figure 9A).

To study these probes in cell population tracking, the DiD and CT pre-labeled
populations were detached and were further mixed into the co-cultures. Both dyes
were preserved during enzymatic dissociation into single cell suspension and after

re-plating. The lack of double-stained cells in the co-cultures confirmed that these
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dyes did not leak from one cell population to the other, even though the labeled
population formed close contacts. In the co-culture, DiD and CT pre-labeled cells
formed neural cultures with a homogenous cell distribution (Figure 9C).
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Figure 9. Fluorescence and phase contrast images of living neural cell cultures labeled with DiD (10
MM/2 h) and CT (10 uM/72 h) (A). Both fluorescent probes label the whole cell morphology in a
clear and easily distinguishable way. Neural cultures pre-labeled using DiD or CT, followed by
immunocytochemical labeling against neuronal marker MAP-2 (A, bottom row). Effects of the dye
concentration and incubation time on the cell population and labeling result for both DiD and CT
(B). Living co-culture of cell populations pre-labeled with DiD and CT (C). All scale bars are 100
um. Each dot in figure B presents the labeling parameters tested and the color of the dot describes
the result based on visual inspection. Data in figure B is from at least two experiments and at least
two parallel samples per experiment.
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5.2 Analyzing neuronal growth on top of the hydrogels (Studies Il and
1))

Two different hydrogels were studied as an artificial ECM scaffold for human neural
cells:

1) A synthetic PuraMatrix®, RADA-peptide hydrogel (Study II), and

2) A natural gellan gum polysaccharide-based hydrogel (Study III).

The gel density was optimized for both studied hydrogels. First, the hydrogels were
studied as pre-cross-linked surfaces that the cells were cultured on.

PuraMatrix® hydrogel (Study II): PuraMatrix® dilutions from 0.05 wt% to 0.25
wt% were tested. The softest hydrogels were found to be the most favorable for
human neural cells. The hydrogels with the lowest peptide concentrations, 0.05 wt%
and 0.1 wt%, had more neurons compared to other cell types (Figure 10A). The
softest composition with 0.05 wt% peptide had a high percentage of neurons, but a
dramatically low total cell amount compared to the other dilutions (Figure 10A).
This indicates that for some reason, cells were lost during culture or sample analysis,
but most of the remaining cells were neurons. The 0.1 wt% PuraMatrix® dilution
had a remarkably high amount of neurons without a decrease in total cell quantity.
Due to this result, 0.1 wt% PuraMatrix® was chosen as the most suitable option for
future studies. Representative images of neurons growing on top of soft PuraMatrix®

hydrogels with peptide concentration of 0.1 wt% and 0.15 wt% are shown in Figure
10B.

Gellan gum hydrogel (Study III): With the gellan gum hydrogel, the effect of the
hydrogel mechanical properties on neuronal cells was studied. The hydrogel softness
was tuned by altering the cross-linker concentration. The cross-linker, SPD, was
studied at concentrations of 3.00, 1.50, and 1.25 wt%. The modulus of the gellan
gum with a cross-linker concentration of 1.25 wt% was the most similar to the rabbit
brain sample (no statistically significant difference), whereas the hydrogel with 3.00
wt% SPD was significantly stiffer than all other cases (Figure 10C). However, all
tested gellan gum hydrogel compositions had a modulus that was typical for soft
tissue. Interestingly, the stiffest hydrogel was the best for the neuronal cells, as the

cross-linker amount in the hydrogel increased, the neurite length also increased

(Figure 10D).
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Figure 10. Effect of hydrogel concentration on the cell lineage of human PSC-derived neural cells
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cultured on top of 0.25-0.05 wt% PuraMatrix® hydrogels (A). Average cell number of MAP-2
(neuronal), GFAP (astrocytic) or non-stained (non-neural) cells on samples are shown as bar
shading on the primary axis, and the percentage of MAP-2 positive cells from all cells is presented
as dots on the secondary axis with whiskers showing the standard deviation (A). Representative
images after immunocytochemical staining of neuronal cells growing on top of 0.10 wt% and 0.15
wt% PuraMatrix® (B). The mechanical properties (compression modulus) of gellan gum hydrogels
with 1.25-3.00 wt% SPD cross-linker compared to rabbit brain samples (C).Phase contrast images
of neural cells growing on top of gellan gum hydrogel, and a table describing the effects of
increasing cross-linker concentration in the hydrogel (D). Scale bars are 100 um (B) and 50 pum
(D). Blue: DAPI, green: MAP-2 and red: B-tub. Data in figure A is from one experiment with at least
five analyzed images per condition, in figure C from one experiment, and in figure D from at least
two experiments and at least tree analyzed images per experiment. PM PuraMatrix®, SPD
Spermidine



On top of the softest gellan gum, hydrogel cells formed spheres, but no neurite
outgrowth was observed (Figure 10D). This finding was the complete opposite of
the result for PuraMatrix®. Due to the low amount of neurite outgrowth, the gellan
gum hydrogel itself was found to be too inert. Adding laminin as a physical mixture
to the gellan gum hydrogel was found to enhance neuronal outgrowth.

5.3 Neuronal cells under, on top of, or encapsulated within the
hydrogel (Studies Il and Ill)

Cell culture experiments were performed using three different experimental designs.
Cell growth was analyzed using immunocytochemical analysis as well as a live/dead
viability analysis. In all cases, both the PuraMatrix® hydrogel as well as the gellan

gum laminin mixture showed good cytocompatibility.

Cells under the hydrogel (2D). In the first experimental design, the hydrogel was
cast directly over the neural culture, and the cells were cultured under the hydrogel
block. The gelation process of both studied hydrogels was found to be non-harmful
to the cell cultures, even though the pH of PuraMatrix® is outside the physiological
range before gelation occurs (Study II). No neurite withdrawal was seen in the
cultures after gelation. In addition to the lack of acute negative effects, both hydrogels
also supported long-term cultures (two weeks) under the gel layer (Figure 11A). This

indicates that nutrients and waste products were able to flow through the gel layer.

Cells on the hydrogel surface (2D). In the second experimental design, the cells
were plated on top of the pre-cast hydrogel block. Both PuraMatrix® and gellan gum
(+laminin) were able to support neuronal growth on the hydrogel surface (Figure
11B), although slight variation was seen between repetitions. Variation was seen as
differences in amount of neurite outgrowth. On PuraMatrix® most of the cell
aggregates attached to the hydrogel surface (Study II) whereas on gellan gum (+
laminin) hydrogels, in some samples the plated cells remained as free-floating
aggregates (Study III). These aggregates contained living cells, but for some reason,
they were not able to attach to the hydrogel surface during the two weeks of
culturing.

Cells encapsulated within the hydrogel (3D). In the third experimental design,

the cells were mixed with a liquid gel precursor and were cultured while encapsulated

within the hydrogel. Areas with neuronal migration within the hydrogel were found

55



in both materials (Figure 11C). Cells inside 0.1 wt-% PuraMatrix” extended neurites
in all directions to the surrounding hydrogel (Study II). Contrary to the gellan gum
(+ laminin) hydrogels, where the cell growth was uneven, and nearly all samples also
contained areas without cell migration (Study III). This phenomenon was similar to
that detected when the cells were cultured on top of the hydrogel surface. The
aggregates were viable, but the hydrogel failed to offer the cells an environment for
attachment and migration.

A PuraMatrix 0.15% Gellja,n gum (3.00% SPD)# laminin
2D cultures under the gel .

RSSO

B N 2| Gellan gum (3.00% SPD) + laminin
2D cultures on top of the gel -

C PuraMatrix 0.15% Gellan gum (3.00% SPD) + laminin

3D cultures encapsulated
into the gel

oI

Figure 11. Neural cells cultured under the PuraMatrix® or gellan gum hydrogel block (A), on top of the
hydrogel surface (B), or encapsulated within the hydrogel (C). Scale bar is 100 um. Blue: DAPI
(nuclei); green: MAP-2 (neurons). In 2D cultures, the cell morphology is similar for both hydrogels
(A, B), but in 3D cultures, there are more differences. Within the PuraMatrix® hydrogel, both cell
bodies and neurites spread and migrate into the gel, whereas in gellan gum hydrogel cells, neurites
into are sent into the hydrogel, but cell bodies very rarely migrate out of the aggregates (C).
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5.4 Spontaneous electrical neuronal network activity (Studies | and 1)

The spontaneous electrical network activity of the iz vitro cultured 2D human neural
cells was studied using an MEA platform (Study I). With DiD and CT pre-labeled
populations, it was found that when these two populations were combined in a co-
culture, they formed similar functional networks as cultures from the same origin
without labels. Networks matured into train-like activity, but neither the controls
nor the co-cultures achieved synchronous bursting activity, which is considered the
most mature type of signaling recorded in iz vitro neuronal networks. The activity
was similar in the co-cultures and the control cultures, indicating that labeling had
no negative effect on neuronal activity and more importantly, that the cells from the

two different populations were able to form one functionally integrated network

(Figure 12A).

Similarly, the electrical network activity of 3D neuronal networks cultured within
the PuraMatrix® hydrogel was studied using MEA (Study II). The 2D cultures on
laminin were used as an experimental control. Neuronal networks in the 3D
environment within the PuraMatrix® hydrogel were able to form spontancous
activity that was similar to 2D cultures at the four-week time point (Figure 12B).
The development of activity was slightly slower in 3D. After two weeks on MEA,
the first spikes were seen in 3D cultures, whereas in the 2D cultures, the first spikes
were detected as soon as after one week on MEA. Nevertheless, neither culture

achieved synchronous busting-type activity during this experiment.
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Figure 12. Representative image of neural networks formed from DiD and CT pre-labeled populations
growing on top of an MEA plate (A, right-hand side). Red: DiD-labeled cells and green: CT-labeled
cells. Scale bar is 200 um. The development of electrical activity of one fluorescent co-culture for
a period of over 56 days on an MEA dish as a raster plot (A, left-hand side). Each vertical line
represents spikes detected in the channel during a one-second bin. Each channel on the y-axis
represents one electrode on the MEA dish. A close-up view of the MEA signal from 2D and 3D
cultures, showing spike amplitude (B).
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5.5 Microtowers as structural 3D cell culture matrix (Study 1V)

Rigid microtowers were used as a 3D culturing scaffold for hRESC-derived neuronal
cells. Neural cells, which were plated to the microtowers on a cover slip, grew along
the outer surface of the microtowers and inside the towers throughout the four-week
follow up time (representative images of cell growth in Figure 13). Cells did not only
grew along the surfaces, but also formed connections between adjacent towers or
between tower walls and the surrounding cover slip surface (see examples in Figure
13, marked with a white arrowhead).

Tower | Tower Il Tower Il

Week 1

Week 2

Week 4

Figure 13. Neural cells were cultured 1 to 4 weeks on the microtowers (A, left-hand side: representative
SEM image and right-hand side: representative confocal image. Blue: DAPI, green: MAP-2 and
red: b-Tub). Scale bars are 50 um. White arrow heads: neurites growing between outer wall of the
towers and the adjacent tower or cover slip on the bottom surface.

5.5.1 Cell distribution in microtowers (Study 1V)
The total amount of cells growing along the tower as well as cell localization either

outside of the tower or inside the tower was analyzed from confocal stacks (Table 4).

At the one-week time point, no clear differences could be found in the cell amounts
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between the three studied tower designs; the total number of cells in the towers as

well as the cell numbers both inside and outside of the tower were quite similar

(Table 4).

At the two-week time point in tower designs I and II, the cell number increased
both inside and outside, whereas in design III the cell amounts stayed similar as in
one-week time point (Table 4).

By week four, the cell number dropped quite dramatically in designs I and II (Table
4). Although the cell number in design III was slightly lower throughout the
experiment, it stayed quite constant during first two weeks in culture, but increased
outside the tower by week four. At the same time for tower I1I at the four-week time
point, both the median and maximum values for number of cells outside of had an
increasing trend whereas the minimal amount of cells value was very low. This
indicates a high variability in cell growth between parallel samples in Tower III at
four-week time point.

In all designs, the cell numbers inside the towers were smaller but less variable than
the cell numbers outside for all time points, except for the four-week time point in

tower 1.

Table 4  Descriptive numbers on the cell distribution outside and inside of the tower designs. Number
of analyzed towers, n = 9, except in Tower Il, 4 weeks, where n = 8. Within each row the 3-Color
scale (green-white-red, high-medium-low) highlights the highest and the lowest values.

TOWERI TOWERII TOWER Il
Cell numbers: Week1 Week2 Week4|Week1l Week2 Week4d|Week1l Week2 Week4

Inside 377 730 288 441 664 430 336 417 276
Outside 856 1170 254 1009 1792 690 822 735 1181
total 1233 1900 542 1450 2456 1120 1158 1152 1457
Average inside per tower 42 81 32 49 74 61 37 52 31
Average outside per tower 95 130 28 112 199 99 91 92 131
Average total per tower 137 211 60 161 273 160 129 144 162
Median inside per tower 26 77 33 34 74 39 27 48 33
Median outside per tower 108 132 31 74 202 85 50 80 142
Median total per tower 159 222 63 142 304 124 100 121 150
MIN inside per tower 11 15 13 10 42 10 4 5 3
MIN outside per tower 26 47 5 13 85 10 23 26 3
MIN total per tower 42 72 18 47 132 24 49 103 9
MAX inside per tower 105 159 45 118 150 145 90 133 58
MAX outside per tower 168 231 56 303 342 243 227 221 355
MAX total per tower 184 375 101 333 431 383 248 253 391

MAX Maximum, MIN Minimum
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Figure 14. Cell distribution over the height of the tower is represented in 15-um bins. An example image
of Tower | at the two-week time point, showing maximal intensity projections from 15-um sub
stacks of the confocal images used to calculate the cell distribution (A). A bar chart showing the
sum number of nuclei in each height from all samples, describing which locations were attractive
to cells during the experiment (B). Left-hand side represents the number of nuclei located outside
of the microtower and right-hand side represents the number of nuclei located inside the towers.
Blue: DAPI, green: MAP-2 and red: b-Tub. Number of analyzed towers, n = 9, except in Tower Il
4 weeks, where n = 8.Scale bar is 50 um.

The three different microtower designs had different microenvironments for the cells
due differences in their internal structures and openings in the tower wall. The effect

of the tower design on the distribution of cell nuclei was analyzed more detailed in
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different heights of the tower (Figure 14). Cell nuclei were analyzed from the
confocal images (example of a confocal image series is shown in Figure 14A). In all
studied designs throughout the experiment, the trend in cell distribution outside the
tower looked similar (Figure 14B). Most of the cells located in the lower parts of the
tower outer wall, and the cell amount constantly decreased from layer to layer in the
upper parts of the tower. Contrary to the outside, the cell distributions inside the
mictotowers had differences between different designs especially in longer culture
times (two and four weeks). In Tower I, the cell distribution inside was constant
along the height of the tower in all time points. Tower I had internal polymerized
structures that offered surfaces for the cells to grow inside the tower. Inside tower
design II, the cell distribution looked similar to that outside of the towers; most of
the cells located on the lower part of tower and the cell number decreased in the
upper parts. More detailed, cells mainly located between the lower and upper
openings of the tower wall (lower opening is located at 0 to 20 pm and the upper
opening at 75 pm to 90 pm). Inside tower design 1II, the cell distribution was
completely opposite, as most of the cells located in the upper parts and the cell
number decreased in the lower parts. Tower design I1I was a plain cylinder without

openings or internal structures.

62



6 DISCUSSION

6.1 Fluorescent cell-accumulating labels

Fluorescent proteins are widely used in cell biology to visualize cells. In this thesis,
fluorescent probes were used as a tool to track living cell populations in co-cultures
(Study I). This technique was relatively easy to perform and after optimization, it
was very effective for the recognition of cell origins in co-cultures built from two pre-
labeled cell populations. Here, the cells were labeled using the fluorescent probes

DiD (red) and CT (green), which both accumulate in living cells.

The use of these living cell-accumulating fluorescent probes for visualizing native
living cells, as described in this thesis, serves as an alternative to making genetically
modified fluorescent cell lines. Three-dimensional cultures (Choi et 2/ 2014), co-
cultures (East et al. 2010) and animal models (McMahon and McDermott 2006)
are few examples of studies where tagging cell populations or tracking them during
an experiment is needed. The creation of fluorescent cell lines with transfection is
laborious and risky compared to staining with fluorescent labels (McMahon and
McDermott 2006). For proof of concept or preliminary experiments, the use of
fluorescent probes would be ideal, due to their relatively simple, low-cost protocols.

6.1.1 Method optimization as essential part of experimental design

In chis thesis, the optimized CT labeling parameters were found to be relatively safe,
as no effect on cell viability, proliferation or electrical behavior were observed.
Previously, CT has been reported to alter proliferation when rodent cells were labeled
in a single cell suspension (Pettersson ez /. 2010), whereas in this thesis, no changes
in proliferation were seen (Study I). These differences in results can be caused by
different degrees of cell maturation, species of origin, and cell handling during the
labeling method. In contrast to CT, the DiD label was toxic at high concentrations,
and even with optimized parameters, DiD affected hESC-derived neural cell
proliferation (Study I). Previously, DiD has been reported to be a safe probe (Honig
and Hume 1986), but as described here, others also suggest some degree of toxicity
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with DiD (Potter er @l 1996). These contradictory findings reveal that it is
important to optimize methods and take their restrictions into account when
planning experimental setups and analyzing results. Overall, for future experiments,
the most important finding regarding the CT and DiD pre-labeled populations was
the successful formation of spontaneous neuronal networks. The spontaneous
functionality of cultured cells was not altered due to labeling, which indicates that
fluorescent probes can be utilized in experimental designs where neuronal

functionality is also measured.

For example, in i7 vitro 3D studies, DiD might be more compatible than CT, as CT
tends to cause more background staining. The fluorescence of the CT (5-
chloromethylfluorescein diacetate) molecule is activated by internal cell esterases,
which remove the acetates on the CT molecule, turning it into fluorescent 5-
chloromethylfluorescein (Invitrogen 2011). The hydrolysis by esterase also activates
a binding site on the CT molecule to thiol-containing biomolecules. In theory, CT
is designed to be fluorescent only inside cells, where activating esterase is present.
Nevertheless, some amount of fluorescent CT was observed to also accumulate on
the laminin-coated cell culture plastic as a background staining after labeling (data
not shown). This background staining faded during extended cell culture (Study I,
original article: Figure 1B). Due to CT’s ability to bind thiols, it can be hypothesized
that it might bind to scaffolds containing thiols, causing background staining. The
background fluorescence causes a poor signal-to-noise ratio in the samples. Using
pre-labeled cells in 3D experiments, rather than labeling 77 sizu in the scaffold, might
be preferable.

6.2 3D cultures, repeatability and variability

The 3D neural cultures are inspired by the complexity of CNS tissue. Three-
dimensional culturing is beneficial for obtaining more in vivo-like in vitro neural
models than can be achieved with traditional flat 2D cultures. Cell adaptation to the
in vitro 2D cell culture might lead to misleading or clinically non-predictive findings
(Lee er al. 2008, Edmondson ez 2/ 2014). The features that researchers want to
incorporate into the 3D cultures are mimicking iz vive-like cellECM contacts,
brain-like high cell density and interconnectivity, and cell orientation. Usually, the
scaffolds used to obtain these features are based on polymeric hydrogels or solid
porous matrices (Pautot ez a/. 2008). In this thesis, three different scaffold materials
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were utilized. Each material had its pros and cons. The material used in Studies 11
and III was a hydrogel, and a rigid composite was used in Study IV.

6.2.1 PuraMatrix® is promising material for studying neuronal electrical activity in
3D

The PuraMatrix® hydrogel in was highly supportive for in vitro neural network
formation, even from single cells (Study 11, original article: Figure 3E); however, as
a material, the PuraMatrix® solution has a very low pH before gelling (Nagai ez al.
2012), and as a scaffold, it is very fragile (Zhang ez 2/ 2010). Despite these challenges
in material handling during long-term culture, it was possible to culture cells up to
four weeks when they were encapsulated inside the hydrogel. The most important
finding about the 3D networks was their ability to form spontancous electrical
activity inside a PuraMatrix” hydrogel, which requires long culture times (Study II).
The development of neuronal signaling and cell growth in general were slower within
the hydrogel than in cultures on top of the 2D surface. Similar findings have been
published with rodent neurons in an alginate hydrogel (Palazzolo e /. 2015). This
electrical activity of neural networks is an important feature that shows the natural
brain-like functionality of the studied cells (Heikkild er 2/ 2009, Johnstone et al.
2010).

With the PuraMatrix® hydrogel, the neuronal cell morphology was complex and
branched (Study II, original article: Figure 3), and it resembled the morphologies
seen in vivo (Dragunow 2008). Unfortunately, any evidence about increased
functional maturity was not observed in the electrophysiological measurements
(Study II). Even though the 3D culturing environment is commonly known to affect
cell morphology and support the formation of complex cell morphologies, (LaPlaca
et al. 2010), Sanyal 2014), only in few studies clear in vivo mimicking behavior is
reported in the in vitro model (Hongisto ez al. 2013, Choi ez al. 2014).

Seeing some evidence of enhanced maturity in 3D culture might indicate that the
3D cultures indeed can model tissue more precisely than 2D culture, but many
current iz vitro models still need more optimization. One biological difference
between 2D and 3D cultures is the localization of cel-EECM attachment sides, which
affects cell polarization (Baker and Chen 2012, Murphy er /. 2017) and cell
behavior via internal signaling routes (Atherton ez 2/. 2016). This is suggested to be

one of the reasons for bias in the results from 2D cultures in vitro (Di Cio and
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Gautrot 2016). However, it is worth keeping in mind that all study platforms, in
vitro systems and animal models have limitations that need to be taken into account
when extrapolating results to humans.

6.2.2  Neurons in gellan gum-based hydrogels benefit from laminin

The gellan gum hydrogels crosslinked with SPD had mild gelation conditions,
formed stiffer gels and were thus easier to handle than the sparse PuraMatrix®
hydrogel. However, these gellan gum-based hydrogels enabled network formation
only between neural cell aggregates in 3D (Study I11, original article: Supplementary
video 1). The growth of single neural cells in 3D, such as seen with PuraMatrix®
(Study II), was not observed with gellan gum hydrogels. Similar behaviors and
moderate cell growth between aggregates, as seen in Study 111, have been reported in
bacterial cellulose hydrogels with PC12 cells (Jonsson e @l 2015). The lack of
neurite outgrowth might be related to the inert nature of gellan gum and thus could
be overcome by modification or by adding covalently linked cell adhesion peptides,
such as RGD (Silva er al. 2012, Lozano ez al. 2015). Usually, inert materials, such
as gellan gum, are used with cell adhesion-enhancing ligands (Lozano ez a/. 2015).
In this thesis, utilizing human stem cell derived neuronal cells, ECM protein laminin
was used as a physical mixture to enhance bioactivity of the hydrogel (Study III).
The addition of laminin was not enough to make the hydrogel supportive for single
cell growth when the cells were encapsulated inside the hydrogel, but it enhanced
cell migration from the cell aggregates (Study III).

6.2.3  Rigid microtower scaffold supports formation of restricted and repeatable
3D culture

As a scaffold, rigid structures, such as microtowers, are very different when compared
to ECM-mimicking fibrous hydrogels (Pautot ez a/. 2008, Jgamadze et al. 2012).
Due to that difference, 3D network formation also occurs differently. When cells are
encapsulated within a hydrogel matrix, cell migration and cell localization inside the
hydrogel are very random and are partially determined during gel handling and
crosslinking. This phenomenon causes variation between samples and repetitions
(Lawyer et al. 2012). The variability in cell growth inside hydrogel (Study I1I) might
be due to heterogeneous cell distribution in the cell-hydrogel mixture during
crosslinking as well as anisotropy in the structure of the hydrogel (Flores-Merino ez
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al. 2010). Both of these random processes lead to more or less favorable areas inside
the hydrogel, which affect neural network formation. In other words, both the cell
and polymer concentrations in the samples vary from one region to another. In the
case of the microtowers, a similar phenomenon does not occur. The single cell
suspension was plated on the coverslip containing the microtowers, and this method
produced quite homogenous samples, which was seen as a low amount of variability
at the one-week time point (Study 1V, original article: Figure 3). During culture, the
3D networks formed around the towers via cell migration and proliferation. Due to
precise and repeatable manufacturing of rigid microstructure scaffolds, the network
formation can be controlled via the design (Pautot ez /. 2008). Nano patterning is
one design feature that can be used to guide network formation. Patterned micro
pillars supported 3D network formation from hippocampal neurons, whereas
smooth pillars produced flat 2D networks (Limongi er a/. 2013). The surface
roughness and patterns caused by polymerization voxels supported 3D network
formation, and no additional patterning was needed (Study IV, original article:
Figure 2). Microtowers offer a restricted area for 3D neural network formation,
whereas the formation of neural networks inside hydrogels, with several hundred
microliters of volume, is difficult to control. Due to restricted area, the 3D networks

around the microtowers were easier to monitor and analyze.

6.3 Neural network formation and response to the mechanical
properties of the scaffold

It is thought that a good neural scaffold should have brain-like mechanical properties
(Aurand et al. 2012). When comparing results, the trend in neural growth compared
to the mechanical properties of the hydrogel was completely opposite between
Studies II and III. With PuraMatrix® (Study II), more neurons grew on sparser
hydrogels, whereas with gellan gum (Study III), the neural growth increased in line
with the stiffness. In this thesis, also rigid microtowers with a Young’s modulus of
140 MPa were used as a scaffold. The 3D neural network growth was supported by
these rigid, micron-scale structures (Study IV), event though the scaffold stiffness
was non-physiological. The microtowers were not ECM-like, but they acted as
support for 3D network formation.
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6.3.1 Neurons prefer a sparse PuraMatrix® hydrogel

When cultured on top of the PuraMatrix® hydrogel, the neurons clearly favored
sparse hydrogels (0.1 wt% and 0.05 wt% PuraMatrix®; Study II). In these
concentrations, PuraMatrix® is mechanically very soft and at a concentration of 0.05
wt%, it is even reported to be below the limit of proper hydrogel formation (Zhao ez
al. 2005). In this thesis, the mechanical properties of PuraMatrix” were not measured
in-house. According to the literature, 0.1 wt% PuraMatrix® has a modulus of
approximately 1.2 kPa (Leon ef /. 1998, Yamaoka et /. 2006). This is an estimated
value for PuraMatrix® stiffness and cannot be directly compared to the measured
values with the gellan gum hydrogels (Study I1I) or other literature due to differences
in the measuring setup and analysis. However, it gives an estimate of the softness
range of the PuraMatrix® concentration used in this thesis. The hESC-derived
neurons clearly preferred the softest PuraMatrix® compositions, whereas astrocytes
preferred slightly stiffer compositions (Study II). Even though the exact stiffness
values were not measured for 0.05 wt%-0.25 wt% PuraMatrix® (Study 1I), the
results seem to be in line with common knowledge about neural cells. More
specifically, low stiffness (0.1-1.0 kPa) is preferred by neurons, whereas glial cells
prefer slightly stiffer materials (0.5-10 kPa) (Study II, Aurand et al. 2012). These
findings are also in line with the widely accepted theory that materials with elasticity
or stiffness similar to the target tissue are the best for cells (Engler ez 2/ 2006). In
other studies, PuraMatrix® was successfully used in higher concentrations with neural
cells, from 0.25 wt% to even 1 wt% (Gelain ez 2/ 2006, Thonhoff et «/ 2008).
Theoretically, these concentrations produce remarkably stiffer hydrogels than used
in this thesis. It has also been found that undiluted 1 wt% PuraMatrix® is toxic to
human NPCs, whereas lower concentrations are well tolerated (Thonhoff ez 4/
2008). The differences in the cell maturation stage and cell type could explain why
a higher concentration was used earlier (Thonhoff ez a/. 2008). The hydrogel that
was best for the neuronal cells, 0.1 wt% PuraMatrix® (Study II), has a very fragile
nature, and this might be one reason why more concentrated gels, which are easier
to handle, have been studied (Ortinau ez 2/ 2010).

6.3.2  Neural cells prefer a stiff gellan gum hydrogel

Contrary to the results obtained with PuraMatrix® (Study II), where the softest

materials were best, the stiffest gellan gum hydrogel was the most favored by neural
cells (Study III). The stiffest studied composition (cross-linker: 3.00 wt% SPD;
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Study III) had a compression modulus of approximately 23 kPa. The measurement
setup and method of analysis used for evaluating gellan gum hydrogels can lead to
slightly higher values than previously published results based on brain sample
measurements. However, this fact cannot explain the trend of human neural cells
growing better on the stiffer gellan gum than on the softer compositions. This result
clearly indicates that the modulus was not the only factor explaining cell behavior.
This is not a completely new observation. Although many studies have shown a
strong correlation between a brain-like modulus and an excellent neural cell response
(Saha er a4l 2008, Palazzolo er al. 2015), concerns were raised by Nisbet and
co-workers in 2007. They examined publications and found that not all reports are
in line with the common theory of optimal material stiffness for neural cultures.
They came to the conclusion that it is possible that some other material property
might be more important to cells than stiffness (Nisbet ez 2/ 2007). The idea of
tissue-like mechanical properties being a leading factor in stem cell response was
based on studies made with mesenchymal stem cells: in brain-like soft materials, their
behavior becomes neuron-like (Engler et 2/ 2006, Huang ez al. 2012). After the
rescarch made by Engler and coworkers in 2006, many researchers have found
similarities, but due to variable material choices, it has been difficult to determine
the exact factors that made soft scaffolds favorable for neural cells (Teixeira ez 4l
2009, Aurand er al. 2012). More research is therefore needed to find the exact
properties that make scaffolds favorable for each neural culture, if the aim is to build

a perfect matrix for the cells.

6.4 Future perspectives: How to build a perfect model?

Careful selection of the relevant cells and scaffold material, combined with

sophisticated methods, are the key issues for successful model or graft development

(Figure 15).

6.4.1 A relevant cell source for brain tissue models

Rodents and humans are not alike, and the main biological differences worth
mentioning in the field of neural TE is a better spontaneous regeneration capacity in
mice (Sharif-Alhoseini & Rahimi-Movaghar 2014). There are also differences in
brain development (Kelava and Lancaster 2016) and in neural cells, especially
astrocytes (Zhang and Barres 2013). These aspects need to be taken into account
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when interpreting the findings and forming conclusions. The possibility of using
stem cell-derived human cells to gather information specific to humans is important,

and it is one of the advantages of in vitro stem cell techniques.

One challenge related to all iz vitro cultures is the heterogeneity of cell populations,
the adaptation of cells to the culturing conditions, and batch-to-batch variation. The
neural population may contain contaminating cell types or a variation in cell type
portions or cell maturity (Lappalainen e 2/. 2010, Toivonen ez al. 2013). Generally,
all stem cell-based cultures are relatively immature (Marx 2016). In developmental
models, this does not cause problems, but the situation is very different if the aim is
to model diseases that are typical among elderly persons (Choi ez a/. 2014, Kim ez
al. 2015). Transdifferentiation might be able to offer better human neurons for
studying CNS diseases typical for elderly patients as the cells are not going through
the stem cell stage in that method.

The avoidance of animal components is highly important in clinical applications,
but it is also an important aspect to take into account in clinical human iz vitro
models. Exposure to animal components might alter cell behavior (Desai er al.
2015). To create human iz vitro cell models that are as accurate as possible, it is also
very desirable to use only xeno-free, defined components, especially in research aimed

at clinical translation (Figure 15, 1A).

When building a clinically relevant neural tissue model, it is extremely important to
characterize the neuronality of the cultured cells. Characterization is usually
performed using gene or protein expression analysis (Figure 15 3A,B). There is a
wide pattern of neuronal or glial markers that can be used, and some of the most
commonly used markers are microtubulin-associated protein 2 (MAP-2) for neurons
and glial fibrillary acidic protein (GFAP) for astrocytes (Cahoy ez /. 2008). Because
the main function of the brain is to process electrical signals, it is ideal to study the
electrical functionality of the cultured cells (Heikkild e @/ 2009, Johnstone et al.
2010). Functionality can be studied using imaging or electrophysiological
measurements. In imaging, the functionality of neurons or glia is mainly studied
using calcium fluxes inside the cell (Lancaster ez /. 2013, Palazzolo er al. 2015).
This is analyzed using fluorescent dyes that indicate the intracellular calcium
concentration. Electrophysiological analysis can be performed cell-by-cell using the
patch clamp technique (Shi ez a/. 2012) or at the cell population level using a MEA
(Wagenaar er al. 2004, Illes ez al. 2007, Heikkili ez /. 2009).
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Building the cell-biomaterial construct
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Figure 15. Three key aspects of the production of clinically relevant cell-biomaterial models from stem
cells.

1) Building the cell-biomaterial construct. Neural populations can be obtained from differentiation
using chemical cues (e.g., growth factors; 1A), microenvironmental cues (e.g., co-cultures or
directing culture materials; 1A), genetic modification (1B), or using a combination of these methods.
The biomaterial scaffold (1A) can be part of the neural niche or can be later combined as a
structural component to the model (artificial ECM).

2) Lineage specification and maturation degree of the cells affect to the experimental design of the
model. Stem cells can be directly differentiated toward region/cell type specific populations or
cultures can be purified to obtain more homogenous populations (2A). Cultures can contain single
cell type (simplified model) or several cell types (complex more in vivo mimicking model, 2B). Both
of these model types can be either 2D or 3D (artificial ECM, 1A) models.

3) Characterization of the obtained cultures is an important part of evaluating the efficiency of the
culturing methods. Characterization can be performed using morphology and protein localization
(3A), expression profiling (3B), and functional analysis (3C). For neural cultures, electrical
functionality analysis is preferable because it can reveal if the cells in model are truly mimicking a
functional brain. ECM Extra cellular matrix, FACS Fluorescent-activated cell sorting, MACS

Magnetic-activated cell sorting. Figure modified from (Tabar and Studer 2014).

6.4.2  Choosing an optimal biomaterial as a scaffold for a 3D culture

Both in vitro and in vive applications of biomaterials need similar biocompatibility,

but the requirements for gelation and user-friendliness may differ. Researchers are
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interested in materials that are easy to use and produce repeatable samples with low
variability and good stability during experiments. For clinicians, the term
“user-friendliness” can mean different things. One example of a useful property i
vitro is the optically clear formulation of gellan gum (Study IlI). Clear formula
enables observation of the cells during iz vitro culturing; however, this is not an
important feature in wvivo. Furthermore, while many researchers may tolerate
protocols with multiple steps for sample preparation and mixing the cells into the

material, in the clinical setting this is not possible.

The possibility for in situ gelation is thought of as a clinical advantage of hydrogel
materials. Hydrogels can be used as injectable scaffolds or as a delivery vector for cells
or drugs. It is often discussed that injecting would be the optimal grafting route to
the CNS due to the low invasiveness for the patient compared to traditional surgery
(Kretlow ez al. 2007). However, one challenge that arises from the technique itself is
the delivery of cells as a vulnerable single suspension. The cells must be suspended in
the solution before grafting, making it impossible to deliver iz vitro pre-made neural
networks via injection. It is also worth noting that if the aim is purely an in vitro

model, there is no need to take injectability into account.

Numerous materials have been published in neural TE, but it seems that none of
them is highly superior compared to the others (Nisbet ez 2/ 2007, LaPlaca ez al.
2010). The next generation of scaffolds for some applications might need to be
composites, combining the beneficial properties of different materials, such as an
IPN hydrogel composite or a hydrogel-rigid particle combination. However, it also
might be unrealistic or even unnecessary to engineer a material that has very good
performance both 7 vive and in vitro, even though there is a need for in vitro
experiments in the development of a clinical scaffold. It is preferable to perform
preliminary material testing iz vitro to reduce the use of laboratory animals.
However, for preliminary testing, e.g., toxicology or cytocompatibility testing, there
is no need to optimize the material for in vitro use. Also, for material use in vitro,
different study questions have very different requirements. For example, a matrix for
supporting organoid cultures needs to inhibit migration in order keep cells in
aggregates, whereas a matrix for supporting 3D neural networks needs to support cell
attachment. The best results are obtained when focusing only on the requirements
of the selected application.
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Developing a relevant cell based in wvitro model starts from a clinical need.

Theoretically, the perfect workflow for model development consists of the following

steps:

Hypothesis and aim to guide the workflow

Biomaterial that is optimal for requirements of the application and
enables studying the experimental question

Cells that are able to relevantly model the biological phenomenon related
to study question

Reliable analysis methods and responsible interpretation and

extrapolation of the resules
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CONCLUSIONS

The main conclusions of this thesis are as follows:

I Fluorescently pre-labeled neural cell cultures were successfully combined in
co-cultures. The electrical activity of the networks combined from two labeled
populations had a similar activity development as the control cultures. It was possible
to create a functional network using cells originating from two different populations.

II  Neuronal cells grown within the sparse PuraMatrix® showed morphologies
with 7z vivo-mimicking complexity. In addition, the cultures within the hydrogel

displayed spontaneous neuronal network activity.

II It was not possible to predict scaffold suitability for neural cells based on the
mechanical properties of the hydrogel. Inert gellan gum hydrogels, offering physical
support without cell adhesion sites, are not supportive enough for studying human

neural cell 3D network formation.

IV Neuronal cells formed repeatable small networks around cylindrical rigid
microtower scaffolds. Cylindrical shape with or without openings and intraluminal
structures in the towers had a guiding effect on network formation. The design of a
rigid scaffold can be used as a tool to guide cell growth or migration thus affecting

neural network architecture.

Careful selection of the relevant cells and scaffold material, combined with
sophisticated methods, are the key issues for successful iz vitro neural models. In
summary, none of the studied biomaterials could alone form a perfect all-purpose
scaffold for human neural cells. Instead of concentrating on secking the best material
for neural field, it would be beneficial to see materials as part of experimental set up.
Each study question has specific needs for material properties and recognizing the

potential of different materials and scaffolds as tools would be beneficial for the

neural TE field.
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HIGHLIGHTS

Labeled cells can be successfully followed for at least 4 weeks.
Labeled cell populations form spontaneously active neural networks.

Fluorescent labels CT and DiD can be utilized with human stem cell-derived neurons.
Labels do not affect the cell viability and minimally affect the cell proliferation.
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Applications such as 3D cultures and tissue modelling require cell tracking with non-invasive methods.
In this work, the suitability of two fluorescent probes, CellTracker, CT, and long chain carbocyanine dye,
DiD, was investigated for long-term culturing of labeled human pluripotent stem cell-derived neural
cells. We found that these dyes did not affect the cell viability. However, proliferation was decreased in
DiD labeled cell population. With both dyes the labeling was stable up to 4 weeks. CT and DiD labeled
cells could be co-cultured and, importantly, these mixed populations had their normal ability to form
spontaneous electrical network activity. In conclusion, human neural cells can be successfully labeled
with these two fluorescent probes without significantly affecting the cell characteristics. These labeled
cells could be utilized further in e.g. building controlled neuronal networks for neurotoxicity screening
platforms, combining cells with biomaterials for 3D studies, and graft development.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

For the development of in vitro cell and tissue models it is
often desirable to distinguish different cell populations within
co-cultures in real time. This can be performed on the basis of
differences in the cell morphology. However, morphological differ-
ences can vary even within the same cell type and become difficult
to observe in a three dimensional culture environment. Fluores-
cent probes are an alternative to morphology-based identification.
These probes have been tested with animal-derived cell cultures
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(Honig and Hume, 1989) but only one study has earlier described
the use of fluorescent probes in human-derived neural cell cultures
(Rizvanov et al., 2010). Furthermore, the possible cytotoxic effects
should be assessed separately for human or primate cells due to
species differences in neurotoxicity (Boyce et al., 1984).

The objective of this research was to find suitable fluores-
cent probes for the long term labeling of human embryonic stem
cell (hESC)-derived neural cell co-cultures. The suitability of two
widely used dyes, CellTracker (CT, also known as chloromethylflu-
orescein diacetate, CMFDA) and long chain carbocyanine dye
1,1’-dioctadecyl-3,3,3’,3’-tetramethylindodicarbocyanine perchlo-
rate (DiD or DilC18(5)) were investigated. CT has been widely used
to label living cells (Redelman et al., 1988), and has been utilized in
tracking both animal (Silverman et al., 2000) and human derived
(Jablonska et al., 2010) cell transplants. Lipophilic long chain dicar-
bocyanine dyes belong to large family of cyanine dyes (for review
see Mishra et al., 2000). DiD and its analogs have been used for
cell visualization both in tissue slices and cell cultures (Honig and
Hume, 1986, 1989). The impact of these dyes on human-derived
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neural cells has not been previously studied although they have
been used in cell cultures from both animal and human origin
(Packard et al., 1984; Honig and Hume, 1986; Jablonska et al., 2010;
Markiewicz et al., 2011).

The optimum labeling parameters and the characteristics of cell
population labeled with each of these dyes were defined. Further-
more, the effect of labeling on the proliferation and viability was
studied. The behavior of CT and DiD during immunocytochemistry
as well as in co-cultures was also studied. Finally, the ability of
CT- and DiD-labeled hESC-derived co-cultures to form functional
neural networks was investigated.

2. Materials and methods
2.1. Cells

2.1.1. HESC line derivation and maintenance

A number of hESC lines (Regea 08/056, 06/040, 08/023) were
used in this study. The Regea lines were derived at Institute of
Biomedical Technology (IBT), University of Tampere, Finland. IBT
holds an approval from the Ethics Committee of Pirkanmaa Hos-
pital District for derivation, characterization, and differentiation
of hESC-lines (R05051, R05116) as well as an approval of Valvira,
the Finnish National Supervisory Authority for Welfare and Health,
for research on human embryos (1426/32/300/05). The derivation
and characterization of Regea lines has been described previously
(Rajalaetal., 2010; Skottman, 2010). The maintenance of hESC lines
was done as described earlier (Rajala et al., 2007). The hESC lines
were quality controlled with frequent gene and protein expression
analysis, karyotype, and mycoplasma assays.

2.1.2. Derivation of neural cultures

The neural differentiation of hESCs was performed as described
by Lappalainen et al. (2010). Basic fibroblast growth factor (bFGF)
was used in 20 ng/ml concentration during the neurosphere cul-
turing step. For the final neural maturation, the neurospheres were
mechanically dissected and plated onto 24- or 48-well plates coated
(overnight in +4°C or two hours in +37 °C) with laminin (10 pg/ml,
mouse or human, Sigma-Aldrich, St. Louis, MO). The bFGF was with-
drawn at the beginning of adherent culture. Half of the medium
was replaced 2-3 times a week. For co-culturing, the adherent
fluorescent labeled cultures were dissected enzymatically (TrypLe
Select™ Gibco).

2.2. Fluorescent dyes

Fluorescent probe 5-chloromethylfluorescein diacetate (Cell-
Tracker Green CMFDA, CT, (2925, Molecular Probes®, Life
Technologies, UK) was prepared by dissolving it to DMSO
(10 mM stock). Lipophilic carbocyanine 1,1’-dioctadecyl-3,3,3,3'-
tetramethylindodicarbocyanine perchlorate (DiD, D-307, Molec-
ular Probes®, Life Technologies) was prepared by dissolving it
to 99.8% ethanol (20mM stock). On the day of use, a labeling
medium was prepared by diluting stock solution to fresh culture
medium. The final concentrations recommended by the manufac-
turer, Molecular Probes®, were 0.5-25 M for CT and 25 pM for
DiD. However, during the experiments we came to test a wider
range for CT (0.5, 2, 4, 5, 8, 10, 16, 20, 30, 40 or 60 .M). Based on
the literature (Honig and Hume, 1986, 1989; Potter et al., 1996)
we decided to test a larger range for DiD as well (0.2, 0.5, 1, 5, 10,
20 or 50 wM). The culture medium on the cells was replaced with
the labeling medium and incubated (CT: 15, 30 or 60 min or 2, 4,
24, 48, or 72 h; DiD: 2, 10, 30 or 60min or 2, 4, 8, 16 or 24 h) at
+37°C, 5% CO,, humidified atmosphere. After incubation, the label-
ing medium was replaced with fresh culture medium and the cells
were imaged at varying periods after labeling. Every parameter set

was tested at least once with 2 parallel samples for both probes
and the optimal parameters were tested at least 8 times with 2-20
parallel samples.

2.3. Cell viability

The LIVE/DEAD® Viability/Cytotoxicity Kit (L-3224, Molecular
Probes®, Life Technologies) or the components of the kit pur-
chased individually (Calcein AM; C1430, EthD-1; E1169, Molecular
Probes®, Life Technologies) were used to assess the cell viability
(Althouse and Hopkins, 1995). Briefly, Calcein AM and EthD-1 were
diluted to culture medium to the final concentrations of 0.1 M and
0.5 wM, respectively. After 30 min of dark incubation, the cells were
imaged with a fluorescence microscope. Analysis was performed by
manually counting the number of Calcein AM and EthD-1 labeled
cells from the images.

2.4. Immunocytochemistry

Cells were fixed with cold 4% paraformaldehyde for 15 min in
room temperature. To prevent unspecific binding of antibodies,
cells were permeabilized with 0.1% Triton X-100 (Sigma) or 0.1%
saponin (Sigma-Aldrich) and blocked with 10% normal donkey
serum (NDS, Millipore) in 1% bovine serum albumin (BSA, Sigma)
in DPBS. Primary antibodies were diluted to 1% NDS, 1% BSA in
DPBS with 0.1% Triton X-100 or 0.1% saponin. The primary anti-
body solution was kept on cells overnight at +4°C. The excess
primary antibodies were removed by washing with 1% BSA in
DPBS without or with 0.1% saponin. Next, the secondary antibod-
ies were added in 1% BSA in DPBS without or with 0.1% saponin.
Secondary antibodies were incubated at room temperature for
one hour. Immunocytochemical staining protocol was also per-
formed with no permeabilization. The excess secondary antibodies
were removed by washing with PBS and phosphate buffer with-
out saline. For nuclear staining and mounting, Vectashield with
4,6-diamidino-2-phenylindole (DAPI, H1200, Vector laboratories,
Peterborough, UK) was utilized. Primary antibodies anti-MAP-2
(rabbit, 1:600, AB5622, Millipore, Billerica, MA, USA) for detecting
neuronal cells as well as their processes, anti-GFAP (sheep, 1:600,
AF2594, R&D Systems, Minneapolis, MN, USA) for detecting astro-
cytes and anti-Ki-67 (rabbit, 1:800, AB9260, Millipore) for detecting
proliferating cells were used. AlexaFluor-488, -568 or -680 con-
jugates of anti-rabbit or anti-sheep secondary antibodies (1:600,
Molecular Probes Invitrogen) were used. In order to quantify pro-
liferation, DAPI and Ki-67 positive cell nuclei were counted from
the microscope images.

2.5. Imaging system

Cells were visualized and imaged with a fluorescent microscope
set (Olympus IX51 inverted microscope, PlanFLN 4x, 10x, 20x, and
40x objectives, Olympus DP30BW CCD camera). The light was fil-
tered with U-MNU2 (excitation filter 360-370; emission filter 420;
dichromatic filter 400), U-MNB2 (excitation filter 470-490; emis-
sion filter 520; dichromatic filter 500), U-MWG2 (excitation filter
550-510; emission filter 590; dichromatic filter 570), or U-N41023
(excitation filter 625-675; emission filter 710; dichromatic filter
680) filter cube. The images were processed with Adobe Photo-
shop. Briefly, the grayscale images were converted to an RGB format
and the output levels were adjusted to zero, except for the channel
corresponding to the color of the fluorescent light.

2.6. Microelectrode array system

The electrical activity of the neural networks were measured
by culturing cells on microelectrode array (MEA)-dishes (Multi
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Channel Systems, MCS, Reutlingen, Germany) (n=9). The elec-
trodes on bottom of the MEA-dish detect extracellular local field
potential changes produced by the electrical activity of the over-
laying neurons. Thus, MEA is a non-invasive method and can be
used for long term neuronal network activity follow up studies
(Wagenaar et al., 2006). The microelectrodes in the dishes used
had 30 wm diameter and 200 wm inter-electrode distance. The
microelectrode measurements were performed using MEA-dishes
sealed with 70% ethanol cleaned semi-permeable membrane
(ALA MEA-MEM, ALA Scientific Instruments Inc., Westbury, NY).
MEA-dishes were placed into a faraday cage protected amplifier
(MEA-1060BC, MCS) and kept warm with an external heater unit
(TCO2, MCS) set to +38°C. After placing the MEA-dish into the
amplifier, the system was allowed to settle for one minute after
which the recording was started. The measured signals were
preamplified with MEA1060-Inv-BC (gain 53, MCS) and prefiltered
with FA60SBC (gain 20, MCS) producing signal with 1100 gain and
1 Hz-8 kHz bandwidth. Analog to digital conversion was performed
with MC_card (MCS) with 20kHz sampling frequency. The data
acquisition card was controlled via MC_Rack software (MCS). The
digitized recordings were further processed by removing power
line noise (50Hz band reject) and baseline fluctuations (200 Hz
high pass) with 2nd order Butterworth filter. Spike detection
was performed online with MC_Rack software. Threshold based
detection (5 times standard deviation of noise level) was used.
Both, the electrode raw data and detected spikes were saved for
analysis. Signals were recorded for 5 min 1-3 times a week for each
MEA. The spike counts and time stamps on each electrode were
extracted with NeuroExplorer (Nex Technologies, Littleton, MA,
USA) software, collected to Excel files, and combined to raster plots.

2.7. Statistical analysis

Statistical analysis were performed with IBM® SPSS (version
19) statistical software package. The data gained from manual cell
counting from LIVE/DEAD- or Ki-67-stained cells were analyzed
with nonparametric Kruskal-Wallis test followed by a Mann-
Whitney U-test (post hoc test). A p-value less than 0.05 was
considered significant. If more than two groups were analyzed the
resulting p values were multiplied by the number of comparisons
performed (Bonferroni correction).

3. Results
3.1. Optimizing labeling

A group of different labeling parameters were studied to obtain
long time dye retention. A CT concentration of 0.5, 2, 4, 5, 8, 10, 16,
20, 30, 40, or 60 M was incubated for 15 or 30 min, 1, 2, 4, 12, 24,
48, or 72 h (Fig. 1A). Properly observable labeling of the cells up to
4 weeks was obtained by incubating 10, 16, and 20 wM CT dilutions
for 72 h. These labeling parameters enabled the labeling of both cell
bodies and processes (Fig. 1B). Based on the comparison between
fluorescent and transmission light images, CT seemed to label the
whole cell population (Fig. 1B). At the end of the experiment, 4
weeks after labeling, CT labeled cells were fixed and stained with
DAPI The percentage of CT labeled cells from DAPI identified nuclei
was 94% (604 cells, 6 imaged areas from 2 parallel wells). Hence, it
can be argued that CT labels virtually all cells of the differentiated
population. The labeling did not have effect on cell viability based
on visual inspection. The cell viability was studied in more detail
only in optimal concentration (Section 3.2).

DiD concentrations 0f0.2,0.5, 1, 5,10, 20,and 50 .M were tested
with 10 min, 30 min, 1, 2, 16, or 24 h incubation times (Fig. 1C). A
high DiD concentration (50 wM) or a long incubation time (16 h)

with over 5 M DiD concentration had clearly adverse effect on
cell viability and were not further studied. Optimal labeling was
observed with 10 or 20 wM DiD concentration and 1 or 2h incu-
bation time (Fig 1D). During the first week of 5 weeks follow up
time, the labeling was bright and cellular processes were clearly
visible. After the second week, some of the labeled processes were
no longer visible. During the third week, the probe concentrated
into cell somas. After 4 weeks, the probe accumulated into somatic
granules (data not shown).

3.2. Effect on viability and proliferation

The cytochemical effects of both CT and DiD were studied by
assessing cell viability and proliferation. For these experiments, the
CT labeling was performed for 72 h with 10 wM concentration and
the DiD labeling was performed for 2 h with 10 wM concentration.
For CT labeled cells, LIVE/DEAD staining was performed 4 or 15 days
after labeling to study the acute labeling effect and long term dye
retaining effect on cell viability. No clear difference was observed
between labeled cells and control cells on the 4 days time point
(>1000 cells from 5 parallel images from 2 parallel wells, Fig. 2A).
However, at 15 days time point, there were slightly more dead cells
in CT labeled cultures compared to control cultures. No significant
differences were found between control and CT labeled cells in
the time points studied. For studying the effect on proliferation,
the CT labeled cells were fixed 6-7 or 11-13 days after labeling
and immunocytochemistry was performed against Ki-67, a marker
of dividing cell nucleus. The cells were counted after imaging the
stained cells (>450 cells, 2 parallel wells 3 figures each, Fig. 2B) and
no significant differences between control and CT labeled cells were
found in either time point.

For DiD labeled cells the viability was analyzed 5 days after the
labeling. A triple labeled population (Calcein-AM, DiD, ethidium
homodimer)was imaged using the U-N41023 filter cube in order to
distinguish DiD. This was required due to the ability of DiD to also
pass the U-MWG?2 filter cube used for ethidium homodimer. The
ethidium homodimer was, in turn, distinguished from DiD by hav-
ing clearly brighter emission. Furthermore, ethidium homodimer
labeled dead cell nuclei had a distinct round morphology whereas
living cells labeled with DiD had more complex morphology with
somas and neurites. No difference in viability was seen between
the DiD labeled and the control cells (>6900 cells counted from 3
parallel wells, Fig. 2C). Proliferation was analyzed 3 weeks after cell
plating. For acute effects, the adherent cultures were labeled with
DiD and fixed 2 days later. For long term effects, the adherent cul-
tures were labeled with DiD and fixed 2 weeks after labeling. The
control group was cultured adherent for 3 weeks. The population
that was labeled 2 days before analysis had slight decrease in prolif-
eration but the difference was not significant. As a long term effect
(2 weeks after labeling), DiD was observed to reduce cell prolifer-
ation as the amount of Ki-67 positive cells was significantly lower
in labeled population when compared to the control cells (>1500
cells counted from 2 parallel wells, Fig. 2D) (p < 0.05).

3.3. Optimizing immunocytochemistry

Fluorescent probes integrating to cell membranes, such as DiD,
can be sensitive to reagents used to increase cell membrane
permeability. Permeabilization, however, is required in order to
perform immunocytochemistry against intracellular epitopes. We
compared immunocytochemical stainings performed without per-
meabilization, with a common permeabilizer Triton X-100 or with
a milder permeabilizer saponin. With DAPI there were no differ-
ences (Fig. 3A-C). The immunochemistry was performed against
intracellular proteins MAP-2 and GFAP. Without permeabilization,
the immunocytochemistry produced an uneven labeling and the
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Fig. 1. Live-labeling of cells with fluorescent probes CT (A, B) and DiD (C, D). In pictures A and C, circles with slash present the labeling parameters when no labeling with CT
or DiD was observed. In picture A, the CT label retention time in the cultures is presented with colored dots (from light green to dark green = from less than a week up to 3
weeks, black = up to 4 weeks). Thus, with 10 wM and 3 days incubation, CT labeling was traceable up to 4 weeks and these parameters were considered optimal (marked with
arrow). Picture B shows cells labeled using the optimal parameters. In picture C, red dots shows labeling parameters for good labeling whereas black dots shows parameters
that caused cell death. The dye retention was followed at least 2 weeks for each labeling parameter set. Thus, the optimal parameters for DiD were 10 wM and 2 h incubation
(marked with arrow). Picture D shows cells labeled using the optimal parameters. In pictures B and D, the rightmost image is an overlay between the fluorescent and wide
field image. In pictures A and C, the x-axis is scaled to minutes (0-60), hours (1-4), and to days (1-3) in order to show all the times in same axis. Scale bar is 100 pwm.

cell morphologies were difficult to perceive (Fig. 3D). With Triton
X-100 and saponin the labeling was bright and clear (Fig. 3E and
F). Without permeabilization or with saponin permeabilization the
DiD probe was well retained and remained clearly visible (Fig. 3G
and I). However, with Triton X-100 DiD was dissolved from the
membranes causing faint labeling and red background fluorescence
(Fig.3H). None of the permeabilizers used disturbed the retainment
or fluorescence of CT (Fig. 3]-L). An example of immunochemistry
with saponin permeabilization performed against MAP-2 or GFAP
with CT or DiD labeled cells is presented in Fig. 4.

3.4. Co-culturing

To further assess the suitability of CT and DiD for mixed cell
cultures, the effect of dissociating and replating previously labeled
cells was studied. CT was retained during dissociation and no clear
difference in the intensity of the dye was observed between the
control and the replated CT labeled cells during one week follow
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up time (data not shown). Furthermore, it was observed that the
background fluorescence of CT was diminished during replating.
DiD was also found to be suitable for enzymatic cell detachment
and replating. After the effect of cell dissociation was studied, mixed
cell cultures of CT and DiD labeled cells were produced. The cells
originating from different adherent cultures labeled with differ-
ent fluorescent dyes did not avoid each other and grew as a mixed
network (Fig. 5A-C). Initially, the dyes were retained in different
cells. However, during the long term co-culturing the dyes became
partially co-localized and granular (Fig. 5D-F).

The effect of CT and DiD labeling on the formation of the neural
network activity was studied with planar MEAs (Fig. 6). Adherent
hESC-derived neural cultures were labeled either with CT or DiD
and dissociated to single cell suspensions. Cells from both suspen-
sions were replated onto MEA plates (n=9). The development of the
network activity was followed by weekly measurements (Fig. 6B).
During the follow up period, the co-cultures first developed sin-
gle spikes and later semi synchronous trains (Fig. 6C). From these
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Fig. 2. Viability and proliferation studied with labeled and unlabeled populations. (A) In LIVE/DEAD analysis CT labeling slightly increased the amount the dead cells in
the cultures. (B) Similarly, the amount of the Ki-67 positive proliferative cells was slightly lower in CT labeled cell populations when compared to unlabeled control cells.
Similarly, DiD labeling slightly increased the amount of the dead cells (C) while decreasing the amount of proliferative Ki-67 positive cells. The decrease was significant after

long term culturing (D). * represents a p-value less than 0.05.
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Fig. 3. Dye retention with different immunocytochemical permeabilization approaches. (A-C) DAPI stained all the nuclei regardless of the permeabilization. (D) GFAP, an
antibody against intracellular protein could not be used without permeabilization whereas with either (E) Triton-X or (F) saponin the GFAP staining was successfully detected.
DiD staining could be detected without permeabilization (G) and with saponin (I) whereas (H) with Triton-X DiD was extracted. CT staining was not affected by any of the

permeabilization approaches (J-L). Scale bar 100 wm.

observations, it was deduced that the labeling with CT and DiD, as
well as co-culturing in a mixed form, does not prevent the forma-
tion of network connections between the hESC-derived neurons.

4. Discussion

The objective of this research was to find and study the effects of
fluorescent probes suitable for long term labeling of hESC-derived
neural cell co-cultures. The suitability of two dyes, CT and DiD were
investigated. Our results indicated that CT and DiD can be used for
studying co-cultures of hESC-derived neural cells without adverse
cytotoxic or functional effects.

CT at a concentration of 10 wM in cell culture medium with 72 h
incubation time enabled cell visualization at least up to 4 weeks.

Labeling concentration of CT used in previous experiments with
neural lineage cell cultures tend to follow those recommended by
the Molecular Probes (0.5-25 wM), e.g. 20 .M for 30 min (McMahon
and McDermott, 2006), 5 .M for 60 min (Pettersson et al., 2010),
and 10 pM for 30 min (Markiewicz et al., 2011). The observations
about the CT retention varied as CT labeled radial glial cells were
reported to be observable up to 20 days (McMahon and McDermott,
2006) while CT labeled olfactory ensheathing glial cells lost their
fluorescence in under 14 days (Pettersson et al., 2010). However,
the parameters used by Pettersson et al. (2010), McMahon and
McDermott (2006), and Markiewicz et al. (2011) were not reported
to be optimized for the cell type used. We discovered that with short
incubation times (15 min-4 h) the labeling was detectable less than
2 weeks whereas with longer incubation times (toward 72 h) the
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Fig.4. Immunocytochemical staining combined with CT and DiD labeling. CT labeled cells stained positive (A) with MAP-2 and (B) with GFAP. Similarly, DiD label co-localized
(C) with MAP-2 and (D) with GFAP. Scale bar 100 pm.

Fig. 5. Combined co-cultures of cells pre-labeled with CT (green) or DiD (red). (A-C) Four days after combining, the separately labeled cell populations could be easily
detected. (A) A wide field image of the co-culture, (B) a corresponding fluorescent image from two channels, and (C) an overlay of the wide field and fluorescent images. (D-F)
17 days after combining the separate populations could still be detected. (D) A wide field image of the co-culture, (E) a corresponding fluorescent image from two channels,
(F) an overlay of the wide field and fluorescent images. Scale bar 100 wm.
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Fig. 6. Functionality of the neural network formed by mixed pre-labeled neural populations. (A) A dense network from cells stained with CT or DiD grew over microelectrode
array. (B) Development of network activity from single spikes to spike trains during the culturing period of over 53 days. Each vertical tic represents a spike while each row
represents activity from a single microelectrode. Measurement days are on the x-axis. (C) A close-up view of training from two adjacent electrodes. The red lines represent
spikes. The shape of one spike is presented in larger time scale in the box in (C). The horizontal black line is 0 mV level. Scale bar in (A) is 100 pm.

probe became detectable for at least 4 weeks. Thus, at least with CT,
it seems that the labeling parameters should be optimized accord-
ing to the cell type. In their experiments McMahon and McDermott
(2006), transplanted CT labeled radial glial cells and reported them
to be traceable up to 20 days in vivo. Based on this, CT could also be
feasible for in vivo studies.

With DiD, the 20 uM (19.2 pg/ml) working solution with 2h
incubation time was most suitable for hESC-derived neuronal cul-
tures. Previously with neural applications, the probe concentration
in working solution has typically been between 10 and 40 p.g/ml
and incubation times between 15 min and 2 h (Honig and Hume,
1986, 1989; Potter et al.,, 1996). In this study, DiD probe was
detectable for 4 weeks in hESC-derived neuronal cultures. The
detectability of DiD fluorescence was quite similar to DiO and Dil as
described earlier with embryonic chick neurons which were visible
for three and half weeks in vitro (Honig and Hume, 1986). Pre-
viously, carbocyanine dyes (Dil, DiO, DiD, DiR and analogs) have
been used to study neuronal architecture in animal derived fixed
or living tissue (Honig and Hume, 1986, 1989; Matsubayashi et al.,
2008). In addition, Dil has been used to label rat neural cells for
ex vivo transplantation studies (Potter et al., 1996) and to label
human bone marrow fibroblasts crafted into mice or rat in vivo
(Ferrari et al., 2001). The human fibroblast labeled with Dil (20 wM)
were detectable in the craft after one month (Ferrari et al., 2001).
This indicates that carbocyanine dyes are also suitable for in vivo
applications.

The viability of hESC-derived neural cells was not changed few
days after CT labeling with the optimal parameters. However, after
longer period from CT labeling (>2 weeks) the proportion of dead

cells was larger even though no statistical differences were found.
Based on this observation, CT might induce a decrease in the cell
viability after several weeks. No literature assessing the viability
effect of CT was found. CT did not affect the proliferation of hESC-
derived neural cells as during experiments no trend with respect to
post labeling period length was observed. Contradictory, CT label-
ing has previously been described to reduce the proliferation rate of
rat olfactory ensheathing cells (Pettersson et al., 2010). The label-
ing performed by Pettersson et al. (2010) was performed with a
lower CT concentration and shorter incubation time compared to
our study. Because these gentler labeling parameters affected pro-
liferation, it is possible that such effects are cell type dependent.
Previously, CT has been described to label human cord blood stem
cell-derived neurons, astrocytes, oligodendrocytes, and microglia
(Markiewicz et al., 2011). In this study the percentage of CT labeled
cells was observed not to reach 100%. This is most likely due to the
easier visualization of DAPI stained nuclei compared to CT stained
cell bodies from groups of tightly packed cells.

With the optimal labeling parameters DiD labeling did not
affect the cell viability. In the literature, the carbocyanine dyes
are also commonly described as non-harmful to different animal-
derived cell cultures (Honig and Hume, 1986; Ferrari et al., 2001).
In this study some cytotoxic effects were seen when the cells were
exposed to a high probe concentration, but this was not analyzed
any further. In line, Potter et al. (1996) have also reported cytotoxic
effects with neuronal cultures when exposed to high (40 wg/ml)
probe concentrations for over 30 min. One previous study described
that no differences in cell behavior was found between labeled
and unlabeled chicken neural cell populations (Honig and Hume,
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1986). In contrast, we found that the proliferation of the hESC-
derived neural cells was decreased during long term culture after
DiD labeling. The difference of observations might be due to dif-
ferent analysis method or differences in neural cell characteristics
between two different species. Furthermore, when using these dyes
with hESC-derived neurons the decrease in proliferation during
long term culture needs to be taken into account.

All studied permeabilizations and primary antibody incubation
times allowed the retention of CT and clear immunolabeling. CT
was localized around virtually all DAPI stained nuclei. DiD was lost
if permeabilization was performed with Triton-X. However, 0.1%
Saponin permeabilization allowed DiD retainment. Both MAP-2
positive neurons and GFAP positive astrocytes were found to be
labeled by DiD. Thus, both probes labeled all cell types present in
hESC-derived neural cultures. Previously, both probes used in this
study or their analogs have been shown to label several cell types
(Redelman et al., 1988; Ferrari et al., 2001; Heinrich et al., 2007,
Matsubayashi et al., 2008; Markiewicz et al., 2011).

Dissociation of labeled adherent cultures did not cause visi-
ble intensity changes in CT or DiD labeling. Co-cultures of CT and
DiD labeled cells grew as mixed cell networks. Hence, no obvi-
ous signs of self-organization caused by labeling with CT and DiD
were observed. CT can be argued to be suitable for replating due
to the observed retainment of the dye in cells after replating. The
effect of replating on the maximal visualization time, however, was
not studied. Some of the co-cultured cells had both dyes in them
after long term co-culturing. However, cells which were originally
labeled with CT or DiD could be separated by visual inspection from
cells which had taken up either of the dyes. Previous publications
about carbocyanine dyes have not reported transfer from labeled
population to unlabeled cells (Honig and Hume, 1986) although
some dye transfer has been reported to take place via labeled cell
debris in cultures (Potter et al., 1996). The co-localization of CT and
DiD to same cells could be due to cells engulfing cell debris or parts
of each other during close cell-cell interactions. To the best of our
knowledge, no one else has studied the usage of dual fluorescent
dye labeled neural cells in long term co-cultures i.e. during several
weeks. One dual labeled co-culture system utilizing human cells
has been described (Rizvanov et al., 2010). However, this work did
not address the effects of dyes on cells and the culturing time was
not mentioned (Rizvanov et al., 2010). Studying long term suitabil-
ity of dyes for co-cultures is important, because it is desirable to
visualize cells during long term culturing required for studying slow
tissue formation processes as well as to be able to distinguish the
cell populations after fixing the cultures for immunocytochemical
characterization.

Co-cultures of CT and DiD labeled cells were able to develop
network activity. Thus, the ability of hESC derived neurons to
form functional neural networks is not compromised by CT and
DiD labeling. Earlier Honig and Hume have reported that carbo-
cyanine labeling does not affect the electrical properties of single
chicken neurons (Honig and Hume, 1986). This is in line with our
findings. To the best of our knowledge, our study is the first one
to study the electrical functionality of fluorescent probe labeled
human derived neuronal cell networks. The aspect of functionality
is extremely important to consider when utilizing neural cells and
aiming toward applications such as in vitro models, neurotoxicity
studies or graft development. Thus, it is of high importance to note
that labeling living cells with studied probes did not affect the for-
mation of functional neural networks from hESC-derived neurons
described earlier (Heikkild et al., 2009). In functional neural tis-
sue the signal is transmitted along cells via action potentials, and
between cells via synaptic connections. MEAs can be used to make
recordings of the action potentials in the network scale (Whitson
et al., 2006). Subsequent network scale recordings allow the study
of development of signal transmission in neural cultures (Wagenaar

et al.,, 2006). Thus, the network activity measured by MEA can
be argued to demonstrate that separately CT and DiD labeled co-
cultured neural cells are able fire action potentials and are able to
form a functional network. However, the MEA methodology does
not enable the direct study of synapses or detailed electrophysio-
logical features of single cells (Whitson et al., 2006). Hence, nothing
can be concluded about the formation of synapses between the two
differently labeled cell populations or about subtle effects of these
dyes on the electrophysiological properties of single cells. These
aspects could be studied in the future by utilizing patch clamp
or calcium imaging methods, and immunocytochemical staining
against synaptic structures.

Here, we have shown that human pluripotent stem cell-derived
neuronal cells can be labeled with two fluorescent probes, CT and
DiD, without affecting the cells’ viability (and with CT, prolifera-
tion), and most importantly their electrical functionality at network
level. This study clearly shows, that live-labeling is possible and can
be potentially helpful in many important applicative fields such as
neuronal network formation studies for building e.g. neurotoxic-
ity testing platforms or actual graft development. Presumably this
method can also be used when studying these cells in biomaterials,
however, the reactivity of CT chloromethyl moieties with protein
thiols should be taken into account when staining cell cultures in
biomaterials containing thiol groups.
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Abstract

The future of tissue engineering applications for neuronal cells will require a supportive 3D matrix. This
particular matrix should be soft, elastic and supportive for cell growth. In this study, we characterized
the suitability of a 3D synthetic hydrogel matrix, PuraMatrix , as a growth platform for human embryonic
stem cell (hESC)-derived neural cells. The viability of the cells grown on top of, inside and under the hydro-
gel was monitored. The maturation and electrical activity of the neuronal networks inside the hydrogel
were further characterized. We showed that cells stayed viable on the top of the PuraMatrix surface
and growth of the neural cells and neural processes was good. Further, hESC-derived neurons, astrocytes
and oligodendrocytes all grew, matured and migrated when cultured inside the hydrogel. Importantly,
neuronal cells were able to form electrically active connections that were verified using microelectrode
array. Thus, PuraMatrix is a good supportive growth matrix for human neural cells and may serve as a

matrix for neuronal scaffolds in neural tissue engineering. Copyright © 2012 John Wiley & Sons, Ltd.
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1. Introduction

Currently, there is much hope in the field of cell therapy for
central nervous system (CNS) deficits. Specifically, stem cells
are seen as a potential source for new regenerative therapies.
Human embryonic stem cells (hESC) are considered to
have significant potential in transplantation therapies; they
have been successfully differentiated into neuronal cells,
astrocytes and oligodendrocytes (Lappalainen et al., 2010;
Sundberg et al., 2010). In addition to transplantation
therapies, these cells can be used for in vitro toxicity and
drug testing as well as developmental studies (Johnstone
et al., 2010; Yla-Outinen et al., 2010a, b; Zeng et al.,
2006). Another potential cell source for neural applica-
tions are human induced pluripotent stem (hiPS) cells.
These cells are pluripotent (similar to hESCs) and are
derived/created directly from the patient’s own somatic
cells (Hu et al., 2010; Takahashi et al., 2007). hiPS cells
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are seen as a potential for patient specific drug screening
platforms as well as for future treatments (Hu et al., 2010).
These cells have been successfully differentiated into
neuronal cells that can form spontaneously active neuronal
networks and thus resemble their hESC-derived counterparts
(Hu et al., 2010; Adnismaa et al., 2011). As a result, neural
cells in vitro should be studied in more tissue-like environ-
ments (such as in 3D) to mimic native cell behaviour as much
as possible.

In vivo experiments have shown that cell transplanta-
tions alone are insufficient to support regeneration
in the host tissue. After transplantation, the viability of
the cells is often poor (Hicks et al., 2009; Oizumi et al.,
2008). Typically after severe CNS trauma, the cavity at
the injury site does not support the viability of trans-
planted cells and is slowly filled with glial scar preventing
regeneration of the functional tissue (Hejcl et al., 2008;
Nisbet et al., 2008; Zhong and Bellamkonda, 2008).
Therefore, the presence of a structural support preventing
scar formation on the injury site is important and has been
shown to be achievable with biomaterials (Hejcl et al.,
2008; Nisbet et al., 2008). In addition, in cases of allogen-
ous cell grafts, the transplantation is associated with graft



rejection, which is currently counteracted with high doses
of immunosuppressive medications that can cause harmful
side-effects (Li and Zhong, 2009). Thus, more sophisti-
cated tissue-engineering designs combining both cells
and supportive biomaterial scaffold could offer solutions
to overcome most of the challenges seen in current cell
transplantation methods.

Biomaterials for neural tissue engineering should be
non-toxic, three dimensional, support the growth of the
desired cell type and allow nutrition flux (Holmes et al.,
2000; Thonhoff et al., 2008). Materials should also allow
cell migration and interaction with the host tissue.
Material scaffolds could also be engineered to release
cell supportive substances such as growth factors or allow
the local release of immunosuppressant (Lindvall and
Kokaia, 2010; Zhong and Bellamkonda, 2008) Hydrogels
are potential materials for CNS deficits because they are
highly porous, can form 3D structures in vitro and/or
in vivo and can fill the cavity and thus prevent the
formation of glial scars (Hejcl et al., 2008). Only a few
3D hydrogels have been studied in combination with neuro-
nal cells: Matrigel (Thonhoff et al., 2008), PuraMatrix
(PM) (Gelain et al., 2006; Thonhoff et al., 2008), hyaluronic
acid (Brannvall et al., 2007), polyethylene glygolide)
derivatives (Freudenberg et al., 2009) and chitosan (Leipzig
et al., 2010). Although these materials have been shown to
support growth of neuronal cells, not all are suitable for
clinical use such as Matrigel which is of mouse origin and
not is a defined natural product.

As for hyaluronic acid and chitosan, they have only been
tested with animal-derived neural cells and not with hu-
man neural cells (Brédnnvall et al., 2007; Leipzig et al.,
2010). PM and Matrigel, on the other hand, have been
shown to be biocompatible with human fetal stem cell-
derived neuronal cells (Thonhoff et al., 2008). PM is a
synthetic peptide nanofibrous hydrogel whose composi-
tion is fully known and controlled (Zhang et al., 2005). It
consists of peptide sequence RADA16 and its modification
with functional groups has been studied (Zhang, 2002).
Nevertheless, whether PM actually supports long-term
survival of encapsulated human neuronal cells and
whether those cells are able to maturate into functional
neurons has not been addressed. The aim of the current
study was to determine whether hESC-derived neurons,
astrocytes and oligodendrocytes could survive on top,
encapsulated in, or under PM for prolonged periods. We
also examined whether these cells could maturate into
spontaneously active neurons/neuronal networks inside
the 3D structure. Results showed adequate cell survival
and functionality using PM hydrogel.

2. Materials and methods
2.1. hESC and neural differentiation

Two hESC lines derived at the Regea-Institute for
Regenerative Medicine, Regea 06/040 and Regea 08/023,

Copyright © 2012 John Wiley & Sons, Ltd.
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were used in this study. Regea, current IBT, has ethical
approval by the Pirkanmaa Hospital District to derivate,
culture and differentiate hESCs (Skottman, R05116) and
permission was obtained from the National Authority for
Medicolegal Affairs (Valvira, 1426,/32/300/05) to conduct
human stem cell research.

hESCs grown as colonies were mechanically cut into
smaller pieces and placed into suspension culture in differ-
entiation media, and neuronal and astrocytic differentia-
tion was performed as described previously (Lappalainen
et al., 2010). Neural differentiation medium (NMD) was
used containing 1:1 DMEMedium/F12 (Gibco®, Invitrogen,
Finland) and neurobasal medium supplemented with 2 mM
GlutaMax ", 1 x B27,1 x N2 (all from Gibco), 20 ng/ml fibro-
blast growth factor (bFGF, R&D Systems, Minneapolis, MN,
USA) and 25 U/ml penicillin/streptomycin (Cambrex,
Belgium). The small cell aggregates formed neurospheres
in suspension culture as previously described (Lappalainen
et al., 2010). The medium was changed three times per
week and the spheres were mechanically dissected once a
week. Neurospheres were cultured for eight weeks to gain
pure neuronal population and for 20 weeks to gain astro-
cytic population. During these differentiation periods,
cell populations differentiated into neuronal or astrocytic
lineages (Lappalainen et al., 2010; Sundberg et al., 2009).
Moreover, additional hESC colony pieces were cultured
as suspension culture in oligodendrocyte precursor cell
(OPQ) differentiation medium (OPCDM). The OPC differ-
entiation procedure has been described (Sundberg et al.,
2010). Briefly, OPC differentiation was initiated in suspen-
sion culture in N2 medium [DMEM/F-12 medium with
1 x N2, 2mM GlutaMax, 0.6% glucose, 5mM HEPES,
2 pg/ml heparin (all from Sigma-Aldrich)] as well as 25
U/ml penicillin and streptomycin] supplemented with
10ng/ml human ciliary neurotrophic factor (CNTF),
20ng/ml human epithelial growth factor (EGF) and
20ng/ml bFGF (R&D Systems Europe) for four weeks.
Next, for the following three weeks, cells were cultured in
N2 medium containing 10ng/ml CNTF, 20ng/ml EGF,
10ng/ml bFGF, 100ng/ml insulin-like growth factor-1
(Sigma-Aldrich), 20 ng/ml platelet-derived growth factor-
AA (Peprotech Inc.) and 1 pg/ml laminin (Sigma-Aldrich).
Then, cells were encapsulated to the PM scaffold and
finally, OPCDM [N2 medium supplemented with 200 uM
L-ascorbic acid 2-phosphate (Sigma-Aldrich), 10 ng/ml
CNTF and 40ng/ml 3,3’,5-triiodo-L-thyronine (Sigma-
Aldrich)] was used as the culture medium for OPCs.

2.2. Preparation of the hydrogels and cell
culture setups

Synthetic self-assembled PM (BD Bioscience, Sparks, MD,
USA) was used as hydrogel scaffold. The hydrogel was
used in concentrations of 0.05%. 0.10% 0.15% and
0.25%. Cells were seeded either 1) on top of the gelled
material, 2) encapsulated into the hydrogel or 3) under
the hydrogel (hydrogel added on top of the cells first
grown on top of the laminin for one week). Results from
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the 3D cultures were compared to 2D control in which
cells were cultured on the laminin (10 pug/ml, Sigma-
Aldrich) surface, a standard culture matrix (Lappalainen
et al., 2010). A non-coated cell culture polystyrene (CCPS)
was used as a negative control. After differentiation
periods, cells were either dissociated into single cell
suspension with Trypsin (Sigma-Aldrich) or mechanically
cut into smaller cell aggregates () ~ 100 um). For single
cell suspension, 1 x Trypsin was added on top of the
neurospheres and incubated for 5 min. Trypsin was inacti-
vated with 5% human serum (Sigma-Aldrich) and the
single cell suspension was washed with NDM or OPCDM.
Cell aggregates were cut with a scalpel and placed in
NDM or OPCDM.

2.2.1. Preparation of the hydrogel surfaces

The PM was gelated according to manufacturer instruc-
tions. Briefly, the stock solutions were diluted into con-
centrations of 0.05%, 0.10%, 0.15% or 0.25% with sterile
water and added to the cell culture wells (140 pl/CmZ).
Cell culture medium was gently added on top and the
solution was left to form a gel at 37 °C for 30 min. During
that period, cell culture medium was changed three times.
After gelation, the single cell suspension and cell aggre-
gates were plated onto hydrogel surfaces for 2D culture
on top of the hydrogel.

2.2.2. Preparation of encapsulated cells

For encapsulation, cells were mixed with PM resulting in a
final cell density of 1 x 10° cells in 1 ml 0.10% hydrogel.
First, the cells were mixed with 10% sucrose. This solution
was mixed in 1:1 ratio with PM that was first diluted to
0.20% solution in 20% sucrose. Then, the cell culture
medium was pipetted on top of the cell/PM solution to
initiate the gelation process. The spontaneously formed gels
had non-uniform layer height ranging from 500 pm (centre
of the well) to 1000 um (edges of the well).

2.2.3. Preparation of cells embedded
with hydrogel

First, cells were plated onto a 10pug/ml laminin-coated
CCPS in small cell aggregates and cultured in NDM for
three days. During that time, neuronal outgrowth was
prominent. The hydrogel solution was prepared as above
in sterile water before adding it on top of the cells. Gelation
was initiated by gently adding NDM. In addition, cells were
seeded onto laminin- (10 pg/ml) coated CCPS wells, which
served as a positive growth matrix control. Cells seeded on
non-treated wells were used as a negative growth matrix
control. Cells were cultured as described for four weeks.

2.3. Time-lapse monitoring
For time-lapse imaging, the well-plate was transferred
into a Cell-IQ® imaging system (Chip-man Technologies

Ltd., Tampere, Finland), which allowed for continuous

Copyright © 2012 John Wiley & Sons, Ltd.

monitoring of selected cells as described previously
(Narkilahti et al., 2007). The sealed culture well-plate
was placed in a chamber (36.5°C) with 5% CO, and
imaged continuously except during medium changing
periods (< 15min, three times/week). Cells grown on
top of, in, or under the hydrogel were monitored for up
to two weeks using this system.

2.4. Cytotoxicity analysis

After seven days of culture, the cells on the top or under
the hydrogels and the 2D controls were stained using the
LIVE/DEAD® Viability/Cytotoxicity Kit for mammalian
cells (Molecular Probes/Invitrogen, Finland). Briefly,
the kit stained live cells with green fluorescence dye
calcein-AM (emission at 488 nm) and dead cells with red
fluorescence dye ethidium homodimer-1 (emission at
568 nm). Cells were incubated with calcein-AM (0.1 uM)
and ethidium homodimer-1 (0.5 uM) for 30 min and imme-
diately imaged with an Olympus IX51 inverted microscope
and an Olympus DB71 digital camera (Olympus, Finland).

2.5. Immunostaining

For immunocytochemistry, cells were fixed with 4%
paraformaldehyde (Fluka, Italy) after four weeks of
culture and stained with neural markers. Briefly, unspecific
staining was blocked with 10% normal donkey serum
(NDS), 0.1% Triton-X 100 and 1% bovine serum albumin
(BSA) (all from Sigma-Aldrich) for 45 min at room temper-
ature. Cells were then washed once with 1% NDS, 0.1%
Triton-X and 1% BSA. Thereafter, the following primary
antibodies were incubated with cells at 4°C overnight:
rabbit anti-microtubule associated protein MAP-2 1:800
(Chemicon International, Millipore, Massachusetts, MA,
USA); mouse anti-neurofilament 200 kD (Sigma-Aldrich);
monoclonal mouse anti-B-tubulin isotype III (B-tub,
1:1250 Sigma-Aldrich) or sheep anti-human glial fibrillary
acidic protein antibody (GFAP, 1:800 R&D systems);
chondroitin sulfate proteoglycan (NG-2, 1:200, Chemicon,
protocol without Triton-X); and galactocerebrocide (GalC,
1:400 Chemicon, protocol without Triton-X) in 1% NDS,
0.1% Triton-X and 1% BSA. The following day, cells were
washed three times with 1% BSA and the following
secondary antibodies were added for 1 h at room tempera-
ture: Alexa Fluor® 488 (Invitrogen) conjugated to anti-
rabbit, anti-mouse or anti-sheep (1:400, Molecular Probes)
in 1% BSA. Finally, cells were washed three times with
PBS and twice with phosphate buffer and mounted with
VECTASHIELD® containing 4’,6-diamidino-2-phenylindole
(DAPI, Vector Laboratories, England).

2.6. Confocal imaging

The encapsulated cells were cultured four weeks prior to
confocal imaging. Confocal images were taken with an
LSM 700 confocal microscope (Carl Zeiss, Jena, Germany)
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using a 40x air objective. Stack images were taken in 1 um
range for a total 70 um thickness. The visualization of
confocal data was performed with a Zen2009 (Carl Zeiss)
or BiolmageXD (www.bioimagexd.net).

2.7. Electrophysiological measurements

In addition, differentiated neuronal cells encapsulated into
the hydrogel matrix were plated onto microelectrode array
(MEA) plates (Multi Channel Systems, MCS, Reutlingen,
Germany). Extracellular field potentials from electrically
active neural cells can be measured with MEA. MEA is
non-invasive and suitable for prolonged and continuous
measurements, and allows measurements at neuronal
network level. Thus, MEAs provide activity information of
the neural cell population both in spatial and temporal
levels (Potter and DeMarse, 2001; Wagenaar et al., 2006).

Each standard MEA plate contained 59 titanium
nitride measurement electrodes (30-pm diameter, 200-pm
inter-electrode distance). For liquid container and cell
seeding areas, electrode areas were separated with in-house
polydimethylsiloxane (PDMS) structures designed and man-
ufactured by J. Kreutzer and P. Kallio, Tampere University
of Technology, Department of Automation Science and
Engineering, Finland. Control MEA plates were coated with
a two-step coating procedure: overnight incubation with

0.05 %
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polyethyleneimine (PEI, Sigma-Aldrich, 0.05% w/v,
incubation 4°C) followed by washing with sterile water,
and overnight incubation with mouse laminin (Sigma-
Aldrich, 20 png/ml, incubation 4°C). Thereafter, neuronal
cells were plated as aggregates onto laminin-coated MEA
plates for 2D standard control. The cell culture medium
was changed three times/week and MEAs were measured
with a MEA1060-Inv-BC amplifier (MCS). To keep the tem-
perature at 37°C during measurements, a TCO2 temperature
controller (MCS) was integrated into the system. Data were
recorded with MC_Rack software (MCS). Continuous
extracellular field potential data were collected at a 20 kHz
sampling rate and post-acquisition filtered with a 200 Hz
high-pass filter. MEA data showed electrical activity of
neuronal cells at the network level as well as spatially.
Spatio-temporal field potential data were post-recording pro-
cessed with MC Datatool (MCS) and MATLAB (MathWorks,
Natick, MA, USA).

2.8. Statistical analysis

For statistical analysis, cells were calculated from at
least three parallel samples with at least five images/
sample, and at least 50 cells were counted/figure,
except for the non-coated CCPS where the cell amount
was extremely small. Data were analysed with SPSS 19

0.10 %

0.25 %
/GFAP/DAPT

non-coated surface

Figure 1. Effect of hydrogel concentrations on cell viability and differentiation. Neuronal cells cultured on top of the PuraMatrix"~
-hydrogel at concentrations 0.05% (A-B), 0.10% (C-D), 0.15% (E-F) and 0.25% (G-H). Cells cultured on top of laminin coating (I-J)
and non-coated cell culture plastic (K-L) were used as reference. In each condition, LIVE/DEAD-analysis (A,C,E,G,I,K) and immunos-
taining (B,D,F,H,J,L) were performed. Immunostaining: MAP-2 = green, GFAP = red, and DAPI = blue. The scalebar is 100 pm
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software (SPSS Inc., Chicago, USA) using the Kruskal-
Wallis non-parametric test followed by post-hoc comparison
by Mann-Whitney U-test. A p-value (corrected with alpha
spending function) of < 0.05 was considered significant.

3. Results

3.1. Cells cultured in different
hydrogel concentrations

To optimize the hydrogel concentration to support
the hESC-derived neuronal and astroglial cells, four
different hydrogel concentrations were used: 0.05%,
0.10%, 0.15% and 0.25% (Figures 1A-B, C-D, E-F and
G-H, respectively). Moreover, cells were cultured on a lami-
nin surface (Figure 11, J) and non-coated CCPS (Figures 1K,
L). Cells were cultured for two weeks on the top of the
hydrogel and then either stained with LIVE/DEAD kit or
immunostained against MAP-2 and GFAP. Viability of the
cells was good on the top of the hydrogel (Figures 1A, C,
E, G,) compared to the laminin surface (Figure 1I). On
the non-coated CCPS, the cells did not attach and thus
there were only few dead cells left (Figure 1K). Statistical
analysis showed significant differences in cell survival
between non-coated CCPS and all other conditions (gels
in densities of 0.05%, 0.10%, 0.15% or 0.25%, or 2D lami-
nin surface) (Figure 2A). Cell survival was, however,
equally good in all conditions when compared to the 2D
laminin control (Figure 2A). According to Figures 1G and
H, it can be observed that the 0.25% density did not
support neural migration as prominently as the lower
concentrations. The best outgrowth was observed on
0.10% hydrogel (Figures 1C, D).

For more detailed characterization, cells were seeded on
top of the gels at the same densities and were allowed to
grow and differentiate for two weeks. Thereafter, cells were
stained against MAP-2 for neuronal cells and GFAP for glial
cells, and percentages of neurons vs. glial cells in the gels
were calculated. The best neuronal cell ratio and cell
survival was found in the 0.10% gel structure (Figure 2B).
In addition, 0.05% and 0.10 % gels supported neuronal cell
maturation significantly better than astrocytic maturation
(Figure 2C). Based on these results, 0.10% PM was chosen
for the next experiments.

3.2. Viability of cells under the hydrogel

The viability of the neuronal cells under the hydrogel
was evaluated by LIVE/DEAD assay. Cells were plated
on laminin-coated cell culture wells and cultured for one
week, during which time the cells were viable and neuro-
nal outgrowth was prominent in all the wells. Next, the
0.10% PM hydrogel was added on top of the cells and cells
were stained after one week. According to cell viability
analysis, cell survival was poorer under the hydrogel
(Figure 3A) compared to the 2D culture control on

Copyright © 2012 John Wiley & Sons, Ltd.
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Figure 2. Viability and phenotype of the cells inside the
PuraMatrix hydrogel and control conditions. LIVE/DEAD analy-
sis shows the proportions of the viable cells from each popula-
tion (A). Significant difference was detected between negative
control (un-treated polystyrene surface) and other conditions
(different gel concentrations and laminin treated surface).
Total amount of attached cells and percentages of different
neural cell types are illustrated according to gel concentration
(0.25%, 0.15%, 0.10% and 0.05%) or control conditions
(non-coated well-plate surface and laminin-treated surface)
(B). Percentages of different cell types in correlation to cell
density (C). Significant differences detected between MAP-2
positive cells and GFAP and non-neural cell types in densities
0.10% and 0.05 %. Bars are average values and error bars
represent standard deviation for all illustrations. Significance:
***: p<0.05

laminin (Figure 3B). However, the neuronal neurites did
not withdraw under the gel compared to those without
gel (Figure 3C vs. D). Moreover, live cells spread from
the cell aggregates and grew long neurites under
the hydrogel.
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Figure 3. Cell survival under the hydrogel and maturation inside the hydrogel. Cells that were cultured first on the top of laminin
(1week), then covered by PuraMatrix after 7 days (C) and stained with LIVE/DEAD assay (A). Laminin cultured cells as a control
in Live/Dead analysis (B) and after 2 weeks of culture (D). Network formation and morphology of the 4-week cultured cells inside
the hydrogel (E) and on top of the laminin coating (F). Layer-by-layer reconstruction from MAP-2 positive cells shows cells growing
in different z-levels (G) inside the gel. Confocal imaging analysis by orthogonal sectioning from 4-week cultured neuronal cells (H).
Confocal image: stack with 1 pm intervals, total of 70 pm thickness of hydrogel scaffold structure. Scalebars = 100 pm

3.3. 3D growth and maturation of encapsulated cells

In 3D culture, cells were fully surrounded by hydrogel mate-
rial, thus providing a more in vivo-like environment for the
cells. This affected the migration of the cells as well as the
probability for cell-cell interactions and therefore the neuro-
nal network forming capacity. We evaluated the maturation
of the cells inside the hydrogel with fluorescence and
confocal microscopy. The neurons seemed to have more
in vivo-like phenotype, including more branched and
thicker dendritic processes inside the hydrogel (Figure 3E)
compared to laminin surface-grown cells (Figure 3F). Cells
were spread over the entire hydrogel. Figure 3G shows
layer-by-layer reconstruction of stack images that illustrate
the cells in various z-levels. Moreover, rendered confocal
z-stack images in orthogonal sections (Figure 3H) show that
during prolonged culture time in 3D, the neuronal somas
translocated close to the surface of the PM scaffold, while
an intensive MAP-2 positive neuronal process network was
visible over the entire hydrogel structure.

3.4. Suitability of the hydrogel matrix for glial
cell types

The different glial cell types of hESC-origin as well as
astrocytes and oligodendrocytes were cultured inside the

Copyright © 2012 John Wiley & Sons, Ltd.

PM hydrogel. Even though there was significant cell death
observed in the long-term 3D cultures (total of four
weeks), both cell types remained alive inside the hydrogel
(Figures 4 A, B). More detailed phenotypical analysis of
astroglial and oligodendrocyte precursor markers showed
that cells kept their phenotype in gel (Figures 4C, D).

3.5. Neuronal network-forming capability inside
the 3D hydrogel

We evaluated the neuronal network-forming capability
inside the PM gel on the MEA platform. The action potentials
of the cells were detected with 59 small electrodes on the
bottom of the cell culture dish (Figure 5A). The neurons
inside the gel were able to form active spontaneously firing
networks (Figure 5B) similarly to 2D cultures (Figure 5C).
The forming of spontaneous network activity inside the gel
took ~ 4weeks to develop into spike train-like activity
whereas in the control, this activity level was achieved in
two weeks. None of the cultures monitored, however, devel-
oped into synchronous busting level activity, considered as
the final maturation stage of in vitro cultured neuronal
networks. Both cultures showed training-like electrical
activity (Heikkila et al., 2009) after four weeks culture in
MEA plates (Figures 5B, C).
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B cligodendrocyte precursors

Figure 4. Glial cell culture inside the hydrogel. Astrocytes (A) and oligodendrocyte precursor cells (B) cultured inside the PuraMa-
trix " -hydrogel. Both cell types retain their typical morphology (enlarged images) in the hydrogel. (C) Immunocytochemical charac-
terization of astroglial cells with MAP-2 (for neuronal cells) and GFAP (for astrocytic cells) inside the gel. (D) Immunocytochemical
characterization of oligodendroglial cells with NG-2 and GalC inside the gel. Scalebars for background images are 100 pm
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Figure 5. Microelectrode array dish (A). Microelectrode array dish is a cell culture well containing substrate-embedded tiny electro-
des on the bottom. Cells encapsulated to hydrogel were added on top of the electrodes and cultured for several weeks. Array wide
raster plot is shown from the cells inside the gel (B) and from the laminin surface cultured cells (C). In raster plot, each recorded
channel is represented in y-axis and time (300s) in x-axis. Each raster shows the detected spike. Both networks in raster plots (B,
C) show typical training-like activity in several channels

resemble their in vivo counterparts. Moreover, 3D
cultured neurons were able to form spontaneously
functional networks inside the 3D matrix.

4. Discussion

In this study, we showed for the first time the functional-
ity of human-derived neuronal cells in a 3D in vitro envi-
ronment. We evaluated the viability, growth, maturation
and electrical activity of clinically relevant human neural
cell types in prolonged 3D cultures. We showed that neu-
ral cells, i.e. neurons, astrocytes and oligodendrocytes,
were viable under the PM hydrogel. In a 3D environment,
neuronal cells developed more branched neurite struc-
tures compared to 2D culture and thus appeared to better

Copyright © 2012 John Wiley & Sons, Ltd.

Recently, 3D cultures have been developed for in vitro
models and for studies related to transplantation
therapies. Interconnected neuronal networks in 3D better
mimic the in vivo environment compared to 2D cultures
(Pautot et al., 2008). Thus, they can be used in develop-
mental brain research, in the development of tissue-based
biosensors, or neurotoxicological and pharmacological
in vitro models (Preynat-Seauve et al., 2009; Xu et al.,
2009). The brain is composed mainly of relatively soft
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tissue with elastic modulus of ~ 500 Pascal (PA) (Lu et al.,
2006); it has already been shown that a 3D matrix should
have similar characteristics for supporting neural growth
and differentiation (Saha et al., 2008; Teixeira et al.,
2009). Furthermore, hydrogels offer good options for
reconstructing 3D environments suitable for neuronal
cells (Bréannvall et al., 2007; Gelain et al., 2006) and it
has been shown that animal-derived neuronal cells
remain viable, grow and mature in a 3D hydrogel environ-
ment (Brénnvall et al., 2007; Freudenberg et al., 2009;
Leipzig et al., 2010). We tested PM in concentration ratios
from 0.05% to 0.25% to determine the optimal 3D culture
parameters. It has been shown that 0.25% PM supports
neuronal differentiation of human fetal stem cells
(Thonhoff et al., 2008) whereas for hESC-derived neuro-
nal cells, the optimal concentration seems to be to 0.10%
according to our results. This concentration relates
approximately to the elastic modulus of 1200 Pa accord-
ing to earlier studies (Leon et al., 1998; Yamaoka et al.,
2006). However we were unable to obtain a better culture
in a 3D environment similar to that for 2D, as suggested in
a recent study using the same materials and immortalized
human fetal stem cells (Ortinau et al., 2011). This might
be explained by the much longer follow-up period in our
study and also by the composition of the cell population,
which in our case, contained mainly neurons vs. glial
cells, which is contradictory to a study by Ortinau and
colleagues (2011).

Previous studies have shown that neural 3D cultures
using hydrogels were prepared by growing cells under,
inside, or on top of the hydrogel (Gelain et al., 2006;
Thonhoff et al., 2008). In the current study, we showed that
hESC-derived neuronal cells not only can be grown but
were viable under, inside, and on top of a 0.10% PM hydro-
gel. In contrast to a recent study (Ortinau et al., 2011), we
did not observe any benefits to functionalization of the
hydrogel with laminin (data not shown). This is similar to
the lack of benefits of functionalization of polylactide
meshes for hESC-derived neuronal cultures (Yla-Outinen
et al. 2010b). This suggests that a thin nanoscale mesh-like
structure is sufficient to support growth and maturation of
hESC-derived neuronal cells. Culturing cells encapsulated
inside hydrogel is important when designing products for
transplantation since the graft should be injectable to
enable simple surgical procedures to the CNS tissue (Zhong
and Bellamkonda, 2008). The 0.10% PM in the current
study also supported growth of encapsulated glial cells
(astrocytes and oligodendrocytes), which is beneficial for
developing multiple cell type 3D in vitro models or cell
grafts (Park et al., 2009; Taylor et al., 2005).

There have been few studies comparing the differences
between 2D and 3D cultures in genotype (Li et al., 2007)
and morphological and phenotypical levels (Crompton
et al., 2007; Ortinau et al., 2011; Thonhoff et al., 2008),
and very few describing the functional properties of 3D
cultured neurons (Mahoney and Anseth, 2006; Xu et al.,
2009). Unfortunately, it is difficult to estimate differences
between 2D and 3D cultures when the control 2D cells
have been cultured in plain polystyrene and not on

Copyright © 2012 John Wiley & Sons, Ltd.
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laminin or other coated surfaces that favour neuronal
attachment and growth. In addition, 3D culture times
have been relative short, which does not favour neuronal
maturation (Ortinau et al., 2011); thus, longer follow-up
periods are clearly needed (Pautot et al., 2008). In our
study, we followed the formation of neuronal networks
inside the PM gel for up to four weeks. Importantly, the
neurons remained alive and were able to form networks
that were spontaneously active inside the gel, as described
in 2D (Heikkila et al., 2009). Confocal imaging revealed
that neurons did re-organize themselves during the four
weeks as the somas aligned near the upper surface close
to the medium, whereas neurites formed intensive net-
works inside the gel. Moreover, most of the encapsulated
cells differentiated into neurons. This further suggests
that hESC-derived neuronal cells grown in 3D PM could
be a suitable source for transplantation, which could
result in reconstruction of lost neuronal circuits.

Development of an optimal and as close to a tissue-like
environment as possible for neuronal cell regeneration
therapies is highly needed. Matrigel, used in some studies,
consists of the basal membrane proteins of mouse cells
(Uemura et al., 2010). It contains a variety of extracellular
proteins and thus supports the growth of many cell types,
including neuronal cells (Thonhoff et al., 2008). It is,
however, of animal origin and its composition is not -
defined and thus not appropriate for transplantation
therapies in humans. PM, on the other hand, has a poten-
tial to be used for clinical applications since there are Good
Manufacturing Practice (GMP) level products available
(www.puramatrix.com). Neuronal cells have also been
cultured with other 3D hydrogels such as hyaluronic acid
(Brannvall et al., 2007) and chitosan (Leipzig et al.,
2010). The suitability of those hydrogels as matrixes for
clinically relevant human neural cells has not been
studied. In addition to our study, two papers (Ortinau
et al., 2011; Thonhoff et al., 2008) have described the
suitability of PM as a growth matrix for human-derived
neural cells, suggesting that this material should be
further studied. There still remains challenges related to
the combination of material and cells such as drastic pH
changes during gelation and developing this process into
injectable GMP-level form.

In conclusion, the cell-biomaterial matrix created in this
study can be used for drug screening purposes, toxicological
studies on non-invasive repetitive functionality analysis of
3D cultured cells, as well as for providing new information
for tissue engineering and stem cell research.

Acknowledgements

This study was financially supported by the Academy of Finland
(Grant 123233), the Competitive Research Funding of the Tampere
University Hospital, the Finnish Cultural Foundation/ Pirkanmaa
Regional Fund and the Finnish Funding Agency for Technology
and Innovation (StemInClin-project). The MEA system was founded
by BioNext Tampere. Authors wish to thank personnel at IBT for their
support in stem cell research and particularly, Riikka Ainismaa, PhD
and Maria Sundberg, PhD are acknowledged.

J Tissue Eng Regen Med 2012.
DOI: 10.1002/term



3D culturing matrix for human neuronal cells

References

Aénismaa R, Yl4-Outinen L, Mikkonen JE et al.
2011; Human pluripotent stem cell-derived
neuronal networks: their electrical functional-
ity and usability for modelling and toxicology.
In Methodological Advances in the Culture,
Manipulation and Utilization of Embryonic
Stem Cells for Basic and Practical Applications,
Prof. Craig Atwood (ed). InTech. Available
from: http://www.intechopen.com/books/
methodological-advances-in-the-culturema
nipulation-and-utilization-of-embryonic-
stem-cells-for-basic-and-practical-applications/
human-pluripotent-stem-cell-derived-
neuronal-networks-their-electrical-
functionality-and-usability-f

Brannvall K, Bergman K, Wallenquist U et al.
2007; Enhanced neuronal differentiation in
a three-dimensional collagen-hyaluronan
matrix. J Neurosci Res 85: 2138-2146.

Crompton KE, Goud JD, Bellamkonda RV et al.
2007; Polylysine-functionalised thermore-
sponsive chitosan hydrogel for neural tissue
engineering. Biomaterials 28: 441-449.

Freudenberg U, Hermann A, Welzel PB et al.
2009; A star-PEG-heparin hydrogel plat-
form to aid cell replacement therapies for
neurodegenerative diseases. Biomaterials
30: 5049-5060.

Gelain F, Bottai D, Vescovi A et al. 2006;
Designer self-assembling peptide nanofiber
scaffolds for adult mouse neural stem cell
3-dimensional cultures. PLoS One 1: e119.

Heikkila TJ, Ylad-Outinen L, Tanskanen JM
et al. 2009; Human embryonic stem cell-
derived neuronal cells form spontaneously
active neuronal networks in vitro. Exp
Neurol 218: 109-116.

Hejcl A, Lesny P, Pradny M et al. 2008; Bio-
compatible hydrogels in spinal cord injury
repair. Physiol Res 57(Suppl 3): $121-132.

Hicks AU, Lappalainen RS, Narkilahti S et al.
2009; Transplantation of human embryonic
stem cell-derived neural precursor cells and
enriched environment after cortical stroke in
rats: cell survival and functional recovery. Eur
J Neurosci 29: 562-574.

Holmes TC, de Lacalle S, Su X et al. 2000;
Extensive neurite outgrowth and active
synapse formation on self-assembling pep-
tide scaffolds. Proc Natl Acad Sci U S A 97:
6728-6733.

Hu BY, Weick JP, Yu J et al. 2010; Neural dif-
ferentiation of human induced pluripotent
stem cells follows developmental princi-
ples but with variable potency. Proc Natl
Acad Sci U S A 107: 4335-4340.

Johnstone AF, Gross GW, Weiss DG et al.
2010; Microelectrode arrays: a physiologi-
cally based neurotoxicity testing platform
for the 21st century. Neurotoxicology 31:
331-350.

Lappalainen RS, Salomaki M, Yla-Outinen L
et al. 2010; Similarly derived and cultured
hESC lines show variation in their develop-
mental potential towards neuronal cells in
long-term culture. Regen Med 5: 749-762.

Leipzig ND, Wylie RG, Kim H et al. 2010;
Differentiation of neural stem cells in

Copyright © 2012 John Wiley & Sons, Ltd.

three-dimensional growth factor-immobilized
chitosan hydrogel scaffolds. Biomaterials 32:
57-64.

Leon EJ, Verma N, Zhang S et al. 1998;
Mechanical properties of a self-assembling
oligopeptide matrix. J Biomater Sci Polym
Ed 9: 297-312.

Li GN, Livi LL, Gourd CM et al. 2007;
Genomic and morphological changes of
neuroblastoma cells in response to three-
dimensional matrices. Tissue Eng 13:
1035-1047.

Li SC, Zhong JF. 2009; Twisting immune
responses for allogeneic stem cell therapy.
World J Stem Cells 1: 30-35.

Lindvall O, Kokaia Z. 2010; Stem cells in
human neurodegenerative disorders--time
for clinical translation? J Clin Invest 120:
29-40.

Lu YB, Franze K, Seifert G, Steinhauser C
et al. 2006; Viscoelastic properties of
individual glial cells and neurons in the
CNS. Proc Natl Acad Sci U S A 103:
17759-17764.

Mahoney MJ, Anseth KS. 2006; Three-
dimensional growth and function of neural
tissue in degradable polyethylene glycol
hydrogels. Biomaterials 27: 2265-2274.

Narkilahti S, Rajala K, Pihlajamaki H et al.
2007; Monitoring and analysis of dynamic
growth of human embryonic stem cells:
comparison of automated instrumentation
and conventional culturing methods.
Biomed Eng Online 6: 11.

Nisbet DR, Crompton KE, Horne MK et al.
2008; Neural tissue engineering of the
CNS using hydrogels. J Biomed Mater Res
B Appl Biomater 87: 251-263.

Oizumi H, Hayashita-Kinoh H, Hayakawa H
et al. 2008; Alteration in the differentia-
tion-related molecular expression in the
subventricular zone in a mouse model of
Parkinson’s disease. Neurosci Res 60: 15-21.

Ortinau S, Schmich J, Block S et al. 2011;
Effect of 3D-scaffold formation on differ-
entiation and survival in human neural
progenitor cells. Biomed Eng Online 9: 70.

Park J, Koito H, Li J et al. 2009; Microfluidic
compartmentalized co-culture platform
for CNS axon myelination research.
Biomed Microdevices 11: 1145-1153.

Pautot S, Wyart C, Isacoff EY. 2008; Colloid-
guided assembly of oriented 3D neuronal
networks. Nat Methods 5: 735-740.

Potter SM, DeMarse TB. 2001; A new
approach to neural cell culture for long-term
studies. J Neurosci Methods 110: 17-24.

Preynat-Seauve O, Suter DM, Tirefort D et al.
2009; Development of human nervous
tissue upon differentiation of embryonic
stem cells in three-dimensional culture.
Stem Cells 27: 509-520.

Saha K, Keung AJ, Irwin EF et al. 2008;
Substrate modulus directs neural stem cell
behavior. Biophys J 95: 4426-4438.

Sundberg M, Jansson L, Ketolainen J et al.
2009; CD marker expression profiles of
human embryonic stem cells and their

neural derivatives, determined using
flow-cytometric analysis, reveal a novel
CD marker for exclusion of pluripotent
stem cells. Stem Cell Res 2: 113-124.

Sundberg M, Skottman H, Suuronen R et al.
2010; Production and isolation of NG2+
oligodendrocyte precursors from human
embryonic stem cells in defined serum-
free medium. Stem Cell Res 5: 91-103.

Takahashi K, Tanabe K, Ohnuki M et al. 2007;
Induction of pluripotent stem cells from
adult human fibroblasts by defined factors.
Cell 131: 861-872.

Taylor AM, Blurton-Jones M, Rhee SW et al.
2005; A microfluidic culture platform for
CNS axonal injury, regeneration and
transport. Nat Methods 2: 599-605.

Teixeira Al, Ilkhanizadeh S, Wigenius JA
et al. 2009; The promotion of neuronal
maturation on soft substrates. Biomaterials
30: 4567-4572.

Thonhoff JR, Lou DI, Jordan PM et al. 2008;
Compatibility of human fetal neural stem
cells with hydrogel biomaterials in vitro.
Brain Res 1187: 42-51.

Uemura M, Refaat MM, Shinoyama M et al.
2010; Matrigel supports survival and neu-
ronal differentiation of grafted embryonic
stem cell-derived neural precursor cells.
J Neurosci Res 88: 542-551.

Wagenaar DA, Pine J, Potter SM. 2006;
An extremely rich repertoire of bursting
patterns during the development of cortical
cultures. BMC Neurosci 7: 151-156.

Xu T, Molnar P, Gregory C, Das M et al. 2009;
Electrophysiological characterization of
embryonic hippocampal neurons cultured
in a 3D collagen hydrogel. Biomaterials
30: 4377-4383.

Yamaoka H, Asato H, Ogasawara T, Nishizawa
S et al. 2006; Cartilage tissue engineering
using human auricular chondrocytes em-
bedded in different hydrogel materials.
J Biomed Mater Res A 78: 1-11.

Yla-Outinen L, Heikkild J, Skottman H et al.
2010a; Human cell-based micro electrode
array platform for studying neurotoxicity.
Front Neuroeng 3: 1-9.

Yla-Outinen L, Mariani C, Skottman H et al.
2010b;  Electrospun  poly(L,D-lactide)
scaffolds support the growth of human
embryonic stem cell-derived neuronal
cells. Open Tissue Eng Regen Med J 3: 1-9.

Zeng X, Chen J, Deng X et al. 2006; An in vitro
model of human dopaminergic neurons
derived from embryonic stem cells: MPP+
toxicity and GDNF neuroprotection. Neurop-
sychopharmacology 31: 2708-2715.

Zhang S. 2002; Emerging biological materi-
als through molecular self-assembly.
Biotechnol Adv 20: 321-339.

Zhang S, Gelain F, Zhao X. 2005; Designer
self-assembling peptide nanofiber scaffolds
for 3D tissue cell cultures. Semin Cancer
Biol 15: 413-420.

Zhong Y, Bellamkonda RV. 2008; Biomaterials
for the central nervous system. J R Soc
Interface 5: 957-975.

J Tissue Eng Regen Med 2012.
DOI: 10.1002/term



10P Publishing

@ CrossMark

RECEIVED
25 October 2016

REVISED
17 February 2017

ACCEPTED FOR PUBLICATION
24 February 2017

PUBLISHED
24 March 2017

Biomed. Mater. 12 (2017) 025014

Biomedical Materials

PAPER

https://doi.org/10.1088/1748-605X /aa62b0

Bioamine-crosslinked gellan gum hydrogel for neural tissue

engineering

Janne T Koivisto"**, Tiina Joki**, Jenny E Parraga', Rami Pddkkonen’, Laura Yl4-Outinen’, Laura Salonen',
Ilari J6nkkiri’, Marja Peltola’, Teemu O Thalainen’, Susanna Narkilahti** and Minna Kelloméki'**

1

FI-33720 Tampere, Finland
2
3

* Writers contributed equally (researchers).

Writers contributed equally (professors).

5

BioMediTech Institute and Faculty of Biomedical Sciences and Engineering, Tampere University of Technology, Korkeakoulunkatu 3,

BioMediTech Institute and Faculty of Medicine and Life Sciences, University of Tampere, Lidkarinkatu 1, FI-33520 Tampere, Finland
Laboratory of Materials Science, Tampere University of Technology, Korkeakoulunkatu 6, FI-33720 Tampere, Finland

E-mail: janne.t.koivisto@tut.fi, tiina.joki@uta.fi, susanna.narkilahti@uta.fi and minna.kellomaki@tut.fi

Keywords: 3D cell culture, gellan gum, human pluripotent stem cells, hydrogel, laminin, neuronal cells

Supplementary material for this article is available online

Abstract

Neural tissue engineering and three-dimensional in vitro tissue modeling require the development of
biomaterials that take into account the specified requirements of human neural cells and tissue. In this
study, an alternative method of producing biomimetic hydrogels based on gellan gum (GG) was
developed by replacing traditional crosslinking methods with the bioamines spermidine and
spermine. These bioamines were proven to function as crosslinkers for GG hydrogel at +37 °C,
allowing for the encapsulation of human neurons. We studied the mechanical and rheological
properties of the formed hydrogels, which showed biomimicking properties comparable to naive
rabbit brain tissue under physiologically relevant stress and strain. Human pluripotent stem cell-
derived neuronal cells demonstrated good cytocompatibility in the GG-based hydrogels. Moreover,
functionalization of GG hydrogels with laminin resulted in cell type-specific behavior: neuronal cell

maturation and neurite migration.

1. Introduction

Tissue engineering (TE) is a field of study that aims to
produce tissue-like structures in vivo and in vitro using
a combination of a biomaterial and living cells [1].
Thus, TE has combined advances in cell therapy and
biomaterials science to stabilize an injury or defect site
and deliver cells and molecules to promote the
regeneration of damaged tissues [1, 2]. Neural TE has
emerged as a promising strategy for neural regenera-
tion, both for the central nervous system (CNS) and
the peripheral nervous system, which suffer from
limited regenerative capacity [2—4]. For successful
functional neural TE graft, it is important to combine
neural tissue mimicking material, for example, a
hydrogel, and a clinically relevant human cell type [5].
In addition to therapeutic use in TE, hydrogels as
neural scaffolds can also be used for in vitro disease

modeling, drug testing and developmental biology
studies [5—7].

The main requirement for biomaterials intended
for TE is biocompatibility [3, 8, 9], defined by the
International Union of Pure and Applied Chemistry as
‘the ability to be in contact with a living system with-
out producing an adverse effect’ [9]. Hydrogel bioma-
terials can fulfill the biocompatibility (systemic scale)
and cytocompatibility (cellular scale) requirements
[8], and their tunable physical properties can mimic
soft tissues, like those in the CNS [3-5]. Thus, while
designing hydrogels for TE, important material char-
acteristics to take into account are, for example,
mechanical properties, porosity, permeability and
transparency, especially for in vitro TE [4, 10-12].
Moreover, hydrogels can be further modified to incor-
porate extracellular matrix (ECM) molecules (for
example, collagen, fibronectin or laminin) and/or

©2017 IOP Publishing Ltd
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Table 1. Hydrogel compositions used in this study and calculated details of bioamine per GG in the specified concentrations.

Hydrogel Bioamine working Bioamineinhydro-  Bioamineinhydro-  Bioamine ymoles/  Positive charge/
nomenclature solution (M) gel (w%) gel (uM) GG (g) GG (g)

GG 1.10%SPM 1005 1.108 138.7 32.17 128.7

GG 0.60%SPM 502.6 0.5569 69.43 16.08 64.33

GG 0.40%SPM 395.0 0.3984 49.52 11.49 45.95

GG 3.00%SPD 3927 3.101 541.7 125.6 377.0

GG 1.50%SPD 1885 1.513 260.0 60.32 180.0

GG 1.25%SPD 1551 1.248 214.0 49.64 148.9

peptides to provide anchoring sites for cells and to
enhance growth [3, 4, 11].

Gellan gum (GG) is an exopolysaccharide pro-
duced by Sphingomonas elodea bacteria. This biologi-
cally safe polymer has been approved by the Food and
Drug Administration (FDA) and the European Medi-
cines Agency (EMA) [13—15], and it has been recently
been suggested as a material for scaffold development
for TE [16, 17]. GG is a deacetylated form of gellan
molecule, which has a tetrasaccharide repeating struc-
ture of (-p-glucose, [-p-glucuronic acid and a-r-
rhamnose in a 2:1:1 ratio [13]. Like many other poly-
saccharides, GG is a relatively inert biomaterial [17].
To improve cell attachment, GG-based hydrogels have
been functionalized with peptides by covalently bind-
ing them into the molecular backbone itself [17, 18].
GG has been studied for bone [16, 19], cartilage [20—
22] and spinal cord [23-27] TE applications. In neural
applications, GG can support the in vitro culture of
rodent or human cells (neural stem cells [18, 28],
olfactory ensheathing glia cells [18], oligodendrocyte-
like cells [23]) and has been shown to be biocompa-
tible in vivo in a hemisection rat spinal cord injury
model [23].

GG hydrogels produced by physical, ionotropic,
crosslinking with metallic cations (Ca2+, Mg2+, Na™,
K™") are primarily mechanically weak [ 13, 29]. Another
option is chemical crosslinking using methacrylate
derivatives, followed by the addition of a photo-
initiator and photocrosslinking with UV-light
[23, 29]. Disadvantages of these crosslinking methods
include cation leakage or exchange, weakening of the
mechanical properties of the hydrogel over time
[29, 30], phototoxicity of UV-light and chemical reac-
tivity of the photoinitiator [31-33]. Chemical cross-
linking is often, in practice, more complicated than
ionotropic crosslinking.

Bioamines spermine (SPM) and spermidine (SPD)
are small cations that have been demonstrated to
interact with anionic polymers such as GG [34-36].
Crosslinking with bioamines is simple, and a wide
crosslinker concentration range can be applied to vary
the mechanical properties of GG in a controlled way,
so they provide an alternative crosslinking method.
SPM and SPD are present in all living cells, and they
play important roles in many physiological processes,
such as protecting DNA by scavenging oxygen radicals

and affecting cell proliferation [37, 38] also in neural
cells [39,40].

In this study, we developed GG bioamine hydro-
gels, using SPM and SPD as crosslinkers, with
mechanical properties that resemble brain tissue. The
resulting hydrogels were characterized mechanically
and rheologically. The mechanical properties of these
hydrogels were compared to naive rabbit brain tissue
by compression testing. Hydrogels with a compressive
modulus similar to that of brain tissue were used for
the cell studies. Cytocompatibility and cell type-spe-
cific behavior were studied in vitro using human plur-
ipotent stem cell (hPSC)-derived neuronal cells.

2. Materials and methods

2.1.Preparation of GG hydrogels

To prepare the hydrogels, GG (Gelzan™, low acyl, M,,
1 kg mol '), SPD (spermidine trihydrochloride), SPM
(spermine tetrahydrochloride) and sucrose were
acquired from Sigma-Aldrich (Finland) with the high-
est level of purity available. A 10% (w/w) sucrose
solution in deionized water was used as a solvent for
the hydrogel components to reduce osmotic pressure
on the cells [5]. The GG solution was prepared at
5mgml . We tested two different crosslinkers (SPD
and SPM); both with three different concentrations,
the names and details are shown in table 1.

All solutions were sterile filtered for mechanical
and rheological testing with 0.8/0.2 um Acrodisc”
(PALL Corporation, Port Washington, NY, USA) or
for cell culture with Whatman FP 30/0.2 CA-s 0.2 um
(Whatman plc, Little Chalfont, UK) syringe filters.
The GG solution was heated in a water bath to +60 °C
for reduced viscosity prior to sterile filtration. All solu-
tions can be stored for up to one month at +4 °C.

When preparing hydrogels, the solutions were first
heated in a water bath to +37 °C. A crosslinker solu-
tion of SPM or SPD was mixed with GG at a volume
ratio of 4:25 and cast into a suitable mold or directly
onto a cell culture plate. When used, laminin
(1mgml ") was added to the hydrogel just before
gelation in the GG solution at 1 v%, 5 v% or 10 v%.

This study follows the ASTM F2900-11 Standard
Guide for Characterization of Hydrogels Used in
Regenerative Medicine [41]. For initial gelation testing
and gelation time estimation, a small glass bottle was

2
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used as the mold. Gelation time was estimated with the
tube tilt test, as described by Tanodekaew et al [42]. In
brief, after mixing the reagents, the bottle was slowly
turned upside down at 30 s time intervals, and the flow
of gel was observed. If the solution started to move
even slightly once tilting started, it was not tilted fur-
ther to let the gelation continue. Once the solution did
not flow, the gelation was considered complete, and
the time was recorded.

2.2.Mechanical testing

Compression testing was performed using a BOSE
Electroforce Biodynamic 5100 machine equipped with
a 225N load sensor and Wintest 4.1 software (Bose
Corporation, Eden Prairie, MN, USA). Samples were
cast into a self-made cylindrical mold with an approx-
imate height of 6.5 mm and a diameter of 12.2 mm,
and stored overnight before compression testing to
ensure the complete gelation before each measure-
ment. Each composition was tested in five parallel
samples; the exact dimensions of each sample were
measured with calipers before testing. To avoid
slippage of samples, the compression plates were
covered with a piece of wet cellulose paper to increase
friction between the hydrogel and the metal plate. The
sample was set in between compression plates so that
the upper plate touched the sample, but no pre-stress
was used. Unconfined compression was performed
with a constant 10 mm min ' strain rate, and samples
were compressed until 65% strain was reached from
the original height. The test was performed in wet
conditions at room temperature. After compression,
the data were analyzed with MS Excel. According to
Hooke’s law, 0 = E*e, the compressive modulus was
calculated from the stress—strain curve as the slope of
the elastic region [43]. In addition, the fracture
strength and fracture strain were recorded as a sudden
drop in the stress—strain curve.

To obtain a good reference in terms of the
mechanical properties to design hydrogels for neural
TE, compression testing was also performed with
brain tissue samples. New Zealand white rabbits, age
10 weeks, male, were sacrificed with deep anesthesia,
after which the heads were removed and stored in ice
for a maximum of 8 h. The brains were removed from
the skulls, and samples containing midbrain, cere-
bellum or cortex were prepared. The samples were cut
with a biopsy punch to the same size and shape as the
hydrogel compression samples and stored on ice until
compression testing. The test parameters used were
the same as those described above. The naive brain tis-
sues were obtained from animal experiments con-
ducted at Tampere University Medical School,
University of Tampere.

2.3. Rheological testing
Rheological experiments were carried out with a
rotational rheometer (Haake RheoStress RS150)

J T Koivisto et al

equipped with Rheowizard 4.3 software (Thermo-
Haake, Germany). Parallel plate geometry with 20 mm
diameter metal plates was used. All the experiments
were conducted at room temperature (~25 °C) in the
oscillatory mode. In the oscillatory mode the sample is
subjected to sinusoidal oscillatory shear strain with
amplitude ~,. In the linear viscoelastic region (LVER)
with sufficiently small strain amplitudes the resulting
stress will also be sinusoidal of the same frequency
with amplitude 7, and phase angle 6. The complex
moduli (G) represents the rigidity of the sample and
in the LVER the following relationship applies:

G* — E — }(GIZ + GIIZ)' (1)

o

The storage modulus (G') is the in-phase and loss
modulus (G”) the out-of-phase components of the
response:

G = % cos 9, 2)
G" = 3 sin 9. 3)
(4

The G’ represents the elastic and G” viscous beha-
vior of the sample. The loss factor tan ¢ is the ratio of
the viscous to the elastic portion [44].

The samples for rheological testing were cast in
self-made cylindrical molds with height a maximum
of 1 and 20 mm cross-section diameter. Prior to each
measurement, the hydrogels were stored overnight to
ensure the complete gelation. During measurement
the gap between plates was set to 0.8 mm. All measure-
ments were done in oscillatory shear deformation
mode and both amplitude and frequency sweeps were
used for all samples. The strain amplitude range for
amplitude sweeps was from 0.01 to 5.00rad
(0.1 rad = 1.6% displacement) with 1 Hz frequency.
Six parallel samples were tested with amplitude sweeps
and two parallel samples with frequency sweeps. The
frequency sweep was done in range from 0.1 to 3.0 Hz,
with constant 0.1 rad strain amplitude which is in the
LVER for all samples.

2.4. Cell culture

hPSCs, both human embryonic stem cells and
human-induced pluripotent stem cells were used in
this study [45]. The used hESC-lines were Regea
08/023 [46] and Regea 11/013 [47] and the used
hiPSC-lines were UTA.04511.WT [48], Hel24.3 and
All6 [49] (two kind gifts from Professor Timo
Otonkoski, University of Helsinki).

BioMediTech has Pirkanmaa Hospital District’s
ethical approval to derivate, culture and differentiate
hESCs (Skottman, R05116) and permission from the
National Authority for Medicolegal Affairs (FIMEA
1426/32/300/05) to conduct human stem cell
research. Additionally, approval has been obtained to
use hiPSC lines produced by other laboratories for
neuronal research (R14023).
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2.4.1. Neuronal differentiation

The culture and neuronal differentiation of hPSCs
were performed as described previously [50]. Briefly,
undifferentiated stem cell colonies were mechanically
cut into small aggregates and placed in a suspension
culture on neural differentiation medium (NDM)
containing 1:1 DMEM/F12 (Gibco, Thermo Fisher
Scientific, Finland) and Neurobasal medium, 2 mM
GlutaMax , 1 x B27, 1 x N2 (all from Gibco),
20 ng ml ™" basic fibroblast growth factor (bFGF, R&D
Systems, Minneapolis, MN, USA) and 25U ml ™!
penicillin/streptomycin (Cambrex, Belgium). During
suspension culture, the cell aggregates formed round,
floating neurospheres. Neurospheres were kept small
via mechanical cutting once per week, and 1/3 of the
medium was changed three times per week. Cells were
kept for 8—17 weeks in the differentiation phase prior
to the hydrogel experiments. Cells were under con-
stant monitoring for the quality of differentiation.
Only experiments in which cells formed good neuro-
nal cultures in 2D control were included in the analysis
(representative images of good quality 2D cultures are
shown in supplementary figure 1 available online at
stacks.iop.org/BMM/12/025014/mmedia).

2.4.2. Hydrogel cell culture experiments

For the biological evaluation of the hydrogels, three
approaches were taken to study the cell/biomaterial
interactions as shown in figure 1. In every case, control
cells were plated on laminin-coated cell culture wells
(positive control) and on non-coated cell culture wells
(negative control). Cell behavior on the studied
materials was always compared to that of the controls.
Depending on the well type used, either plastic (Nalge
Nunc International, Rochester, NY, USA) or glass
bottom (MatTek Corporation, Ashland, MA, USA),
the wells were coated either with laminin (10 yg ml ™"
mouse laminin) or poly-L-lysine and laminin
(10 ugml~" poly-L-lysine followed by 10 ugml™'
mouse laminin), respectively.

Gelation was performed as described in figure 1. A
drop of crosslinking agent was added on top of the cell
culture, followed by the gentle addition of GG solu-
tion, in case of cultures beneath the gel. To avoid dis-
turbing the cells, no additional mixing was performed.
For cell encapsulation, the cells were suspended in GG
solution with a minimal amount of medium prior to
crosslinking. After complete gelation, medium was
gently added on top of the gel. In 3D cell encapsulation
studies for gels with slow gelation (all except GG
3.00%SPD), a thin bottom layer of gel was cast before-
hand to prevent cell aggregates from sedimenting to
the well bottom during gelation.

2.4.3. Cell plating

Cells were plated either as mechanically cut small cell
aggregates or as enzymatically dissociated single cell
suspensions prepared using 1X TrypLE Select (Gibco).
For the 2D experiments (controls, cells embedded or
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on top), the plating density was 60 000 cells cm ™2 or
7-20 small aggregates/cm” (3000-7000 cells/aggre-
gate). The cell density for the 3D experiments (cells
encapsulated) was ~3.5 x 10° cellsml™" of gel, or a
corresponding amount of small mechanically cut cell
aggregates.

The cells were cultured with the gel for two weeks.
NDM without bFGF was used during the first week of
the experiments. After one week of culture, NDM con-
taining 5 ngml~' bFGF and 4 ngml~" brain-derived
neurotrophic factor (BDNF, Prospec Bio, Germany)
was used. Half of the medium was changed three times
per week using caution to avoid disrupting the gels.

Cells were imaged using a Zeiss AxioVert.Al
microscope and AxioCam ERc 5s camera system or
with a Nikon Eclipse TE 2000-S and Nikon Digital
Sight DS-Fil camera system during the culturing
period.

2.5.Live/dead staining

For viability analysis, the cultures were stained using a
LIVE/DEAD® viability/cytotoxicity assay (Molecular
probes, Thermo Fisher Scientific). In brief, there are
two fluorescent dyes in the kit. Calcein-AM (0.1 uM,
pexeltation 186 1) stains intact cells, and ethidium
homodimer-1 (0.4 uM, \H°" — 568 nm) stains
dead cells. After 1 h of incubation at +37 °C, the cells
were imaged with an Olympus IX51 inverted micro-
scope and an Olympus DP30BW digital camera
(Olympus, Finland). The numbers of parallel samples
varied between 2 and 4.

2.6. Immunostaining

We optimized the parameters for immunostaining
cells within macroscopic (60-300 ul) hydrogel
blocks. In brief, cultures were fixed with 4% paraf-
ormaldehyde preheated to +37 °C for 30 min. After
abrief wash in phosphate buffered saline (PBS), non-
specific staining was blocked with 10% normal
donkey serum (NDS), 0.1% Triton X-100, and 1%
bovine serum albumin (BSA) in PBS for 1 h at room
temperature, followed by another wash in 1% NDS,
0.1% Triton X-100, and 1% BSA in PBS. Then, the
cells were incubated with a combination of primary
antibodies at 44 °C for at least 2 d. These antibodies
included rabbit anti-microtubule associated protein
2 (MAP-2, 1:400, AB5622, Merck Millipore, Darm-
stadt, Germany) and rabbit anti-3-tubulin isotype
I (5-tub, 1:1000, A01627, GenScript, Piscataway,
NJ, USA) in 1% NDS, 0.1% Triton X-100, and 1%
BSA in PBS. The samples were washed three times in
1% BSA in PBS (first briefly followed by 2 x 1h
washes) and then incubated overnight at +4 °C with
Alexa Fluor 488 conjugated to donkey anti-rabbit
antibody (1:400, Life Technologies, A21206) and
tetramethylrhodamine isothiocyanate conjugated to
phalloidin ~ (TRITC-phalloidin,  0.625 ugml™",
Sigma Aldrich, P1951) in 1% BSA in PBS. The
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Figure 1. Schematic presentation of plating cells with the hydrogels. All components were keptat 37 °C to ensure homogeneous and
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samples were washed three times (first briefly
followed by 2 x 1h washes) in PBS and then
mounted with VECTASHIELD containing 4',6-dia-
midino-2-phenylindole (DAPI, Vector Laboratories,
UK). They were then imaged with an Olympus IX51
inverted microscope and an Olympus DP30BW
digital camera. Gray scale images were post-pro-
cessed (merging and pseudo-coloring) using Adobe
Photoshop CS4 (version 11.0, Adobe Systems Inc.,
CA, USA) and Adobe InDesign CS4 (version 6.0,
Adobe Systems Inc.). Confocal scanning of the
samples was performed with a Zeiss LSM 780
mounted into inverted Cell Observer microscope
(Carl Zeiss, Jena, Germany) using 10x (NA. 0.45) or
20x (NA. 0.80) air objectives. The samples were
scanned through #1.5 glass bottom well plates
(MatTek Corporation, Ashland, MA, USA) or
through high performance #1.5 coverslips (Carl
Zeiss). The confocal data were visualized with the
ZEN Black 2012 software (Carl Zeiss) and Image]J
(Version 1.39, US National Institutes of Health,
Bethesda, MD, USA) [51, 52].

2.7. Neurite migration

Neurite migration measurements were performed
with the Image] measure tool. Migration was mea-
sured using a straight line from the cell aggregate
surface to the visible end of a neuronal process. For
each cell aggregate analyzed, the four longest sepa-
rately distinguishable neurites were measured. Values
of less than 10 ym were considered as representing no
migration. The analysis was conducted with at least
two individual experiments with at least two replica-
tive wells. For each studied group, 7-16 images were
analyzed.

2.8. Statistical analysis

Due to the non-Gaussian distribution of the data, the
nonparametric Kruskal Wallis test and Mann—Whit-
ney U-test were used. A p value of less than 0.05 was
considered significant. If more than two groups were
compared, the resulting p values were multiplied by
the number of comparisons performed (Bonferroni
correction).
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Table 2. The gelation times determined by the tube tilt test.
Gel composition 1.10%SPM 0.60%SPM 0.40%SPM 3.00%SPD 1.50%SPD 1.25%SPD
Gelation time 1 min 5 min 10 min 5s 5 min 10 min

18

16

14 /

12 // —GG 1.10%SPM

/ ——GG 0.60%SPM

10

GG 0.40%SPM

/

=—GG 3.00%SPD
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40
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Figure 2. Representative stress—strain curves of GG and brain tissue compression testing. The linear elastic region was determined
individually for each sample and ranged from approximately 0.1-0.35 mm mm ' strain. As an example, the fracture point of GG

50 60 70

3. Results

3.1. Gel forming and gelation time

GG hydrogels were formed with bioamine weight
percentage varying from 0.40% to 1.10% for SPM and
from 1.25% to 3.00% for SPD. With these concentra-
tions, the hydrogels were transparent and strong
enough to hold their own weight and be handled with
tweezers. Higher crosslinker concentrations caused
partial gelation of the solutions before they could be
mixed uniformly, resulting in high anisotropy with
non-transparent (cloudy) areas. Lower crosslinker
concentrations formed weak gels that could not
support their own weight and were not suitable for 3D
cell culture, as the encapsulated cells would sediment
to the bottom of gel. The 10 v% or lower laminin
additions did not affect gelation.

The gelation times approximated with tube tilt test
are listed in table 2. As seen, the fastest gelation times
were just a few seconds, which could cause difficulties
in mixing the reagents evenly and cause anisotropic
gels. Gelation times over 10 min were so slow that dur-
ing plating the cells could sediment to the bottom of
the gel before the gelation is completed. From a prac-
tical point of view, a gelation time of 1-5 min is opti-
mal, as it is long enough to mix the components
uniformly but short enough to keep the cells sus-
pended in the 3D gel and prevent them from sedi-
menting to the bottom.

3.2. Compression testing

The main variable influencing the mechanical proper-
ties of hydrogels in this study was the crosslinker
concentration. The upper and lower limits of cross-
linking were tested along with one concentration

between the extremes. The compression testing data
were analyzed as stress—strain curves (figure 2), from
which the compressive modulus (figure 3) was calcu-
lated as the slope of the elastic region. In all GG
samples, a distinct fracture point was observed during
the test. In contrast, the rabbit brain samples did not
have a clear fracture point in the measured displace-
ment but rather a more rubber-like elastic behavior
with strong strain stiffening in the end. The GG 0.40%
SPM was almost too soft for the load cell, with the
force varying during measurement between only 0.01
and 0.12 N.

Based on figure 2, it is clear that brain tissue is
more ductile than any of the hydrogel samples as it can
endure more plastic deformation without fracture
than the GG samples. However, the elastic regions at
strain of approximately 0.1-0.35 mm mm™ ' of GG
0.60%SPM and GG 1.25%SPD are very similar to
those of the brain stress—strain curve, resulting in both
cases in a compressive modulus of approximately
10kPa. The comparison of calculated compressive
moduli is shown in figure 3. The strongest composi-
tions, GG 1.10%SPM and GG 3.00%SPD, both have a
~23 kPa modulus, whereas the weakest composition,
GG 0.40%SPM, has only a 3.9 kPa modulus. A sig-
nificant, linear decrease in the compressive modulus is
seen with both crosslinkers when lowering the con-
centration. The addition of laminin did not affect the
compressive modulus (data not shown). The part of
the stress—strain curve after the fracture point is negli-
gible. The different parts of the rabbit brain, midbrain,
cerebellum and cortex, all behaved very similarly
throughout the compression testing, with compres-
sive moduli in the 7-10 kPa range.
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Figure 3. Average compressive moduli of GG bioamine hydrogels and brain tissue samples with error bars showing the standard
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Figure 4. The dependence of the hydrogel compressive
modulus on the crosslinker concentration is linear and within
the limits of standard deviation as shown by error bars, n = 5.
The trend line fit to the average modulus values was
determined using MS Excel.

The compressive moduli of the hydrogel can be
tuned by varying the bioamine concentration, and
similar mechanical properties can be achieved with
either crosslinker. The compressive moduli of cortex
samples were in the same range as the hydrogel moduli
with the lowest crosslinker concentrations: GG 0.40%
SPM versus GG 1.25%SPD (p > 0.05). The standard
deviation was approximately 2.5-3.5 kPa in all mea-
surements. This result indicates that the calculated
moduli less than 5 kPa are not very accurate, being on
the lower limit of the compression testing machine
load sensor capability. The dependence of the com-
pressive modulus on the crosslinker concentration is
linear and within the limits of the standard deviation,
as shown in figure 4. SPM has a tetravalent charge, so
the rise of the modulus with increasing crosslinker
concentration is steeper than that of trivalent SPD.

The fracture strength (figure 5) is the ultimate
amount of stress a sample can endure, and this value

can be critical for load-bearing TE applications even
though a cell’s mechanotransduction is likely not
affected by it. A significant decrease in fracture
strength is seen when the crosslinker concentration is
lowered. The fracture strain (figure 5) is an indicator of
the brittleness of the sample, and the more crosslinker,
the more brittle the hydrogel. The brain tissue samples
did not have a visible fracture point when compressed
to 65% of the original height, but they had a strong
strain hardening effect, as shown in figure 2. However,
the strain hardening occurred in the plastic deforma-
tion region because the deformation was not recover-
able (data not shown).

3.3. Rheological testing

The low amplitude strain of the rheological spectrum
measured with oscillatory shear amplitude sweep
showed a discernible LVER for GG SPM hydrogels,
which is used to calculate the complex modulus
(figure 6(d)). At higher strain, a decline due to plastic
deformation leads to fracture of the sample at the
crossover point of the storage and loss modulus as
shown in the figure 6 spectra. All the GG SPM hydrogels
have a typical gel-like behavior in the LVER with the
storage modulus higher than the loss modulus (G’ > G
), which means that elastic behavior dominates over
viscous behavior and that the material is more solid
than liquid. As shown in figures 6(a)—(c) by decrease in
the phase angle and tan ¢ value in LVER, when the
crosslinker concentration increases, the solid-like beha-
vior increases. And similar to the compressive modulus,
the complex modulus decreased upon lowering the
crosslinker concentration.

Only SPM crosslinked hydrogels displayed dis-
tinctive gel-like behavior related to a stable 3D net-
work structure, which was confirmed by a straight line
in the frequency sweep (data not shown). The SPD
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Figure 5. The measured fracture strength is shown on the primary y-axis as bars, and fracture strain is shown on the secondary y-axis
as dots. For each hydrogel composition (n = 5), error bars represent standard deviation, * = significantp < 0.05. Brain tissue
samples did not have a clear fracture point, so they are excluded from the graph.
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crosslinked gels did not have a discernible LVER, likely
due to anisotropy or being too solid for rheology, and
thus were not possible to measure with this method.
The very quick gelation of SPD crosslinked gels can
cause nucleation of crosslinking spots. This nucleation
leads to anisotropy of gel network structure and den-
sity variations, which are not seen in compression
testing.

3.4. Neuronal cell cultures beneath the hydrogels

Neuronal cells were cultured for one week on the
plastic dish before casting gel over the cells. The
gelation process on top of cultures did not cause any
acute cytotoxic effects. During prolonged culture (up
to two weeks) beneath the hydrogel, the neuronal cells
remained viable, and neuronal maturation continued
similarly as in the positive control cultures without the
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1 GG 1.10%SPM

Figure 7. Neuronal cultures beneath the gels. Cells were pre-cultured on a laminin coating for one week, thereafter the gel was cast
over the cells and then cultured for two additional weeks before analysis. The representative images are shown for the highest
crosslinker concentrations, that is, SPM 1.10% (column 1) and SPD 3.00% (column 2) and for the positive 2D control (column 3).
Phase contrast images (a), cell viability analysis (b) and immunocytochemistry (c) are shown. Row B: green = calcein-AM, live cells,
red = EthD-1, dead cells. Row C: blue = DAPI, red = MAP-2 + B-tub. Scale bar for all images 50 pm.

GG. Culturing beneath the hydrogel did not cause any
morphological changes compared to control 2D
cultures (figure 7(a)). In the cell viability analysis, all
studied cases had similar degrees of cell viability by
visual inspection (figure 7(b)). Neuronal cultures
beneath hydrogel also had similar neuronal protein
expression according to immunocytochemical analy-
sis as control cultures without hydrogel (figure 7(c)).
Figure 7 shows the representative images of cultures
beneath hydrogel with highest the crosslinker concen-
tration and a 2D positive control. The results were
similar at all studied crosslinker concentrations (SPD
3.00%, 1.50%, and 1.25% or SPM 1.10%, 0.60%, and
0.40%, figure 7, data not shown). Thus, SPD and SPM
crosslinkers enable the formation of GG hydrogels that
are compatible with culturing human neuronal cells.
The hydrogel layers (height 2.2-2.8 mm) on top of the
neuronal cultures enabled prolonged culturing,
implying that the porosity of the formed hydrogels was
high enough for nutrient and metabolite exchange.

3.5. Neuronal cell behavior on top of the hydrogels

Neuronal cells remained viable during prolonged cultur-
ing (two weeks) when plated on top of pre-cast hydrogels
(success rate 100%, figure 8). For cell type-specific

behavior, neurite migration was studied in more detail.
Although neuronal cells remained alive on top of all the
studied hydrogels, their spreading and migration along
the hydrogel surfaces varied within and between groups.
Figure 8 shows a summary of the results. Without any
functionalization with laminin, the GG 1.10%SPM and
GG 0.60%SPM were the best compositions for support-
ing neuronal cell spreading (figure 8(a)). When a low
concentration of laminin (1 v%) was added, the perfor-
mance of the GG 3.00%SPD hydrogel was superior to
any other tested gel composition. (figure 8(a)). As GG
3.00%SPD with laminin functionalization gave the best
results in neuronal cell spreading and migration, functio-
nalization with higher laminin concentrations was
further studied.

3.6. Effect of laminin concentration on SPD
crosslinked gels

The addition of laminin (5 v% and 10 v%) significantly
increased neurite migration on top of gel surfaces
during prolonged culturing time (two weeks). Lami-
nin addition increased both the length of the neurites
(figure 9(a)) and the number of neurites (figure 9(b)).
The most obvious increase in neurite migration was
seen on top of GG 3.00%SPD, but a similar trend was
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A

Crosdlinker Crosslinker Compression  Functionalization Number of % of succesful % of experiments
concentration [w-%]  modulus [kPa] laminin [v-%] experiments A experiments with migration

SPM 1.10 % 22.6 1 5 100 % 20 %
1.10 % 226 - 7 100 % 57 %
0.60 % 11.5 - 3 100 % 67 %
0.40 % 27 - 3 100 % 33%

SPD 3.00% 23.1 1 8 100% * 75% **
3.00% 23.1 - 9 100 % 44 %
1.50 % 11.3 - 2 100 % 50 %
1.25% 9.4 - 2 100 % 50 %

1 . . . 2
Number of replicative wells was at least 2 in all experiments
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Figure 8. Cell viability and spreading were analyzed on top of GG hydrogel surfaces crosslinked using either SPD (1.25%-3.00%) or
SPM (0.40%-1.10%). With 3.00%SPD and 1.10%SPM, the effects of functionalization with laminin were also tested. All experiments
were considered successful, as the cells were alive in all experiments even though neurite outgrowth was not seen in all cases (a). The
best neurite migration was seen in 3.00%SPD crosslinked gel with 1% laminin (a™*, b™"). Representative images of cultures on top of
3.00%SPD crosslinked gel with 1% laminin (b). In some experiments cells were alive, but no migration was seen (a", b*), while in other
experiments the cells did migrate along the gel surface (a™*,b™). (b) Second column: green = calcein-AM, live cells, red = EthD-1,
dead cells, (b) third column, blue: DAPI, green: MAP-2 + B-tub. Scale bar for all images 100 pm.
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Figure 9. Neurite migration in human derived neuronal cells cultured for two weeks on top of GG hydrogels. Laminin enhances
migration in a concentration-dependent manner. Neurite length distribution in SPD crosslinked gels with different laminin
concentrations (a). The box shows 50% of samples and the median, and the whiskers show 90% of samples. The value of each
measured neurite is shown as a dot in the background. Representative images of neurite migration in each laminin concentration (b).
By visual inspection, the laminin concentration increased the amount of neurite outgrowth. Green = live cells, red = dead cells.
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Figure 10. Neuronal cell aggregates cultured for two weeks inside the GG 3.00%SPD gel. Phase-contrast images (a) and live/dead
images of cultures (b). Green = live cells, red = dead cells. Scale bar 100 pm for all images.
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also observed with 1.5%SPD and 1.25%SPD gels (data
not shown).

3.7. Neuronal cells encapsulated inside the gel
Neuronal cells were cultured as encapsulated in GG
hydrogels for two weeks. Cells remained viable inside
all the studied GG bioamine compositions (data not
shown). Due to promising neurite migration results
obtained from cultures on top of the laminin functio-
nalized GG 3.00%SPD hydrogel, this composition was
studied further. Neurite migration was observed in
cultures inside the GG 3.00%SPD hydrogel both with
and without functionalization with laminin
(0-10 v%). The amount of neurites migrating from
the cell aggregates varied from zero to dense out-
growth from aggregate to aggregate (example images
of dense outgrowth are presented in figure 10). Neither
neurite amount nor neurite length were affected by
laminin concentration of hydrogel. Variation
observed was also cell line or cell source independent
(supplemental figure 1). The neuronal cells cultured
encapsulated inside the GG hydrogel formed 3D
neuronal network expressing typical neuronal mar-
kers (MAP-2 and -tubulinyy;) co-labeled with phalloi-
din, (supplemental video 1).

4, Discussion

4.1. Bioamine crosslinked GG

GG has been approved by the FDA and EMA for food,
cosmetic and pharmaceutical applications as a gelling
or emulsion agent [15]. Taking advantage of the wide
usage, GG has been applied for TE with promising
results [15, 27, 28]. The common method of physical/
ionotropic crosslinking of polysaccharides with metal-
lic cations in order to form hydrogels has some
inherent problems: controlling the crosslinking pro-
cess and tuning of properties is challenging [30]. With

this fact in mind, we tested the ability of bioamines for
physical crosslinking of GG. The study of alternative
ionotropic crosslinking methods using bioamines for
anionic polymers in TE is relatively new [34, 35] and
those studies focused on the development of multi-
component hydrogels for drug delivery applications
[35]. On the other hand, we have addressed the GG-
based bioamine crosslinked hydrogels specifically as a
3D cell culture scaffold for neural TE applications.
Other forms of GG have already been studied in spinal
cord injury rodent models [23—27], but not with these
alternative crosslinking methods. The small cationic
bioamine molecules worked efficiently and in a broad
range of concentrations, producing stable hydrogels
with tuneable mechanical properties.

The definition of a true gel is a material that
responds to high stress by fracturing and is self-sup-
porting, whereas a weak gel is a structured fluid that
flows under stress [13]. The hydrogels we produced
were macroscopic and strong enough to keep their
shape after casting or even being handled with twee-
zers, thus they are true gels. For SPM, the lowest con-
centration that still produced a true gel was 0.40 w%
and for SPD the limit was 1.25 w%. Lower concentra-
tions produced weak gels that still pass the tube tilt test
but flow under stress. When increasing the crosslinker
concentration, a non-transparent (cloudy) area is
formed inside the gel due to too rapid crosslinking and
uneven mixing. This effect corresponds to highly ani-
sotropic hydrogel formation, so the appearance of the
cloudy area was considered to indicate the upper limit
of the crosslinker concentration. For SPM, this limit
was 1.10 w%, and for SPD, it was 3.00 w%. These con-
centration limitations also limit the mechanical prop-
erties of produced hydrogels, as they are directly
proportional to the crosslinker concentration, as
shown in figure 4. The same bioamine crosslinking
method could be used as an alternative to many
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hydrogels conventionally formed with ionotropic
crosslinking, for example, alginate [30], pectin [13],
xanthan gum [13] and other anionic polysaccharides.

4.2. Mechanical and rheological properties of GG
bioamine hydrogel

One design basis in current TE scaffold development is
to produce biomimicking materials with mechanical
properties similar to the corresponding tissue
[4, 6, 10-12]. For the applications requiring higher
stiffness (compressive or Young’s modulus), such as
cartilage TE, suitable GG compositions already exist
[53]. For lower stiffness applications such as neural
TE, however, GG needs to be modified further
[17, 18]. The comparison of hydrogel properties with
tissue properties would be easier if a higher consensus
or standardization of the mechanical testing of biome-
dical samples existed, as also discussed by others
[54, 55]. The lack of standardization and lack of
accepted mathematical models causes high variability
and difficulties in interpretation of results between
different studies. To overcome this challenge, we
included rabbit brain tissue samples and tested them
with the same parameters as the hydrogels. According
to the measurements, GG 0.40%SPM and GG 1.25%
SPD gels with 2.7 and 9.4 kPa modulus, respectively,
most closely resembled the compression moduli of
rabbit cortical brain samples at 6.3 kPa. These values
are slightly higher than those often measured for the
brain, with previously reported values being
0.5-3 kPa[56,57].

The hydrogel’s fracture strength and strain are not
comparable to brain tissue because no clear fracture
point was seen on the brain samples, which underwent
only a continuous strain hardening effect. In the biolo-
gically relevant deformation range of <20% strain, the
mechanical behavior is similar between bioamine GG
and brain. The compression rate, however, has a direct
effect on gel fracture due to the visco-elastic recovery,
as elegantly shown for GG already before [58]. Based
on their methodology, we chose the compression rate
at a relevant range for our application. In general, our
results were in line with those of others [58], showing
that higher crosslinker concentration or faster com-
pression rate made GG more brittle (data not shown).

Rotational rheometry was used here as a com-
plementary method to compression testing to gain
additional insight into viscoelastic properties of the
hydrogels. In addition, rheometry is very sensitive to
anisotropy of the measured samples; the rheological
spectrum is not continuous if the material is not iso-
tropic. This effect makes the measurements more
laborious to perform, but it can also be used as a qual-
ity control for checking the similarity of parallel sam-
ples. The measurements show that all the successfully
measured samples had a gel-like response [13, 59]. In
the rheological spectra, the gel storage modulus was
always higher than the loss modulus, in both
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amplitude and frequency sweep, and a fracture was
seen under high strain. The rheological spectrum is
also in a similar range as previously reported for GG
hydrogels [26]. The high precision of rotational rheo-
metry revealed the anisotropic nature of SPD cross-
linked gels, causing those measurements to fail, but
anisotropy was not discerned in compression testing.
However, in cell culture, these anisotropies and nano-
topographical variations can actually provide better
cell anchoring sites than a totally homogenous hydro-
gel network [11].

4.3. Suitability of GG as a culturing matrix for
human neuronal cells

Cytocompatibility, the cellular scale response, needs to
be evaluated with human cells before large-scale
systemic biocompatibility testing [8]. In this work, we
used hPSC-derived neuronal cells [50] to study both
cytocompability and cell type-specific behavior in
developed GGs. Importantly, when aiming for clinical
applications, the development of neural TE products
requires the usage of human cells already in the
preclinical stage [60].

In this study, we used three steps to evaluate the
hydrogel performance: (1) culturing cells beneath, (2)
on top of or (3) encapsulated inside the hydrogel. This
evaluation protocol gives information of cell survival,
cell migration, and 3D network formation, but the dif-
ferent approaches should not be directly compared
between each other [5]. First, performing the cross-
linking directly on top of a pre-cultured neuronal net-
work can reveal acute cytotoxicity caused by gel
components or gelation during the first days in contact
with the material [5, 61]. Crosslinking of GG with SPD
or SPM did not cause acute (data not shown) or long-
term cytotoxicity during two week follow-up. This
result is in line with previous cytotoxicity studies for
GGs [16, 17, 20, 35]. Importantly, SPD and SPM at the
concentrations used for gelation (213-541 and
49.5-138 uM, respectively) do not cause detrimental
effects on neuronal cells. Culturing cells beneath
hydrogel can also reveal gel-related effect on cell beha-
vior, for example, changes in cell fate as described ear-
lier for Matrigel [61]. With GG hydrogels, no obvious
changes in cell fate were observed, as these cultures
developed similarly to control cultures. Successful
embedding also indicates that the porosity of the
developed hydrogels was sufficient for medium diffu-
sion and metabolite exchange through the gel block
(height: 2.2-2.8 mm) during two weeks follow up. In
conclusion, bioamine crosslinked GG hydrogels pro-
vided a suitable growth environment for human neu-
ronal cells.

To study cell type-specific behavior, we cultured
human neuronal cells on top of and encapsulated in
GGs. GG hydrogels are considered biologically inert
materials [17]. According to earlier studies, GG does
not in vitro support neuronal cell migration on top of
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gels or as encapsulated without the addition of cell
adhesion cues [18, 28]. Our experiments using cells on
top of gels showed similar results, as some neuronal
aggregates remained as spheres without neurite migra-
tion as previously described for mouse neural cells
[18]. Some aggregates, however, had neurite growth
along the hydrogel surface. We assume that neurites
growing on top of unmodified gel surfaces follow phy-
sical cues of the hydrogel. To enhance the cell migra-
tion on top of gels, we added the ECM protein laminin
by physically mixing it into the GG prior to gelation.
This functionalization of GG SPD hydrogels with
laminin (5 v%-10 v%) significantly increased neurite
migration. A similar positive effect was reported with
fibronectin-derived synthetic GRGDS-peptide GG
hydrogels [18]. Interestingly, functionalization with
laminin was not beneficial with SPM crosslinked gels.

Encapsulated human neuronal cells showed a
similar level of neurite migration despite functionali-
zation with laminin. Previous studies using neural
cells either on top of hydrogels or encapsulated have
contradictory results about the benefits of functionali-
zation on growth and migration. For example, func-
tionalization with RGD, IKVAV or YIGSR peptides
has shown both favorable and non-meaningful effects
in neural cultures [62, 63]. This discrepancy could
reflect the different microenvironments that cells
experience in these cases.

The current paradigm of hydrogel development
for TE involves making the mechanical properties
mimic the tissue of interest [4, 10—12]. For neural cells,
asuitable Young’s modulus of hydrogel was previously
reported between 1-5kPa [57, 64, 65]. Our study
revealed a wider, 2.7-22.6 kPa range in compression
moduli, enabling neuronal cell growth. At the same
time, our measured compression modulus for the rab-
bit brain samples ranged from 7.1 to 10.1 kPa. These
results strongly suggest that the lack of standardized
methods produces high variability in the results, pre-
venting valuable comparisons between studies.

Interestingly, the gels with higher compressive
moduli (11.5-22.6 kPa) showed the best cell type-spe-
cific response for cells grown on top of these hydro-
gels; even the compressive moduli brain samples were
lower (7.1-10.1 kPa). Thus, there is a clear need to
determine the actual threshold limits under which
cells sense the mechanical properties of the surround-
ing scaffold and exhibit cell type-specific behavior
[6, 12]. In other words, the true essence of biomimick-
ing is still unknown. To answer this question, more
optimal testing patterns need to be designed specifi-
cally for each tissue type. For example, the unconfined
compression method measures a bulk hydrogel,
whereas locally varying modulus and density, which
are measurable with atomic force microscopy, are
likely more important for cells [11, 12]. Compression
testing should be used only to define the correct range
of operations and for screening purposes, not to make
specific interpretations. Although they are easier to
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measure and interpret, the mechanical properties of a
bulk hydrogel may not be optimal to predict the cel-
lular level response to the hydrogel.

5. Conclusions

We conclude that GG hydrogels crosslinked with
either SPM or SPD are cytocompatible and provide a
compatible 3D scaffold for human neuronal cells.
Metallic cations can be replaced by these small
bioamines as ionotropic crosslinking agents. The
mechanical properties of the GG bioamine hydrogel
show a direct proportionality to crosslinker concen-
tration, increasing the predictability of the properties
of a certain composition. Mechanically, the GG
bioamine hydrogels closely resemble the naive rabbit
brain. Both SPM and SPD crosslinked hydrogels were
supporting the migration of neuronal cultures either
on top of the hydrogel or as encapsulated inside the
hydrogel and from a practical point of view there was
no difference in gel handling between the crosslinkers.
Neuronal cells grown on top of the SPD crosslinked
GG hydrogels clearly benefit from laminin functiona-
lization of the gel in a concentration dependent
manner, suggesting that GG itself is too inert material
for consistent neurite outgrowth. Based on our results
the GG 3.00%SPD hydrogels were the most supportive
for 3D neuronal network formation inside the hydro-
gel, being the most promising gel composition for
further studies.
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ABSTRACT: As the complex structure of nervous tissue cannot be mimicked in
two-dimensional (2D) cultures, the development of three-dimensional (3D) neuronal cell
culture platforms is a topical issue in the field of neuroscience and neural tissue
engineering. Computer-assisted laser-based fabrication techniques such as direct laser
writing by two-photon polymerization (2PP-DLW) offer a versatile tool to fabricate 3D
cell culture platforms with highly ordered geometries in the size scale of natural 3D cell
environments. In this study, we present the design and 2PP-DLW fabrication process of a
novel 3D neuronal cell culture platform based on tubular microtowers. The platform
facilitates efficient long-term 3D culturing of human neuronal cells and supports neurite
orientation and 3D network formation. Microtower designs both with or without
intraluminal guidance cues and/or openings in the tower wall are designed and suc-
cessfully fabricated from Ormocomp. Three of the microtower designs are chosen for the
final culture platform: a design with openings in the wall and intralumial guidance cues

(webs and pillars), a design with openings but without intraluminal structures, and a plain cylinder design. The proposed culture

platform offers a promising concept for future 3D cultures in the field of neuroscience.

KEYWORDS: direct laser writing, two-photon polymerization, microstructures, 3D culture platform, neurons, orientation of neurites

1. INTRODUCTION

In vitro cell culture platforms are invaluable tools for the study of
neural functions in health and disease. However, the planar
culture of neuronal cells represents an oversimplification of the
structure of the in vivo neural system. Moreover, two-dimen-
sional (2D) cultures may lead to uncharacteristic cell—cell and
cell-matrix interactions and alter cell behavior.! Thus, one of
the major strategies in the field of neuroscience and neural
tissue engineering (TE) is to develop three-dimensional (3D)
cell culture models that more closely mimic the in vivo-like
microenvironment and organization of neural networks into
segregated neuronal nuclei connected by discrete axonal tracts.”
Various approaches can be used to create a 3D environment such
as porous solid scaffolds,” hydrogel matrices,* microscale tubular
guidance conduits,” polymer microfibers,” or arrays of nano- and
microscale structures, e.g., pillars7 or towers.” Axonal alignment
is an important goal for neural TE in central nervous system
(CNS) and peripheral nervous system (PNS) injuries and
deficits. Thus, in recent years, several in vitro studies of 3D nerve
guidance conduit (NGC) geometries using aligned channels and
fibers have been conducted.”” Although NGCs have been mainly
used for PNS injury studies,'” microscale tubular guidance
channels may also serve as 3D in vitro test platforms for the

-4 ACS Publications  ©Xxxx American Chemical Society

investigation of the different factors (mechanical, chemical, or
topographical) that influence CNS neuronal survival and axonal
directionality. 3D microconduits can be engineered according to
specific need by systematically varying several parameters and
thus providing a new approach to study the influences of different
guidance cues on axonal path finding in vitro.” For example, the
incorporation of an oriented intraluminal framework into the
channel lumen to more accurately mimic the tract-like structure
present in both CNS and PNS can result in improved cell
attachment, migration, and alignment of regenerating axons in
comparison with simple hollow tubular structures.'’ The
intraluminal topographical cues or fibers promote the growth
of neurons because the larger surface area provided by the
introduction of an internal architecture significantly increases cell
adherence and growth."”

The fabrication of multichannel conduits or channels with a
regular filament arrangement or intricate intraluminal details
is not an easy task. Conventionally, different natural and syn-
thetic polymers have been fabricated into NGCs via injection
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molding,13 mandrel coating or dip coating,14 centrifuge casting,15
1

film rolling and sealing, extrusion,'” electrospinning,18 and
microbraiding of filaments."” However, these manufacturing
techniques cannot reproduce tubes with precise dimensions or
complex microscale internal structures.”” Hence, several rapid
prototyping techniques that enable the production of com-
plicated 3D structures automatically according to computer-
aided designs (CADs) have been used. These prototyping
techniques that include microstereolithography”' and inkjet
microdispensing” have been used to fabricate semicircular
trenches and tubular nerve conduits. Usually, the sizes of the
scaffold features produced by 3D printing and nozzle-based
techniques are in the range of 1 to 6 mm with the width of the
printed line limited to a minimum of 200 to 300 um.”® However,
the highest level of flexibility in structural design is achieved by
using a rapid prototyping technique called direct laser writing by
two-photon polymerization (2PP-DLW). This technique allows
the fabrication of complex features including internal walls,
overhangs, or tortuous channels with feature sizes in the ym and
subym range.”® 2PP-DLW is a sequential fabrication technique
in which structures are created by translating either the focal spot
of a tightly focused laser beam or the target, according to a
predefined scanning path.”* The two-photon absorption (2PA)
of photoinitiator molecules initiates radical chain-growth poly-
merization that converts small, unsaturated monomer molecules
from a liquid state to solid macromolecules.”® The polymer-
ization is localized within the focal volume of the laser beam
enabling the fabrication of isolated structures with <100 nm line
widths.*

2PP-DLW can process various photosensitive, biocompatible
materials. The technique has already been harnessed to construct
ordered 3D scaffolds with geometrical details on a cellular scale
(10 pum) for neuronal cell culture purposes.”” A nonbiodegrad-
able organically modified ceramic, Ormocomp, has been struc-
tured by 2PP-DLW into various geometrical shages for neural
applications such as Lego-like blocks,”® pillars,*”** and micro-
ridges’' and has been successfully used for contact §uidance
of neuroblastoma cells of rat”**' and human® " origin.
In addition, Zr—Si hybrid material and methacrylated polylactide
(PLA) have been structured into hollow cylinder scaffolds and
used for culturing rodent neural cells.*>** On the basis of these
previously reported results, there seems to be an obvious need for
studies conducted with human neuronal cells of nonmalignant
origin.

In this paper, we describe the optimization of the fabrication
process for a novel, detailed, 3D cell culture platform based on
direct laser written tubular microtowers and human neuronal
cells. Although 2PP-DLW is not an easily upscalable fabrication
method such as electrospinning, it enables the repeatable
production of platforms with fine details for in vitro applications.
These easily tunable platforms can be used for studying the
effects of the layout and the design (shapes and dimensions) on
cell behavior. Thus, the aim of our study was to polymerize
different microtower designs including a design with intraluminal
longitudinal micropillars that mimic the axonal tracts in vivo.
In particular, we investigated the ability of the towers to support
the adhesion, growth, and orientation of human pluripotent stem
cell (hPSC)-derived neuronal cells.

2. EXPERIMENTAL SECTION

2.1. 2PP-DLW Fabrication Setup. The microtowers were
fabricated with a custom-built 2PP-DLW setup, which was an updated
version of the system described previously.”* Briefly, a frequency

doubled femtosecond fiber laser (FP-532-0.2-FS-01, Fianium Ltd,,
United Kingdom), operating at 532 nm with a pulse duration of 200 fs,
repetition rate of 40 MHz, and average output power of 200 mW, was
used as an irradiation source. The beam was scanned in the xy-direction
with a fast steering mirror scanner (FSM-300, Newport Corporation,
USA) and in the z-direction with a piezoelectric objective lens posi-
tioning system (Mipos 250 SGEX, Piezosystem Jena GmbH, Germany).
The beam was directed into a 50X oil immersion objective (N.A. =
0.90, Meiji Techno, Japan) situated on an upright microscope frame
(ECLIPSE ME 600, Nikon, Japan). The objective had an average
transmittance of 48%. In order to overfill the back aperture of the
objective lens, a combination of two beam expanders, a 10X and an
adjustable 1—-3X, was used. The average laser power was adjusted to a
suitable polymerization level with a motorized attenuator (Watt Pilot,
UAB Altechna, Lithuania). The laser power was measured at the back
aperture of the objective with a power meter console (PM100USB,
Thorlabs Inc., USA) coupled with a S310C thermal sensor.

2.2. Materials and Sample Preparation. A commercial polymer-
ceramic hybrid material Ormocomp (Micro Resist Technology GmbH,
Germany) was used as a photocurable material in combination with
2 wt % of the photoinitiator Irgacure 127 (Ciba Specialty Chemicals,
Switzerland). In order to enhance the adhesion of the microtowers to
the glass surface, the coverslips intended for cell culture experi-
ments were pretreated with 3-(trimethoxysilyl) propyl methacrylate
(MAPTMS, Sigma-Aldrich Finland Oy, Finland) as described by Kapyld
et al.>® For the polymerization, a drop of Ormocomp was administered
on a round coverslip (@ = 9 mm) that was sandwiched between a
microscope slide and a coverslip separated by a 250 ym thick stainless
steel spacer. After the polymerization, the unexposed part of the resist
was dissolved by immersing the coverslip in Ormodev developer (Micro
Resist Technology GmbH, Germany) for 15 min and by rinsing with
Ormodev and hexamethyldisilazane (HMDS, Sigma-Aldrich Finland
Oy, Finland).

2.3. Determination of Polymerization Window and Feature
Size. In order to define the window of practical operation for the
fabrication of the microtowers with good quality, the polymerization
windows (P,,) were determined for the scanning speeds of 150, 350, and
550 pum s~'. The polymerization window was calculated as the power
range between the polymerization (Py,) and the damage thresholds
(Pp). For the threshold value determination, the laser focus was
positioned inside the resist volume to exclude any interaction with the
glass surface, and then, the laser power value was gradually increased
while polymerizing simple square patterns. The polymerization
threshold was defined as the lowest average laser power that yielded a
barely visible polymerized pattern and the damage threshold as the
power value where the microexplosions first started to emerge. The
average threshold values were calculated from the measurements
made from four separate samples. To ensure a large enough margin for
the damage-free fabrication without the appearance of microexplosions
due to the laser power fluctuation or the inhomogeneity of the resin, the
microtowers were fabricated with power values corresponding to 70% of
the polymerization window according to the formula P = P, X x + Py,
where P, is the polymerization window, Py, is the polymerization
threshold, and x = 0.7 is the power factor.

In order to determine the optimal slicing distance for the contours,
the line width and height were analyzed from suspended lines
polymerized between supporting wall structures with scanning speeds
of 150, 350, and 550 pum s~*. All the suspended lines were fabricated with
the average laser power values corresponding to 70% of the poly-
merization window determined previously for each scanning speed.
Feature dimensions were measured from the top view (0° tilt) and side
view (90° tilt) of SEM images with a free software GIMP (version 2.8).
The degree of voxel overlap for the chosen contour distances was
calculated as the product of voxel displacement in axial and lateral
directions according to the following:

w—dx h—dz

0= =X (1)
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where 6 is the degree of the voxel overlap, w and h are the width and
height of the voxel, and dx and dz are the lateral and axial voxel distances,
respectively.*®

2.4. Microtower Design. The tubular microtowers were designed
using the Rhinoceros CAD program (version 4.0, Robert McNeel &
Associates, USA). The outer shell of the towers was a 150.0 #m high
cylinder with an outer diameter of 77.0 m and an inner diameter of
75.0 ym. The cylinder was designed to have openings at the foot of the
tower for the cells to enter and in the upper part of the tower to allow the
efficient flow of medium also in the lumen of the tower. Two different
shapes for the openings, i.e,, elliptical and rectangular, were tested to find
the one that best retained its shape and size after polymerization. A set of
five longitudinal micropillars inspired by the axonal tracts present in vivo
was placed inside the tower to offer oriented topography for neurites to
migrate along through the channel. The diameter of the pillars was set to
5.0 pum to achieve thin but robust enough structures. Spider web-like
platforms were inserted on top and halfway down the tower to further
increase the surface area for cells to attach to and for neuronal somas to
remain stationary. Two different designs for the spider webs were tested:
a dense web comprising three concentric polygons with 5.0 ym line
spacing (designs I and IIT) and a sparse web comprising two concentric
polygons with 10.0 ym spacing (designs II and IV). As a comparison,
hollow microtowers with and without openings were also designed.
In total, six different microtower designs were drawn: designs I and II
(Figure S2a,b) had elliptical openings with dense or sparse webs, designs
III (Figure S2c) and IV (Figure la) had rectangular openings with

a

C
Tow% [\ Tower V Tower VI

Figure 1. CAD and SEM images of the microtowers: (a, d) design IV
with rectangular openings and sparse webs, (b, e) design V with
rectangular openings, and (c, f) design VI without openings. The
dimensions in CAD images are given in micrometers. SEM images are
taken from the 60° tilt angle. The top view and the longitudinal cross-
section of the design IV tower are presented in Figure S4. The scale bars
represent 20 ym.

dense or sparse webs, design V (Figure 1b) was a hollow cylinder with
rectangular openings, and design VI (Figure 1c) was a hollow cylinder
without any openings.

2.5. Fabrication of Microtowers. The microtower designs I-IV
were polymerized using the 50X objective to find out which version
replicated the original CAD model most precisely. The cylinders and
pillars were fabricated using the multipath scanning method,”” in which
the cylinder walls were formed by two nested contours separated by a
distance of 1 ym, and the micropillars, by three nested contours sep-
arated by a distance of 1 #m. Because the spider webs were polymerized
as single line scans, a moderate scanning speed of 150 ym s~" had to be
used in order to achieve robust and untwisted threads. For the cylinders
and pillars, scanning speeds of 350 and 550 um s~ were tested to
optimize the fabrication time versus surface quality of the structures.
For each scanning speed, the average laser power corresponding to the

predetermined 70% of the polymerization window was used. In order to
explore the intraluminal architecture of the microtowers with SEM
imaging, longitudinal cross sections of design II and IV towers were also
fabricated with the scanning speeds of 350 and 550 ym s™".

For the cell culture experiment, six parallel samples per time point
with an array of nine microtowers comprising three pieces of each design
(IV, V, and VI) were fabricated on MAPTMS-coated round glass
coverslips (@ = 9 mm). The distance between individual towers of
the same design was ~90 ym and between different tower designs was
~260 pm. The cylinders and pillars were produced with the constant
scanning speed of 550 ym s™' and approximately 70% power, and the
webs were scanned with the speed of 150 um s™' and power of 70%.

2.6. Characterization of Microtowers. The dimensions of the
fabricated suspended line structures and the microtowers were analyzed
by SEM imaging with a Philips XL-30 microscope (Philips Electron
Optics, The Netherlands). Prior to imaging, the samples were sputter
coated with gold in an argon atmosphere either to a nominal thickness of
113 nm (S 150 Sputter Coater, Edwards Ltd., UK) or 60 nm (SCD 050
Sputter Coater, BAL-TEC AG, Liechtenstein). The feature dimensions
were measured from top (0° tilt) and side (90° tilt) view SEM images
with GIMP software.

Because the cell adhesion can be affected by surface topography, the
surface roughness of the microtower cylinder walls was investigated by
noncontact mode AFM (XE-100, Park Systems Inc., USA). For the
imaging, the coverslip containing the microtowers was mounted in an
upright position on the xy-scanning stage in order to access the surface
of the walls of the towers with the AFM cantilever. Measurements were
performed using silicon probes (ACTa, Applied NanoStructures Inc.,
USA) with a nominal resonance frequency of 300 kHz, spring constant
of 40 N m™, and a tetrahedral pyramidal shaped tip with a face angle of
18°. Images were acquired with a scan rate of 1.0 Hz. Areas of 10 ym X
10 pm were imaged from the cylindrical walls of each tower design
(IV, V, and VI). From the two designs with openings, images were
acquired from two different locations of the cylinder: the sections with a
smoother surface and the sections located between the openings with a
seemingly rougher texture. The roughness of the surface was analyzed
from the AFM images with XEI image processing software (version
1.8.0, Park Systems Inc, USA). The curvature resulting from the
cylindrical shape of the tower wall was removed from the acquired
images by using the flattening tool with second order fitting curve in the
x-direction. As the microtowers appeared to be tilted to some extent in
the y-direction, the slope was eliminated by also flattening the images in
a vertical direction with a first order fitting curve. The surface roughness
was defined as the areal average surface roughness (R,).

The stiffness of the polymerized structures is mainly expressed by the
Young’s modulus of the material. Thus, force spectroscopy measure-
ments were performed with AFM to estimate the Young’s modulus of
Ormocomp. The elastic properties of the sample were investigated with
AFM force curves by recording the applied force and the depth of
indentation as the tip was pushed against the sample surface.”® Force—
indentation curves were recorded at three points from each tower design
by scanning areas of 15 ym X 15 pm from the upper rim of the cylinder
with a scan rate of 0.5 Hz. For comparison, similar sized areas were also
recorded from the three UV-cured Ormocomp thin films. The
fabrication of the thin films is described in the Supporting Information.

One of the most commonly used models for deriving the elastic
modulus from force curve data is the Hertz model® that gives the force
on a spherical tip as a function of the elastic properties of the material,
the radius of the tip, and the indentation depth.** The following is a
modified Hertz model*' for a four-sided pyramidal indenter:

E tana .,
1-0v* V2 )

where F is the indentation force applied to the sample, E is the Young’s
modulus, v is the Poisson’s ratio of the sample (set to 0.35 according
to"?), & is the indentation depth, and a is the face angle of the pyramidal
tip (18° in our case). The cantilever deflection during the indentation
was taken into account in XEI by transforming the Force—Z dis-
placement curve to Force—Separation curve via the cantilever’s spring
constant value (k). The spring constant of the cantilever was not

F =
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calibrated prior to the analysis. Instead, the nominal value of
k =40 N m™' quoted by the manufacturer was used. Stiffness data
was calculated automatically with XEI from the slopes of the force curves
after fitting with the Hertz model.

2.7. Differentiation of Neuronal Cells and Cell Culture. Human
neural cells derived from the hESC line Regea 08/023 (passage 46) were
used in cell culture experiments. Stem cell line derivation, culturing, and
characterization as well as neuronal differentiation have been previously
published.”** The BMT institute has been given ethical permissions to
derive hESC lines and to use stem cells for neural research (1426/32/
300/05, R05116). The quality control of the used stem cell line was
implemented by frequent gene and protein expression analysis for
pluripotency in addition to karyotype and mycoplasma assays. Stem cells
were predifferentiated for 13 weeks into neural fate before using them
for culture experiments. Briefly, undifferentiated colonies were mech-
anically cut into small cell aggregates and transferred into neural
differentiation medium (NDM) on low cell binding culture plates.
NDM contains 1:1 DMEM/F12 and Neurobasal supplemented
with GlutaMax (2 mM), 1X B27, 1X N2, and penicillin/streptomycin
(25 U mL™), all from Thermo Fisher Scientific Corporation, USA.
During differentiation, the medium was supplemented with bEGF
(20 ng mL™", R&D Systems Inc., USA). Cell aggregates formed round
freely floating neurospheres, which were kept small (@ ~ 500 ym) by
cutting once a week under a microscope. One third of the medium was
changed three times a week.

For cell culture experiments, coverslips containing microtowers were
disinfected with 70% (v/v) ethanol for 15 min, immersed in Dulbecco’s
phosphate buffered saline (DPBS, Lonza Group Ltd., Switzerland) for
2 h at +4 °C, and allowed to air-dry. The PDMS cell restrictors were
attached to coverslips, and the samples were placed on 6-well plates. The
surfaces were coated using mouse laminin (10 sg mL™", Sigma-Aldrich).
The laminin coating solution was incubated on samples for 72 h at
+4 °C.

For the plating of the cells on the microtower samples, neurospheres
were enzymatically dissociated into a single cell solution using TrypLE
Select 1X (Thermo Fischer Scientific) according to the manufacturer’s
instructions. The cells were plated as a single cell suspension on top of
the laminin-coated samples at a density of ~35 000 cells cm™2. For the
first week in culture, NDM without growth factors was used, after which
NDM was supplemented with bEGF (4 ng mL™") and brain-derived
neurotrophic factor (BDNF, 5 ng mL™’, ProSpec-Tany TechnoGene
Ltd,, Israel). During culturing, the cells were monitored and phase
contrast images were taken with an inverted microscope (Nikon Eclipse
TE 2000-S, Nikon Corporation, Japan) equipped with the Nikon Digital
Sight Camera System (DS-SM-L1). Half of the cell culture media was
changed three times a week.

2.8. Viability Assay. For viability analysis, the cultures were stained
using a LIVE/DEAD viability/cytotoxicity assay (Thermo Fisher
Scientific). In brief, the assay comprises two fluorescent dyes: Calcein-
AM (0.1 uM, Aqyiation = 488 nm) that stains intact cells and ethidium
homodimer-1 (0.4 uM, A citation = 568 nm) that stains dead cells. After
30 min of incubation at +37 °C, the cells were imaged with an Olympus
IXS1 inverted microscope and an Olympus DP30BW digital camera
(Olympus Corporation, Japan). Three parallel samples were analyzed
per time point (1, 2, and 4 weeks).

2.9. Immunofluorescence and Confocal Imaging. For
immunocytochemical staining, cells were fixed for 30 min using 4%
paraformaldehyde (Fluka, Italy) after 1, 2, or 4 weeks of culture and
stained with neuronal markers. Unspecific staining was blocked for
30 min at room temperature (RT) with 10% normal donkey serum
(NDS), 0.1% saponin, and 1% bovine serum albumin (BSA) in DPBS
(all from Sigma-Aldrich). The cells were then washed once with 1%
NDS, 0.1% saponin, and 1% BSA in DPBS. Primary antibodies, rabbit
antimicrotubule associated protein 2 (MAP-2, 1:400, AB5622, Merck
Millipore, Germany), and monoclonal mouse anti-f-tubulin III (1:1250,
Sigma-Aldrich) were incubated with the cells at +4 °C overnight. Then,
the cells were washed three times with 1% BSA in DPBS and incubated
with secondary antibodies for 1 h at RT. AlexaFluor-488 or -568 con-
jugated antirabbit or antimouse secondary antibodies (1:400, Thermo
Fischer Scientific) in 1% BSA on DPBS were used. DAPI (0.2 ug mL™",

Sigma-Aldrich) in DPBS was added to the samples and incubated
for 15 min. Finally, the cells were washed twice with DPBS. The
samples were then mounted according to the manufacturer’s instruc-
tions with TDE Mounting media (Abberior GmbH, Germany), a
2,2'-thiodiethanol-based embedding media with a refractive index of
1.518 matching perfectly with the refractive index of Ormocomp. The
embedding media was used to minimize spherical aberration that causes
a scattering of light and a blurring of the images.

Confocal images were acquired with a Zeiss LSM 780 mounted into
an inverted Cell Observer microscope (Carl Zeiss, Germany) using
63X (N.A. = 1.40, Zeiss Plan Apochromat, Carl Zeiss) and 25X (N.A. =
0.80, Zeiss LD LCI Plan-Apochromat, Carl Zeiss) objectives. The con-
focal data was visualized with ZEN Black 2012 SP1 software (version
8.1, Carl Zeiss) and Image] (Version 1.39, U.S. National Institutes of
Health, USA). For cell number analysis, confocal image stacks were
divided into 15 pm thick substacks, and cell nuclei were counted with
the Cell Counter Image] plugin. The data were further rearranged to
represent the proportion of cells attached to smooth and rough sur-
faces, total cell number in the microtowers, and the proportion and
longitudinal distribution of cells inside the towers.

2.10. Confocal Image Analysis of Neurites. For analyzing neurite
orientation inside the microtowers, orthogonal projections were created
from confocal image stacks. To exclude the cells growing on the outer
surface of the towers, cropped slices representing only the center part of
the towers were analyzed. These slices were projected into 2D via the
maximum intensity projection function in Image]. The projection repre-
sented 50% of the total microtower volume. Orthogonal projections
were analyzed with a spectral analysis software tool, CytoSpectre,* to
quantify the circular variance and mean orientation of the neurites inside
the towers. Circular variance is a measure of the uniformity of the
orientation distribution. It varies from 0 to 1. The value of 1 describes a
situation where the neurites are spread evenly in all angles lacking a
dominant direction, whereas a value of O signifies a case of perfect
alignment along a single orientation angle. In addition, the orientation
angles of all neurite segments with a length of >5 ym were traced and
measured manually with Image] from the same orthogonal projections.
In total, ~3200 neurite segments were measured. The angle of each
segment was calculated relative to the vertical plane, and all orientation
angles across the 0° to 90° spectrum were then binned in 10° sections.
This method was adapted from Tuft et al.*® A lack of neurite alignment
would thus be supported by a relatively equal distribution of neurite
segment angles across the whole angle spectrum, whereas strong
alignment to the longitudinal direction would be evidenced by a high
incidence of neurite segments with angles of 20° or less.

2.11. Preparation of Cell Culture Samples for SEM Imaging.
The 3D morphology and organization of neuronal cells were assessed by
SEM imaging. Prior to imaging, samples were fixed with 5%
glutaraldehyde (Sigma-Aldrich) in DPBS (pH 7.4) at RT for 1 h.
Afterward, the samples were immersed in ion-exchanged water for
15 min. Next, the samples were dehydrated using an ascending series of
ethanol concentrations (10%, 20%, 40%, 60%, 80%, 99.5%, v/v) for
10 min each. Finally, the samples were air-dried and stored under
vacuum. After drying, the samples were sputter coated with gold in an
argon atmosphere (S 150 Sputter Coater) to a coating thickness of
approximately 75 nm. Samples were analyzed by SEM imaging with a
Philips XL-30.

2.12. Statistical Analysis. All statistical tests were performed with
IBM SPSS-software (version 23, IBM, USA). Statistical analysis was
performed using the nonparametric Mann—Whitney U test or Kruskall-
Wallis test followed by Dunn-Bonferroni tests. The p-values of <0.05 or
<0.01 were considered significant.

3. RESULTS

3.1. Polymerization Windows and Feature Dimen-
sions. In order to fabricate Ormocomp microtowers with good
structural quality, i.e., without the emergence of damaging micro-
explosions, the applicable average laser power range (i.e., the
polymerization window) for polymerization was first determined.
The measured values are collated in Table 1. The threshold values
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Table 1. Polymerization (Py,) and Damage Threshold (Pp,)
Power Values As Well As the Calculated Polymerization
Windows (P,,) and the Power Values Corresponding to 70%
of the Polymerization Window for the Tested Scanning
Speeds”

scanning _sPeed 70% P,
(ums™] Py [mW] P, [mW] P, [mW] [mW]

150 03+004 54+05 51%05 3.8 +£04

350 03+004 S3+02 S50+02 39+02

550 0.3 +0.06 54+02 5.0+02 3.9+02

“The measured data represent mean + standard deviation (n = 4).

for the examined scanning speeds were almost identical and
resulted in very similar polymerization window ranges.

SEM images of suspended line structures polymerized
with scanning speeds of 150, 350, and 550 ym s7! are shown
in Figure S1. The measured line widths and heights for the three
scanning speeds are summarized in Table 2.

Although the voxel dimensions remained nearly constant, the
uniformity of the lines decreased and the surface roughness
increased with scanning speed. As the fabrication time can be
reduced by taking advantage of the axial height of the voxels and
setting the layer distance to match the voxel height, the axial voxel
distance of the microtower cylinder was set to 3.0 um and the
micropillars to 4.0 ym. In order to achieve relatively smooth
surface roughness, the lateral voxel distance was set to 1.0 pm.
The lateral, axial, and overall voxel overlap degrees calculated for
the cylinder according to eq 1 are presented in Table 2. The voxel
overlap ratios were not determined for the scanning speed
150 um s as it was only used for single line scans when poly-
merizing the spider webs. According to the results of previous
studies, the lateral surface roughness tends to saturate when
the voxel overlap ratio is over 0.5 due to the self-smoothing
effect.””** For the scanning speeds of 350 and 550 ym s~', the
lateral voxel overlap ratios were over 0.5 suggesting that similar
surface roughness would be achieved with both scanning speeds.

3.2. Microtower Fabrication by 2PP-DLW. The micro-
tower designs I and II were polymerized with scanning speeds
of 350 and 550 ym s~' (Figure S3) to determine the optimal
scanning speed for the fabrication and to evaluate whether the
elliptically shaped openings would give round openings.
However, as the axial contour distance was quite large (i.e.,
3.0 um), the elliptical shape of the openings was not traced
properly, especially with the scanning speed of 550 um s~
As predicted by the similar voxel overlap degrees, both scanning
speeds resulted in comparable surface quality. The rectangular
shape of openings (designs III and IV) was reproduced quite
accurately with both scanning speeds (Figure S4).

Figures S3 and S4 show that some of the gaps in the spider
webs were enclosed by self-polymerized membranes (designs I
and III) that formed in-between the web threads as the scanned
lines were packed densely enough. These designs were considered

too closed to allow efficient cell migration. Thus, microtower
design IV (Figure la,d) together with the reference structure
designs V (Figure 1b,e) and VI (Figure 1c,f) were selected as the
most optimal models for the cell culture experiments.

The fabrication of a single design IV tower using scanning
speeds of 350 um s~! (the cylinder and pillars) and 150 ym s~
(the webs) took approximately 7 min 32 s. Increasing the scann-
ing speed from 350 to 550 um s™" reduced the fabrication time by
22 sto 7 min 10 s. As there was no essential difference in the sur-
face quality of the towers, the samples for the cell culture experi-
ments were fabricated with the scanning speed of 550 ym s~
In addition, the reference microtowers (designs V and VI) were
fabricated with the same scanning speed. The fabrication of
design V took only 3 min 49 s and design VI took 4 min 30 s.
Design VI towers had a smooth uniform surface morphology
with surface roughness R, = 11.2 + 0.4 nm (henceforth denoted
as “smooth surface”) as the cylinder comprised only closed
circular contours. The surface roughness (R, = 30.9 + 6.6 nm,
henceforth denoted as “rough surface”) was higher in designs IV
and V at the opening layers. The higher surface roughness was
caused by the fluctuation of the laser dose due to the acceleration
and deceleration of the scanner producing variation in voxel size.
Other layers of the design IV and V towers had a smooth surface
as in design VI. Figure SS shows examples of atomic force
microscopy (AFM) 3D topography images and the line scan
profiles of the smooth and rough parts of the tower walls.

Fabrication accuracy using the 2PP-DLW setup was assessed
by measuring the dimensions of the design IV microtowers from
SEM images and comparing them with the theoretical dimen-
sions of the CAD model (Table 3). The comparison revealed

Table 3. Theoretical and Experimental Dimensions of Design
IV Microtower”

CAD dimensions measured

m] dimensions [um]  deviation [%]
cylinder height 150.0 1192 + 4.5 20.5 + 3.0
lower opening height 27.0 119 + 4.2 559 + 15.6
lower opening width 20.0 18.6 + 0.3 72+ 13
upper opening height 33.0 10.1 + 0.4 694 + 1.1
upper opening width 20.0 18.1 + 0.1 9.3 +£0.7
cylinder inner diameter 75.0 717 £ 04 43 +0.6
pillar diameter 5.0 85+0.8 70.6 + 15.9

“The cylinder and pillar diameters were measured from the top view
(0° tilt), and height of the cylinder along with the dimensions of the
openings, from the side view (90° tilt) of SEM images. The measured
data represent the mean + standard deviation (n = S).

that the microtowers had shrunk in both xy- and z-directions
on average 4% and 21%, respectively. The Young’s modulus of
Ormocomp processed by 2PP-DLW was estimated via force
spectroscopy measurements performed with AFM at the upper
rim of the microtower cylinder. For comparison, the Young’s

Table 2. Measured Line Widths and Heights for Scanning Speeds of 150, 350, and 550 gm s™! and Calculated Voxel Overlap

Ratios”
scanning _sPeed line width line hei]ght lateral voxel distance
[ums™'] [um] [pm [um]
150 1.9+02 75+02 n.a.
350 2.1+0.1 74 +£02 1.0
550 21+02 6.8 + 0.6 1.0

“The data represent mean =+ standard deviation (n = ).

lateral voxel axial voxel distance axial voxel overall voxel overlap
overlap [um] overlap degree
na. na. na. na.
0.53 3.0 0.59 0.31
0.51 3.0 0.56 0.29
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modulus was also measured from UV-polymerized Ormocomp
thin films. According to the Hertz model, the average Young’s
modulus of the microstructures was E = 140 + 18 MPa, whereas
in the UV-cured Ormocomp thin films it was E = 2.4 + 0.18 GPa
underlining a significant difference between the two differently
cured specimens (two-tailed Mann—Whitney U test, p < 0.001,
n =9). Examples of the force versus indentation depth plots are
shown in Figure S6.

3.3. Applicability of the Microtower Structures for Cell
Culture Purposes. The applicability of microtowers for cell
culture purposes was assessed by cell viability analysis. Cells grew
in close vicinity to and inside the towers throughout the four-
week experiment (Figure 2a). The viability of the cells was not
affected by the microtowers. In addition, cell growth on the outer
surface of the towers was studied to further ensure the suitability
of the surface texture for cell attachment (Figure 2b,c). The outer
surface of the towers at the height of 75 to 90 ym representing
either rough (R, = 31 nm) or smooth (R, = 11 nm) surface tex-
ture was closely examined. Visual inspection showed no
differences between the different textures. This was confirmed
by also comparing the proportions of cells attached to the
analyzed areas. There were no statistically significant differences
in cell attachment among surfaces with different roughness.
Therefore, microtowers fabricated by 2PP-DLW provided a
suitable environment for cells.

3.4. Neuronal Cell Distribution in Microtowers. Cell
phenotype was confirmed as neuronal via immunocytochemical
staining against the neuronal markers MAP-2 and f-tubulin III
(Figure 3a). Cell growth inside and outside the microtowers was
studied by counting cell nuclei from confocal image stacks. At the
one-week time point, the total cell growth in all the studied tower
designs was quite similar (Figure 3b). At the two-week time
point, the total cell number increased in designs IV and V,
whereas the number remained constant in design VI. By week
four, the total cell number decreased in designs IV and V but

increased in design VI. Most of the cells, regardless of tower
design, were located on the outside walls but there was a high
variation in cell number (945 + 424 cells), whereas the cell
number on the inside was lower but interestingly with less
variation (440 + 158 cells). As the inside of the tower provided a
more stable microenvironment for the cells, we next calculated
the relative proportion of cells inside from the total cell number.
Despite the dramatic changes in cell number outside of design IV,
the proportion of cells inside increased significantly from week
one to week four (Figure 3b,c). In addition, the portion of cells
inside tower design IV was significantly higher compared with
design VI at the four-week time point.

The cell distribution inside the towers was analyzed on the
basis of six layers. Each layer represented different regions of
design IV: from O to 15 pm lower openings, from 15 to 60 um
pillars, from 60 to 75 um lower web, from 75 to 90 um upper
openings, from 90 to 120 um pillars, and from 120 to 135 um
upper web. Figure 4a presents examples of confocal z-projections
of samples at the two-week time point. In design IV, the cell
distribution at the upper half (from 60 to 135 ym) of the tower
remained rather similar throughout the 4 weeks (Figure 4b).
Whereas in the lower layers (from 0 to 60 um), the cell
localization was observed to shift from the lowest layer (from 0 to
15 um) to the next layer (from 1S to 60 um) over time. However,
this movement upward was halted at the layer containing the
lower web (from 60 to 75 ym). In design V, most of the cells were
located in the lower half of the tower throughout the study
(Figure 4c). In design VI, the cells were quite evenly distributed
throughout the height of the tower during the first 2 weeks
(Figure 4d). By week four, the majority of the cells had migrated
to the upper parts of the tower.

3.5. Orientation of Neurites along Microtowers. The
orientation of neurites along the microtowers was first analyzed
with automated analysis. Then, a more detailed analysis was
performed manually to investigate the distribution of neurite
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Figure 2. Applicability of the direct laser written microtower structures for cell culture purposes: (a) fluorescence images of live/dead stained cells at
different time points; (b) proportion of cells attached to the outer surface layer at height 75 to 90 um representing either rough or smooth surface
texture. The cell numbers on the rough surface have been counted by combining the data of tower designs IV and V. The cell numbers on the smooth
surface represent the data of tower design VI. There was no statistically significant difference in cell attachment among surfaces with different roughness
(p > 0.0S, two-tailed Mann—Whitney U test, n = 8—18); (c) SEM images of microtower designs IV, V, and VI from one-week time point illustrating the
surface area used for analysis of cell attachment on differently textured surfaces. Scale bars represent 20 ym.
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Figure 3. Total cell number in microtowers. (a) Representative 3D renderings of confocal image stacks with immunocytochemical staining against
neuronal markers MAP-2 (green), f-tubulin III (red), and DAPI (blue) for nuclei. (b) Total cell number in microtowers and (c) proportions of cells
inside the towers (*p = 0.041 < 0.0S, **p = 0.007 < 0.01, n = 7—9, Kruskal-Wallis test followed by posthoc Dunn-Bonferroni tests).

orientation angles. As an example, plots of the neurite orientation
distributions from the automated analysis and projections demon-
strating manual neurite tracing are shown in Figure Sa—c.
According to automated CytoSpectre analysis of circular vari-
ances, all tower designs had cases of high orientation (circular
variance <0.6). However, there was a great variation between
parallel samples (Figure 5d). The dominant orientation for each
tower design is represented as a box plot of mean orientation
angles between 0° and 180° in Figure Se. The longitudinal axis of
the tower is at the angle of 90°, and the neurites following this
angle were considered to be perfectly oriented. The majority
of the measured mean orientation angles represented +10°
deviation from the longitudinal axis throughout the experiment
indicating the presence of longitudinally oriented neurites.

In the manual analysis, the lengths of the traced neurite
segments were summed and compared with the total cell number

(Figure 5f). The main finding was that design IV had the highest
neurites to cell number ratio at 1 and 4 weeks. Therefore, design
IV provided the most promising environment for neurite growth.
Figure Sg—i shows the distribution of the manually measured
neurite segment angles. During the first week (Figure Sg), all the
tower designs demonstrated similar neurite orientation behavior;
the highest neurite occurrence was found in the 10° bin.
Throughout the experiment, design IV had the highest incidence
of neurite segments (41% to 46%) with an alignment angle of
<20° indicating orientation along the longitudinal direction.
At the two-week time point (Figure Sh), design V had a fairly
equal distribution of neurite segment angles across the bins
demonstrating quite random orientation, whereas in design VI,
the highest neurite incidence was detected in bins 10°, 20°, and
40°. All the tower designs had approximately the same number of
longitudinally oriented neurites (~40%) at the four-week time
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point, indicating that the cylindrical shape itself enhanced
orientation in long-term culture (Figure Si). Overall, in all the
tower designs throughout the experiment, the highest incidence
of neurites was located in the 10° to 20° bins indicating good
longitudinal orientation.

3.6. Formation of 3D Networks. The cell morphology and
organization of neuronal networks were assessed by SEM
imaging. In all microtower designs, neurons grew in close contact
with the 2PP-DLW fabricated towers spreading neurites along
the inner and outer surfaces, as shown in Figure 6. On the outer
surface of the towers, neurons and neurites extended across the
total height of the towers. Neurites as well as neurons migrated
between the outer and inner surface through the wall openings in
designs IV and V. In addition, similar behavior was seen in all
designs at the upper rim of the cylinder, where cells formed
connections between outer and inner populations by migrat-
ing over the edge (Figure 6, Top view). Interestingly, neurons
formed 3D networks with suspended bridges between the
adjacent microtowers and between tower walls and bottom
surfaces (Figures 3a and 6, Last row). These bridges were mostly
formed from several neurites intertwined into bundles. On the
basis of the known distance between towers, several suspended

neurite bridges were estimated to be ~90 ym long and the
longest bridges found were ~260 pm.

4. DISCUSSION

Computer-assisted laser-based fabrication techniques such as
2PP-DLW offer powerful tools to produce cell culture platforms
with highly ordered geometries that recapitulate the struc-
ture and size scale of natural 3D cell environments.” Here, we
present the design, 2PP-DLW fabrication process, and cell
culture results of a novel 3D neuronal cell culture platform based
on tubular microtowers. In total, six different microtower designs
were successfully fabricated from Ormocomp. To study the
relevance of the intraluminal infrastructure (design IV) for cell
growth, two designs without internal structures (designs V and
VI) were used for comparison. The process was optimized by
defining the operational polymerization windows for Ormocomp
for the tested scanning speeds of 150, 350, and S50 ym sh
Microtower designs with dense spider webs (I and III) were
excluded from further study because some web threads were
agglutinated due to a self-polymerization phenomenon.”” On the
grounds of the preliminary findings, the microtower designs IV,
V, and VI were selected as the most optimal models for the cell
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Figure S. Orientation of neurites inside the towers was determined by measuring the angles of neurite segments from the longitudinal projections taken
from the confocal microscopy image stacks of the microtowers. Representative projections of confocal micrographs from the two-week time point with
traced neurites marked with yellow lines inside the microtower (a) design IV, (b) design V, and (c) design VI. For each design, the CAD model is
presented to illustrate the analyzed volume utilized for the neurite angle measurements (marked with green). In addition, plots of orientation
distribution created with CytoSpectre software are shown for each case. The distance from the origin represents the relative frequency of the
corresponding angle. Value 1 has been designated to the angle with highest incidence. (d) Box plot of the circular variance of the neurite orientation
obtained with CytoSpectre. (e) Box plot of the mean orientation angles of neurites (from 0° to 180°, the longitudinal axis of the tower is at 90°) analyzed
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culture experiments. The fabrication accuracy of the 2PP-DLW
setup was evaluated by measuring the dimensions of the towers
of design IV. The height of the cylinder had shrunk ~21%
because of the low polymerization yield caused by high scanning

speed and relatively large axial contour distance. However, this
rather high shrinkage rate is in line with the previous results for
Ormocomp with ~20% to 24% shrinkage in the z-direction
reported.””** The diameters of the micropillars had broadened
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Side view

Tower VI Tower V Tower IV

Suspended neurite bridges

Top view

Figure 6. SEM images of neuronal cells inside and outside of different microtower designs at the one-week time point. The images of the three upper
rows show the towers from the tilt angles of 60° (first and second column) and 0° (third column). The last row illustrates the close-ups of the suspended
neurite bridges extending between adjacent towers. Suspended neurite bridges are marked with arrowheads. Scale bars represent 20 ym.

71% (~3.5 um), which is more than the width of a voxel
(~2 pm). The difference could be explained by the overcur-
ing phenomenon resulting from the multipath scanning with
three nested contours separated by a distance of 1.0 ym. Solid
voxels are surrounded by subactivated regions, in which the
concentration of active radicals is below the polymerization
threshold.”> However, when two subactivated regions overlap as
a consequence of closely situated scanning paths as in the case
of the multipath scanning method, the laser-generated radical
concentration can exceed the threshold value, which leads to self-
assembly of oligomers into features sustaining the postexposure
development.”’ According to Uppal and Shiakolas,”* with a
diffraction-limited laser spot having a lateral diameter of 1 ym,
the radius of the subactivated region is approximately 5 ym. In
our case, the lateral diameter of the diffraction-limited laser spot
can be estimated as d = 1.224/NA = 720 nm, where A is the
wavelength of the laser (532 nm) and NA is the numerical
aperture of the objective lens (0.90). Thus, in our case, the radius
of the subactivated region can be estimated to be ~3.6 ym. The
offset between the three nested contours was set to 1.0 ym, so it
can be concluded that the overlap of subactivated regions

occurred and led to broadening of the diameter of the micro-
pillars. The overcuring could be avoided by taking into account
the spot size of the laser beam when preparing the CAD designs
and carefully selecting optimal offset between the nested
contours. The height of the lower openings deviated from the
theoretical height considerably (56%) because the glass-
photoresist interface, i.e., the initial focal spot height, had to be
manually set for each structure. The experimental width of the
lower and upper openings corresponded well with the CAD
model when taking into account the overcuring caused by the
size of the laser beam. The height of the upper openings shrunk
considerably (69%). This finding cannot be solely explained by
the height of the voxel (6.8 ym). Presumably, the shrinkage is a
consequence of several phenomena such as material shrinkage
and overcuring phenomenon occurring at the lower and upper
edges of the openings. The inner diameter of the microtower
cylinder deviated from the theoretical value by only 4%. One of
the acknowledged limiting factors impairing the fabrication
accuracy of 2PP-DLW and other photolithographic fabrication
methods is that material shrinkage induces deviations from the
CAD model.”*° However, from the point of view of our test
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arrangement, the shrinkage had no essential effect on the
usability for cell culture.

The measured Young’s modulus of the UV-cured Ormocomp
thin film specimens (E = 2.4 + 0.18 GPa) was in the same order
as that reported earlier by Schizas and Karalekas®” and Li et al.,**
1.27 and 1.58 GPa, respectively. However, the average Young’s
modulus of the microtowers (E = 140 + 18 MPa) was con-
siderably smaller when compared with the thin film specimens.
This finding is the result of the lower cross-linking degree of
polymer chains achieved via 2PP-DLW when compared with the
UV-curing process.”””® The only reported Young’s modulus
for Ormocomp microstructures fabricated by 2PP-DLW is
E = 800 MPa,” which is considerably larger than that measured
here. The difference can be partially explained by the higher
scanning speed (550 um s~ vs S0 to 250 ym s™') and the lower
laser power values (3.9 mW vs 10 to 17 mW) used in our
fabrication process. These factors resulted in a reduction in
exposure, a decrease of the cross-linking degree of the poly-
mer, and the lower Young’s modulus. Nevertheless, the level
of stiffness was adequate for the fabricated microtowers to
withstand all the handling and cell culture procedures without
major shape distortions.

In 2PP-DLW, the laser exposure dose (i.e., the scanning speed
and average laser power) determines the resulting voxel size.
Voxel size combined with the chosen contour distance for
the CAD model define the final surface topography of the
structure.®® Thus, the surface roughness of the microstructures
can be tuned by changing these parameters. Depending on
the microtower layer, the surface roughness was either ~11 or
~31 nm due to the fluctuation of the laser dose caused by
different contour geometries. The achieved surface roughness is,
nevertheless, in line with previous studies; Malinauskas et al. have
reported a roughness of ~30 nm +3 nm for sol—gel photo-
polymer $Z2080,°" and Takada et al. found a roughness of 4 to
11 nm for urethane acrylate resin SCR500.°> It has been sug-
gested that the higher surface roughness resulting in an increase
of the surface area can promote the attachment of glioblastoma
cells.”” In our study, there was no significant difference in cell
adhesion between the smooth and the rough areas of the tower
wall. This is in accordance with previous results stating that the
neurons of substantia nigra can adhere to a surface with R,
ranging from 20 to 50 nm, whereas on surfaces with R, < 10 nm
or >70 nm adherence is negatively affected.”* Contrary to the
studies mentioned above utilizing uncoated surfaces,"** we
studied surface topographies coated with laminin. As reported
previously by Kipyli et al.,** protein coating levels off differences
in the surface roughness of Ormocomp, which in our case
resulted in similar cell behavior on both roughnesses. Further-
more, the surface chemistry of Ormocomp appears to have
a stronger effect on cell attachment compared with surface
roughness. Consequently, although the surface quality of the
structures prepared by the 2PP-DLW technique is very sus-
ceptible to any variation in fabrication conditions, small changes
in the surface roughness were assumingly compensated by the
laminin coating.

Interestingly, surface roughness has been shown to dramat-
ically affect cell behavior by Limongi et al.” In their study, nano-
patterned micropillar (h = 10 ym, @ = 10 um) arrays supported
the formation of 3D networks via suspended neurite bridges,
whereas smooth pillars promoted only the formation of a flat
sparse neuronal network on the bottom surface as well as at the
root of the pillars (surface roughness not reported for either
case). In our study, however, the smooth surface appeared to be

very attractive for human-derived neuronal cells. Moreover, 3D
neuronal networks and suspended bridges were able to form
throughout the tower height and along and between the tower
walls. To some extent, a similar formation of suspended neurite
bridges has also been reported with microfibers® and 2PP-DLW
fabricated microstructures.*”>* Thus, it can be concluded that
with the 2PP-DLW fabrication method no additional patterning
phase is needed to enhance cell growth.

According to the cell behavior, the tower structures seemed to
create different microenvironments for the cells: one on the inner
and other on the outer surface of the towers. The lumen provided
a more stable, enclosed environment, as seen by the relatively
constant cell number throughout the experiment. Although
the cell number in lumen of all tower designs was similar, the
distribution of cells was affected by the microtower design.
The openings in the tower wall seemed to have an impact on the
extent of cell migration or proliferation inside the towers,
whereas the existence of the spider webs did not considerably
alter the cell localization. Moreover, cells inside design VI
without the openings were more equally distributed throughout
the tower height indicating a homogeneous microenvironment.

According to both the automatic and manual analysis of the
neurite orientation angles, the microtower structures were able to
orient neurites. More detailed manual analysis showed that
during the first 2 weeks the longitudinal orientation of the
neurites was enhanced by the intraluminal infrastructure, most
probably by the micropillars (design IV). By week four, the
differences in the degree of orientation leveled off in all tower
designs. Overall, the intraluminal structures appeared promising
for orientation purposes, but the design clearly needs more
optimization. It has been reported that 2PP-DLW fabricated
guiding structures (@ = 10—20 ym) are able to orient rodent
neuroblastoma-glioma cells, although quantitative verification
has not been conducted.”® Fibers (@ = 7—8 um) have been
shown to effectively orient rat neural cells as 63% of the cells had
a dominant growth direction of <10° compared with the
longitudinal direction of the fibers. Our results suggest a similar
kind of behavior even though we analyzed the orientation of all
neurite segments instead of measuring only the main angles for
single neurons. Thus, micropillar structures can be used effec-
tively as components of scaffolds for orientation purposes.

Similar microtower structures without an intraluminal infra-
structure (h =250 ym, @ = 200 ym) embedded in hydrogel have
been used to study rodent neural cell interactions and dis-
tribution at the tower interface in 3D.” In that study, cells
accumulated to the towers and formed 3D neural networks
around and across the towers. Our study showed surprisingly
similar results without the support of the hydrogel matrix.
We consider this finding to be important as the use of
microstructure-supported cell cultures instead of random 3D cul-
tures in a gel matrix could enhance the reproducibility of the
experiments in vitro.

5. CONCLUSIONS

Our study introduced a feasible fabrication method for the
creation of a microtower-based 3D cell culture platform with
intricate and detailed features. The cell culture platform was
proven to be efficient for the long-term 3D culturing of human
stem cell-derived neuronal cells. The proposed culturing concept
may be used as a substitute for the hydrogel matrix com-
monly used to mechanically support the 3D growth of cells. The
platform is especially suitable for studying cell behavior in a
3D environment, for example, the orientation and migration of
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neuronal cells, both of which are important aspects to consider in
future studies.
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