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Summary

Tissue Engineering aims at restoring or regenerating damaged, lost or diseased tissues
by combining patient-derived cells with soluble factors and/or synthetic or biological
materials acting as so-called scaffolds. Depending on the strategy, these cells, factors
and materials can be combined in vitro prior to implantation or in vivo directly. In
both approaches quality control of the obtained construct remains a challenge. Most
conventional methods to assess the success of a specific scaffold-based approach rely on
destructive techniques which can only be executed at the end-point of an experiment
or procedure. In the past decades, many advances have been made to assess the
quality of constructs non-destructively. However, non-destructive methods cannot
always reveal spatiotemporal information because most of these methods assess the
tissue engineered construct as a bulk material.

Therefore, imaging methods are of interest to retrieve spatiotemporal information
on cell behavior and tissue growth in a non-destructive manner. In chapter 2 of
this thesis, the applicability of several clinically applied imaging techniques on the
monitoring of opaque three-dimensional(3D) tissue engineered constructs is evaluated.
Most microscopy techniques currently applied in tissue engineering have a limited
penetration depth, a hurdle that clinically applied imaging techniques could aid to
overcome. The best candidate for monitoring a tissue construct over time are imaging
methods with a balance between lateral resolution, penetration depth, scanning time
and tissue component distinguishing properties. However, most imaging methods aim
at high penetration depths (in cm scale), simultaneously compromising the lateral
resolution to limit scanning time.

Before testing candidate imaging methods, more insight in the cell behavior and
tissue growth by conventional methods is required. Therefore, Part I of this thesis fo-
cusses on the current state-of-the-art in scaffold-based tissue engineering approaches.
In chapter 3, seeding protocols to reduce human bone marrow stromal cell (hMSCs)
losses in plotted 3D scaffolds are optimized. It is found that adjusting relatively
’simple’ seeding parameters such as seeding volume and initial cell number, can sig-
nificantly improve the cell seeding efficiency. In chapter 4, the influence of dynamic
culture conditions on cellular distribution and cellular phenotype is determined. The
distribution and proliferation of fetal hMSCs on 3D rapid prototyped polymeric scaf-
folds improved upon convection culture compared to static culture. The cellular phe-
notype, however, is retained to a higher extend for convection culture than for static
culture compared to monolayer culture in 2D. For adult hMSCs no beneficial effect
is observed for convection culture compared to static culture. Chapter 5 introduces a
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novel micro-objects-based bottom-up approach which shows to overcome hurdles asso-
ciated with nutrient deficiency and inhomogeneous cell distribution. It is shown that
the shape, size and wettability of the scaffolding micro-objects plays an important
role in the cell-guided assembly of the objects. Subsequently, chapter 6 describes the
differentiation capacity of hMSCs on three distinct scaffold types and compares the
results to the differentiation potential in 2D culture. It is shown that soluble-factor
induced differentiation of hMSCs was not inhibited nor promoted by the scaffolds’
properties. After soluble factor removal most of the changes in mRNA expression
levels found upon possible differentiation were lost and returned to comparable levels
as for hMSCs cultured in non-inductive media.

In Part II of this thesis, the application of available candidate imaging methods on
monitoring 3D polymeric scaffolds was investigated. In chapter 7, three Raman spec-
troscopy set-ups are introduced as potential methods to obtain functional information
on the composition of extra-cellular matrix (ECM) in several culture conditions. Ra-
man bands for collagen and proteoglycans are discriminated and the Raman quantifi-
cation of the two components is compared with the results of conventional biochemi-
cal and histological analysis for hydroxy-proline and glycosaminoglycans, respectively.
Single chondrocytes and chondrocyte aggregates were seeded on 3D scaffolds with the
hypothesis that micro-aggregates would preserve the chondrogenic character of the
cells to a higher extent. The normalized band-area ratios for proteoglycans, however,
do not show any difference between these two conditions. Yet, normalized band-area
ratios for collagen gradually decrease over time for single seeded cells, whereas micro-
aggregates show an increase in collagen. In chapter 8, magnetic resonance imaging
is applied on mm-scaled 3D tissue constructs. MRI related limitations with respect
to automated image analysis to assess tissue growth are overcome by implementation
of a free-of-charge post-imaging processing sequence. Histological analysis qualita-
tively confirms the results found after quantification of tissue distribution via image
analysis. Chapter 9 aims at the optimization of a method to functionalize particles
and fluorophores potentially applicable in several imaging techniques to retain (more)
functional information on ECM formation and cell fate. A tool to distinguish collagen
type-I from collagen type-II is of high interest for bone and cartilage tissue engineers.
The successful detection of collagen type-I in this study, shows that conjugation of
particles to antibodies via amines offers an easy and feasible chemistry to functional-
ize antibodies with several types of particles applicable in various imaging methods.
Finally, chapter 10 discusses the main findings of each chapter by evaluating their
current and expected implications for the field of tissue engineering.



Samenvatting

In het vakgebied ’tissue engineering’ richt men zich op het vervangen of regenereren
van beschadigd, verloren of ziek weefsel. Hierbij wordt gebruik gemaakt van combi-
naties van patiënt-verkregen cellen met (groei)factoren en/of synthetische of biologis-
che materialen die als zogenaamd ’scaffold’ (lett. steiger) kunnen dienen. Afhankelijk
van de strategie en toepassing kunnen deze cellen, factoren en materialen zowel in
vitro vóór implantatie als direct in vivo gecombineerd worden. In beide benaderingen
blijkt kwaliteitscontrole van het verkregen construct een uitdaging. Veel conven-
tionele methoden om het succes van een bepaalde strategie te bepalen zijn destructief
en kunnen daarom alleen op het eindpunt van een experiment of procedure worden
uitgevoerd. In de afgelopen decennia hebben er veel ontwikkelingen plaatsgevonden
om kwaliteitscontrole uit te voeren op niet-destructieve wijze. Helaas geven deze
methoden zelden spatio-temporale informatie (in ruimte en tijd) doordat het gek-
weekte construct als één volume in zijn geheel wordt geanalyseerd. Beeldvormende
technieken wekken daarom de laatste jaren de interesse van onderzoekers in de weef-
selregeneratie. Deze technieken zijn er in theorie toe in staat cel gedrag en weefselgroei
op niet-destructieve wijze in drie-dimensies (3D) in beeld te brengen. In hoofdstuk
2 van dit proefschrift wordt de geschiktheid van diverse klinisch toegepaste beeld-
vormende technieken in het monitoren van niet-transparante 3D weefselconstructen,
onder de loep genomen. Momenteel worden kwalitatieve analyses in weefselregeneratie
onderzoek veelal uitgevoerd op microscopen die helaas vaak een beperkte penetratie-
diepte hebben. De beste kandidaat voor het volgen van de kwaliteit van een weef-
selconstruct, zijn beeldvormende technieken met een balans tussen laterale resolutie,
penetratie diepte, scan-tijd en weefsel-onderscheidend vermogen. Helaas, blijken de
klinisch toegepaste beeldvormende technieken vaak juist te veel gericht te zijn op
grote penetratiedieptes (in de cm-schaal), met als gevolg dat de laterale resolutie,
ter voorkoming van lange scantijden, niet toereikend is voor de analyse van kleinere
(mm-schaal) gekweekte weefsels.

Voordat de toepasbaarheid van potentiële beeldvormende technieken getest kan
worden, zal er door middel van gestandaardiseerde (destructieve) technieken, meer
inzicht verkregen moeten worden in cel gedrag en weefselgroei. Daarom richt deel I
van dit proefschrift zich op de state-of-the-art in weefselregeneratie strategieën waarbij
scaffolds de basis vormen. In hoofdstuk 3 wordt de optimalisatie van protocollen om
humane mesenchymale stromale beenmerg cellen (hMSCs) op 3D geprinte scaffolds
te zaaien beschreven om zodoende het celverlies te reduceren. Door relatief simpele
parameters zoals zaai-volume en initiëel cel-aantal aan te passen, kan een significante

vii



viii

verhoging van de cel-zaai-efficiëntie worden bereikt. In hoofdstuk 4 wordt the in-
vloed van een dynamisch kweek systeem op cel-distributie en phenotype bepaald. De
distributie en proliferatie van foetale hMSCs op 3D geprinte scaffolds blijkt in het
dynamische systeem verbeterd te zijn ten opzichte van de hMSCs op scaffolds in een
statisch kweeksysteem. Bovendien wordt het cellulaire phenotype beter behouden
in dynamische kweek. Voor hMSCs uit volwassenen is er geen positief effect op cel
distributie en cellulair phenotype gevonden wanneer deze in een dynamisch systeem
gekweekt worden. Hoofdstuk 5 introduceert een nieuwe aanpak om door middel van
micro-objecten, via een deeltje voor deeltje opbouw strategie (bottom-up), de proble-
men geassocieerd met de aanvoer en afvoer van voedings- en afvalstoffen en beperkin-
gen ten gevolge van inhomogene cel distributie te overwinnen. De vorm, grootte en
contact-hoek waarde van de deeltjes blijken hierbij cruciaal in de manier waarop de
deeltjes met cellen aggregeren. Vervolgens wordt in hoofdstuk 6 de differentiatie-
potentiaal van hMSCs in drie verschillende scaffold-typen geanalyseerd en vergeleken
met de potentiaal van dezelfde cellen wanneer ze in standaard kweek-condities in
2D worden gedifferentieerd. De differentiatie, gëınduceerd door groeifactoren of door
andere in medium opgeloste factoren, blijkt hierbij niet door de eigenschappen van
de scaffolds belemmerd of begunstigd te zijn. Wanneer de factoren worden verwi-
jderd gaan de behaalde veranderingen in mRNA expressie waarden verloren tot een
niveau vergelijkbaar met de waarden gevonden voor hMSCs gekweekt in niet-inductief
medium.

In deel II van dit proefschrift wordt de toepassing van veelbelovende beschikbare
beeldvormende technieken op het monitoren van 3D polymere scaffolds onderzocht.
In hoofdstuk 7 worden drie Raman spectroscopy set-ups gëıntroduceerd om func-
tionele informatie te verkrijgen over de compositie van extracellulaire matrix (ECM)
in verschillende kweekcondities. Raman pieken voor collageen en proteoglycanen zijn
onderscheiden en na kwantificatie van deze twee componenten, zijn de resultaten
bevestigd met behulp van biochemische en histologische analyse. Chondrocyten zijn
als individuele cellen en als aggregaten op 3D geprinte scaffolds gezaaid met de hy-
pothese dat cellen in micro-aggregaten hun functionele eigenschappen beter behouden.
Met behulp van genormaliseerde piek-oppervlakte ratios voor proteoglycanen blijkt
echter dat er geen verschil zichtbaar is voor cellen in deze twee zaai-condities. Daar-
entegen laten de ratios voor collageen een geleidelijke afname in de tijd zien voor
individueel gezaaide cellen, terwijl de cellen gezaaid als micro-aggregaten een toe-
name in collageen laten zien. In hoofdstuk 8 is magnetische resonantie beeldvorming
(MRI) toegepast op 3D polymere scaffolds gekweekt met hMSCs. Beperkingen met
betrekking tot het automatiseren van de kwantificatie van weefselgroei, zijn getracht
te voorkomen door de implementatie van een post-scan beeld-verwerkings sequentie
die uitgevoerd kan worden met gratis te verkrijgen software. Histologische analyse
bevestigt de resultaten gevonden voor de identificatie en kwantificatie van weefseld-
istributie met behulp van de gëımplementeerde sequentie. Hoofdstuk 9 stelt zich ten
doel een methode the optimaliseren om fluorescente of anders contrasterende deelt-
jes te functionaliseren. Deze deeltjes moeten potentieel toepasbaar zijn in diverse
beeldvormende technieken om (meer) informatie te verkrijgen over ECM formatie en
cel gedrag. Een methode om collageen type-I van collageen type-II te kunnen on-
derscheiden is van groot belang voor bot en kraakbeen onderzoekers. De succesvolle
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detectie van collageen type-I in deze studie toont aan dat de koppeling van deeltjes
aan antilichamen via amine-groepen een eenvoudige en uitvoerbare chemie kan bieden
om ook andere soorten antilichamen aan deeltjes te koppelen. Zodoende kan in the-
orie met behulp van diverse beeldvormende technieken inzicht in de compositie en
locatie van gesynthetiseerd ECM verkregen worden. Afsluitend worden in hoofdstuk
10 de belangrijkste bevindingen bediscussiëerd en worden de huidige en verwachtte
implicaties voor het vakgebied van de weefselregeneratie geëvalueerd.



Statements with the thesis

-1984-
On Monitoring Cell Fate in Three-Dimensional Polymeric Scaffolds for

Tissue Engineering Applications

Anne Marijke Leferink, 2014

1. One does not need to know how each single cell in a population evolved during
culture to be able to predict how a group of cells will evolve during an additional culture
period. this thesis

2. Any approach to monitor a 3D tissue engineered construct during culture will affect
the tissue culture process. this thesis

3. Top-down tissue engineering approaches lack control over tissue morphogenesis. this
thesis

4. Guvendiren and Burdick’s (Current Opinion in Biotechnology, 2013) statement that
there is increasing evidence of differences in stem cell function when cultured in 3D compared
to 2D is true. However, with their conclusion that advanced 3D microenvironment systems
are needed to both better understand stem cells in vitro and to realize their potential in
vivo, they disregard the fact that the complexity of the in vivo situation will never be
equalled in in vitro studies, even when those studies are designed in 3D. this thesis

5. In a video-interview with van Blitterswijk (Maastricht University, 2014) the human
body is compared with a car, stating that if you repair your car, you do not recreate the
original situation. He explains that if you want to repair the human body, you will always
end up with something which is of lesser quality than evolution has prepared during millions
of years.
As an engineer, this comparison between the human body and the car is easily under-
stood. However, depending on the quality of the car, a repair or a replacement part can
in some cases result in improved function and quality. The same counts for some individuals.

6. Biodegradability is often set as a requirement for a candidate biomaterial in tissue
engineering approaches. However, a well-integrated implant does not need to be degraded
if it can retain its function during the rest of the recipient’s life-time.

7. Simplicity in tissue engineering approaches is the most pragmatic way forward.
The value of recent trends to increase the complexity of tissue engineering approaches is
overestimated when taking into account regulations involved in clinical translation.

8. In the book 1984 is stated: ’A human is just a cell, and the weariness of a cell is the
vigor of the organism.’
However, a human is more than a cell or a clump of cells. The cells’ ability to communicate
within the human body gives rise to the existence of humans as vigorous organisms.

9. ’Statements’ and ’scaffolds’ can both be translated to Dutch as ’stellingen’. Yet the
second group requires lesser thinking to obtain.
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Chapter 1

General Introduction

Tissue Engineering is an interdisciplinary field that aims at restoring, repairing and
regenerating lost, damaged or diseased tissues [1]. As there is a high need for methods
to replace traditional tissue and organ transplantation approaches to overcome the
currently faced problems of donor shortage and invasiveness of the procedure, tissue
engineering holds the promise to offer a viable alternative to these conventional ther-
apies [2]. In cartilage and bone engineering this need for alternative treatments to
replace traditional tissue transplants is expected to increase in the coming decades
due to the raising average age of the population [3].

Although many promising advances have been made in the past decades in in vitro
tissue engineering, reproducibility and quality control remains a challenge [4, 5]. Most
methods to assess the success of a specific scaffold-based approach rely on destructive
methods that can only be executed at the end-point of an experiment or procedure
[6, 7]. Information obtained by non-destructive methods often cannot reveal any spa-
tiotemporal information because those methods treat the complete tissue engineered
construct as a bulk material [8-10]. Whether this is generally important for all cell
based approaches, real-time monitoring would be pivotal for stem cell based strate-
gies to be able to understand the kinetics of cell differentiation [11]. Consequently,
changes in environmental conditions could be actuated via the design of responsive
scaffolds to steer and control this complex biological process [12, 13].

To be able to assess cell fate with novel approaches, the current state-of-the-art in
scaffold-based tissue engineering approaches had to be assessed. Therefore, we first
optimized seeding protocols to reduce human bone marrow stromal cell (hMSCs)
losses in plotted three-dimensional (3D) scaffolds. Subsequently, we investigated the
influence of dynamic culture condition on cellular distribution and cellular pheno-
type. Furthermore, we assessed the differentiation capacity of hMSCs on plotted 3D
scaffolds and compared this with 2D cultures as well as two other scaffold systems.
To explore the feasibility of continuous monitoring of (stem) cell activity in 3D con-
structs, the application of available imaging methods on traditional tissue engineering
scaffolds was investigated. The main aim of this thesis was to assess cell behavior in
3D constructs, both by conventional destructive methods and novel non-destructive
methods, to gain more insights in the challenges and potential of applying contin-
uous monitoring to improve scaffold-based tissue engineering treatments in the future.

1
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-1984-

The main title of this thesis ’1984’ refers to the famous novel originally titled Nine-
teen Eighty-Four written by George Orwell in 1948 [14]. In short, the fiction novel
describes a dictating political system called English Socialism in a province of the
superstate Oceania. Some famous terms and concepts introduced in the novel such
as Big Brother, telescreen and 2 + 2 =5 are still in everyday use since its publication
in 1949. One of the central themes in the novel is the dictating and controlling om-
nipresent government which continuously monitors the behavior of all the members of
the Outer-Party. Whenever a party-member is suspected of so-called thought crime
or double-think, this person will be taken into custody and his mind will be re-set
by brainwashing to be fully committed to the ideals and values of the regime. The
monitoring of the outer-party members is conducted via telescreens, described as a
sort of two-way television screens present in nearly every room, which continuously
sends censured messages to the population. Via these same telescreens the govern-
ment can visually track every human-being in the territory. Although, back in 1948
this technology seemed to be science-fiction, the similar concept of telescreens can
these days be found in many living rooms.

The relation between the title and aims of this thesis, and the novel by George Or-
well, can be found in this continuous monitoring. We hypothesize that by monitoring
at single cell level, insights in the behavior and homogeneity of the population can
be achieved, thus enabling the option to modulate biological signals and control cell
activity. As a consequence of this monitoring, any cell suspected of ’thought-crime’ -
meaning showing a different behavior - could be subjected to specific soluble factors
or could even be eliminated. The novel presents the concepts of an omnipresent gov-
ernment and their ways of manipulating the population as an in-humanistic dystopia.
We think that for the success of tissue engineering this same level of control on cells
will be required. Yet, in the field of tissue engineering this control cannot be classified
as a dystopia, since we do not consider cells as independently self-feeling organisms,
even though some scientists interpret cells as such. We think that cells within a tissue
engineered construct will only benefit from continuous monitoring, since it would en-
able scientists to adapt the culture conditions in such a way that cells remain viable
and metabolically active.

Outline of the thesis

In Part I of this thesis the focus lays on scaffold-based cultures and the characteriza-
tion of cell fate in these combinatorial approaches. In Part II, the fused deposition
modeled scaffolds introduced in Part I are subjected to spectroscopic and imaging-
based methods to investigate the feasibility of these methods as continuous tissue
growth monitoring devices. In chapter 2, a concise review of conventional scaffold
materials and fabrication techniques is given followed by an overview of available
imaging technologies and their implications in the field of tissue engineering. Chapter
3 introduces fundamental parameters to take into consideration when using primary
human bone marrow stromal cells with limited availability in combination with 3D
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fused deposition modeled scaffolds. Subsequently, chapter 4 continues on this line of
reducing cell losses and improving cellular distribution throughout scaffolds by inves-
tigating the use of convection flow in a biaxial rotating bioreactor in comparison with
static culture. In chapter 5, a novel bottom-up tissue engineering approach is pro-
posed to overcome both the size limitations involved in scaffold-free tissue engineer-
ing approaches and the distribution challenges in top-down scaffolding approaches.
In chapter 6, the potential of hMSCs cultured on 3D scaffolds is further assessed by
inducing differentiation into the chondrogenic and osteogenic lineage in different scaf-
fold systems and studying the stability of such differentiated phenotype upon removal
of morphogenetic signals.

In chapter 7, the potential of label-free Raman spectroscopy in identifying and
quantifying distinct extra cellular matrix components (ECM) in cartilage tissue engi-
neering approaches is presented. Chapter 8 shows how magnetic resonance imaging
(MRI) has a great potential in non-invasive label-free assessment of tissue growth.
Furthermore, this chapter highlights the strength of post-imaging processing meth-
ods in retrieving quantitative data in 3D. Future advances in determination of cells
functionality in 3D could be found in the application of immunolocalization via ECM
specific antibodies. Therefore, chapter 9 concisely outlines the benefits and challenges
of using antibodies in an analysis of the current state-of-the-art and the presentation
of data in which probes developed in house are applied on 3D tissue engineered con-
structs. This thesis is finalized with a general discussion in chapter 10 on the main
findings of every chapter and their current and expected implications for the field of
tissue engineering.
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Abstract

In the field of tissue engineering there is a need for methods that allow
assessing the performance of tissue engineered constructs non-invasively in vitro
and in vivo. To date, histological analysis is the golden standard to retrieve
information on tissue growth, cellular distribution and cell fate on tissue
engineered constructs after in vitro cell culture or on explanted specimens after
in vivo applications. Yet, many advances have been made to optimize imaging
techniques for monitoring tissue engineered constructs with a sub-mm or µm
resolution. Many imaging modalities have first been developed for clinical
applications in which a high penetration depth has been often more important
than lateral resolution. Here, we have reviewed the current state-of-the art in
several imaging approaches that have shown to be promising in monitoring cell
fate and tissue growth upon in vitro culture. Depending on the aimed tissue
type and scaffolds properties some imaging methods are more applicable than
others. Optical methods are mostly suited for transparent materials such as
hydrogels whereas magnetic resonance based methods are mostly applied to
obtain contrast between hard and soft tissues regardless of their transparency.
Overall, this review shows that the field of imaging in scaffold-based tissue
engineering is developing at a fast pace and has the potential to overcome the
limitations of destructive end-point analysis.

Keywords: Imaging, cell fate, tissue growth, scaffolds
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2.1 Introduction

The field of tissue engineering has been quickly growing for more than two decades.
Numerous approaches for several applications have been under investigation and var-
ious challenges related to cell fate control, biocompatibility, and structural integrity
of tissue engineered constructs among others, have been overcome. Currently, the
quality of engineered tissue constructs is mostly assessed by conventional destructive
methods such as histological analysis [1]. However, this approach results in the as-
sessment of cell activity and produced extracellular matrix (ECM) only at the end
of cultures, so that the culture period is still treated as a ”black-box” with limited
possibilities to steer culture conditions in a rationale manner. Data obtained by
real-time non-destructive methods often lack spatiotemporal information since these
methods treat a tissue engineered construct as a bulk material [2]. Therefore, there
is a growing interest in novel methods to be able to non-destructively, and ideally
non-invasively, assess the performance of tissue engineered constructs with a suffi-
cient spatio-temporal resolution upon in vitro culture prior to implantation [3-5]. By
gaining more insights in cell fate and tissue growth during culture, higher efficiencies
and faster procedures could be realized.

Tissue engineering approaches can be generally divided into two main classes which
consist of: 1) cell based approaches without the presence of any supporting material;
2) combinatorial approaches in which cells are introduced into biological or synthetic
materials supporting proliferation or differentiation. In this review we will outline cur-
rent methodologies and challenges with respect to the characterization of this second
class of combinatorial scaffold-based tissue engineering approaches. We will specifi-
cally focus on the applicability of imaging modalities to assess cell fate when cultured
on scaffolds fabricated of solid materials for musculoskeletal tissue engineering ap-
proaches.

Recent reviews have been published on studies that have addressed the impor-
tance of non-destructive assessment of tissue constructs’ quality by the application
of imaging methods [6-10]. However, the majority of these studies focus on scaffolds
geometry characterization prior to cell seeding in vitro, or cell labeling and tracking
after implantation in vivo [11]. These in vitro and in vivo studies unfortunately do no
not all address other challenges faced when monitoring the scaffolds combined with
cells in vitro. The limited penetration depth for most conventional microscopy tech-
niques forms one of these major constraints [12]. Conventional imaging techniques
such as laser confocal microscopy or transillumination microscopy require the use of
thin samples or suffer from spatial resolution, respectively, to study the cellscaffold
interactions, cellular distribution and proliferation during scaffold population [12]. So,
the applicability of imaging modalities highly depends on the type of scaffolds used
and the biological components to be detected. In this revieuw, we will first highlight
some of the most used scaffold materials and fabrication methods and their limi-
tations with respect to monitoring tissue growth, cell fate and/or cell metabolism.
Subsequently, imaging modalities which are potential candidates to monitor these
previously mentioned parameters will be introduced.
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2.2 Scaffold-based tissue engineering

In scaffold-based tissue engineering, biological or synthetic materials are processed
into three-dimensional (3D) constructs or particles that enable cell growth within the
final structure. Depending on the nature of these materials, the constructs can be
hydrogel-based or composed of solids. Hydrogels mostly retain optical transparency
whereas many solid scaffold materials can be auto-fluorescent, semi-transparent or
opaque. These differences in optical properties obviously result in different chal-
lenges faced when monitoring cell fate, tissue growth and cell metabolism by imaging
modalities. Here, we will shortly outline two classes of conventional scaffold ma-
terials followed by scaffold fabrication methods that have shown their relevance in
musculoskeletal tissue engineering.

2.2.1 Scaffold materials

Natural materials

In many tissue engineering approaches natural materials such as bioceramics and
biopolymers have gained interest because of their chemical properties, processability
and availability [13]. Biological materials can be divided in several classes, namely,
materials retrieved from inorganic materials or plants, from animal species (xeno-
geneic) or from allogeneic and autologous sources. Generally, when materials for
scaffolds are retrieved from inorganic substances or a plant, a certain component is
isolated and purified after which in most cases the macro-structure will be lost.

Materials of interest vary from relatively brittle and stiff materials such as ceram-
ics to relatively soft materials such as biopolymers processed into hydrogels. Some
commonly used bioceramics such as hydroxyapatites find their potential in bone tis-
sue engineering because of their known osteoconductive and/or osteoinductive prop-
erties [14-17]. Biopolymers, which can be divided in polysaccharides, proteins and
polyesters, are also of interest in several tissue engineering approaches [18]. For exam-
ple in cartilage tissue engineering research, hydrogels composed of collagen, alginate,
hyaluronic acid or chitosan, among others, are widely applied as ECM-mimetic mate-
rials [19-26]. Furthermore, silk, marine shells and corals have been used as sources for
biological materials in several tissue engineering approaches [27-32]. Bioceramics are
crystalline and therefore opaque materials, whereas biopolymers are semi-crystalline
or fully amorphous permitting a certain degree of transillumination.

Decellularized ECM scaffolds from xenogeneic, allogeneic or autologous sources,
are opted as promising non-immunogenic materials for several tissue engineering ap-
proaches since their composition mimics the native tissues to a great extent [33-36].
However, it is well-known that the structure of the native ECM may be modified
or even disrupted in the decellularization process [37, 38]. Therefore, in soft tissue
engineering, these obtained ECM components are mostly processed as a hydrogel [39-
42] which offers a matrix for cell encapsulation and permits cell fate monitoring by
optical imaging modalities. In other works, some scaffold fabrication techniques such
as electrospinning have been applied to regain cell-instructive structural elements of
the native ECM after decellularization, which leads to the fabrication of nano-fiber
meshes mimicking the structure of native ECM [43-45]. For musculoskeletal tissue en-



2

REVIEW: IMAGING IN TISSUE ENGINEERING 11

gineering and especially bone tissue engineering, hard tissue replacements are favored
which will require sufficient mechanical stability and structural integrity to sustain
the loading conditions in the implantation site. Therefore, combinatorial approaches
of synthetic materials with decellularized ECM have been investigated to retain both
the native tissue properties of the ECM components and the mechanical properties
of the scaffold material [46-48]. Several processes of decellularization and their tissue
sources and applications are well reviewed elsewhere [49-52]. The optical properties
of decellularized ECM are mostly determined by the type of tissue that was isolated.
These properties are expected to be comparable with the native ECM, even though
the removal of, for example, red-blood cells can change the color of the tissue, the
resulting change in absorption coefficient is not expected to play a major role in the
applicability of currently available imaging modalities.

Synthetic materials and composites

Synthetic materials represent a large class of widely used materials in tissue engineer-
ing approaches. Upon material synthesis, mechanical properties, surface chemistry
and degradability can be tailored. Furthermore, synthetic materials are generally
easily processed into scaffolds by various methods which will be outlined in the next
section. Synthetic polymers have received considerable attention and are widely stud-
ied in cartilage and bone tissue engineering [53]. Natural polymers are often difficult
to process and pathogenic risks may be involved with natural polymers retrieved
from xenogeneic or allogeneic sources. Synthetic polymers exclude these drawbacks
and exhibit tailorable, predictable and reproducible physical, chemical and degrada-
tion properties [54]. Depending on several parameters such as the degree of branch-
ing, hydrophilicity and molecular weight of the polymer, synthetic polymers can be
processed both as hydrogels or as solid materials. Some well-known polymers used
for hydrogel fabrication are poly(acrylic acid) (PAA), poly(ethylene oxide) (PEO),
poly(vinyl alcohol) (PVA) and polypeptides [55]. Examples of the most popular
and most widely studied biodegradable synthetic polymers in bone tissue engineering
are poly(lactic acid) (PLA), poly(glycolic acid) (PGA) and their co-polymers PLGA
[53, 56]. Furthermore, other synthetic polymers have been investigated for cartilage
and bone reconstruction such as poly-(ethylene glycol) (PEG) based polymers [57,
58], poly(caprolactone) (PCL) [59], polycarbonates [60], polyfumarates [61], polyan-
hydrides [62], and poly(ethylene oxide terephthalate) /poly(butylene terephthalate)
(PEOT/PBT) [63] co-polymers or blends thereof [64, 65].

Even though many polymer materials have been synthesized and investigated, to
date no single polymer can meet all the requirements set for scaffolds in cartilage and
bone tissue engineering [64]. All polymers have their own characteristics, benefits
and drawbacks. Composite materials often show improved characteristics compared
to their individual components with a sufficient balance between strength and tough-
ness. Taking into account the composition of native bone, in which both organic
and inorganic components are found, makes composite materials a logical choice for
bone tissue engineering scaffolds [53, 66]. Combinatorial approaches in which syn-
thetic materials are combined with biological materials offer both a high degree of
tailorability in mechanical properties as well as enhanced instructive properties due
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to their biological activity [67, 68]. These instructive properties can result in enhanced
cell attachment, proliferation and differentiation [18, 48, 69-73].

Similar as for decellularized matrices and biological materials, the optical prop-
erties of scaffolds made of synthetics are dependent on their crystallinity, auto-
fluorescent properties, absorption coefficient, processed geometry or porosity and scaf-
fold dimensions.

2.2.2 Scaffold fabrication methods

In the past two decades, a library of scaffold fabrication methods for tissue engineering
applications has been developed. For nearly all common scaffold-based applications,
reviews on fabrication processes can be found [54, 74]. In a review from Weigel et
al. several commonly used fabrication methods are outlined with examples of specific
applications per method [75]. In the following section we will shortly introduce some
well-known, but also some recently developed scaffold fabrication methods and their
implications in imaging methods. A resulting example from each method is given in
Figure 2.1.

Phase-separation methods

One of the earliest scaffold fabrication processes is based on phase-separation princi-
ples (Figure 2.1A). The methods and parameters in phase-separation processes have
been reviewed recently [76]. Highly-porous scaffolds obtained by phase-separation
techniques find their use in a broad range of applications from soft scaffolds to study
vascularization to sponge-like constructs for cartilage regeneration and stiff scaffolds
for bone tissue engineering [77-80]. The porosities obtained by this fabrication meth-
ods vary per polymer type and concentration but mostly range from approximately
60 % to 97.5 % [76]. The morphology of the obtained pores is often tortuous, irregular
and the pores generally show a large pore size distribution up to a ten-fold within
one construct. Generally, the pore sizes can range from sub-micrometer to a few
hundred microns and are, besides the degree of interconnectivity, largely dependent
on the applied chemicals and the process parameters [76]. One specific benefit of
phase-separation methods is the possibility to create longitudinal pore shapes [81] or
to introduce pore size gradients within the scaffold [82].

The transparency of the material used will be a major determinant in the ap-
plicability of optical imaging techniques. Yet, even with transparent materials, the
tortuous geometry of the pores introduces many interfaces in the optical path which
will inevitable result in enhanced scatter and diffraction. The high porosity, and
therewith low bulk density of these constructs, is expected to complicate imaging by
non-optical methods. Specifically, methods in which contrast is based on the mate-
rials nature with a spatial resolution limited to several microns will suffer from the
limited thickness of the material layers that are separating the pores.
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Figure 2.1: Resulting scaffold structures from various fabrication methods. (A) Thermally
induced phase separation method applied on a 7% solution of PCL in 1,4-dioxane. (B)
Salt-leached scaffolds of PLGA. (C) Fused deposition modeled scaffolds of PEOT-PBT. (D)
Electrospun meshes of PEOT/PBT. (E) Sintered tri-calcium-phosphate disks. (F) SU-8
micro-objects assembled by hMSCs into porous aggregates.

Particle-leaching

Particle leaching methods result in 3D porous matrices in which the pore sizes are
controlled by the size of the particles (typically in the order of tens to hundreds of
microns), and the porosity and interconnectivity are determined by the concentration
of particles per scaffold volume (Figure 2.1B) [83-86]. Particle-leached scaffolds are
fabricated by casting a solution of a ceramic or polymer, for example, with solid
particles [83, 87]. After the casted solution turned solid by evaporation of the solvent
or by cooling down under the melting temperature, fully solid constructs are retrieved.
Subsequently, the particles are leached out by immersing the full construct in a solvent
for the particles but a non-solvent for the chosen polymer. This results in scaffolds
with porosities in the range of 30% to 98% [88]. The most commonly used particles
are sugar or salt-based because of their good solubility in water. The types of scaffolds
retrieved with this method are besides many other applications also widely applied in
in musculoskeletal tissue engineering, membrane-like scaffolds for urological purposes
and in in vitro vascularization research [89]. The limitations of imaging these types of
scaffolds are similar to those of scaffolds fabricated by phase separation methods. This
similarity is caused by the comparable nature of the scaffolds geometry, introducing
many thin layers per volume in highly porous scaffolds.

Rapid prototyping

Rapid prototyping techniques allow researchers to generate scaffolds with outer ge-
ometries based on computer-aided design (CAD) [90-92]. The field of rapid prototyp-
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ing includes fused deposition modeling of thermoplastic materials [93-95], 3D printing
of pastes or liquids [96], selective laser sintering (SLS) [97-100] and stereo-lithography
applied to photo-sensitive materials [101-104]. Rapid prototyping techniques gained
interest because of the capability to create scaffold geometries with well-defined pa-
rameters and a high reproducibility (Figure 2.1C) [74]. This results in scaffolds with
porosities and pore sizes virtually ranging in the whole possible spectrum. Typically,
rapid prototyped scaffolds with porosities from 30% to 95%, and with pore sizes rang-
ing from tens of microns to millimeters have been reported [74]. Another degree of
freedom is enabled by the step-wise or layer-by-layer processing in rapid prototyping
methods which allows combining multiple materials into one construct. Due to the
often relatively large pores and the geometries introduced by these methods, many
scaffolds only block the applicability of imaging methods to a certain extent, even
if the materials are opaque. One can imagine that the regular structure of the con-
struct enables observations through longitudinal pores. When transparent materials
are used, the number of interfaces that optical light will have to cross is much lower
than for scaffolds produced with phase-separation or particle leaching methods. How-
ever, high resolution at greater imaging depths will be still limited, mainly due to the
numerical aperture of the objectives that will be utilized

Electrospinning

Electrospinning (ES) is a commonly used scaffold fabrication process to obtain nano
to micro-fiber meshes with high porosities mimicking the collagenous morphology of
native ECM (Figure 2.1D) [105-107]. The method is based upon charging a solution
of a chosen material and subsequent extrusion through a capillary tip or needle. A jet
is drawn from the needle towards a collector due to the presence of an electric field.
Varying process parameters such as electric field strength, distance between needle
and collector, polymer concentration, and extrusion speed allows tuning of the fiber
diameter and morphology. Fabricated scaffolds are typically meshes or membranes
with porosities varying from 80% to 99%, but small pore sizes typically in the range
of tens of nanometers till tens of micrometers [106]. Since the ES process is mostly
applied to fabricate sheets or disks with limited thicknesses (the majority between
200 and 500 microns) no major additional implications are expected to play a role in
the applicability of imaging methods compared to other fabrication methods.

Sintering

Sintering is mainly applied for hard-tissue engineering and is based on the heat-
treatment of a powder to make nano- or micro-particles partially fuse with each other
[108-110]. Sintered scaffolds cover a wide range of porosities from 5% to 80% with
pore sizes ranging from tens of microns to sub-millimeter [88]. Sintering is tradition-
ally applied on ceramics, but has also shown its potential for other materials such as
metals, glasses and certain polymers and composites (Figure 2.1E). Sintering can be
applied locally with the use of lasers (SLS), which allows the fabrication of scaffolds
with CAD designed geometries as previously described in the section on rapid proto-
typing technologies [97]. When sintering is applied to obtain a homogenously dense
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construct of ceramic materials, imaging possibilities will be restricted to non-optical
material penetrating methods, such as micro-CT or MRI. When amorphous materials
are utilized, optical methods could be applied. However, due to the multiple interfaces
of material with culture medium upon in vitro culture, the achievable resolution and
imaging depths are limited because of scattering and diffraction.

Bottom-up approaches

Bottom-up approaches have been recently introduced to overcome hurdles faced with
mm-sized 3D scaffolds caused by limited access of the scaffold for surface or bulk
modification and functionalization, as well as for nutrient availability. These hurdles
include inhomogeneous cell distribution [111], necrotic cores [112], a limited remod-
elling capacity and a limited control of cell fate. Bottom-up designs have shown the
potential to construct tissues with defined properties including spatial and temporal
control at a cellular level [113, 114]. The porosities and pore sizes are determined by
the physical properties of the individual units and by the assembling properties and
can in theory be ranging from approximately 10% to 80% and from nanometers to
hundreds of micrometers, respectively. With the freedom in modulating the sizes and
shapes of the building blocks, the most optimal porosity and pore size per application
can be easily fabricated [88]. By creating micrometre-scaled building blocks from cells
combined with biomaterials eventually comprising instructive capacities, complex tis-
sues can be created and mechanisms of tissue development can be studied (Figure
2.1F)[115]. When using monodispersed spheres, compaction will be limited introduc-
ing a high interconnectivity [116]. Bottom-up approaches based on gel-like materials
allow the cells to reside in an ECM mimicking matrix retaining their rounded mor-
phology [114, 117]. The use of hydrogels and engineered micro-objects have shown a
high potential in injectable systems to reduce the invasiveness of surgical procedures
in vivo and allow for controlled assembly to achieve complex tissues in vitro. The
applicability of imaging methods to monitor cell fate and tissue growth is in bottom-
up engineered scaffolds dependent of the optical properties of the materials used, the
ratio of material versus tissue and the density of the obtained 3D constructs.

2.3 Imaging modalities

Imaging methods have gained growing interest over the past decades in the field of tis-
sue engineering. The importance of non-invasive monitoring of cell and tissue behav-
ior during culture, to be able to more rationally predict the success of the construct
upon implantation, has been widely acknowledged [118]. Conventional destructive
quality assessment procedures such as histological analysis are still the golden stan-
dard, mostly because of their high spatial resolution and specificity. Yet, for these
analysis the engineered construct is sacrificed which constrains the ability to instantly
and accurately adapt culture conditions. Non-destructive technologies can overcome
this inefficient and costly approach. Imaging-based non-destructive technologies en-
able real-time determination of parameters such as the cell number and distribution,
and the tissue type, content and distribution. With these insights and understanding
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Figure 2.2: (Left) The electromagnetic properties of various imaging modalities. (Right)
Spatial resolutions and imaging depths obtained by conventional imaging methods applied
on tissue samples.

of culture conditions, immediate optimization of culture parameters could be carried
out, which ultimately results in faster and more efficient procedures.

Generally, imaging modalities require changes in interactions of electromagnetic or
mechanical energy among various substances to be able to retrieve contrast between
these substances. These changes in interactions include changes in the energy due to
absorption, refraction, or scattering [119, 120]. Parameters such as imaging depth,
contrast, and spatial resolution achieved by a given imaging modality are largely based
on the type and frequency of energy employed (Figure 2.2). Here, we will outline some
commonly used and some more promising imaging modalities for assessing in vitro
tissue engineering constructs.

2.3.1 Electron-beam imaging

The two most widely used electron-beam based imaging methods in tissue engineer-
ing are scanning electron microscopy (SEM) and transmission electron microscopy
(TEM). SEM can provide high resolution images up to a few nanometers, but has
limitations with respect to penetration depth [121]. In tissue engineering, SEM is
mostly applied to assess scaffolds quality after fabrication prior to cell culture or im-
plantation, and after culture or implantation. SEM is often referred to as destructive,
since conventional SEM requires dehydration and fixation of biological samples [9,
122]. However, there are SEM devices that have an environmental (ESEM) modality
such as cryo-SEM in which hydrated unfixed tissues can be studied [121, 123-125]. In
a study of Doyle et al., cryo-SEM was applied to study the morphology of colonies of
fibroblasts on poly-L-lactic acid (PLA) [126]. Yan et al. imaged cell growth of mouse
osteoblast cells on plasma-treated poly--caprolactone (PCL) nanofibers in wet-mode
SEM [127]. This method can be applied on large mm-sized constructs, but also ESEM
will only reveal information from the exterior surface of the construct. Despite the
benefits ESEM can offer over conventional high-vacuum SEM, it is not extensively
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applied in the field of tissue engineering, whereas it is a commonly used imaging
method in food industry and plant sciences. TEM requires sample fixation and pro-
cessing into thin sections and is therefore considered a destructive endpoint imaging
method [128]. Therefore, TEM has in our view no potential in non-invasive monitor-
ing of tissue growth or cell fate in 3D constructs.

2.3.2 Nuclear imaging

Nuclear based imaging techniques have shown potential in many in vivo applications
such as visualization of lymphatic and vascular systems [129]. For in vitro applica-
tions, however, to date nuclear-based methods are not yet commonly applied. The
lateral resolution of nuclear imaging modalities is limited, since most available de-
vices are mainly optimized for human-scale use with a resolution of 1-2 mm [130]. To
be able to achieve contrast in nuclear based imaging methods such as single-photon
emission computed tomography (SPECT) and positron emission tomography (PET),
radioactive agents are required. Although PET and SPECT cannot yet provide single
cell resolution, which would be desirable in monitoring cell fate in tissue engineered
constructs, both methods could still be valuable tools enabling cell-cluster localization
and cell function in vivo and in vitro. For example by labeling cells with radioactive
tracer molecules such as fluorine-18 radiolabeled-fluorodeoxyglucose (18F-FDG) or
fluorine-18 radiolabeled-9-[4-fluoro-3-(hydroxymethyl)butyl]guanine (18F-FHBG) for
PET imaging, non-invasive cell tracking is aided [131, 132]. A drawback of 18F-FDG
is the high tracer elution rate from the cells [133], which makes this tracer mainly
applicable for short-time monitoring [134]. Also for SPECT a library of tracers is
developed which can be targeted to specific cell surface receptors, metabolites or
genes [135-137]. The addition of computed tomography (CT) to PET or SPECT
imaging has shown to allow precise anatomic co-registration of functional informa-
tion with anatomy in small animals [138]. Recently, micro-SPECT was developed
and compared to micro-CT to image a whole-mouse skeleton. However, anatomical
atlas-based segmentation and image processing was required to be able to reconstruct
3D models of the detected skeleton [139]. Furthermore, applying tools such as pinhole
collimators to improve SPECT resolution have the consequence that longer scanning
times are required due to reduced photon sensitivity [138]. Overall, PET and SPECT
have high potential in clinics to add functional information on to anatomical struc-
tures imaged by other imaging modalities. The applicability of nuclear based imaging
methods on in vitro tissue engineered constructs with a sub-mm scale resolution is to
date still limited.

2.3.3 Optical imaging

Optical imaging is based on systems that measure the interaction of light (approx-
imately 10 nm up to 400 nm for ultraviolet, 400 nm up to 710 nm for visible light
and 710 nm to 1 mm for infrared light) with matter. These interactions can show
differences in scatter, absorption or luminescence which, depending on the imaging
modality, can be optically visible or can be displayed after computing retrieved spectra
into images.
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Epi- and transillumination microscopy

In epi- and transillumination microscopy, visible light is projected onto a specimen and
contrast or colors are dependent on absorption and reflection, scatter and breaking
of the light. Epi-illumination modalities such as stereomicroscopy are applied on
opaque specimens from which reflected light is captured revealing information from
the surface of the specimens only. Commonly used transillumination microscopy based
imaging modalities are bright field microscopy, phase contrast microscopy [140] and
differential interference contrast (DIC) [141] microscopy, for which the applicability
is restricted to imaging two-dimensionally (2D) and in 3D to thin ( 300 µm) and
virtually transparent constructs [9].

Bright field microscopy renders most detail of living cells invisible since there
are no large differences in absorption by the structures inside cells. Phase-contrast
microscopy is based on differences in refraction which lead to a phase-delay in some
of the light causing contrast in the images. DIC imaging allows detailed microscopic
examination of the matrix texture and cell orientation in the plane of the construct
[141], and can be applied to study dynamics in living cells since this methods is non-
invasive and continuous [142]. For several types of rapid prototyped scaffolds with
longitudinal pores cultured with cells in vitro, bright field microscopy can still be
applied to gain some insight in tissue growth in the early phase. However, when the
formed tissue becomes denser, complete absorption of the light will inhibit further
assessment with transillumination based methods.

Fluorescence microscopy

Optical fluorescent imaging has developed into an important tool in biomedical re-
search both in vitro and in vivo. Fluorescence microscopy allows for non-invasive cell
and tissue monitoring in which contrast is offered by differences in auto-fluorescent
properties of tissue constructs due to endogenous fluorophores present in all tissues
[143-145], endocytosis or transfection of fluorescent probes [146], or targeted fluores-
cent exogenous probes [147, 148]. Depending on the fluorescence modality applied
(e.g. epi-fluorescence, confocal-fluorescence, multi-photon-fluorescence) and the exci-
tation wavelengths utilized, imaging depths between sub-micron up to whole-animal
imaging in the cm-scale can be achieved [149, 150]. The majority of studies on cell
fate in which fluorescence microscopy is applied in 3D are focused on in vivo can-
cer metastasis, cell homing and cell differentiation [151]. Martin et al. showed that
combining bright field microscopy with fluorescent microscopy on ex vivo slices of
unstained bone scaffolds enables the quantification of formed bone matrix by autoflu-
orescence detection [144]. Cowles et al. applied near-infrared (NIR) optical imaging
with a bone-specific NIR-targeted probe to non-invasively study mineralization of
tissue-engineered bone constructs over time in vivo [152]. By the application of NIR,
imaging problems related to autofluorescence from the native tissue can be eliminated
[138]. In another study, NIR fluorescent imaging was applied to monitor scaffold
degradation in vivo [153]. For in vitro cell studies, De Mel et al. showed that bio-
functionalized quantum dots have great potential for live monitoring of endothelial
progenitor cells seeded in mm-sized polymeric scaffolds and cultured in a pulsatile flow
bioreactor for vascular tissue engineering applications [154]. Although, whole-body
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imaging of mice was shown to be feasible, the spatial resolution with such imaging
depths drastically decreased from submicron to mm scale in which only clusters of
cells were detectable [149, 155]. Most conventional fluorescent microscopes found in
tissue engineering laboratories, have limited penetration depths of both the excitation
and emission wave-lengths when applied on dense tissues such as cartilage and bone
and on opaque materials.

Multiphoton microscopy (MPM) and second harmonic generation
(SHG)

Fluorescence microscopy has long been used for visualizing cells and angiogenesis in
scaffolds as described earlier. However, due to strong light scattering, especially in
the presence of blood, conventional fluorescence microscopy shows a poor tissue pen-
etration of several hundred micrometers. MPM has shown to partly overcome this
limitation and allows imaging two- to -three times deeper into specimens, while en-
abling optical sectioning into stacks for 3D reconstruction [156, 157]. For MPM, some
specialized optical effects can be applied to enable label-free imaging of cells within
scaffolds without the requirement of sample preparation [12]. Imaging with SHG re-
quires high photon densities and, to avoid tissue damage, short pulses of laser light,
as provided by picosecond or femtosecond multi-photon lasers [142]. Conventionally
available multiphoton lasers generated light with wavelengths ranging from 700 to
nearly 1,000 nm. The emission detection for SHG will be in the range of 350-500
nm when these lasers are applied. In biological specimens, SHG signals are obtained
from proteins that contain a high amount of higher-order structures, for example from
alpha-helical structures which are present in collagens and elastic fibers [158]. Because
of its high resolution and penetration depth, yet with only moderate photo-toxicity,
this technique holds strong promise for future developments in live cell and matrix
research exploiting non-linear molecular characteristics of molecules and tissues.

Sun et al. have applied a combinatorial modality of MPM with SHG imaging
to investigate the nonlinear optical properties of five commercially available scaffold
materials: a collagen composite scaffold, a bone graft matrix strip (collagraft R©), an
open-cell PLA scaffold, a PGA scaffold, and a nylon mesh [159]. They showed that
MPM is effective in providing spectrally-resolved morphological information of the
materials and hypothesized, yet did not show, that this method can be used to study
cell-matrix interactions when cells are cultured on these scaffolds. In other studies,
MPM was applied on tissue engineered constructs and was combined with SHG imag-
ing to non-invasively retrieve insights on the interaction between scaffolds and tissues
or between scaffolds and cells in vitro and in vivo [118, 160, 161]. For example in the
study of Lee et al. ECM formation on PGA electrospun scaffolds was followed and
showed to initially align along the scaffolds fibers, while after inducing chondrogenesis
for several weeks scaffold reorganization was observed [118]. Pena et al. have also
shown scaffold remodeling during culture, in this case in collagen matrices seeded with
fibroblasts [161]. Furthermore, combining SHG with MPM showed that among other
structural parameters the molecular orientation of the sample and the overall beta
sheet content could be detected [145, 162]. Overall, combinatorial imaging modalities
based on MPM and SHG provide information about materials present in tissue en-
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gineered constructs, ECM components such as collagens, and cells simultaneously in
separate channels [145, 163]. This allows for adequate (automated) image analysis of
specific (labeled) components per channel. Ultimately, this enables novel approaches
to directly modify culture parameters to induce or prevent certain cell and tissue fate
related processes.

Bioluminescence(BLI)

BLI uses light emission produced through enzymatic catalysis of, for example, lu-
ciferin by a luciferase (LUC) enzyme. The principle has proven useful to monitor
gene expression and cellular activities both in vitro and in small animal models in
vivo [164-166]. Several studies have shown the correlation between luciferase activity
and the number of cells within tissues in vivo or scaffolds in vitro. [167-170]. Logeart-
Avramoglou et al. have shown the quantification and characterization of luminescence
from live-cells and cell lysates after culture on polymeric translucent soft hydrogels
and on opaque hard ceramics [171]. Olivo et al. reported a further correlation be-
tween luciferase activity, the number of cells and bone formation in vivo [172]. In
other studies, osteogenesis was assessed by monitoring gene-expression-dependent bi-
oluminescence by coupling of luciferase reporters to the promoter of osteocalcin [169,
173-175]. Because of its high sensitivity, bioluminescence technology has recently
proven its usefulness in tracking stem cells on material scaffolds transplanted in live
animals for tissue engineering purposes[175]. One of the limitations of BLI is the lim-
ited resolution, which can range from tens of microns to millimeters. Furthermore,
to the best of our knowledge, the current technology to image BLI does not allow
for retrieving 3D imaging stacks of tissues and tissue constructs, thereby limiting the
reconstruction modalities of 3D tissue development.

Optical coherence tomography (OCT)

OCT was first introduced by Huang et al. for the assessment of biological tissues [176].
OCT has been used for label-free imaging of tissue/scaffold constructs at a relatively
high resolution in the sub-micron range [9]. Depending on the type of scaffold, it
can be rather difficult to distinguish between the tissue and the scaffold when their
refractive indices are similar [177, 178]. A light beam from a broad bandwidth light
source is focused into a sample and the time that the light takes to return from the
specimen to the detector is measured. This echo time-of-flight information enables the
determination of the depth in the sample from where the light was scattered [120, 176,
179]. OCT is applied in the field of tissue engineering to characterize the architecture
of scaffolds including porosity, pore distribution and interconnectivity prior to cell
culture [180]. In deep tissue imaging, OCT is one of the most used optical imaging
modalities for its high spatial resolution of < 15 µm in scattering matter at depths
up to 2 mm [181, 182]. Wang et al. applied OCT to assess scaffold-assisted wound
healing in mice and compared their results to conventional hematoxylin and eosin
staining [183].

Tissue development in vitro was monitored with OCT by detecting an increase
in backscattered light over time [184]. In in vitro tissue engineering, OCT combined
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with Doppler velocimetry has been applied for characterization of flow in engineered
tissues, such as artificial blood vessels, by increasing the obtained contrast compared
to conventional OCT [185, 186].

In another study of Liang et al., three other combinatorial modalities have been
introduced and evaluated for tissue engineering applications, namely OCT and mul-
tiphoton microscopy (OCM/MPM), optical coherence elastography (OCE) and spec-
troscopic OCT (SOCT) [178]. OCM/MPM enables imaging at greater depths in
highly-scattering tissues by combining the spatial optical sectioning capabilities of
confocal microscopy with coherence gating and rejection of multiple-scattered pho-
tons within one modality resulting in high sensitivity and high contrast [178]. This
integrated system allows to obtain microstructural and functional properties of engi-
neered tissues simultaneously and to display the data within one representation.

OCE reveals information on the biomechanical properties of tissues by applying
mechanical stimulation to the material with simultaneous OCT detection. Depen-
dent on the optical properties of the tissues, the main features of OCE can include
millimeters penetration depth and spatial resolution in the micron scale. SOCT is
based on spectral analysis and intensity analysis of backscattered light from tissues.
Similar to OCM, OCE and conventional OCT, SOCT can obtain spatial resolutions in
the micron scale [187]. In conventional OCT, no exogenous fluorophores are required
since OCT relies on variations in indices of refraction and optical scattering for image
contrast [182]. Therefore, OCT can be considered a non-invasive label-free imaging
modality enabling cellular imaging within living specimens over time without loss of
viability [188].

Raman microspectroscopy

Raman microspectroscopy is a label-free spectroscopic technique, which does not re-
quire special sample preparation and can be used for non-invasive characterization of
cell and tissue biochemistry [189, 190]. Careful selection of suitable laser wavelengths
and laser intensity can eliminate cell damage allowing for the study of cells without
inadvertently changing their phenotype or behavior caused by photo damage [191-
193]. Raman spectral studies have been performed for structural analysis of ECM
components such as collagen [194] and proteoglycans [189, 195]. Raman peaks at
distinct wavelengths exist, for example, for different types of carbon-carbon bonds,
amide, carboxyl, sulfhydryl, and phenol groups [120]. In some relatively complex sam-
ples, Raman peaks could be characterized by entire molecules, such as carotenoids,
glucose, and hydroxyapatite (HA) [120]. Spectral information retrieved by scanning
specimens over a certain area, optionally confocal, can be computed and displayed
as (3D) cluster images [196]. Raman spectroscopy and Raman spectroscopy based
imaging has been successfully applied in several tissue engineering applications for
example by monitoring chondrocyte behavior on bioactive scaffolds [197]. Boyd et al.
have utilized a bench-top macro-Raman spectrometer with high-throughput screening
capability to examine spectral differences between well characterized cell lines (two
types of osteosarcoma cells, human dermal fibroblasts and human embryonic lung
epithelial cells) and the effects of cellular death on the retrieved spectra [198].
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2.3.4 Ultrasound(US)

US based imaging is, in principal, similar to OCT except that acoustic waves are
used instead of near-infrared light [179]. Compared to OCT, clinical US has a lower
resolution but higher penetration depth. Although US imaging is widely applied
in the clinics, not much research has been reported on applying US methods on in
vitro cultured scaffolds. US-based monitoring methods have, similarly to X-ray based
micro-CT, OCT and MRI, already been applied to non-destructively assess scaffolds
properties during and after fabrication [199, 200]. Mather et al. applied ultrasonic
pulse-echo reflectometry to monitor changes in acoustic impedance of poly(D,L-lactic
acid) (PLDLA) based scaffolds during supercritical scaffold fabrication [199]. Kim et
al. introduced ultrasound elasticity imaging (UEI) on tissue engineered constructs to
monitor scaffolds degradation in vitro and in vivo with an axial and lateral resolution
of approximately 250 µm and 500 µm, respectively [200]. Yet, both these method
did not provide sufficient spatio-temporal information on the scaffolds structure, to
be able to draw conclusions on tissue development throughout a 3D construct.

Rice et al. opted to use US to monitor cartilaginous matrix development in chon-
drocyte seeded poly(ethylene glycol) (PEG) hydrogels in vitro [201]. Kreitz et al.
have also evaluated the potential of US for quantitative in vitro monitoring of tis-
sue development in a hydrogel-based 3D tissue engineered construct. They showed
a correlation between the grey-scale values of the obtained images to hydroxyproline
content, which is a marker of collagen formation [202]. In a study of Fite et al., US
backscatter microscopy (UBM) was combined with time-resolved fluorescence to fol-
low the progression of tissue maturation along the chondrogenic lineage by monitoring
collagen type-2 production and by detecting changes in mechanical properties of poly-
(lactic-co-glycolic acid) (PLGA) based constructs upon in vitro culture [203]. UBM
can provide structural information, respectively with an axial and lateral resolution
of approximately 30 µm and 65 µm, that can be correlated to tissue microstructure
and constructs stiffness, which can be a measure for the functionality of cartilage
and bone-like tissues constructs [203]. Overall, the applicability of US based imaging
methods to monitor tissue growth in mm-sized tissue engineered constructs highly
depends on the aimed resolution and imaging depth, the targeted tissue type, and
the sound transmission properties of these tissues and scaffold materials.

2.3.5 Photoacoustic tomography (PAT) and photoacoustic
microscopy (PAM)

PAT is a relatively novel but fast developing clinically applied non-invasive and non-
ionizing method to monitor tissues in vivo and to detect for example blood oxygena-
tion in situ [204-207]. The method is based on the collection of ultrasonic waves
resulting from heat expansion of tissues after absorption of laser irradiation within
those tissues [208]. Large imaging depths up to ∼ 7 cm can be achieved since the
light only has to travel in one direction and will result in a sound wave upon light
absorption [209]. In PAT and PAM, the spatial resolution correlates with the imaging
depth and depends on the application, yet a high depth-to-resolution ratio is main-
tained [210]. Recently, a lateral resolution of 5 µm with an imaging depth of 1 mm
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was obtained in highly scattering soft tissue [211]. By modulating the US detection
frequency after laser irradiation, PAT enables high-resolution imaging of biological
structures with strong optical absorption contrasts [212]. Although PAT and PAM
are promising imaging methods for in vivo applications, to date just a few researchers
have investigated the potential of these methods for the field of tissue engineering
[130]. Recently, PAM has been applied to retrieve structural information on tissue
engineering constructs in vitro [213, 214] and in vivo [122, 211]. Cai et al. incorpo-
rated carbon nanotubes in PLGA scaffolds to be able to obtain detectable contrast
between the polymeric scaffold and surrounding tissue [213]. Other approaches have
introduced NIR fluorescent proteins in vivo to enable multi-contrast next to already
present endogenous contrast agents such as hemoglobin [208]. Such contrast agents
could also be applied to cells in vitro in tissue engineered constructs. To be able
to extract more information from tissue engineered constructs, multi-modal imag-
ing techniques can be applied. PAM could for example be combined with US-based
imaging as was already done in vivo [215].

PAM has some limitations when imaging bony or air-filled tissues, caused by lim-
ited transparency and the absence of a US wave transporting medium [211]. Despite
these two major limitations, we still consider PAT and PAM to be promising in
analyzing biomaterial-tissue interactions in soft tissue engineering applications in a
completely non-invasive and non-ionizing manner.

2.3.6 X-ray based micro-computed tomography (Micro-CT)

Previously, X-rays were clinically applied as fast diagnostic tool to obtain direct 3D
whole-body projections on 2D photo-sensitive films. Currently, X-ray imaging com-
bined with computed tomography (CT) can be applied in scanning mode at distinct
focal planes and with varying projection directions enabling 3D reconstruction of the
information [119, 216]. Depending on the spot size of the generated X-ray, the beam
properties and mostly the detector properties, nanometer scale resolution has been
achieved [217].

One of these CT modalities is micro-CT which enables tissue engineers and ma-
terial scientists to evaluate the morphological structures of their dry materials and
fabricated scaffolds non-destructively with high resolution and accuracy [218-220].
However, when polymeric scaffolds are immersed in physiological fluids in vitro, or
embedded in vivo, wherein fluids perfuse through the scaffolds, the contrast of micro-
CT images has shown to be poor [213].

Similar to magnetic resonance imaging (MRI), also micro-CT is capable of dis-
tinguishing soft tissue material from harder mineralized tissues [213, 221]. However,
instead of contrast resulting from changes in proton dynamics, X-ray contrast is the
result from differences in absorption, refraction and/or scattering properties of the
materials. Bone, fibrous tissue and ceramic scaffolds present different coefficients of
X-ray absorption, therefore their 3D structures can be separated and corresponding
quantitative data such as bone volume, thickness, growth, destruction, remodeling
and changes in bone density can be obtained [220, 222]. However, contrast between
distinct types of soft tissue with similar X-ray attenuation is limited [223].
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One approach to improve contrast between various soft tissues is by the application
of contrast agents [11]. Tissue engineering studies that do not assess mineralization
often require those toxic contrast agents or sample processing prior to imaging. Un-
fortunately, most stained scaffolds are no longer usable for culture due to high toxicity
of the applied contrast agents. Another approach to improve contrast is by combin-
ing micro-CT with for example X-ray phase contrast. When these contrast related
challenges can be overcome, monitoring of soft tissues and live-cells during scaffold
culture can be a major future application [6, 224, 225]. Zhu et al. have shown the
application of X-ray diffraction enhanced imaging (DEI) on the characterization of
rapid prototyped scaffold geometry, chitosan scaffold structure and on muscle tissue
morphology [225]. With the latter they showed the feasibility of further developments
to better image low-contrast soft tissues.

2.3.7 Magnetic resonance imaging (MRI)

Applications of MRI are often described when methods for 3D non-invasive imaging of
non-transparent biological materials in the mm-scale with relatively high resolution
are reviewed [4, 119, 226]. MRI can be applied either label-free or with targeted
magnetic beads for example to be able to track or localize specific components or
cells [227-229]. Contrast in MRI images is based on proton densities and differences
in the spin-phase and relaxation time of these protons, among others due to variations
in tissue hydration or water/lipid ratios [230].

MRI has shown to be a promising imaging modality for the assessment of muscu-
loskeletal tissue engineered constructs [7, 231-235]. In a study of Washburn et al. for
instance, an inverse relationship between MR relaxation times and mineral concen-
tration was found after culturing osteoblasts on poly-(ethyl methacrylate) (PEMA)
scaffolds [236]. Chesnick et al. showed similar collagen mineralization results in carti-
lage tissue engineering [237]. Other studies have shown a correlation between collagen
orientation and T2 relaxation times in articular cartilage [238, 239] and in tendons
[240].

Recently, advances have been made in the realization of MRI-compatible biore-
actors to be able to assess cell fate and tissue growth longitudinally [241, 242]. Im-
plementation of contrast agents in MRI enables cell tracking both in vitro and in
vivo [229, 243-246]. Immobilization of contrast agents on nanoparticles is required
for cell labeling via endocytosis [247, 248]. Upon endocytosis, accumulation of the
agent leads to a darker or brighter signal, which will either reduce or increase the
contrast between the labeled cells and the scaffolds depending on the type of contrast
agent used [249]. Although MRI seems to be very promising in non-invasive tissue
construct quality assessment, this technology has not yet become part of standard
laboratory equipment [250]. To increase the signal-to-noise ratio in a voxel, and con-
sequently increase the spatial resolution, the use of high-field MRI and long scanning
times are required. Devices capable of applying sufficient magnetic field strengths for
micro-MRI are expensive and not yet developed to fit in standard tissue engineering
laboratories [251, 252].
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2.4 Discussion and future outlook

The need for novel approaches to monitor the cell and tissue related parameters that
play a major role in the success and quality of tissue engineered constructs is well
acknowledged. This monitoring is not only pivotal for the assessment of the engineered
construct prior to implantation, but can also aid in the optimization of the culture
conditions. By gaining real-time insights in cell and tissue fate, direct interventions
could be foreseen, which would increase the efficiency and decrease the costs of the
chosen tissue engineering approach. These insights are expected to be of even greater
value when spatio-temporal information is revealed.

In the past few decades, many scientists have put effort in developing and opti-
mizing non-invasive methods to assess tissue growth, cell fate and scaffolds integrity
in vivo and in vitro. Despite all these advances reviewed here, the mostly applied
method for the evaluation of the performance of a tissue engineered construct still
remains destructive histological analysis. One of the main reasons for this being the
golden standard is the wide applicability on different types of tissues, materials and
cells. Moreover, histological analysis allows for multi-colored labeling of tissue sec-
tions providing functional information with high accuracy, specificity and resolution.
Yet, some imaging modalities have already showed to perform similar or even better
in the characterization of cell functionality in specific samples. Depending on the
application, location and size of the tissue engineered construct a specific imaging
modality could be chosen and optimized to obtain the desired information without
the need to disrupt the sample.

Recent developments in multi-modal imaging will help to overcome specific
method-based limitations by combining the benefits of each individual imaging
method. Furthermore, incorporation of sensor based information can further move
forward the comprehensiveness of retrieved information from a single sample during
culture. One can think of cell localization and oxygen concentration by multi-modal
imaging within a 3D construct cultured in a bioreactor [253] and subsequent cell func-
tionality determination by detecting protein secretion with protein-specific circuitry
integrated sensors [254, 255]. Wireless nanoscale biosensors have been developed,
which in theory could be incorporated within a scaffolds revealing information with a
certain spatio-temporal resolution [256, 257]. Ultimately these sensors could be com-
bined with actuators resulting in a responsive autonomous system capable of locally
providing instructive signals. Parameters that are currently already monitored by
sensor-actuator based systems are pH, oxygen saturation and temperature. However,
observing recent advances in sensor-actuator technology, we think that protein secre-
tion, surface marker expression or even gene expression will be included in the next
generation of targeted parameters.

The combination of this information could allow a tissue engineer to adapt the
culture conditions while following the outcomes in real-time. Ultimately, monitoring
in order to automate production successfully would require integrated control systems
with built-in data-analysis and programmed parameter adaptations.
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Abstract

In regenerative medicine studies, cell seeding efficiency (CSE) is not only
optimized by changing the chemistry of the biomaterials used as cell culture
substrates, but also by altering scaffold geometry, culture and seeding condi-
tions. In this study, the importance of seeding parameters, such as initial cell
number, seeding volume, seeding concentration and seeding condition is shown.
Human mesenchymal stem cells (hMSCs) were seeded into cylindrically-shaped
4 × 3 mm sized polymeric scaffolds, fabricated by fused deposition modeling.
The initial cell number ranged from 5 × 104 up to 8 × 105 cells, in volumes
varying from 50 up to 400 µL. To study the effect of seeding conditions, a
dynamic system, by means of an agitation plate, was compared to static culture
for both scaffolds placed in a well plate or in a confined agarose molded well.
CSE decreased when seeded with high initial cell numbers, whereas 2 × 105

cells seemed to be an optimal initial cell number in the scaffolds used here. The
influence of seeding volume showed to be dependent on the initial cell number
used. By optimizing seeding parameters for each specific culture system, a
more efficient use of donor cells can be achieved.

Keywords: Cell seeding efficiency, bone marrow stromal cells, rapid prototyp-
ing
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3.1 Introduction

Tissue Engineering aims at applying the principles of biology and engineering to de-
velop functional substitutes to replace damaged or lost tissue [1]. A typical tissue
engineering approach consists of combining autologous cells with a synthetic or bio-
logical material, which provides a mechanically stable environment to culture a sub-
stitute graft in vitro before implantation. Many researchers have already managed to
control chemical, mechanical and physical properties of these biomaterials by various
fabrication methods. One of the biomaterials and methods showing high potential in
tissue engineering applications are poly(ethylene oxide terephthalate)/poly(butylene
terephthalate) (PEOT/PBT) copolymer scaffolds processed by fused deposition mod-
eling [2-5]. PEOT/PBT copolymers have been extensively studied and proved to be
biocompatible both in vitro and in vivo [6-8]. These biomaterials have reached clin-
ical applications (PolyActiveTM, IsoTis Orthopaedics S.A.) as dermal substitutes [9]
and bone fillers [10, 11]. More recently, rapid prototyped scaffolds from PEOT/PBT
copolymers have been investigated for bone and cartilage regeneration therapies and
showed potential to be translated into tissue engineered clinical treatments [2, 12-14].
Although the in vitro and in vivo results with these scaffolds were promising, in most
cases mature differentiated cells were used. These cell types tend to lose their phe-
notype upon expansion by de-differentiation, resulting in a decreased functionality of
the cells which lowers their potential to secrete functional natural tissue within the
scaffold.

To overcome this problem, the use of multipotent cell types from autologous source
is opted to be promising. One of the cell types that show high potential in this ap-
proach are adult progenitor cells from bone marrow stroma, often referred to as mes-
enchymal stem cells or stromal cells (MSCs). MSCs are a heterogeneous population
of plastic-adherent, fibroblast-like cells, from which the progenitor cells in culture are
able to self-renew and differentiate into multiple lineages [15, 16]. Recent studies
showed that combining human MSCs and biomaterials with controlled properties, or
by adding certain growth factors, differentiation towards chondrogenic [17, 18], os-
teogenic [19, 20], myogenic [21], adipogenic [22, 23] endothelial [24], and neurogenic
[25] lineage can be achieved. Distribution and adherence of cells in scaffolds play
a crucial role in the efficiency of tissue engineering approaches. To achieve proper
cell penetration into a porous scaffold, the formation of large cell aggregates should
be prevented. Unfortunately, even in the absence of cell aggregate formation, cell
penetration and therewith a homogeneous spatial distribution of cells throughout the
scaffold is often limited.

Another challenge is that the availability of autologous donor cells and their expan-
sion capacity without losing functionality is limited [26]. For human MSCs expanded
on tissue culture treated polystyrene the influence of passage number on the multipo-
tency is well studied. For three-dimensional (3D) culture systems the relation between
cell density, metabolism and growth kinetics are well-determined, but less is known
about the maintenance of differentiation capacity upon expansion [27]. We assume
that trends found in two-dimensions (2D) with respect to the correlation between
plating density and differentiation potential can be translated to some 3D carriers as
well. This is due to the fact that some 3D scaffolds could, on the cellular level, still
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be considered as 2D when their characteristic dimension (e.g. fiber diameter, strut
thickness) is typically an order of magnitude larger than cell dimensions. To be sure
cells retain multipotency, the expansion culture time and passage number should be
as low as possible. Therefore, it is of high importance to reduce the loss of cells during
seeding on the scaffold and in vitro culture [28].

Optimization of cell seeding procedures for various tissue engineering approaches
is well studied. CSE of mouse derived mesenchymal cells was compared, for exam-
ple, on several types of scaffolds using dynamic culture systems, where differences in
CSE seemed to be dependent on the chemistry of the carrier material [29, 30]. In
recent studies, CSE was not only optimized by changing chemistry. The CSE can be
dependent on scaffold geometry, and on culture [27] and seeding conditions [28, 31,
32] which was shown for hMSCs and MC3T3 cells. In a study of Wang et al., human
MSCs derived from umbilical cord were seeded with various densities on non-woven
polyglycolic acid meshes and cultured in an orbital shaker for fibrocartilage tissue
engineering. Within the first week of culture higher seeding densities did not lead to
higher CSE, but did result in significantly higher cell numbers after 4 weeks of culture
[33]. Studies of Wendt and Grayson reported an increase in CSE as well as a more ho-
mogeneous cellular distribution after seeding in a perfusion bioreactor. The scaffolds
used were non-woven meshes and ceramic disks, and decellularized bone tissue respec-
tively which are very distinct architectures compared to regular 3D fused deposition
modeled scaffolds [32, 34]. Previous studies from our group have shown that spinner
flasks are a simple solution to dynamically seed cells homogeneously throughout 3D
fused deposition modeled PEOT/PBT scaffolds. However, these studies were per-
formed with bovine and human chondrocytes, which are much broadly available than
human MSCs. Therefore, cell loss did not form any concern and was compensated
with high seeding densities of 3 × 106 cells per scaffold [2].

Despite all these efforts, there are no studies reporting on the influence of basic
seeding parameters on seeding efficiency of human MSCs when seeded on 3D fused
deposition modeled scaffolds of synthetic polymers. Here, we show the importance
of optimizing seeding parameters as cell number, seeding volume and methods as
dynamic versus static seeding, to reduce cell loss during seeding. This will ultimately
result in more efficient protocols for stem cell based regenerative medicine applications
combining a clinically relevant cell source like human MSCs with 3D scaffolds that
have shown promising results due to their versatility in structural and architectural
customization [35, 36]. Optimization and control of these seeding parameters will lead
to an improvement of good manufacturing practice production and therewith enable
the culture of clinically relevant implants.

3.2 Materials and Methods

3.2.1 Isolation of human bone marrow derived stromal cells

Bone marrow aspirates were obtained from patients who had given written informed
consent. hMSCs referred to as donor 1, 2 and 3 were isolated and proliferated as
described previously [37] unless stated otherwise. Briefly, aspirates from three donors
(1: male age 73, 2: female age 77 and 3: female age 55) were resuspended using a
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20-gauge needle, plated at a density of 5 × 105 cells/cm2 and cultured in prolifera-
tion medium, which contains minimal essential medium (alpha-MEM, Life Technolo-
gies, Gaithersburg, MD), 10% heat-inactivated fetal bovine serum (FBS; Lonza), 0.2
mM L-Ascorbic acid 2-phosphate magnesium salt (ASAP, Sigma Aldrich), 2 mM L-
glutamine (L-glut, Invitrogen), 100 U/mL penicillin (Life Technologies), 100 µg/mL
streptomycin (Life Technologies) and 1 ng/mL basic fibroblast growth factor (bFGF;
Instruchemie, Delfzijl, The Netherlands). Cells were grown at 37◦C in a humidified
atmosphere with 5% CO2. Medium was refreshed twice per week and cells were used
for further subculturing or cryopreservation on reaching near confluence.

As a control group representing a less heterogeneous cell population, colony-picked
hMSCs (male age 22) were retrieved from the Institute of Regenerative Medicine
(Temple, Texas) [38, 39]. Briefly, a bone marrow aspirate was drawn and mononuclear
cells were separated using density centrifugation. The cells were plated to obtain
adherent human marrow stromal cells, which were harvested when cells reached 60%-
80% confluence. These were considered passage zero (P0) cells. These P0 cells were
expanded, harvested and frozen at passage 1 (P1) for distribution.

Figure 3.1: Schematic overview of experimental set-up to compare cell seeding efficiency on
scaffolds in confined agarose wells, on scaffolds in a polystyrene well-plate and on scaffolds
in an agarose coated well. Additionally the influence of agitation during the first 24 hours
of culture was compared to static culture.

3.2.2 Scaffolds fabrication

Poly(ethylene oxide terephthalate)/poly(butylene terephthalate) (PEOT/PBT) block
copolymers were obtained from PolyVation B.V. (The Netherlands). For this study,
we used a 300/55/45 PEOT/PBT composition with a weight ratio of 55 PEOT to 45
PBT, and a molecular weight of the starting poly(ethylene glycol) (PEG) segments
of 300 Da used in the co-polymerization process.
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3D regular grids were fabricated as described before [40] by fused deposition mod-
eling with a bioscaffolder (SysENG, Germany). For CSE studies, grids were fabricated
with a fiber diameter of approximately 250 (d1), a fiber to fiber distance (fiber spac-
ing) of 800 µm (d2), and a layer thickness of 150 µm (d3). Cylindrical porous scaffolds
of 4 mm in diameter by 3 mm in height were punched out of the produced 3D regu-
lar grids. The porosity of these scaffolds is given by equation 3.1 from a theoretical
approach [41]:

P = 1− π

4
× 1

d2

d1

× 1
d3

d1

(3.1)

This results in scaffolds with porosity of 62%, corresponding to a total pore volume
of approximately 23 µL per scaffold.

To investigate the effect of scaffolds porosity, scaffolds were fabricated with chang-
ing parameters. The scaffold ‘standard’ refers to the scaffolds with the previous men-
tioned parameters. Scaffolds with ‘thin’ or ‘thick’ fibers refer to changing (d1) to 127
± 65 and 264 ± 85 µm resulting in porosities of 90 % and 48 % respectively. Scaffolds
with small fiber to fiber distance refer to changing (d1) and (d2) to 208 ± 16 and 650
± 12 µm respectively, resulting in a porosity of 65%.

All scaffolds were sterilized in 70% ethanol 2 times for 30 minutes each, washed in
PBS first for 5 minutes and additionally for other 30 minutes two times, and finally
incubated in culture medium overnight prior to cell culture.

3.2.3 Cell seeding and culture on scaffolds

To study CSE, the pre-wetted scaffolds were dried and transferred to non-treated
48-well plates (Nunc). hMSCs (donor 1-3 at passage 3; donor 4 at passage 4), were
harvested from monolayer expansion by trypsinization, seeded in proliferation medium
on top of the scaffolds and resuspended gently to fill all the pores of the scaffold.
Small volumes up to 100 µL retained mostly inside the scaffolds pores and on top of
the scaffolds. Volumes higher than 100 µL also resided around the scaffolds on the
bottom of the culture well. The number of cells was varied from 5 × 104 up to 8 ×
105 cells and the seeding volume was varied from 50 µL up to 400 µL for the different
experiments, therewith changing seeding concentration from 1.25 × 105 to 8.3 × 106

cells/ mL. After 1.5 hour of incubation in the given volume, the medium was filled up
to 500 µL and culture was continued for a total of 24 hours. From these conditions,
the influence of three parameters on CSE can be determined.

First of all, the influence of initial cell number is investigated by seeding a range
of cell numbers in a specific volume. This is carried out for different volumes, to
investigate what is the optimal cell number in a given volume to maximize CSE.
Secondly, the influence of initial cell number on CSE will be determined by using
a fixed seeding concentration of 2 × 106 cells/mL. Finally, the influence of seeding
volume will be represented for different initial cell numbers.

To assess the influence of well plate adherence on CSE, agarose wells were prepared
by casting 3% agarose (UltraPure , Invitrogen) on a mold with a cylindrical pillar
with a diameter of 8 mm and a height of 3 mm in a 6-well plate (Figure 3.1). After the
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Figure 3.2: Percentage of initial cell number adhered after 24 hours The labels on the
x-axis correspond to the initial cell numbers and the cell seeding volumes used in the first
1.5 hour of culture. The initial seeding of 2 × 105 cells/scaffold shows the highest seeding
efficiency. In absolute numbers, the higher initial cell numbers show also a higher amount
of adhered cells. However, the loss of non-adhered cells also increases. The lowest initial
cell number show lower efficiencies when the seeding volume is increased. (n =3 per donor.
Error bar represents standard deviation. Statistical analysis on the average of three donors
with *=p<0.05, **=p<0.01)
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agarose gel was solidified for 30 min at 5 ◦C, the mold was carefully removed from the
gel, and a cylinder with an 8 mm-well in the middle was punched out of the gel and
transferred to a 12-well plate. Scaffolds were placed in the confined agarose well or in a
non-treated 12-well plate (negative control). Two hundred thousand (2 × 105) hMSCs
(donor 3, passage 3), were seeded in quintuplicate in 50 µL of proliferation medium on
top of the scaffolds and resuspended gently to fill all the pores of the scaffold. After
1.5 hour the medium was filled up to 500 µL and culture was continued for 24 hours.

As a second group, scaffolds were placed in an agarose coated 96-well plate and
on non-tissue culture treated polystyrene (PS) 96-well plate (negative control). Two
hundred thousand (2 × 105) hMSCs (donor 2, passage 3), were seeded in octuplicate
in 50 µL of proliferation medium on top of the scaffolds and resuspended gently to
fill all the pores of the scaffold. After 1.5 hour the medium was filled up to 500 µL
and culture was also continued for 24 hours.

As a third group, scaffolds were placed in a 12-well plate and seeded as described
for the first group, but in this case in 400 µL instead of 50 µL of proliferation medium.
After 1.5 hour the medium was filled up to 500 µL and culture was continued for 24
hours. All the seeded scaffolds from the three groups were placed at 37 ◦C in a
humidified atmosphere with 5% CO2 and cultured either on an XY rotating agitation
plate (20 rpm) or statically on a shelf in an incubator.

3.2.4 CSE by DNA assay

After culture, all scaffolds were washed gently in PBS, dried by aspirating the PBS,
cut in pieces and stored at -80 ◦C for at least 24 hours. After thawing, the constructs
were digested for 16 hours at 56 ◦C with 1 mg/mL proteinase K (Sigma-Aldrich)
in Tris/EDTA buffer (pH 7.6). This solution contained 18.5 µg/mL iodoacetamine
(Sigma Aldrich) and 1 µg/mL Pepstatin A (Sigma Aldrich). Quantification of total
DNA was done using the CyQuantTMDNA assay (Molecular Probes) and a spec-
trophotometer (excitation 480 nm, emission 520 nm) (Victor 3, Perkin Elmer). CSE
is given by DNAscaffold/DNAinitial × 100%, where the DNAinitial is calculated by
the initial number of cells seeded × 7.7 pg DNA/cell [42].

3.2.5 Cell loss by DNA assay

hMSCs (donor 4) were seeded with a concentration of 2 × 106 cells/ mL on standard
scaffolds for different initial cell numbers. After 24 hours and after 7 days of culture
the media was collected from the wells and stored in -80 ◦C for DNA quantification.
The scaffolds were washed gently with PBS, transferred to eppendorf tubes and stored
in -80 ◦C for further processing. The well-plate was also stored for DNA analysis. The
DNA content in the scaffolds, media and wells was determined as described before.
Briefly, the tubes containing the media from the scaffolds were centrifuged at 11,000g
to pellet the protein content. The supernatant was removed and 125 µL of Proteinase
K solution was added to the pellets and to the well-plates to digest the ECM as
decribed before. After incubation the lysates of the media samples and the wells were
pooled per sample. Quantification of total DNA was done using the CyQuantTMDNA
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assay (Molecular Probes) and a spectrophotometer (excitation 480 nm, emission 520
nm) (Victor 3, Perkin Elmer).

3.2.6 Methylene blue staining

The scaffolds were washed gently with PBS and fixated in 10% formalin for 30 minutes.
Next, the samples were washed with water and stained for 30 seconds using a 1%
methylene blue solution in 0.1 M borax buffer (pH = 8.5). Scaffolds were subsequently
washed with demineralized (DI) water until the water was clear. The scaffolds were
imaged with a Nikon SMZ800 Stereomicroscope equipped with a QImaginge Retiga
1300 camera.

Figure 3.3: High CSE is achieved for 200.000 cells when the concentration of the cell
suspension is 2 × 106 cells/mL for the different cell numbers. At higher cell numbers the
CSE decreased. (n=6 for donor 2. n=3 for other donors. Error bar represents the standard
deviation)

3.2.7 Scanning Electron Microscopy

The scaffolds were dehydrated after methylene blue staining by the use of an ethanol
gradient series of 60%, 70%, 80%, 90%, 96% and 100% v/v ethanol in DI-water. The
scaffolds were further processed by critical point drying from liquid carbon dioxide
using a Balzers CPD 030 critical point dryer. The dried samples were gold sputter
coated (Cressington) and imaged with scanning electron microscopy (SEM) with a
Philips XL 30 ESEM-FEG.

3.2.8 Statistical analysis

CSE data was compared by one-way ANOVA followed by a Tukeys post hoc test,
and p < 0.05 considered statistically significant. All data were expressed as mean
with standard deviation as error bar. Data were compared between volumes with
equal cell number, between cell numbers with equal volume and between various cell
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numbers with a constant seeding density for four donors in triplicate or sextuplicate.
For the seeding method studies, the data from Agarose wells were compared to the
data from non-treated PS wells and dynamic seeding was compared to static seeding
for two donors in quintuplicate and octuplicate respectively.

Figure 3.4: Influence of initial seeding volume on the seeding efficiency per cell number.
As it can be seen, there is a significance influence of the seeding volume in the first 1.5 hour
at low initial cell numbers. For high cell numbers it was observed that when seeding in
only 50 µL the cell suspension tends to dry out. (Average of three donors, n=9, *=p<0.05,
**=p<0.01)

3.3 Results

3.3.1 CSE versus initial cell number per seeding volume

Figure 3.2 shows the results of CSE, from three hMSCs donors separately and as an
average. The initial seeding of 2× 105 cells per scaffold showed the highest efficiency in
all volumes. The absolute number of adhered cells increased with increasing the initial
number of cells. However, the loss of non-adhered cells also increased. Therefore, the
high initial cell numbers of 4 × 105 and 8 × 105 cells showed a slightly lower CSE
than 2 × 105 cells. Lower initial cell number also showed slightly lower efficiencies
compared to 2 × 105 cells.

3.3.2 CSE versus initial cell number in fixed seeding
concentration

As it can be seen in Figure 3.3, the highest CSE for all donors was found when initially
1 × 105 or 2 × 105 cells were seeded. When the initial cell number was increased
the CSE decreased, even though the concentration of the cell suspension was retained
similar. Donor 3 showed a slight increased seeding efficiency for 8 × 105 cells with
respect to 4 × 105 or 6 × 105 cells. Donor 4, which represents a less heterogeneous
cell population than the other three donors, showed similar trends. However, lower
variations were found between the replicates. For donor 4 also the number of cells
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Figure 3.5: Cell seeding efficiency seems not to be dependent on the porosity of the 3D fused
deposition modelled scaffolds within the range of scaffold parameters used in this study. P
represents the calculated porosity of the scaffold. Cells were seeded with a density of 200,000
cells in 100 µL (donor 4, n=3).

after 7 days of culture was determined. The number of cells on the scaffold did not
change significantly. However, the number of cells detected outside the scaffold by
quantification of DNA in the culture medium and the well-plate bottom was higher
after 7 days compared to 24 hours (Figure S3.1).

3.3.3 CSE versus seeding volume per initial cell number

In Figure 3.4 a change in trends with respect to initial seeded cell number was ob-
served. At low cell number, large volumes showed lower efficiencies. Conversely, at
high cell numbers, large volumes showed a slight increase in CSE. At high cell num-
bers (4 × 105 and 8 × 105 cells) seeded in 50 µL, cell suspension nearly dried out
after 1.5 hour of incubation. Changes in CSE were in most conditions not significant
due to the high donor-to-donor experimental variability.

3.3.4 CSE on scaffolds with various designs

Figure 3.5 shows the DNA quantification results of hMSCs on scaffolds with different
designs. All scaffolds had the same outer dimensions but were altered with respect
to fiber thickness or fiber to fiber distance resulting in changing porosities and pore
sizes. Standard scaffolds were composed with a fiber diameter (d1) of 248 ± 12.8 µm,
a fiber to fiber distance (d2) of 800 ± 11.8 µm and a layer thickness of 159 ± 35.3 µm
(d3) resulting in a porosity of 62%. Scaffolds with ’thin’ fibers were composed with
a d1 of 127 ± 65.9 µm, a d2 of 800 ± 14.3 µm and a d3 of 154.2 ± 27.9 µm resulting
in a porosity of 90%. Scaffolds with ’thick’ fibers were composed with a d1 of 285 ±
21.8 µm, a d2 of 800 ± 25 µm and a d3 of 151.8 ± 24.2 µm resulting in a porosity of
48%. Scaffolds with a smaller d2 of 650 ± 12 µm, showed a d1 of 207.7 ± 16.6 µm



3

58

Figure 3.6: Influence of agitation and confinement of the cell suspension. When the
scaffolds are seeded with 2×105 hMSCs in a more confined environment like in a in Agarose
molded well this does not necessarily result in higher seeding efficiencies. In contrast there
is a drop in cell number. From light microscopy, it was observed that the cells on agarose
formed aggregates. It was also observed that the hydrophilicity of the gel allows the cell
suspension to spread over the surface of the well outside the scaffold. (n=8 donor 2, n=5
donor 3, *=p<0.05, **=p<0.01, ***=p<0.001).

and a d3 of 148.5 ± 17.9 µm resulting in a porosity of 65%. The scaffolds were seeded
with 2 × 105 hMSCs from donor 4 in 100 µL of medium. No differences were found
in CSE within this range of fiber and pore dimensions.

3.3.5 CSE in static versus agitation with scaffolds on PS plate or
in an agarose well

As can be seen from DNA analysis shown in Figure 3.6, a significant increase was
found in CSE when cells were seeded on scaffolds placed in a smaller more confined
96-well plate well when comparing to a 12-well plate well. There were no significant
differences between the different conditions seeded in a 96-well plate. However, seeding
cells on a scaffold placed in agarose wells (12-well plate) significantly decreased CSE
with respect to seeding on scaffolds placed on non-tissue culture treated PS. Agitation
of seeded scaffolds placed on a PS 12-well plate resulted in increased CSE compared
to seeded scaffolds placed on a PS 12-well plate in static culture. Again, in the case of
using the smaller and more confined 96-well plate this increase was not so apparent.
An effect of seeding volume was found upon agitation when 2 × 105 cells were seeded
in 400 µL (Figure S3.2). In the case of static culture on PS no difference in CSE was
found between seeding in 50 µL or in 400 µL, which was already shown in Figure 3.4.
However, when agitation was applied a small increase in CSE was found in 50 µL,
whereas a small decrease was observed for 400 µL.
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3.3.6 Cell adherence and morphology characterization

Figure 3.7 shows bright field microscopy images of scaffolds seeded with 100,000,
400,000 and 800,000 cells in a fixed concentration of 2 × 106 cells/mL. The cells
resided in the longitudinal pores of the scaffold and tended to form aggregates in
the pore volume. SEM and methylene blue staining results for the same conditions
confirmed a spread cell morphology for those cells adhered on the fibers of the scaffolds
and the formation of cell aggregates across the pores (Figure S3.3).

Figure 3.7: Bright Field microscopy images of 100,000, 400,000 and 800,000 hMSCs (donor
2) in a fixed concentration of 2 × 106 cells/mL after 24 hours of culture. Cells aggregate in
the pores or form layers at the bottom of the scaffold.

3.4 Discussion

The use of multipotent cell types from autologous source, such as hMSCs, is opted
to be promising in tissue engineering approaches. A challenge to overcome is that
the availability of autologous donor cells and their expansion capacity without losing
functionality is limited [26]. Although several studies on CSE have already been
reported before, there are no studies that assess the influence of the seeding parameters
reported here on CSE when combining hMSCs and 3D fused deposition modeled
polymeric scaffolds for tissue engineering approaches.

In a study reported earlier [43], no influence of the initial cell number on CSE was
found when comparing a seeding density of 6 × 105 cells with 1.2 × 107 cells for both
human periosteum derived cells (hPDC) and a human osteosarcoma cell line (SaOS-2)
on 3D fused deposition modeled titanium (Ti) scaffolds. In contrast to those results,
our study shows that in the case of human MSCs there are differences in CSE when
varying the initial cell number. Although in the study of Chen [43] human donor
derived cells were used, these cells were already differentiated and therefore possibly
possessed different cell adherence properties. Moreover, cell adherence is known to be
remarkably different in different biomaterials, thus limiting the comparative analysis
between Ti and PEOT/PBT scaffolds. In the case of human MSCs, donor variability
can be caused by heterogeneity of the cell population and can result in both differences
in cell adherence as well as in cell functionality. Furthermore, the number of human
MSCs that can be isolated from a bone marrow aspirate is limited. Therefore it is of
clinical importance and relevance to optimize the CSE to obtain sufficient numbers
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of cells in the scaffolds to be able to study cell functionality and to use the gained
knowledge to further improve stem cell based regenerative medicine therapies.

In our study, the highest efficiency was found with an initial cell number of 2 × 105

cells for all seeding volumes analyzed (Figure 3.2). A similar trend was found in the
study of Alvarez-Barreto et al. [28] where the seeding of a low number of MC3T3-E1
cells (2.5 × 105 cells) showed a higher CSE than the seeding of a high number of cells
(5 × 105 and 1 × 106cells). This was shown for two scaffold architectures, fibrous
meshes and porous foams, with similar outer dimensions and porosity but different
pore shapes and sizes. The lower CSE measured for high initial cell numbers when
compared to 2 × 105 cells, in the study reported here, could be caused by aggregation
of the cells which is observed by microscopy (Figure 3.7 and Figure S3.1) and reported
before [32]. These non-adhered aggregates could have been lost during the washing
step with PBS. Alternatively, a limited availability of scaffold surface area could result
in a decrease in CSE because of reaching a plateau in absolute cell number when
reaching near-confluence [44]. The low CSE observed with low initial cell numbers
could be explained by the low density of the cells in the suspension jeopardizing cell-
cell contact. Recent studies reported on a possible effect of macromolecular crowding
on cell culture. Here, cell culture is mentioned as a typical example, where cells
anchored to a culture plate find themselves bathed in an ocean of medium that is
hardly representative of their in vivo microenvironment [45]. It can also be observed
that some conditions showed high variation between the replicates. Seeding the cells
for our experiments was carried out by one experimenter excluding changing results
due to handling. We think the high deviations could be caused by donor-to-donor
variance which may be resulted from the heterogeneity of each cell population during
isolation. Therefore, also cells from a fourth donor, which are colony-picked and
known to represent a more homogeneous population, were included in this study.
Indeed, for this more homogenous hMSCs population, lower variations were observed
between replicates.

To investigate whether the density of the cells or only the absolute cell number
of cells has an influence on CSE, the concentration of the cell suspension was kept
constant (Figure 3.3). In this way, the nutrient availability per cell and cell to cell
distance was also constant. As can be seen in figure 3.3, the highest CSE was found
when initially 1 × 105 or 2 × 105 cells were seeded for all donors. When the initial cell
number was increased, the CSE decreased. This could still be caused by the formation
of cell aggregates as mentioned before or by the limited scaffold surface available with
respect to the number of seeded cells, leading to a decreased probability that one cell
finds unoccupied scaffold surface to adhere to. An explanation for the decrease in CSE
when increasing the cell number can be that the seeding volume for this high initial
cell number was larger than for the lower cell numbers, which results in a fraction
of the cell suspension flowing outside the scaffold. For one out of the four donors
analyzed, an increase in CSE was found when 8 × 105 cells were seeded compared
to 6 × 105 cells. This singular case could be explained by the fact that some of
the aggregates that were formed stayed entrapped within the scaffold. Chen et al.
reported also a negative influence of larger seeding volume on CSE [43]. However, this
was only reported for a low cell number (60,000 cells). When comparing the results on
cell number in the scaffolds after 1 and 7 days it can be seen that the number of cells
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did not increase significantly (Figure S3.3). The number of cells outside the scaffolds
showed an increase after 7 days of culture. This could be caused by part of the cells
populating the pores without firmly attaching to the scaffolds. Since the material has
shown good biocompatibility before, there was no severe cell death expected. The
difference between total detected number of cells in the scaffold, medium and well
plate together compared to the initial seeded cell number could be caused by cell loss
during processing for analysis. A number of cells could have been entrapped within
the scaffold but without adhering to the scaffold within 24 hours. After washing the
scaffolds with PBS, these cells could have been partly lost.

In figure 3.4, a change in trends can be observed, where at low cell number low
seeding volumes showed the highest efficiencies, whereas at high cell numbers higher
seeding volumes did not affect CSE. By bright field microscopy it was observed that
high initial cell numbers in 50 µL nearly dried out within the 1.5 hour of incubation.
Although this drying of the cell suspension could lead to an increase in cell death,
it does not seem to explain the low CSE for these high cell numbers, since at higher
seeding volumes similar low cell numbers were detected after 24 hours of culture. This
shows that the optimal cell seeding volume is not only related to the pore volume and
surface area of the scaffold, but is also dependent on the initial number of cells seeded.

To test if the porosity of the scaffold influences the number of adhered cells, three
other scaffold designs were introduced with changing fiber dimensions and fiber to
fiber distance, resulting in various porosities ranging from 48 till 90%. There was no
influence found on CSE within these range of variations in scaffold design. Despite
we cannot exclude that significant differences could have been found with scaffold
designs with larger variations, we focused our efforts in this study to examine optimal
CSE conditions for scaffolds with porosities and pore size that already showed to be
promising for musculoskeletal tissue engineering applications [46-48].

Another method that could improve CSE is by placing the scaffolds in a confined
environment. Agarose wells have shown to be useful to culture cells within a defined
area and to prevent the cells from adhering to the bottom of a culture plate [49]. To
improve the homogeneity of the cellular distribution throughout the construct and
therewith the CSE, gentle agitation could be applied. To test if the use of these two
methods results in higher seeding efficiencies within the scaffolds, 2 × 105 cells were
seeded in 50 or 400 µL on scaffolds with the same culture parameters as the standard
scaffold in the previous experiments. Two different sized culture wells were used.
DNA quantification (Figure 3.6) showed that the use of agarose as a non-adherent
layer did not significantly improve CSE for both a small well from a 96-well plate
coated with agarose as well as for a confined molded agarose well placed in a 12-
well plate. In the 12-well plate the use of an agarose well even seemed to decrease
the CSE. From light microscopy, it could be seen that the cells in the agarose well
started to aggregate resulting in non-adhered cell clumps outside the scaffold. It
was observed that directly upon seeding, the cell suspension easily flowed outside the
scaffold and spread on the agarose gel completely covering the bottom of the agarose
well. This agarose well had a diameter of 8 mm, whereas the scaffold was only 4 mm
in diameter, resulting in some cell aggregates being separate from the scaffold. This
spreading behavior of the cell suspension could be caused by the high hydrophilicity
of the agarose well bottom and sidewalls, since this behavior was not observed on



3

62

non-tissue culture treated PS and also not so apparent in an agarose coated well
of a 96-well plate. In the case of smaller confined wells, the CSE was significantly
higher than for scaffolds placed in a 12-well plate. Although the two experiments
with different well-plates were carried out for different donors, donor 3 showed higher
CSEs than donor 2 in previous experiments. Therefore, it is fair to conclude that
seeding scaffolds in small confined wells improves the CSE.

To improve both cell distribution and CSE, scaffolds were placed on an x-y-
agitation plate. A difference in the effect of agitation on CSE was found when the
seeding volume was changed from 50 to 400 µL for scaffolds placed in a PS 12-well
plate. In the case of 50 µL a small increase in CSE was found upon agitation, whereas
seeding in 400 µL resulted in a decrease in CSE upon agitation. This could be caused
by the fact that 400 µL was a too high volume to fit into the pores of the scaffold. Due
to agitation cells could be promoted to flow outside the scaffold. When seeded in only
50 µL, the cell suspension resided within the pores of the scaffold during agitation.

Previous works showed the beneficial effect of perfusion or convection flow on cell
attachment and distribution [28]. In our study, the culture plate was only agitated
in the x-y plane, which was causing less convection throughout the scaffold than for
example in a spinner flask or a perfusion bioreactor. We observed that cells seeded on
PS 12-well plates without scaffolds formed aggregates in the center of the well when
x-y-agitation was applied. The adherence to the PS showed to be lower upon agitation
than when cells were cultured statically. It can very well be that in the experiment
with the scaffolds placed in a 12-well plate, on both PS and on agarose, lower cell
numbers were found because of this cell aggregation. Aggregates have shown to better
retain multipotency when culturing hMCSs [50], however in this study the aggregates
can have been lost upon sample processing, due to low-adherence to the scaffold
(Figure 3.7 and Figure S3.2). Future studies will further investigate the influence
of convection or perfusion culture on CSE and cell differentiation. In summary, we
showed in this study that the optimal seeding volume is dependent on the initial cell
number seeded. In absolute cell numbers, a higher initial seeded number of cells (>2
× 105 cells) resulted in most cases in a higher number of cells adhered to the scaffold.
However, a low number of cells (1 × 105 and 2 × 105) generally resulted in a higher
CSE.

3.5 Conclusion

Seeding cells into a scaffold is a critical step in a tissue engineering process. Here,
optimizing seeding parameters have shown to be valuable to reduce cell losses. Ini-
tial cell numbers, seeding concentration, seeding volume and seeding condition were
varied over a broad range. CSE decreased for the highest initial cell number due
to aggregation, while the lowest initial cell number also showed a decrease in CSE
possibly due to limited cell-cell contact. The influence of seeding volume is highly
dependent on the initial cell number used. In the case of seeding 5 × 104 cells, a small
seeding volume of 50 µl shows a significant better CSE than seeding in 150 or 400
µl. For higher cell numbers this effect of seeding volume on CSE was not apparent.
When the concentration of the cell suspension is constant, the available pore volume
of the scaffold will also influence the CSE. There was no difference found in CSE for
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different scaffold designs with changing porosities or pore sizes, which resulted in pore
volumes only ranging from 18 till 34 µl. However, when seeding volumes are greater
than the available pore volume, the cell suspension will flow partly outside the scaf-
fold, therewith resulting in a higher cell loss. Agitation upon seeding did not improve
CSE when using human MSCs on this type of scaffolds. Yet a significant increase
in CSE was found both upon static and agitation seeding when scaffolds were place
in a more confined smaller well of a 96-well plate compared to scaffolds placed in a
12-well plate. Overall, it can be concluded that by optimizing the seeding parameters
for each specific culture system, a more efficient use of donor cells is achieved.
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Supplementary Information

Quantification of non-attached cells by DNA assay.

hMSCs (donor 4) were seeded with a concentration of 2 × 106 cells/mL on standard
scaffolds for different initial cell numbers. After 24 hours and after 7 days of culture
the media was collected from the wells and stored in -80 ◦C for DNA quantification.
The scaffolds were washed gently with PBS and transferred to eppendorf tubes and
stored in for further processing. The well-plate was also stored at -80 ◦C for DNA
analysis. The DNA content in the scaffolds, media and wells was determined as
described before. Briefly, the tubes containing the media from the scaffolds were
centrifuged at 11,000g to pellet the protein content. The supernatant was removed
and 125 µL of Proteinase K solution was added to incubate at 56 ◦C for approximately
16 hours. The wells were also incubated with 125 µL of Proteinase K solution and after
incubation the lysates of the media samples and the wells were pooled per sample.
The results are presented in Figure S3.1.

Figure S3.1: DNA quantification on scaffolds and on the culture media and well-plate
bottom after 1 day and after 7 days of culture
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Figure S3.2: The influence of agitation on CSE for scaffolds seeded with 200.000 hMSCs
in 400 µL. A significant decrease in CSE is found when cells are seeded on scaffolds placed
in agarose wells. There was no difference found in CSE when agitation was applied during
24 hours of cell culture (n=5, *=p<0.05, **=p<0.01, ***=p<0.001).

Figure S3.3: Scanning Electron Microscopy and Stereo Microscopy on Fixated and stained
samples. (A and D) 100.000 cells in 50 µL, (B and E) 400.000 cells in 200 µL (C and F)
800.000 cells in 400 µL for donor 4 after seven days of culture.(G) magnified view of cell
morphology of 200.000 hMSCs in 100 µL after seven days of culture. All other cell seeding
volumes showed similar cell morphology. Scale bars A-C: 500 µm, D-F: 1 mm, G: 100 µm.
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Abstract

One of the conventional approaches in tissue engineering is the use of
scaffolds in combination with cells to obtain mechanically stable tissue con-
structs in vitro prior to implantation. Rapid prototyping by fused deposition
modeling is a widely used technique to produce porous scaffolds with defined
pore network, geometry, and therewith defined mechanical properties. Bone
marrow derived mesenchymal stromal cells (MSCs) are promising candidates
for tissue engineering based cell therapies due to their multipotent character.
One of the hurdles to overcome when combining rapid prototyped scaffolds
with MSCs is the resulting heterogeneous cell distribution and limited cell
proliferation capacity. In this study, we show that the use of a biaxial
bioreactor, after static culture of human fetal MSCs (hfMSCs) seeded on
synthetic polymeric scaffolds, improved the homogeneity of the cell and
extracellular matrix (ECM) distribution as well as increased the total cell
number. Furthermore, we show that the relative mRNA expression levels of
indicators for stemness and differentiation are not significantly changed upon
bioreactor culture, whereas static culture shows variations of several indicators
for stemness and differentiation. The biaxial rotating bioreactor presented here
offers a homogeneous distribution of hfMSCs, enabling studies on MSCs fate
in rapid prototyped scaffolds without inducing differentiation by convection flow.

Keywords: Bone marrow stromal cells, scaffolds, convection-flow bioreactor,
perfusion-flow bioreactor, cellular distribution

Note: All experiments with hfMSCs were carried out in collaboration with
Quintech Ltd. in Singapore. The cultured samples were shipped from Singapore
for independent analyses at the University of Twente, the Netherlands. All
studies with haMSCs were carried out and analyzed at the University of Twente,
the Netherlands.
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4.1 Introduction

The field of tissue engineering aims at applying the fundamentals of cell biology and
materials engineering to construct replacements for damaged, diseased or lost tissue
[1]. One of the conventional approaches is based on three-dimensional (3D) mechan-
ically stable scaffolds in combination with multipotent cell types. Scaffolds with a
highly defined geometry, porosity and tailored mechanical properties can be obtained
by rapid prototyping [2]. These scaffolds provide the necessary support for cells to at-
tach, proliferate and differentiate, and define the overall shape of the tissue engineered
transplant. Several researchers already showed successful application of such scaffolds
in for example bone and cartilage tissue engineering in vivo [3-5]. Woodfield et al.
found a rapid attachment and a homogenous distribution of both bovine and human
chondrocytes on poly (ethylene oxide terephthalate)-co-poly (butylene terephthalate)
(PEOT/PBT) based scaffolds after spinner flask culture in vitro. Subsequently, the
scaffolds seeded with bovine chondrocytes were implanted subcutaneously in mice for
21 days and formed cartilaginous tissue in vivo as demonstrated by the presence of
articular ECM components [4].

Reichert et al. have shown the successful application of commercially available
rapid prototyped scaffolds of polycaprolactone-tricalciumphosphate (PCL-TCP) com-
bined with recombinant human bone morphogenetic protein 7 (rhBMP-7) in critical
sized segmental bone defects in vivo in sheep [3]. However, in the same study, the
PCL-TCP scaffolds combined with ovine MSCs showed less bone volume in the defect
site 3 months after implantation than the scaffolds combined with rhBMP-7 without
MSCs, even though relatively high cell numbers were seeded initially per construct.
Therefore, despite successes in regenerating tissues with rapid prototyped scaffolds
optionally combined with different bioreactors, the highly organized open structure
of rapid prototyped scaffolds still poses challenges in homogenously distributing cells
and controlling their proliferation and differentiation capacities. This is even more
important when MSCs are used, as their capacity to adhere and be homogeneously
distributed in 3D scaffolds has shown to be complicated [6]. Such heterogeneity could
ultimately lead to a lack of control of MSCs activity and differentiation.

To gain control over cell seeding efficiency, cell distribution and cell fate on rapid
prototyped 3D scaffolds in vitro prior to implantation or as a study model, several
hurdles have to be overcome. Firstly, the cell seeding process has to be optimized per
scaffold geometry, scaffold material and cell type to achieve proper cell attachment
and distribution throughout the construct [7]. Several studies showed the influence
of scaffold geometry or culture conditions in cell and tissue distribution after in vitro
culture [8, 9]. Chen et al. introduced a matrix of hyaluronic acid, methylated collagen
and terpolymer in rapid prototyped PCL-scaffolds, which showed to improve the cell
seeding efficiency of human MSCs (hMSCs) compared to uncoated PCL scaffolds [10].
In vitro culture of the gel-embedded scaffold in a spinner flask bioreactor significantly
improved most of the outcome variables with respect to osteogenic differentiation, such
as ALP activity and ECM mineralization, compared to scaffolds in static culture.

Papadimitropoulos et al. also introduced a collagen-network in porous PCL-TCP
scaffolds, which resulted in a 2.5 fold increase in MSCs seeding efficiency under per-
fusion flow compared to the bare PCL-TCP scaffolds [11]. Despite an increased cell
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seeding efficiency in presence of a collagen-network, no obvious qualitative differences
were found after 19 days of culture among the experimental groups with respect to
cell viability, cell distribution and ECM formation. In contrast to expectations after
the in vitro results of Chen et al. [10], this strategy did not lead to robust bone forma-
tion in vivo upon ectopic implantation. The absence of bone formation in vivo could,
in this study, be caused by the absence of mineralization inducing factors during in
vitro culture prior to implantation [11]. Although the incorporation of a collagenous
matrix in rapid prototyped scaffolds seemed to have a beneficial effect on cell seeding
efficiency, control over cell fate remained elusive.

A second hurdle to overcome is the supply of oxygen and nutrients as well as the
clearance of metabolic products which showed to become critically limiting for cells
cultured under static conditions [12]. Bioreactor systems, based on convection such
as rotating vessels and stirrer flasks, or based on perfusion such as a directional flow-
through bioreactor, are used to overcome these mass transfer limitations [13]. These
systems do not only enhance nutrient and waste product exchange but can also exert
mechanical stimuli on the cells to proliferate, migrate or differentiate [13, 14]. While
most of these commercially available rotating vessel bioreactors are uniaxial in design,
Singh et al. have shown with in silico simulations that a biaxial design, which rotates
simultaneously in two independent orthogonal axes, resulted in improved fluidics over
an uniaxial design [15].

Here, we investigated the use of a biaxial bioreactor system, further referred to as
convection bioreactor, for the in vitro culture of highly porous PEOT/PBT scaffolds
seeded with hfMSCs or human adult MSCs (haMSCs). Previous work already showed
the superior osteogenic capacity of hfMSCs over haMSCs after comparative studies
in vitro in both a monolayer culture system and on a composite bioactive PCL-TCP
scaffold in static cultures [16]. In this study, the effect of dynamic culture on cell and
ECM distribution as well as on cellular phenotype was assessed for both hfMSCs and
haMSCs.

4.2 Materials and Methods

4.2.1 Isolation and culture of hfMSCs and haMSCs

Bone marrow derived hfMSCs were isolated as described before, from 17 weeks and 1
day old fetuses after clinically indicated termination of pregnancy [17, 18]. Pregnant
women gave separate written consent for the clinical procedure and for the use of
fetal tissue for research purposes. Briefly, fetal bone marrow cells were retrieved by
flushing the bone marrow cells out of the humeri and femurs into Dulbecco’s modified
eagle’s medium (DMEM, Sigma, USA) with Glutamax (GIBCO, USA) supplemented
with 10% heat-inactivated fetal bovine serum (FBS), 50 U/mL penicillin, and 50
µg/mL streptomycin (GIBCO, USA), which will be referred to as fMSC-medium.
Medium was refreshed twice per week and cells were used for further subculturing or
cryopreservation on reaching near confluence.

Bone marrow derived haMSCs (donor 1 female, 77 years old; donor 2 female, 55
years old) were isolated and proliferated as described previously [19]. Bone marrow as-
pirates were obtained from patients who had given written informed consent. Briefly,
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aspirates were cultured in minimal essential medium (alpha-MEM, Life Technologies,
Gaithersburg, MD) supplemented with 10% heat-inactivated fetal bovine serum (FBS,
Lonza, Switzerland), 0.2 mM L-Ascorbic acid 2-phosphate magnesium salt (ASAP,
Sigma Aldrich, the Netherlands), 2 mM L-glutamine (L-glut, Life Technologies), 100
U/mL penicillin (Life Technologies), 100 µg/mL streptomycin (Life Technologies) and
1 ng/mL basic fibroblast growth factor (bFGF, Instruchemie, Delfzijl, The Nether-
lands), which will be referred to as proliferation medium. Cells were grown at 37
◦C in a humidified atmosphere with 5% CO2. Medium was refreshed twice per week
and cells were used for further subculturing or cryopreservation on reaching near
confluence.

4.2.2 Fabrication of PEOT/PBT scaffolds

Scaffold were fabricated of PolyActiveTM300/55/45 (PolyVation, Groningen, the
Netherlands), a block copolymer composed of poly(ethylene oxide terephthalate)
(PEOT) and poly(butylene terephthalate) (PBT) with a weight ratio of 55 to 45 for
the two components, respectively, and a molecular weight of the starting poly(ethylene
glycol) (PEG)segments of 300 Da used in the co-polymerization process. Fused de-
position modeling was used with a bioscaffolder (SysENG, Germany) to fabricate 3D
cylindrical scaffolds as described before [2] with a diameter of 8 mm, a height of 3
mm, a fiber to fiber distance of 1000 µm, a fiber diameter of approximately 200 µm,
and a layer thickness of 150 µm. To enhance cell attachment scaffolds for studies with
hfMSCs were treated in Argon plasma for 30 minutes with a pressure of 0.1-0.2 mBar
and a power of 30 W. Sterilization of all scaffolds was performed in 70% ethanol twice
for 30 minutes, subsequently washed in PBS first for 5 minutes and additionally twice
for another 30 minutes each time, and finally incubated in culture medium overnight
prior to cell culture.

4.2.3 Cell seeding on PEOT/PBT scaffolds

For studies with hfMSCs, scaffolds were transferred from tube with culture medium
to a non-treated 24-well plate (Greiner Bio-One, Germany). Passage 3 hfMSCs were
harvested from monolayer expansion, and seeded on the scaffolds with a density of
750,000 cells in 30 µL of fMSC-medium. After 15 minutes of incubation, the scaf-
folds were flipped and allowed to incubate for another hour, without adding new cell
suspension, before 10 µL of fMSC-medium was added. Subsequently, for the next 5
hours, 10µL of proliferation medium was added for each seeded scaffolds at an interval
of every 1 hour and 15 minutes for each addition. Scaffolds were then transferred to a
non-treated 24-well plate (Greiner) with 750 µL of proliferation medium and cultured
for 3 days in static culture condition or in a biaxial rotating vessel bioreactor, referred
to as convection culture.

For studies with haMSCs, scaffolds were transferred from a tube with culture
medium to a non-treated 24-well plate (NUNC, Thermo Scientific, The Netherlands).
Passage 3 haMSCs were harvested from monolayer expansion, and seeded on the
scaffolds with a density of 750,000 cells in 100 µL of proliferation medium. After 1.5
hour incubation to let the cells adhere, the medium was filled up to 1 mL and culture
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was continued for 3 days in static culture condition before transferring the samples to
a new culture well, to the bioreactor convection culture, or to a bioreactor perfusion
culture.

4.2.4 Bioreactor culture

After static culture, some of the scaffolds were transferred to the convection or per-
fusion bioreactors, whereas a control group was maintained under static culture con-
ditions. The perfusion bioreactor consisted of a small chamber in which the scaffold
was press-fitted to ensure the medium to be flown through the longitudinal pores of
the scaffold. The set-up of the bioreactor was constructed as described before [20].
Medium was ran with a flow speed of 0.1 mL/min in a home-made incubator at 37
◦C with a controlled flow of mixed gas containing 5% CO2 and 21% O2. The convec-
tion bioreactor consisted of a cylindrical vessel for culture (volume 40 mL), in which
the cellular-scaffold constructs are mounted to the lid of the bioreactor by pins, and
a medium reservoir to ensure continuous replacement of the medium in the culture
vessel. Gaseous exchange was enabled through a special membrane incorporated into
the spherical vessel. The bioreactor was ran with a medium flow speed of 1 rpm
(corresponding to 1.5 mL/minute), a biaxial rotation with an arm rotational speed of
2 rpm, and a chamber rotation speed of 3 rpm at 37 ◦C in a humidified atmosphere
with 5% CO2.

Proliferation medium was used to fill the 40 mL medium reservoir of the perfu-
sion bioreactor containing 1 scaffold seeded with haMSCs per circuitry. Proliferation
medium was used to fill the 40 mL bioreactor chamber and the 300 mL reservoir
of the rotating vessel bioreactor containing 4 scaffolds seeded with haMSCs. fMSC-
medium was used to fill the 500 mL bioreactor chamber and the 300 mL reservoir
of the rotating vessel bioreactor containing 12 scaffolds seeded with hfMSCs. As a
negative control, static culture was continued on scaffolds transferred to a new well
in a non-treated 24-well plate.

4.2.5 Viability staining

Cell viability was assessed by 4 µg/mL fluorescein diacetate (FDA, Life Technologies)
and 40 µg/mL propidium iodide (PI, Life Technologies) staining, where FDA stains
viable cells green, and PI stains necrotic and apoptotic cell nuclei red. Scaffolds were
cut in half, stained with FDA and PI as previously described [16], and viewed under
a confocal laser microscope (Olympus, FV1000 Fluoview, Japan). Cellular scaffolds
were examined in both planar view and cross-sectional view after 3 and 9 days of
culture (Figure 4A).

4.2.6 DNA assay

The total DNA from scaffolds cultured with hfMSCs was extracted from each scaffold
by incubating the constructs in 0.4 mL of enzymatic cocktail (consisting of 0.1%
collagenase A (Roche, Basel, Switzerland) with 0.1% Trypsin mixed in PBS) at 37 ◦C
for 2 hours, with vortex every 30 min followed by three cycles of freeze and thaw. For
haMSCs, after culture all scaffolds were washed gently in PBS, dried by aspirating
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the PBS, cut in pieces and stored at -80 ◦C for at least 24 hours. After thawing, the
constructs were digested for 16 hours at 56 ◦C with 1 mg/mL proteinase K (Sigma-
Aldrich, the Netherlands) in Tris/EDTA buffer (pH 7.6). This solution contained 18.5
µg/mL iodoacetamine (Sigma Aldrich) and 1 µg/mL Pepstatin A (Sigma Aldrich).
Quantification of total DNA was done using the CyQuant R© DNA assay (Molecular
Probes, Life Technologies) and a spectrophotometer (excitation 480 nm, emission 520
nm) (Victor 3, Perkin Elmer, Groningen, the Netherlands).

4.2.7 Hydroxyproline assay

Hydroxyproline assay was carried out to determine the total collagen amount on
the same samples as used for DNA quantification. From the digested sample, 30
µL was transferred to a Teflon R© capped glass bottle. Another 30 µL of concentrated
hydrochloric acid (HCl, 12 M, Sigma Aldrich) was added and samples were hydrolyzed
at 120 ◦C for 3 hours. The complete supernatant was transferred to a 96 well plate
and left to evaporate at 60 ◦C. Subsequently, 100 µL of chloramine T/ Oxidation
buffer mix (BioVision, The Netherlands) was added to each well and incubated at
room temperature for 5 minutes. Finally, 100 µL of DMAB Reagent was added to
each well including the hydroxyproline standard and incubated for 90 minutes at 60
◦C. A micro plate reader (Multiskan GO, Thermo Fisher) was used to determine the
absorbance at 560 nm.

4.2.8 Gene expression analysis of hfMSCs

For gene expression analysis of hfMSCs, samples were seeded (n=4 for static cultures;
n=5 for convection cultures) at different time points. After culture, medium was as-
pirated from the scaffolds, the samples were transferred to 2 mL eppendorf tubes and
stored at -80 ◦C. Prior to RNA isolation from the samples by using a Bioke RNA
II nucleospin RNA isolation kit (Macherey-Nagel, Düren, Germany), first 500 µL of
TRIzol R© (Invitrogen) was added. The scaffolds were disrupted by crushing with RNA
isolation pestles (Fisher Scientific). Samples for basal gene expression analysis, re-
ferred to as T25 day 0, were retrieved from two-dimensional (2D) culture in T25 tissue
culture flasks (NUNC) by adding 500 µL of TRIzol R© (Invitrogen) upon reaching 70%
confluence. Subsequently, the cell/TRIzol R© suspension was transferred to an eppen-
dorf tube and 200 µL of CHCl3 was added to each sample and mixed by vigorously
shaking the tubes. The TRIzol R© /CHCl3 mixture was centrifuged at 12,000 g for 15
minutes at 4 ◦C. The aqueous phase was transferred to a new eppendorf tube and
mixed 1:1 with 70% ethanol. The mixture was transferred to filter columns from the
kit and the RNA isolation was continued following the manufacturer’s protocol. RNA
concentrations and purity were determined by using an ND1000 spectrophotometer
(Nanodrop Technologies, USA). CDNA was synthesized from 630 ng of RNA, using
iScriptTM(BIO-RAD, Veenendaal, the Netherlands) according to the manufacturer’s
protocol.

Quantitative polymerase chain reaction (qPCR) was performed on cDNA samples
by using the iQ SYBR R©Green Supermix (Bio-Rad) on the primers as listed in Table
S4.1. PCR reactions were carried out on the MyiQ2 Two-Color Real-Time PCR
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Figure 4.1: Live/dead staining showed a high cell viability of fetal hMSCs after 9 days of
culture in static condition (A, B) and after 3 days of culture in static condition followed by
6 days of culture in a convection bioreactor (C, D) by confocal microscopy on a top-view (A,
C) and on a cross-sectional view (B, D) of the scaffold. Higher numbers of cells were found
in the scaffolds after convection culture compared to the scaffolds from static culture. This
was confirmed by DNA quantification (E) where a significant difference in cell number was
found between static and convection culture. (F) Collagen production per cell significantly
decreased upon dynamic culture compared to 1 day of static culture subsequent to 90 minutes
of seeding in a concentrated suspension and to 3 days of static culture. (90 min and 6 hours
(n=5), day 3 (n=10), day 9 static (n=12), day 9 dynamic (n=14), * p<0.05, ** p<40.01,
*** p<0.001)



4

BIAXIAL ROTATING VESSEL BIOREACTOR 79

detection system (Bio-Rad) under the following conditions: cDNA was denatured
for 10 minutes at 95 ◦C, followed by 40 cycles, consisting of 15 seconds at 95 ◦C,
30 seconds at 60 ◦C, and 30 seconds at 72 ◦C. For each reaction, a melting curve
was generated to test primer dimer formation and non-specific priming. The cycle
threshold (Ct) values were determined with the Bio-Rad iQ5 optical system software,
in which a threshold value was set for the fluorescent signal at the lower log-linear
part above the baseline. Ct values were normalized to the B2M housekeeping gene
and ∆Ct ((average of Ctcontrol)-Ctvalue). Results are expressed as relative mRNA
expression normalized to the gene expression levels of hfMSCs from T25 day 0 and
calculated as 2−4Ct.

For gene expression analysis of haMSCs, samples were seeded statically for 3 days
followed by another 6 days of static culture or 6 days of dynamic culture in con-
vection or perfusion flow. After culture, medium was aspirated from the scaffolds,
the samples were transferred to 2 mL eppendorf tubes and stored at -80 ◦C. Sam-
ples for basal gene expression analysis, referred to as T25 day 0, were retrieved from
two-dimensional culture in T25 tissue culture flasks (NUNC) by adding 500 µL of
TRIzol (Invitrogen) upon reaching 70% confluence. RNA isolation, cDNA synthesis
and RT-PCR were carried out as described for hfMSCs. Results are expressed as
relative mRNA expression normalized to the gene expression levels of haMSCs from
T25 day 0 and calculated as 2−4Ct.

4.2.9 Scanning electron microscopy (SEM) analysis

Cell morphology, attachment and distribution were characterized by SEM analysis
with a Philips XL 30 ESEM-FEG. Samples were fixed for 30 minutes in 10% formalin.
Subsequently, the samples were dehydrated in sequential ethanol series and critical
point dried from liquid carbon dioxide using a Balzers CPD 030 Critical Point Dryer.
The constructs were gold sputter coated (Cressington) prior to SEM analysis. SEM
images were obtained under high vacuum with an acceleration voltage of 30 kV and
a working distance of 10 mm.

4.2.10 Methylene blue staining

Cell morphology, attachment and distribution of haMSCs was qualitatively assessed
by methylene blue staining. Samples were fixed for 30 minutes in 10% formalin,
washed with PBS twice and stained with methylene blue (Sigma) for 30 seconds
immediately followed by extensive washing with DI-water until the water remained
colorless. The samples were imaged using a stereomicroscope (Nikon SMZ800 with
Q-imaging Retiga 1300 camera).

4.2.11 Histological analysis

Samples were fixed after live/dead imaging or directly after culture for 30 minutes
in 10% formalin and stored in PBS at 5 ◦C until further processing. Samples were
dehydrated using a sequential ethanol series (60, 70, 80, 90, 96 and 100% ethanol, 30
minutes for each step), and subsequently embedded in glycol methacrylate (GMA).
The obtained blocks were sectioned at 5 µm intervals, and stained with hematoxylin
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and eosin (H&E, Sigma) for visualization of the nuclei and cytoplasm, and Masson
Trichrome to stain for collagen-like ECM formation.

4.2.12 Statistical analysis

Results are presented as mean ± standard deviation, and compared using either one-
way ANOVA (multiple conditions) with a Bonferroni posttest or Student t-test (two
conditions). Statistical significance was set to p- value <0.05 (∗).

4.3 Results

4.3.1 Viability, distribution and gene expression profile of
hfMSCs

Scaffolds seeded with hfMSCs showed comparable viability in both static and convec-
tion culture after 9 days (Figure 4.1A and C, respectively). A high viability was also
found 6 hours after seeding (Figure S4.1A-B) and after 3 days of static culture (Fig-
ure S4.1C-D). The number of hfMSCs and their distribution seemed to be enhanced
when the constructs were cultured in convection flow, which could be observed in the
cross-sectional view of the scaffolds for static (Figure 4.1B) and for dynamic culture
(Figure 4.1D). Also the morphology of the cells in the pores of the scaffold appeared
more spread after dynamic culture (Figure S4.1E-H). The difference in cell number
was confirmed by DNA quantification (Figure 4.1E).

Both static and convection culture showed an increase in cell number over time,
yet the increase in convection culture was significantly higher than in static culture.
Furthermore, it could be seen that allowing the cells to adhere to the scaffold initially
for 6 hours before adding medium resulted in a significant higher cell seeding efficiency
than when the medium was added already after 1.5 hour of incubation.

A hydroxyproline assay was performed to determine the total amount of intra
and extracellular collagen, which is a measure for cells activity and ECM formation
(Figure 4.1F). A small increase in total collagen production was observed between 6
hours and 3 days of static culture, whereas the DNA content remained similar. The
total collagen production per cell seemed to decrease over time both in static and
dynamic culture compared to the collagen production 90 minutes after seeding. Yet,
the DNA content increased over time while the total collagen content per scaffold
remained constant for these conditions, thus suggesting that hfMSCs were mainly
proliferating.

Gene expression levels (Figure 4.2) of ALCAM (CD166, activated leukocyte cell
adhesion molecule) and CD63, both indicators for stemness [21], fluctuated over time
in static culture. ALCAM and CD63 were similarly expressed after 9 days in both
static and convection culture compared to the basal level of ALCAM and CD63 at
T25 day 0. F-Actin mRNA expression showed a significant two-fold up-regulation
in dynamic culture and a two-fold down-regulation in static culture after 9 days. A
similar but less robust trend was found for Runx2 (Runt-related transcription factor
2), associated with early osteogenic differentiation.
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Figure 4.2: Relative mRNA expression levels were assessed by qPCR. The basal mRNA
expression levels were determined for hfMSCs from 2D culture on tissue culture treated
polystyrene (T25 day 0). ALCAM and CD63, both genes associated with the maintenance
of stemness, did not show significant differences between the basal gene expression levels and
the expression levels after 9 days of static or convection culture. F-Actin showed a slight
down-regulation after 9 days in static culture and a significant up-regulation after 3 days
static followed by 6 days convection culture. This same trend was found for Runx2. ALP was
down-regulated for both static and convection culture. ACAN and Sox9 were down-regulated
in convection culture. Col-1 and col-2, markers for ECM production, were down-regulated
in time in static culture, but retained basal expression levels when the scaffolds were placed
in convection culture. (n=4 except for day 9 dynamic (n=5), * p<0.05, ** p<0.01, ***
p<0.001)
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Figure 4.3: Scanning electron microscopy images of the distribution of hfMSCs throughout
the scaffolds after 9 days of static culture (A, C, E) and after 3 days of static followed by 6
days of dynamic convection culture in a biaxial rotating bioreactor (B, D, F).
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Figure 4.4: The distribution of haMSCs after 9 days of static culture (A, B, E) and after 3
days of static followed by 6 days of convection culture (C, D, F). DNA assay was performed
as a measure of cell number per scaffold (G). No significant difference in cell number was
found between static and convection culture (n=6). Scale bars represent 2 mm.

Alkaline phosphatase (ALP) expression, involved in osteogenesis, was down-
regulated over time both for static and dynamic culture. Aggrecan (ACAN), a marker
for chondrogenesis, did not show any significant differences between any of the con-
ditions. Yet, Sox9, an early marker for chondrogenesis, was up-regulated in static
culture, whereas convection culture restored the mRNA expression levels similar to
the levels at T25 day 0. Collagen-1 (col-1) and collagen-2 (col-2) markers for ECM
proteins, abundantly present in bone and cartilage respectively, were both down-
regulated over time in static culture, whereas their expression levels were restored
upon convection culture.

SEM analysis was performed on cross-sections of the scaffolds after 9 days of cul-
ture to assess cell distribution, morphology and tissue formation (Figure 4.3). Stati-
cally cultured scaffolds (Figure 4.3A, C and E) showed lower cell numbers compared
to dynamically cultured scaffolds (Figure 4.3B, D and F). A cell sheet of hfMSCs was
formed on the bottom of both the statically cultured and dynamically cultured scaf-
folds. The cellular distribution appeared more homogeneous after convection culture
compared to static culture and the cells invaded the longitudinal pores of the scaffold
more profoundly in convection culture.

There were no large differences observed in ECM formation and cell morphology
between static and convection culture. In both conditions the cells were spread while
partly attached to the scaffold material or the secreted ECM. The formed tissue
appeared relatively open inside the pores of the scaffolds whereas the outer layer of
tissue found at the bottom or top of the scaffold appeared as a more dense and closed
membrane. From the SEM analysis after 6 hours (Figure S4.2A-C) and 3 days of
static culture (Figure S4.2D-F) it could be seen that the cell morphology changed over
time from a rounded shape to a more spread morphology. Similar cell-shape changes
were observed in 2D culture where hfMSCs showed a more spread morphology upon
attachment to the substrate material. This change in cellular morphology could also
be observed in histological analysis by H&E staining (Figure S4.3). Further analysis
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with Masson Trichrome staining showed collagen-like materials stained green, which
did not show any differences between static and convection culture after 9 days of
culture (Figure S4.4).

4.3.2 The cell adherence, distribution and gene expression profile
of haMSCs

To evaluate whether the increase in cell number and improvement of cell distribution
found with hfMSCs can be translated directly to clinically more relevant haMSCs,
a comparative study with the biaxial rotating vessel bioreactor was performed. A
methylene blue staining after 9 days of static (Figure 4.4A, B and E) and 3 days
static followed by 6 days dynamic convection culture (Figure 4.4C, D and F) showed
no improvement on cell number and cellular distribution. In static culture, haM-
SCs adhered to the fibers and partly filled the pores of the scaffold probably upon
proliferation and ECM production (Figure 4.4E).

In dynamic culture, the cells did not fill the pores of the scaffold to the same extend
as the cells in static culture. From the cross-sectional view (Figure 4.4B and D) it
could be observed that the distribution of the cells throughout the scaffold was still
limited in both conditions. DNA content was quantified for two donors in triplicate
and averaged per culture condition (Figure 4.4G). The results showed a relatively low
DNA content (about a 3-fold less compared to hfMSCs) in both conditions without
a significant difference between the two conditions. The DNA quantities and cell
distribution of the two separate donors was also compared with 6 days of dynamic
culture in a perfusion bioreactor (Figure S4.5). For donor 1, a slight increase in
DNA content is found upon dynamic culture compared to static culture. Donor
2, however, shows a significant difference between static and perfusion culture, and
between convection and perfusion culture. For this same donor, higher cell numbers
were also observed in static culture compared to convection or perfusion culture when
the constructs were cultured statically for 31 days prior to a 14 days culture in the
two dynamic systems (Figure S4.6). These findings were confirmed by DNA assay
in which a significant drop in DNA content was observed after the scaffolds were
cultured in convection or perfusion culture compared to the DNA content after 31
and 45 days of static culture (Figure S4.7).

The gene expression profile of haMSCs was assessed for the same genes as hfMSCs
(Figure 4.5). The gene expression levels were determined after 9 days of static culture
and after 3 days of static culture followed by 6 days of dynamic culture in a convection
or perfusion culture bioreactor and compared to the basal gene expression levels at day
0. A significant two-fold down-regulation of ALCAM was found for haMSCs cultured
in a perfusion bioreactor compared to the basal levels at day 0, static culture at day
9 and convection culture. ALP showed a significant down regulation in all scaffold
cultures compared to the basal levels in 2D culture. F-Actin, col-1 and col-2 also
showed a significant down-regulation in both dynamic culture systems compared to
the basal levels, yet for these genes no significant differences were found between the
basal gene expression levels and the levels after 9 days of static culture. Sox9 was
significantly up-regulated after 9 days of static culture and ACAN was up-regulated
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a 5-fold in perfusion culture compared to static culture. However, this change was
not statistically significant.

4.4 Discussion

Mesenchymal stromal cells (MSCs) derived from bone marrow have been used as a
cellular source in several tissue engineering applications due to their availability, ease
of isolation from autologous source and therewith reduced immunological related risks
upon re-implantation. Moreover, MSCs have shown a certain degree of plasticity by
the ability to differentiate and transdifferentiate after differentiation into several well
defined cell lineages both in vitro and in vivo [22-25]. Ullah et al. have established a
correlation between the expression of cell cycle genes and the ability of adipogenic dif-
ferentiated hMSCs to transdifferentiate into osteogenic or chondrogenic differentiated
cells [23]. In other studies, not all MSC populations exhibited similar multipotency,
possibly due to differences in heterogeneity of MSCs populations, which resulted in
different efficacies of MSC based therapies [26, 27].

The multipotency of MSCs is often assessed by soluble factor induced differentia-
tion in which the results of histological or biochemical assays are used to characterize
cell fate. However, instead of focusing on changes in MSCs phenotype by quantifying
the expression of differentiation related genes, it could be also of interest to assess
to what extent the cellular phenotype of MSCs can be maintained by investigating
genes related to multipotency.

In the past decades, researchers focused on defining stemness and identifying stem-
ness markers to be able to more directly assess the potency of patient-derived MSC
populations [28]. A known drawback in the use of human adult MSC is their slow
proliferation time and generally limited proliferation capacity. More recently, human
fetal MSCs (hfMSCs) have been characterized, and have shown a higher proliferation
and osteogenic differentiation capacity and reduced immunogenicity when compared
to mesenchymal stem cell populations derived from the umbilical cord, adult adipose
tissue or adult bone marrow in 3D culture systems both in vitro and in vivo [16].
Thus, populations of hfMSCs have a high potential as cell population for diverse
study models as well as for potential clinical applications as an allogenic multipotent
cell source. In this study, we have characterized hfMSCs viability and gene expression
levels after culture in 3D scaffolds in static and dynamic culture conditions. Moreover,
we have assessed hfMSCs behavior in 3D scaffolds with respect to cell attachment,
proliferation, and genetic profile and compared this to the behavior of haMSCs in
static and dynamic culture conditions.

Static and dynamic culture conditions both resulted in similar cell viability on the
PEOT/PBT scaffolds (Figure 4.1A-D). However, the number of hfMSCs in dynamic
culture was higher (Figure 4.1E) and the distribution of the cells throughout the
scaffolds seemed to be improved with respect to the scaffolds in static culture (Figure
4.1A-D and Figure 4.3). With respect to the gene expression levels, it could be
concluded that 6 days of dynamic culture subsequent to 3 days of static culture
restored the basal gene expression levels, found at day 0 in 2D static culture, for all
genes except ALP and f-Actin. Similar results were found by a study of Katayama
et al., in which no change in gene expression levels of stem cell markers such as



4

86

Figure 4.5: Relative mRNA expression levels of haMSCs in static, convection and perfu-
sion culture were assessed by qPCR. ALCAM showed a two-fold significant down-regulation
after 9 days of perfusion culture compared to static and convection culture. F-Actin showed
a down-regulation after 9 days in both dynamic culture systems compared to static cul-
ture. Col-1 and col-2, markers for extra-cellular matrix production, were down-regulated
in both dynamic culture systems. ACAN showed a ten-fold up-regulation after perfusion
culture compared to static and convection culture, however, this change was not statistically
significant. (n=3, * p<0.05, ** p<0.01, *** p<0.001)
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ALCAM was found in adult hMSCs cultured on collagen sheets under perfusion flow
[29]. Considering the genes involved in ECM production such as f-Actin, col-1 and
col-2, static culture seemed to provide insufficient cues to the cells to activate ECM
formation related pathways. Although f-Actin showed a statistically significant up-
regulation in dynamic culture and a slight down-regulation in static culture after
9 days, these relative changes were less than a two-fold and, therefore, its biological
relevance is diminished. Col-1 and col-2 expression was maintained in dynamic culture
and down-regulated in static culture. This indicated that the hfMSCs in dynamic
culture probably experienced shear forces, due to the convection flow, resulting in
activation of the f-Actin pathway among others, which could subsequently lead to
an increase in tissue formation [30]. Furthermore, shear forces have been known to
induce osteogenic differentiation which could explain the initial significant decrease
of ALP expression in static culture and the subsequent small increase in ALP in
convection culture (Figure 4.2) [31]. On the other hand, a recent study of Kock et al.
has shown a negative influence of perfusion flow on cartilage-like ECM production of
chondrogenic pre-differentiated hMSCs, although these changes were not evident from
gene expression analysis [32]. In our study, changes in most of the gene expression
levels in hfMSCs were of minor importance since they only represent a two-fold up or
down-regulation even when significantly different.

SEM analysis (Figure 4.3E-H) supported the hypothesis of a direct relation be-
tween f-Actin gene expression and tissue growth. An increase in tissue formation and
tissue density was observed for dynamically cultured samples compared to statically
cultured scaffolds. It could be that cells in static culture were residing in a less pro-
liferative or even quiescent state due to the absence of differentiation or metabolism
stimulating factors.

Although six days of convection culture has more or less altered the gene ex-
pression levels compared to static culture, no difference was found on total collagen
production by biochemical and histological analysis (Figure 4.1F and Figure S4.4E-H,
respectively). A subsequent six days of culture in a convection bioreactor was proba-
bly not sufficient to trigger the cells to actively remodel their already formed ECM.
However, the number of cells in the interior of the scaffold under dynamic conditions
was higher than under static conditions, indicating that dynamic culture did improve
cellular distribution.

Although hfMSCs have shown some beneficial properties over haMSCs in previous
studies, the application of haMSCs remained of interest due to their more immediate
clinical relevance. Fetal MSCs cannot be used from autologous source and their
use involves more ethical issues. Therefore, the use of haMSCs on these scaffolds
in the biaxial rotating vessel bioreactor was evaluated as well. A perfusion flow
bioreactor was introduced in parallel to be able to compare the results obtained in
the convection culture to both static and perfusion culture conditions [20]. The cell
number of haMSCs per scaffold assessed by DNA assay after 9 days of static culture
was found to be much lower for both haMSC donors (Figure S4.5D) compared to
hfMSCs (Figure 4.1E). The cell seeding efficiency of haMSCs has already shown to be
limited and donor dependent in one of our previous studies, in which several seeding
parameters were optimized to decrease cell loss after seeding [9]. The treatment of
scaffolds for hfMSCs culture with argon plasma could have improved the hfMSCs
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adherence compared haMSCs which were cultured on non-treated scaffolds. However,
in previous studies with haMSCs on non-treated, oxygen plasma treated and argon-
plasma treated PEOT/PBT films and PEOT/PBT rapid prototyped scaffolds, no
evidence for improved cell adherence was found (data not shown).

For the two haMSCs donors no difference in the number of cells was found upon
convection culture compared to static culture conditions. Similar results were found
in a study of Stiehler et al., in which hMSCs seeded on PLGA-based scaffolds did
not show any difference in cell number after 7 days of convection culture compared
to static culture [33]. In other studies, perfusion culture was applied on porous 3D
scaffolds and showed to improve cell proliferation and scaffold colonization [13, 34-
37]. In our study, however, perfusion culture showed to significantly decrease the
number of haMSCs from donor 2 compared to static or convection culture conditions.
This could be due to the highly interconnected and organized pore network of rapid
prototyped scaffolds compared to more conventional sponges and non-woven scaffolds
with random fiber organization. A similar negative effect was reported in a study
by Bjerre et al. in which perfusion culture unfavorably changed the morphology and
vitality of haMSCs [38].

Differences in initial cell attachment between the two donors could be an effect of
differences in heterogeneity of cell populations due to donor variation [9, 22, 39-41].
Changes in cell response to the introduction of perfusion flow could also be related to
several other factors such as the amount of ECM produced at the moment of transfer
from static culture to the perfusion flow system and the distribution of the cells and
ECM throughout the scaffold. Upon closure of the longitudinal pores of the scaffold
due to the presence of the ECM formed in static culture, the pressure or the perfusion
flow is expected to be increased which could have led to tissue detachment.

We hypothesized that prolonging the static culture period prior to applying dy-
namic culture could result in more ECM with stronger binding and entanglement
to the scaffold material [6]. Therefore, the scaffolds were cultured statically for 31
days followed by 14 days of dynamical culture in convection or perfusion flow. From
cross-sectional views on methylene blue stained scaffolds (Figure S4.6), it could be
observed that the cells and tissues still seemed to be detach from the scaffold upon
dynamic culture, whereas in static conditions a homogeneous distribution of cells
and tissue throughout the scaffold was found. These results were confirmed by DNA
quantification which showed a significant loss of cells upon transferring the constructs
from static to dynamic culture (Figure S4.7). In both convection and perfusion flow
culture conditions, loosened cell sheets were found in the longitudinal pores of the
scaffolds. A difference between the two dynamic systems was found with respect to
the adherence sites of the cells. In perfusion culture conditions cells were found on
the outer layer of scaffold material, whereas in convection flow conditions less cells
were found to reside on the outer layer of the scaffold.

The gene expression levels of f-Actin, col-1 and col-2 previously showed to be
significantly up-regulated in hfMSCs, whereas a significant down-regulation was found
in haMSCs when comparing the basal gene expression levels and the levels after 9
days of static culture to the levels after 3 days of static culture followed by 6 days
of dynamic culture. For Sox9 a similar response was found for hfMSCs compared
to haMSCs. ALCAM, CD63 and ACAN did not show any significant differences in
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hfMSCs and haMSCs cultured statically or dynamically in convection culture.Larger
differences in gene expression levels were found between perfusion culture and static
culture than between convection culture and static culture. ALCAM, f-Actin, col-1
and col-2 were significantly down-regulated in perfusion culture compared to static
culture after 9 days. This could have been related to the lower cell number as a
consequence of relatively high shear forces involved in a perfusion culture system. As
mentioned previously, shear forces could result in an increase in the gene expression
of cell adherence related markers. However, when cells and cell-sheets loosened upon
convection or perfusion flow due to poor adherence to the biomaterial, the cells that
remained in the scaffolds could have resided in areas where the shear forces were not
applied. Cells could, for example, reside in between the fibers of the scaffold instead of
in the longitudinal pores of the scaffold in the case of perfusion flow. Furthermore, cells
that were embedded in cell sheets that were subsequently loosened upon perfusion
flow probably had limited interaction with the scaffold material. This ultimately
might have resulted in the activation of other pathways than for cells that were in
direct contact with the scaffold material.

Overall, the results presented in this study suggested that a more homogeneous cell
distribution could be obtained for fetal MSCs compared to adult ones in all conditions,
and that the benefit of applying dynamic culture over static culture was not obvious
for adult MSCs. Although the experiments with haMSCs were not as successful as
with hfMSCs with respect to cell number and distribution, we believe there is still
the potential for a dynamic bioreactor system in a later stage of tissue culture with
haMSCs. When static cultures lead to complete filling of the scaffold with closure
of the pores, cells in the scaffold interior might undergo necrosis by mass transfer
limitations. At that stage, a dynamic system such as the biaxial rotating vessel
presented in this study, might become favorable over static culture. Furthermore, in
our study the complex influence of rotational speed and medium perfusion speed on
the fluid dynamics was not modeled. Screening the influence of these parameters on
MSC fate in rapid prototyped scaffolds might result in optimal culture conditions in
which a homogeneous distribution throughout the scaffold can be achieved without
compromising cells viability or unfavorably altering MSCs phenotype.

4.5 Conclusion

The biaxial rotating vessel bioreactor used in this study has shown to improve hfM-
SCs distribution and proliferation in 3D rapid prototyped PEOT/PBT scaffolds. The
hfMSCs in convection flow produced ECM like material while retaining a comparable
gene expression profile as the basal levels of hfMSCs seeded statically in 2D. Static
culture on 3D scaffolds with hfMSCs showed down-regulation of f-Actin, col-1, col-2,
ALP and runx2 gene expression levels and also resulted in less ECM production and
lower cell numbers than in convection culture. The increased cell number and cellu-
lar distribution upon convection culture was not observed for haMSCs, even after an
extended period of static culture prior to dynamic culture. Also the gene expression
profile of haMSCs showed a different response to the introduction of convection flow
than the profile of hfMSCs. As a third well-known dynamic culture system, a per-
fusion bioreactor was introduced. Perfusion flow has shown to negatively influence
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the number of haMSC. Furthermore, haMSCs phenotype was altered differently than
hfMSCs phenotype after dynamic culture in both the convection and the perfusion
flow bioreactor compared to static culture. Yet, the biaxial rotating vessel bioreactor
has shown to maintain hfMSCs viability and distribution throughout the scaffold,
without inducing differentiation. Therefore, this system could be further optimized
and serve as a tool to study cell activity in distinct 3D scaffolds upon the addition of
soluble factors.
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Supplementary Information

Table S1 Primer Sequences
Gene Forward Primer Reverse Primer

B2M GACTTGTCTTTCAGCAAGGA ACAAAGTCACATGGTTCACA
ALCAM ACGATGAGGCAGACGAGATAAGT CAGCAAGGAGGAGACCAACAA
CD-63 GCCCTTGGAATTGCTTTTGTCG CATCACCTCGTAGCCACTTCT
f-Actin GGCATCCTCACCCTGAAGTA GGTGTGGTGCCAGATTTTC
Runx2 GGAGTGGACGAGGCAAGAGTTT AGCTTCTGTCTGTGCCTTCTGG
ALP ACAAGCACTCCCACTTCATC TTCAGCTCGTACTGCATGTC

ACAN AGGCAGCGTGATCCTTACC GGCCTCTCCAGTCTCATTCTC
Sox9 TGGGCAAGCTCTGGAGACTTC ATCCGGGTGGTCCTTCTTGTG
Col-1 GTCACCCACCGACCAAGAAACC AAGTCCAGGCTGTCCAGGGATG
Col-2 CGTCCAGATGACCTTCCTACG TGAGCAGGGCCTTCTTGAG

Figure S4.1: Live/dead staining of hfMSCs after 6 hours (A, B), 3 days (C, D) and 9 days
(E, F) of static culture and after 3 days of static followed by 6 days of dynamic culture in
a biaxial rotating bioreactor (G, H). In both static and dynamic culture cells showed high
cell viability and an improved distribution with respect to earlier time-points. However, it
seemed that in dynamic culture hfMSCs were present in higher numbers. Scale bars represent
500 µm.
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Figure S4.2: Scanning electron microscopy images of hfMSCs 6 hours (A-C) and 3 days
(E-F) after seeding and culturing in static conditions. Scale bars represent (A, D) 1mm, (B,
E) 500 µm, (C, F) 100 µm.
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Figure S4.3: Hematoxylin and eosin staining were applied to assess hfMSCs distribution
throughout the scaffold after 6 hours (A, B), 3 days (C, D) and 9 days (E, F) of static
culture and after 3 days of static followed by 6 days of dynamic culture in a biaxial rotating
bioreactor (G, H). Arrows indicate cells, asterisks (*) indicate scaffold material. Scale bars
represent (A, C, E, G) 1mm, (B, D, F, H) 500 µm.
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Figure S4.4: Masson trichrome staining of collagen-like proteins (green) and hfMSCs
(green/dark brown) after 6 hours (A, B, top-view), 3 days (C, D, top-view) and 9 days
(E, F, cross-section) of static culture and after 3 days of static followed by 6 days of dynamic
culture in a biaxial rotating bioreactor (G, H, cross-sectional). Arrows indicate cells, aster-
isks (*) indicate scaffold material. Scale bars represent (A, C, E, G) 1mm, (B, D, F, H) 500
µm.
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Figure S4.5: Methylene blue staining of haMSCs (donor 2) after 3 days static followed by 6
days of dynamic culture in a perfusion bioreactor system (A-C) and the DNA quantification
of haMSCs (D) (n=3, * p<0.05). Scale bars represent 2 mm.



BIAXIAL ROTATING VESSEL BIOREACTOR 99

Figure S4.6: Methylene blue staining of donor 2 haMSCs after 31 days of static culture
followed by another 14 days of static culture(A-C), 14 days of convection culture (D-F) or
14 days of perfusion culture (G-I). The highest number of cells with the most homogeneous
cell distribution was found after static culture. It can be seen that the cell and tissue matrix
was disturbed under the influence of convection and perfusion flow. In the cross-sectional
view of the scaffolds (C, F, I) it can be seen that in dynamic conditions cell sheets were
released from the scaffold whereas in static culture tissue and cells were maintained in the
longitudinal pores of the scaffold. Scale bars represent (A, C, D, F, G, I) 2 mm and (B, E,
H) 1 mm.
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Figure S4.7: DNA quantification of donor 2 haMSCs after 31 days of static culture (day
31) and after 31 days of static culture followed by another 14 days of static culture (day 45),
14 days of convection culture or 14 days of perfusion culture. (n=3, * p<0.05, ** p<0.01,
*** p<0.001)
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Abstract

Conventional tissue engineering (TE) approaches are often based on the
combination of autologous cells with a synthetic or biological material which
serves as a mechanically stable three-dimensional (3D) environment to culture
a artificial tissue construct in vitro prior to implantation. In most of these ap-
proaches, 3D scaffolds with distinct geometries and physicochemical properties
are developed via top-down fabrication processes. To be able to culture cells on
these scaffolds, several hurdles such as inhomogeneous cell distribution, limited
nutrient diffusion and vascularization, and restricted remodelling capacity
have to be overcome. Bottom-up TE aims to overcome these limitations
by assembling individual building blocks in combination with cells before
fabricating larger constructs. In this study, we let the cells self-assemble
together with instructive engineered solid micro-objects into aggregates which
can subsequently be fused into bigger geometrical units. Our method allows
for the formation of complex 3D constructs by hierarchical assemblies of
multiple cell and object types. Moreover, we show that the modulation of the
objects properties such as their shape, size and wettability, in combination
with variations of cell culture conditions and cell-to-object ratios, tailors the
circularity, branching and compaction of the cell-driven assembly. This conveys
to the new biofabrication platform proposed here an unprecedented degree of
freedom in engineering instructive cell-material interactions, at the same time
solving the drawbacks of current top-down and bottom-up approaches.

Keywords: Bottom-up tissue engineering, micro-objects, human bone marrow
stromal cells, cell aggregates, biofabrication
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5.1 Introduction

In tissue engineering (TE) and regenerative medicine, directing or modulating cell
behavior is known to be vital for the development of constructs to replace lost or
damaged tissue [1]. In this study, we introduce a material-based bottom-up ap-
proach which allows to build up millimeter-sized geometrically shaped viable tissue
constructs. With this new biofabrication platform, we show that it is possible to influ-
ence cell-material interactions and improve the distribution of viable cells throughout
engineered tissues. By tailoring the physical and chemical properties of cell-adherent
micro-objects functioning as scaffolding elements, the compaction and morphology of
the formed tissue constructs can be modulated.

Conventional TE approaches are based on combining autologous cells with a syn-
thetic or biological material which provides a mechanically stable three-dimensional
(3D) environment to culture a substitute graft in vitro suited for implantation [2, 3].
Therefore, tissue engineers and material scientists have been developing multitude of
scaffold materials, with distinct geometries and physicochemical properties, and 3D
culture methods. A great benefit of utilizing 3D scaffolds is the opportunity to cre-
ate constructs of clinically relevant sizes and shapes. However, several hurdles with
respect to cell culture on these scaffolds need to be overcome. These include inho-
mogeneous cell distribution, necrotic cores due to nutrient diffusion limitations and
lack of vascularization, restricted remodelling capacity, and limited material-based
control of cell fate due to limited accessibility of the scaffolds for surface modification
or functionalization in 3D [4-7]. These drawbacks, to a bigger extent, originate from
the static nature of the scaffolds’ architectures.

Recently, bottom-up TE has been introduced to overcome these limitations.
Bottom-up approaches have the potential to construct tissues with defined properties
including spatial and temporal control at cellular level [8, 9]. Assembling individual
building blocks allows for the fabrication of large complex tissue constructs. Cur-
rently, there are several bottom-up approaches under investigation from which the
state-of-the-art was reviewed recently [9-12]. A first approach is based on scaffold-
free cultures where cells are aggregated into 3D tissue constructs [10, 13-18]. Baraniak
and McDevitt reported that murine mesenchymal stromal cells (MSCs) cultured as
spheroids in suspension without the use of a scaffold as a cell carrier preserve their
multilineage potential better than murine MSCs cultured as a monolayer. In addition,
our group showed that the fate of human MSCs (hMSCs) within large aggregates is
determined by collectively generated actomyosin tension depending on the position of
the cells within the aggregates. These scaffold-free aggregates tend to compact and
round up, also when one tries to control the aggregate shape by culturing in corre-
spondingly shaped wells. This compaction in scaffold-free approaches is not hindered
by a material acting as a spacer, resulting in high numbers of cells required to obtain
clinically relevant sized tissue constructs.

A second approach is based on gel-like materials and can overcome this prob-
lem of compaction by allowing the cells to reside in an extra cellular matrix (ECM)
mimicking environment [19, 20]. The use of hydrogels has shown a high potential in
injectable systems to reduce in vivo the invasiveness of surgical procedures and to
allow in vitro for controlled assembly achieving complex tissues. However, the lim-
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Figure 5.1: Schematic representation of bottom-up TE approach with microfabricated
solid objects. (A) Micro-objects and (B) cells are cultured in (C) arrays of micro-wells to
pre-aggregate. (D) Micro-objects directly after seeding. (E, F) Aggregate formation and
cell fate (represented by a color change) can be influenced by the geometrical, mechanical,
physical and chemical surface and bulk properties of the objects. (G) After pre-aggregation,
multiple micro-aggregates can be transferred and pooled into geometrically defined wells to
fuse into larger sized tissue constructs. (H) Subsequently, constructs of different shapes and
from various cell types can be combined to form controlled complex tissues. (I) A suspension
of micro-objects and cells can be applied directly into a defect site where the objects act as
a filler and as mechanical support, and ideally comprises instructive or inductive properties
for the cells to grow and differentiate.
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itation of hydrogels is their limited load bearing capacity which makes them a less
suitable material, for example, in hard tissue repair [21]. Moreover, hydrogels only
allow diffusion of nutrients and gases, soluble factors and waste products which limits
the size of constructs that can retain cells viability. This diffusion limit often results
in the cells residing on the extremes of the hydrogel where the access to oxygen is
better, therewith decreasing the homogeneity of the cellular distribution [22]. A third
drawback of using hydrogels is related to their processing. Most cell-laden hydrogels
opted for use in TE approaches are processed by crosslinking of cell-containing precur-
sors with the aid of potentially toxic or denaturizing crosslinking agents. This process
is known to create or represent an unfavorable, chemically reactive (free radicals) and
toxic microenvironment for the cells also including harmful ionizing UV-light and or
elevated temperatures [23].

In contrast to encapsulating cells in hydrogel structures, we propose a material-
based bottom-up approach in which we let the cells self-assemble together with in-
structive engineered solid micro-objects into (shaped) aggregates which then can be
fused into bigger geometrical units. We hypothesize that our method allows for the
formation of complex 3D constructs by hierarchical assemblies of multiple cell and
object types. Cell seeding on these individual micro-objects showed to retain cell
viability and considerably improve cellular distribution compared to conventional 3D
scaffolds. Moreover, we also show that the modulation of the objects properties such
as their shape, size and wettability, in combination with variations of cell culture
conditions and cell-to-object ratios, tailors the circularity, branching and compaction
of the cell-driven assembly. This conveys to the new biofabrication platform proposed
here an unprecedented degree of freedom in engineering instructive cell-material inter-
actions, at the same time solving the drawbacks of current top-down and bottom-up
approaches. The micro-objects in our strategy can function as carriers for cell deliv-
ery or as cell-assembled scaffolds for tissue constructs of clinically relevant sizes as
shown in Figure 5.1. Other applications could be found in those fields working with
complex 3D tissues such as stem cell research, cancer research, developmental biology,
bioartificial organs, pharmaceutical drug testing or toxicity testing.

5.2 Results and Discussion

As in the first instance we want to show the concept of our bottom-up approach,
the micro-objects were simply fabricated by direct lithography from the photocurable
epoxy-resin SU-8 (Microchem) just as a model material. This material is not used
to replace tissues, but it has a multiple-documented biocompatibility and is used in
various biomedical microdevices, also in vivo [24-28]. We proved however that similar
micro-objects in principle can be also fabricated from an established thermoplastic
and photoinitiator-free bio(degradable) polymer such as poly-DL-lactic acid by an ad-
vanced process based on thermal micro- or nanoimprint lithography on a water-soluble
sacrifical layer. The SU-8 objects were released from the wafer on which they were
fabricated by dissolving a sacrificial layer in this case from OmniCoatTM(Microchem)
in N-methyl-2-pyrrolidone (NMP) (Figure S5.1 in the Supporting information). To
increase the hydrophilicity of the objects, still on the wafer, they were treated in an
oxygen plasma. To render some objects even more hydrophilic, a chemical etch in
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Figure 5.2: (A) Small-sized (20 × 20 × 40 µm3) micro-objects are successfully released
from the wafer by dissolving the OmniCoatTMsacrificial layer after fabrication. (B, C) Scan-
ning electron microscopy (SEM) images show that objects with distinct geometries were
successfully fabricated and released from the substrate wafer. (D–F) When culturing iMSCs
on oxygen-treated SU-8 micro-objects, a DAPI (nuclei, blue) and Phalloidin (cytoskeleton,
green) staining shows that multiple cells adhere to single objects (adapted from bright field
image, red), thereby even bridging between the extremeties or residing in a hole of an ob-
ject. (G–I) SEM images show that hMSCs adhere to multiple cross-shaped objects. The
cells bridge between the objects and produce a high amount of ECM-like material.

sulfuric acid was carried out. The wettability of the material upon the oxygen and
sulfuric acid treatment was determined by contact angle measurements and protein
adsorption tests (fluorescein-labeled bovine serum albumin, BSA) (Table S1 in the
Supporting information).

After successful release from the wafer, a suspension of micro-objects (Figure
5.2A) can be handled like a cell suspension, meaning that objects can be centrifuged,
counted or even introduced in a flow cytometer. Prior to cell culture, the objects
were washed extensively in deionized (DI-)water and subsequently in 70% ethanol to
remove traces of NMP and to sterilize, respectively. The objects have a defined shape
which stays intact throughout the releasing and sterilization processes (Figure 5.2B
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and C). For cell culture experiments, a murine myoblast cell line (C2C12), a murine
pre-chondrogenic cell line (ATDC5), immortalized MSCs (iMSCs),[29] and hMSCs
were used.

After combining a relative low number of oxygen-plasma-treated micro-objects
with iMSCs or C2C12 cells on a non-tissue-culture-treated polystyrene plate, cells
were found to attach to the SU-8 objects within 24 hours of culture (Figure 5.2D–F).
DAPI/Phalloidin staining shows the nuclei and cytoskeletons of multiple iMSCs ad-
hering to individual objects. Cells were able to bridge a hole in an object (Figure
5.2D) or bridge between the extremities of an object (Figure 5.2E). A similar behavior
was found for C2C12 cells. Figure 5.2G and H show that the iMSCs adhere to the
objects and spread over the objects surface. At higher magnification (Figure 5.2I),
it can be clearly seen that the cells produce ECM on the material surface, which
suggests that the cells are highly metabolically active. These results show that the
observed cell-material interactions are promising for further studies on the applicabil-
ity of the objects as potential cell supporting structures. Therefore, the experiments
were upscaled to higher number of cells and objects per well to study cell-material
interactions at larger scale.

The number of objects that were assembled into aggregates and the compaction
of these aggregates were monitored for two sizes of cube-shaped objects (medium
(M): 40×40×40 µm3, large (L): 80×80×40 µm3) (medium cube-shaped objects in
Figure 5.2A) and one size of large cross-shaped objects (90×90×40 µm3; Figure 5.2C)
at several timepoints. The volume of a cross-shaped object in these experiments
corresponded to the volume of a large cube. Figure 5.3 shows how fast the cells
and objects form aggregates. By changing the cell-to-structure ratio, the culture
conditions, the wettability, and the size and shape of the objects, the density of the
formed aggregates can be controlled. Figure S5.2 shows the quantification of the
aggregation behavior of the objects and the cells by determining the percentage of
the total number of objects which was incorporated in an aggregate. When the objects
were incubated in cell culture medium without the presence of cells, no aggregation
was observed, even after several weeks. The relative number of aggregated objects
was lower on sulfuric-acid-treated objects than on oxygen-plasma-treated structures
when a low number of cells (500 cells per well) was seeded. Furthermore, it was found
that the relative number of aggregated objects is lower for C2C12 cells compared to
iMSCs. iMSCs are known to spread in culture, whereas C2C12 cells show a smaller,
spindle-like morphology. This difference in morphology could lead to iMSCs being
able to cover more object surface area and can therewith also spread over multiple
objects.

Significant differences were also found in the shape of the formed aggregates de-
scribed by the circularity, which is given by a function of the perimeter P and the
area A of a projection of the aggregate (Equation S1 in Supporting information). A
higher aspect ratio (variance in the diameter of the aggregate) or degree of branch-
ing of the aggregate results in a lower circularity. A significant difference (p<0.001)
in circularity depending on the cell type was observed in five out of six conditions
where iMSCs showed a higher circularity than C2C12 cells (Figure S5.3). Only for
sulfuric-acid-treated crosses, no significant difference was found. This difference in
aggregation behavior between cell types could, just like the relative number of ob-
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jects in an aggregate, be explained by the morphology of the cells. Due to the spread
morphology of iMSCs compared to C2C12 cells, actomyosin forces could be carried
out on more objects per cell in the case of iMSCs. iMSCs were also found to produce
a lot of ECM which also could have promoted fast aggregation and remodelling.

With respect to the influence of the treatment of the objects, four out of six
conditions showed a significantly higher circularity for oxygen-plasma-treated objects
compared to sulfuric-acid-treated objects. This result suggests that oxygen plasma
treatment not only results in a more suitable hydrophilicity for cell adherence but
also allows cells to a higher extent to spread and adhere to multiple objects which
induces remodelling and compaction of the aggregate possibly by actomyosin forces.
Other parameters that could have an influence on circularity are the shape and size
of the objects [21]. With respect to the shape of the structures, cubes were expected
to show higher circularity than crosses due to their more compact geometry. How-
ever, differences were found only for sulfuric-acid-treated objects seeded with iMSCs
where large cubes showed a significantly higher circularity than the large cross-shaped
objects. Structure size was also expected to play a role in the compactness of the ag-
gregate, where large micro-objects were expected to result in less circular aggregates
than smaller ones. Though, for this parameter, no significant differences were found
in any of the conditions. This could be caused by the fact that the size and shape of
the objects was only altered in 2D, whereas the third dimension (the thickness of the
SU-8 layer in the fabrication process) stayed constant at 40 µm.

When a low number of cells was combined with large micro-objects on a flat
layer of 1% agarose (Figure 5.3B), the geometry of the aggregate was very distinct
from the aggregates formed on a hemispherical layer of 1% agarose (Figure 5.3A).
This suggests that the compactness and circularity of the aggregates is not solely cell-
guided, but can also be modulated by the culture conditions (Figure S5.4A–D). Other
potential approaches to control the density and complexity of the aggregates could
for example be the design of objects having a high aspect ratio or asymmetry, which
could inhibit the compaction sterically, or by partial functionalizion of the objects to
create amphiphilic elements or to introduce a so-called ‘DNA glue’ for directing the
mesoscale assembly [30].

To investigate whether these aggregates can be monitored with respect to cell
viability, morphology and tissue growth, and to increase the clinical relevance, further
experiments were carried out using oxygen-plasma-treated objects combined with
hMSCs. Life/dead staining showed a high cell viability (>95%) after 4 days (Figure
5.3C) of culture which was confirmed by flow cytometry on various shapes of SU-
8 objects (Figure S5.5). It was also found that the cells distribute homogeneously
throughout the aggregate and can fuse several small aggregates into a larger sized
aggregate (Figure 5.3D and S6). The viability of large aggregates of objects and cells
(initially 10,000 objects and 50,000 hMSCs) and of aggregates consisting of hMSCs
only was assessed after 11 days of culture and compared (Figure S5.7).

The positive results on cell proliferation found by DNA quantification (Figure
S5.8) and the high cell viability shown in Figure 5.3C, S5.5 and S5.7, make the micro-
objects promising candidates as 3D cell carriers for up-scaling expansion cultures.
Furthermore, the objects have large potential as filler material since the volume of
the obtained tissue constructs showed to be much larger compared to cell-only cultures
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Figure 5.3: (A) Two time sequences of iMSCs cultured with cube-shaped objects of different
sizes (first row: large = 80×80×40 µm3; second row: medium = 40×40×40 µm3) on a
hemispherical layer of 1% agarose are shown. The sum of the objects’ volumes was adjusted
to be the same for both sequences. It can be seen that the smaller objects show comparatively
high compaction within 4 days, resulting in a round aggregate, whereas the larger objects
inhibit the remodelling of the aggregate, resulting in a compact, but not complete circular
aggregate. (B) After 4 days of culturing, a low number of cells combined with large micro-
objects (80×80×40 µm3) on a flat layer of 1% agarose, a branched open network of cells and
objects is found. It can be clearly seen that the geometry of the aggregate is very distinct
from the aggregates formed on a hemispherical layer of 1% agarose. (C) A calcein/etidium
homodimer staining shows that most cells are alive (green) after 7 days of culture, just a
few (<5%) dead cells (red) are found for hMSCs cultured with multiple object types. (D)
Hematoxilin and eosin staining confirms a homogenous cell distribution within aggregates
and shows bridging of the cells between the aggregates (indicated by arrows).



5

112

without micro-objects (Figure S5.9).
To further show that the cells continuously remodel the aggregates, three spherical

aggregates were brought into one well after 7 days of culture. The aggregates clearly
merged into one larger-sized aggregate within 4 days (Figure 5.4A) as already found
by histological analysis (Figure 5.3D). To study migration of cells from one aggregate
to another after fusion, cells were pre-stained with fluorescent dyes (Di-I and Di-
O). The fluorescently labelled cells were seeded separately with the micro-objects
to form red or green stained aggregates. Cells did not only bridge the aggregates,
but migrated from one aggregate to another upon fusion (Figure S5.10A and B). As a
proof of concept for engineered larger-sized tissue constructs with controlled geometry,
chondrogenic ATDC5 cells and objects were pre-aggregated into spherical aggregates
in 400 µm diameter microwells (Figure 5.4B). After 4 days of pre-aggregation, the
micro-aggregates were flushed out of the microwells (Figure 5.4C) and successfully
fused into larger geometric aggregates in millimetre-sized wells (Figure 5.4D). After
10 days of allowing the aggregates to fuse into millimetre-sized toroids, these toroids
were stacked to form a stable trachea-shaped tubular structure within 5 days after
stacking (Figure 5.4E and F).

Histological analysis of this toroidal tissue construct again showed high number
of cells homogeneously distributed between the objects without indications of necro-
sis (Figure S5.11). One can imagine that this same approach could be applied for
the development of vessel-like constructs when using vascular endothelial cells or for
defect-shaped bone fillers when using osteoblast precursors, among other applications.

To overcome the limitations of cell-based or gel-based bottom-up approaches with
respect to mechanical stability, the micro-objects could function as an enforcing ma-
terial introducing more mechanical stability in for example cellular aggregates or in
hydrogel approaches (Supporting data Table S2 and S3)[31, 32]. To show the potential
of our objects to be used in an injectable system as presented in Figure 5.1, several in-
jectability tests were performed. The following conditions were assessed, hMSCs with
objects in culture medium, cell-object-aggregates in culture medium and cell-object-
aggregates in an alginate solution which was crosslinked directly after extrusion (video
available upon request). The viability of the injected cells was assessed qualitatively
6 hours after extrusion through a 18G needle by a live/dead staining (Figure S5.7 E
and F).

To overcome possible nutrient deficiency when upscaling the size of the assembled
tissue constructs towards the sub-cm or cm-range, the objects could for example be
designed with a high asymmetry or high aspect ratio features which could sterically
limit compaction introducing cavities and channels through which medium can be
perfused. Another approach is to already enable vascularisation in the early stage of
culture in vitro by culturing the cells and objects on top of a vascular bed as presented
by Sekine et al. [33].

5.3 Conclusions

In summary, this study showed how shape, size and wettability of engineered micro-
objects can play an important role when cells are allowed to assemble with these
objects. The main difference between our approach and cell-only or hydrogel-based
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Figure 5.4: (A) After 7 days of aggregation on a hemispherical layer of 1% agarose, three
aggregates were brougth into close vicinity into one well. Within 4 days, the aggregates
fused due to cells bridging and migrating from one aggregate to another. (B) Cells and
objects are pre-aggregated in agarose microwells with a diameter of 400 µm. (C) After
4 days, stable and compact aggregates can be flushed out of the wells and transferred to
larger-sized, geometrically shaped agarose wells. (D) Toroidal tissue constructs are formed
within 4 days of culture which can subsequently be stacked on a needle to form (E, F) stable
tubular structures within another 4 days.
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bottom-up approaches can be found in the role of the cells in assembling macro-sized
tissue constructs[15, 19, 30, 34]. The approach presented here allows the cells to bind
to a substrate material allowing cell-cell contact which could be beneficial for certain
cell-types and applications. A layer of cells will be present at the surface of the ag-
gregates which allows them to interact directly with other aggregates when brought
into contact, whereas in hydrogels all cells reside within the hydrogel matrix. Com-
bining cells and micro-objects at the microscale prior to assembling at the mesoscale
enables a certain degree of control over tissue complexity since several cell-types and
various types of micro-objects can be introduced in an early stage. Our approach
shows how relatively low number of cells are required to obtain large mm-sized viable
tissue constructs compared to cell-only approaches. Moreover, the cells are able to
actively assemble and remodel these aggregates, whereas in hydrogel based bottom-
up TE other approaches such as DNA-glue have to be introduced to direct mesoscale
assemblies. By modulating cell attachment sites on the micro-objects, higher control
on aggregate parameters such as aggregation rate and compactness could be achieved.

Further development of the bottom-up approach presented in this study will be
focused on characterization of cell-material interactions in combination with micro-
objects fabricated from biocompatible, implantable materials such as polylactide,
polytrimethylene carbonate or copolymers of polyethylene oxide terephthalate and
polybutylene terephthalate. Subsequently, a major step towards the design of a sys-
tem in which cell fate and tissue shape as well as tissue complexity can be controlled
will be the investigation of the influence of –among others –object size, shape, stiffness
and surface chemistry or topography on cellular phenotype.

Ultimately, this approach could not only be used as a tool to engineer complex 3D
tissues of clinically relevant size, but it could also find its application in the clinic for
example as injectable system [21], or in the pharmaceutical industry as a 3D model
to study tissue pathology and discover potentially new drugs.
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Experimental Section

Micro-object fabrication

The OmniCoatTMsacrificial layer was spin-coated on a 4" silicon wafer followed by
a 44 ± 2 µm layer of SU-8. Subsequently, the bilayered film was soft-baked using
a programmed hotplate (50 ◦C for 10 minutes, 65 ◦C for 10 minutes, 95 ◦C for 20
minutes, cooling down back to 25 ◦C). The micro-objects were obtained by exposing
the photoresist (soft contact mode 30 µm, 24 seconds, Hg, 12 mW/cm2, EVG 620
mask aligner, EV Group, Austria). To harden the photoresist, a post exposure bake
was performed using a programmed hotplate (50 ◦C for 5 minutes, 65 ◦C for 5 minutes,
80 ◦C for 10 minutes, slow cool down to 25 ◦C). The unexposed photoresist was
removed by spray development for 6 minutes (Resist Edgebead RemoverTM600, RER
600, MicroChem). To increase the hydrophilicity of the structures, they were treated
in an oxygen plasma (50% O2) for 3 minutes at 600 W (TePla 300E plasma processor).
The micro-objects were released from the wafer by dissolving the sacrificial layer
with N-methyl-2-pyrrolidone (NMP). To render in some cases the objects even more
hydrophilic, a chemical etch in 95% sulfuric acid was carried out at 80 ◦C for 10
seconds. The hydrophilicity of the material upon the oxygen plasma and sulfuric acid
treatment was determined by performing contact angle measurements and protein
adsorption tests (fluorescein-labeled BSA, Sigma). Prior to cell culture experiments,
the objects were sterilized by immersion in 70% ethanol twice for 30 minutes, followed
by washing three times in phosphate-buffered saline (PBS). Subsequently, the objects
were incubated in 10% heat-inactivated fetal bovine serum (FBS, Lonza) containing
culture media for at least 24 h.

Cell culture

hMSC isolation and expansion was performed as previously described on human bone
marrow aspirates obtained from donors after written informed consent [35]. iMSCs
represent an immortalized clone retrieved after transducing hMSCs with the gene for
the catalytic subunit of human telomerase (hTERT) (iMSCs, courtesy of Ola Mykle-
bost, University of Oslo, Norway). hMSCs and iMSCs were cultured in a monolayer in
proliferation medium consisting of alpha minimum essential medium (-MEM, Gibco)
supplemented with L-glutamine (2 mM, Gibco), penicillin (100 U/mL, Gibco) and
streptomycin (100 mg/mL, Gibco), FBS (10% (w/v), Lonza), basic fibroblast growth
factor (1 ng/mL, bFGF, Instruchemie) and ascorbic acid (0.2 mM, Sigma). C2C12
and ADTC5 cells were cultured in a monolayer in Dulbeccos Modified Eagle medium
(DMEM, Gibco) supplemented with penicillin (100 U/mL, Gibco) and streptomycin
(100 mg/mL, Gibco), and 10% FBS ((w/v), Lonza) for C2C12 cells and 5% FBS
for ADTC5 cells. Standard culturing conditions were 37 ◦C with a humidified 5%
CO2/95% air atmosphere. Media were renewed every second (ATDC5) or third day
(all other cell types). Cells were detached using trypsin (0.25% (w/v)) in ethylenedi-
aminetetraacetic acid (EDTA) solution when a confluency of 7080% was reached.
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Cell seeding on the micro-objects

The concentration of micro-objects in medium after incubation was determined by
counting the number of structures in 10 µl. Subsequently, a certain number of objects
was added to the wells of the culture plates. Additionally, a specific number of cells
was added within the same well. Mixing was applied by pipetting up and down shortly
while adding medium up to the standard volume for that specific well.

Quantification of aggregation behavior

The number of structures incorporated within an aggregate was determined by count-
ing the total number of structures in the well directly after seeding manually by image
analysis. After 4 days of culture, the number of structures that was not incorporated
within the aggregate was counted manually by image analysis. Circularity was calcu-
lated as a function of the perimeter (P) and area (A) of the aggregate measured by
image analysis using the function ‘measure’in ImageJ. The outline of the aggregate,
corresponding to the perimeter, was drawn manually.

Circularity =
4πA

p2
× 100% (5.1)

Viability staining

To determine cell viability throughout the aggregates, a live/dead staining was per-
formed. After washing the aggregates twice with PBS, they were incubated for 30
minutes with a 6 µM ethidium homodimer (red fluorescent)/1 µM calcein (green flu-
orescent) mixture in PBS solution (LIVE/DEAD viability/cytotoxicity kit, Invitro-
gen/Molecular Probes) at room temperature (RT). Prior to imaging, aggregates were
washed with PBS three times. Images were taken with a fluorescence microscope
(Nikon Eclipse E600 and Nikon DS-Fi1c camera) using a Nikon Texas Red/FITC
filter set.

Histology

Samples were dehydrated in increasing concentrations of ethanol (50, 60, 70, 80, 90, 96
and 100% (v/v)) for 30 minutes per step. Prior to embedding the samples into a two-
component glycol methacrylate (GMA) (Merck) acrylic resin, the 100% ethanol was
exchanged with 50% (v/v) GMA-component A in ethanol and incubated over night
(o/n) at 4 ◦C. Additionally, the samples were immersed in 100% GMA-A for 8 hours
at 4 ◦C. The samples were transferred to a Teflon R©mold and the two-component
GMA was added and allowed to polymerize for 48 hours. Sections of 10 µm thickness
were obtained by cutting with a microtome (Microm HM355S, Thermo Scientific).
Prior to staining, the sections were rehydrated in DI-water for 10 minutes. For the
hematoxilin and eosin staining, Gills hematoxylin (Sigma-Aldrich) was applied for 30
minutes. After rinsing 3 minutes with tab water and additionally 3 minutes in DI-
water, samples were counterstained with eosin for 6 minutes and dehydrated in 100%



5

BOTTOM-UP TISSUE ENGINEERING 119

ethanol. The samples were dehydrated with ethanol, coverslips were mounted and
imaging was carried out using a Nikon Eclipse E600 with a Nikon DS-Fi1c camera.

Preparation and filling of microwell arrays

Patterned chips from polydimethylsiloxane (PDMS) were placed in a 6-well plate
(NUNC). A heated agarose solution (3% (w/v), UltraPure agarose, Invitrogen) was
casted on each PDMS chip. The agarose was allowed to solidify at 4 ◦C. Subsequently,
the molds were removed from the obtained agarose chips. Cylindrical pieces were
punched out of the agarose chips and placed in 12-well plates. To fill the cylindrical
microwells, objects were added in small amounts until all the wells were completely
covered with structures. Additionally, a certain amount of cells was added, and a short
centrifugation after mixing promoted the cells and objects to settle in the microwells.

Statistical analysis

All results were expressed as mean value and standard deviation (error bars). Statis-
tical significance was tested by one-way analysis of variance (ANOVA) and Tukey’s
Multiple Comparison Test was carried out as post-hoc comparison using SPSS Statis-
tics software (IBM). Statistical significance is indicated by *, ** or *** corresponding
to p<0.05, p<0.01 and p<0.001, respectively.
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Supplementary Information

Experimental

Methylene blue staining and imaging

For methylene blue staining, the medium was aspirated carefully and aggregates were
washed with pre-warmed PBS once. Afterwards, samples were incubated in 10%
(v/v) formalin for 30 minutes at room temperature (RT) followed by gently washing
in PBS. Each sample was immersed in about 100 µl of a 1% (w/v) methylene blue
solution for 3060 seconds. After staining, the aggregates were washed extensively
with DI-water until the water remained clear. Stained samples were visualized using
a stereomicroscope (Nikon SMZ800 with QImaging Retiga 1300 camera).

Flow Cytometry

Flow cytometry was performed on samples up to 4 days in culture. Aggregates were
disaggregated with trypsin. The suspension was pipetted up and down to loosen the
aggregates and transferred to FACS tubes before centrifugation at 3000 rpm for 3
minutes at 4 ◦C. The supernatant was poured off and the tube was scratched over a
ridged surface to re-suspend the pellet in the drop of remaining medium. Afterwards,
250 µL FACS buffer and 10 µL of 7-AAD stain (Invitrogen) was added quickly before
the samples were incubated for 5 minutes in dark. Cells were assessed by a BD
Biosciences FACSCaliburTMflow cytometer and quantified by CellQuest R©software.
Events were counted until the whole cell suspension was analyzed by the machine. In
order to discriminate the microstructures from the cells, the cell counts were gated
and the threshold was set between live and dead cells.

Quantification of cell number by DNA assay

The amount of DNA per sample (at different culture times of 3, 7 and 14 days) was
used as an indicator for cell proliferation. The medium of the samples to be assessed
was gently aspirated from the wells and aggregates were washed once in PBS. Sam-
ples were frozen at 30 ◦C for at least 24 hours. The samples were incubated for 16
hours at 56 ◦C with 1 mg/mL proteinase K (Sigma-Aldrich) in Tris/EDTA buffer (pH
7.6) supplemented with 185 µg/mL iodoacetamine and 10 µg/mL pepstatin A (both
Sigma-Aldrich). The culture plates were tightly sealed using Microseal B Adhesive
Sealer MSB-1001 (Biorad) and incubated at 56 ◦C over night in a water bath. After
incubation, 40 µL of each digested sample was transferred to a white 96-well plate
and 40 µL LBR solution containing lysis buffer and NaCl in EDTA (1:20) and RNase
(1000:1) (Sigma-Aldrich) was added to each sample which was then incubated for 1
hour at RT. Quantification of total DNA was performed using the CyquantTMDNA
assay kit (Molecular Probes, Invitrogen). The fluorescence intensity of the incubated
samples and DNA-standard was measured at 480/520 nm excitation/emission, re-
spectively, using a fluorescent plate reader (Perkin Elmer).
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Di-I/Di-O cell-labeling

VybrantTMCM-Di-I (red) and Di-O (green) cell-labeling solutions were purchased
from Molecular Probes (Invitrogen). For labeling, the cells were trypsinized and 2*106

cells were re-suspended in 1 mL PBS. 4 µL of dye solution was added per mL of cell
suspension, resulting in a concentration of 4 µM. The suspension was incubated for
5 minutes at 37 ◦C before decreasing the incubation temperature to 4 ◦C for another
15 minutes to avoid endocytosis, while still labeling. Afterwards, the tube was filled
up with PBS and the cells were centrifuged for 5 minutes at 300 g. Finally, the pellet
was re-suspended in proliferation medium before seeding.

Histology

Samples were dehydrated in increasing concentrations of ethanol (50%, 60%, 70%,
80%, 90%, 96% and 100% (v/v)) for 30 minutes per step. Prior to embedding the
samples into a two-component glycol methacrylate (GMA) (Merck) acrylic resin, the
100% ethanol was exchanged with 50% (v/v) GMA-component A in ethanol and
incubated o/n at 4 ◦C. Additionally, the samples were immersed in 100% GMA-A
for 8 hours at 4 ◦C. The samples were transferred to a Teflon R©mold and the two-
component GMA was added and allowed to polymerize for 48 hours. Sections of 10
µm were obtained by cutting with a microtome (Microm HM355S, Thermo Scientific).

Prior to staining, the sections were rehydrated in DI-water for 10 minutes. For
Masson trichrome staining, sections were stained with Weigert’s hematoxylin solution
(Sigma-Aldrich kit) for 15 minutes before they were washed in running tap water for
5 minutes. The samples were then immersed in 1% (v/v) acetic acid for 30 seconds
before staining with azophloxin for 15 minutes, followed by another immersion in 1%
(v/v) acetic acid for 30 seconds. Then, the slides were immersed in Tungstophos-
phoric acid Orange G for 1 minute, followed by the 1% (v/v) acetic acid step. The
last staining was added by immersing in Light Green SF for 8 minutes followed by
an 1% (v/v) acetic acid immersion for 30 seconds. The samples were dehydrated
with ethanol, coverslips were mounted and imaging was carried out using a Nikon
Eclipse E600 with a Nikon DS-Fi1c camera (Figure 2D) and a digital slide scanner
(Supplementary Figure S.5.11) (Hamamatsu Nanozoomer 2.0RS).

SEM

Samples were dehydrated by the use of an ethanol gradient series of 60% , 70% , 80%
, 90% , 96% and 100% v/v ethanol in DI-water. The scaffolds were further processed
by critical point drying from liquid carbon dioxide using a Balzers CPD 030 critical
point dryer. The dried samples were gold-sputter-coated (Cressington) and imaged
with scanning electron microscopy (SEM) using a Philips XL 30 ESEM-FEG.

Injectability Tests

To test the injectability of the micro-objects, a suspension with a concentration of
approximately 5,000 objects per mL was prepared. As a second group, objects and
cells were mixed in basic cell culture medium with a density of approximately 20,000
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hMSCs and 5,000 objects per mL. To give an impression of injectability, we extruded
the a suspension of cells and objects through a 18G needle into a well plate and into
a punched hole in a agarose gel (1% w/v) (Videos are available upon request). A
similar test was performed for a micro-aggregate suspension. The suspensions were
easily extruded into the well plate and the gel without the need to apply high forces.
With respect to translation into clinical applications in a later stage, we hypothesize
that the micro-aggregates could be injected with, for example, a (degradable) hydrogel
as injection medium. Firstly, the hydrogel could help to retain the micro-aggregates
in the site of administration. Secondly, such a gel could ease the handling of the
suspension due to its higher viscosity. Micro-aggregates were incorporation into an
alginate solution (2% w/v) after which it was extruded through a syringe in a mold
and subsequently cross-linked by a CaCl2 solution. After injection, the aggregates
in suspension as well as the aggregates in the alginate gel were kept in culture for 6
hours to assess cell survival (Supplementary Figure 12 E and F).

Mechanical analysis by uniaxial compression

Compression tests were conducted on a rheometer (Physica MCR501, Anoton Paar)
equipped with a PP25 parallel-plate measuring system. The compression tests were
ran with a velocity v [m/s] of 1% of initial height l. The stress [N/m2] is calculated
as a function of normal force [N] per contact surface area A [m2]. A is determined
by the displacement ∆ l [m] and volume of the sample. To simplify the correction
of A for the initially cylindrical gels, a perfect cylinder is assumed during the test
neglecting frictional forces. To correct A for a heterogeneous micro-aggregate under
compression involves complex modelling [36, 37]. Therefore, to simplify the estimation
of A for the micro-aggregates, initially a perfect sphere was assumed to calculate the
aggregates volume. Under compression the changes in A was calculated as an function
of the cross-sectional area of the initial sphere at the height of displacement and the
surface area of a perfect cylinder with similar volume. The strain ε is given by ∆ l/l.
The Young’s modulus [Pa] is calculated as an average of σ /ε for the initial linear
part of the stress/strain curve corresponding to elastic deformation. As a reference
material, alginate hydrogel (2% w/v, FMC Biopolymer, Norway) was cross-linked for
45 minutes in a CaCl2 solution (50mM, Sigma) containing HEPES (10mM, Gibco).

Mechanical analysis by AFM

Nano-indentation measurements were conducted by atomic force microscopy (AFM)
(Veeco Dimension Icon). Samples were measured in wet-state directly after taken
from the culture media. As a reference material with a relatively high elastic mod-
ulus, PDMS was analyzed, and as a material commonly used in biomedical applica-
tions, polyethylene glycol diacrylate (PEGDA) was assessed. Analysis of the data
was performed using Gwyddion Freeware [38].

Results

Contact angle and relative protein adsorption tests were performed to determine the
wettability of the materials (Table S5.1). The sulphuric acid treatment changed the
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morphology of the outer layer of the material so strongly that it had a gel-like ap-
pearance in suspension. This could be the cause of the low protein adsorption on
these materials when compared to non-treated SU-8 and 5 minutes oxygen-plasma-
treated SU-8. A BSA absorption test was performed by incubating all samples and a
non-tissue-culture-treated polystyrene plate with 25 µg/mL BSA-FITC (Sigma) for
1 hour, followed by three PBS rinsing steps and fluorescent imaging. The relative
BSA absorption is given as the average pixel brightness which was determined by
histogram analysis of the fluorescent images. The fluorescent signal was corrected for
autofluorescence of the materials, which in the case of SU-8 and especially 10 min-
utes oxygen-plasma-treated SU-8 was quite high in comparison to the signal of the
adsorbed protein. This could explain the relative low value in BSA absorption for 10
minutes oxygen-plasma-treated SU-8.

As shown in Table S5.2 and as expected, the Young’s modulus of alginate is in
the kPa range. The cell-object aggregates show a nearly ten-fold increase in Young’s
modulus. The alginate gels with objects or micro-aggregates incorporated did not
show an increase in Young’s modulus with respect to alginate alone. This could be
caused by the lower percentage of alginate, since a certain volume of objects and
micro-aggregate suspension diluted the alginate to 1.45%. Furthermore, the concen-
tration of the relatively stiff objects and micro-aggregates was probably not sufficient
to dominate over the mechanical properties of the softer alginate gel. Moreover,
as mentioned in the methods, all samples are assumed as homogeneous materials.
However, the aggregates and the alginate gels containing objects or micro-aggregates
represent several domains (fluid, cells, ECM, SU-8) for which the individual mechani-
cal properties are very likely distinct. Depending on, among others, parameters their
ratio, organization and frictional properties, this heterogeneity introduces complexity
into the mechanical characterization of such aggregates [39].

To obtain an impression of the distinct domains of mechanical properties within a
heterogeneous aggregate, AFM analysis was performed. As can be seen in the table,
the modulus found for PDMS is higher than expected whereas the modulus of SU-8
detected on the surface of an object within an aggregate was lower than the modulus
of SU-8 as reported in literature (GPa range). It could be that the surface of the
objects surface was not clean. A thin layer of deposited proteins or the membrane
of a spread cell could have resulted in a compromised result. Furthermore, at higher
applied forces the object could slightly be compressed into the surrounding material
[40]. When a layer of tissue or ECM-like material on an object was observed by optical
microscopy via the AFM, the results of indentation at these areas show slightly lower
Young’s modulus than the tissue in between the objects. This could be caused by
multiple factors, such as cell orientation or ECM density.

Table S5.1 Contact angle and relative protein adsorption
Contact Angle Relative BSA adsorption

Non-treated SU-8 84.3± 0.2◦ 30.2± 2.4
5 min O2-plasma-treated SU-8 57.5± 6.3◦ 23.0± 3.6
10 min O2-plasma-treated SU-8 35.4± 6.7◦ 3.22± 0.6

H2SO4-treated SU-8 31.2± 8.0◦ 11.2± 9.5
Non-tissue-culture-treated PS 70± 0.1◦ 16.9± 1.1



5

124

Table S5.2 Young’s modulus after compression mode rheology
Young’s modulus [kPa]

Alginate gel (2% w/v) (n=2) 26.37 ± 19.98
Alginate gel (1.45% w/v) with micro-objects (n=3) 17.37 ± 13.33

Alginate gel (1.45% w/v) with micro-aggregates (n=3) 4.44 ± 4.46
SU-8 aggregates (n=4) 181.65 ± 190.7

Table S5.3Young’s modulus after nanoindentation with AFM
Young’s modulus [MPa]

PDMS 38.8 ± 0.91
PEGDA (5% w/v) 0.14 ± 0.04

SU-8 aggregate (on object) 149± 4.32
SU-8 aggregate (on tissue) 0.18 ± 0.07

SU-8 aggregate (tissue on object) 0.11 ± 0.04

Figure S5.1:Schematic overview of the fabrication process of SU-8 micro-objects. The
OmniCoatTMsacrificial layer (red) was spin-coated on a 4 inch silicon wafer (green) followed
by a 44 ± 2 µm layer of SU-8 (yellow). Exposure through a mask to a Hg light source
photo-cured the SU-8 following the mask pattern. The unexposed photoresist was dissolved.
The objects were released from the wafer by dissolving the sacrificial layer.

Figure S.5.2:The number of objects incorporated in the aggregates is quantified after 4
days of culture to investigate if there is a difference in aggregation behavior depending on
cell type and number, and object size, shape and wettability. (n=4) (* p<0.05, ** p<0.01,
*** p<0.001)
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Figure S.5.3:The circularity of the aggregates was determined after 4 days of culture by
measuring both the perimeter and area of a 2D projection of the aggregate. Aggregates of
oxygen-plasma-treated objects show higher circularity for all objects sizes and shapes and
for both cell types compared to aggregates of sulfuric acid treated objects. In five out of
six conditions, aggregates of iMSCs and objects show a significantly higher circularity than
aggregates of C2C12 cells and objects. (n=4) (* p<0.05, ** p<0.01, *** p<0.001)

Figure S.5.5:Cell viability of hMSCs after 4 days of culture on micro-objects was determined
by flow cytometry. It is shown that the shape of the objects does not influence the cell
viability. The cells were trypsinized prior to flow cytometry. The result is a semi-relative
number since the threshold intensity for labelled dead cells is set manually by running an
analysis on a mixed population of alive and dead cells.
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Figure S.5.4:The aggregation behavior of C2C12 cells and medium-sized cubes on various
culture substrates is shown. (A) A 1% agarose layer with a hemispherical bottom resulted
in aggregate formation in the center of the well. The density of the aggregates depends on
the cell-object ratio. (B) When a completely flat agarose layer is used, the aggregates are
formed at the side of the wells and show a more open structure. This is expected because
on a flat-bottom well aggregation is not promoted due to gravitational forces. (C) In a
round-bottom suspension culture plate, small aggregates are attached to the plate by the
cells which spread over the surface of the untreated polystyrene. (D) When the objects and
cells are cultured in a hanging drop, aggregation is found to happen at the lowest point of the
drop, due to gravity-driven focussing. The cells and objects cannot interact with a substrate
and therefore form hemispherically shaped aggregates partially following the shape of the
interface of the medium drop with air.

Figure S.5.6:Methylene blue staining showed that hMSCs were distributed homogeneously
throughout the whole aggregate.
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Figure S.5.7:Live (green)/dead(red) staining by propidium iodide and ethidium-homodimer
after 4 days of culture shows higher viability for cells on SU-8 micro-objects (C, D) than
when cultured without a substrate material (A, B). Cells death observed in 11 days old
micro-aggregates 6 hours after extrusion through a surgical needle was higher than for un-
extruded aggregates (data not shown) both when injected as a suspension in cell culture
medium(E) and in an alginate solution(F). Scale bars represent (A, C) 200 µm and (B, DF)
100 µm.
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Figure S.5.8:After 3, 7 and 14 days of culture, a DNA assay was performed on hMSCs
cultured with objects of different shapes and sizes (n=3). It can be seen that there is a
significant increase in the number of cells from day 3 to day 7, not from day 7 to day 14.
When comparing the number of cells cultured on micro-objects with cube shapes of different
sizes, hMSCs seem to adhere and proliferate more on larger objects. (* p<0.05, ** p<0.01,
*** p<0.001)

Figure S.5.9: Cells only (upper row) and cells with objects cultured on a hemispheric
layer of 1% agarose are observed over time. The volume of the aggregate is decreasing when
cells are cultured in the absence of a substrate material. When hMSCs are cultured with
objects, cells will assemble the objects into a dense aggregate from which the volume is much
higher than that of a cellonly aggregate. This shows that the objects do not only serve as
a substrate for the cells to adhere to, but also as a filler to obtain larger tissue constructs
than achieved without micro-objects.
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Figure S.5.10:(A, B) A Di-I and Di-O staining show active remodelling of aggregates and
migration of cells from one aggregate to another within 4 days after fusion of several pre-
stained aggregates. (CE) From DAPI (red) and Phalloidin (green) applied on the stacked
toroids (as shown in Figure 5 E and F) can be seen that the cells form a homogeneous dense
layer around the micro-objects. The lower signal of phalloidin in the inner part of the ring
is possibly caused by the limited penetration depth of the stain, since there is no evidence
of necrosis in other analysis (histological sections, flow cytometry and live/dead stain).

Figure S.5.12:Various geometries of pre-shaped tissue constructs can be obtained by the use
of shaped wells from agarose. Pre-shaped aggregates can be created in distinct geometries
such as rings or triangles. These aggregates can be fused into complex tissue constructs by,
for example, combining aggregates assembled from different object and cell types.
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Figure S.5.11:Histological analysis of large tissue constructs show that cells remain inside
the constructs and have remained viable until fixation (nuclei observed) even though the
construct is mm-sized. (B) Hematoxylin and eosin staining shows the nuclei and cytoplasm,
respectively. (C-F) A Masson Trichrome staining colored nuclei dark and collagen-like ma-
terial green. It can be observed that there is more collagen produced in the vicinity of the
objects than in between the stacked rings or at the outside of the construct. Furthermore,
cells show higher densities at the exteriors; this gives the impression that the cells were
proliferating.
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Abstract

Many studies have shown the influence of soluble factors and material
properties on the differentiation capacity of mesenchymal stromal cells (MSCs)
cultured as monolayers. These types of 2D studies can be used as simpli-
fied models to understand cell processes related to stem cell sensing and
mechano-transduction in a three-dimensional (3D) context. For several other
mechanisms such as cell-cell signaling, cell proliferation and cell morphology,
it is well-known that cells behave differently on a planar surface compared to
cells in 3D environments. In this study, the differentiation potential of human
MSCs (hMSCs) into the chondrogenic and osteogenic lineage on three distinct
3D scaffolds was assessed. There was no indication that the three scaffolds
induced differentiation in the absence of differentiation inducing soluble factors.
Furthermore, hMSCs cultured in 3D on the three scaffold types showed to
differentiate in the presence of soluble factors to the same extent as hMSCs
cultured as monolayer. Yet, the differentiated phenotype was not maintained
after soluble factor removal, suggesting that MSCs plasticity is retained
in 3D cell culture systems. This finding can have implications for future
tissue engineering approaches in which validation of hMSCs differentiation
on 3D scaffolds will not be sufficient to ensure the maintenance of the cells
functionality in the absence of proper differentiation signals.

Keywords: Human mesenchymal stromal cells, plasticity, differentiation, elec-
trospinning, fused deposition modeling, bottom-up tissue engineering
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6.1 Introduction

Multipotent cell types are promising candidates for classical tissue engineering and
regenerative medicine approaches in which a synthetic or biological material is com-
bined with autologous cells to construct a mechanically stable implant to replace
damaged or lost tissue. The use of multipotent cell types is opted since many other
differentiated cell types have a limited availability and several cell types have shown
to lose their phenotype upon expansion by a process known as de-differentiation [1-4].
This can result in a decreased functionality of the cells, which lowers their potential to
secrete specific tissue components within the construct. One of the cell types that can
reduce this problem are human adult stem cells from bone marrow stroma, referred
to as human mesenchymal stem cells or human marrow stromal cells (hMSCs). MSCs
were initially defined as a heterogeneous population of fibroblast-like cells, from which
a subset of the population has a great potential to proliferate and differentiate [5-8].
More recent definitions consist of minimal criteria to identify multi-potent hMSCs
which include specific surface antigen expression and multipotent differentiation po-
tential into osteoblasts, adipocytes and chondrocytes [9-11]. Recent studies showed
that by culturing hMSCs on biomaterials with controlled properties, or by adding
certain soluble factors, depending on the donor and isolation method, differentiation
towards chondrogenic [12-14], osteogenic [15-17], neurogenic [18], endothelial [19] and
myogenic [20] lineage can be achieved.

A large body of studies have shown the influence of soluble factors and material
properties on the differentiation capacity of MSCs in two-dimensional (2D) culture
systems [21]. For example, Engler et al. reported on the influence of gel stiffness on
stem cell fate [22, 23]. In other studies, nano- and micro-topographies were introduced
to investigate the influence of physical properties like roughness of the material on
cell differentiation [24-27]. These types of 2D studies can be used as simplified models
to understand cell processes related to stem cell sensing and mechano-transduction
in three-dimensional (3D) systems. However, cells in a tissue, organ or organism are
exposed to complex biological environments. In contrast to classic culture systems,
these environments are not flat, but 3D. Consequently, 2D tissue culture models used
to translate a new therapy to the clinics are far from accurate. For several other
mechanisms like cell-cell signaling, cell proliferation and cell morphology, it is well-
known that cells behave differently on a 2D flat surface compared to cells on 3D
systems [28]. Although MSCs lineage, plasticity and therapeutic potential have been
widely studied in 2D, little is known about these combined properties in 3D [29].
In particular, plasticity is the ability of mature cells to switch or differentiate among
phenotypes that are different from the tissue of origin or different from their phenotype
after considerable differentiation [30, 31]. Rottmar et al. recently reported on the
plasticity of hMSCs in 3D by micro-mass culture in micro-wells. They showed that
hMSCs retain their plasticity up to 18 days of 3D in vitro culture in osteogenic culture
conditions [32]. To our knowledge, hMSCs’ phenotypic plasticity after osteogenic or
chondrogenic differentiation was not yet assessed in 3D scaffolds for tissue engineering
approaches.

In this study, the differentiation potential of hMSCs into the chondrogenic and
osteogenic lineage on three distinct 3D scaffolds, used as 3D cell culture systems,
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Figure 6.1: Three distinct types of scaffolds were used to assess hMSCs differentiation
capacity in vitro in 3D. (A) Cylindrical FDM-scaffolds were fabricated of 300/55/45 with
a diameter of 4 mm and a height of 3 mm. (B) ESP scaffolds were fabricated of the same
polymer as FDM-scaffolds and punched out from a large electrospun sheet to fit in a 12-
well plate. (C) Micro-objects were fabricated of SU-8 with dimensions ranging from 20 to
50 µm. Respectively 125,000, 75,000 and 50,000 hMSCs were seeded on the three scaffold
types. Both a heterogeneous population and a more homogeneous colony-picked population
of hMSCs were used.

was assessed and compared to the differentiation capacity in 2D monolayer cultures.
As commonly used to steer hMSCs differentiation, 10 nM dexamethasone (dex) was
supplemented to the medium for osteogenic differentiation, while 100 nM of dex and
10 ng/mL of TGF-β3 were introduced for chondrogenic differentiation. After 14 days
of differentiation, the soluble factors were removed (de-differentiation phase) and the
cellular phenotype was assessed after 3 or 14 days of potential de-differentiation.
We hypothesize that after removal of differentiation inducing soluble factors, the
stability of hMSCs phenotype may be altered in 3D similarly to what was reported
for hMSCs phenotype in 2D culture [29, 33]. Ultimately, this may have an influence in
developing stem cell based regenerative medicine strategies in which constructs loaded
with hMSCs are implanted in vivo subsequent to culture in vitro. In these approaches,
the traditional assessment of hMSCs differentiation potential in 3D constructs will not
be sufficient to predict the functionality of the hMSCs upon implantation without
assessing the stability of the hMSCs differentiated phenotype.
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6.2 Materials and Methods

6.2.1 Cell culture and culture media

Basal medium (BM) consisted of α-minimal essential medium (Life Technologies)
complemented with 10% heat-inactivated fetal bovine serum (FBS; Lonza), 0.2 mM
ascorbic acid (Asap; Life Technologies), 2 mM L-glutamine (Life Technologies), 100
U/mL penicillin (Life Technologies), and 100 µg/mL streptomycin (Life Technolo-
gies). Proliferation medium (PM) consisted of BM supplemented with 1 ng/mL basic
fibroblast growth factor (FGF; Instruchemie). Osteogenic medium (OM) consisted
of BM supplemented with 10 nM dex. Chondrogenic medium (CM) consists of Dul-
becco’s modified Eagle medium (D-MEM, Life Technologies) complemented with 0.2
mM ascorbic acid, 100 U/mL penicillin (Life Technologies), 100 µg/mL streptomycin
(Life Technologies), 50 µg/mL ITS-premix, 100 µg/mL sodium pyruvate, 10 ng/mL
TGFβ-3 and 100 nM dex. For the studies presented here two different types of hMSC
populations were utilized. For all experiments, colony-picked hMSCs (referred to as
donor 1) were used unless stated differently.

Colony-picked hMSCs (male, age 22) were retrieved from the Institute of Re-
generative Medicine (Temple, Texas) [8, 34]. Briefly, a bone marrow aspirate was
drawn and mononuclear cells were separated using density centrifugation. The cells
were plated to obtain adherent hMSCs, which were harvested when cells reach 60-
80% confluence. These were considered passage zero (P0) cells. These P0 cells were
expanded, harvested and frozen at passage 1 (P1) for distribution.

Donor 2, 3, and 4 hMSCs (female, age 55; male, age 75; and female, age 76;
respectively) were obtained by bone marrow aspiration from patients who had given
written informed consent. These hMSCs were isolated and proliferated as previously
described [35]. In short, aspirates from the donors were resuspended using a 20-gauge
needle, plated at a density of 5 × 105 cells/cm2 and cultured in PM. Cells were grown
at 37 ◦C in a humidified atmosphere with 5% CO2. Medium was refreshed twice per
week and cells were used for further subculturing or cryopreservation on reaching near
confluence.

6.2.2 Fabrication of 3D scaffolds from PEOT/PBT by fused
deposition modelling (FDM)

Scaffolds were fabricated from 300PEOT55PBT45 (300/55/45) (PolyVation, The
Netherlands), a block copolymer composed of poly(ethylene oxide terephthalate)
(PEOT) and poly(butylene terephthalate) (PBT) with a weight ratio of 55 to 45 for
the two components, respectively, and a molecular weight of the starting poly(ethylene
glycol) (PEG) segments of 300 Da used in the co-polymerization process. Fused de-
position modeling was used to fabricate 3D grids with a bioscaffolder (SysENG, Ger-
many), as described before [36]. Grids had a height of 3 mm, a fiber-to-fiber distance
of 800 µm, a fiber diameter of approximately 200 µm, and a layer thickness of 150 µm.
Cylindrical scaffolds with a diameter of 4 mm and a height of 3 mm were punched
from the plotted grids.
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6.2.3 Fabrication of 3D scaffolds from PEOT/PBT by
electrospinning (ES)

For ES scaffolds, a 28% (w/v) solution of 300/55/45 was prepared in a mixture of chlo-
roform (CHCl3)-1, 1, 1, 3, 3, 3-hexafluoro-2-propanol (HFIP) with a ratio of 78:22%
v/v. The solution was left stirring at room temperature overnight. Subsequently, the
solution was loaded into a syringe and pumped at a controlled flow rate using a sy-
ringe pump (KDS 100, KD Scientific). PTFE tubing was used to connect the syringe
and a needle to which a high voltage was applied (Gamma High Voltage Research
Inc., FL, USA). A stainless steel collector, covered by an aluminum foil, was used to
collect the spun scaffold. Scaffolds were produced using a voltage of 12 kV applied to
a 1.2 mm needle and placed at a distance of 25 cm from the collector. The flow rate
was set at 15 mL/h, temperature to 25 ◦C, and humidity to 30%.

6.2.4 Fabrication of SU-8 micro-objects

A photolithographic process was used to fabricate micro objects with dimensions
of 40 × 40 × 40 µm3 from the epoxy-based negative-tone photoresist SU-8 (Mi-
croChem, Germany), as described previously [37]. Briefly, an N-Methyl-2-pyrrolidone
(NMP) soluble sacrificial layer of OmniCoatTM(MicroChem, USA) was spun onto a
bare silicon wafer. Subsequently, SU-8 was applied to the wafer and exposed using
a chromium photo-mask. To harden the photoresist, a post exposure bake was per-
formed followed by spray development to remove the unexposed areas. An oxygen
plasma treatment at the TePla 300E plasma processor (Germany) (50% O2; 600 W; 3
min) was performed to remove T-topping and to functionalize the surface of the free-
standing micro-objects. The micro-objects were released from the wafer by dissolving
the sacrificial layer with NMP followed by extensive washing in DI-H2O.

6.2.5 Cell culture in 2D on Tissue Culture Polystyrene (TCPS)

The differentiation potential of the hMSCs without the presence of a 3D scaffold
system was determined by culture of hMSCs as monolayer in BM and OM and as
pellet-culture in CM. The cells from all donors were seeded with a density of 5000
cells/cm2 on TCPS 6-well plates (NUNC) and cultured for 3, 7 or 14 days in BM as
a negative control on differentiation and in OM to induce osteogenic differentiation.
To induce chondrogenic differentiation, 200,000 hMSCs per well were added in a U-
bottom 96-well plate for suspension culture (NUNC), centrifuged for 3 minutes at 800
g and cultured for 3, 7 or 14 days.

6.2.6 Cell culture on FDM-scaffolds

Sterilization of the scaffolds was performed in 70% ethanol twice for 30 minutes,
subsequently washed in PBS first for 5 minutes and additionally twice for another
30 minutes each time and finally incubated in BM overnight prior to cell culture.
Scaffolds were dried by medium aspiration and placed in a non-treated 48-well plate
(NUNC). Passage 3 hMSCs were harvested from monolayer expansion, and seeded
on the scaffolds with a density of 125,000 cells in 50 µL of PM. After 1.5 hours of
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incubation to let the cells adhere, the medium was filled up to 1 mL and the culture
was continued for 7 days to allow the cells to spread and proliferate on the scaffold.
After 7 days of proliferation on the scaffolds, the medium was changed to BM, CM or
OM and the culture was prolonged as depicted in Figure 6.1. After 14 days of culture
in CM or OM, culture in CM or OM was continued up to 28 days or the soluble
factors were removed by replacing CM and OM with BM (referred to as CB and OB
respectively).

6.2.7 Cell culture on ES-scaffolds

The scaffolds were washed with sterile PBS to remove any remaining traces of ethanol
and then placed into a non-treated 24-well plate (NUNC). Non-treated plates were
used to minimize cell attachment to the bottom of the plates. The constructs were
then incubated at 37 ◦C in a humid atmosphere with 5% CO2 overnight in BM to
pre-wet them. To prevent the scaffold discs from floating, rubber O-rings (Eriks BV,
The Netherlands) were used to hold the discs in place. After removing the medium
used for incubation, 75,000 cells were seeded onto each electrospun scaffold. After
7 days of culture in PM, the media was replaced with BM, CM and OM to induce
differentiation and the culture was continued as depicted in Figure 6.1. After 14 days
of culture in CM or OM, culture in CM or OM was prolonged up to 28 days or the
soluble factors were removed by replacing CM and OM with BM (referred to as CB
and OB respectively).

6.2.8 Cell culture on micro-objects

Prior to cell seeding, the objects were washed twice in 70% (v/v) ethanol to sterilize
them. Subsequently, the objects were washed three times with PBS to eliminate
residual ethanol and incubated overnight in BM at 37 ◦C. Approximately 2000 micro-
objects were transferred to each well of a 48-well plate coated with a hemispherical
layer of 1% (w/v) agarose in PBS. The agarose is utilized to prevent the cells and the
objects from adhering to the bottom of the well and to promote cell-material contact.
After allowing the objects to settle on the agarose layer a cell suspension of 50,000
cells in 20 µL of BM was added to each well. After 1.5 hours, the media was filled up
to 500 µL with BM, CM or OM and the culture was prolonged as indicated in Figure
6.1.

6.2.9 Gene expression analysis of hMSCs

For gene expression analysis, samples were taken from culture after the medium was
carefully aspirated. All samples were transferred to 2 mL Eppendorf tubes and 500
µL of TRIzol R© (Invitrogen) was added prior to preservation at -80 ◦C. In the case of
micro-objects, to ensure sufficient amount of RNA, 3 aggregates were pooled per tube.
RNA isolation was performed by using a Bioke RNA II nucleospin RNA isolation kit
(Macherey-Nagel). The samples were disrupted mechanically by crushing with RNA
isolation pestles (Kimble Kontes). Samples for basal gene expression analysis were
seeded in T25 tissue culture flasks (NUNC) in BM at a cell density of 5000 cells/cm2.
After 1 day of culture, medium was aspirated and 500 µL of TRIzol R© was added
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Table 6.1. Primer Sequences
Gene Forward Primer Reverse Primer
B2M GACTTGTCTTTCAGCAAGGA ACAAAGTCACATGGTTCACA
ALP ACAAGCACTCCCACTTCATC TTCAGCTCGTACTGCATGTC
Sox9 TGGGCAAGCTCTGGAGACTTC ATCCGGGTGGTCCTTCTTGTG
Col-1 GTCACCCACCGACCAAGAAACC AAGTCCAGGCTGTCCAGGGATG
Col-2 CGTCCAGATGACCTTCCTACG TGAGCAGGGCCTTCTTGAG

ACAN AGGCAGCGTGATCCTTACC GGCCTCTCCAGTCTCATTCTC
ALCAM ACGATGAGGCAGACGAGATAAGT CAGCAAGGAGGAGACCAACAA
BMP2 GCTAGACCTGTATCGCAGGC TTTTCCCACTCGTTTCTGGT

after which the cell/TRizol suspension was transferred to an Eppendorf tube. Subse-
quently, 200 µL of CHCl3 was added to all samples, both from 2D as well as from 3D
culture, and mixed by vigorously shaking the tubes. The TRizol/CHCl3 mixture was
centrifuged at 12,000 g for 15 minutes at 4 ◦C. The aqueous phase was transferred to
a new Eppendorf tube and mixed 1:1 with 70% ethanol. The mixture was transferred
to filter columns from the kit and the RNA isolation was continued following the
manufacturer’s protocol. RNA concentrations and purity were determined by using
an ND1000 spectrophotometer (Nanodrop Technologies, USA). cDNA was synthe-
sized from 180, 240, 320 and 600 ng of RNA for the samples from the micro-objects,
FDM-scaffolds, ES-scaffolds and 2D respectively, using iScriptTM(BIO-RAD) accord-
ing to the manufacturer’s protocol. Quantitative polymerase chain reaction (qPCR)
was performed on the obtained cDNA by using the iQ SYBR R©Green Supermix (Bio-
Rad) and the primers as listed in Table 6.1. PCR reactions were carried out on the
MyiQ2 Two-Color Real-Time PCR Detection System (Bio-Rad) under the following
conditions: cDNA was denatured for 10 minutes at 95 ◦C, followed by 40 cycles, con-
sisting of 15s at 95 ◦C, 30s at 60 ◦C, and 30s at 72 ◦C. For each reaction, a melting
curve was generated to test primer dimer formation and nonspecific priming. The
cycle threshold (CT) values were determined with the Bio-Rad iQ5 optical system
software, in which a threshold value was set for the fluorescent signal at the lower
log-linear part above the baseline. CT values were normalized to the B2M house-
keeping gene and 4CT ((average of CTcontrol)-CTvalue). Results are expressed as
relative mRNA expression calculated as 2−4CT and subsequently normalized to the
basal gene expression levels determined after one day in 2D culture (n=6). All values
representing down-regulation (fold induction (FI) < 1) are represented as -1/FI and
error bars represent standard deviations which are determined accordingly.

6.2.10 DNA assay

After the samples were lysed for alkaline phosphatase (ALP) activity, the lysate
was mixed in a 1:1 volume ratio with 1 mg/mL proteinase K (Sigma-Aldrich), 18.5
µg/mL iodoacetamine (Sigma Aldrich) and 1 µg/mL pepstatin A (Sigma Aldrich)
in Tris/EDTA buffer (pH 7.6) and incubated for 16 hours at 56 ◦C. Quantication
of total DNA was done using the CyQuant R©DNA assay (Molecular Probes) and a
spectrophotometer (excitation 480 nm, emission 520 nm) (Victor 3, Perkin Elmer).
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6.2.11 ALP activity assay

After culture, all scaffolds were washed gently in PBS, dried by aspirating the PBS,
cut in pieces and stored at -80 ◦C for at least 24 hours. After thawing, the constructs
were incubated in a cell lysis buffer with a pH of 7.8 composed of 0.1 M KH2PO4,
0.1 M K2HPO4 and 0.1% Triton X-100, (all Acros Chemicals) for 1 hour at room
temperature. Subsequently, the relative ALP activity was determined by chemo-
luminescence with CDP-star R©(Roche) according manufacturer’s protocol. The ALP
activity was normalized to DNA quantity per sample and the averages per condition
were presented as relative value compared to the respective culture system in BM at
day 3.

6.2.12 GAG assay

The amount of GAG was determined spectrophotometrically after reaction with 16
mg of dimethylmethylene blue dye (DMMB, Sigma-Aldrich) in a 10 mM hydrochloric
acid solution containing 3.04 g/L of glycine and 2.37 g/L of NaCl (pH 3). A micro
plate reader (Multiskan GO, Thermo Fisher) was used to determine the absorbance at
525 nm. The amount of GAG was calculated using a standard of chondroitin sulfate
(Sigma-Aldrich). The GAG production was normalized to DNA quantity per sample.

6.2.13 Scanning electron microscopy (SEM) analysis

Cell morphology, attachment and distribution were characterized by SEM analysis
with a Philips XL 30 ESEM-FEG. Samples were fixed for 30 minutes in 10% formalin.
Subsequently, the samples were dehydrated in sequential ethanol series and critical
point dried from liquid carbon dioxide using a Balzers CPD 030 Critical Point Dryer.
The constructs were gold sputter-coated (Cressington) prior to SEM analysis. SEM
images were obtained under high vacuum with an acceleration voltage of 30 kV and
a working distance of 10 mm.

6.2.14 Statistical analysis

Results are presented as mean ± standard deviation, and compared using one-way
ANOVA with Dunnett’s post-test. Statistical significance between the control group
and the experimental groups are indicated with (#) which represents a p-value <
0.05, (@) which represents a p-value < 0.01, and (*) which represents a p-value <
0.001.

6.3 Results

To gain insight in the differentiation potential of hMSCs when cultured on 3D poly-
meric scaffolds, differentiation was induced by soluble factors. All results presented
here were retrieved from colony-picked MSCs from donor 1. To be able to compare
these results with the results from a more clinically relevant heterogeneous population
of hMSCs (donor 2, 3 and 4), every experiment was carried out for at least one of
those donors for which the results can be found in the supplementary data.
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Figure 6.2: RT-QPCR analyses was carried out to determine the relative mRNA expression
of ALP and Sox9 for colony-picked hMSCs cultured in 2D as monolayer (BM and OM)
or micromass (CM) on TCPS and in 3D on three different scaffold systems. The mRNA
expression levels were normalized and compared statistically to hMSCs cultured for 1 day
as a monolayer in BM on TCPS. ALP gene expression was significantly up-regulated over
time for hMSCs in 2D and in all three systems in 3D when cultured in OM. A significant
down-regulation of Sox9 expression was found after monolayer or micro-mass culture in BM,
OM and CM. Sox9 expression was significantly up-regulated after 7 and 28 days of culture
in CM on FDM-scaffolds. On ES-scaffolds an initial significant increase for Sox9 expression
was found after 7 days of culture in CM while the gene seemed to be down-regulated at day
14 and 28. (n=5, # p<0.05, @ p<0.01, * p<0.001 Dunnett’s posttest with BM 2D day 1 as
control)

6.3.1 Differentiation potential of hMSCs in 3D scaffolds by qPCR

The differentiation potential of hMSCs was assessed by mRNA expression analysis
and normalized to the expression levels after 1 day of monolayer culture in basal
medium. RT-QPCR analysis shows the relative mRNA expression of Alkaline Phos-
phatase (ALP) as an early marker for osteogenesis and Sox9 as an early marker for
chondrogenesis (Figure 6.2). A significant up-regulation of ALP over time was found
for hMSCs cultured as monolayer in OM on TCPS. In CM in 2D culture an initial
down-regulation of ALP was found; after 7 and 14 days of culture the ALP expression
was too low to be detected and was therefore not displayed. Comparing these results
to the gene expression levels in 3D on the three scaffolding systems, it could be seen
that also in 3D only OM induced consistently a significant up-regulation of ALP.
CM seemed to slightly down-regulate the expression of ALP on ES-scaffolds and on
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Figure 6.3: Relative mRNA expression of collagen-1 and collagen-2 for colony-picked hM-
SCs cultured in 2D as monolayer (BM and OM) or micromass (CM) on TCPS and in 3D on
three different scaffold systems. Collagen-1 and collagen-2 expression followed similar trends
over time in 2D and in 3D per scaffolding system. The collagen-1 and collagen-2 expression
fluctuated over-time and remained down-regulated after 28 days of culture in BM in all three
scaffold types. (n=5, # p<0.05, @ p<0.01, * p<0.001, Dunnett’s posttest with BM 2D day
1 as control)

micro-objects. In BM, the ALP expression did not show any significant changes over
time in 2D nor in any of the scaffold systems. When looking at the relative expression
levels, it could be seen that in 2D a 10-fold increase of ALP expression was found
after 14 days of culture, which is in the same order as the fold increase in FDM and
ES-scaffolds after 14 days.

Sox9 expression was significantly down-regulated in 2D culture in nearly all con-
ditions but most profoundly in OM. In 3D, there was a significant up-regulation
observed for Sox9 expression after 7 and 28 days of culture in CM on FDM-scaffolds.
On ES-scaffolds an initial significant increase for Sox9 expression was found after 7
days of culture in CM while the gene seemed to be down-regulated at day 14 and
28. On micro-objects, no significant differences were found in the Sox9 expression
levels of hMSCs cultured in BM, CM or OM at nearly all time points compared to
the expression levels in 2D at day 1.

Collagen-1 and collagen-2 were assessed as markers for ECM production (Figure
6.3). In 2D on TCPS, collagen-1 expression was significantly down-regulated in CM
after 3 and 7 days. Collagen-2 expression also showed a down-regulation in CM
at these time-points although these expression levels were not significantly different
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compared to the expression levels after 1 day of culture on TCPS (Figure 6.3). In 3D,
the expression of both genes followed similar trends over time per scaffolding system.
A down-regulation of both collagen-1 and collagen-2 was found in BM after 3 days
of culture in the three 3D scaffold systems when compared to hMSCs in BM after
1 day of 2D culture. Collagen-1 and collagen-2 expression fluctuated over-time and
remained down-regulated after 28 days of culture in BM in all three scaffold types.
In CM, both genes showed an up-regulation after 3 and 7 days of culture, which was
subsequently lost after 14 and 28 days of culture. Finally, hMSCs cultured in OM
showed non-significant changes in the fluctuating gene expression levels, except for
ES-scaffolds after 21 days of culture. This implied that the osteogenic soluble factors
did not directly correlate to collagen-1 and collagen-2 gene expression.

Another set of genes related to hMSCs differentiation was assessed for donor 1
hMSCs cultured in 2D as monolayer and in 3D on FDM-scaffolds and reported in
Figure S6.1. Aggrecan (ACAN) is involved in chondrogenesis and in 2D monolayer
culture the gene expression levels only showed a significant up-regulation in OM after
3 days. On FDM-scaffolds ACAN showed a significant up-regulation after 7 and 28
days of culture on FDM-scaffolds in CM. The small increase in ACAN expression in
BM was lost after 14 days of culture and the expression levels in OM even showed
a down-regulation at this time-point. BMP2 was assessed as a gene involved in
osteogenesis. Culture in BM in 2D resulted in a significant 5- to 6-fold down-regulation
of BMP2 expression after 3, 7 and 14 days. In contrast to the results in 2D, a
significant up-regulation of BMP2 was found in BM after 7, 14 and 21 days of culture
on FDM-scaffolds, whereas in CM and OM, no significant change in BMP2 expression
was found. Activated leukocyte cell adhesion molecule (ALCAM), related to the
cell surface marker CD166, is often described as an indicator for hMSCs clonogenic
potential [38]. It can be seen that ALCAM was significantly down-regulated a two-
fold in all time-points in nearly all conditions on FDM-scaffolds. Similar results were
found in BM in 2D culture in which a significant down-regulation of 1.6, 2.3 and 3.5
was observed after 3, 7 and 14 days, respectively.

To compare the results of the colony-picked hMSCs in 2D to the results of the
more heterogeneous population of hMSCs from donor 2 (Figure S6.2) and donor 4
(Figure S6.3), these cells were also cultured on 2D for 3, 7 and 14 days. In 2D
culture, it could be seen that similar to the results for colony-picked hMSCs the ALP
expression was down-regulated in CM for both donors. In OM, Sox9 expression was
also down-regulated, while collagen-1 and collagen-2 expression showed similar trends
per donor and seemed to fluctuate between a 2-fold up- and down-regulation without
a consistent change for both donors. In contrast to the results on ACAN expression
for colony-picked hMSCs in 2D, hMSCs from donor 4 showed an increase in ACAN
expression after 14 days of culture in CM.

To compare the expression levels of colony-picked hMSCs on 3D scaffolds to the
more heterogeneous population of hMSCs from donor 2 and donor 3, cells were cul-
tured for 3, 7, 14, 21 and 28 days on FDM- (Figure S6.4) and on ES-scaffolds (Figure
S6.5) for these two donors, respectively. Donor 2 generally showed no profound gene
expression level changes between the differentiation inducing culture media and BM
for all genes. Also donor 3 on ES-scaffolds showed no apparent differences in gene
expression levels for ALP, ACAN and ALCAM between the different culture media.
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Figure 6.4: Protein expression analysis showed an increase in ALP activity over time for
hMSCs in all three scaffold types when cultured in OM, whereas in BM and CM the ALP
activity was maintained at a basal level. A significant increase in GAG production was
observed for hMSCs cultured in CM after 28 days on FDM-scaffolds, after 3, 7, 21 and
28 days on ES-scaffolds and after 14 and 28 days on micro-objects. (FDM n=5, ES n=5,
Micro-objects n=8, # p<0.05, @ p<0.01, * p<0.001, Dunnett’s posttest with BM 2D day 4
as control)

Compared to 2D culture at day 1, all conditions showed a significant down-regulation
of ALP at all time-points and a significant up-regulation of ALCAM. Sox9 was down-
regulated in CM at all time-points and in BM for all time-points after 7 days of culture.
Collagen-1 expression was initially significantly up-regulated in BM and OM. After 14
days the expression stabilized at the same level as the 2D control after 1 day of culture.
In both FDM-scaffolds and ES-scaffolds, a more profound up-regulation of chondro-
genic or osteogenic marker expression after culture in CM and OM, respectively, was
found for colony-picked hMSCs than for the more heterogeneous populations of hM-
SCs from donor 2 and 3.

6.3.2 Differentiation potential of hMSCs in 3D scaffolds by
protein expression analysis

To investigate whether or not up-regulation of osteogenic or chondrogenic genes re-
sulted in a functional change in the cells behavior, protein expression analysis was
carried out (Figure 6.4). ALP activity was determined as an indicator of osteogenic
behavior and glycosaminoglycans (GAGs) secretion was determined as an indicator
for chondrogenesis. ALP activity increased significantly over time for hMSCs in all
three scaffold types when cultured in OM, whereas in BM and CM it was minimally
produced. A significant increase in GAG production was observed for hMSCs cultured
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in CM after 28 days on FDM-scaffolds, after 3, 7, 21 and 28 days on ES-scaffolds, and
after 14 and 28 days on micro-objects. Furthermore, a significant increase in GAG
production was found after 28 days in OM on FDM-scaffolds and after 21 days in OM
and BM on ES-scaffolds. To compare the expression levels of colony-picked hMSCs
on 3D scaffolds to more heterogeneous population of hMSCs, protein expression lev-
els were determined for cells cultured for 3, 7, 14, 21 and 28 days on FDM-scaffolds
(donor 2) and on ES-scaffolds (donor 3) (Figure S6.6). In contrast to the results
on ALP gene expression levels found for these two donors, the ALP activity showed
a positive correlation with OM. The up-regulation of ALP activity on ES-scaffolds
was observed at an earlier time-point than for FDM-scaffolds, which was also ob-
served with the colony-picked donor (Figure 6.4). GAG expression was significantly
up-regulated in the presence of CM on FDM-scaffolds after 7 days of culture and on
ES-scaffolds after 7, 14, 21 and 28 days of culture. In BM and OM, GAG production
was also up-regulated after 14, 21 and 28 days, and after 21 and 28 days, respec-
tively. The quantity of GAG/DNA on FDM-scaffolds showed to be higher for donor
2 hMSCs than for colony-picked hMSCs from donor 1. The quantity of GAG/DNA
on ES-scaffolds was found to be in the same range.

Figure 6.5: SEM analyses of donor 4 hMSCs after 28 days of culture in 3D on FDM-
scaffolds. In all three culture conditions BM (A, D), CM (B, E) and OM (C, F) collagen-like
ECM matrix deposition was found. The scaffolds showed a dense outer layer of cells in all
conditions. In CM vacuole-like structures were found which show comparable morphology
as can be found in native cartilage. The cells showed to distribute throughout the whole
construct in all conditions.
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6.3.3 SEM analysis of ECM production after soluble factor
induced differentiation

The distribution and morphology of the cells and ECM throughout the 3D scaffolds
were assessed by SEM (Figure 6.5 and Supplementary Figures 6.7 and 6.8). In FDM-
scaffolds, CM resulted often in lower cell numbers and less ECM production than
BM and OM. Yet, the ECM that was secreted showed collagen-like ECM fibers with
a tendency to align into bundles, whereas in BM and OM this orientation appeared
more random. Furthermore, in CM, vacuole-like structures were observed in the ECM
(Figure 6.5B). On ES-scaffolds, no profound differences were observed at the micro-
scale and all culture media resulted in a dense cellular layer on top of the sheets with
cells penetrated in between the scaffolds’ fibers (Figure S6.7). Also on micro-objects
no differences were found in cell morphology and distribution (Figure S6.8). In BM,
the cellular sheet at the outside of the aggregate appeared smoother than in CM and
OM.

6.3.4 Loss of differentiated state of hMSCs in FDM- and
ES-scaffolds upon soluble factor removal

The stability of differentiated phenotype was assessed for colony-picked hMSCs as
well as for more heterogeneous populations of hMSCs from donor 2, 3 and 4 on
FDM- and ES-scaffolds. The stability of differentiated phenotype was not assessed
for the micro-objects system since these objects are produced of a material that is
not often applied in the clinics, despite it has shown in vivo biocompatibility. FDM-
and ES-scaffolds, however, are fabricated of PEOT/PBT which was already applied
for in vivo tissue engineering approaches in the past. Soluble factors were removed
by replacing the culture media with BM after 14 days of inducing differentiation
into the chondrogenic (dex and TGF-β3) and osteogenic (dex) lineages on FDM-
and ES-scaffolds, a procedure that will further be referred to as the de-differentiation
phase. The culture period was prolonged with another 3 or 14 days to investigate if
changes in gene expression levels and protein production were observed with respect
to the specimens that were further cultured in differentiation media. Figure 6.6A
shows the gene expression levels for BM, CM and OM for day 14 and day 28, as
already presented in Figure 6.2 and 6.3, to enable visual comparison to results of the
de-differentiation phase introduced here. As can be observed in Figure 6.6, the ALP
expression significantly increased in OM after 14, 17 and 28 days in both scaffold types
compared to the levels for BM after 14 days of culture. After 3 days of potential de-
differentiation, the ALP expression levels in OB were still significantly up-regulated
compared to day 14 in BM, yet, a small decrease could be observed when comparing
to OM at the same time-point. After 14 days of potential de-differentiation, there
was no significant difference in ALP expression levels between samples in BM and
OB, whereas in OM the expression remained up-regulated.

Sox9 gene expression levels did not show the same trends for the two different
scaffold systems. In FDM-scaffolds, a significant increase in Sox9 expression was
found only after 17 days of culture in CM, whereas in ES-scaffolds a significant down-
regulation was found after 28 days in CM. In CB, no differences were observed after
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Figure 6.6: (A) RT-QPCR results after 14 days of soluble-factor-induced differentiation
followed by 3 or 14 days of de-differentiation. ALP gene expression on FDM-scaffolds signifi-
cantly increased in OM after 14, 17 and 28 days in both scaffold types compared to the levels
for BM after 14 days of culture. After 14 days of de-differentiation, there was no significant
difference between BM and OB, whereas OM remained up-regulated. In FDM-scaffolds a
significant increase in Sox9 expression was found only after 17 days of culture in CM, whereas
in ES-scaffolds a significant down-regulation was found after 28 days in CM. In CB no dif-
ferences were observed after 3 days or 14 days of de-differentiation compared to BM after 14
days of culture. Collagen-1 and collagen-2 expression was slightly or in some conditions even
significantly up-regulated after 17 days of culture, whereas a down-regulation was found in
all conditions after 28 days of culture. (B) ALP activity showed an up-regulation in OM
over time as observed before, yet the ALP activity in OB did not change in FDM-scaffolds
compared to OM at day 14. In ES-scaffolds the ALP activity was decreased compared to OM
at day 14. GAG expression showed a significant up-regulation in CM after 17 and 28 days
of culture in both scaffold types. In CB this up-regulation showed to be even higher after 17
days on ES-scaffolds whereas a decrease in GAG production was found in FDM-scaffolds at
the same time-point. (A: n=5, B: n=4, # p<0.05, @ p<0.01, * p<0.001, Dunnett’s posttest
with BM 3D of respective scaffold type day 14 as control)
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3 days or 14 days of de-differentiation compared to BM after 14 days of culture.
Similarly as to the results presented in Figure 6.3, collagen-1 and collagen-2 expression
showed the same trends per scaffold type. In both scaffold types, collagen-1 and
collagen-2 expression was slightly or in some conditions even significantly up-regulated
after 17 days of culture, whereas a down-regulation was found in all conditions after
28 days of culture.

The stability of mRNA expression levels after differentiation was also assessed for
donor 2 on FDM-scaffolds, for donor 3 on ES-scaffolds and for donor 4 on FDM-
scaffolds (Supplementary Figures 6.9, 6.10 and 6.11, respectively). In the FDM-
scaffolds, it was observed that Sox9, collagen-1 and collagen-2 generally showed sim-
ilar trends per donor, which was also observed for donor 1 on FDM-scaffolds. There
seemed to be no correlation between the gene expression of ALP, ACAN and ALCAM
per donor. Donor 2 and 4 did not show a consistent positive correlation between ALP
gene expression and the presence of OM. Also for the markers of chondrogenesis,
Sox9, ACAN and collagen-2, no positive correlation was found between gene expres-
sion levels and the presence of CM. For donor 3 hMSCs on ES-scaffolds, ALP was
significantly down-regulated in most of the conditions compared to BM day 14. Only
after 14 days of de-differentiation after osteogenic differentiation, the gene expression
levels were restored to comparable levels as for hMSCs in BM after 14 days of culture.
Sox9 and ACAN showed a consistent but not significant down-regulation in CM com-
pared to BM at day 14 on ES-scaffolds. Also this down-regulation was lost during
the de-differentiation phase.

To investigate the functional response of hMSCs upon de-differentiation, protein
expression levels were analyzed (Figure 6.6B). BM, CM and OM results after 14 and
28 days of culture are based on the same results as presented in Figure 6.4. ALP
activity in OM showed an up-regulation over time as observed before, yet the ALP
activity in OB did not change in FDM-scaffolds compared to OM at day 14. In ES-
scaffolds, the ALP activity was even decreased compared to OM at day 14 and showed
no significant difference with BM at day 14. GAG expression showed a significant
up-regulation in CM after 17 and after 28 days of culture in both scaffold types. In
CB, this up-regulation showed to be even higher after 17 days on ES-scaffolds whereas
a decrease in GAG production was found in FDM-scaffolds at the same time-point.
After 14 days of de-differentiation the GAG production was significantly increased in
CB compared to BM at day 14, yet the GAG expression was lower than for CM after
28 days of culture. Figure S6.12 shows the protein expression levels for donor 2 and
4 on FDM-scaffolds and for donor 3 on ES-scaffolds. It can be observed that only
donor 2 and 3 hMSCs showed a significant increase in ALP activity when cultured in
OM, and this activity is lost upon soluble factor removal. For donor 4, a significant
up-regulation was found in OB after 3 days of de-differentiation compared to 14
days of differentiation. There was, however, no significant difference between OM
and OB for donor 4 after 3 or 14 days of de-differentiation. With respect to GAG
production, only donor 4 showed a response on CM, whereas for the other 2 donors no
profound changes in GAG production were found. In just a few of the cases where a
change in the protein production levels was observed for heterogeneous populations of
hMSCs after differentiation, de-differentiation resulted in a decrease of these protein
production levels. For colony-picked hMSCs, this effect of the de-differentiation phase
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on protein production levels was found to be much stronger.

6.4 Discussion

Several studies have reported on hMSCs differentiation potential when cultured on
3D scaffolds with or without the addition of soluble factors. However, as far as we
know, the stability of the differentiated phenotype after in vitro culture is not assessed
thoroughly. In many tissue engineering applications, scaffolds cultured in vitro with
hMSCs ultimately have to be implanted in a defect site. Therefore, it is of high
importance to assess whether the results achieved in vitro have the potential to be
maintained upon implantation.

Differentiation towards the osteogenic and chondrogenic lineage in this study was
induced by the introduction of well-known soluble factors in the culture media. BM
served as a negative control on differentiation, assuming that similar as in 2D also in
3D no differentiation will be induced by the media components. The three different
scaffolds types did not seem to change the cellular phenotype of colony-picked hMSCs
towards the osteogenic or chondrogenic lineage without the presence of differentiation
media. In BM, there were no significant differences in mRNA expression levels in any
of the three systems for ALP, Sox9, collagen-1 and collagen-2 after 3, 7, 14, 21 or 28
days of culture compared to the control group in BM in 2D after 1 day of culture.
Also ALP activity and GAG production did not show consistent significant changes
over time for hMSCs in BM in any of the scaffold systems. The same was found for
two out of three of more heterogeneous hMSCs populations. Only the heterogeneous
population of hMSCs from donor 3 showed significant differences between mRNA ex-
pression levels after 1 day of culture in BM in 2D and after 3 days of culture in BM
on ES-scaffolds. Yet, these changes in expression levels did not change further over
time in BM for the majority of genes that were tested. From these results, it can be
concluded that all three scaffold-types did not induce osteogenic or chondrogenic dif-
ferentiation in both colony-picked hMSCs and in the more heterogeneous populations
of hMSCs in the absence of differentiation inducing soluble factors.

To assess whether these scaffolds support hMSCs differentiation, the differenti-
ation towards osteogenic and chondrogenic lineage was assessed using the previous
mentioned soluble factors. As an indication of osteogenic differentiation capacity, all
three scaffolds systems showed an up-regulation of ALP expression and ALP activ-
ity over time when the colony-picked hMSCs were cultured in OM with fold increases
comparable to the levels observed in 2D over time. This soluble-factor-induced change
in cellular phenotype was partly lost when OM was replaced by BM after 14 days of
differentiation which again gave the impression that the scaffolds did not induce but
also did not promote hMSCs differentiation towards the osteogenic lineage.

The induced chondrogenic response on CM in 2D culture was not as profound as
the osteogenic response on OM. Sox9, an early marker for chondrogenesis, did not
consistently increase over time. In contrast, in 2D it showed a direct decrease in all
three media formulations. In 3D a positive correlation between CM and Sox9 gene
expression was only found in FDM-scaffolds. The response on CM with respect to
the production of GAG was found to be the strongest in most consistent for hMSCs
cultured on the micro-objects. A down-regulation of Sox9 in combination with an
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up-regulation of osteogenic markers was observed in OM both in 2D and in 3D and
could be associated with differentiation into the osteogenic lineage [39].

During culture by microscopy observation and after culture by SEM analysis,
it was observed that the number of cells both in micro-mass culture and in FDM-
scaffolds in CM decreased over time. Although this difference in cell adherence was
not found to the same extend for all donors, probably as an effect of donor variation,
the lack of cells in CM for some of the donors could be caused by the absence of
FBS in the media which is known to act as a cell-adherence mediator. Conversely,
hMSCs cultured in CM on ES-scaffolds and on micro-objects showed DNA quantities
comparable to the DNA quantities of samples cultured in BM or OM at all time-
points for both the colony-picked hMSCs and the hMSCs from donor 3. Besides donor
variation, the differences in cell adherence for hMSCs cultured in CM on ES- scaffolds
or micro-objects and on FDM-scaffolds could be a result from both the physical
properties of the scaffold types (FDM vs electrospun) and the scaffold material (FDM
vs micro-objects).

A negative response in Sox9, collagen-2 and ACAN was found for hMSCs from
donor 3 cultured in CM on ES-scaffolds. The differentiation potential towards the
chondrogenic lineage for this heterogeneous population of hMSCs cultured in micro-
masses could not be assessed since the quantities of isolated RNA were too low to run
further analysis. For this donor, it could be concluded that these hMSCs lack differ-
entiation potential towards the chondrogenic lineage under traditional chondrogenesis
inducing culture conditions. ES-scaffolds might still be favorable as 3D support for
chondrogenic differentiation, in case the hMSC population of interest shows a high
potential to differentiate into the chondrogenic lineage in micro-mass culture. Low
RNA quantities were not observed for the micro-mass cultures of the other donors
and hence could be an effect of donor variation [34, 40]. In summary, gene expres-
sion levels for colony-picked hMSCs showed a more profound response to osteogenic
factors than the hMSCs from the other donors, probably due to the heterogeneity
of those hMSCs populations,. Furthermore, colony-picked hMSCs showed a positive
correlation between ALP gene expression levels and ALP activity as well as between
Sox9 gene expression and GAG production. For the more heterogeneous populations
of hMSCs a positive and consistent response on differentiation inducing factors was
only found in protein expression. Yet, the use of these heterogeneous populations
of hMSCs from older patients is more clinically relevant since in future therapies
pre-selection of hMSCs might be too costly and time-consuming.

With respect to de-differentiation, generally, it was observed that when hMSCs
showed a positive response on CM or OM towards the chondrogenic or osteogenic
lineage, respectively, the differentiated phenotype was lost within 3 or 14 days after
soluble factor removal. Both the response on differentiation inducing factors and the
loss of the differentiated phenotype upon de-differentiation was found to be stronger
in colony-picked hMSCs than in hMSCs from donor 2, 3 and 4. From these results,
it can be concluded that the potentially soluble-factor-induced differentiated pheno-
type of colony-picked hMSCs showed to be unstable. The phenotypic stability of
more heterogeneous populations of hMSCs also showed to be limited, since the in-
creased protein expression levels were lost upon soluble factor removal for most of the
conditions similarly to the results for colony-picked hMSCs.
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With the results presented herein, we would like to emphasize that for future in
vitro tissue engineering it is important to bear in mind that successful soluble factor
induced differentiation of any population of hMSCs does not necessarily result in a
stable commitment of the hMSCs to the targeted lineage. Therefore, the development
of differentiation inductive scaffolds that will retain their intrinsic instructive cues over
long time-periods could be vital for future tissue engineering applications.

6.5 Conclusion

To the best of our knowledge this is the first study where the soluble-factor-induced
differentiation of hMSCs is assessed for its stability on three distinct scaffold types
and compared to their differentiation capacity in 2D. Firstly, we showed that soluble-
factor-induced differentiation was neither inhibited nor promoted by the scaffolds’
properties which makes them suitable non-inductive supports for several tissue engi-
neering applications. Secondly, after soluble factor removal, the possibly differentiated
phenotype of the hMSCs was found to be lost and the mRNA expression levels of the
majority of the assessed genes returned to comparable levels as for hMSCs that were
cultured in non-inductive media during the full time-period of the study. From these
results, we conclude that although some scaffold types might be opted as promising
candidates to support hMSCs differentiation and tissue growth, these scaffolds do
not always guarantee a stable differentiated phenotype. In future tissue engineering
approaches, when combining scaffolds with hMSCs to be differentiated into a certain
lineage in vitro, the stability of the differentiation phenotype should be assessed to
better predict the constructs functionality upon implantation.
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Supplementary Information

Figure S6.1. Soluble-factor-induced differentiation of colony-picked hMSCs in 2D as mono-
layer (BM and OM) or micromass culture (CM) and in 3D on FDM-scaffolds was assessed
for ACAN, ALCAM and BMP2 mRNA expression levels. In micromass culture no activation
of ACAN was found upon culture in CM. On FDM-scaffolds, culture in CM resulted in a
significant up-regulation of ACAN after 7 and 28 days of culture. BMP2 showed a significant
down-regulation in 2D after 3, 7 and 14 days in BM and a significant up-regulation in 3D
after 7, 14 and 21 days in BM. ALCAM was significantly down-regulated in all conditions
for nearly all time-points. (n=5, except for ACAN in CM day 28 n=4, # p<0.05, @ p<0.01,
* p<0.001, Dunnett’s posttest with BM 2D day 1 as control)
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Figure S6.2. Soluble factor induced differentiation of hMSCs from donor 2 in 2D on TCPS.
ALP, Sox9 and ALCAM expression levels were significantly down-regulated in all three types
of media. Collagen-1 and collagen-2 expression followed similar trends in which initially a
small up-regulation in CM and a down-regulation at nearly all time-points in BM and OM
was found. ACAN expression was in some samples in CM too low to be detected. Some
samples showed too low expression levels of ACAN and ALCAM expression to be detected
within a reliable range of CT-values and were therefore not presented. (n=5, except for
ACAN in CM day 3 (n=1), day 7 (n=0), day 14 (n=2) and ALCAM in CM day 14 (n=1)
and OM day 14 (not expressed) # p<0.05, @ p<0.01, * p<0.001, Dunnett’s posttest with
BM 2D day 1 as control)
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Figure S6.3. Soluble factor induced differentiation of hMSCs from donor 4 in 2D on
TCPS. ALP expression levels were initially significantly down-regulated in CM. Sox9 was
significantly down-regulated after 7 days in BM and after 3 and 7 days in OM. Collagen-1
and collagen-2 expression followed similar trends in which there was initially a small down-
regulation in CM and an up-regulation at day 3 in OM. ACAN expression showed a significant
up-regulation in CM after 14 days of culture. (n=5, # p<0.05, @ p<0.01, * p<0.001,
Dunnett’s posttest with BM 2D day 1 as control)
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Figure S6.4. Soluble factor induced differentiation of hMSCs from donor 2 on 3D FDM-
scaffolds. No profound response on OM was found in the mRNA expression of the markers
for osteogenesis ALP and Collagen-1. Sox9 expression was initially increased in CM, and
significantly increased in BM and OM. This increase was lost after 7 days of culture. After
28 days of culture a small down-regulation was found compared to the expression levels after
1 day of culture in BM on TCPS. ACAN expression levels did not correlate to chondrogenic
induction in CM. ALCAM expression levels showed a two-fold down-regulation after 7 days
of culture, yet the expression levels remained stable up to 28 days of culture. (n=3-8, #
p<0.05, @ p<0.01, * p<0.001, Dunnett’s posttest with BM 2D day 1 as control)
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Figure S6.5. Soluble factor induced differentiation of hMSCs from donor 3 on 3D ES-
scaffolds. ALP and Sox9 expression levels were both significantly down-regulated in BM,
CM and OM at nearly all time-points. Collagen-1 and Collagen-2 expression showed similar
trends and fluctuate between a 3-fold down and 5 fold up-regulation for Collagen-1 and a
2-fold down- and up-regulation for collagen-2. ACAN expression levels decreased over time
for all conditions. ALCAM showed to be significantly up-regulated within 3 days of 3D
culture, yet the relative mRNA expression levels were slightly reduced over time. (n=5, #
p<0.05, @ p<0.01, * p<0.001, Dunnett’s posttest with BM 2D day 0 as control)
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Figure S6.6. Protein expression levels after soluble factor induced differentiation of hMSCs
from donor 2 and 3 in 3D on FDM- and ES-scaffolds, respectively. In both scaffold-systems
an increase in ALP activity was found after culture in OM. In ES-scaffolds ALP activity
was also increased after 14 and 28 days in CM. The GAG production on FDM-scaffolds
only showed an increase after 7 days of culture in CM. In BM and OM no changes in GAG
production were observed. The GAG production per g of DNA on ES-scaffolds was lower
than on FDM-scaffolds due to the higher amounts of DNA detected. In CM an increase
in GAG-production was found after 7 days of culture and remained stable up to day 28.
Surprisingly, also in BM and OM a significant increase in GAG-production was found after
14 and 21 days of culture respectively. (n=4, # p<0.05, @ p<0.01, * p<0.001, Dunnett’s
posttest with BM 2D day 3 as control for ALP donor 2, ALP donor 3 and GAG donor 3;
Dunnett’s posttest with BM 2D day 7 as control for GAG donor 2)
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Figure S6.7. SEM analysis after 21 days of culture on ES-scaffolds. There were no differ-
ences found in the morphology and distribution of the cells and the formed tissue between
scaffolds cultured with hMSCs in BM (A), CM (B) and OM (C). In all conditions a dense
cellular layer was found on top of the scaffolds. On the macro-scale was observed that the
majority of the ES-scaffolds wrinkled or curled-up when the hMSCs were cultured in CM.

Figure S6.8. SEM analysis of colony-picked hMSCs from donor 1 after 28 days of culture
in 3D on micro-objects. Also for micro-objects there were no differences found in the dis-
tribution of the cells and the formed tissue between micro-objects cultured with hMSCs in
BM (A, D), CM (B, E) and OM (C, F). However, the dense cellular layer surrounding the
aggregated micro-objects appeared smoother for hMSCs cultured in BM. hMSCs cultured
in CM seemed to produce more collagen-like fibers and the hMSCs in OM showed a highly
spread morphology with protrusions anchoring onto the micro-objects surface.
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Figure S6.9. The mRNA expression levels of donor 2 hMSCs on FDM-scaffolds after 3
and 14 days of de-differentiation subsequent to 14 days of differentiation were compared to
the expression levels resulting from 14 days of differentiation. ALP showed a significant up-
regulation after 14 days in CM. This increased expression level was lost not only after soluble
factor removal (CB) but also when culture in CM was continued. For all other markers no
significant differences were found at day 14 between BM, CM and OM indicating that the
presence of soluble factors did not result in differentiation of the hMSCs within 14 days.
Therefore, no conclusions with respect to de-differentiation could be drawn for this donor on
FDM-scaffolds. (n=3-8, # p<0.05, @ p<0.01, * p<0.001, Dunnett’s posttest with BM 3D
day 14 as control)
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Figure S6.10. The mRNA expression levels of donor 3 hMSCs on ES-scaffolds after 3
and 14 days of de-differentiation subsequent to 14 days of differentiation were compared to
the expression levels resulting from 14 days of differentiation. ALP expression levels were
significantly decreased for hMSCs in OM compared to hMSCs in BM after 14 days of culture
and remained to decrease over time in OM. When OM after 14 days of culture was replaced
with BM (OB) it was observed that the expression levels were restored to the same levels as
for hMSCs cultured in BM for 28 days. For Sox9 and ACAN expression, the same behavior
was found when CM was replaced with BM after 14 days of differentiation. Collagen-1,
collagen-2 and ALCAM did not show profound changes between BM, CM and OM after
14 days of differentiation and the expression levels for CM versus CB and OM versus OB
remained within the same range. (n=4-5 except for day 14 OM (n=2) and day 14 + 3 BM
(n=3), # p<0.05, @ p<0.01, * p<0.001, Dunnett’s posttest with BM 3D day 14 as control)
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Figure S6.11. The mRNA expression levels of donor 4 hMSCs on FDM-scaffolds after
3 and 14 days of de-differentiation subsequent to 14 days of differentiation were compared
to the expression levels resulting from 14 days of differentiation. ALP expression was up-
regulated for hMSCs in OM, after 3 days of de-differentiation the expression levels in OM
remained stable whereas in OB the expression levels where down-regulated within the same
range as hMSCs cultured in BM for 17 days. ALP expression levels for CM, OM, CB and
OB were too low to be detected, which was also the case for the levels of Sox9, ACAN
and ALCAM. Sox9 expression levels were slightly down-regulated in OM after 14 days of
culture. This decrease progressed after another 3 days of differentiation while at that time-
point hMSCs in OB remained comparable to the levels in OM at day 14. Collagen-1 and
collagen-2 expression showed differences between hMSCs cultured in CM or in OM. After
soluble factor removal these differences were retained. For ACAN and ALCAM no profound
changes in expression levels were observed between hMSCs cultured in BM, CM and OM.
Therefore the maintenance of expression levels after soluble factor removal for these markers
was not considered relevant. (n=3-5, except for day 14 CM, day 14 + 3 CB and OB, day 14
+ 14 CM (n=2) and Day 28 CB (n=1), # p<0.05, @ p<0.01, * p<0.001, Dunnett’s posttest
with BM 3D day 14 as control)
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Figure S6.12. Protein expression after 3 or 14 days of de-differentiation subsequent to
14 days of differentiation in CM or OM. The ALP activity was found to be significantly
increased for hMSCs cultured in OM in two out of three hMSCs populations. After 3 days
of de-differentiation donor 2 hMSCs still showed an increase in ALP activity. Yet, after 14
days of de-differentiation the ALP activity in OM showed to be significantly higher than in
OB. Also for hMSCs from donor 3 on ES-scaffolds, the ALP activity in OM was significantly
higher than in OB after 14 days of de-differentiation. For donor 4 the ALP activity was not
significantly increased in OM after 14, 17 or 28 days of differentiation compared to BM at
the same time-point. Only after 3 and 14 days of de-differentiation a significant increase in
ALP activity was found for hMSCs in OB and CB, respectively, compared to BM day 14.
When comparing the ALP activity of hMSCs in BM, CM, OM, CB and OB after 14 days
of de-differentiation, however, no differences were observed. The GAG expression levels did
not change significantly for two donors. Only donor 4 on FDM-scaffolds showed an increased
GAG production after hMSCs were cultured in CM. These elevated production levels were
lost both when culture in CM was continued as well as for hMSCs that were de-differentiated
in CB. (n=4, # p<0.05, @ p<0.01, * p<0.001, Dunnett’s posttest with BM 3D day 14 as
control)
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Abstract

Monitoring extracellular matrix (ECM) components is one of the key meth-
ods used to determine tissue quality in three-dimensional scaffolds for regen-
erative medicine and clinical purposes. Raman spectroscopy can be used for
non-invasive sensing of cellular and ECM biochemistry. We have investigated
the use of conventional (confocal and semi-confocal) Raman microspectroscopy
and fiber-optic Raman spectroscopy for in vitro monitoring of ECM formation in
three-dimensional poly(ethylene oxide terephthalate)-poly(butylene terephtha-
late) (PEOT/PBT) scaffolds. Chondrocyte-seeded PEOT/PBT scaffolds were
analyzed for ECM formation by Raman microspectroscopy, biochemical analy-
sis, histology and scanning electron microscopy (SEM).

ECM deposition in these scaffolds was successfully detected by biochemical
and histological analysis and by label-free nondestructive Raman microspec-
troscopy. In the spectra collected by the conventional Raman setups the Raman
bands at 937 cm−1 and at 1062 cm−1 which respectively correspond to colla-
gen and sulfated glycosaminoglycans (sGAGs) could be used as Raman markers
for ECM formation in scaffolds. Collagen synthesis was found to be different
in single chondrocyte-seeded scaffolds when compared to microaggregate-seeded
samples. Normalized band-area ratios for collagen content of single cell-seeded
samples gradually decreased during a 21 day culture period, whereas collagen
content of the microaggregate-seeded samples significantly increased during this
period.

Moreover, a fiber optic Raman set-up allowed for the collection of Raman
spectra from multiple pores inside scaffolds in parallel. These fiber optic mea-
surements could give a representative average of the ECM Raman signal present
in tissue engineered constructs. Results in this study provide proof-of-principle
that Raman microspectroscopy is a promising non-invasive tool to monitor
ECM production and remodeling in three-dimensional porous cartilage tissue
engineered constructs.

Keywords: Raman spectroscopy, scaffold, extracellular matrix, imaging, chon-
drocytes
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7.1 Introduction

Articular cartilage is a highly specialized connective tissue with the function to provide
a smooth and low-friction buffer between the bones of a joint and to distribute the load
over the surface of joints during movement. In several pathological conditions, such
as osteoarthritis and rheumatoid arthritis or trauma, cartilage shows limited capacity
for regeneration due to poor cellularity and its avascular character [1, 2]. The main
features of cartilage are closely related to its three-dimensional matrix, which mainly
consists of collagen type-II, proteoglycans and water [3, 4]. Therefore evaluating the
production levels of these essential ECM components is a key to determine tissue
quality in tissue engineered constructs. Conventional quality testing methods, such
as immunohistochemistry, histology and microscopy techniques are all destructive
and require tissue fixation, labeling, biochemical staining or cell lysis. In contrast,
Raman microspectroscopy is a label-free technique, which does not require special
sample preparation and can be used for non-invasive characterization of cell and
tissue biochemistry [5]. It has been demonstrated that a careful selection of suitable
laser wavelengths and intensity eliminates cell damage allowing for the study of cells
without inadvertently changing their phenotype or behavior caused by photo damage
[6, 7]. This vibrational spectroscopic technique employs an inelastic scattering effect
(the Raman effect) to generate a molecular fingerprint of the investigated samples
based on detection of specific wavelength shifts caused by chemical bond vibrations.

Raman spectral studies have already been performed on structural analysis of
collagen [8, 9], sulfated glycosaminoglycans (GAGs) and proteoglycans [10, 11]. Fur-
thermore, this technique has been successfully applied to study collagen containing
ECM in a medium-throughput culture system [12] and to monitor chondrocyte be-
havior on bioactive scaffolds [13]. In a fiber optic configuration, Raman spectroscopy
has already been used for monitoring tissues in joints in vivo [14] and to investigate
the process of bone graft incorporation in bone reconstruction and repair in a tran-
scutaneous manner [15]. Other researchers have reported on in vivo measurements
from the bladder and prostate [16], oesophagus [17], skin [18], cervix [19, 20], and
arteries using Raman spectroscopy [21].

In this study, we have investigated the use of label-free Raman microspectroscopy
to detect ECM formation and to monitor the production levels of essential ECM
components over time in three-dimensional (3D) porous PEOT/PBT scaffolds using
conventional and fiber optic Raman setups. Previously, PEOT/PBT copolymers have
been extensively studied and proven to be suitable for their use as scaffold material in
tissue engineering, both in vitro and in vivo [22-25], and reached clinical applications
(PolyActiveTM, IsoTis Orthopaedics S.A.) as dermal substitutes [26] and bone fillers
[27, 28].

7.2 Materials and Methods

7.2.1 Casting of agarose microwell arrays

Agarose microwell arrays were prepared with a soft-lithography technique. Poly-
dimethylsiloxane (PDMS) negative molds were used to routinely cast the arrays, with
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microwells with a diameter of 200 µm, in 3% agarose gel as described earlier [29].
Ultrapure c© Agarose (Invitrogen, Carlsbad, CA) was dissolved with a concentration
of 3% w/v in sterile phosphate-buffered saline (PBS) solution (Gibco, Carlsbad, CA)
by heating. Seven milliliter of dissolved agarose were pipetted into each well of a
6-well tissue culture plate in which the molds were previously placed (one mold/well)
and centrifuged briefly to remove air bubbles. After setting in 4 ◦C for 30 minutes,
the solidified gels with the microwell arrays were removed from the wells and sepa-
rated from the mold using a spatula. A cylindrical puncher was used to cut out the
microwell arrays to fit a standard 12 wells plate.

7.2.2 Fabrication of PEOT/PBT scaffolds

300PEOT55PBT45 (PolyActiveTM300/55/45, PolyVation, The Netherlands) is a
block copolymer with a weight ratio of 55 to 45 for the two components (PEOT
and PBT) respectively, and a molecular weight of the starting poly(ethylene glycol)
(PEG) segments of 300 Da used in the co-polymerization process. 3D regular grids
were fabricated by 3D fiber deposition with a bioscaffolder (SysENG, Germany) with
a fiber to fiber distance of 800 µm, a fiber diameter of approximately 200 µm and
a layer thickness of 150 µm. Cylindrical porous scaffolds (6 mm in diameter by 4
mm in height for the semi-confocal Raman study and 4 mm in diameter by 3 mm in
height for the confocal and the fiber optic Raman study) were punched out of the 3D
regular grids. These scaffolds were sterilized in 70% ethanol 2 times for 30 minutes
each, washed in PBS first for 5 minutes and additionally for other 30 minutes two
times, and finally incubated in culture medium overnight prior to cell culture.

7.2.3 Isolation of bovine chondrocytes and cell culture

Primary bovine chondrocytes were isolated from articular cartilage derived from the
femoral-patellar groove of a 10-month-old calf by digestion with 420 U/mL colla-
genase type-II (Worthington Biochemical, Lakewood, NJ). The freshly isolated pas-
sage 0 (P0) chondrocytes were cultured in chondrocyte medium (CM) consisting of
Dulbecco’s modified eagle medium (DMEM, Gibco, Carlsbad, CA) containing 10
v/v % heat-inactivated fetal bovine serum (FBS, South American Origin; Biowhit-
taker, Lonza, Verviers, Belgium), 100 U/mL penicillin G (Invitrogen, Carlsbad, CA),
100 µg/mL streptomycin (Invitrogen), 0.1 mM nonessential amino acids (Sigma, St.
Louis, MO), 0.4 mM proline (Sigma, St. Louis, MO), and 0.2 mM L-ascorbic-acid-
2-phosphate (Sigma, St. Louis, MO) at 37 ◦C under a humidified atmosphere of 5%
CO2.

After being cultured on tissue culture plastic (T-flask; Nunc; Thermo Fischer
Scientific, Roskilde, Denmark), in control samples chondrocytes (P1) were seeded on
scaffolds in CM. During the single cells versus aggregates study (confocal Raman
study), one half of the chondrocytes (P1) were used for scaffolds, the other half were
used for creation of chondrocyte aggregates using agarose microwell arrays in CM
(2865 microwells and 1 × 106 cells/agarose microwell array). Chondrocytes seeded in
these microwells spontaneously formed microaggregates (∼ 350 cells/microaggregate)
at the bottom of the microwells after 12 hours. Subsequently, at 1 day of culture, the
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chondrocyte microaggregates were flushed out with CM from the agarose microwell
arrays, collected and seeded on scaffolds.

7.2.4 Cell seeding of PEOT/PBT scaffolds

Each scaffold was placed aseptically into a well of a non-tissue culture treated 24 wells
(in the semi-confocal Raman study) or 48 wells plate (in the confocal and fiber optic
Raman study) (both Nunc, Thermo Fisher Scientific, Roskilde, Denmark).

In the semi-confocal Raman study, human fibronectin (300 µg/mL, BD Bio-
sciences), which is known to support cell adhesion [30], was applied to the chondrocyte
suspension before seeding onto the scaffolds The cell-fibronectin suspension, 3 × 106

cells in a final volume of 50 µL for each scaffold, was pipetted onto scaffolds and left
to completely adsorb into the porous structure. Samples were left in an incubator
at 37 ◦C under a humidified atmosphere of 5% CO2 for 45 minutes. Subsequently, 2
mL of culture medium was carefully added drop wise. After 7 and 21 days of culture
the samples were studied using Raman microspectroscopy. Chondrocytes of C-28/I2
human immortalized chondrocyte cell line were also seeded on PEOT/PBT scaffolds.
C-28/I2 cells were used as a negative control for matrix formation, since they were
previously described showing mainly proliferation and low gene expression involved
in extracellular matrix synthesis and turnover [31]. C-28/I2 cell seeded samples were
cultured in CM under a humidified atmosphere of 5% CO2 at 37 ◦C and analyzed by
Raman microspectroscopy after 21 days of culture period.

In the confocal Raman study (single cells versus microaggregates study) and fiber
optic Raman study, before transferring the PEOT/PBT scaffolds into 48 wells plates,
a layer of 3% agarose gel was deposited onto the bottom of each individual well. A
circular hole with a diameter slightly bigger than the scaffold was punched out from
the middle of the gel in each well and the scaffolds were placed into these holes (one
scaffold per well/hole). These holes serve as barriers to prevent cell suspension from
flowing out of the scaffold, providing efficient cell seeding. For fiber optic Raman
measurements, only single cell-seeded samples were used. The single chondrocyte or
microaggregate suspension (both without fibronectin) consisting of 500,000 cells, or
500,000 cells in microaggregates in a final volume of 30 µL per scaffold, were seeded
onto scaffolds drop wise. Subsequently, samples were left undisturbed for 45 minutes
and then 1 mL of culture medium was carefully added drop wise. Cell seeded samples
were cultured in chondrogenic differentiation medium consisting of DMEM supple-
mented with 100 U/mL penicillin G, 100 µg/mL streptomycin, 40 µg/mL proline, 0.2
mM L-ascorbic-acid-2-phosphate, 50 mg/mL insulin-transferrin-selenite (ITS) Premix
(Bexton Dickinson), 100 µg/mL sodium pyruvate (Sigma), 10 ng/mL transforming
growth factor-β 3 (TGF-β 3, Invitrogen) and 0.1 µM dexamethasone (Sigma), at 37
◦C under a humidified atmosphere of 5% CO2. After 7, 14 and 21 days of culture
analysis of ECM formation was performed by Raman microspectroscopy, total DNA
quantification, GAG and hydroxyproline detection assay, SEM and histology.
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7.2.5 Semi-Confocal Raman Microspectroscopy

Samples for the semi-confocal Raman study were monitored by using a Nikon E600 epi-
fluorescence microscope (Nikon, Inc., Melville, New York) modified for near-infrared
(NIR) Raman spectroscope in house which was previously described [32] Briefly, a 785-
nm Kaiser Invictus laser was line-focused (Kaiser Optical Systems, Inc., Ann Arbor,
Michigan) onto the samples using a 20×/0.75 NA S Fluor objective. Raman-scattered
light was collected through the same 20×/0.75 NA S Fluor objective and dispersed
through a spectrograph (HoloSpec f /1.8, Kaiser Optical Systems, Inc.). Prior to
Raman measurements, samples were transferred onto fused silica slides. Raman signal
was collected for 180 seconds on a charge-coupled device (CCD) detector optimized
for NIR wavelengths (DU401-BR-DD, Andor Technologies, Belfast, Northern Ireland).
Raman transects consisted of 126 Raman spectra arranged at equidistant points along
a line through the specimen. Compared to confocal Raman systems (point-mapping
mode), the confocality is reduced along the slit. Three transects were collected at
three various locations (in three pores) across the surface of each scaffold-sample and
time point (one sample per time point). A total of 378 (3×126) Raman spectra were
collected from each scaffold and time point in this study. Bright field micrographs
were collected with a stereomicroscope (Nikon, SMZ800) and with a Plan Apo 1×/0.1
NA objective from each scaffold at all time points.

7.2.6 Confocal Raman Microspectroscopy

In the confocal Raman study, measurements were performed using a home-built con-
focal Raman spectrometer as described earlier [12, 33, 34] on the tissue engineered
constructs. Briefly, a Krypton ion laser (Coherent, Innova 90K, Santa Clara, CA) with
an emission wavelength of 647.1 nm was used as the excitation source. A 40×/0.75
NA Olympus UIS2 objective (UPlanFLN, Olympus, Hamburg, Europe) was used
to illuminate the sample as well as to collect the Raman-scattered photons in epi-
detection mode. The scattered light was filtered by a razor-edge filter (Semrock,
Rochester, NY, USA) to suppress reflected laser light and Rayleigh-scattered light,
and focused onto a pinhole of 15 m diameter at the entrance of an imaging spec-
trograph (HR460; Jobin-Yvon, Paris, France), which contained a blazed holographic
grating with 600 grooves/mm. The spectrograph dispersed the Raman-scattered pho-
tons on an air-cooled electron-multiplying CCD detector (Newton DU-970N, Andor
Technology, Belfast, Northern Ireland). The system provided a spectral resolution
of 1.85 to 2.85 cm−1/pixel over the wavenumber range from -20 to 3670 cm−1. Ra-
man images were acquired from the samples by recording a full spectrum from each
position of the laser beam guided by the displacement of the scanning mirror in the
area of interest on the samples. Each Raman scan resulted in 1024 spectra. These
measurements were performed in an area of 30 × 30 µm with a spectral resolution of
310 nm per scan, an accumulation time of 1 s/step and an excitation power of 35 mW.
Three Raman images were collected from three pores of each sample and triplicates of
samples were measured each time point. The samples were scanned by using a scan-
ning mirror system (SM, MG325D and G120D, General Scanning, Bedford, USA).
Toluene, a Raman calibration standard, which has accurately known peak frequencies
(521, 785, 1004, 1624, 2921 and 3054 cm−1), was used for wavenumber calibration of
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Figure 7.1: Baseline corrected mean Raman transects from samples of PEOT/PBT scaf-
folds, seeded with bovine chondrocytes, acquired after 7 and 21 days of culture period and
collected by the semi-confocal Raman setup in the region A: from 600 cm−1 to 1800 cm−1

B: from 900 cm−1 to 1300 cm−1. Increased intensities of the Raman bands at 937 cm−1

(collagen) and 1062 cm−1 (proteoglycans) were clearly visible from day 7 to day 21 of the
culture period. C: Semi-quantitative univariate data analysis showed normalized integrated
band-area ratios of the collagen (white bar) and proteoglycan (black bar) bands after 7 and
21 days of culture period. The normalized band-area ratios were obtained from the ratio of
the collagen or proteoglycan band over the band of phenylalanine (1001 cm−1). All bands
were integrated after baseline subtraction. The normalized band-area ratio for both collagen
and proteoglycan content were significantly increased from day 7 to day 21 of culture period
(collagen: p=0.0003; sGAG: p=0.0065).

the spectra. Prior to Raman measurements, samples were washed with PBS, fixed
in 10% formalin for 10 minutes, washed extensively with PBS afterwards and placed
onto UV grade calcium fluoride slides (Crystran Ltd., UK).

7.2.7 Raman data analysis

Spectra obtained from the semi-confocal Raman study were corrected for curvature,
dark current, and variations in the CCD quantum efficiency. A mean spectrum was
calculated and baseline-corrected from each transect after correction for the fused
silica background.

Preprocessing of spectra obtained from the confocal Raman study was performed
as described previously [34-36]. The spectra were preprocessed by: (1) removing
cosmic ray events; (2) subtracting the camera offset noise (dark current); and (3)
calibrating the wave number axis. The well-known band-positions were used to relate
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Figure 7.2: Mean Raman transects from a PEOT/PBT scaffold without cells in the region
A: from 600 cm−1 to 1800 cm−1 and B: from 900 cm−1 to 1300 cm−1. The Raman spectrum
shows Raman bands in the same region as the Raman spectra of the cell-seeded scaffolds
displayed in Figure 7.1. However PEOT/PBT specific bands can be easily recognized and
do not interfere with ECM specific bands at 937 and 1062 cm−1.

wavenumbers to pixels. The frequency-dependent optical detection efficiency of the
setup was corrected using a tungsten halogen light source (Avalight-HAL; Avantes
BV, Eerbeek, The Netherlands) with a known emission spectrum. The detector-
induced etaloning effect was compensated by this procedure. After data correction,
the spectra of the Raman scans on respective measurement days were averaged to
generate mean spectra for each sample.

Both in the semi-confocal and confocal Raman study semi-quantitative univariate
data analysis was performed by selecting specific vibrational bands of collagen or/and
sGAGs in the averaged spectra from each time point, and integrating each band after
local baseline subtraction. Subsequently, normalized band-area ratios were obtained
from the collagen and proteoglycan bands separately over the integrated band of the
phenylalanine ring breathing mode at 1001 cm−1. The calculations were made using
normalized band-area ratios, not absolute values, so the system is rather a semi-
quantitative than a quantitative monitoring of the collagen and sGAG formation [12].
All data manipulations were performed using routines written in MATLAB 7.4 (The
Math Works Inc., Natick, MA).
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7.2.8 Fiber-optic Raman spectroscopy and data analysis

Fiber-optic Raman measurement was carried out using a custom designed fiber optic
Raman probe. Details of the Raman probe design have been previously described
[15, 37]. Briefly, the fiber optic Raman probe consisted of 50-collection fibers that
were arranged into 10 branches. The fibers employed in the probe design are silica
fibers with core diameter of 100 µm. Each branch housed 5-fibers and terminated in
a stainless steel ferrule with an outer diameter of 1.25 mm. The Raman probe was
used with a custom designed aluminum probe holder to facilitate contact of each fiber
with the scaffold. The Raman collection probes were bundled at the distal end into
a linear array for coupling to the Raman spectrograph (RamanRxn1, Kaiser Optical
Systems Inc.). Laser illumination was achieved using a 300 µm core optical fiber, that
terminated in a stainless steel ferrule (OD = 400 µm) and coupled to an 830 nm laser
source. Raman data were acquired with the fiber optic Raman probe and processed
with MATLAB - including silica subtraction - to generate ten Raman spectra for
all collection probes. Data processing includes dark subtraction, removal of spikes
due to cosmic rays and correction for grating induced curvature. Silica contribution
from the optical fibers was subtracted by derivative subtraction of silica background
spectra that was acquired by reflecting the excitation laser from a frosted aluminum
surface into the optical fibers. Further processing included baseline subtraction using
a 5th order polynomial [38]. The ten Raman spectra were averaged to generate mean
spectra for each sample (each single cell-seeded scaffold).

7.2.9 GAG detection assay

Following 7 and 14 days of culture, samples from the confocal Raman study were
washed with PBS and frozen at 80 ◦C. After thawing, the constructs were digested
for 16 hours at 56 ◦C with 1 mg/mL proteinase K (Sigma-Aldrich) in Tris/EDTA
buffer (pH 7.6). This solution contained 185 µg/mL iodoacetamine and 10 µg/mL
Pepstatin A (both Sigma Aldrich). Quantification of total DNA was done using the
CyQuant DNA assay (MolecularProbes) and a spectrophotometer (excitation 480
nm, emission 520 nm, Victor3, Perkin Elmer). The amount of GAG was determined
spectrophotometrically after reaction with dimethylmethylene blue dye (DMMB, Sig-
maAldrich) in a 10 mM hydrochloric acid solution containing 3.04 g/L of glycine and
2.37 g/L of NaCl (pH3). A micro plate reader (Multiskan GO, Thermo Fisher) was
used to determine the absorbance at 520 nm. The amount of GAG was calculated
using a standard of chondroitin sulfate (SigmaAldrich).

7.2.10 Hydroxyproline assay

Hydroxyproline assay was carried out on the same proteinase K digested samples as
for the GAG assay and DNA quantification. From the digested sample 15 µL was
transferred to a teflon capped glass bottle, 15 µL of concentrated hydrochloric acid
(HCl, 12 M) was added and samples were hydrolyzed at 120 ◦C for 3 hours. The
complete supernatant was transferred to a 96 well plate and left to evaporate at 60
◦C. Subsequently, 100 µL of chloramine T/ Oxidation buffer mix was added to each
well and incubated at room temperature for 5 minutes. Finally 100 µL of DMAB
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Reagent was added to each including the hydroxyproline standard and incubated for
90 minutes at 60 ◦C. A micro plate reader (Multiskan GO, Thermo Fisher) was used
to determine the absorbance at 560 nm.

Figure 7.3: Mean Raman transect from PEOT/PBT scaffold seeded with human C28/I2
chondrocytes (negative control for extracellular matrix formation) in the region from 900
cm−1 to 1200 cm−1 at day 21 of culture period. Mean Raman transect does not show bands
at 937 cm−1 (collagen) and at 1062 cm−1 (proteoglycans).

7.2.11 Histology

In the confocal Raman study, after Raman measurements, samples were embedded
in glycol methacrylate (GMA) for histological analysis, sectioned at 10 µm intervals,
and stained with Safranin-O (Sigma) for visualization of sulfated glycosaminoglycans
(sGAGs), and hematoxylin and eosin (H&E, Sigma) for visualization of the nuclei
and cytoplasm.

7.2.12 Scanning Electron Microscopy (SEM)

Cell morphology and attachment was characterized by SEM analysis with a Philips XL
30 ESEM-FEG. Samples (from the confocal Raman study) were fixed for 30 minutes
in 10% formalin. Subsequently the samples were dehydrated in sequential ethanol
series and critical point dried from liquid carbon dioxide using a Balzers CPD 030
Critical Point Dryer. The constructs were gold sputter coated (Cressington) prior to
SEM analysis.

7.2.13 Statistical analysis

The results are presented as mean ± standard deviation (SD). Experimental data were
analyzed for statistical significance using a student t-test. Statistical significance was
set to p-value < 0.05 (*).

7.3 Results and Discussion

The aim of this study is to investigate the use of conventional (semi-confocal and con-
focal) and fiber-optic Raman microspectroscopy for monitoring ECM formation dur-
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Figure 7.4: Bright field micrographs of A: PEOT/PBT scaffold seeded with human C28/I2
chondrocytes at day 21 of culture period and B: PEOT/PBT scaffold seeded with bovine
chondrocytes at day 7 and 21 of culture period. Abundant ECM formation was observed in
scaffolds seeded with bovine chondrocytes. The image was made with a 10× objective and
scale bars are equal to 1000 µm

ing cell culture in, 3D fiber deposited porous PEOT/PBT scaffolds. Moreover, chon-
drocytes have been seeded as single cells and as microaggregates onto the PEOT/PBT
scaffolds, to investigate if there are differences in ECM formation between single cell-
and cell aggregate-seeded scaffolds. The rationale of using microaggregates instead of
single chondrocytes was to initiate increased ECM formation. It is known that three-
dimensional aggregation is an essential step in chondrogenesis and sustains matrix
production of chondrocytes [39-41].

In the semi-confocal Raman study, Raman transects from PEOT/PBT scaffolds
seeded with bovine chondrocytes were acquired after 7 and 21 days of culture period
using a conventional Raman setup. Mean Raman transects of these samples showed
increased intensities of the bands at 937 cm−1 and 1062 cm−1 from day 7 to day
21 of the culture period (Figure 7.1A and B - truncated). These bands correspond
to collagen (proline, hydroxyproline, C-C vibrations of collagen backbone) [42] and
chondroitin sulfate and proteoglycans (including aggrecan) [10, 43, 44] respectively,
which are essential components of the ECM in cartilage.

It was previously described that the band of collagen found at 937 cm−1 can
be used as a Raman marker for collagen-containing extracellular matrix formation
over time in chondrocyte pellet cultures [12]. Furthermore, chondrocyte behavior
on bioactive scaffolds has already been monitored by using Raman spectra from the
extracellular matrix deposited onto such scaffolds and by assessing Raman bands
indicative for collagen and amide I in the spectral region between 1200 cm−1 and
1800 cm−1 [13]. In order to quantify changes in intensities of bands at 937 cm−1 and
1062 cm−1, we used semi-quantitative univariate data analysis.

The results of the univariate data analysis are shown in Figure 7.1C with the
normalized band area ratios for the band signifying collagen and proteoglycans. Sub-
sequently, band-area ratios were obtained from collagen and proteoglycan bands sep-
arately over the integrated band of the phenylalanine ring breathing mode at 1001
cm−1 [45]. Phenylalanine was found to be the best-resolved band and is not sensitive
to local chemical environments [32]. The normalized band-area ratio for both collagen
and proteoglycan content increased from day 7 to day 21 of culture period.

Mean Raman transects were also obtained from PEOT/PBT scaffolds without
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cells (Figure 7.2A and B - truncated) as reference spectra. Comparing these spectra
with the mean Raman spectra of cell-seeded scaffolds on Figure 7.1A and B, Raman
contributions of PEOT/PBT polymer can be distinguished at 630 cm−1, 854 cm−1

and between 1100 cm−1 and 1800 cm−1 in Raman spectra from cell-seeded scaffolds.
The area of measurement on ECM overlaps in some cases with part of the polymer
scaffold during Raman imaging, leading to Raman contributions from the polymer in
the obtained spectra. Yet, PEOT/PBT specific bands can be easily recognized and
do not interfere with ECM specific bands at 937 and 1062 cm−1.

Raman transects from PEOT/PBT scaffolds seeded with the C-28/I2 human im-
mortalized chondrocyte cell line, used as negative control for ECM formation, were
collected after 21 days of culture period similar to bovine chondrocyte-seeded sam-
ples. The average of the Raman transects of these samples did not show bands at
937 cm−1 (collagen) and at 1062 cm−1 (proteoglycans), even after 21 days of culture
(Figure 7.3). Furthermore, bright field microscopy of these samples showed that no
ECM was present (Figure 7.4A) which confirmed the analysis done based on Raman
spectra. In contrast, the bright field micrographs of bovine chondrocyte-seeded sam-
ples (Figure 7.4B) showed collagen like fiber formation at day 7 of the culture period
indicative of ECM production. Moreover, the amount of ECM further increased in
time completely covering the scaffolds at day 21 (Figure 7.4B).

In the confocal Raman study presented here the seeding of single chondrocytes
was compared to seeding of chondrocyte microaggregates on three-dimensional fiber
deposited PEOT/PBT scaffolds. In a previous study, similar 3D polymer scaffolds
were seeded with bovine articular chondrocytes in spinner flasks, so that stirred cell
culture promoted the formation of cell aggregates as were used in this study [46]. In
that previous study, cell aggregation enhanced the kinetics of cell attachment without
compromising the uniformity of cell distribution on the scaffolds [46]. In our confocal
Raman study, chondrogenic differentiation medium was used, to stimulate proteogly-
can synthesis from chondrocytes in 3D cell culture in the same way as was done by
Mauck and co-workers [47]. Mean Raman spectra from single chondrocyte- and chon-
drocyte microaggregate-seeded scaffolds (Figure 7.5) showed bands corresponding to
phenylalanine (C-C aromatic ring) at 1001 cm−1 [45], lipids/proteins (CH2 bend-
ing mode) at 1448 cm−1 [48] and amide I at 1657 cm−1 [49]. Additionally, Raman
bands at 937 cm−1 (collagen) and at 1062 cm−1 (proteoglycans) were also detected
indicating ECM deposition.

Although normalized band-area ratios for proteoglycan content did not change
over time, collagen synthesis was found to be different in single chondrocyte-seeded
scaffolds when compared to microaggregate-seeded samples (Figure 7.5B and C). The
normalized band-area ratios for total collagen content of single cell-seeded samples
gradually decreased during a 21-day culture period (Figure 7.5B), whereas the to-
tal collagen content of the microaggregate-seeded samples had significantly increased
(Figure 7.5C) during this period.

Several studies with chondrocytes have shown correlation between the aggregation
of chondrocytes in multiple layers and enhanced cartilaginous tissue formation [41,
50-52]. Our Raman results in this study also indicate that the use of chondrocyte
microaggregates, instead of single chondrocytes, for cell seeding of scaffolds could
be used to enhance ECM formation and therefore could potentially lead to more
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Figure 7.5: Mean Raman spectra and corresponding normalized band-area ratios of
PEOT/PBT scaffolds seeded with bovine single chondrocytes or chondrocyte microaggre-
gates. A: Mean Raman spectra acquired after 7, 14 and 21 days of culture period and
collected by the confocal Raman setup in the region from 600 cm−1 to 1800 cm−1. The
spectra were vertically displaced for clarity: (a) 7 days, (b) 14 days, (c) 21 days cultured
scaffolds seeded with single chondrocytes, and (d) 7 days, (e) 14 days and (f) 21 days cultured
scaffolds seeded with chondrocyte microaggregates. B, C: Semi-quantitative univariate data
analysis showed normalized integrated band-area ratios of collagen (white bar) and proteogly-
cans (black bar) bands for the Raman spectra of single cell-seeded and microaggregate-seeded
scaffolds at day 7, 14 and 21 of culture period. The normalized band-area ratio acquired from
the ratio of the collagen or proteoglycan band to the band of phenylalanine (1001 cm−1).
All bands were integrated after baseline subtraction. Although normalized band-area ra-
tios for proteoglycan content did not change over time, but collagen synthesis was found
to be different in single chondrocyte-seeded scaffolds when compared to microaggregate-
seeded samples. While normalized band-area ratios for collagen content of single cell-seeded
samples gradually decreased during the 21 day culture period, the collagen content of the
microaggregate-seeded samples showed a significantly increase during this period (p=0.0353).

functional cartilage tissue engineered constructs.
ECM formation in the single chondrocyte-seeded scaffolds was also evaluated

using fiber optic Raman spectroscopy. The experimental fiber optic Raman setup
for measurements can be seen in Figure 7.6A. Average Raman spectra from single
chondrocyte-seeded scaffolds cultured for 14 days and 21 days mainly showed Raman
contributions from the optical fibers (i.e. residual silica Raman spectra) even after sil-
ica background subtraction. However, Raman spectra of cell-seeded scaffolds showed
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Figure 7.6: Setup of fiber-optic Raman probe for measurement on single chondrocyte-
seeded scaffolds. A-B: The illumination and collection fibers were spread around the scaffold
using a custom design aluminium probe holder to facilitate contact of each fiber with the
scaffold. C: Mean Raman spectra from scaffolds seeded with single bovine chondrocytes at
day 14 and 21 of culture period and from scaffolds without cells showing the spectral region
from 900 cm−1 to 1200 cm−1. Although, the Raman spectra collected with the fiber-optic
setup shows inherent background signal generated by silica within the optical fiber, the bands
at 920 cm−1 and 972 cm−1 (attributes of ECM) are still recoverable.

Raman bands at 920 and 972 cm−1 corresponding to components of collagen, such as
aminoacid proline, which were not found in the spectra of the scaffold without cells.
We show in Figure 7.2 that PEOT/PBT spectra do not show Raman bands in the
spectral region between 900 and 1100 cm−1. Therefore, bands arising in this region in
spectra of bare scaffolds, as can be seen in Figure 7.6B, originate from Raman scat-
tering generated from the silica within the optical fibers, which were not completely
removed by derivative silica subtraction algorithm performed with codes written in
MATLAB. A suitable algorithm in MATLAB for more accurate silica background sub-
traction and/or further data processing using multivariate statistical technique such
as Band target entropy minimization (BTEM) greatly reduces background bands and
maximizes the Raman bands specific for ECM.

Additionally, we investigated ECM deposition in the single cell- and
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Figure 7.7: Matrix production. A: Results of GAG-assay and B: hydroxyproline assay,
a measure for total collagen, both normalized to DNA content of single chondrocyte- or
microaggregate-seeded PEOT/PBT scaffolds at day 7 and 14 of culture period. GAG pro-
duction was successfully detected in all samples, although major significant differences were
not observed. Collagen production decreased significantly for single cells when comparing
day 7 with day 14 (p=0.042. Microaggregates show significantly less collagen production
than single cells (p=0.016) after 7 days of culture. C: Result of Safranin O and H&E stain-
ing visualizing sGAG production and nuclei & cytoplasm respectively in single chondrocytes-
and microaggregate-seeded scaffold at day 7 and 14 of culture period. Scale bar equals to
100 µm.
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microaggregate-seeded samples by more conventional methods. GAG formation was
successfully detected by biochemical analysis (GAG-assay), both in the single cell-
seeded and microaggregate-seeded samples at day 7 and 14 of the culture period.
However, significant differences were not observed (Figure 7.7A). The hydroxypro-
line analysis indicated that cells produce significantly more collagen-like matrix per
cell when seeded on the scaffolds as single cells compared to microaggregates (Figure
7.7B). Furthermore, higher collagen production per cell was found after 7 days com-
pared to 14 days for single cells. In contrast, the absolute amount of total collagen
was comparable for both timepoints in both conditions. The cell number, determined
by DNA assay, showed an increase in single cell seeded samples, whereas the DNA
content for microaggregates remained stable during culture. This could explain the
decrease in time for total collagen produced by single cell-seeded samples.

Moreover, sGAG formation was also successfully shown by Safranin-O staining,
and the nuclei and cytoplasm were visualized by H&E staining both in the single cell-
seeded and microaggregate-seeded samples at day 7 and 14 of culture period (Figure
7.7C). The results of the Safranin-O indicated milder level of sGAG production in
the microaggregate-seeded samples compared to the single cell-seeded ones, which
can be explained by the fact that, especially after 14 days, the number of cells in
the histological section is lower for microaggregate-seeded samples. This subtle dif-
ference in sGAG production was also observed by the GAG assay, although it was
not statistically significant.

Furthermore, both the single cell-seeded (Figure 7.8A) and microaggregate-seeded
samples (Figure 7.8B) matrix-like structure formation could be observed by electron
microscopy. Chondrocyte microaggregates adhering to the scaffold surface could be
seen in the SEM micrographs of the microaggregate-seeded samples at day 7 of culture
period. After 21 days of culture, the majority of microaggregates had a flattened
appearance and collagen like fibrous structures were observed in the vicinity of cells
suggesting active ECM formation ultimately covering the surface of the scaffold used.

7.4 Conclusion

In this study, the use of conventional (semi-confocal and confocal) Raman microspec-
troscopy and fiber-optic Raman spectroscopy has been demonstrated for studying
the formation of cartilage ECM in 3D fiber deposited PEOT/PBT scaffolds. The
three different Raman microscope setups used in this study were all found to be
feasible tools to monitor tissue formation inside tissue engineered porous 3D scaf-
folds. We studied ECM production of primary bovine chondrocytes seeded into 3D
fiber deposited PEOT PBT block copolymer constructs during 3 weeks of culture
by Raman and conventional bio- and histochemistry. The Raman bands at 937 and
1062 cm−1 corresponding to collagen and proteoglycans respectively was shown to
be indicative for ECM production in the Raman spectra as analyzed by fiber optic
Raman and confocal Raman measurements inside the pores of the 3D tissue engi-
neered construct. Normalized band-area ratios for proteoglycan content did not show
clear differences over time when comparing single chondrocytes with microaggregates
seeded into samples. However, we observed that collagen synthesis was different in
single chondrocyte-seeded scaffolds when compared to microaggregate-seeded sam-
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Figure 7.8: SEM micrographs of A: single chondrocyte-seeded and B: microaggregate-
seeded scaffolds at day 7 and day 21 of culture period. Collagen-like fibers, indicating ECM-
formation, were observed in all samples. Chondrocyte-microaggregates can be seen adhered
to the scaffolds and showing the onset of cell spreading at day 7 of culture period. After
21 days of culture period the majority of the microaggregates gained a flattened appearance
and collagen-like fibrils were observed indicating active ECM formation by the cells covering
the surface of the scaffold.
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ples. Normalized band-area ratios for collagen content of single cell-seeded samples
gradually decreased during the 21 day culture period, whereas the collagen content
of the microaggregate-seeded samples had significantly increased during this period.
Results obtained in this study suggest that seeding microaggregates, instead of single
chondrocytes, seems to improve ECM formation and therefore potentially can be used
to improve cartilage tissue engineered constructs. Future studies focus on studying
matrix (and peri-cellular matrix) organization in scaffolds more in detail.

A limitation of the fiber-optic system was the inherent background signal gener-
ated by silica within the optical fiber. Careful data analysis using MATLAB revealed
that bands at 920 cm−1 and 972 cm−1, attributed to ECM components were recov-
erable. The use of a new generation of fluorocarbon fiber-optic Raman probes, which
generate a reference Raman band for quantitative Raman spectroscopy, will eliminate
silica background signals and possibly lead to well-resolved Raman spectra of ECM
[37, 53]. If so and as opposed to the conventional Raman setups, which were only able
to measure a relatively small volume of the scaffolds, this would allow collection of
Raman spectra from multiple pores in tissue engineered scaffolds with one measure-
ment in parallel. This generates a representation of the overall Raman signal from
ECM within these scaffolds.

In order to further improve such analysis further investigation is needed to validate
the potential of fiber optic evaluation of cartilaginous matrix formation in tissue
engineered constructs. Additionally, more profound knowledge on the discrimination
of specific collagen types is a key element to be considered in future studies.
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Abstract

Monitoring extracellular matrix (ECM) components is one of the key
methods used to determine tissue quality in three-dimensional scaffolds for
regenerative medicine and clinical purposes. This is even more important when
multipotent human bone marrow stromal cells (hMSCs) are used, as it could
offer a method to understand in real time the dynamics of stromal cell differ-
entiation and eventually steer it into the desired lineage. Magnetic Resonance
Imaging (MRI) is a promising tool to overcome the challenge of a limited
transparency in opaque three-dimensional (3D) scaffolds. Technical limitations
of MRI involve non-uniform illumination leading to fluctuating background
signals and therewith complicating quantifications on the retrieved images.
We present a post-imaging processing sequence that is able to correct for this
non-uniform illumination. To test the processing sequence we investigated
the use of MRI for in vitro monitoring of tissue growth in three-dimensional
poly(ethylene oxide terephthalate)poly(butylene terephthalate) (PEOT/PBT)
scaffolds. Results showed that MRI, without the need to use contrast agents,
is a promising non-invasive tool to quantitatively monitor ECM production
and cell distribution during in vitro culture in 3D porous tissue engineered
constructs.

Keywords: Magnetic resonance imaging, quantitative monitoring, imaging pro-
cessing, scaffolds, tissue growth
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8.1 Introduction

A typical tissue engineering approach consists of combining cells with a synthetic or
biological porous material called scaffold, which provides a mechanically stable envi-
ronment to culture a substitute graft in vitro before implantation. Prior to implanta-
tion, several parameters including cellular distribution, extra cellular matrix (ECM)
formation and tissue functionality need to be assessed. Monitoring in real-time these
parameters is even more relevant when multipotent bone marrow stromal cells are
used, as it is known that these cells can eventually progress into a non-desired cell
phenotype when cultures on three-dimensional (3D) scaffolds are not controlled. For
example, Jukes et al. and Scotti et al. showed that both embryonic and mesenchymal
stem cells differentiate into a mature osteogenic lineage first passing by chondrogenesis
[1, 2]. Therefore, monitoring cell fate through analyzing the composition of the ECM
that is formed in time would be a valuable tool to step from a conventional approach
where scaffolds are treated as a “black-box” during culture to a new phase where the
information obtained through monitoring could be used to steer cell differentiation
into the targeted phenotype [3, 4].

Unfortunately, 3D scaffolds for tissue engineering strategies are often composed
of polymeric materials with limited transparency. This property restricts the ap-
plicability of several imaging techniques like scanning electron microscopy, confocal
microscopy, Raman spectroscopy and second harmonic generation imaging to super-
ficial imaging of the constructs [5]. Histology is the most commonly used and most
informative method to identify cells and ECM components inside scaffolds. However,
this method does not allow for real-time monitoring of tissue growth since it requires
sample fixation and processing. To be able to monitor cell growth and ECM formation
over time by histological analysis, multiple samples have to be processed. Moreover,
the obtained sections only represent part of the scaffold, which complicates the deter-
mination of cell growth and ECM formation for the whole construct. Micro-computed
tomography (µ-CT) can overcome these problems of limited transparency and sample
preparation of a tissue engineered construct, but uses ionizing radiation and requires
dense tissue to provide contrast [6]. Positron Emission Tomography (PET) and Single
Photon Emission Computed Tomography (SPECT), generally combined with com-
puted tomography (CT), can be used to localize and study tissue dynamics like tissue
metabolism. However, these imaging modalities require the use of radioactive tracers
[7].

A promising approach to monitor cellular distribution and tissue formation in
time in 3D is to use magnetic resonance imaging (MRI), also referred to as magnetic
resonance microscopy (MRM) when applied with very high resolution, which is a non-
invasive, non-ionizing and optionally label-free tool [8, 9]. MRI has the capability to
image thin slices of tissue with a sub-millimeter resolution in any orientation at any
depth. Contrast in label-free MRI images is based, among others, on variations in
tissue hydration or water/lipid ratios, which results in differences in the spin-phase
and relaxation time of protons. For example, in previous work on magnetic resonance
(MR) detection in bone tissue engineering approaches, an inverse relationship between
MR relaxation times and mineral concentration was found after culturing osteoblasts
on poly-(ethyl methacrylate) (PEMA) scaffolds [5]. A correlation between collagen
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orientation and T2 relaxation times was found in articular cartilage [10, 11] and in
tendon under load [12]. In several other studies contrast agents were implemented
in MRI to track cells both in vitro and in vivo [13]. Immobilization of contrast
agents on nanoparticles to permit endocytosis is required for cell labeling [14, 15].
After endocytosis of the contrast agent, depending on the type of contrast agent,
accumulation of the agent leads to a darker or brighter signal, which will either reduce
or increase the contrast between the labeled cells and the scaffolds [16]. A hurdle that
has to be overcome is the possible loss of signal over time and/or increase in false
positive signal both due to agent clearance or agent diffusion. Another challenge to
take into account is that by incorporating MRI contrast agents to assess the quality
of the tissue construct, the application of the labeled construct in the clinics might
be complicated by regulations with respect to the exact formulation of the construct.

Figure 8.1: MRI scans of a scaffold after 14 days of culture with hMSCs (donor 1) taken
with slice thicknesses of 80 µm (A-C). Slices from one scan from the top (A), middle (B) and
bottom (C) of the scaffold areas are represented, respectively, as indicated in the marques
in (D) the side-view of the scaffold in which cells are stained with methylene blue. From the
bottom-view of the scaffold, it can be seen that methylene blue stained hMSCs and ECM
formed with the appearance of a dense string-like tissue distributed non-homogeneously
throughout the scaffold (E-F). This was also observed during culture by bright field mi-
croscopy (G). Scale bars represent 2 mm.

Although contrast agents are already widely applied in clinical practice, their use
is restricted to specific diagnostic procedures and limited to non-toxic doses. Label-
free micro-MRI has already been applied in tissue engineering approaches where dense
tissues were assessed to detect for example collagen orientation and collagen miner-
alization [11, 17]. However, the method of micro-MRI still has some challenges with
respect to contrast with low tissue density, resolution, and background illumination
inhomogeneities. In this study, we present a freely accessible method to retrieve quan-
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titative information in 3D by image processing and analysis of MRI data without the
need to use contrast enhancing agents during scanning. To validate our image process-
ing method we have cultured MSCs in 3D rapid prototyped scaffolds and quantified
the tissue growth and distribution throughout the scaffolds after MRI.

8.2 Materials and Methods

8.2.1 Isolation of human bone marrow derived stromal cells

Bone marrow aspirates were obtained from patients who had given written informed
consent. Human MSCs from two donors (donor 1: female, age 77; donor 2: female,
age 55) were isolated and expanded as described previously [18] unless stated other-
wise. Briefly, aspirates were resuspended using a 20-gauge needle, plated at a density
of 50,000 cells/cm2 and cultured in proliferation medium, which contains minimal
essential medium (alpha-MEM; Life Technologies, Gaithersburg, MD), 10% heat-
inactivated fetal bovine serum (FBS; Lonza), 0.2 mM L-Ascorbic acid 2-phosphate
magnesium salt (ASAP, Sigma Aldrich), 2 mM L-glutamine (Gibco), 100 U/mL peni-
cillin (Life Technologies), 10 µg/ mL streptomycin (Life Technologies) and 1ng/mL
basic fibroblast growth factor (bFGF; Instruchemie, Delfzijl, The Netherlands). Cells
were grown at 37 ◦C in a humidified atmosphere with 5% CO2. Medium was refreshed
twice per week and cells were used for further subculturing or cryopreservation on
reaching near confluence.

8.2.2 Fabrication of PEOT/PBT scaffolds

Scaffold were fabricated of 300PEOT55PBT45 (PolyActiveTM300/55/45, PolyVation,
The Netherlands) which is a block copolymer with a weight ratio of 55 to 45 for the
two PEOT and PBT components respectively, and a molecular weight of 300 Da for
the PEG segments used in the co-polymerization process. Cylindrical porous scaffolds
(8 mm in diameter by 3 mm in height) were fabricated as described before [19] by
fused deposition modeling with a bioscaffolder (SysENG, Germany) with a fiber to
fiber distance of 1000 µm, a fiber diameter of approximately 200 µm, and a layer
thickness of 150 µm. These scaffolds were sterilized in 70% ethanol 2 times for 30
minutes each, washed in PBS first for 5 minutes and additionally for other 30 minutes
two times, and finally incubated in culture medium overnight prior to cell culture.

8.2.3 Cell seeding of PEOT/PBT scaffolds

Scaffolds were dried and transferred to non-treated 24-well plates (NUNC). The scaf-
folds were seeded with 750,000 hMSCs (passage 3), harvested from monolayer ex-
pansion, in 100 µL of proliferation medium, which was gently resuspended to fill
all the pores of the scaffold. After 1.5 hour of incubation in the given volume, the
medium was filled up to 500 µL. Proliferation medium was replaced twice a week for
all samples. Constructs were cultured up to 60 days.
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8.2.4 MRI equipment and measurements

MRI experiments were performed at room temperature on a 14.1 T (600 MHz) Avance
II NMR spectrometer from Bruker (Karlsruhe, Germany), equipped with a vertical
narrow bore magnet, a Great B0 compensation unit, and 3 Great 1/60 amplifier units
(X, Y, and Z). A micro 5 imaging probe with a 10 mm diameter saddle coil insert from
Bruker (Karlsruhe, Germany) was used. Images were obtained using a multi-slice-
multi-echo (MSME) sequence with the following parameters: repetition time (TR)
=1000 ms, echo time (TE) =10 ms, flip angle =90◦ , slice thickness =0.07 to 0.1 mm,
inter-slice gap = 0, field of view (FOV) =1 cm, and 128×128 or 256×256 matrix.
Samples were imaged in phosphate buffered saline (PBS) after fixation in 10% formalin
to optimize scanning parameters. To investigate if non-targeted contrast agents can
increase the contrast between water and lipids, one scaffold was imaged before and
after addition of Endorem R©, a T2 contrast agent based on superparamagnetic iron
oxide (SPIO) nanoparticles. To investigate whether the tissue constructs can be kept
in culture after a non-invasive MRI measurement, un-fixated samples were carefully
transferred to a sterile MRI tube and imaged in culture media. Subsequently, samples
were placed back in the culture plate and culture was continued.

8.2.5 Image processing and quantification

MRI images were processed in Fiji [20] prior to analysis to correct for non-uniform
background illumination and to reduce noise. Background approximations were ex-
tracted from the top or bottom slice, where no scaffold and tissue material were
present, by performing morphological opening with a disk shaped structuring element
(radius 9). Background approximations were subtracted from the original image stack
to remove the non-uniform illumination. A median filter (radius 2) was applied to
the image stacks for noise reduction. After processing, only tissue structures ap-
peared as bright regions, while water and scaffold material showed distinguishably
lower intensities, enabling unique identification of constituents of interest. Images
were segmented based on a single intensity threshold within a circular region of in-
terest (ROI), comprising scaffold and surrounding water within the MRI glass tubes.
Subsequently, morphological opening (radius 2) was applied to smooth the objects
and remove outliers. Due to changing overall brightness and intensities between dif-
ferent experiments, the threshold had to be set for each experiment individually. To
identify tissue material the threshold was set as such that a bare scaffold, without
the presence of cells, showed a limited amount of false positive signal. The retrieved
binary images were quantitatively analyzed. The area of the identified objects was
computed in a section-by-section (top, middle, bottom) manner to provide volumetric
densities throughout the scaffolds.

8.2.6 3D visualization

Triangulated 3D surface meshes were created from the binary images for both scaffold
and tissue material, using the integrated marching cubes algorithm in the BoneJ
plugin (resampling factor 1 and 2 respectively) [21, 22]. The mesh models were
imported into MeshLab (v.1.3.2), an open source tool developed with the support of
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the 3D-CoForm project, to render 3D models comprising tissue material and scaffold.
A non-shrinking Taubin filter was applied to smooth the objects [23]. Surfaces were
flat-shaded to enhance the faceting effect.

8.2.7 Methylene blue staining

To localize cells in the 3D scaffold prior to imaging with MRI, samples were washed
gently with PBS, fixated in 10% formalin for 30 minutes and subsequently stained
for 60 seconds using a 1% methylene blue solution in 0.1 M borax buffer (pH = 8.5,
Sigma). Scaffolds were subsequently washed with demineralized (DI) water until the
water was clear. The scaffolds were imaged with a Nikon SMZ800 Stereomicroscope
equipped with a QImaging Retiga 1300 camera.

8.2.8 Scanning Electron Microscopy (SEM)

Cell morphology and attachment was characterized by SEM analysis with a Philips XL
30 ESEM-FEG. Samples were fixated for 30 minutes in 10% formalin. Subsequently
the samples were dehydrated in sequential ethanol series and critical point dried from
liquid carbon dioxide using a Balzers CPD 030 Critical Point Dryer. The constructs
were gold sputter coated (Cressington) prior to SEM analysis.

8.2.9 Histological analysis

After MRI measurements, samples were dehydrated using a sequential ethanol series
(60, 70, 80, 90, 96 and 100% ethanol, 30 minutes for each step), and subsequently
embedded in glycol methacrylate (GMA). The obtained blocks were sectioned at 5
µm intervals, and stained with hematoxylin and eosin (H&E, Sigma) for visualization
of the nuclei and cytoplasm.

8.3 Results

8.3.1 Detection of tissue on planar MRI images

MRI measurements were successfully performed on a PEOT/PBT scaffold seeded
with hMSCs after 14 days of static culture (Figure 8.1A-C). Prior to imaging the
cells were fixated with 10% formalin and stained with methylene blue to localize
tissue and cells (Figure 8.1D-F). The MRI images showed a high contrast between
the scaffold material (black), water (grey) and tissue-like material containing lipids
(white) (Figure 8.1C). As confirmed by methylene blue staining, the majority of the
cells were found in the bottom layers of the scaffold. From the bottom-view of the
scaffold shown in Figure 8.1E and 1F similar string-like tissue patterns were found as
in the MR images of the bottom slices (Figure 8.1C). Also, bright field microscopy
during culture prior to fixation showed this same tissue distribution (Figure 8.1G).
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Figure 8.2: Image processing steps on MRI-derived image stacks in the absence (top, images
A-D) and presence (bottom, images E-H) of hMSCs (donor 1; 5 weeks of culture). A and
E represent the unprocessed MR images; B and F the images after background subtraction;
C and G show the results of segmentation; D and H are the obtained 3D mesh models,
representing the tissue localization, amounts and density. Scale bars represent 2 mm.

8.3.2 Image processing and 3D visualization

The results of the major processing steps and the retrieved 3D models are shown in
Figure 8.2. When comparing the two 3D models without and with hMSCs after 5
weeks of static culture (Figure 8.2D and 2H respectively) tissue was clearly detected
in the scaffold cultured with hMSCs. The bare scaffolds showed tiny air bubble
entrapment which in some planes led to closure of the pores in the model, since
the air bubbles resulted in dark areas with bright edges on the interface with the
surrounding water.

8.3.3 The effect of Endorem R©contrast agent on the reliability of
the 3D models

To investigate whether the use of an untargeted contrast agent would increase the
contrast between the different materials present in the scaffold structure, two scans
were performed subsequently on one scaffold which was statically cultured with hM-
SCs (donor 2) for 5 weeks. Figure 8.3 shows the results from planar scans at different
heights in the scaffold. The contrast between tissue and free water was increased
after the addition of Endorem R©, while the contrast between free water and scaffold
material was reduced. This resulted in an inaccurate segmentation of the scaffold
(Figure 8.3F, L and R), leading to closure of the scaffold pores upon 3D modelling,
which can be seen in the bottom-view (Figure 8.3T).
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Figure 8.3: MRI scans of the top, middle and bottom of the scaffold after 5 weeks of
culture obtained without the use of any contrast agents (A, G and M) and after the addition
of Endorem R©T2 contrast agent (D, J and P). Tissue is identified and appears white after
image processing (B, H, N, E, K and Q). Scaffold material is extracted from unprocessed
images by image processing sequences (C, I, O, F, L and R). By a mathematical combination
of the images representing tissue-material and the images displaying scaffold material, a 3D
model could be retrieved (S and T).

8.3.4 Quantification of tissue distribution throughout the 3D
scaffold

After image processing the retrieved binary images can be used for quantification. One
direct measure for tissue distribution was obtained by determination of the number of
pixels per slice that was identified to represent tissue. By determination of the average
of these numbers of pixels per slice over specific sub-volumes of the complete construct
(Figure 8.4A) information was retrieved on the amount of tissue in the bottom, middle
and top of the scaffold as presented in Figure 8.4B (n=10 slices per presented volume).
These results were confirmed by bright field microscopy observation and SEM analysis
in which a cell sheet is found at the top and at the bottom of the scaffold (Figure
8.4C and 4E), while in a cross-sectional view lower numbers of cells were found in
the interior of the scaffolds (Figure 8.4D). This observation is further confirmed by
histological analysis (Figure 8.4F-H).
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Figure 8.4: Processed images can be used to quantify tissue formation with high spatial
resolution throughout the 3D construct. Z-stacks were retrieved by summarizing multiple
slices into one projection as a 5 stage look-up table (A). The colours represent the amount
of tissue in the x-y plane over the full thickness of the projection as indicated by the legend.
By determination of the average number of pixels representing tissue over a subset of slices,
an indication of tissue presence in different areas of the scaffold can be given (n=10 slices
per presented volume) (B). Bright field microscopy observation showed a homogeneous dis-
tribution of cells and tissue between the pores in the x-y plane, by varying the focal plane
upon observation an impression of pore filling per scaffold part can be retrieved (C). By
SEM analysis on a top-to-bottom cross-section of the scaffold, tissue is observed throughout
the scaffold. (D) Yet, from the bottom-view was observed that large cell sheets were found
on the bottom of the scaffold (E). This finding was confirmed by histological analysis of a
top-to-bottom cross-section of a construct (F). From a section of the bottom layer of the
scaffold it can be observed that the tissue forms circular patterns in the pores of the scaf-
folds (G, H). Arrows indicate cells and tissue, asterisks indicate scaffold material. Scale bars
represent (C, D, E and F) 500 µm, (G) 1 mm and (H) 100 µm.
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8.4 Discussion

Currently, many studies focus on monitoring hMSCs fate in tissue engineered con-
structs in 3D. Most conventional methods to study cell growth and distribution are
based on destructive methods such as histological analysis and biochemical assays.
Non-invasive imaging modalities are promising tools to non-destructively and ulti-
mately longitudinally or continuously monitor tissue development in 3D. Magnetic
resonance modalities have gained interest in the field of tissue engineering for several
years.
First, nuclear magnetic resonance spectroscopy (NMR) has been applied to monitor
metabolites in tissue engineered constructs [24]. More recently, MRI has been applied
because of the capability to distinguish between several tissue types and densities such
as collagens, mineralized tissues and soft tissues [8, 12, 17, 25-28]. Contrast with a
sub-mm scale resolution in MRI is obtained by variations in proton dynamics which
results in different water proton transverse (T2) relaxation times and magnetization
transfer ratios [10]. Burg et al. have observed that the signal intensity in MRI on 3D
scaffolds was higher in cells than in the liquid phase and scaffold material [29]. The
obtained contrast allowed them to observe cellular distribution in formalin fixated
tissue constructs.
Abarrategi et al. have shown to successfully assess the distribution of MSCs in 3D
rapid prototyped polymeric and ceramic scaffolds without formalin fixation [25]. How-
ever, the seeding density of the constructs was relatively high with 5 × 106 cells/
scaffold on a cylindrical scaffold with a diameter of 4.5 mm and a height of 3 mm.
We observed that lower densities of cells as applied in our study (7.5 × 105 cells)
in a cylindrical scaffold with a diameter of 8 mm and a height of 3 mm results in
limited contrast. Furthermore, non-uniformity of intensity, which we also observed in
the work of Abarrageti, complicates quantification of tissue development [30, 31]. To
overcome these technical challenges, we presented a sequence of freely accessible im-
age post-imaging processing steps to be able to quantify tissue growth in low density
tissue constructs. Our method allowed for the identification of tissue formation in
opaque mm-sized 3D scaffolds from MRI-derived image stacks. In contrast to studies
that require contrast agents to localize cells, we showed that the most accurate 3D
models of cell and tissue distribution within solid scaffolds can be obtained without
the use of contrast agents.
Several studies have reported on MRI analysis in vitro after fixation of the samples
in formalin [25, 32, 33]. Studies of Fishbein et al. and Zheng et al. showed that
phosphate salts and fixation solutions have an influence on the relaxation times of
water protons, attributed to the physicochemical interactions (e.g. noncovalent bind-
ing or chemical exchange) of free water with polyoxymethylene oligomers formed when
formaldehyde is dissolved in water. Changes in proton dynamics in these studies were
found in native cartilage tissues, in which the fixatives also showed to influence the
composition of cartilage over time. In our study, an un-fixated sample was also im-
aged, subsequently fixated and imaged again, after which there was no evidence found
for a difference in contrast or signal intensity after histogram based analysis (data not
shown). We therefore hypothesize that the influence of fixatives on proton dynamics
did not interfere with the post-imaging processing method presented here.
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To label-free monitor tissue growth longitudinally in 3D, without interrupting the
culture phase, we believe that MRI will be a valuable tool which allows for the main-
tenance of sterile culture conditions during scanning by controlling temperature and
gas exchange, without compromising the quality of the images [34]. Furthermore,
targeted contrast agents such as antibody functionalized iron oxide magnetic beads
could be developed to be able to characterize the type of tissue formed by for example
distinguishing between collagen-type-1 and collagen-type-2 in the ECM. By applying
our optimized image processing sequences, the required duration of scanning could be
reduced. The processing sequence proved to overcome specific technical limitations
which are currently compromised by longer scanning times to be able to average over
more multiple signals per voxel.

8.5 Conclusion

The free-of-charge post-imaging processing sequence presented in this study can be
a valuable tool to overcome technical limitations of image analysis after MRI. We
have shown that our method enables the identification and quantitative localization
of tissue in 3D opaque constructs for tissue engineering approaches. Identified tissue
distribution was quantified from the image stacks, visualized in 3D mesh models
and confirmed qualitatively by histological analysis. In the future, optimized post-
image processing sequences can help to access shorter scanning times and improved
resolution of tissue engineered constructs prior to implantation.
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Abstract

When tissue engineering strategies rely on the combination of three-
dimensional (3D) polymeric or ceramic scaffolds with cells to culture implantable
tissue construct in vitro, it is desirable to monitor tissue growth and cell fate to
be able to more rationally predict the quality and success of the construct upon
implantation. Such a 3D construct is often referred to as a ‘black-box’ since
the properties of the scaffolds material limit the applicability of most imaging
modalities to assess important construct parameters. These parameters include
the number of cells, the amount and type of tissue formed and the distribution
of cells and tissue throughout the construct. Immunolabeling enables the
spatial and temporal identification of multiple tissue types within one scaffold
without the need to sacrifice the construct. In this report, we concisely review
the applicability of antibodies (Abs) and their conjugation chemistries in
tissue engineered constructs. With some preliminary experiments, we show
an efficient conjugation strategy to couple extracellular matrix (ECM) Abs to
fluorophores. The conjugated probes proved to be effective in determining the
presence of collagen type I on electrospun and rapid prototyped scaffolds seeded
with adult mesenchymal stromal cells. The conjugation chemistry applied in
our proof of concept study is expected to be applicable in the coupling of
any other fluorophore or particle to the Abs. This could ultimately lead to a
library of probes to permit high-contrast imaging by several imaging modalities.

Keywords: Bone marrow stromal cells, extra cellular matrix, collagen, im-
munofluorescence, antibodies
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9.1 Introduction

Tissue engineering approaches for cartilage and bone regeneration often involve the
use of three-dimensional (3D) synthetic polymeric or ceramic scaffolds with a certain
mechanical integrity to mimic the natural native environment. Scaffolds can be im-
planted directly into the defect site, in which they are expected to attract cells and
facilitate tissue ingrowth. Another approach is based on in vitro culture of scaffolds
combined with autologous (stem) cells to be able to control culture parameters and
therewith steer the cell fate and tissue growth into a desired lineage. In both cases,
our understanding of the biological phenomena occurring within the pore network of
3D scaffolds is often limited. Real time monitoring of such phenomena offers a tool
to also advance the design of scaffolds which can better control cell fate and tissue
growth. However, current imaging techniques are hindered by the scaffolds limited
transparency, scaffolds geometry and a lack of available methods to non-invasively
assess cells and tissues functionality.

In the past few decades, the need for non-invasive monitoring methods has been
widely acknowledged with a special focus on monitoring with a spatio-temporal res-
olution. Several imaging methods have been opted to overcome transparency issues,
such as ultrasound, nuclear, photoacoustic, X-ray and magnetic resonance (MR) based
imaging modalities [1]. X-ray and MR imaging have shown to be promising tools in
quantification of mineralization in bone tissue engineering [2, 3]. However, to date
none of these methods enables the detection of multiple early tissue lineage mark-
ers with a single cell-resolution in 3D without the need to combine several imaging
modalities.

The evolution of bio-conjugation chemistry has significantly contributed to the
development of novel and successful methods to label multiple components within a
single construct for imaging purposes. Antibodies (Abs) stand out as probes due to
their specificity, affinity and versatility to target tissue specific components. In this
report, we review currently available immunolabels to target among others bone and
cartilage extra cellular matrix (ECM) components. Subsequently, we will propose a
method for the functionalization of Abs to target collagen type I and collagen type II,
which are abundantly present in bone and cartilage, respectively. In our preliminary
studies, fluorophores are used as a model label; however, the protocol can be applied
on any other label by similar conjugation chemistry.

9.2 Cartilage and Bone

Cartilage is a dense connective tissue which can be classified in three different types
dependent on the ECM composition and function [4]. The first class is hyaline carti-
lage and can be found in the joints, ribs, nose, trachea and larynx. Elastic cartilage is
found in the ear, epiglottis and larynx, and fibrous cartilage is found in the interver-
tebral discs. The main focus in cartilage tissue engineering is on hyaline cartilage in
the joints, referred to as articular cartilage [5]. Cartilage is produced by chondrocytes
and finds its function in absorbing impact forces, transferring loads to the underlying
bone and allowing low-friction movement of the joint [6, 7]. In its healthy mature
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Figure 9.1: A schematic representation of an immunoglobulin G (IgG) antibody. IgG is
a single protein made from four peptides joined by disulfide bonds (A). There is a single
constant region containing the Fc portion and species-specific antigens. The variable region
contains the Fab portion that binds the epitope portion of the antigen (B). Monoclonal
antibodies react with a specific epitope of an antigen (C) while polyclonal antibodies react
with various epitopes (D). Fluorescent labeled Abs can enable the localization of specific
biological components within 3D tissue engineering constructs over time (E, from top to
bottom increasing in culture time). Figures are not to scale.

form, cartilage has an extremely high matrix/cell ratio: only 2-3% of its mass consists
of chondrocytes which are the only cell type residing in cartilage tissue [8].

Cartilage ECM is rich in collagen (12-21%), proteoglycans (6-10%) and water (65-
80%). The main function of collagen fibrils is to give structure and tensile strength
to the cartilage. The 3D orientation of collagen fibrils enables the immobilization of
highly hydrated negatively charged proteoglycans [6]. Depending on the zone and
function within the cartilage, the fibers can be oriented horizontally on the surface
to absorb shear forces, or in an arch-like orientation and more vertical orientation in
deeper zones to transduce mechanical forces throughout the entire tissue. This also
reflects a different content of collagen, proteoglycans and water when moving from
the superficial to the middle and deep zones [9]. The main type of collagen in hyaline
cartilage is collagen type-II (90%), yet small amounts of other types can be detected.

Proteoglycans can be divided in two main classes: non-aggregating and aggregat-
ing. Small non-aggregating proteoglycans consist of a core protein to which a large
number of sulfated glycosaminoglycans (GAGs) are attached. These non-aggregating
proteoglycans can bind to hyaluronic acid, which also binds to chondrocytes. GAGs
mostly found in hyaline articular cartilage are keratin sulfate, chondroitin sulfate and
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dermatan sulfate [10]. Although promising results such as increased proteoglycan
production and up-regulation of chondrogenic markers have been obtained in scaffold-
based cartilage tissue engineering, the regeneration of functional cartilage remains a
challenge. In vitro produced ECM mainly shows the presence of collagen type-I with a
lack of collagen-fiber organization, resulting in fibrous cartilage-like matrix with poor
mechanical properties. Efforts have been made to enhance ECM production with
mechanical stimuli, yet no single study showed cartilage regeneration in engineered
tissue constructs with similar ECM composition, mechanical properties and structure
as found in native cartilage [11].

Bone consists for 60% of minerals, 30% of organic components and 10% of water
and its main function is to provide mechanical support to the body. It also protects
vital organs, provides attachment site for ligaments and tendons, and encloses the
bone marrow, which is the main breeding place for white and red blood cells, and
other mononuclear cell types such as hematopoietic stem cells. Furthermore, due to
its high mineral content, mainly calcium and phosphate, it plays an important role
in the regulation of calcium and phosphate levels in the blood [12].

The characteristic cell type that resides inside lacunae found in mineralized bone
matrix is the osteocyte. Osteoblasts are present where new bone is formed. When in-
corporated in the lacunae, these cells become osteocytes. Osteoblasts originate from
osteoprogenitor cells that reside in the bone-surface-lining membranes (periosteum
and endosteum) and the bone marrow stroma. While osteoblasts are responsible for
producing the ECM components forming bone, osteoclasts - the third and last type of
bone cells present in bony tissues - are responsible to cleave and degrade ECM. This
interplay between osteoblasts and osteoclasts is responsible of the exquisite home-
ostasis that keeps bone tissue to be continuously and dynamically changed in time.
The organic phase of the bone mainly consists of fibril-forming collagens (∼ 80% -
90%). Collagen type-I (>95%) is the principal collagen in mineralized bone, and
together with collagen type-V (<5%), forms heterotypic fiber bundles that provide
the basic structural integrity of connective tissues [13]. These fiber bundles are sup-
ported by various non-collagenous proteins which are dispersed between the collagen
fibrils. The proteins in bone ECM have shown to be useful osteogenic markers, es-
pecially for the later stages of differentiation [14, 15]. Some non-collagenous bone
specific matrix proteins are osteocalcin, osteopontin [16, 17], bone sialoprotein [18],
osteonectin and proteoglycans such as biglycan and decorin [19]. The inorganic phase
consists of deposited osteoids which are mineralized by the incorporation of hydrox-
yapatite crystals mainly consisting of calcium and phosphate. The combination of
the organic and inorganic phase provides bone with both its mechanical strength and
elastic properties.

In bone tissue engineering, the emphasis in scaffold development has been on
optimal mechanical properties, biodegradability and architecture for cell coloniza-
tion and organization, to ensure the integration of the scaffold with the host tissue
[20]. The evaluation of a wide-range of materials for bone tissue engineering has
revealed information about osteoblast adhesion and proliferation, osteo-induction,
osteo-conduction, and ECM formation within engineered scaffolds. Still, despite ef-
forts of researchers to mimic the physical and biochemical properties of native bone
ECM, no control over high-order structures and biological functions of the produced
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ECM can be guaranteed with the currently available technologies. To date, to evalu-
ate the exact composition and architecture of engineered ECM, histological analysis
are still most commonly applied.

9.3 Antibodies

Antibodies (Abs) are proteins belonging to the immunoglobulin group and one of
the most important defense mechanisms in vertebrate animals. In research, they are
used as highly specific probes in order to identify and locate intra- and extracellular
proteins, differentiate cell types and separate proteins. There are five major classes of
immunoglobulins: immunoglobulin G (IgG), IgA, IgM, IgD, and IgE, listed in order
of decreasing quantity found in plasma. Of these five classes, IgG is by far the most
frequently used [21]. Immunoglobulins are made from two identical heavy chains (H,
55-70 kDa, either κ or λ) and two identical light chains (L, 24-25 kDa, either γ, ε,
δ, α, or µ) peptides joined by disulfide bonds (Figure 9.1A). Pepsin cleaves the γ-
chains on the C-terminal side of disulfide bridges, resulting in one bivalent antigen
fragment, F(ab’)2. The enzyme, papain, can digest the hinge regions of the IgG
molecule, thus, producing two antigen-binding fragments (Fab) and one crystalline
fragment (Fc). The constant region contains the Fc portion that binds to an Fc re-
ceptor, and is unique to the animal species in which the antibody was generated. The
variable region contains the Fab portion that binds the epitope portion of the anti-
gen, and therewith gives Abs their specificity. However, recent studies and analyses
of the growing number of available Abs indicated that this separation between the
two functional regions may be an oversimplification [22].

A single antigen has multiple epitopes (Figure 9.1B) to allow Abs to recognize it.
Monoclonal antibodies are a homogeneous population of immunoglobulins generated
by a B-cell clone to a single epitope on the antigen (Figure 9.1C). A heterogeneous
mixture of antibodies is known as polyclonal antibodies (Figure 9.1D). These an-
tibodies are immunochemically dissimilar, having slightly different specificities and
affinities. Polyclonal antibodies are usually produced in rabbits due to the ease of
breeding of these animals. A possible application of Ab-based ECM detection in 3D
tissue engineered scaffolds is schematically presented in Figure 9.1E. Initially, only
cells are present in the in vitro culture (upper figure). Over time, the cells will start
to secrete specific ECM components such as collagen type-I to which a targeted label
will bind. With increasing concentration of ECM components, the binding of labeled
Abs will also increase, resulting in a higher overall brightness of the substrate upon
optical detection.

9.4 Antibody conjugation chemistry

The direct conjugation of antibodies to detectable labels or agents allows the combi-
nation of the label properties with the high specificity and selectivity of antibodies
[23]. Three main label types can be distinguished: fluorescent [24-27], enzymatic [28,
29], and particulate [21, 30]. Fluorescent immuno-labels enable the detection of spe-
cific components qualitatively and quantitatively by detecting light emitted from a
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fluorophore with a different wavelength than the light used to excite the fluorophore
[21]. The function of enzymatic-labels is based on the conversion of an uncolored
water-soluble substrate to a colored water-insoluble product. A well-known enzyme
for this type of immuno-assay is horse radish peroxidase (HRP). Antibody conjugated
particles were developed already decades ago for the immunolabeling of specific ECM
components in scanning electron microscopy (SEM) analysis, although required sam-
ple processing made real-time monitoring impossible [31]. To date, particle based
labels comprise a wide range of materials from heavy metals such as colloidal gold
or small gold particles [30, 32, 33] to magnetic beads [34-36], radioactive components
[25, 37, 38] and combinations of, for example, microbeads and covalently bound or
entrapped fluorescent moieties [39].

Similar as for proteins, the reactivity of an antibody is determined by its amino
acid composition and tertiary structure [40]. Understanding the functional groups
available on an antibody is vital for finding the most appropriated conjugation
method. Most Ab labelling strategies use one of the three types of available re-
active groups. These groups comprise primary amines (–NH2), sulfhydryl groups
(–SH) and carbohydrates (sugars) [41, 42]. Primary amines are the most commonly
used groups for conjugation, since they are abundant, widely distributed and easily
modified due to their reactivity and location on the surface of the antibody [43]. N-
hydroxysuccinimidyl ester (NHS ester) reactive group is the most specific and efficient
reagent to target primary amines [43]. The only drawback of this strategy is that it
may cause a significant decrease in the antigen-binding activity of the antibody [44].
This is due to the presence of primary amines in the binding site, which can also be
modified. Moreover, lysines, on which primary amines can be found, have a positive
net charge while fluorophores have a negative net charge, which may alter antibody
conformation and activity upon conjugation. This decrease in activity is particularly
noticeable when working with monoclonal antibodies or when attempting to achieve a
higher degree of labelling (DOL) [40]. The second useful target for covalently labelling
antibodies is via sulfhydryls. Disulfide bonds are important in antibody function as
they contribute to the tertiary structure, covalently connecting heavy and light chains
and connecting the two Ab halves at the hinge region. Conjugation at sulfur atoms
requires that the thiols to which the label will be bound contains free sulfhydryl group.
Because disulfides in the hinge region are the most susceptible to reduction, a com-
monly utilized method to cleave these disulfides bridges is by introducing papain [40].
Papain induced cleavage splits the antibody into monovalent halves without changing
the antigen-binding site. Labelling Abs at hinge-region sulfhydryls ensures consis-
tent labelling at a defined location and degree. The third useful target for labelling
nanoparticles with antibodies is carbohydrate moieties [40]. Since glycosylation sites
are found on the Fc portion of the Ab, they can often be modified without affect-
ing the antigen-binding capacity. Labelling carbohydrates requires more steps than
labelling amines because carbohydrates must first be oxidized to obtain reactive alde-
hydes. Aldehyde-activated (-CHO) sugars can react directly to primary amines or to
reagents that have been activated with hydrazide groups. Recently, Shrestha et al.
performed an extensive study on the application of the three previously mentioned
conjugation methods to conjugate a specific antibody to one type of fluorophore [40].
They concluded that amine based conjugation was by far the best technique due to
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its simplicity, rapidity, ease of operation, higher conjugate yield and lower costs.

To enable the direct coupling of a label to the antibody via –NH2, –SH or –CHO
groups to form a detectable antibody, functionalization of the label and or antibody
is required. Several well-known strategies to couple a label covalently to the reactive
groups of the antibody are, via maleimide activation, active ester formation and
biotin-avidin or biotin-streptavidin coupling [45, 46]. Furthermore, non-covalently
coupling methods have been developed via hydrophobic interactions, electrostatic
association with the particles coating, ligand coordination such as thiols and histidines
and nickel mediated assembly of histidine to carboxyl groups.

The aim of this study was to develop a protocol for the conjugation of bone and
cartilage specific Abs to be able to monitor ECM formation in 3D tissue engineered
constructs. The probes have been developed considering that they should provide
enhanced contrast in imaging modalities such as MRI, micro-CT or nuclear imag-
ing for which transparency of the construct does not form an issue. Therefore, the
conjugation chemistry should be compatible with particles that could be applied as
contrast agents. Here, we chose to optimize and test anti-collagen-I and anti-collagen-
II Abs conjugated with fluorescent probes as a proof of concept. We have validated
the binding specificity with collagen type-I and collagen type-II on collagen type-I
coated glass slides, native cartilage and bone tissue sections and on 3D tissue engi-
neered constructs. We show that our conjugation protocol provides a sufficient DOL
retaining an adequate antibody-antigen binding affinity to detect ECM components.

9.5 Materials and Methods

9.5.1 Ab-dye conjugation procedure

Anti-collagen type-I N-Terminal and anti-collagen type-II N-terminal (both poly-
clonal, produced in rabbit, Sigma-Aldrich), the dyes ATTO 488 NHS ester (Sigma-
Aldrich) and ATTO 594 NHS ester (Sigma-Aldrich) and ZebaTMSpin Desalting
Columns (7K MWCO, 0.5 mL, Thermo Scientific) were used. Prior to use, the buffer
in the columns was exchanged to PBS with 0.02 M sodium azide according to manu-
facture’s instruction. Sodium azide was used as a preservative to inhibit the growth
of contaminants such as bacteria or fungi in the antibody solutions.

Before the conjugation step, 50 µL of antibody solution was passed through the
column once in order to exchange the antibody buffer solution to phosphate buffered
saline (PBS) solution and collected in an amber colored 1.5 mL eppendorf tube. To
adjust the pH to the optimal conjugation value (pH=8.3), 3 µL of 1 M sodium bicar-
bonate (pH=8.3) were added to the antibody solution. On the first use, the dye was
dissolved to 2 mg/mL in anhydrous DMSO according to manufacture’s instruction,
aliquoted and stored at -20 ◦C for further experiments. In order to obtain the de-
sired DOL between 2 and 3 labels per antibody, approximately 1.5 µL of dye solution
were added to the antibody solution, mixed and incubated for 1 hour at RT with
continuous stirring. The conjugates solution was then passed through the desalting
columns three times to remove any unconjugated dye. An ND1000 spectrophotome-
ter (Nanodrop Technologies, USA) was utilized to analyze the obtained concentration
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and ensure that the reaction occurred as expected. If required, BSA was added to
increase the solution concentration above 1 mg/mL.

The anti-collagen type-I conjugated ATTO 488 dye will further be referred to as
anti-col-I. The anti-collagen type-II conjugated ATTO 594 dye will further be referred
to as anti-col-II. The conjugate solution was stored at 4 ◦C. To validate our label,
a validated anti-collagen type-I antibody (ab292, Abcam, Cambridge, UK) and a
secondary anti-rabbit antibody conjugated to an Alexa-Fluor 488 fluorophore were
used in several experiments as a positive control and will be further referred to as
control probe.

9.5.2 Conjugate characterization

The efficiency of the procedure and DOL of the antibody-dye conjugate were de-
termined with an ND1000 spectrophotometer (Nanodrop Technologies, USA). The
equations applied to calculate the protein concentration and DOL can be found in
the supplementary information. SDS-PAGE was applied to get an impression of the
purity of the conjugate. The gel was run at 70 V for stacking and then shifted to 30
mA until separation was completed.

9.5.3 Scaffold fabrication

Scaffolds were fabricated from 300PEOT55PBT45 (300/55/45) (PolyVation, The
Netherlands), a block copolymer composed of poly(ethylene oxide terephthalate)
(PEOT) and poly(butylene terephthalate) (PBT) with a weight ratio of 55 to 45 for
the two components, respectively, and a molecular weight of the starting poly(ethylene
glycol) (PEG) segments of 300 Da used in the co-polymerization process.

For electrospun (ES) scaffolds, a 28% (w/v) solution of 300/55/45 was prepared in
a mixture of chloroform (CHCl3)-1, 1, 1, 3, 3, 3-hexafluoro-2-propanol (HFIP) with
a ratio of 78-22% v/v. The solution was left stirring at room temperature overnight.
Subsequently, the solution was loaded into a syringe and pumped at a controlled
flow rate using a syringe pump (KDS 100, KD Scientific). PTFE tubing was used to
connect the syringe and a needle to which a high voltage was applied (Gamma High
Voltage Research Inc., FL, USA). A stainless steel collector, covered by an aluminum
foil, was used to collect the ES scaffold. A voltage of 12 kV was applied to a 1.2 mm
needle, which was placed at a distance of 25 cm from the collector. The flow rate
was set at 15 mL/hour, temperature to 25 ◦C, and humidity to 30%. Upon reaching
a sheet thickness of approximately 200 µm the electrospinning process was stopped
and disks with a diameter of 15 mm were punched out from the sheet.

Fused deposition modeling was used to fabricate 3D scaffolds with a bioscaffolder
(SysENG, Germany), as described before [47]. The cylindrical shaped scaffolds had
diameter of 8 mm, a height of 3 mm, a fiber-to-fiber distance of 1000 µm, a fiber
diameter of approximately 200 µm, and a layer thickness of 150 µm.

9.5.4 Cell culture

Bone marrow aspirates were obtained from donors after written informed consent and
human bone marrow stromal cells (hMSCs) were isolated and proliferated as previ-
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ously described [48]. In short, 20-gauge needles were used to re-suspend the aspirates
which were then plated at a density of 5 × 105 cells/cm2. Cells were cultured in hMSC
proliferation medium, for which the composition is described in the supplementary
data, at 37 ◦C in a humid atmosphere with 5% CO2. The culture medium was re-
freshed three times a week. After monolayer expansion, cells were either cryopreserved
or used for further subculturing.

Passage 3 hMSCs were detached from the culture flasks by trypsinization upon
reaching 70% confluence. All scaffolds were sterilized by immersion in 70% ethanol
for at least 2 hours, washed multiple times with sterile PBS and subsequently placed
into a non-treated 24 well plate (NUNC). The constructs were then incubated at
37 ◦C in a humid atmosphere with 5% CO2 overnight in basic medium to pre-wet
them. To prevent the ES scaffold discs from floating, rubber O-rings (Eriks BV, The
Netherlands) were used to hold the discs in place. After incubation, the medium
on the scaffold was aspirated and 75,000 cells and 250,000 cells were seeded onto
each electrospun scaffold and plotted scaffolds, respectively. After 7 days of culture
in proliferation medium, the media was replaced with chondrogenic and osteogenic
medium in order to start differentiation. All media compositions are described in the
supplementary information.

9.5.5 Immunostaining

After 14 days of culture, the samples were washed once with PBS, fixed with
paraformaldehyde (4% in PBS) for half an hour and stored in PBS at 5 ◦C. Prior
to Ab incubation, constructs were blocked with a buffer (0.5% Triton X-100, 1%
BSA in PBS). Samples were incubated with the fluorescently conjugated primary
Abs, at 4 ◦C overnight. After incubation, constructs were washed three times with
PBS for 5 minutes each. Cell nuclei labelling was performed with 4’,6’ Diamidin-2’-
phenylindoldihydrochlorid (DAPI, 100 ng/mL in PBS, Sigma, Munich, Germany) and
actin filaments were stained with Phalloidin to visualize the cytoskeleton. Samples
were imaged using a Nikon A1 confocal microscope (Nikon Instruments Inc.).
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Figure 9.2: Electrospun scaffolds seeded with hMSCs after 14 days of culture in osteogenic
medium. (A, E) A DAPI staining is applied to identify the nuclei of the cells. In this channel
autofluorescence of the polymer enables to localize the scaffolds’ fibers. (B, F) Anti-Col-I
shows a homogeneous distribution over the scaffold’s surface. (C, G) Actin filaments are
stained with Phalloidin. (D, H) An overlaid representation of the three stainings shows
nuclei in blue, collagen type-I in green and actin in red. Images E-H represents digital
magnifications of images A-D. Scale bar represents (A-D) 1 mm and (E-H) 500 µm.

Figure 9.3: Bioplotted scaffolds seeded with hMSCs after 14 days of culture in osteogenic
medium. The samples were stained with DAPI (blue) to visualize the nuclei, with Phalloidin
(red) to visualize actin filaments and with (A) anti-col-I or (B) the control probe (both green).
Scale bars represent 200 µm.
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9.6 Results and Discussion

9.6.1 Ab and dye concentration by nanodrop

To quantify the DOL after conjugation of the fluorescent probe to the Ab, the
absorbance spectrum was analyzed with an ND1000 spectrophotometer (Nanodrop
Technologies, USA). Detailed calculations to determine the concentrations of the Abs
and dye, and their ratio representing the DOL can be found in the results section
of the supplementary information. The concentrations of the conjugated antibodies
after purification were found to be 0.13 and 0.125 mg/ml for anti-col-I and anti-col-
II, respectively. The DOL was determined at an average of 7 ATTO 488 and of 5.6
ATTO 594 fluorophores per antibody for anti-col-I and anti-col-II, respectively.

SDS-PAGE was performed before adding BSA to the conjugate solution to get
insight in the purity of the probe solution (Figure S9.1). In both antibody conjugated
dyes, a strong fluorescent band was observed in the top of the gel, where higher
molecular weight (MW ) molecules were retained. Two other bands were observed at
lower MW , however, these bands seemed significantly weaker compared to the ones
in the top layer of the gel. The probe solution was therefore considered sufficiently
purified with just low amounts of unconjugated label and Abs.

9.6.2 Cell culture

The ultimate goal of the probe developed here was to be applied on culture systems
to monitor and characterize tissue formation in 3D scaffolds in vitro. Firstly, the
antigen affinity of the anti-col-I was assessed on a pure collagen type-I coating (Rat)
and compared to the affinity of the commercially available control probe (Figure S9.2).
It was observed that both probes showed high binding affinity with the collagen type-I
coating whereas no label was detected on the surface of the glass slide. In anti-col-I
some fluorescent aggregates were observed. This could have been caused by pre-
aggregation of both the Abs and the fluorophores prior to conjugation. Anti-col-I was
further tested on a histological section of demineralized rat tail tissue to get insights
in non-specific binding (Figure S9.3). The anti-col-I probe was applied on hMSCs
cultured for 14 days in osteogenic medium on electrospun scaffolds (Figure 9.2). These
scaffolds showed randomly oriented fibers with a non-uniformly distributed average
diameter of 3.06 ± 1.95 µm, with a minimum diameter of approximately 1 µm and
maximum fiber diameter of 8 µm.

From Figure 9.2, it can be observed that collagen type-I was found intra-cellularly
between the actin filaments and inter-cellularly between multiple cells. Collagen type-
I staining was homogeneously distributed over the cells and the fibers of the scaffold.
A difference between chondrogenic and osteogenic samples could be observed (Figure
S9.4). Chondrogenic samples showed a higher confluence of the scaffolds and relatively
high amounts of collagen type-I staining from both the control and the anti-col-I
probes. In osteogenic medium the collagen type-I staining seemed to be more defined
causing less blurred background signal than observed on chondrogenic samples. In
osteogenic medium the control probe showed an inhomogeneous distribution of highly
fluorescent domains which were much brighter than the fluorescence detected from
the anti-col-I probe.
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Anti-col-II (red in Figure S9.4C and 9.4F) did not provide sufficient staining in
both chondrogenic and osteogenic medium to monitor any collagen type-II production.
Just a few red spots were observed in both chondrogenic and osteogenic samples. This
could be due to a low amount of collagen type-II production in the 2 weeks of culture,
but we cannot exclude that this absence of detectable signal could be caused by a
relatively low binding affinity of the Ab itself or by a decreased binding affinity of the
Ab after label conjugation. The red spots could be caused by impurities in the sample
or the dye solution as observed also for anti-col-I on the collagen type-I coated glass-
slides (Figure S9.2A). Since, the anti-col-II showed no specific binding affinity with
both the tissue on electrospun scaffolds and native tissue and due to the absence of a
control probe for collagen type-II, the quality of the probe was not further assessed
on the bioplotted scaffolds. However, we hypothesize that the conjugation procedure
introduced here for anti-col-I could be easily translated to N-terminal anti-collagen
type-II Abs.

Figure 9.3 shows stacked images retrieved by a flattening procedure on multiple
confocal scans on bioplotted scaffolds seeded with hMSCs after 14 days of culture in
osteogenic medium. The circular pattern formed by the seeded hMSCs has shown to
be typical for tissue formation in this type of scaffolds, where cells initially attach on
the struts of the scaffolds and over time close the pore. This pattern of tissue growth
is one of the processes that can be considered important to assess during culture to
monitor the type and morphology of the ECM that was produced.

From Figure 9.3, it could be seen that collagen type-I was found both with anti-
col-I and with the control probe. In both samples, the collagen type-I showed to be
distributed over the areas where cells were located as well. Therefore, the anti-col-I
probe can be considered successfully developed and applied. The high DOL obtained
in this study could have interfered with the binding affinity of the Ab to the antigen,
which could explain the lower brightness of the anti-col-I compared to the control
probe. The stability of the label was not expected to result in this lower brightness,
since the ATTO-dyes applied in anti-col-I and anti-col-II, are generally more stable
than the fluorophore coupled to the control probe.

In theory, the conjugation chemistry applied on this Ab allows for the coupling to
any other kind of labeling particle. Applying other imaging modalities would permit
imaging of collagen type-I at greater depths without the need to stain the cells and
nuclei. By coupling collagen type detection to a responsive scaffold material, for
example a sort of actuating system to locally administer certain stimuli, more control
over collagen production and collagen orientation could be realized. One can think
of a direct or indirect actuating system that enables to locally apply strain, which
is often suggested as a key culture parameter for collagen orientation and therewith
ECM functionality.

9.7 Conclusion

The main objective of this study was the optimization and validation of a method
that could be used to functionalize particles and fluorophores to be applied in sev-
eral imaging modalities. Based on a concise review on Abs and available conjugation
strategies, the most promising method for our application was chosen and optimized.
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Both anti-collagen type-I and anti-collagen type-II Abs were successfully conjugated
to their respective dyes. The anti-col-I probe showed a similar selectivity to a control
probe targeting collagen type-I in all tests performed. Despite the promising pre-
liminary results obtained with the anti-col-I probe, further optimization to improve
the antigen binding activity of both probes will be required for successful multiplexed
images. Yet, from the successful collagen type-I detection with anti-col-I, we conclude
that the conjugation via amines offers an easy and feasible chemistry to obtain specific
anti-collagen-I Abs coupled to several types of fluorophores and particles.
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Supplementary Data

Materials and Methods

Conjugate Characterization

The concentration of the protein and the dye was determined using the Lambert-
Beer law (Equation 1 and 2). Proteins have a maximum absorption at 280 nm, thus,
absorbance at this wavelength (A280) is often used to determine their concentration in
solution. However, fluorescent dyes also absorb at 280 nm, hence, a correction factor
(CF) has to be applied.

[Protein] =
A280 − (Amax × CF )

εIgG × p
(9.1)

Where:
A280: the absorbance at 280 nm
Amax: the absorbance at λmax

λmax: the wavelength where the absorbance has its maximum
CF: correction factor which depends on the dye’s spectral properties
P: path length (1 cm)
εIgG: molar extinction coefficient (in M−1cm−1) of the pure protein at 280 nm

[dye] =
Amax

εmax × p
(9.2)

Where:
εmax: molar extinction coefficient (in M−1cm−1) of the dye at its absorbance
maximum.

The DOL is represented by the ratio between the concentration of the dye and the
concentration of the protein as given in Equation 3.

[DOL] =
[dye]

[Protein]
(9.3)

Culture media

Basic medium contained α -minimal essential medium (Life Technologies), 10% heat-
inactivated fetal bovine serum (FBS, Lonza), 0.2 mM ascorbic acid (Asap; Life Tech-
nologies), 2 mM L-glutamine (Life Technologies), 100 U/mL penicillin (Life Technolo-
gies), 100 µg/mL streptomycin (Life Technologies). Proliferation medium consisted
of basic medium supplemented with 1 ng/mL basic fibroblast growth factor (FGF)
(Instruchemie). Osteogenic medium consisted of basic medium supplemented with
10 nM dexamethasone. Chondrogenic medium contains Dulbecco’s modified essential
medium (D-MEM) (Life Technologies) with 0.2 mM ascorbic acid, 100 U/mL peni-
cillin (Life Technologies), 100 µg/mL streptomycin (Life Technologies), 50 µg/mL
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ITS-premix, 100 µg/mL sodium pyruvate, 10 ng/mL TGF-β 3 and 1 µM dexametha-
sone. TGF-β 3 and dexamethasone were freshly added every time that the media was
changed during culture.

Collagen coating

Glass slides with a diameter of 18 mm were immersed in 10% acetic acid in ethanol
for 30 minutes, followed by 100% ethanol rinses and dried in the oven at 50 ◦C .
Collagen type I from rat tail (BD Biosciences, Two Oak Park. Bedford, USA) was
diluted from a stock concentration of 11.59 mg/mL to 2 mg/mL in a 0.02 M acetic
acid solution. Glass slides were placed in a non-treated 12 well plate (NUNC) and
250 µL of collagen solution was added. After 1 hour incubation at 37 ◦C , glass slides
were washed three times with PBS to remove any remaining acetic acid. The presence
of collagen coating was confirmed by picosirius red staining (Supplementary Figure
9.2C).

Native tissue

A 6 weeks old post-mortem rat was kindly provided by the department of biomed-
ical signals and systems (MIRA institute, University of Twente). Animal use was
regulated by national laws on animal experiments after approval from a local ethical
committee. The tail of the rat was isolated and immersed in 12.5% EDTA, pH=8,
for 5 weeks in order to decalcify the tissues. EDTA was changed three times a week.
A series of increasing ethanol concentrations (60%, 70%, 80%, 90%, 96%, 100% × 2),
2 days per concentration, was used to dehydrate the tissue. Subsequently, the tissue
was immersed in butanol overnight and in eosin for 1 hour to stain them with a pink
color to be able to localize the sample after embedding. Specimens where embedded
in paraffin for 5 days in a holder at 60 ◦C . Paraffin was changed after 2 days to
remove any traces of butanol. The sections were cut at room temperature with 5 µm
intervals.

Results

The protein concentration is determined following the Lamberts Beer law (Equation
1) and the DOL is determined following Equation 3. The CF equals the ε280 of the
dye divided by the εmax of the dye. The CFs for ATTO 488 and for ATTO 594 were
provided by the supplier and found to be 0.1 and 0.51, respectively. The εmax for
ATTO 488 and for ATTO 594 were also provided by the supplier and were 90,000 and
120,000 M−1cm−1, respectively. The molar extinction coefficient for the AB (IgG)
was set at 210,000 M−1cm−1. The path length in all measurements was set at 1 cm.

Anti-Collagen type-I conjugated to ATTO 488

A280 was found to be 0.203, while Amax was found to be 0.469 at approximately 500
nm. With these values the protein concentration was determined according to Equa-
tion 1 and found to be 7.43 × 10−7 M The molecular weight of IgG is approximately
150 kDa, so the concentration of the conjugated Anti-col-I was approximately 0.13
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mg/mL. Subsequently, the DOL was determined according to Equation 3 and found
to be 7.01.

Anti-Collagen type-II conjugated to ATTO 594

A280 was found to be 0.358, while Amax was found to be 0.435 at approximately 500
nm. With these values the protein concentration was determined according to Equa-
tion 1 and found to be 6.48 × 10−7 M The molecular weight of IgG was approximately
150 kDa, so the concentration of the conjugated Anti-col-II was approximately 0.125
mg/mL. Subsequently, the DOL was determined according to Equation 3 and found
to be 5.59.

Figure S9.1. SDS page was run for anti-col-I and anti-col-II conjugates. The ladders were
placed in the first (1), third (3) and fifth (5) lane and their fluorescent bands are displayed
in green. Anti-col-II was located on the second column (2) and is displayed in red. Anti-col-I
was located in the fourth column and is displayed in blue.
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Figure S9.2. Collagen Type-I (from rat-tail) coated glass slides stained with (A) anti-col-I
and (B) control probe and (C) picosirius red under polarized light. Both labels showed a
high fluorescent intensity on the coating while there was no binding to the glass surface. In
anti-col-I some fluorescent protein aggregates were found, which were not observed in the
control probe. Scale bars represent 1 mm.

Figure S9.3. A demineralized 5 µm thick cross-section of a rat-tail stained with (A) anti-
col-I and (B) control probe. In contrast to the collagen type-I coated glass slides, unspecific
binding of the control probe to the glass slides was observed here. This difference could be
caused by the fact that the glass-slides for histological sections were functionalized with a
tissue adherence-promoting coating. The arrows indicate tendon tissue (1), periosteum (2)
and the ventral artery (3). Suspected tendon-tissue showed a high fluorescent brightness with
both probes. For the suspected ventral artery a higher fluorescent brightness was observed
with the anti-col-I probe. Yet, the contrast in the tissue section for both probes is sufficient
to distinguish between those different tissue types. The scale bar represents 1 mm.
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Figure S9.4. Stacked images of ES scaffolds seeded with hMSCs after 14 days of culture in
osteogenic medium. DAPI staining (blue) was applied in all samples to identify the nuclei of
the cells. (A, D) The control probe showed a relatively homogenous distribution of collagen
staining (green) in chondrogenic medium compared to osteogenic medium in which highly
fluorescent domains were found. (B, E) Anti-Col-I also showed a homogenous distribution
of collagen staining in chondrogenic medium, while a lower amount of collagen staining was
found in osteogenic medium although still homogeneously distributed. Actin filaments were
stained red (Alexa Fluor 488) when collagen type-I was stained (A, B, D, E). (C, F) Anti-
Col-II (red) did not provide sufficient staining to monitor collagen type-II production. Only
a few red spots were observed in both chondrogenic and osteogenic samples which could be
caused by impurities in the sample or from the dye solution. In both conditions, confluence
of the cells on the scaffolds could be observed. Scale bars represent 1 mm.



10

Chapter 10

General Discussion

Advances in the field of tissue engineering develop at a fast pace. However, non-
destructive assessment of a potentially implantable construct remains a challenge.
The need for novel approaches to monitor the quality of tissue engineered constructs
with respect to cell adherence, proliferation, differentiation and tissue growth, among
others, is well acknowledged [1, 2]. The aim of this thesis was to assess this monitoring
challenge from two sides. First, by evaluating cell fate in scaffold-based approaches
by conventional destructive methods insights in the current state of these methods
will be obtained. This evaluation may aid in the determination of scaffold properties
that can be modulated without affecting cell-material interactions [3]. By changing
these properties, the applicability of specific non-invasive monitoring methods could
be increased. Second, the applicability of currently available imaging technologies on
conventional scaffold-based tissue constructs was evaluated.

In chapter 2, we have reviewed recently reported efforts in developing and opti-
mizing non-invasive methods to assess tissue growth, cell fate and scaffolds integrity
in vivo and in vitro. Subsequently, we have evaluated the applicability of available
imaging technologies on several scaffold materials and scaffold fabrication methods.
From literature assessment, it can be concluded that to date destructive histological
analysis remains the most applied method for the assessment of a tissue engineered
construct, despite advances in the field of imaging in tissue engineering. The wide
applicability of conventional histological analysis to distinct scaffold materials, geome-
tries and tissue types is probably the main reason for these methods to remain the
golden standard. For non-destructive imaging methods to become a standard, further
advances in multi-modal imaging systems will be most promising [4]. By combining
several imaging methods and advanced imaging processing algorithms, detailed in-
formation on various properties of the engineered constructs can be obtained [5].
To examine the potential of imaging approaches in assessing three dimensional (3D)
tissue-engineered constructs, a model construct has to be developed and characterized
by conventional methods as a control to validate the applied imaging approach. Part
I of this thesis focused on the development and characterization of both conventional
and novel scaffolding approaches.

233
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Part I: Cell fate in 3D tissue engineered constructs

A typical tenet in scaffold based tissue engineering strategies is the seeding of these
porous biomaterials with a high cell number, especially for those scaffolds with a
highly accessible and interconnected pore network like rapid prototyping ones. As
cell expansion is associated with high costs and cumbersome procedures to obtain
millions of cells for a scaffold, it is important to find optimized seeding conditions
to reduce the amount of used cells without compromising tissue regeneration. Fur-
thermore, during preliminary experiments on the monitoring of human mesenchymal
stem cells (hMSCs) fate in 3D plotted polymeric scaffolds in vitro, the difficulty of
poor cell adherence was faced. Therefore, in chapter 3 efforts to improve the initial
cell adherence on these scaffolds by adjusting relatively simple cell seeding parameters
without changing the scaffolds properties were reported [6]. It was shown that lower
initial cell numbers and small cell seeding volumes can result in an increase in the
cell seeding efficiency. When using clinically relevant cells such as hMSCs, the cell
seeding conditions will have to be optimized per system and application to reduce cell
loss without lowering the number of adhered cells on the scaffold.

Horizontal agitation did not improve the cell seeding efficiency compared to static
culture in the study reported in chapter 3. However, other dynamic culture systems
have shown to improve cell adherence and distribution [7-9]. Therefore, in chapter 4,
a recently introduced dynamic culture system, by means of a biaxial rotating vessel,
was utilized. The influence of the convection flow generated by the rotating vessel on
cell adherence, cell fate and tissue growth was assessed for adult hMSCs and compared
to fetal hMSCs. The biaxial rotating vessel bioreactor used in this study improved fe-
tal hMSCs distribution and proliferation in 3D plotted PEOT/PBT scaffolds without
inducing cell differentiation. Unfortunately, in our studies, these results could not be
confirmed for two populations of adult hMSCs. Also a previously successfully applied
perfusion bioreactor [10] showed detrimental effects on cell distribution and prolifera-
tion for adult MSCs. Yet, considering that bioreactor systems have been successfully
used for more tortuous porous scaffolds for the culture of adult hMSCs [11, 12], it
cannot be excluded that a further optimization of the operational parameters of the
convection and perfusion bioreactors used in this thesis could aid the proliferation of
adult MSCs on rapid prototyped scaffolds in future studies. The low cell number and
poor cellular distribution in these studies with hMSCs could also be donor dependent.
A higher number of hMSCs donors could eliminate this possible influence of donor
variance [13].

In chapter 5, we introduced a novel bottom-up approach which ensures a homoge-
nous cell distribution throughout the construct in static culture. We also examined
the potential clinical translation of this approach. We showed how the physical prop-
erties of the micro-objects, which were developed as cell-laden spacers, influenced their
cell-guided assembly. Besides fundamental experiments in which we showed the bio-
compatibility and tailorability of these objects, we also demonstrated the injectability
of objects-cells aggregate suspensions for in situ tissue regeneration approaches. In
preliminary follow-up studies conducted recently (data not shown in this thesis), we
succeeded in the fabrication of these objects from already clinically applied biocom-
patible and biodegradable poly-lactic acid. Based on this result, we speculate that
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a library of scaffolding micro-objects can be developed in the near future to aid the
controlled assembly of complex tissue engineered constructs both in vitro and in vivo.
Moreover, we were able to sufficiently monitor cellular behavior over time to show
the potential of our approach. In the future, we expect eventual imaging problems
faced with this micro-object based approach to be less challenging than for the plotted
polymeric scaffolds introduced in the chapters 3 and 4. We base this hypothesis on
the transparent properties of the micro-objects and the limited size of the injectable
aggregates. Since so far no imaging challenges were encountered, this scaffolding ap-
proach was not further assessed in our experimental studies on the application of
imaging modalities on tissue engineered constructs which were described in Part II of
this thesis.

The possible donor variation observed in chapter 4 is slightly touched upon the
study reported in chapter 6, which aims at gaining insight in the differentiation capac-
ity of several populations of hMSCs when cultured on 3D scaffolds. The stability of
hMSCs differentiation induced by conventional delivery of soluble factors in the cul-
ture media was assessed on three types of polymeric scaffold and compared to their
differentiation capacity in 2D. We showed that soluble-factor-induced differentiation
was not impaired or improved by the properties of the scaffolds. We also showed
that the differentiated phenotype of hMSCs in most conditions was lost upon soluble
factor removal. Therefore, in future scaffold-based tissue engineering approaches the
stability of the cellular phenotype has to be assessed prior to implantation to be able
to better predict the clinical value of the construct.

In the near future, we think that gaining more real-time insights in cell behavior
is of high importance for the success of tissue engineering approaches and the further
development of promising instructive 3D constructs. We showed that in vitro differ-
entiation of hMSCs on conventional synthetic scaffolds does not guarantee a stable
differentiated phenotype. Many researchers focus on modulation of scaffold proper-
ties to better mimic the in vivo environment or to more effectively instruct cells into
the desired lineage. Two of the main hurdles to overcome are a low reproducibility
and donor dependent results. Therefore, most currently developed approaches remain
inefficient since the quality of the obtained constructs can only be evaluated by sacri-
ficing them. Therefore, even though a novel so called ‘smart’ scaffold might be highly
promising for a certain tissue engineering approach, the evaluation of its clinical and
commercial potential often remains a challenge when the successful application cannot
be guaranteed.

Part II: Challenges in imaging assessed

In chapter 7, we have evaluated the application of three label-free Raman (micro-)
spectroscopy set-ups on similar plotted scaffolds as previously introduced in chapter 3,
4 and 5. In this study, we seeded bovine chondrocytes as a model cell line for cartilage
tissue engineering research. However, we hypothesize that the same method for ECM
characterization introduced here can also be applied on ECM produced by hMSCs.
We showed that the detection of Raman bands 937 and 1062 cm−1 correspond to
the presence of collagen and proteoglycans, respectively. By determination of the
surface area of the peaks found, quantitative numbers on collagen and proteoglycan
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production were obtained. Previous works of co-workers on this chapter already
showed the processing of the obtained Raman-spectra into images [14]. By applying
confocal Raman micro-spectroscopy, detailed 3D color graphs or heat-maps could be
reconstituted, which display spatial-local information on several ECM components
within one model.

In chapter 8, we have applied micro-magnetic resonance imaging on similar opaque
plotted scaffolds as assessed in chapters 3, 4 and 6. The focus in this study was to
quantify total tissue formation, without specifically assessing the ECM composition.
Therefore, the tests were run at scaffolds seeded with hMSCs and cultured in basic
medium without differentiation inducing soluble factors and proliferation enhancing
medium, which is basic medium supplemented with basic fibroblast growth factor.
We introduced an image-processing procedure that allows for the quantitative analy-
sis of the images, while correcting for imaging related artefacts such as inhomogeneous
background illumination. Identified tissue distribution was quantified layer-by layer
and visualized in 3D mesh models. We think that in the near future, optimized
post-image processing sequences can result in shortening of required scanning times
enabling multiple scans over time to monitor tissue growth almost continuously. Fur-
ther advances will have to be made with respect to the practical use of MRI. Currently
available devices have large dimensions and therefore will very likely not become a
standard device in tissue engineering laboratories, even though recent advances are
made in the development of smaller devices [15]. To further optimize the utilization
of MRI in assessing tissue engineered constructs, MRI targeted contrast enhancing
probes could be developed. Currently available targeted probes mostly rely on endo-
cytosis or provide contrast in vascular systems by accumulation of high concentrations
of magnetic beads [16, 17]. By the development of specific ECM-component targeted
contrast agents, via for example immunolabeling, non-invasive identification of these
components in 3D opaque scaffolds or even in bioreactor systems could be achievable.

In chapter 9, we exemplified the viability of this idea in theory and practice by
a concise review on immunolabeling approaches followed by preliminary studies on
the conjugation of fluorescent dyes to collagen type-I and type-II antibodies. Our
results showed that the conjugation chemistry applied resulted in sufficient degrees
of labeling. Yet, the binding affinity of the anti-collagen type-II probe seemed to be
hampered. From the successful collagen type-I detection by the anti-collagen type-I
probe in collagen coatings, native tissue and tissue engineered constructs, it can be
concluded that the conjugation chemistry applied is efficient for this specific antibody.
In this study, the fluorescent label served as a model for any other contrast enhancing
agent for non-optical imaging processes. The conjugation chemistry is designed as
such that the protocols do not require major modifications to be applicable on any
other kind of label.

We expect that similar as in the field of medical imaging, the focus of micro-
resolution non-invasive imaging will broaden with advances in the capabilities of the
devices, the specificity of targeted labels and the introduction of complex algorithms
in applied image processing. These improvements in combination with multi-modal
imaging methods will significantly improve the quality and accuracy of the obtained
information. In the past, improvements on imaging techniques were mainly focused
on the hardware, for example by increasing the magnetic field strength in MRI or the
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introduction of confocal modalities in optical microscopes. In this thesis, we show that
computational analysis of Raman spectra allows us to quantify extra cellular matrix
components and that MRI image processing methods enable the quantification of
tissue content in 3D. By combining the antibody conjugation approach introduced
in chapter 9 with the advances in computational analysis of images and spectra,
comprehensive information will be obtained which will ultimately aid in achieving
higher efficiencies in any in vitro cultured tissue engineered construct.

Concluding remarks

From the results presented in this thesis, we believe that we have shown the impor-
tance and the potential of novel approaches to assess tissue engineered constructs.
In the coming years, we expect the field to take a leap towards larger sized, more
complex constructs in which the necessity to assess the functional composition of the
construct will only increase. The field of tissue engineering is not solely materials
and cell-based, but also comprises more often pharmaceuticals, growth factors, and
other instructive elements. Clinical translation of such advanced tissue engineered
constructs is expected to face more complex regulations, in which the quality and
reproducibility of the constructs will be considered of even higher importance than
in former applications. When non-invasive (multimodal) image- and sensor-based
monitoring approaches would be combined into a single culture system, in which
information can be analyzed on-line and consequently processes such as drug deliv-
ery can be actuated automatically, a higher control over cell and tissue fate could
be achieved. One can imagine that ultimately, by direct and continuous monitoring
and actuation of cell differentiation and tissue growth related processes, an increased
efficiency and reproducibility of in vitro cultures could be achieved.
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