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ABSTRACT

Cartilage regeneration upon injury or joint disease remains a challenge mainly due to its
intrinsic avascular nature, low cellularity and highly complex multizonal architecture.
Cartilage tissue engineering (CTE) approaches combining cells, biomaterial matrices and
biochemical/physical stimuli aim to generate tissue substitutes with native-like properties and
long-term functionality. However, despite the existence of studies with promising results, fully
functional cartilage constructs with physiologic structural and biomechanical properties are
yet to be achieved, which has limited their clinical translation.

The main objective of this thesis was to contribute towards the development of novel
bioengineering strategies for the in vitro fabrication of native-like cartilage tissue through a
closer mimicry of some of its specific biochemical/physical, structural and mechanical
features. The glycosaminoglican (GAG) composition of the main cells used for CTE
(chondrocytes and bone marrow/synovium-derived mesenchymal stem/stromal cells-
hBMSC/hSMSC), their cell-secreted extracellular matrix (ECM), and of the respective
chondrogenic aggregates generated under normoxic (21% O.) / hypoxic (5% O,) conditions
was determined using highly sensitive mass spectrometry techniques. It is noteworthy that
external supplementation with main cartilage GAGs, particularly, chondroitin sulfate (CS) and
hyaluronic acid (HA), showed favorable effects in the MSC chondrogenic differentiation on
porous biodegradable scaffolds. Additive manufacturing technology was employed to
fabricate a customizable perfusion bioreactor able to provide fluid-induced shear stress
stimuli to MSC-based cartilage constructs, which resulted in enhanced chondrogenesis and
reduced hypertrophy. Different scaffold structures, namely 3D MSC-ECM decorated-
scaffolds and kartogenin-loaded coaxial electrospun nanofibers were developed to target the
regeneration of specific zonal regions within the osteochondral tissue. Finally, we introduced
the concept of a tri-layered hierarchical scaffold to mimic the architecture of different articular
cartilage zones (3D porous polycaprolactone (PCL) scaffold as deep zone layer, a GAG-
based hydrogel in the middle zone and aligned PCL/Gelatin nanofibers as superficial zone
layer) and its ability to support the chondrogenic differentiation of MSC was evaluated. Such
biomimetic scaffolds provide a closer mimicry of the complex structure of articular cartilage
and are promising for the repair of full-thickness cartilage defects and as more reliable in

vitro models for research and drug screening.

Keywords: Cartilage tissue engineering (CTE); Extracellular matrix (ECM);

Glycosaminoglycans (GAG); Hierarchical scaffolds; Mesenchymal stem/stromal cells (MSC).






RESUMO

A regeneracgdo da cartilagem apos lesdo ou doencga articular é limitada pela sua natureza
avascular, baixa densidade celular e ainda pela sua complexa arquitetura hierarquizada.
Abordagens de engenharia de tecidos combinando células, biomateriais e estimulos
bioquimicos/fisicos tém como objectivo gerar cartilagem com propriedades similares ao
tecido nativo e com funcionalidade a longo prazo. No entanto, apesar de muitas estratégias
terem originado resultados promissores, ainda ndo foram gerados substitutos de cartilagem
totalmente funcionais e com propriedades estruturais e biomecanicas semelhantes as
observadas fisiologicamente, o que limita a sua translagéo para um contexto clinico.

Esta tese tem como objectivo principal contribuir para o desenvolvimento de novas
estratégias de bioengenharia para a fabricagao in vitro de cartilagem semelhante ao tecido
nativo através de um mimetismo mais aproximado de algumas das suas propriedades
bioquimicas/fisicas, estruturais e mecanicas. As composi¢cdes da matriz extracelular (ECM),
em termos glicosaminoglicanos (GAG) produzidos pelos principais tipos de células usadas
para engenharia de tecidos de cartilagem (condrécitos e células estaminais mesenquimais
derivadas da medula 6ssea e da membrana sinovial — hBMSC/hSMSC) bem como de
agregados condrogénicos produzidos em ambiente de normoxia (21% O,) / hipdxia (5% O,)
foram determinados usando técnicas de espectroscopia de massa. De notar que a
suplementacdo do meio de cultura com GAGs constituintes da cartilagem, nomeadamente
sulfato de condroitina (CS) e acido hialurénico (HA), demonstrou um efeito positivo na
diferenciagdo condrogénica de MSC, cultivadas em “scaffolds” porosos biodegradaveis. O
uso de bioreactores de perfusdo, produzidos usando tecnologias de fabricagdo aditiva
permitiu controlar as condigbes hidrodinAmicas de culturas de MSC cultivadas em
“scaffolds”, o que resultou em tecidos com superior potencial condrogénico e hipertrofia
reduzida. “Scaffolds” com diferentes estruturas, nomeadamente “scaffolds” obtidos por
extrusdo decorados com MSC-ECM e nanofibras alinhadas e coaxiais incorporando
cartogenina produzidos por electro-fiagdo, foram desenvolvidos para promover a
regeneragao de zonas especificas do tecido osteocondral. Por fim, foi introduzido um novo
conceito de “scaffold” hierarquico com trés camadas para mimetizar a arquitetura das
diferentes zonas da cartilagem articular e avaliada a sua capacidade de promover a
diferenciacdo de MSC em cartilagem. Estes “scaffolds” biomiméticos sdo mais semelhantes
a estrutura complexa da cartilagem articular, sendo assim promissores para a reparagéo de
lesbes osteocondrais e para uso como modelos in vitro para investigacao cientifica e triagem
de novas moléculas.

Palavras-chave: Engenharia de tecidos de cartilagem; Matriz extracelular;

Glicosaminoglicanos; “Scaffolds” hierarquicos; Células estaminais mesenquimais.



After climbing a great hill, one only finds that there are many more hills to climb.

Nelson Mandela (1918-2013)
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CHAPTER | - INTRODUCTION

I.1. Thesis concept

1.1.1. Motivation

Articular cartilage is a highly specialized connective tissue with a crucial biological
importance for healthy articular motion as it provides a smooth and lubricated surface in the
synovial joints and facilitates mechanical load dissipation. Due to the absence of
vascularization, low cell density and low proliferative potential, articular cartilage has a poor
self-healing capacity after injury or degeneration through prevalent debilitating diseases such
as osteoarthritis (OA) and rheumatoid arthritis. OA is a major health concern as it is the most
common joint disorder and a major cause of pain and disability in adults. In fact, it is
estimated that more than 10% of men and 18% of women over 60 years old are affected by
OA worldwide (Vinatier and Guicheux, 2016). These numbers are predicted to be aggravated
considerably in the following decades due to the global population aging and as result of a
multi-factorial etiology, which also includes obesity and heredity (Chen et al., 2017). In US
alone, OA afflicts more than 9% of the population over 30 years and comprises
approximately $100 billion of healthcare and socioeconomic annual costs (Tan and Hung,
2017). Previous reports conducted in US predicted the number of OA patients to rise from
47.8 million in 2005 to more than 67 million by the year of 2030 (Hootman and Helmick,
2006; Lawrence et al., 2008). OA pathology is characterized by a progressive destruction of
articular cartilage, thickening of the subchondral bone and various degrees of synovial
inflammation. Despite its relevance, the molecular mechanisms underlying OA pathogenesis
remain poorly understood and there are no current clinical interventions to fully restore
degraded cartilage and revert disease progression (Chen et al.,, 2017; Kim et al., 2018).
Despite advances in the field of orthopedic surgery, the current procedures for articular
cartilage repair including chondroplasty, microfracture, mosaicplasty and autologous
chondrocyte implantation (ACI) (estimated > 250.000 procedures/year in US alone with a 5%
annual incidence growth) are not able to consistently produce functional tissue with proper
mechanical and structural properties (McCormick et al., 2014). In fact, such methods present
numerous limitations such as donor site morbidity, graft instability, incomplete defect filling
and often lead to the formation of fibrocartilaginous and calcified tissue (Huang et al., 2016;
Makris et al., 2015; Vinatier and Guicheux, 2016). Therefore, there is an urgent unmet need
for alternative therapeutic methods to address the challenging process of articular cartilage
regeneration. Additionally, from an economic perspective, a successful therapeutic option for

OA management will enter as advantageous competitor in a market that is expected to



increase nearly 2.2 times in 10 years (according to GlobalData, Pharma Intelligence Center
report that predicts the worldwide OA market will increase from $1.6 billions in 2016 to $3.5
billions by 2026).

The inefficiency of current clinical options combined with the increasing numbers of
cartilage disease patients motivated the development of new therapeutic strategies based on
stem cell therapy and tissue engineering. Such strategies combining principles of
engineering, material science and biology aim to develop tissue substitutes that can fully
restore the functions of the injured cartilage tissue. Cartilage tissue engineering (CTE) often
follows the “tissue-engineering triad” paradigm, i.e., the combination of cells (chondrocytes or
stem cells), biomaterials and biochemical/physical/environmental factors (Bernhard and
Vunjak-Novakovic, 2016; Makris et al., 2015; Vinatier et al., 2009). It is believed that the
proper combination of these factors holds the promise for the generation of functional long-
term articular cartilage substitutes with structure and mechanical behavior similar to the
native tissue. Recent discoveries in material science engineering and new technologies for
scaffold fabrication together with a better understanding of the role of stem cells and certain
molecules in cartilage development and maintenance have greatly benefited the CTE field.
Interestingly, when Langer and Vacanti first introduced tissue engineering nearly 25 years
ago (Langer and Vacanti, 1993), articular cartilage was predicted to be one of the first tissues
to be successfully regenerated as a result of being composed by a single cell type (the
chondrocyte, embedded in a extracellular matrix (ECM) mainly composed of proteoglycans
and collagen) and of its thin structure and avascular nature (Huey et al., 2012). However,
such thought was proven incorrect not only because of articular cartilage intrinsic poor self-
regeneration capacity, but also because of it's highly complex, multilayered structure with
different cell densities, ECM composition and mechanical properties in each of the different
layers of the tissue. Many tissue engineering strategies creating homogeneous tissue
replacements and not considering the structural and environmental features (i.e. oxygen
tension, biochemical signaling, mechanical stimuli) of articular cartilage niche have failed to
achieve clinical effectiveness. Considering that cartilage main properties and functions are
dictated by its spatially-varying architecture and proper microenvironment, new approaches
should focus in mimicking these features in vitro in order to achieve engineered tissues with
improved functionality.

Glycosaminoglycans (GAGs) are major components of cartilage tissue and therefore
global quantification of their production is one of the principal outcomes considered when
evaluating the success of a tissue engineering strategy. However, little is known about its
exact composition in the final engineered tissues. Additionally, changes in GAG composition,
structure and sulfation patterns have been associated with different tissue maturation stages
and with arthritic diseases (i.e. OA) (Hasehira et al., 2017; Plaas et al., 1998; Sharma et al.,



2017). Therefore, in this thesis, we will use a highly sensitive liquid chromatography tandem
mass spectrometry (LC-MS/MS) approach to unravel a more accurate GAG composition of in
vitro generated chondrogenic tissues, cell-derived ECM and respective undifferentiated cells
from sources often used in CTE approaches.

Despite the great number of high quality research and pre-clinical studies performed in
CTE, the clinical translation of these approaches on a scale that may improve patients’
quality of life has not been achieved yet. The current trend in the field to target cartilage
regeneration is the development of new integrated CTE strategies that can enhance the
functionality and properties of the engineered tissues by a closer mimicry of the in vivo
conditions of native articular cartilage. Herein, we will focus on the development of
biomimetic bioengineering strategies combining scaffolds, mesenchymal stem/stromal cells
(MSC) and different cues (i.e. biochemical through supplementation with glycosaminoglycans
and small molecules; physical using perfusion bioreactors to provide mechanical stimulation;
and environmental through the modulation of oxygen tension) to generate in vitro cartilage
constructs. In particular, we will study the effects of recreating some of articular cartilage in
vivo features to promote MSC chondrogenic differentiation in 3D culture systems ex vivo.

One of the major unsolved challenges in CTE is the inability of creating engineered
tissues with structure, mechanical properties and functionality resembling the ones of healthy
native articular cartilage. Therefore, the fabrication of hierarchical multilayered tissue
constructs to mimic the structure of the native tissue is now becoming a hot topic in the field
of regenerative medicine, particularly for CTE applications (Ansari et al., 2019; Atesok et al.,
2016; Correia et al., 2015; Gadjanski, 2018). Herein, we will introduce a concept of a novel
hierarchical tri-layered scaffold aiming to enhance MSC chondrogenesis through a closer
mimicry of each one of the native articular cartilage layers, and consequently, of their zone-

variable cell density, ECM composition and mechanical properties.

1.1.2. Scope, aim of studies and research questions

This PhD thesis was developed under the framework of the PhD Program in
Bioengineering — Cell Therapies and Regenerative Medicine and resulted from a
collaborative project between the Stem Cell Engineering Research Group (SCERG, iBB-IST,
Portugal) and the Linhardt Labs — Center for Biotechnology and Interdisciplinary Studies
(CBIS) from the Rensselaer Polytechnic Institute (RPI, NY USA). The objective was to bring
together specific expertise from both labs (stem cell culture and differentiation, bioreactor
technology and tissue engineering scaffold development from SCERG and GAG
disaccharide analysis and electrospinning technique from Linhardt Labs) to develop a project

addressing one of the primary unsolved challenges in the fields of tissue engineering and



regenerative medicine: the development of a functional engineered tissue that mimics the
highly organized multizonal architecture and mechanical properties of articular cartilage.
Taking into consideration the motivation of this thesis, we aim to improve our
understanding of the in vivo features and composition of articular cartilage and use that
information to develop different biomimetic CTE strategies for the in vitro fabrication of stem
cell-based engineered cartilage tissues. Specifically, this thesis aims to answer to the

following research questions:

1. What is the GAG disaccharide composition of ECM produced by cells (MSC and
chondrocytes) often used in CTE strategies? How are the GAG types and amounts

affected by the decellularization method?

2. How GAG composition changes during the chondrogenic differentiation of MSC?
Are these changes dependent of the MSC source used and how they compare
with chondrocytes? Is the chondrogenic differentiation of these cells and their
GAG remodelling affected by the oxygen tension (normoxia - 21% O, vs.
hypoxia - 5% 0,)?

We propose that a highly sensitive LC-MS/MS approach might contribute to address
these two first questions, providing a more accurate quantification (while accounting for
different types of GAGs and respective disaccharides) than the standard methods usually
used for measuring GAG content in stem cell-based engineered tissues.

Following on these topics, we hypothesize that main native tissue components, such as
GAGs or the whole decellularized cell-derived ECM, can be integrated in tissue engineering
approaches to improve MSC differentiation towards different components of the
osteochondral tissue. In that sense, the following research questions were then addressed in

this thesis:

3. Can GAGs be used as culture meddium supplements to enhance the
chondrogenic differentiation of MSC in 3D porous scaffolds? How different are
the responses to GAG supplementation, in terms of chondrogenic
differentiation, of two distinct MSC sources: bone marrow-derived MSC and

synovial-derived MSC?

4. Is decoration with MSC-derived ECM an effective way to enhance the

bioactivity and osteoinductive potential of synthetic 3D porous scaffolds? Can



these ECM-decorated scaffolds improve the proliferation and osteogenic

differentiation of MSC in comparison to pristine scaffolds?

These last two research questions arise from the hypothesis that we can improve cellular
processes such as proliferation and differentiation through a closer mimicry of the cell-ECM
signaling present in tissues in vivo.

Articular cartilage is constantly under the action of mechanical forces resultant from
articular motion. These mechanical stimuli have been associated with the maintenance of
cartilage homeostasis and also described to have a role in the regulation of MSC
differentiation (Li et al., 2017; Panadero et al., 2016; Steward and Kelly, 2015). Concordantly,
we hypothesized that additive manufacturing technology could be used to fabricate custom-

made and versatile perfusion bioreactor systems to address the following research question:

5. Can we develop a custom-made perfusion bioreactor system suitable for CTE
applications? Does the perfusion bioreactor culture play an enhancing role in

the MSC chondrogenenic differentiation on 3D porous scaffolds?

Mimicking the properties of native tissue ECM is an important factor for the success of a
tissue engineering strategy. This becomes crucial and a major challenge when considering
CTE approaches due to the highly stratified and multizonal architecture of articular cartilage.
Accordingly, appropriate scaffold fabrication techniques should be used to develop scaffolds
mimicking the structural and mechanical properties of each individual zone/layer of the
cartilage tissue.

Regarding the regeneration of defects in the superficial zone of articular cartilage, we
hypothesized that nanofibrous scaffolds mimicking the size and alignment of collagen fibrils
in the native tissue can be produced by electrospinning, and combined with a drug delivery
strategy to promote MSC chondrogenesis.

Finally, we propose the combination of different scaffold fabrication tecnhiques to
produce a hierarchical tri-layered scaffold able to closely resemble the multizonal structure of
articular cartilage. Considering the abovementioned, two additional research questions were

addressed under the scope of this thesis:

6. Can we produce electrospun nanofibers able to mimic the size and alignment
of collagen fibrils within the superficial layer of articular cartilage? Could a
coaxial fiber configuration allow the controlled delivery of a small molecule

and enhance scaffold’s chondroinductive potential?



7. How can we combine different scaffold fabrication techniques to produce a tri-
layered hierarchical scaffold able to mimic the stratified multizonal
architecture of articular cartilage, considering its zone-varying cell density, ECM
composition and mechanical properties? Would such scaffold support the

chondrogenic differentiation of MSC?

The last research question addresses one of the primary unsolved challenges in CTE.
The in vitro fabrication of engineered tissues with zone-varying properties similar to the
native articular cartilage would be a major achievement in the field as a promising curative
therapy for repairing full-thickness cartilage defects. Additionally, this will allow the production
of high-quality in vitro 3D models for the screening of new therapeutic molecules and for

study the mechanism of cartilage degenerative diseases.

1.1.3. Research strategy

Although several different research lines could have been followed to address our
research questions, in the next paragraphs, we explain the rationale behind some of the

strategies adopted throughout this PhD thesis.

Cell sources

MSC are an attractive source for tissue engineering approaches due to their high
availability as they can be isolated from several tissues, their low immunogenicity, their
advantageous immunomodulatory/trophic properties and their ability to differentiate into
cartilage, bone and adipose tissues (Le Blanc, 2003; Pittenger et al., 1999; Tan and Hung,
2017). To date, human bone marrow MSC (hBMSC) are the most used stem cell source in
clinical trials and in cartilage tissue engineering settings (Heathman et al., 2015; Makris et
al., 2015). However, since their first isolation by De Bari et al (De Bari et al., 2001), several
studies have suggested human synovial-derived MSC (hSMSC) as a superior source for
cartilage regeneration due to their higher chondrogenic potential compared to other MSC
sources (Fan et al., 2009; Ogata et al., 2015; Sakaguchi et al., 2005). Therefore, owing to
their clinical relevance and superiority for chondrogenesis, we selected hBMSC and hSMSC
as cell sources in our CTE strategies. In some of the studies performed, human articular
chondrocytes were used for comparison. In addition, as hBMSC are present in bone tissue,
they were used in the strategy addressing bone repair.

All the MSC donors used in this thesis were characterized following the criteria for MSC

definition (Dominici et al., 2006) and different donors were used to account for batch-to-batch



cellular heterogeneity. Moreover, all the human cells used in this thesis were obtained with
donor consent either as result of collaboration with hospitals or acquired from specialized

companies.

Materials

To produce the scaffolds tested in this thesis, we selected biocompatible and
biodegradable materials that can be easily processed to generate the desired structures for
each study. Polycaprolactone (PCL) was used to produce 3D extruded porous scaffolds and
electrospun nanofibers, as it is a previously FDA-approved material for different medical
applications and possess desirable biodegradability rates and mechanical properties (Low et
al., 2009; Woodruff and Hutmacher, 2010). Poly (glycerol sebacate) (PGS) used to fabricate
coaxial electrospun fibers is a non-toxic elastomeric material synthesized by the mixture of
glycerol and sebacic acid, both of them approved by FDA (Loh et al., 2015; Rai et al., 2012).

LC-MS/MS as a technique to determine GAG composition

GAGs, such as chondroitin sulfate (CS) and hyaluronic acid (HA), are main cartilage
constituents with a crucial role in the resistance of the tissue to mechanical loads, as well as
mediators in important cellular functions. Thus, the quantification of GAG amounts is one the
main measures used to assess chondrogenic differentiation and the performance of a CTE
strategy. Most of GAG measurements in CTE strategies use the dimethylmethylene blue
(DMMB) assay (or equivalent) and are limited to the determination of total sulfated GAG
content, being unable to discriminate among different GAG types. In fact, only very few
studies used electrophoresis or high-performance liquid chromatography (HPLC) methods to
evaluate GAG disaccharides composition in engineered cartilage tissues (Mouw et al., 2005;
Wan et al., 2016). Moreover, these methods lack the sensitivity of liquid chromatography
tandem mass spectrometry (LC-MS/MS), which might be critical when dealing with low
amounts usually generated in microscale culture strategies. Therefore, we propose the use
of a highly sensitive and selective LC-MS/MS method using multiple reaction monitoring
(MRM) detection mode developed in Linhardt Labs to provide an accurate analysis of the
GAG and disaccharide composition of the different cell sources and respective engineered
tissues. This method was previously successfully used to study the GAG disaccharide
composition of different types of tissues and biological samples (Gasimli et al., 2014; Li et al.,
2015; Liu et al., 2018; Schmidt et al., 2016; Sun et al., 2015; Weyers et al., 2012).



Different types of scaffolds

Throughout this thesis, we exploited the use of different scaffold configurations such as

3D extruded porous scaffolds, GAG-based hydrogels and electrospun fibers.

e 3D extruded porous PCL scaffolds

Additive manufacturing extrusion process has been widely used in tissue engineering
due to their ability of fabricating scaffolds with highly controlled size, structure and porosity,
which can be tailored to perfectly match the patient’'s defect site (Melchels et al., 2012).
Herein, we explore this technology to produce 3D porous PCL scaffolds with high porosity
and interconnectivity to favor cell infiltration and migration, efficient nutrient supply and gas
exchange. These scaffolds were used as 3D-culture platforms in several strategies

developed throughout this thesis.

e GAG-based hydrogels

Hydrogels are attractive platforms for CTE applications due to their ability to mimic the
hydrated environment of cartilaginous tissues and to be used as minimally invasive injectable
systems (Oliveira and Reis, 2011). In order to provide a closer resemble of articular cartilage
biochemical composition, the main cartlage GAG CS was mixed with a commercially
available semi-synthetic HA-based HyStem™ hydrogel system to develop the middle zone
layer of the hierarchical scaffold. The HyStem hydrogel system was selected based on its
previously successful application in MSC-based CTE strategies (Aleksander-Konert et al.,
2016; Mikael et al., 2017).

e FElectrospun fibers

Electrospinning has been widely used in tissue engineering applications due to its ability
to fabricate fibrous and porous 3D mesh scaffolds with high surface area from a great variety
of materials (Agarwal et al., 2009; Khorshidi et al., 2016). Electrospinning is particularly
advantageous for CTE applications because it allows the production of fibrous scaffolds with
the nanometer scale and alignment of the collagen fibrillar structures present in the native
articular cartilage ECM (Wise et al., 2009). Coaxial electrospinning is a development of the
traditional technique, which uses two concentrically aligned nozzles (inner and outer nozzle)
each one connected to a different spinning solution to produce fibers with a core-shell

structure. The main advantages of coaxial electrospinning include the encapsulation of
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nonspinnable polymers and nonpolymeric materials such as drugs and biologically active
molecules in the fiber core, which allow for the protection and more controlled-release
kinetics of such agents (Jiang et al., 2014; Sperling et al., 2016). Core-shell fibers have been
extensively used o deliver drugs, genes and growth factors to target different tissue
engineering applications (Ji et al., 2011). Within the scope of this thesis, we used drug-
encapsulating monoaxial and coaxial aligned electrospun nanofibers to address the

regeneration of the superficial zone of articular cartilage.

Enhancing scaffold’s biological performance

In this thesis, we explore different strategies to enhance the bioactivity and performance

of synthetic-based scaffolds towards specific applications.

e Cell-derived ECM decoration of synthetic scaffolds

In the recent years, decellularized cell-derived ECM has been proposed as a promising
material for tissue engineering applications as it serves as a reservoir of multiple cytokines
and growth factors, providing biochemical and physical cues that can recreate the in vivo
microenvironment of cells and tissues (Cheng et al., 2014; Fitzpatrick and McDevitt, 2015).
However, the application of cell-derived ECM in the repair of bone defects is hampered by
their weak mechanical properties and fast degradation (Bracaglia and Fisher, 2015).
Therefore, in this thesis, we propose the combination of MSC-derived ECM (hBMSC were
selected as cell source due to their presence in native bone tissue and, consequently,
superior ability to recapitulate features of bone niche) with 3D custom-made porous PCL
scaffolds to generate MSC-ECM decorated PCL scaffolds with appropriate mechanical
support and improved bioactivity/oisteoinductive properties for bone tissue engineering

applications.

e Chondroinductive factor release

Electrospun scaffolds have been explored to allow the delivery of chondroinductive
proteins and molecules in CTE (Man et al., 2014; Wang et al., 2017). Accordingly, we
developed coaxial electrospun aligned nanofibers for the controlled delivery of the small
molecule kartogenin. Kartogenin is a recently discovered small molecule known to promote
MSC chondrogenic differentiation, maintain chondrocyte phenotype and protect cartilage
ECM from degradation (Cai et al., 2019; Johnson et al., 2012). Thus, we expect that our

coaxial electrospun scaffolds will be able to offer structural support, mimic the structure of
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cartlage ECM and promote the controlled release of a chondroinductive factor that can

efficiently enhance MSC chondrogenesis towards improved CTE strategies.

In vitro recreation of articular cartilage niche environmental/biochemical/physical

features to promote MSC chondrogenic differentiation

Within the scope of this thesis, we explore the in vitro mimicry of the features of the in
vivo articular cartilage microenvironment as a strategy to enhance the MSC chondrogenic

differentiation in CTE approaches.

e [ow oxygen tension (hypoxic) environment

Inside the human body, articular cartilage is naturally exposed to hypoxic conditions
(compared to atmospheric air), which ranges from 1% O, tension in the deep zone to 6% O,
observed at the superficial zone (Zhou et al., 2004). Considering this and several studies
reporting a beneficial role of low oxygen environments in promoting MSC chondrogenesis
(Adesida et al., 2012; Leijten et al., 2014; Pattappa et al., 2019), we exploited the use

hypoxia conditions (5% O) to enhance the quality of our in vitro engineered cartilage tissues.

*  GAG supplementation as biochemical cues

GAGs, particularly CS and HA, are main components of articular cartilage with a critical
role in the maintenance of tissue biomechanics and as regulators of signaling pathways
controlling cellular processes such as cell growth and differentiation (Gasimli et al., 2012;
Linhardt and Toida, 2004; M. Wang et al., 2017). Herein, aiming to recapitulate relevant
biochemical cues and cell-ECM signaling observed in vivo, we develop a strategy based on
GAG supplementation as culture medium additives, assessing its effects on the

chondrogenic differentiation of different MSC sources in 3D porous scaffolds.

e Bioreactor perfusion culture of engineered cartilage constructs

During normal joint movement, articular cartilage is under a variety of different physical
stimuli. In vitro, these physiological mechanical stimuli are often replicated through the use of
bioreactors (Choi et al., 2018; Tan and Hung, 2017). Among these stimuli, bioreactor-based
fluid-induced shear stimulation is reported to favor cartilage ECM production, however too
high shear environments might result in increased cell death, compromising the CTE strategy

(Darling and Athanasiou, 2003). Moreover, it was previously reported that low fluid-induced
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shear stress stimuli (often bellow 0.5 Pa) favors the maintenance of a chondrogenic
phenotype, whereas higher magnitudes promote the formation of cartilage hypertrophic
tissue (Carter and Wong, 2003; Salinas et al., 2018). Several studies have used perfusion
bioreactors to promote MSC chondrogenic differentiation in biomaterial scaffolds (Alves da
Silva et al., 2011; Gongalves et al., 2011; Kock et al., 2014; Mahmoudifar and Doran, 2010).
However, such bioreactor platforms are often complex and expensive systems lacking
versatility, which represents a limitation for the widespread use of bioreactors in personalized
tissue engineering strategies (Costa et al., 2014). Accordingly, we used additive
manufacturing technology (i.e. 3D-extrusion/Fused deposition modeling) to design and
fabricate a simple, cost-effective and versatile bioreactor platform for the perfused culture of
MSC-scaffold constructs. Using this approach, both bioreactor and scaffold can be fabricated
with the desired size and shape in a rapid and reproducible manner while being fully
compliant with a personalized CTE approach. The produced perfusion bioreactor was tested
in terms of their ability to promote MSC chondrogenic differentiation on porous scaffolds

under fluid-induced shear stress stimulation.

Mimicking the hierarchical stratified structure of articular cartilage

Articular cartilage presents a highly complex stratified structure consisting of four spatially
distinct zones, namely the superficial/tangential zone, the middle/transitional zone, the
deep/radial zone and the calcified zone. Each individual zone is characterized by specific cell
density and phenotype, ECM composition and organization, and therefore distinct
mechanical properties (Correia et al., 2015; Fox et al., 2009). In fact, the fabrication of an
engineered cartilage tissue that can recapitulate the stratified structure and zone-varying
properties of native articular cartilage tissues remains a major challenge in the CTE field. As
the strategies producing homogeneous tissue replacements for cartilage repair failed to
produce functional tissue, the trend has shift to approaches aiming to reproduce in vitro the
native architectural features of cartilage. Such approaches include the use of multilayered
scaffolds with different fiber alignments and diameters (Camarero-Espinosa et al., 2016;
McCullen et al., 2012), different polymer scaffold morphologies (Steele et al., 2014) and pore
size gradients (Woodfield et al., 2005; Zhang et al., 2013), multilayered hydrogels (Nguyen et
al., 2011; Zhu et al., 2017) and the use of zone-specific chondrocytes isolated form different
cartilage regions (Ng et al., 2009). However, the production of native-like engineered
cartilage tissues with long-term functionality that can be translated into clinical use was not
achieved yet. Thus, in this thesis, we propose the combination of different scaffold fabrication
technologies to produce a new concept of hierarchical tri-layered scaffold consisting of a 3D

porous PCL scaffold as deep zone layer, a GAG-based hydrogel to mimic the middle zone
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and aligned PCL/Gelatin nanofibers as superficial zone layer. The obtained hierarchical
scaffold will be then evaluated in terms of its ability to support MSC chondrogenic
differentiation considering a cell density ratio of 3:2:1 for the superficial:middle:deep zone as
previously described for normal adult articular cartilage (Hunziker et al., 2002; Ren et al.,
2016).

1.1.4. Thesis outline

This thesis is organized in 9 chapters, a first introductory chapter (Chapter 1), 7 chapters
containing the original experimental research work developed during the time course of the
PhD (Chapters Il to VIII) and a final chapter highlighting the main conclusions and future
trends (Chapter IX). The chapters presenting experimental work are composed by a general
outline stating the aim and main findings of the study, an introduction with relevant
background for the respective work, a section comprising the results obtained and a
discussion section, in which those results are explained and compared to other relevant
studies in the field.

Figure 1.1 provides a schematic representation of the general structure of the main issues
(and their relations) addressed throughout this thesis.

In Chapter I, we present the main motivations for the development of this PhD thesis, the
main objectives and research questions to address, as well as the research strategies to
follow.

In Chapter Il, we produce and characterize cell-derived ECM produced by cell sources
often used in CTE strategies: MSC two different human sources (hBMSC and hSMSC) and
chondrocytes. We further used a highly accurate LC-MS/MS method to determine the GAG
and disaccharide composition of the different cell-derived ECM in comparison to their
respective cell cultures prior to decellularization.

In Chapter lll, we assess the effects of oxygen tension (normoxia — 21% O, vs. hypoxia-
5% O;) on the chondrogenic differentiation of hBMSC and hSMSC as micromass
aggregates. We also used a LC-MS/MS approach to evaluate the GAG remodeling during
the chondrogenic differentiation of MSC, from each of the two sources considered, and
compare it with chondrocytes cultured under normoxic/hypoxic conditions. The work
developed in chapters Il and Il provides important information about the GAG composition of
the cell sources, cell derived-ECM and respective chondrogenic engineered tissues derived
from them. Such information was taken into consideration in the development of the scaffold-
based CTE strategies.

In Chapter IV, we explore the use of main cartilage GAGs, CS and HA, as biochemical

cues added to culture medium to enhance the chondrogenic differentiation of
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hBMSC/hSMSC in custom-made 3D porous PCL scaffolds. Prior to GAG supplementation
studies, the hBMSC/hSMSC culture conditions on PCL scaffolds were optimized in terms of
chondrogenic culture medium and oxygen tension used.

In Chapter V, we use additive manufacturing technology (fused deposition modeling) to
fabricate a new custom-made perfusion bioreactor platform able to provide fluid-induced
shear stress stimuli to cartilage tissue engineered constructs. Furthermore, we demonstrate
that the perfusion bioreactor culture enhances the chondrogenic differentiation of hBMSC in
PCL scaffolds, generating engineered constructs with superior quality than non-perfused
conditions.

In Chapter VI, we exploit the concept of decellularized cell-derived ECM presented
before as a strategy to enhance the bioactivity and osteoinductive properties of 3D porous
PCL scaffolds for bone tissue engineering applications. Therefore, we decorate the scaffolds
with cell-derived ECM and investigate their ability to enhance MSC proliferation and
osteogenesis in comparison to pristine PCL scaffolds.

In Chapter VII, we fabricate and characterize coaxial aligned electrospun fibers intended
for the regeneration of the superficial zone of articular cartilage. We also investigate the
ability of these fibers to promote the controlled delivery of a small molecule (kartogenin),
known to promote MSC chondrogenesis. Thus, we evaluate the produced kartogenin-loaded
fibers in terms of their ability to promote MSC proliferation, cartilage-ECM production and
chondrogenic gene expression.

In Chapter VIII, we propose a new concept of a hierarchical tri-layered scaffold produced
by the combination of different scaffold fabrication techniques (3D-extrusion, hydrogel
synthesis and electrospinning) with the aim of mimicking the complex multizonal architecture
of articular cartilage. Furthermore, we investigate the capacity of the hierarchical scaffold to
support MSC chondrogenic differentiation in comparison with the individual layer scaffolds
composing it.

Finally, in Chapter IX, we summarized the main achievements of this PhD thesis,
highlighting their relevance and contribution to the Tissue Engineering field. We also refer the
main limitations identified in this work and suggest some future research lines that can be

further addressed.
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CHAPTER Il — Compositional and structural analysis of glycosaminoglycans in cell-

derived extracellular matrices

Outline

The extracellular matrix (ECM) is a highly dynamic and complex meshwork of proteins
and glycosaminoglycans (GAGs) with a crucial role in tissue homeostasis and organization
not only by defining tissue architecture and mechanical properties, but also by providing
chemical cues that regulate major biological processes. GAGs are associated with important
physiological functions, acting as modulators of signaling pathways that regulate several
cellular processes such as cell growth and differentiation. Recently, in vitro fabricated cell-
derived ECM have emerged as promising materials for regenerative medicine due to their
ability of better recapitulate the native ECM-like composition and structure, overcoming the
limitations of availability and pathogen transfer risks of tissue-derived ECM scaffolds.
However, little is known about the molecular and more specifically, GAG composition of
these cell-derived ECM.

In this study, three different cell-derived ECM were produced in vitro and characterized in
terms of their GAG content, composition and sulfation patterns using a highly sensitive liquid
chromatography-tandem mass spectrometry technique. Distinct GAG compositions and
disaccharide sulfation patterns were verified for the different cell-derived ECM. Additionally,
the effect of decellularization method on the GAG and disaccharide relative composition was
also assessed.

In summary, the method presented here offers a novel approach to determine the GAG
composition of cell-derived ECM, which we believe is critical for a better understanding of
ECM role in directing cellular responses and has the potential for generating important
knowledge to use in the development of novel ECM-like biomaterials for tissue engineering

applications.
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11.1. Introduction

The ECM is a complex and highly specialized three-dimensional meshwork of
biomolecules including proteins (e.g., collagen, fibronectin, laminin and others) and
proteoglycans. The ECM plays a pivotal role in tissue homeostasis not only by defining tissue
architecture and mechanical properties, but also as a modulator of signaling pathways
regulating major cellular functions, such as cell proliferation, migration and differentiation (Lu
et al., 2011b; Naba et al., 2016). Dysregulation of the ECM composition and structure is
known to contribute to several pathological conditions, such as fibrosis, cancer and
osteoarthritis (Bonnans et al., 2014).

Due to the importance of its functions and the versatility of its native tissue-like
properties, ECM obtained from the decellularization of tissues has been widely used as
bioactive scaffolds for several tissue engineering and regenerative medicine applications
(Badylak et al., 2010; Gilbert et al., 2006). However, the scarcity of autologous
organs/tissues and the occurrence of immunogenic responses and pathogen transfer when
allogeneic/xenogeneic sources were used limited the clinical use of whole organ/tissue-
derived decellularized ECM (Wong and Griffiths, 2014). An alternative approach to overcome
these limitations, the use of cultured cells to generate ECM decellularized scaffolds in vitro
has been recently explored. Cell-derived ECM present additional advantages over tissue-
derived ECM as they can mimic the composition of specific native ECM that is hard to isolate
from tissues (e.g., stem cell niche) and they can be used to modify the surface of
synthetic/natural biomaterial scaffolds, generating constructs with improved bioactivity and
appropriate mechanical support (Hoshiba et al., 2010; Kang et al., 2012; Lu et al., 2011b,
2011a). Additionally, as ECM compositions vary considerably with cell type and tissue
location, cell source selection is a crucial factor for the success of the tissue engineering
strategy.

Mesenchymal stem/stromal cells (MSC) have been employed as one of the major
sources to generate cell-derived ECM scaffolds for regenerative medicine applications,
mainly targeting bone and cartilage repair (Lu et al., 2011b; Yang et al., 2018; Zeitouni et al.,
2012; Zhang et al., 2016). Regarding cartilage repair strategies, chondrocytes, the unique
cell type present in cartilage tissue, have also been successfully used to generate cell-
derived ECM scaffolds (Jin et al.,, 2010; Park et al., 2015). However, despite all these
studies, little is currently known about the molecular composition of in vitro produced cell-
derived ECM, namely in terms of the specific types and amounts of proteins and
proteoglycans retained after the decellularization process.

Proteoglycans are major structural components of ECM and consist of a core protein with

one or more covalently attached glycosaminoglycan (GAG) chains. Proteoglycans are able to
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bind to many growth factors, cytokines and chemokines, which make them key modulators of
cellular functions and tissue development (Gasimli et al., 2012; Linhardt and Toida, 2004).
GAGs are a family of linear, negatively charged carbohydrates with a repeating disaccharide
unit. Based on the structure and sulfation level of the repeating disaccharide, GAGs can be
generally classified into four families that include heparan sulfate (HS), chondroitin sulfate
(CS), keratan sulfate (KS) and hyaluronic acid (HA) (Gasimli et al., 2012; Weyers and
Linhardt, 2013). Proteoglycans and respective GAGs localize mainly in cell membranes and
reside within the ECM, acting as molecular co-receptors in cell signaling for cell-cell and cell-
ECM interactions important for cell survival and differentiation (Gasimli et al., 2012). The
negatively charged GAGs are also associated with the maintenance of the biomechanical
properties of tissues through controlling of hydration and swelling pressure, allowing tissues
to absorb compressional forces. Additionally, the sulfation patterns in the GAG chains play
crucial roles by allowing interactions, mainly of an ionic nature, with growth factors, cell
surface receptors, enzymes, cytokines, chemokines and proteins that are associated with
several biological processes, such as development, disease, cell growth and differentiation
and microbial pathogenesis (Gasimli et al., 2014; Kjellén and Lindahl, 2018; Papy-Garcia and
Albanese, 2017; Wang et al., 2017). In fact, GAGs role in controlling stem cell fate through
modulation of important signaling pathways such as FGF signaling was previously suggested
(Gasimli et al., 2012; Ibrahimi et al., 2004; Papy-Garcia and Albanese, 2017). Additionally,
the effects of different GAGs in MSC proliferation and differentiation through mediation of
growth factor activity have also been reported in the literature (Cool and Nurcombe, 2005;
Dombrowski et al., 2009; Manton et al., 2007; Uygun et al., 2009). Therefore, the structural
and growth factor sequestering/activation properties of GAGs make these biomolecules
promising materials for a broad range of tissue engineering applications (Celikkin et al.,
2017; Wang et al., 2017; Weyers and Linhardt, 2013). As major components of cartilage,
GAGs, mainly CS and HA, have been incorporated in tissue engineering scaffolds to more
effectively mimic the natural ECM and improve the quality of the generated tissue (Amann et
al., 2017; Christiansen-Weber et al., 2018; Pfeifer et al., 2016).

As a result of the critical importance of GAGs in regulating many physiological processes
in all organisms, accurately determining their composition, structure and sulfation patterns as
well as their changes in normal versus diseased states in different organs, tissues, and cells
is necessary to better understand the underlying mechanisms involved in normal
development and several pathologies. Recently, studies have been conducted to elucidate
the “GAGome” and glycome changes related to specific cellular functions and diseases.
Linhardt group has previously reported differences in GAG sulfation patterns between
cancerous and normal tissues, as well as between lethal and nonlethal breast cancer tissues

(Weyers et al., 2012). Glycomics of MSC was previously suggested as a valuable tool to
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evaluate their differentiation stage (Heiskanen et al., 2009). Moreover, high performance
liquid chromatography (HPLC) analysis combined with mass spectrometry has been used to
study GAGs as possible markers of MSC differentiation potential (Hasehira et al., 2017).
Despite the availability of many different qualitative and quantitative techniques for analyzing
GAGs, liquid chromatography-tandem mass spectrometry (LC-MS/MS) method using
multiple reaction monitoring (MRM) detection represents a major advancement in the field of
glycosaminoglycanomics due to its high sensitivity and specificity for detecting all GAG
subtypes in complex biological samples (Kubaski et al., 2017; Sun et al., 2015). This method
has been successfully applied, by our group and others, to analyze GAG disaccharides in
various types of samples including biological fluids (e.g., plasma and urine) (Oguma et al.,
2007; Sun et al., 2015), human milk at different lactation stages (Wang et al., 2018), cultured
cells (Li et al., 2015) and different regions of human intervertebral disc (Liu et al., 2018).
Interestingly, despite the great promise and attention received by tissue engineering and
regenerative medicine research, only few studies have employed proteomics and glycomics
methods to provide a more complete molecular characterization of decellularized ECM
scaffolds or final engineered tissues.

In the present study, cell-derived ECM from different cell sources were generated and
characterized qualitatively in terms of the efficacy of the decellularization process, their
morphology and presence of relevant ECM proteins. Additionally, after GAG extraction,
purification and enzymatic digestion, we used LC-MS/MS with MRM detection mode to
perform GAG disaccharide compositional analysis of in vitro produced cell-derived ECM and
respective cell sources (Figure 1l.1). This analysis can contribute with relevant knowledge
about the GAG content and composition of the ECM secreted by these cells, which may
provide new insights for the design of novel ECM biomimetic biomaterial scaffolds for
regenerative medicine applications, especially for cartilage repair. Additionally, these results
can also provide some understanding of how GAG composition, structure and sulfation levels

are affected by the decellularization method used.
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Figure II.1. Flow chart for cell-derived ECM and respective cultured cell sources sample treatment for
GAG disaccharide compositional analysis by LC-MS/MS. GAG were purified from the different cell-
derived ECM and respective monolayer cultures (before decellularization) and digested by
heparinases and chondroitinase ABC, originating a disaccharide mixture. The disaccharide samples
were then AMAC-labeled (structures in Supplementary Figure 11.2) and analyzed by LC-MS/MS MRM
to obtain the cell-derived ECM GAG disaccharide composition.

11.2. Material & Methods

11.2.1. Cell culture

Human chondrocytes purchased from CELL Applications, Inc. were cultured using high-
glucose Dulbecco’s Modified Eagle’s Medium (DMEM: Gibco, Grand Island, NY USA)
supplemented with 10% fetal bovine serum (FBS: Gibco, USA), 1X MEM non-essential
aminoacids (Sigma, St. Louis, MO USA), 0.2 mM L-Ascorbic acid (Sigma), 0.4 mM L-Proline
(Sigma) and 1% penicillin-streptomycin (Pen-strep: Gibco). Human bone marrow-derived
MSC (BMSC, male 36 years) and human synovial-derived MSC (SMSC, male 28 years)
were isolated according to protocols previously established (Dos Santos et al., 2010;
Santhagunam et al., 2013). Bone marrow aspirates were obtained from Instituto Portugués
de Oncologia Francisco Gentil, Lisboa-Potugal while synovium aspirates were obtained from
Centro Hospitalar de Lisboa Ocidental, E.P.E, Hospital S&o Francisco Xavier, Lisboa,
Portugal. All human samples were obtained from donors after written informed consent and
with approval of the Ethics Committee of the respective clinical institution. Isolated BMSC
and SMSC were cultured using DMEM supplemented with 10% FBS and 1% Pen-strep and

cryopreserved in liquid/vapour nitrogen tanks until further use. All cultures were kept at 37°C
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and 5% CO; in a humidified atmosphere and only cells between passages 3 and 5 were

used in this study.

11.2.2. Materials

Unsaturated disaccharide standards of CS, HS and HA were purchased from Iduron
(Manchester, UK, see Table II.1 for structures). Sodium cyanoborohydrade (NaCNBH,), 2-
aminoacridone (AMAC) and acetic acid were obtained from Sigma-Aldrich (St. Louis, MO
USA). Methanol (HPLC grade), water (HPLC grade), ammonium acetate (HPLC grade) and
dimethyl sulfoxide (DMSQO) were purchased from Fisher Scientific (Springfield, NJ USA).
Enzymes chondroitin lyase ABC from Proteus vulgaris and recombinant Flavobacterial

heparinase I, Il and Il were expressed in E. coli strains in our laboratory.

Table II.1. Heparan sulfate, chondroitin sulfate and hyaluronic acid disaccharide structures. The
disaccharide structures on the left result from different “R” groups of the structures presented (right).
These structures correspond to unsaturated uronic acids (AUA’s), which were AMAC-labeled (AMAC-
derivatized disaccharide structures are provided in Supplementary Figure 11.2), analyzed by LC-
MS/MS and used as standards.

HS disaccharides 0 CH 2 OR2
TriS s AUA2S(1,4)GIcNS6S
NS6S ¢ AUA (1,4)GIcNS6S OH
NS2S AUA2S(1,4)GIcNS
NSy AUA (1,4)GIcNS
28568 ;¢ AUA2S(1,4)GIcNAc6S HS disaccharide unit
68y AUA (1,4)GIcNAc6S
2
28, AUA2S(1,4)GIcNAc -0 CH2 OR
0S5 AUA(1,4)GIcNAc
CS disaccharides OH }W OH
TriS AUA2S(1,3)GalNAc4S6S Lj
28548 o AUA2S(1,3)GalNAc4S HAc
2568 5 AUA2S(1,3)GalNAc6S CS disaccharide unit
4868 5 AUA (1,3)GalNAc4S6S
28 AUA2S(1,3)GalNAc -0 CHZOH
4S ¢ AUA (1,3)GalNAc4S
6Scs AUA (1,3)GalNAc6S OH }W OH
0S¢ AUA(1,3)GalNAc
HA disaccharide H NHAC
08, AUA(1,3)GlcNAc HA disaccharide unit
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1.2.3. Decellularized cell-derived ECM preparation

Human chondrocytes, BMSC and SMSC were seeded in tissue culture-treated plates at
5000 cells/cm? and expanded in their respective media for 10-12 days with complete medium
renewal twice a week. After reaching confluence, medium was discarded and cells were
washed in Dulbecco’s phosphate buffered saline (PBS, no calcium, no magnesium - catalog#
14190144, Gibco). ECM isolation was performed by a decellularization protocol using a 20
mM ammonium hydroxide (NH,OH, Sigma) + 0.5% Triton X-100 (Sigma) solution in PBS
according to previously reported methods (Kang et al., 2012; Yang et al., 2018). The solution
was added to the culture and incubated for 5 min at room temperature. After confirmation of
complete cell lysis and presence of intact ECM on the surface of the wells under a
microscope, ECM was gently washed 3 times with distilled water. Then, the different cell-
derived ECM layers were detached from the plates using a cell scrapper, collected in falcon
tubes and freeze-dried. Cell culture monolayers before decellularization were washed twice
with PBS to remove any media remnants, harvested and the pellets were collected by
centrifugation. Afterwards, the cell pellets were rinsed twice with PBS, centrifuged and

collected for GAG disaccharide analysis.

1.2.4. Immunofluorescence analysis

The success of the decellularization protocol for the different cell sources was confirmed
by immunocytochemistry and phase/fluorescence microscopy. Therefore, cultures before
and after decellularization were washed twice with PBS, fixed with 4% paraformaldehyde
(PFA; Santa Cruz Biotechnology, Dallas, TX USA) for 30 min and then permeabilized with
0.1% Triton X-100 for 10 min. After permeabilization, samples were incubated with
Phalloidin-TRITC (Sigma-Aldrich) (dilution 1:250, 2 pg/mL) for 45 min in the dark. Then, cells
were washed twice with PBS and counterstained with DAPI (Sigma-Aldrich) (1.5 pg/mL) for 5
min and then washed with PBS. Cell cultures before and after decellularization were imaged
in phase contrast mode and fluorescent mode under a microscope (Olympus 1X51 Inverted
Microscope: Olympus America Inc., Melville, NY USA).

The presence and distribution of the ECM proteins collagen I, fibronectin and laminin in
the different cell-derived ECM was assessed by immunofluorescence staining. After
decellularization, samples were washed with PBS and fixed with 4% PFA for 30 min at room
temperature. Afterwards, cell-derived ECM were washed three times with 1% bovine serum
albumin (BSA, Sigma) in PBS for 5 min. Cell-derived ECM were then blocked with a solution
of 1% BSA and 10% donkey serum (Sigma) in PBS at room temperature for 45 min. Primary

antibodies including mouse anti-human collagen |, fibronectin and laminin (10 pg/ml in 1%
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BSA, 10% donkey serum in PBS) (R&D systems, Minneapolis, MN) were added into the
samples, followed by an overnight incubation at 4°C. After washing with 1% BSA in PBS, a
NorthernLights™ 557-conjugated anti-mouse IgG secondary antibody (dilution 1:200 in
1%BSA PBS solution) (R&D systems) was added into the samples and incubated in the dark
for 1 h at room temperature. Finally, the samples were washed with PBS and
immunofluorescence staining was confirmed by microscopy (Olympus IX51 Inverted

Microscope).

11.2.5. Scanning electron microscopy analysis

The morphological analysis of the different cell-derived ECM was performed using a field
emission scanning electron microscope (FE-SEM, FEI-Versa 3D Dual Beam, Hillsboro).
Before imaging, cell-derived ECM samples obtained in glass cover slips were mounted on a
holder and sputter-coated with a thin layer of 60% gold-40% palladium. SEM imaging was

performed at different magnifications using an accelerating voltage of 2 kV.

1.2.6. GAG disaccharide sample preparation: isolation, digestion and AMAC-labeling

Cell confluent monolayers and respective lyophilized cell-derived ECM samples collected
from one culture dish were treated with 100 uL of BugBuster 10X Protein Extraction Reagent
(Millipore Sigma, MA USA) and sonicated for 1 h. The samples were then desalted by
passing through a 3 KDa molecular weight cut off (MWCO) spin column (Millipore, MA USA),
and washed three times with distilled water. The casing tubes were replaced and 300 pL of
digestion buffer (50 mM ammonium acetate containing 2 mM calcium chloride adjusted to pH
7.0) was added to the filter unit. Afterwards, recombinant heparin lyases I, Il, Ill (10 mU each,
pH optima 7.0-7.5) and recombinant chondroitin lyase ABC (10 mU each, pH optimum 7.4)
were added to each sample, mixed well by pipetting and GAG enzymatic digestion was
conducted by incubation overnight at 37°C. The enzymatic reaction was terminated by
centrifugal ultrafiltration, the disaccharides were recovered in the filtrate and the filter unit
was washed twice with 200 pL of distiled water. The final filtrates containing the
disaccharide products were lyophilised and kept at -20°C until labeling.

Dried cell and cell-derived ECM disaccharide samples were AMAC-labelled by adding 10
puL of 0.1M AMAC in DMSO/acetic acid (17/3, V/V) solution and by incubating at room
temperature for 10 min, followed by addition of 10 pL of 1M aqueous NaCNBH, solution and
incubation for 1 h at 45°C. A mixture containing all 17 CS, HS and HA disaccharide
standards (derivatives of the structures shown in Figure Il.1 are summarized in Table 11.1)

prepared at a concentration of 0.5 ng/uL was similarly AMAC-labeled (structures in
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Supplementary Figure 11.2) and used for each run as an external standard. After the AMAC-

labeling reaction, the samples were centrifuged and respective supernatants were recovered.

1.2.7. Compositional analysis of GAG disaccharides by LC-MS/MS

Disaccharide analysis was performed according to a previously reported method (Sun et
al., 2015). LC was performed on an Agilent 1200 LC system at 45 °C using an Agilent
Poroshell 120 ECC18 (2.7 ym, 3.0 x 50 mm) column. Mobile phase A (MPA) was 50 mM
ammonium acetate aqueous solution, and the mobile phase B (MPB) was methanol. The
mobile phase passed through the column at a flow rate of 300 uL/min. The gradient used
was the following: 0-10 min, 5-45% B; 10-10.2 min, 45-100% B; 10.2-14 min, 100% B; 14-22
min, 100-5% B. The injection volume used for all the samples was 5 pL. A triple quadrupole
mass spectrometry system equipped with an ESI source (Thermo Fisher Scientific, San
Jose, CA USA) was used as a detector. The online MS analysis was performed at the MRM
mode with the MS parameters: negative ionization mode with a spray voltage of 3000 V, a
vaporizer temperature of 300 °C, and a capillary temperature of 270 °C. Data analysis was
performed using Thermo Xcalibur™ software (Thermo Fisher Scientific, San Jose, CA USA).
The disaccharides in different cell and cell-derived ECM samples were quantified by

comparison of the sample peak area to that of an external standard.

11.2.8. Statistical analysis

All values were represented as the mean % standard deviation (SD) of three (n=3)
independent samples. Statistical analysis of the data was performed using the software
GraphPad Prism version 7. One-way analysis of variance (ANOVA) was performed to
determine significant differences among the multiple groups of data of cell-derived ECM and
cell culture monolayers. Tukey’s post-hoc test was used to determine the difference between
any two groups. Student’s t-test was used to determine significant differences in each GAG
disaccharide composition between cell-derived ECM and respective cell culture before

decellularization. Data were considered statistically significant if p < 0.05.
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11.3. Results

11.3.1. Cell-derived ECM characterization

Decellularized cultured cell-derived ECM were obtained from three different human cell
types (chondrocytes, BMSC and SMSC). Cultures were fully confluent before
decellularization and presented a spindle-like morphology, characteristic of these cell types,
with a well defined cell nuclei and cytoskeleton, as it is possible to observe in the fluorescent
micrographs obtained after DAPI/Phalloidin staining (Figure 11.2). After the decellularization
treatment with a solution of 20 mM NH4OH and 0.5% Triton X-100 in PBS for 5 min, it is
possible to confirm the presence of a fibrillary network of ECM in all the different conditions.
The residual DAPI staining after decellularization indicated that the cellular nuclei were
disrupted and only the ECM secreted by cells remained, therefore confirming the success of

the decellularization method used (Figure 11.2).

BEFORE DECELLULARIZATION AFTER DECELLULARIZATION

DAPI/Phalloidin DAPI/Phalloidin

Chondrocytes

BMSC

SMSC

Figure Il.2. Production of decellularized cell-derived ECM from cultures of human chondrocytes,
BMSC and SMSC. Images of phase contrast microscopy and fluorescent microscopy DAPI/Phalloidin
staining taken before and after the treatment with 20 mM NH,OH, 0.5% Triton X-100 in PBS solution
to confirm the success of the decellularization process. DAPI stains cell nuclei blue and Phalloidin
stains actin-rich cell cytoskeleton red. Scale bar: 100 ym.

The different cell-derived ECM were assessed by immunostaining for the presence of
known relevant ECM proteins, namely collagen type |, fibronectin and laminin. After
decellularization, all the conditions stained positively for ECM proteins collagen type |,

fibronectin and laminin. However, some differences in ECM proteins relative abundance



were observed between the different cell-derived ECM. Accordingly, Figure 11.3 shows that
SMSC-ECM presented a considerably lower level of fluorescent staining for all the proteins
when compared with BMSC-ECM. Additionally, BMSC-ECM apparently expressed higher
levels of collagen I, fibronectin and laminin than the other two types of cell-derived ECM
studied.

Collagen | Fibronectin Laminin

Chondrocyte-ECM

BMSC-ECM

SMSC-ECM

Figure I11.3. Expression of relevant ECM proteins in cell-derived ECM produced from human
chondrocytes, BMSC and SMSC. Immunofluorescent staining images of collagen I, fibronectin and
laminin showed differences in the abundance and distribution of these proteins in the different types of
cell-derived ECM. Scale bar: 100 pym.

The morphology and micro/nano scale features of the different cell-derived ECM were
assessed by SEM analysis (Figure 11.4). All the cell-derived ECM types presented a similar
architecture composed by fibrillar networks. However, for the case of SMSC-ECM, as we can
observe in Figure 11.4, it was also possible to identify some globular-like structures together

with fibrillar ones.
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Figure 11.4. SEM micrographs of ECM derived from human chondrocytes, BMSC and SMSC after the
decellularization protocol. Scale bar: 2 pym.

11.3.2. Disaccharide composition of cell-derived ECM

The total amount of GAG (Figure 1.5 A and Supplementary Table II.1) as well as the
respective HS, CS and HA GAG amounts (Figure 11.5 B and Supplementary Table 11.1) for
each cell-derived ECM were obtained after LC-MS/MS analysis and normalized to the dry
weight of each sample. As it is possible to observe in Figure 11.5 A, BMSC-ECM contained
significant higher amounts of total GAG than Chondrocyte-ECM and SMSC-ECM. Regarding
HS, CS and HA total composition (expressed as ng of GAG/mg of dry cell-derived ECM),
there were evident differences in the GAG compositions of the cell-derived ECM obtained
from different cell sources (Figure 1.5 B). Chondrocyte-ECM was composed mainly by CS
(86 + 36 ng/mg), followed by lower average amounts of HS (16 + 4 ng/mg) and HA (10 + 6
ng/mg). Both BMSC-ECM (HA: 88 + 20 ng/mg; CS: 79 + 23 ng/mg; HS: 39 £ 16 ng/mg) and
SMSC-ECM (CS: 35 £ 2 ng/mg; HA: 32 + 8 ng/mg; HS: 8 + 1 ng/mg) were more evenly
composed by CS and HA, with lower amounts of HS. Interestingly, BMSC-ECM presented
significantly higher amounts of HA when compared to ECM secreted by the other cell types.

The compositional analysis of the GAG disaccharides of the different cell-derived ECM
was performed after enzymatic digestion of isolated GAG samples with heparin lyase |, Il, 11l
and chondroitin lyase ABC. The disaccharides were then AMAC-labeled by reductive
amination and analyzed by LC-MS/MS using MRM. The HS and CS disaccharide
composition for the different cell-derived ECM normalized to dry ECM weight is presented in
Figure 11.6 and Supplementary Table II.2. For all the cell-derived ECM, HS was comprised
primarily of 0S, followed by NS and N2S (Figure 11.6 A). However, some differences were
noticed in the HS disaccharide amounts present in the different types of ECM. BMSC-ECM
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presented a significantly higher amount of 0S and NS when compared to SMSC-ECM and
Chondrocyte-ECM. Additionally, Chondrocyte-ECM presented a statistically significant higher
amount of NS2S than the ECM derived from both MSC sources. In terms of CS
disaccharides, all the cell-derived ECM conditions were primarily composed by 4S and 6S
(Figure 1.6 B). The amounts of 4S were significantly higher in BMSC-ECM comparing to
other conditions of cell-derived ECM. Moreover, Chondrocyte-ECM presented higher
amounts of 6S, however the difference was only statistically significant when compared to
SMSC-ECM.
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Figure II.5. GAG composition of the different cell-derived ECM produced from human chondrocytes,
BMSC and SMSC. Total GAG (A) and HS, CS, HA total amounts (B) quantified as ng of GAG/mg of
dry ECM. Results are presented as mean + SD of three independent samples (n=3); * p < 0.05.
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Figure 11.6. HS (A) and CS (B) disaccharide composition of the different cell-derived ECM produced
from human chondrocytes, BMSC and SMSC, quantified as ng of GAG/mg of dry ECM. Results are
presented as mean + SD of three independent samples (n=3); * p < 0.05.
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11.3.3. Effects of the decellularization process on GAG amount and disaccharide

percentage composition

The effect of the decellularization protocol on the total GAG amount of the different cell
types tested was evaluated by quantifying the mass of GAG recovered from each culture
dish before and after the treatment (Figure II.7 A-B, Supplementary Table 11.3). BMSC
presented a significantly higher total GAG amount compared to the other cell types.
Additionally, as expected, the amounts of total GAG per dish were considerably lower in the
cell-derived ECM samples comparing to the cell monolayers. However, the amounts of total
GAG retained for the different types of cell-derived ECM were moderately close
(Chondrocyte-ECM: 200 + 78 ng/dish; BMSC-ECM: 223 + 48 ng/dish; SMSC-ECM: 134 + 17
ng/dish), with percentages of GAG retention varying between 20-30%. In Figure II.7 B and
Supplementary Table 11.3, it is possible to observe the amounts of HS, CS and HA recovered
from each culture dish for the different cell-derived ECM and respective monolayer cultures.
The decellularization process differentially affected HS, CS and HA GAG amounts among
the different cultures. For example, CS was significantly lost during the generation of
Chondrocyte-ECM and SMSC-ECM, which was not verified for BMSC-ECM. Contrarily,
percentage-wise, HA was greatly diminished during BMSC decellularization, while
approximately maintained during the generation of SMSC-ECM. This differential response
was also observed for the HS and CS disaccharide amounts before and after
decellularization, which are summarized in the Supplementary Table 11.4.

The average GAG disaccharide percentage compositions of the various cell-derived
ECM were determined and compared to the respective culture monolayers to further assess
the effect of the decellularization method on GAG amount, sulfation level and disaccharide
composition. The average HS, CS and HA percentage composition of the different cell-
derived ECM and respective cell sources before decellularization is presented in Figure 11.7
C and Supplementary Table I.5. All the cell-derived ECM presented significantly different
HS, CS and HA percentage compositions when compared to its respective cell source, with
the exception of HS percentage composition of SMSC-ECM and SMSC. Cultured
chondrocytes were mainly composed by CS (50%), followed by HS (31%) and HA (19%).
After decellularization, the generated Chondrocyte-ECM contained a higher relative average
percentage of CS (77%) and lower relative average percentages of HS (15%) and HA (9%)
when compared to chondrocyte cells. BMSC GAGs are mainly composed of HA (80%) with
relatively low average percentages of HS (10%) and CS (10%). However, the ECM
generated from BMSC consisted of a completely different GAG composition, with similar
percentages of HA (43%) and CS (38%), but a lower percentage of HS (18%). SMSC

cultures GAG mixtures were mainly composed of CS (68%), and lower relative percentages
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of HA (19%) and HS (13%). SMSC-ECM showed a lower percentage of CS (47%), a higher
percentage of HA (42%) and a slightly lower percentage of HS (10%). Despite the
differences verified for the cell monolayers, the average percentage compositions of matrices
generated from two different MSC sources, BMSC-ECM and SMSC-ECM, were fairly similar
(HS: 18% vs. 10%; CS: 38% vs. 47% and HA: 43% vs. 42%, respectively).
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Figure II.7. Effect of the decellularization protocol on total GAG (A) and HS, CS and HA amounts (B)
presented as ng obtained in each culture dish before and after the treatment. Average percentage
GAG composition of the different cell-derived ECM and cell culture monolayers (C). Results are
presented as mean + SD of three independent samples (n=3); * p < 0.05.

The differences in average percentage HS and CS disaccharide composition between
cultured cells and in vitro generated cell-derived ECM were also assessed and are presented
in Figure 11.8 and Supplementary Table 11.6. Chondrocytes and Chondrocyte-ECM HS were
mainly composed by 0S, NS and NS2S with significant differences observed after
decellularization, namely a relatively lower average percentage of 0S and relatively higher
average percentages of NS2S and NS in Chondrocyte-ECM when compared to chondrocyte
cells (Figure 1.8 A). In terms of CS disaccharides, Chondrocyte-ECM was mainly composed
of 6S (63%), 4S (27%) and 0S (7%), and these values are significantly different from the
observed values for CS composition of chondrocyte cells, which were composed of 4S
(76%), and a lower percentage of 6S (17%) and a very small percentage of 0S (1%) (Figure
1.8 B). BMSC-ECM HS was primarily composed of 0S (65%) and NS (28%) with low
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percentage of NS2S (4%), whereas the HS composition observed for BMSC cell cultures
was 0S (57%) and NS (27%) and NS2S (16%) (Figure 11.8 C). Both BMSC cultured cells and
BMSC-ECM showed CS disaccharide compositions predominantly composed of 4S and 6S
(Figure 1.8 D). However, significant differences were observed, with BMSC-ECM having a
lower average percentage of 4S (55% vs. 75%) and a higher average percentage of 6S (41%
versus 18%), compared to cultured cells. HS from both SMSC cultured cells and SMSC-ECM
was mainly composed of 0S (72% and 68%, respectively) with lower average percentages of
NS and NS2S (Figure I1.8 E). Interestingly, significant differences in HS disaccharide
composition between SMSC-ECM and their respective cell source were observed only for
NS2S and a low percentage of 2S (6%) was detected in the cultured cells. The CS
disaccharide compositions were similar to the observed for the other cell types, with both
SMSC cultures and SMSC-ECM mainly composed of 4S and 6S. Additionally, the same
trend was observed with SMSC-ECM, which showed a significantly lower percentage of 4S
(56% versus 71%) and a significantly higher percentage of 6S (38% versus 21%) when

compared to SMSC cell cultures before decellularization treatment (Figure 11.8 F).
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Figure 11.8. Average relative percentage HS (A, C and E) and CS (B, D and F) composition of the
different cell sources and respective cell-derived ECM: chondrocytes (A, B), BMSC (C, D) and SMSC
(E, F). Results are presented as mean = SD of three independent samples (n=3); * p < 0.05, denotes
significant differences in each HS, CS disaccharide average relative percentage between cell-derived
ECM and respective cell source.
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11.4. Discussion

In this study, we produced different cell-derived ECM secreted from human
chondrocytes, BMSC and SMSC based on previously reported methods (Kang et al., 2012;
Yang et al.,, 2018). Fluorescent microscopy and DAPI/Phalloidin staining were used to
observe cell cultures before and after decellularization and confirm the efficiency of the
method. All cells were removed and a fibrillary network of ECM was observed for all
conditions. Moreover, the different cell-derived ECM samples produced were also
characterized for the presence of ECM proteins (collagen |, fibronectin and laminin). After
removal of cellular components, these ECM proteins were still present as constituents of the
cell-derived ECM. However, differences in the protein abundance and distribution were
observed among the ECM-derived from different cell sources. Despite evidences of the
presence of ECM proteins, a lower level of fluorescent staining was observed for all proteins
in SMSC-ECM. However, this is accordance with the phase microscopy images from Figure
I1.2, in which a considerably lower amount of ECM network was obtained for SMSC-ECM
when compared to Chondrocyte-ECM and BMSC-ECM. BMSC-ECM produced in this work
stained positive for all the 3 ECM proteins, with lower staining area verified for laminin, which
is in accordance to a previously published study (Lu et al., 2011a). These BMSC-ECM
characterization results were consistent with a previous study that has shown the retention of
ECM proteins after complete decellularization of adipose tissue derived-MSC in vitro cultures
(Guneta et al.,, 2018). Concerning Chondrocyte-ECM, both fibronectin and collagen |
presented higher levels of positive fluorescent staining than laminin. The presence of
collagen | in the ECM was expected due to fact that chondrocytes tend to increase the
expression of this protein when cultured as monolayer plastic adherent cultures. Previous
literature also obtained similar results after immunofluorescence analysis of ECM secreted
by human articular chondrocytes (Hoshiba et al., 2013). The morphology of the different cell-
derived ECM was also characterized using SEM and a fibrillar structure was mainly
observed, which was consistent with recently published reports (Kaukonen et al., 2017;
Ragelle et al., 2017).

Proteoglycans and their major constituents, GAGs, are among the most important
components of the ECM of multiple tissues. Despite the great relevance of GAGs within the
ECM and the increasing number of studies targeting tissues and cells, few studies have
focused on the GAGome profile of only ECM. However, recently, authors have been focused
on studying the ECM components, or as recently defined as “matrisome” of healthy and
disease tissues, aiming to identify novel prognostic/diagnostic markers and discover novel
therapeutic opportunities (Naba et al., 2016). Additionally, other groups have applied

proteomic tools to perform a comprehensive characterization of the protein composition of
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cell-derived ECM produced in vitro by BMSC, adipose-derived MSC and neonatal fibroblasts
(Ragelle et al., 2017). We assert that the characterization of the GAG content, composition
and sulfation patterns of in vitro produced cell-derived ECM is critical for a better
comprehension of ECM role in directing cellular responses, with the potential of generating
useful information to improve the design of novel biomaterials that better recapitulate ECM
signaling for tissue engineering and regenerative medicine applications.

In this work, we used a previously developed method of LC-MS/MS with MRM (Sun et al.,
2015) to characterize in vitro cell-derived ECM obtained from human chondrocytes, BMSC
and SMSC in terms of their GAG content, composition and sulfation pattern. By comparative
analysis with the respective cell culture monolayers it was also possible to assess the effects
of the decellularization protocol on total GAG and GAG disaccharide amounts. About 20-30%
of the total GAG amount verified in the cell monolayers cultures was maintained after
generation of the different cell-derived ECM. A higher percentage of GAG retention after
decellularization (approximately 50%) was obtained in a previous study with adipose stem
cell-derived ECM (Guneta et al., 2018). However, the method used for total GAG
quantification was considerably less sensitive than the LC-MS/MS MRM used in this work.
Importantly, HS, CS and HA and their disaccharides in the different conditions of cell-derived
ECM were differently affected by the decellularization treatment. However, a statistically
significant loss of HS was verified for all the groups during the decellularization, which might
be explained by the depletion of cell surface HS proteoglycans during cell membrane
disruption.

Chondrocyte-ECM was mainly consisted of CS and showed higher amounts and relative
percentages of this GAG than both BMSC-ECM and SMSC-ECM. Chondrocytes are a
unique native cell population within articular cartilage tissue and are responsible for secreting
articular cartilage ECM. In articular cartilage, the predominant proteoglycan is aggrecan that
consists of a core protein mainly with attached CS chains, but also KS chains and small
amount of dermatan sulfate (DS) chains (Knudson and Knudson, 2001; Roughle, 2006).
Since the main function of chondrocyte is to secrete cartilage ECM, it is expected that they
would synthesize a matrix richer in CS when compared to other cell types, which is
consistent with our results. Interestingly, it was previously reported that the chondrocyte
proteoglycan metabolism can be directly or indirectly influenced by the scaffold material, as
different synthetic and natural materials seeded with chondrocytes resulted in differences in
GAG composition and CS sulfation (Mouw et al., 2005). Moreover, ECM composition and
therefore also GAG composition is known to be dependent on the cell source (Ragelle et al.,
2017). Each cell type secretes unique and specific ECM to fulfil the biological requirements
of its native tissue. Considering cultured cells, higher similarities in average GAG

composition were observed between chondrocytes and SMSC, which might be related to

43



these cells being more prone to undergo chondrogenesis when compared to BMSC.
However, we observed a similarity in GAG composition and HS, CS disaccharide
compositions between BMSC-ECM and SMSC-ECM than when these are compared to
Chondrocyte-ECM. This suggests that despite being isolated from different tissues, both
BMSC and SMSC secrete a more similar ECM in terms of GAG composition when compared
to chondrocytes. The HS of cell-derived ECM were mainly composed of 0S with low amounts
of NS and NS2S, whereas the CS of cell-derived ECM consisted of 4S and 6S. Different
trends in CS 4S and 6S were observed for MSC- derived ECM and Chondrocyte-ECM.
BMSC-ECM and SMSC-ECM showed slightly higher average relative percentages of 4S
than 6S, while Chondrocyte-ECM showed a considerably higher average relative percentage
of 6S than 48S. It is well established that the disaccharide composition of CS varies with age
and degeneration of articular cartilage (Lauder et al., 2001). Accordingly, during
embryogenesis CS chains are exclusively 6S, from fetal development to adolescence CS
chains tend to be equally 4S and 6S, and during adulthood CS chains tend to have more 6S
than 4S (Mouw et al., 2005; Sharma et al., 2017). We speculate that the more “immature”
state of BMSC and SMSC and their known involvement in cartilage development, might
prime them to secrete a more “juvenile-like” ECM with higher CS4S relative percentages
when compared to the ECM secreted by adult chondrocytes. However, additional and more
comprehensive studies are required to understand if the known relation of 4S and 6S in
articular cartilage tissue can be expanded to cultured cells and cell-derived ECM.

After comparison between the different cell-derived ECM and their respective cultured
cells before decellularization, we observed significant differences on the relative average
percentages of total GAG and HS and CS disaccharides. Despite the differences in the
relative average percentages, the trends observed in the CS disaccharides changes after the
decellularization process were similar among the different samples, more specifically, all the
cell-derived ECM samples showed lower relative average percentages of 4S and higher
relative average of percentages of 6S when compared to the cultured cells before
decellularization. Such similarities among the different conditions were not so clearly
observed for HS disaccharides.

In summary, we successfully produced cell-derived ECM from different cell sources and
characterized them in terms of their morphology and presence of relevant ECM proteins.
Moreover, a highly sensitive and specific LC-MS/MS analytical method was used for the first
time to determine the GAG content, composition and sulfation patterns of in vitro generated
cell-derived ECM. Significant differences in GAG composition were observed between the
cell-derived ECM secreted by different cell sources, confirming the expected tissue-ECM
specificity. Finally, the analytical method presented in this first report of GAG composition of

cell-derived ECM, together with further studies combining proteomic tools, might provide
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important knowledge to better understand ECM molecular composition and function in
regulating cellular responses. The structure-function studies should further the development

of improved ECM-like biomimetic scaffolds for tissue engineering applications.
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Supplementary Figure Il.1. Characterization of MSC isolated from bone marrow aspirates (BMSC)
collected from a male donor (36 years) and of MSC isolated from synovium aspirates obtained from a
male donor (28 years). Immunophenotypic characterization of BMSC and SMSC assessed by flow
cytometry (A). Multilineage differentiation potential of BMSC and SMSC (B). Osteogenic, adipogenic
and chondrogenic differentiation was confirmed after 14 days induction by ALP/von Kossa, Oil Red-O
and Alcian Blue stainings, respectively. Scale bar: 100 uym.
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Supplementary Figure I1l.2. Structures of AMAC derivatized disaccharides used in LC-MS/MS
analysis.

Supplementary Table Il.1. Total GAG amounts obtained for the different cell-derived ECM produced
from chondrocytes, BMSC and SMSC presented as ng of GAG/mg of dry ECM. Results are presented
as mean t SD of three independent samples (n=3).

Total GAG (ng/mg)

HS CSs HA Total

Chondrocyte-ECM | 15.7 +3.5 | 86.4+355 | 10.3+£5.6 | 1124 +43.6

BMSC-ECM 39.4+16.4 | 79.4+22.6 | 88.0+19.6 | 206.8 + 44.0

SMSC-ECM 7.7+0.8 346+23 | 31.5+84 73.8+9.5
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Supplementary Table 11.2. HS and CS disaccharides amounts obtained for the different cell-derived
ECM produced from chondrocytes, BMSC and SMSC presented as ng of GAG/mg of dry ECM.
Results are presented as mean + SD of three independent samples (n=3).

HS disaccharide (ng/mg)

TriS NS6S | NS2S NS 2S6S 6S 28 0S
Chondrocyte
0.0+0.0 | 0.3+0.3 | 3.1x0.3 | 3.2+0.6 0.0+0.0 0.4+0.1 0.210.2 8.412.5
-ECM
BMSC-ECM 0.0£0.0 | 0.2+0.0 | 1.5£0.9 | 11.1£51 0.0£0.0 1.1£0.5 0.210.2 25.349.9
SMSC-ECM 0.0+0.0 | 0.1+0.0 | 1.0+0.1 1.1£0.4 0.0+0.0 0.3+x0.2 0.0+0.0 5.2+0.3
CS disaccharide (ng/mg)
TriS 284S 2S6S 4S6S 48 6S 28 0S
Chondrocyte
0.0£0.0 | 0.1£0.0 | 2.2+1.1 0.3+0.2 22.848.0 54.8123.1 0.2+0.2 6.0£3.0
-ECM
BMSC-ECM 0.0£0.0 | 0.2+0.2 | 0.7#0.6 | 0.3%01 43.3x10.7 | 32.9+10.7 | 0.2+0.2 1.9+0.6
SMSC-ECM 0.0£0.0 | 0.0+0.0 | 0.3z0.1 0.91£0.1 19.2+1.5 13.3x1.1 0.0£0.0 0.940.2
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Supplementary Table I1.3. Total GAG amounts presented as ng/dish for the different cell-derived
ECM and respective cell culture monolayers prior to decellularization treatment. Results are presented
as mean t SD of three independent samples (n=3).

Total GAG (ng/dish)
HS CS HA Total

Chondrocyte 209.5+24.6 | 338.2+422 125.0+£11.8 672.7 £70.9

Chondrocyte-ECM | 27.9+6.3 153.6 £ 63.1 18.3+10.0 199.8 £ 77.5
BMSC 105.7+11.5 | 113.9+14.3 | 873.8+160.3 | 1093.4 £ 184.4

BMSC-ECM 424 +17.7 85.6 £24.3 949+21.2 222.9+47.5
SMSC 57.8+3.5 334.8 £178.7 86.5+17.1 479.1 £199.3

SMSC-ECM 14.0+14 63.0£4.2 57.5+154 1344 +17.3

Supplementary Table 1l.4. HS and CS disaccharide amounts presented as ng/dish for the different
cell-derived ECM and respective cell culture monolayers prior to decellularization treatment. Results
are presented as mean * SD of three independent samples (n=3).

HS disaccharide (ng/dish)

TriS NS6S NS2S NS 2S6S 6S 2S 0S
Chondrocyte | 0.0:0.0 | 15:00 | 23823 | 38.8:5.4 0.120.1 46£1.0 | 03100 | 140.4+16.9
Chondrocyte- | .00 | 05:05 | 5405 5.741.1 0.0£0.0 0.8£03 | 0.4:03 | 14.9:45
ECM
BMSC 0.0:0.0 | 04200 | 166421 | 28.83.2 0.120.1 0.0:0.0 | 0.0:00 | 59.8+6.1
BMSC-ECM | 0000 | 02:00 | 16:10 | 119455 0.0£0.0 12405 | 02£0.2 | 27.2+10.7
SMSC 0100 | 02:02 | 43:04 | 7513 0.0£0.0 0.8£0.5 | 3.4:06 | 41.5:0.9
SMSC-ECM | 0.0:00 | 0101 | 17:02 | 2.1%0.8 0.0£0.0 0.5:04 | 0.1:00 | 9.4:05
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CS disaccharide (ng/dish)

TriS 284S 2S6S 4S6S 4S 6S 2S 0S
Chondrocyte 0.0£0.0 4.8+0.3 9.0+1.0 4.5+0.2 257.0+40.0 58.0+1.8 0.3x0.0 4.5+0.5
Ch°';:_‘g;l’”°y e | 00:00 | 02:01 | 39220 0.6£0.4 4058141 | 97.4+411 | 0403 | 10.6t5.4
BMSC 0.0£0.0 | 1.1%03 | 1.0£0.1 13:04 | 855117 | 20934 | 0000 | 41105
BMSC-ECM | 0.0:00 | 02:02 | 07:06 | 0.3%0.1 46.7+115 | 355115 | 02:02 | 2.0£0.7
SMSC 0.1#0.0 | 0.2:00 | 20:03 | 4607 | 233.3:114.4 | 7494558 | 34206 | 16.37.0
SMSC-ECM | 0.0:00 | 0100 | 05:0.2 1.6£0.1 350427 | 241%2.0 | 01:00 | 1.6£0.4
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Supplementary Table I1.5. Average percentage GAG composition for the different cell-derived ECM
and respective cell culture monolayers prior to decellularization treatment. Results are presented as
mean * SD of three independent samples (n=3).

Total GAG relative %
HS Ccs HA

Chondrocyte 31+2 50 +1 19+2
Chondrocyte-ECM 15+3 77+2 9+4
BMSC 101 101 80x2
BMSC-ECM 185 386 43+9
SMSC 135 68+9 194
SMSC-ECM 101 47+ 6 427
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Supplementary Table 11.6. Average percentage HS and CS disaccharide composition for the different
cell-derived ECM and respective cell culture monolayers prior to decellularization treatment. Results
are presented as mean * SD of three independent samples (n=3).

HS disaccharide relative %

TriS | NS6S | NS2S NS 286S 6S 28 0S

Chondrocyte 0£0 10 11+0 18+ 1 0£0 2+0 0+0 67 + 1

Chondrocyte-
0zx0 2+2 20+£3 21 %1 0zx0 31 11 5314
ECM
BMSC 00 0+0 16+0 270 00 0+0 0+0 57+0

BMSC-ECM 0+0 1+0 4+1 28+2 0+0 3+0 0+0 65+ 3

SMSC 0+0 00 70 13+1 00 1+1 6+1 72+3

SMSC-ECM 0+0 00 12 1 15+4 00 4+3 0+0 68 +3

CS disaccharide relative %

TriS | 2S4S 286S 4S6S 4S8 6S 28 0S

Chondrocyte 0£0 10 3+0 1120 76+ 2 1712 0+0 10

Chondrocyte-
00 0+0 220 0x0 27 £ 2 63 =1 00 71
ECM
BMSC 00 1+0 1+0 1+0 75+ 1 18 +1 0+0 4+1

BMSC-ECM 0+0 0+0 1+0 0+0 55+3 41+ 2 0+0 2+0

SMSC 0+0 00 1+0 2+1 71+4 21+6 1+0 5+1

SMSC-ECM 0+0 00 1+0 30 56 * 1 38+ 1 00 3+1
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CHAPTER Ill - Glycosaminoglycan remodeling during chondrogenic differentiation of
human bone marrow/synovial-derived mesenchymal stem/stromal cells under

normoxia/hypoxia

Outline

Glycosaminoglycans (GAGs) are major components of cartilage extracellular matrix
(ECM), which play an important role in tissue homeostasis not only in providing mechanical
load resistance, but also as signaling mediators of cell adhesion, migration, proliferation and
differentiation. GAGs are linear, highly charged, acidic carbohydrates with a repeating
disaccharide unit. Specific GAG types as well as their disaccharide sulfation patterns can be
predictive of the tissue maturation level but also of disease and degeneration states.

In this work, we used a highly sensitive liquid chromatography-tandem mass
spectrometry (LC-MS/MS) method to perform a comparative study in terms of GAG type,
disaccharide composition and sulfation patterns between tissues generated from human
bone marrow- and synovial-derived mesenchymal stem/stromal cells (hnBMSC/hSMSC) after
7, 14 and 21 days of chondrogenic differentiation under normoxic (21% O;) and hypoxic (5%
0O3) micromass cultures. GAG and respective disaccharide profiles obtained from the LC-
MS/MS analysis were compared with undifferentiated cells (day 0) and differentiated human
chondrocytes (day 21). Prior to LC-MS/MS analysis, the chondrogenic differentiation of
hBMSC/hSMSC cultured under different oxygen tensions was assessed through the
aggregate diameter, chondrogenic gene expression and by histological/immunofluorescence
stainings.

In all the studied conditions, our results demonstrated a notable increase in the average
relative percentage of CS, the main GAG in cartilage composition, throughout MSC
chondrogenic differentiation. Additionally, hypoxic culture conditions resulted in significantly
different average GAG and CS disaccharide percentage compositions compared to the
normoxic ones. Nevertheless, such effect was considerably more evident in hBMSC-derived
chondrogenic aggregates.

In summary, the GAG profiles described here may provide new insights to predict
cartilage tissue differentiation/disease states and to characterize the quality of MSC-derived

cartilage tissues obtained under different oxygen tension culture conditions.
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111.1. Introduction

Articular cartilage defects do not heal spontaneously due to the avascular nature of the
tissue combined with the scarcity of resident stem cells. Current surgical methods such as
microfracture and mosaicplasty can relieve pain to some extent but fail to generate functional
and phenotypically stable hyaline-like cartilage tissue (Richter et al., 2016). Autologous
chondrocyte implantation (ACI), a cell-based strategy, in which the chondrocytes are isolated
form non-weight bearing areas of the articular cartilage, expanded in vitro and then implanted
into the cartilage defect site, have failed to generate stable hyaline cartilage with long-term
functionality. The limited clinical outcomes of ACI result from the fact that chondrocytes
gradually lose their phenotype and undergo dedifferentiation during in vitro expansion
(Darling and Athanasiou, 2005; Rackwitz et al., 2014).

Mesenchymal stem/stromal cells (MSCs) are a promising alternative to chondrocytes for
cartilage regeneration due to their ease of isolation, higher in vitro expansion rates,
multilineage differentiation capacity and low immunogenicity (Huang et al., 2017). MSCs
have been successfully isolated from different tissues including bone marrow, adipose tissue,
umbilical cord, periosteum and synovium. However, MSCs from different sources have been
shown to differ considerably in chondrogenic potential. Indeed, considering cartilage
regeneration, MSCs obtained from bone marrow, synovium and periosteum have been
reported as superior sources for chondrogenesis (Bernardo et al., 2007; C. Y. Li et al., 2015;
Tan and Hung, 2017; Yoshimura et al., 2007). Additionally, several studies have reported a
superior chondrogenic ability of cells derived form human synovial joint tissues when
compared with MSC derived form bone marrow or adipose tissue (Fan et al., 2009; Ogata et
al., 2015; Sakaguchi et al., 2005; Shirasawa et al., 2006).

MSC chondrogenic differentiation is usually performed in high-density pellet or
micromass cell culture systems to provide a 3D environment attempting to recapitulate the
condensation step of endochondral bone formation during embryonic development. Previous
work has suggested that micromass culture systems generate MSC-based cartilage tissues
more hyaline-like and less hypertrophic when compared to pellet cultures (Zhang et al.,
2010).

In vivo, articular cartilage tissue is under hypoxic conditions (1%-6% O, tension,
compared to atmospheric air) (Zhou et al., 2004). Therefore, aiming to provide a closer
mimicry of native articular cartilage niche, researchers have explored low oxygen tension
conditions as a strategy to enhance MSC chondrogenic differentiation (Adesida et al., 2012;
Leijten et al., 2014; Bae et al., 2018).

Glycosaminoglycans (GAGs) are linear, highly charged carbohydrates with a repeating

disaccharide unit and are among the principal constituents of articular cartilage. According to
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the structure and sulfation level of the repeating disaccharide, GAGs can be generally
divided into four classes: heparan sulfate (HS), chondroitin sulfate (CS), keratan sulfate (KS)
and hyaluronic acid (HA). GAGs play a crucial role in articular cartilage homeostasis not only
by providing mechanical load resistance, but also due to their involvement in several
signaling pathways regulating important biological processes such as cell adhesion, growth
and differentiation (Gasimli et al., 2012; Uygun et al., 2009; Weyers and Linhardt, 2013).
Indeed, changes in GAG composition and structure have been associated with different cell
differentiation stages and with cartilage diseases such as osteoarthritis (Hasehira et al.,
2017; Plaas et al., 1998). Therefore, due to their biological importance, GAG production is
one the main outcomes evaluated to confirm chondrogenic differentiation and assess the
quality of the engineered cartilage tissues produced. Nevertheless, the great majority of the
GAG measurements reported were obtained using the dimethylmethylene blue (DMMB)
assay and correspond to total sulfated GAG content, being unable to discriminate among the
different GAG types. Moreover, only few studies have reported GAG disaccharide
composition of engineered cartilage tissues using electrophoresis or high-performance liquid
chromatography (HPLC) methods (Mouw et al., 2005; Wan et al., 2016). These methods lack
the sensitivity and accuracy of liquid chromatography tandem mass spectrometry (LC-
MS/MS), which might be critical when evaluating the low amounts usually generated in
microscale culture strategies. In fact, Linhardt research group previously developed a highly
sensitive and selective LC-MS/MS approach which was able to provide the GAG
disaccharide composition of different types of tissues and biological samples, including urine,
cell cultures, cell-derived extracellular matrices and intervertebral disc (G. Li et al., 2015; Liu
et al.,, 2018; Silva et al.,, 2019; Sun et al.,, 2015). In addition, such method was also
successfully used to identify changes in GAG and disaccharide composition after early
mesoderm and endoderm lineage commitment of human embryonic stem cells (ESC)
(Gasimli et al., 2014) and to study temporal changes in GAG composition during MSC
differentiation towards the hepatic lineage (Mikael et al., 2019).

In this work, the chondrogenic differentiation of human bone marrow-derived MSC
(hBMSC) and human synovial-derived MSC (hSMSC) under different oxygen tensions
(normoxia (21% O;) and hypoxia (5% O;)) was evaluated by aggregate diameter
measurements, RT-qPCR analysis and by histological/immunofluorescence stainings. LC-
MS/MS analysis was used to identify temporal changes in GAG type and disaccharide
composition during hBMSC/hSMSC chondrogenic differentiation under normoxic/hypoxic
culture conditions. An overview of the general steps required for the GAG compositional

analysis of the different chondrogenic aggregate samples is provided in Figure III.1.
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Figure lll.1. Experimental scheme of the steps for sample preparation for GAG disaccharide
compositional analysis. GAGs from undifferentiated cells (hnBMSC, hSMSC and chondrocytes) and
respective derived aggregates undergoing chondrogenic differentiation in normoxic (21% O;) / hypoxic
(5% O3) conditions were purified and digested by enzymes (heparinases and chondroitinase ABC),
originating disaccharide mixtures. The disaccharide samples were then AMAC-labeled, analyzed by
LC-MS/MS and the obtained spectra were compared with the ones of external disaccharide standards.

I11.2. Materials & Methods

111.2.1. Materials

Sodium cyanoborohydrade (NaCNBH,), 2-aminoacridone (AMAC) and acetic acid were
obtained from Sigma-Aldrich (St. Louis, MO USA). Methanol (HPLC grade), water (HPLC
grade), ammonium acetate (HPLC grade) and dimethyl sulfoxide (DMSO) were purchased
from Fisher Scientific (Springfield, NJ USA). Enzymes chondroitin lyase ABC from Proteus
vulgaris and recombinant Flavobacterial heparinase |, 1l and lll were expressed in E. coli
strains in our laboratory. Unsaturated disaccharide standards of CS, HS and HA were

purchased from Iduron (Manchester, UK, structures available in Table II.1 — Chapter II).
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111.2.2. Human cell samples

Bone marrow aspirates (Male 36 years) were obtained from Instituto Portugués de
Oncologia Francisco Gentil, Lisboa-Potugal and an additional sample of fresh unprocessed
bone marrow sample (Male 24 years) was purchased from Lonza (Basel, Switzerland).
Synovium aspirates from donors undertaking routine arthroscopic surgery with no history of
joint disease (Male 22 years and male 28 years) were obtained from Centro Hospitalar de
Lisboa Ocidental, E.P.E, Hospital Sdo Francisco Xavier, Lisboa, Portugal. All human
samples were obtained from healthy donors after written informed consent and with the
approval of the Ethics Committee of the respective clinical institution. Human bone marrow-
derived MSC (hBMSC) and human synovial-derived MSC (hSMSC) were isolated according
to previously established protocols (Dos Santos et al., 2010; Santhagunam et al., 2013).
Isolated hBMSC and hSMSC were cultured using Dulbecco’s Modified Eagle’s Medium
(DMEM, Gibco, Grand Island, NY USA) supplemented with 10% fetal bovine serum (FBS,
Life Technologies) and 1% antibiotics (penicillin-streptomycin, Pen-strep, Gibco) and
cryopreserved in liquid/vapour nitrogen tanks until further use. Human chondrocytes (HC)
purchased from CELL Applications, Inc. were cultured using high-glucose DMEM
supplemented with 10% FBS, 1X MEM non-essential aminoacids (Sigma, St. Louis, MO
USA), 0.2 mM L-Ascorbic acid (Sigma), 0.4 mM L-Proline (Sigma) and 1% Pen-strep. All
cultures were kept at 37°C and 5%CO. in a humidified atmosphere. All the experiments were

performed using cells between passages 3 and 5.

111.2.3. MSC characterization

[11.2.3.1. Cell morphology

Undifferentiated hBMSC and hSMSC morphology was observed under a phase
contrast/fluorescence microscope (Olympus IX51 Inverted Microscope: Olympus America
Inc., Melville, NY USA). For fluorescence staining, culture medium was removed and cells
were washed twice with PBS, fixed with 4% PFA (Santa Cruz Biotechnology, Dallas, TX
USA) for 30 min and permeabilized with 0.1% Triton X-100 (Sigma-Aldrich) for 10 min. Upon
permeabilization, cells were incubated with Phalloidin-TRITC (dilution 1:250, 2 pg/mL,
Sigma-Aldrich) for 45 min in the dark. Then, cells were washed twice with PBS, stained with
DAPI (1.5 pg/mL, Sigma-Aldrich) for 5 min, washed again with PBS and imaged under

fluorescence microscopy.
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[11.2.3.2. Immunophenotypic analysis

hBMSC and hSMSC were tested for the expression of specific cell surface markers
previously defined as minimal criteria to identify human MSC (Dominici et al., 2006), using a
panel of phycoerythrin (PE)-conjugated mouse anti-human monoclonal antibodies CD14,
CD19, CD34, CD45, CD73, CD90, CD105 and HLA-DR and appropriate isotype controls
(Biolegend, San Diego, CA). Thus, cells were incubated with each antibody for 15 min
protected from light at room temperature and fixed with 2% PFA. Samples were analyzed by
flow cytometry in a FACSCalibur™ instrument (Becton Dickinson, NJ USA) for quantification
of the expression of each cell surface marker. A minimum of 10000 events was collected for
each sample and the CellQuest™ software (Becton Dickinson) was used for data acquisition

and analysis.

[11.2.3.3. Multilineage differentiation potential

hBMSC and hSMSC capacity to differentiate towards the osteogenic, adipogenic and
chondrogenic lineage was evaluated. Cells were plated on 12-well plates at 6000 cells/cm?
and cultured with DMEM+10%FBS. When 80% confluence was reached, osteogenic and
adipogenic differentiation was induced using StemPro™ Osteogenesis Differentiation Kit
(Gibco™, Thermo Fisher Scientific) and StemPro™ Adipogenesis Differentiation Kit
(Gibco™  Thermo Fisher Scientific), respectively. For chondrogenic differentiation, cells were
concentrated to a density of 10" cells/mL and plated as droplets of 10 pL on ultra-low
attachment 24-well culture plates (Falcon BD Biosciences, Corning, NY USA) and incubated
for 1.5 h under humidified atmosphere at 37°C and 5%CO, to promote aggregation.
Afterwards, excess fluid was removed and differentiation was induced using the StemPro™
Chondrogenesis Differentiation Kit (Gibco™, Thermo Fisher Scientific). The differentiation
protocols were conducted for 14 days and the culture medium was changed twice a week.

After 14 days of multilineage differentiation, the culture medium was removed, cells were
washed with PBS, fixed in 4% PFA for 20 min at room temperature and rinsed in miliQ
ultrapure water. To confirm osteogenic differentiation, the cells were incubated with a 4%
(v/v) Fast Violet solution (Sigma-Aldrich) and Naphtol AS-MX Phosphate Alkaline solution
(Sigma-Aldrich) for 45 min in the dark at room temperature. Afterwards, cells were washed
three times with miliQ ultrapure water and once with PBS, and Von Kossa staining was
performed by incubation with a 2.5% silver nitrate solution (Sigma-Aldrich) for 30 min at room
temperature protected from light to assess the presence of calcium deposits. Adipogenic
differentiation was evaluated by incubating the cells with a 0.3% Oil-Red-O solution (Sigma-

Aldrich, in isopropanol) for 1 h at room temperature to identify lipid accumulation.
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Chondrogenic differentiation was assessed by incubation of the cellular aggregates with a
1% (w/v) Alcian Blue 8GX solution (Sigma-Aldrich, in 0.1N HCI) for 1 h at room temperature
to detect sulfated proteoglycans deposition. Finally, upon completion of the different staining
protocols, cells were washed twice with PBS, rinsed with distilled water and imaged with a
light microscope (LEICA® DMI3000B).

lll.2.4. Chondrogenic differentiation of human BMSC, SMSC and chondrocytes under

different oxygen tensions (normoxia-21% O, and hypoxia-5% O,)

Human BMSC, SMSC and chondrocytes were harvested, concentrated and droplets of
15 L containing 1.5 x 10° cells were placed in each well of an ultra-low attachment 24-well
culture plates, and incubated for 1.5 h at 37°C and 5%CO, to promote initial cell aggregation.
Afterwards, the aggregates were submersed with chondrogenic medium consisting of high
glucose DMEM (Thermo Fisher Scientific) with 100nM dexamethasone (Sigma-Aldrich), 50
Mg/mL ascorbic acid 2-phosphate (Sigma-Aldrich), 40 ug/mL L-Proline (Sigma-Aldrich), 1mM
sodium pyruvate (Gibco), ITS™+ Premix supplement (6.25 pg/mL bovine insulin; 6.25 ug/mL
transferrin; 6.25 pg/mL selenous acid; 5.33 pg/mL linoleic acid; 1.25 pg/mL BSA, Corning),
Pen-strep (100 U/mL penicillin; 100 pg/mL streptomycin) and 10 ng/mL TGF-B3 (R&D
Systems) and the cultures were placed in incubators under normoxia (21% O;) or hypoxia
(5% O3) conditions. The chondrogenic differentiation protocol was performed for 21 days and

culture medium was changed twice a week.

lll.2.5. Chondrogenic aggregates size measurements

At the end of the 21 days of chondrogenic differentiation, the aggregates generated from
different cell sources under normoxia/hypoxia were imaged in a phase contrast microscope
(Olympus 1X51 Inverted Microscope). The estimation of the chondrogenic aggregates
diameters was performed by measuring 30 individual aggregates per condition (one per

image) using the ImageJ software (Imaged 1.51f, National Institutes of Health, USA).

11l.2.6. Histological and immunofluorescence analysis

The final chondrogenic aggregates (day 21) derived from hBMSC, hSMSC and
chondrocytes cultured under normoxia/hypoxia were fixed with 4% PFA for 20 min and
washed with PBS. Afterwards, the aggregates were included in Tissue-Tek® O.C.T.
Compound (VWR), frozen in liquid nitrogen and stored at -80°C. The OCT blocks were sliced
into 10 um sections using a microtome cryostat (Microm HM 505E Cryostat, GMI, MN USA)
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at -20°C and mounted in glass slides. The slides were washed twice in PBS (5 min each
wash) and then washed with 0.1 M glycine (Sigma-Aldrich) solution in PBS for 10 min at
room temperature to remove PFA residues. Samples were permeabilized with 0.1% Triton
solution in PBS for 10 min and incubated with a blocking solution (10% FBS in TBST — 20
mM Tris-HCI pH 8.0 (Sigma-Aldrich), 150 mM NaCl (Sigma-Aldrich), 0.05% (v/v) Tween-20
(Sigma-Aldrich)) for 30 min at room temperature and dried with a tissue.

For histological evaluation of the chondrogenic aggregates, the cross-sections were
incubated with a 1% (w/v) Alcian Blue solution (in 0.1N HCI) for 1 h and with a 0.1% (w/v)
aqueous Safranin-O (Sigma-Aldrich) solution for 30 min to assess for the presence of GAGs.
Then, the slides were washed three times with PBS, rinsed with distilled water and mounted
with Mowiol mounting medium (Sigma-Aldrich). Images of the histological stainings of the
chondrogenic aggregates were obtained using a light microscope (LEICA® DMI3000B).

For immunofluorescence analysis of the chondrogenic aggregates, the slides were
incubated with primary antibodies (in blocking solution) for collagen 1l (1:200, mouse collagen
Il monoclonal antibody 6B3, ThermoFisher Scientific), aggrecan (1:400, mouse aggrecan
monoclonal antibody BC-3, ThermoFisher Scientific) and lubricin (1:200, rabbit lubricin
polyclonal antibody, ThermoFisher Scientific) overnight at 4°C. Afterwards, the slides were
washed three times with TBST (5 min each wash) and incubated with respective secondary
antibodies Goat anti-mouse IgG- AlexaFluor 546 (1:500, ThermoFisher Scientific) and Goat
anti-rabbit 1gG- AlexaFluor 546 (1:500, ThermoFisher Scientific) for 45 min in the dark at
room temperature. The slides were then washed with TBST (3 washes, 5 min each) and
counterstained with DAPI for 5 min at room temperature. After washing the slides again with
TBST, samples were mounted with Mowiol. Chondrogenic aggregates were examined under

a confocal microscope (Zeiss LSM 710).

lll.2.7. Reverse transcription and real-time quantitative PCR (RT-qPCR) analysis

Total RNA was extracted from the final chondrogenic aggregates (day 21) derived from
the different cell sources under normoxia/hypoxia as well as from the undifferentiated cells
(day 0) using the RNeasy Mini kit (Quiagen, Hilden, Germany) according to the
manufacturer’s guidelines and quantified using a Nanodrop (ND-100 Spectrophotometer,
Nanodrop Technologies). cDNA was synthesized from the purified RNA using iScript™
Reverse Transcription Supermix (Bio-Rad, Hercules, CA USA) following the manufacturer’s
guidelines. The reaction mixtures with a total volume of 20 pL were incubated in a thermal
cycler (Veriti Thermal Cycler, Applied Biosystems, CA USA) for 5 min at 25°C, 20 min at

46°C and 1 min at 95°C and then were maintained at 4°C.
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The real time quantitative PCR (RT-gPCR) analysis was performed using the TagMan®
Fast Advanced Master Mix (Applied Biosystems) and StepOnePlus real-time PCR system
(Applied Biosystems) according to the manufacturer's guidelines. Reactions were run in
triplicate using TagMan® Gene Expression Assays (20X) (Thermo Fisher Scientific) for
human Sox9 (Hs00165814_m1), human ACAN (Hs00153936_m1) and human GAPDH
(Hs02758991_g1). The obtained CT values were normalized against the expression of

2%t method. Results

housekeeping gene GAPDH and the analysis was performed using the
for Sox9 and ACAN expressions in the hBMSC/hSMSC/chondrocyte-based chondrogenic
aggregates cultured under normoxia/hypoxia are presented as fold-change expression levels

relative to h(BMSC/hSMSC/chondrocyte at day 0.

1ll.2.8. Compositional GAG disaccharide analysis

[11.2.8.1. Sample preparation: GAG isolation, digestion and AMAC-labeling

Undifferentiated cells (day 0) and chondrogenic aggregates at different culture timepoints
(days 7, 14 and 21 for hBMSC/hSMSC and day 21 for chondrocytes) for both
normoxia/hypoxia were collected, treated with the BugBuster 10X Protein Extraction Reagent
(Millipore Sigma, MA USA) and sonicated in a bath containing ice for aggregate dissociation.
Then, samples were desalted by passing through a 3KDa molecular weight cut off (MWCO)
spin column (Millipore, MA USA), and washed three times with distilled water. The casing
tubes were replaced and 300 pL of digestion buffer (50 mM ammonium acetate containing 2
mM calcium chloride adjusted to pH 7.0) was added to the filter unit. Afterwards, recombinant
heparin lyases |, Il, lll (pH optima 7.0-7.5) and recombinant chondroitin lyase ABC (10 mU
each, pH optimum 7.4) were added to each sample, mixed well by pipetting and samples
GAG enzymatic digestion was conducted by incubation overnight at 37°C. The enzymatic
reaction was terminated by centrifugation to remove the enzymes and the filter unit was
washed twice with 200 uyL of distilled water. The final filtrates containing the disaccharide
products were lyophilized and kept at -20°C until labeling. Samples were AMAC-labeled by
adding 10 pL of 0.1M AMAC in DMSO/acetic acid (17/3, V/V) solution and by incubating at
room temperature for 10 min, followed by addition of 10 pyL of 1M aqueous NaCNBH, solution
and incubation for 1 hour at 45°C. A mixture containing all 17 CS, HS and HA disaccharide
standards prepared at a concentration of 0.5 ng/uL was similarly AMAC-labelled and used
for each run as an external standard. After the AMAC-labeling reaction, the samples were

centrifuged and the respective supernatants were recovered.
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[11.2.8.2. LC-MS/MS analysis

Disaccharide analysis was performed according to a previously published method (Sun
et al.,, 2015). LC was performed on an Agilent 1200 LC system at 45 °C using an Agilent
Poroshell 120 ECC18 (2.7 ym, 3.0 x 50 mm) column. Mobile phase A (MPA) was 50 mM
ammonium acetate aqueous solution, and the mobile phase B (MPB) was methanol. The
mobile phase passed through the column at a flow rate of 300 yL/min and the gradient used
was the following: 0-10 min, 5-45% B; 10-10.2min, 45-100%B; 10.2-14min, 100%B; 14-
22min, 100-5%B. The injection volume used for all the samples was 5 pL. A ftriple
quadrupole mass spectrometry system equipped with an ESI source (Thermo Fisher
Scientific, San Jose CA, USA) was used as a detector. The online MS analysis was
performed at the Multiple Reaction Monitoring (MRM) mode with the MS parameters:
negative ionization mode with a spray voltage of 3000 V, a vaporizer temperature of 300°C,
and a capillary temperature of 270°C. Data analysis was performed using Thermo Xcalibur™
software (Thermo Fisher Scientific, San Jose, CA USA). The disaccharides amounts in the
samples were quantified via comparison of the sample peak area to that of an external

standard.

111.2.9. Statistical analysis

Results are presented as mean values + SD from two independent donors (n=3 for each
donor), unless specified differently. The statistical analysis of the LC-MS/MS data was
performed using one-way ANOVA for multiple comparisons, followed by Tukey post-hoc test.
Comparisons between gene expressions of the chondrogenic aggregates (from the same cell
source) generated under 5% O, and 21% O, tensions were performed using the unpaired
student ¢ test. GraphPad Prism version 7 was used in the analysis and data was considered

to be significant when p-values were less than 0.05 (95% confidence intervals, *p < 0.05).
lll.3. Results
11.3.1. hABMSC and hSMSC characterization

The cell sources used in this study were characterized in terms of their morphology
(Figure 111.2 A), immunophenotype (Figure 11l.2 B) and multilineage differentiation capacity
(Figure 111.2 C). Both hBMSC and hSMSC presented a standard morphological MSC

phenotype with a long, fibroblastic appearance with defined nuclei and cytoskeleton.

Regarding the immunophenotypical characterization, for both sources, less than 2% of the

68



population expressed hematopoietic lineage markers CD14, CD19, CD34, CD45 and HLA-
DR. Considering the positive markers (CD73, CD90 and CD105), the expression of CD73
and CD105 was above to 95% for both hBMSC and hSMSC. In the case of CD90, while
more than 98% of hBMSC expressed this marker, hSMSC presented a expression of
approximately 82%. In terms of the in vitro multilineage differentiation potential, after 2 weeks
induction, both hBMSC and hSMSC were able to differentiate towards the osteogenic,
adipogenic and chondrogenic lineages as confirmed by ALP/Von Kossa, Oil Red-O and

Alcian Blue staining, respectively.
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Figure lll.2. Characterization of h(BMSC and hSMSC used in this study. The morphology of hBMSC
and hSMSC was observed by light and fluorescence microscopy after DAPI/Phalloidin staining (DAPI
stains nuclei blue and Phalloidin stains actin-rich cell cytoskeleton red) (A). Immunophenotypical
analysis of hBMSC and hSMSC (B). Multilineage differentiation potential of hBMSC and hSMSC
assessed after 14 days under osteogenic, adipogenic and chondrogenic induction. Osteogenic
differentiation was confirmed by ALP/Von Kossa staining. Adipogenesis was evaluated by staining the
cells with Qil Red-O. Chondrogenic differentiation was assessed by Alcian Blue staining. Values are
represented as mean + SEM of two independent donors for each cell source. Scale bars: 100 ym.
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lll.3.2. Evaluation of the chondrogenic differentiation of human BMSC, SMSC and

chondrocytes under normoxia (21% O,) / hypoxia (5% O,)

At the end of the chondrogenic differentiation protocol (day 21), the final
hBMSC/hSMSC/HC-based chondrogenic aggregates generated under normoxia (21% O,)
and hypoxia (5% O;) were evaluated in terms of typical cartlage ECM
proteins/proteoglycans expression (Figure II1.3), aggregate diameter (Figure 111.4) and
chondrogenic marker genes expression (Figure 111.5).

Regardless of the cell source and the oxygen tension used, all the conditions stained
positively for the presence of GAGs after Alcian Blue and Safranin-O stainings. Additionally,
immunofluorescence analysis showed that all the final chondrogenic aggregates stained
positive for the presence of typical cartilage ECM components collagen Il, aggrecan and

lubricin (Figure II1.3).
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Figure 111.3. Histological (Alcian Blue and Safranin-O stainings) and immunofluorescence (Collagen Il,
Aggrecan and Lubricin) analysis of the final (day 21) chondrogenic aggregates generated by hBMSC,
hSMSC and HC under normoxia (21% O,)/hypoxia (5% O,). For immunofluorescence analysis,
samples were counterstained with DAPI. Scale bars: 100 um.

As it is possible to observe in Figure 111.4, for all the cell sources, hypoxic cultures lead to
the formation of aggregates with higher average diameters than the ones obtained under
normoxia. Considering the MSC sources, within the same oxygen tension, hSMSC-derived

chondrogenic aggregates showed higher average diameters that hBMSC-derived ones.
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Figure IlIl.4. Average diameter and respective distribution of the aggregates generated by hBMSC,
hSMSC and HC after 21 days micromass chondrogenic cultures under normoxia (21% O,)/hypoxia
(5% O,). Data are presented as mean + SD, n=30 individual aggregates.

Figure 111.5 shows the RT-qPCR analysis performed in the final cartilage engineered
tissues generated from hBMSC, hSMSC and HC under normoxia (21% O,) and hypoxia (5%
O,). Although all the conditions showed upregulation of Sox9 and ACAN chondrogenic
marker genes, tissues obtained from different MSC sources showed different responses to
low oxygen tensions. While for hBMSC-derived chondrogenic aggregates, hypoxic cultures
presented significantly higher Sox9 and ACAN expressions than normoxic ones, an opposite
trend was observed for hSMSC-derived chondrogenic aggregates. HC-derived aggregates
cultured under hypoxia also showed higher gene expressions than normoxic cultures,

however significant differences were only observed for ACAN.
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Figure IIL.5. RT-gPCR analysis of the final (day 21) chondrogenic aggregates generated by hBMSC,
hSMSC and HC under normoxia (21% O;)/hypoxia (5% O,). Sox 9 and ACAN gene expressions are
normalized against the housekeeping gene GAPDH and presented as fold-change levels relative to
the respective cell source (hnBMSC, hSMSC and HC) at day 0. Data are presented as mean + SD,
n=3. *p < 0.05.

l.3.3. GAG and respective disaccharide changes during human BMSC, SMSC and

chondrocyte chondrogenic differentiation under normoxia (21% O,) / hypoxia (5% O,)

GAG remodeling during the chondrogenic differentiation of hBMSC and hSMSC under
hypoxic/normoxic culture conditions was studied using LC-MS/MS analysis. For that,
samples were harvested at different timepoints during the differentiation (days 0, 7, 14 and
21) and GAGs were purified, enzymatically digested and labeled for compositional
disaccharide analysis. HC-aggregates differentiated under the same conditions were used as
controls. In Figure 111.6 it is shown the temporal changes in the average percentage GAG
composition in hBMSC/hSMSC-derived chondrogenic aggregates during the differentiation.
Significantly distinct GAG average compositions were observed among the different cell
sources. In their undifferentiated state (day 0), hBMSC were mainly composed by HA (74%,
of total GAG content) with lower percentages of CS (14%) and HS (12%). In contrast, the
main GAG component in undifferentiated hSMSC was CS (55%) with lower average
percentages of HA (23%) and HS (22%), which was more similar to HC average GAG
composition (CS: 58%, HS: 33% and HA: 9%) than hBMSC. During chondrogenic
differentiation, for all the conditions tested, it is possible to observe an increase in CS
average percentages and corresponding decrease in average percentages of HS and HA

overtime. Hypoxia conditions appeared to favor significantly increased CS average
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percentages compared to normoxia in hBMSC-derived chondrogenic aggregates. However,
the same trend was not observed for the cartilage tissues derived from other cell sources. In
fact, at the end of the differentiation protocol (day 21), hBMSC-derived chondrogenic
aggregates obtained under hypoxic conditions showed significantly higher CS and reduced
HA, HS average percentages than the ones generated at normoxic conditions (CS: 91%, HA:
8% and HS: 1% at hypoxia vs. CS: 59%, HA: 30% and HS: 11% at normoxia). In contrast,
while the GAG composition for hSMSC-derived cartilage tissues obtained under hypoxia was
71% CS, 25% HA and 4% HS, tissues generated under normoxia showed a GAG
composition of 86% CS, 9% HA and 5% HS. In addition, HC-derived cartilage tissues were
mainly composed by CS with higher average percentages than the ones observed for the
other cell sources (CS: 95% at hypoxia and 94% at normoxia) and no significant differences
in GAG composition were noticed between HC-aggregates generated under

hypoxia/normoxia.
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Figure I11.6. Average percentage GAG composition of undifferentiated cells (day 0) and during
chondrogenic differentiation (days 7, 14 and 21) of hBMSC and hSMSC under normoxic (21%
0O,)/hypoxic (5% O;) conditions. HC were used for comparison at days 0 and 21. Data are presented
as mean + SD of three replicates for each donor (n=6) for hBMSC and hSMSC and n=3 for HC. *p <
0.05.
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The average percentage HS and CS disaccharide compositional changes during the
chondrogenic differentiation of hBMSC, hSMSC and HC under hypoxia/normoxia are
presented in Figure IIl.7 and Figure II1.8, respectively. Regarding HS disaccharides, all the
samples were mainly composed by 0S, with lower percentages of NS and NS2S. Generally,
during chondrogenic differentiation, the average percentages for the different HS
disaccharides were nearly maintained and changes resulting from culture under different
oxygen tensions were not noticed. However, some significant differences were observed in
the HS composition of the different cell sources, mainly at the end of the protocol (day 21). At
day 21, HC-derived aggregates showed significantly higher average percentages of 0S than
the hSMSC-derived ones, contrarily to what was observed for cells in the undifferentiated
state (day 0).

In Figure Ill.8 it is possible to observe that, for all the conditions, CS was mainly
composed by 4S and 6S with lower percentages of 0S. Significant differences in 4S and 6S
average percentages were observed between the tissues generated from different cell
sources and also as a result of culture under different oxygen tensions. While in their
undifferentiated state (day 0), all cell types presented higher average percentages for 4S
than 6S, after 21 days of chondrogenic differentiation, the obtained tissues (with the
exception of hBMSC-derived cartilage) showed higher amounts of 6S than 4S. Moreover, for
tissues derived from all cell sources, this increase in 6S average percentages (and
subsequent decrease in 4S) was clearly favored by hypoxia. Noteworthy, HC-derived
cartilage tissues presented significantly higher 6S (and lower 4S) average percentages than

the tissues obtained from both MSC sources.
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Figure IIl.7. Average percentage HS disaccharide composition of undifferentiated cells (day 0) and
during chondrogenic differentiation (days 7, 14 and 21) of hBMSC and hSMSC under normoxic (21%
0O,)/hypoxic (5% O;) conditions. HC were used for comparison at days 0 and 21. Data are presented
as mean * SD of three replicates for each donor (n=6) for hBMSC and hSMSC and n=3 for HC. *p <
0.05.
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Figure 1I1.8. Average percentage CS disaccharide composition of undifferentiated cells (day 0) and
during chondrogenic differentiation (days 7, 14 and 21) of hBMSC and hSMSC under normoxic (21%
0O,)/hypoxic (5% O;) conditions. HC were used for comparison at days 0 and 21. Data are presented
as mean + SD of three replicates for each donor (n=6) for hBMSC and hSMSC and n=3 for HC. *p <

0.05.
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I1l.4. Discussion

To the best of our knowledge, this study represents one of the first reports of the use of
highly sensitive and selective LC-MS/MS methods to evaluate the GAG remodeling during
MSC chondrogenic differentiation. Herein, we compared the GAG composition of the tissues
generated from two different human MSC sources (hBMSC and hSMSC) when cultured
under different oxygen tension conditions (normoxia-21% O, and hypoxia-5% O,). HC were
cultured under the same conditions as the other cell sources and used throughout this study
as control samples. Both sources used in this work were characterized and proved to be
compliant with the criteria defined by Dominici et al for MSC identification (Dominici et al.,
2006). Regarding the immunophenotypic analysis, hSMSC showed slightly decreased
expression of CD90 (<95%). However, since the panel of markers proposed by Dominici et al
focused on the identification of hBMSC, there are no specific defined sets of markers to
identify MSC isolated from other sources, which might have its own intrinsic levels of markers
expression. Moreover, a decreased CD90 expression in hSMSC analyzed by flow cytometry
was previously described in other studies (Ferro et al., 2019; Nagase et al., 2008).

The chondrogenic aggregates derived from hSMSC presented higher average diameters
that the ones derived from hBMSC, regardless of the oxygen tension used (1.4-fold in 21%
0O, and 1.3-fold in 5% O5). In accordance with our results, Ogata and colleagues obtained
MSC-derived tissues with the same range of millimeter scale diameters and showed that
hSMSC-derived tissues presented diameters 1.2-fold larger than hBMSC-derived tissues
(Ogata et al., 2015). For all the cell sources, the chondrogenic aggregates produced under
hypoxia showed higher diameters (1.3-fold for hBMSC, 1.1-fold for hSMSC and 1.5-fold for
HC) than the ones generated at atmospheric oxygen tension. This hypoxia-induced increase
in aggregate size was also reported for h(BMSC-derived micropellet tissues produced under
2% O, (Markway et al., 2010). However, in contrast to what we showed, Bae and colleagues
did not observed any considerable differences between the diameter of the hSMSC-derived
pellets obtained under 21% O, and 5% O, (Bae et al., 2018).

RT-gPCR results showed increased ACAN and Sox9 expressions for hBMSC- and HC-
derived cartilage tissues when cultured under hypoxia, which is concordant with previous
studies (Lafont et al., 2008; Leijten et al., 2014; Markway et al., 2010). In contrast with the
other cell sources and with the reported by Bae and colleagues for hSMSC-derived pellets,
the final hSMSC-derived cartilage tissues obtained under hypoxia showed lower expressions
of ACAN and Sox9 than the ones generated at normoxic conditions (Bae et al., 2018).
Nevertheless, contrarily to hBMSC and HC, the effect of low oxygen-cultures in hSMSC
chondrogenesis is not fully characterized yet as only very few studies have addressed this

issue.
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LC-MS/MS analysis revealed significant changes in GAG and disaccharide composition
during hBMSC, hSMSC and HC chondrogenic differentiation under normoxic/hypoxic
conditions. Undifferentiated hSMSC presented a GAG composition profile much more similar
to HC than hBMSC. This might be related with the fact that hSMSC are described as more
prone for chondrocyte differentiation than hBMSC. In fact, it was previously shown that the
gene expression profiles of hSMSC and chondrocytes are closer to each other than those of
extra-articular tissue-derived MSC including hBMSC (Segawa et al.,, 2009). As the most
predominant GAG in articular cartilage is CS, variations in CS relative amounts might provide
insights about the differentiation state of the MSC-derived tissues produced. In our analysis,
we observed an increase in the CS average percentages during the chondrogenic
differentiation of both hBMSC and hSMSC. Additionally, we observed that hypoxia affected
differently the GAG remodeling of hBMSC and hSMSC. While for hBMSC-derived cartilage
tissues, hypoxia resulted in higher average percentages of CS than normoxia, an opposite
trend was observed for hSMSC-derived cartilage tissues. In fact, these different hypoxia-
induced changes in CS composition of the tissues generated by hBMSC and hSMSC are
coherent and might be related with the trends observed for ACAN gene expression.

The GAG content of HC-derived cartilage tissues was mainly composed by CS (95% at
5% O, and 94% at 21% O,) and was not significantly affected by oxygen tension. These
percentages are similar to the values reported by Osago et al (ranging from 95.2 - 96.3%,
depending on the tissue digestion method used) for the total CS composition of porcine
articular cartilage analyzed by LC-MS/MS (Osago et al., 2018). The lower CS average
percentages observed for the MSC-derived cartilage tissues might suggest early
differentiation states. However, with proper precautions in the comparison resulting from the
species difference, the CS percentage values observed for hBMSC-derived cartilage tissues
at 5% 0O, (91%) and hSMSC-derived cartilage tissues at 21% O, (86%) are relatively close to
the ones verified for HC-derived cartilage tissues.

The disaccharide composition of CS in articular cartilage, particularly the 6S/4S ratio is
known to vary with age and degeneration of the tissue (Lauder et al., 2001). In fact, while
during embryonic development CS chains are exclusively 6S, they change to be equally
composed by 4S and 6S from fetal development to adolescence, and composed by more 6S
than 4S in adult cartilage (Hitchcock et al., 2008; Sharma et al., 2017). Additionally,
osteoarthritic cartilage has been shown to consist primarily of 6S (Hitchcock et al., 2007).
Therefore, changes in the sulfation patterns, namely the relations between 6S and 4S
percentages observed during hBMSC/hSMSC chondrogenic differentiation could provide
valuable insights about the maturation level of the tissues generated. With the exception of
hBMSC-derived cartilage tissue at 21% O, all the other samples showed higher 6S/lower 4S

percentages (higher 6S/4S ratio) in relation to the respective cell source at day 0. HC-
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derived cartilage tissues presented higher 6S/4S ratios than MSC-derived tissues,
suggesting a higher tissue maturation level. Additionally, hypoxia demonstrated to have a
significant effect in the sulfation pattern of the final tissues, as for all the cell sources, tissues
produced under 5% O, presented higher 6S/4S ratios than the ones generated at 21% O,
These findings are concordant with the studies reporting that hypoxia enhance MSC
chondrogenesis towards more mature cartilage tissues (Leijten et al., 2014). Concerning
cartilage regeneration strategies, besides oxygen tension and cell source, the scaffold
material has also been shown to affect the disaccharide composition of the cartilage tissue
produced (Mouw et al., 2005; Wang et al., 2010).

In summary, we used a highly sensitive LC-MS/MS method to provide a novel analysis of
the GAG remodeling during MSC chondrogenesis and assess how it varies with the MSC
source and oxygen tension culture conditions. However, some limitations are important to
highlight. This method was based on disaccharide analysis through the use of chondroitinase
ABC and heparinases, so, it could only detect CS, HS and HA. Therefore, additional
methodological developments should be pursued in order to allow for the quantification of
KS, which is known to be present in articular cartilage. As this method do not assess core
proteins, it would be interesting to perform this analysis in combination with a proteomics
approach in order to provide better information about the composition and functionality of the
final in vitro produced tissues. A detailed analysis of the GAG remodeling during
chondrogenesis is important not only to better understand the mechanisms of cartilage
development and disease, but also to provide new insights for improved cartilage
regeneration strategies and new methods to characterize the quality of the tissue substitutes

produced.
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CHAPTER IV - Effects of GAG supplementation in the chondrogenic differentiation of

human bone marrow/synovial-derived MSC on poly (e-caprolactone) scaffolds

Outline

The lack of effective and long-term treatments for articular cartilage defects, resulting
from injury or highly prevalent and debilitating diseases (such as osteoarthritis), has
increased the interest for tissue engineering strategies as a potential alternative to address
this unmet clinical need. Such approaches, combining cells, 3D biomaterial matrices, and
external biochemical/physical cues, hold the promise for generating fully functional cartilage
tissue.

Herein, this study aims at evaluating the use of the major cartilage GAGs, chondroitin
sulfate (CS) and hyaluronic acid (HA), as external biochemical cues to promote the
chondrogenic differentiation of human bone marrow- and synovium-derived mesenchymal
stem/stromal cells (hBMSC and hSMSC) on poly (e-caprolactone) (PCL) scaffolds. Custom-
made 3D porous and highly interconnected PCL scaffolds were fabricated by 3D-extrusion.
Culture conditions including chondrogenic medium and oxygen tension, were selected based
on the cell metabolic activity and GAG production on such scaffolds. h(BMSC/hSMSC were
cultured on PCL scaffolds with non-/CS-/HA-supplemented chondrogenic medium for 21
days and no significant effects in cellularity resulting from GAG supplementation were
observed. All conditions stained positively for cartlage ECM production, however,
significantly higher secreted GAG amounts were obtained in both hBMSC-/hSMSC-derived
constructs when cultured under HA-supplementation. RT-qPCR analysis suggests that both
CS and HA supplementation favored the chondrogenic differentiation of hBMSC and hSMSC
in PCL scaffolds, as demonstrated by the upregulation of chondrogenic markers.
Remarkably, in contrast to tissues generated using hBMSCs, the hSMSC-based constructs
showed decreased expression of hypertrophic marker COL X.
Histology/immunohistochemical analysis confirmed the presence of typical hyaline cartilage
components (GAGs, collagen 1l and aggrecan) under all the conditions. Additionally,
transmission electron microscopy (TEM) analysis of the final tissue constructs revealed the
ultrastructure of differentiated MSC and of a dense extracellular matrix (ECM) containing
collagen fibers.

Overall, these results highlight the potential of integrating GAG supplementation in tissue
engineering strategies to promote MSC chondrogenic differentiation towards the fabrication

of improved bioengineered cartilage substitutes.
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IV.1. Introduction

Articular cartilage is a thin specialized tissue that covers the bone surfaces of synovial
joints, enabling mobility with reduced friction and mechanical load dissipation. Due to its
avascular constitution and low cellularity, articular cartilage has a limited self-healing capacity
upon injury in physical trauma or in degenerative diseases such as osteoarthritis.
Osteoarthritis is a progressive chronic joint disease and the leading cause of pain and
disability in adults worldwide, comprising nearly $100 billion of annual healthcare and
socioeconomic costs in US (Chen et al., 2017; Tan and Hung, 2017). The growing relevance
of joint diseases, together with the inability of traditional surgical treatments in generating
tissue with native-like features and functionality, has increased the interest in exploring
cartilage tissue engineering (CTE) strategies. The success of such CTE strategies rely on a
proper combination of cells capable of undergoing chondrogenic differentiation upon
induction with adequate biochemical/physical factors, and biomaterial scaffolds providing a
favorable environment for cell growth and cartilage-specific ECM production (Tan and Hung,
2017).

Mesenchymal stem/stromal cells (MSCs) have been widely explored in CTE as an
alternative cell source to chondrocytes, mainly due to their easier accessibility, higher
proliferative capacity, and advantageous immunomodulatory/trophic properties (Chamberlain
et al.,, 2007; Tan and Hung, 2017). MSCs can be obtained from a wide variety of tissues
including bone marrow, adipose tissue, periosteum, muscle, umbilical cord matrix and
synovium, however, chondrogenic differentiation potential has been described as cell source
dependent (Koga et al., 2008; Sakaguchi et al., 2005; Yoshimura et al., 2007). Bone marrow-
derived MSC (BMSC) are the most used cell source and are considered the gold-standard
cells for cell-based therapeutic strategies. However, several CTE studies have suggested
that synovium-derived MSC (SMSC) are a superior cell source for cartilage repair due to
their higher chondrogenic potential compared to MSCs derived from non-joint tissues (Fan et
al., 2009; Futami et al., 2012; Huang et al., 2017; Sakaguchi et al., 2005; Shirasawa et al.,
2006; Yoshimura et al., 2007).

Additive manufacturing technologies, such as 3D extrusion, have been widely employed
in CTE, exploring their capacity to fabricate scaffolds with the shape and geometry that
perfectly match patient’s cartilage defect in a fast and reproducible manner (Hoque et al.,
2012; Mota et al., 2015). Synthetic biodegradable poly (e-caprolactone) (PCL), which was
previously approved by the FDA for clinical use, has been used to produce extruded
scaffolds in different MSC-based CTE strategies mainly due to its easy processing and
advantageous chemical, thermal and mechanical properties (Kim et al., 2010; Theodoridis et
al., 2019; Woodruff and Hutmacher, 2010).
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MSC chondrogenic potential can be enhanced through exposure to specific biochemical
(e.g., growth and differentiation modulators such as TGF-B superfamily), physical (e.g.,
mechanical stimulation) and environmental cues (e.g., oxygen tension) (Vinatier et al., 2009).
Considering the hypoxic (compared to atmospheric air) nature of articular cartilage in vivo,
which varies from 1% O, tension in the deep zone to 6% O, in the superficial zone, as well as
of synovial fluid (6.5-9% O,) and most MSC niches in vivo (1-5% O,), different CTE
approaches have exploited the use of low oxygen tensions to promote MSC chondrogenesis
(Lund - Olesen, 1970; Pattappa et al.,, 2019; Zhou et al., 2004). Our group and others
previously reported higher in vitro proliferative and chondrogenic potential of both BMSC and
SMSC when cultured under hypoxic conditions (Adesida et al., 2012; Bae et al., 2018; Dos
Santos et al., 2010; Ferro et al., 2019; Leijten et al., 2014). A different study also showed
augmented chondrogenic differentiation when BMSC were cultured on porous scaffolds
exposed to low oxygen tensions (3% O;) (Bornes et al., 2015).

Glycosaminoglycans (GAGs) are linear, anionic polysaccharides consisting of repeating
disaccharide units and either exists as constituents of ECM or on the cell surface covalently
attached to core proteins, turning into proteoglycans. Aggrecan is the most predominant
proteoglycan in cartilage ECM and consists in a core protein with many GAG chains mainly
composed of chondroitin sulfate (CS) (Gasimli et al., 2012; Knudson and Knudson, 2001).
The highly negatively charged sulfate groups of CS generate electrostatic repulsion and high
water uptake, which is crucial for cartilage resistance to compressive forces and shock-
absorbing capacity (Oliveira and Reis, 2011). Although present at lower concentrations than
CS, hyaluronic acid (HA), a non-sulfated GAG, plays a pivotal role in regulating cartilage
ECM structural organization and signaling (Oliveira and Reis, 2011; Wang et al., 2017). Both
CS and HA are known to participate in several signaling pathways, regulating cellular
processes such as cell adhesion, migration, proliferation and differentiation through
interaction with a wide variety of GAG-binding proteins within the ECM (Gasimli et al., 2012;
Wang et al.,, 2017). Thus, CS and HA have been incorporated in CTE scaffolds aiming to
improve MSC chondrogenic differentiation (Bornes et al., 2015; Pfeifer et al., 2016; Sawatjui
et al., 2015; Varghese et al., 2008). Nevertheless, very few studies have been performed that
explore the use of GAGs, CS and HA, as medium additives to enhance MSC chondrogenic
differentiation in an integrated CTE approach, and, to the best of our knowledge, none has
been conducted using SMSC or comparing different MSC sources.

The primary aim of this study was to assess the effects of CS and HA in the
chondrogenic differentiation of MSC on 3D-extruded PCL scaffolds. We hypothesize that
integrating predominant cartilage GAGs (CS and HA) as culture medium additives in our
CTE strategy might enhance MSC chondrogenic differentiation through a more closely

resemble of native tissue’s biochemical microenvironment and ECM-cell signaling. Porous
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PCL scaffolds capable of being tailored to meet patient cartilage defect specificities were
fabricated by 3D-extrusion and their structural features were characterized. Upon
optimization of culturing conditions, two different human MSC sources (hnBMSC and hSMSC)
were studied and their responses to GAG supplementation were compared, by assessing
cellularity and cartilage ECM production throughout culture. The quality of the final tissue-
engineered cartilage constructs generated by each MSC source under the different GAG
supplementations was assessed by RT-gqPCR, histological/immunohistochemical and

transmission electron microscopy (TEM) analysis.
IV.2. Materials & Methods

IV.2.1. Isolation and culture of human MSCs from bone marrow and synovium

aspirates

Human bone marrow-derived MSCs (hBMSCs) and human synovium-derived MSCs
(hSMSCs) were isolated and characterized in terms of their immunophenotype and
multilineage differentiation potential following protocols previously developed by our group
(Dos Santos et al., 2010; Santhagunam et al., 2013) (Supplementary Table V.1 and
Supplementary Figure IV.1). Bone marrow aspirates were obtained from healthy donors
(male 36 years and male 35 years) after informed consent, with the approval of the ethics
committee of Instituto Portugués de Oncologia Francisco Gentil. Synovium aspirates were
obtained from patients (male 28 years and male 22 years) undergoing arthroscopy who had
no history of joint disease, after their informed consent at Centro Hospitalar de Lisboa
Ocidental, E.P.E., Hospital Sao Franscisco Xavier, Lisboa, Portugal. Isolated hBMSCs and
hSMSCs were cultured with Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco)
supplemented with 10% fetal bovine serum (FBS, MSC qualified, Life Technologies) and 1%
antibiotic-antimycotic (Anti-Anti, Gibco) and cryopreserved in liquid/vapor-phase nitrogen
tanks. All cultures were maintained at 37°C and 5% CO, in a humidified atmosphere and

cells between passages P3-P6 were used in the experimental assays.
IV.2.2. Fabrication and structural characterization of PCL scaffolds

PCL (MW 50000 Da, CAPA™ 6500, Perstorp Caprolactones, UK) scaffolds were
fabricated in a layer-by-layer manner using an in-house developed melt-extrusion machine,
the Bioextruder (Figure 1V.1), as previously described (Domingos et al., 2009; Silva et al.,
2017). Briefly, 3D CAD models were designed in SolidWorks software (Dassault Systéemes,

S.A.) and the scaffolds were extruded with a 0-90° lay-down fiber orientation with the desired
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size, structure and architecture. The PCL filament material was heated at 80°C (above PCL’s
melting temperature ~ 60°C) and extruded in a built plate through a robot-guided nozzle with
motion controlled by a computer. The scaffolds were fabricated with the following extrusion
parameters: deposition velocity of 8 mm/sec; rotation velocity of 22.5 rpm; slice thickness of
280 pm and a nozzle diameter of 300 um, which corresponds to the diameter of a single fiber
of the scaffold. The structure of the generated scaffolds was characterized using scanning
electron microscopy (SEM, Hitachi S-2400, Japan) and micro-computed tomography (u-CT,
Scansky 1174v2, Brucker version 1.1, MA USA) (Silva et al., 2017).

Material
Chamber

Electric
Resistance

-

Electric
Resistance

Figure IV.1. Bioextruder equipment used to fabricate the PCL scaffolds studied in this thesis. The
Bioextruder machine was developed at the Centre for Rapid and Sustainable Product Development —
Polytechnic Institute of Leiria. Adapted from (Moura et al., 2015).

IV.2.3. Optimization of MSC culture conditions on PCL scaffolds: culture medium and

oxygen tension

Previous to GAG supplementation in vitro cell culture assays, an experiment comparing
two different commercially available culture mediums for MSC chondrogenic differentiation
(Hyclone™ AdvanceSTEM™ Chondrogenic Differentiation Medium (Thermo Fisher
Scientific, Rockford, IL USA) + 1% Anti-Anti vs. StemPro™ Chondrogenesis Differentiation
Kit (StemPro Chondro, Gibco™, Thermo Fisher Scientific) + 1% Anti-Anti, with standard
expansion medium DMEM + 10% FBS + 1% Anti-Anti used as control) was performed at
normoxia conditions. Afterwards, the culture medium with the best performance was used in
an additional experiment comparing the effects of three different oxygen tensions (Normoxia:
21% O,/ Hypoxia: 2% O, and 5% O,) in the chondrogenic differentiation of MSC on PCL

scaffolds. The effect of the different oxygen tensions in the proliferative potential of hBMSC
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in PCL scaffolds was also assessed under standard expansion culture medium (DMEM +
10% FBS).

Before cell seeding, PCL scaffolds (dimensions: 7mm x 7mm x 3mm) were sterilized by
UV exposure (2 h each side of the scaffold) and through washing with 70% ethanol for 3 h.
Afterwards, the scaffolds were rinsed three times with a phosphate buffered saline (PBS,
Gibco) + 1% Anti-Anti solution and moistened with culture medium for 1 h. To perform the
optimization experiments, 1 x 10° hBMSCs were seeded in each scaffold and incubated
without culture medium for 1.5 h to promote initial cell adhesion. Then, the scaffolds were
cultured for 21 days under the different culture mediums or oxygen tensions at 37°C/5% CO,
and the culture medium was fully replaced twice a week. The selection of the culture medium
and oxygen tension that resulted in the highest hBMSC chondrogenic potential on PCL
scaffolds was performed based on the equivalent cell numbers and sGAG amounts (day 21)

evaluated as specified in following sections 1V.2.5 and 1V.2.6, respectively.

IV.2.4. hBMSCs and hSMSCs seeding on PCL scaffolds and culture under different

GAG supplementation conditions

hBMSCs or hSMSCs were seeded on PCL scaffolds at a density of 1 x 10° cells/scaffold
and incubated for 1.5 h at 37°C/5%CO; in the absence of culture medium to favour initial cell
attachment. Then, Hyclone™ AdvanceSTEM ™Chondrogenic Differentiation medium + 1%
Anti-Anti supplemented with different main cartilage GAG constituents (CS and HA) was
added to the scaffolds. For that, based on previously reported values of GAG concentration
in healthy human knee and synovial joint fluid (Bollet and Nance, 1966; Mazzucco et al.,
2004; Nakayama et al., 2002), sterile CS (#C6737, Sigma-Aldrich, UK) and high molecular-
weight HA (#53747, MW ~ 1.5-1.8 x 10° Da, Sigma-Aldrich) were dissolved in culture
medium to generate 2% CS and 0.4% HA (w/v) medium supplemented solutions. Thus, three
different experimental groups were considered for each cell source according to the GAG-
supplemented medium used: (i) non-supplemented control (PCL), (ii) CS-supplemented
(PCL-CS) and (iii)) HA-supplemented (PCL-HA). All cultures were maintained in a hypoxic
environment (5% O tension) to provide a closer mimic of the native cartilage niche and
promote MSC chondrogenesis. The experiment was conducted for 21 days and culture

medium was renewed twice a week.

IV.2.5. Cell viability and proliferation assay

The metabolic activity of hBMSCs/hSMSCs in the different GAG supplementation

experimental groups was evaluated throughout the culture (days 1, 7, 14, and 21) using
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AlamarBlue® cell viability reagent (ThermoFischer Scientific, USA) following the
manufacturer’s guidelines. Briefly, a 10% v/v AlamarBlue® solution in culture medium was
added to the scaffolds and incubated at 37 °C in 5% CO, chamber for 2.5 h. Fluorescence
intensity was measured in a plate reader (Infinite® M200 PRO, TECAN, Switzerland) at an
excitation/emission wavelength of 560/590 nm and compared to a calibration curve (specific
for each donor and culture medium used) to access the equivalent number of cells in each
scaffold. Acellular scaffolds (for each experimental group) were used as blank controls in the
fluorescence intensity measurements. In each experiment, three different scaffolds were
considered for each experimental group and fluorescence intensity values of each sample

were measured in triplicate.

IV.2.6. Alcian Blue staining and sGAG quantification assay

At days 14 and 21 of the differentiation protocol, scaffold samples were harvested,
washed thoroughly with PBS to remove all medium remnants, and fixed with 2% w/v
paraformaldehyde (PFA, Sigma-Aldrich) solution for 20 min. Afterwards, samples were
washed with PBS and incubated with 1% w/v Alcian Blue 8GX (Sigma-Aldrich) solution (in
0.1N hydrochloric acid, Sigma-Aldrich) for 1 h to assess for the presence of sulfated GAG
(sGAG). The samples were rinsed twice with PBS, washed once with distilled water and
imaged using a LEICA® DMI3000B (Leica Microsystems, Germany) microscope equipped
with a digital camera (Nikon DXM1200F, Nikon Instruments Inc., Japan). sGAG content in
the scaffolds of the different experimental groups was quantified by Alcian Blue dye
precipitation following previously reported protocols (Dingle et al., 1975; Nam et al., 2011).
For that, Alcian Blue stained samples were treated with a 2% w/v sodium dodecyl sulfate
(SDS, Sigma-Aldrich) solution with constant shaking overnight. The absorbance of the
resultant solutions was measured in a plate reader (Infinite® M200 PRO, TECAN) at 620 nm,
compared to a calibration curve (generated using CS standards sodium salt from shark
cartilage, #C4384, Sigma-Aldrich, UK) to estimate the sGAG content, and normalized to the
equivalent cell numbers of the respective scaffold. For an independent experiment, three
scaffolds were considered for each experimental group and the absorbance values of each

sample were measured in triplicate.
IV.2.7. RNA isolation and gene expression analysis by real time quantitative PCR
At day 21, scaffolds cultured with hBMSCs and hSMSCs under the different GAG

stimulation conditions were collected for gene expression analysis by real time quantitative
PCR (RT-gPCR). Total RNA was extracted using the RNeasy Mini Kit (QIAGEN, Hilden,
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Germany) according to the manufacturer’s protocol and quantified by UV spectrophotometry
using a Nanodrop (NanoVue Plus, GE Healthcare, Chicago, IL USA). cDNA was synthesized
from the isolated RNA using iScript™ Reverse Transcription Supermix (Bio-Rad, Hercules,
CA USA) according to the manufacturer’s guidelines. Reaction mixtures (20 ul) were
incubated in a T100™ thermal cycler (Bio-Rad) with the following temperature protocol: 5 min
at 25°C, 20 min at 46°C and 1 min at 95°C. RT-qPCR was performed using Fast SYBR™
Green Master Mix (Applied Biosystems, CA USA) and the StepOnePlus real-time PCR
equipment (Applied Biosystems). All reaction mixtures (20 pl) containing the specific primer
sequences for the target genes and cDNA template were carried out in accordance with the
manufacturer’s guidelines and using the following temperature protocol: denaturation step at
95°C for 20 sec, followed by 40 cycles of 95°C for 3 sec and 60°C for 30 sec. All samples

2% method. Target

were assayed in triplicate and the results were analyzed using the
genes (collagen type | (COL 1), collagen type Il (COL Il), Aggrecan (ACAN), collagen type X
(COL X) and runt-related transcription factor 2 (Runx2)) expression was primarily normalized
to the housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and then
determined as a fold-change relative to the baseline expression of hBMSCs/hSMSCs at day

0. The specific primer sequences used in the RT-gPCR analysis are presented in Table IV.1.

Table IV.1 Primer sequences used in this study for RT- gqPCR analysis.

Gene Fwd primer sequence Rev primer sequence
GAPDH | 5-GGTCACCAGGGCTGCTTTTA -3’ 5-CCTGGAAGATGGTGATGGGA-3’
COL | | 5-CATCTCCCCTTCGTTTTTGA-3’ 5-CCAAATCCGATGTTTCTGCT-3’
COL Il | 5-GGAATTCCTGGAGCCAAAGG-3 5-AGGACCAGTTCTTGAG-3’
ACAN | 5-CACTGGCGAGCACTGTAACAT-3’ 5-TCCACTGGTAGTCTTGGGCAT-3
COL X | 5-CCAGGTCTGGATGGTCCTA-3’ 5-GTCCTCCAACTCCAGGATCA-3’
Runx2 | 5-TGTGAGGTGATGTCCTCGTCTGTAG-3 5-ACACATATGATGGCCGAGGTGA-3

IV.2.8. Histological/Immunohistochemical analysis

The final hBMSCs/hSMSCs-PCL constructs generated under different GAG stimulations
were fixed in 4% w/v PFA and embedded in Bio-Agar (Bio-Optica, Italy). Afterwards, the
samples were dehydrated with progressive graded ethanol series (70%, 90% and 96% (v/v)),
cleared with xylene and embedded in paraffin. The paraffin blocks were sliced into 5 ym
sections using a microtome Leica RM2235 (Leica Biosystems) and mounted in glass slides.
Afterwards, upon deparaffinization and rehydration of the slides, endogenous peroxidase
activity was blocked with 3% hydrogen peroxidase treatment (H,O,, Sigma-Aldrich) for 10

min. For histological assessment of the constructs, slides were stained with haematoxylin-
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eosin (H&E, Sigma-Aldrich) for 5 min to visualize cells/cell nuclei, Toluidine Blue (0.1% w/v
aqueous solution, Sigma-Aldrich) for 5 min to identify proteoglycans and with safranin-O (1%
w/v aqueous solution, Sigma-Aldrich) for 15 min to observe secreted GAG. Regarding the
immunohistochemical analysis, sections were incubated overnight at room temperature with
rabbit polyclonal antibodies to collagen Il (1:800 dilution, Anti-Collagen Il antibody ab34712,
Abcam, UK) and aggrecan (1:250 dilution, Anti-Aggrecan Il antibody ab140707, Abcam, UK);
and visualized after incubation for 30 min with anti-rabbit Dako EnVision® System-HRP
Labelled Polymer (Agilent Dako, CA USA). The slides were finally counterstained with
haematoxylin, dehydrated and mounted. The histological/immunohistological analysis
images were obtained at 200x magnification using a Leica DMLB optical microscope

equipped with a Leica DFC290 HD camera (Leica Microsystems).

IV.2.9. Transmission electron microscopy (TEM) analysis

At the end of the experiment, culture medium was removed; samples were washed with
PBS and fixed with a 3% glutaraldehyde (Sigma-Aldrich) in 0.1 M sodium cacodylate buffer
(Sigma-Aldrich) solution overnight at 4°C. Samples were kept in 0.1 M sodium cacodylate
buffer at 4°C until further processing. The fixed samples were embedded in agar, rinsed with
cacodylate buffer and post-fixed with a 1% v/v osmium tetroxide (Sigma-Aldrich) in 0.1 M
cacodylate buffer for 1 h at room temperature. Afterwards, the constructs were fixed with 1%
v/v uranyl acetate (Sigma-Aldrich) in acetate acetic acid buffer 0.1 M (pH 5) for 1 h and
dehydrated by exposure to gradually increasing ethanol concentrations (70%, 95% and
100% in distilled water; 3 x 10 min each). Additionally, the constructs were treated twice with
propylene oxide (Sigma-Aldrich) for 15 mim, incubated with epoxypropane for 1 h and
embedded in epoxy resin (Epon™, Hexion Inc., Columbus, OH USA). Finally, samples were
cut with a diamond knife (0.5 ym slices) in a Reichert Ultracut E ultramicrotome (Leica
Microsystems) and the ultrastructure of cellssECM of the different constructs was imaged
using a JEOL 1200EX TEM equipment (JEOL USA, Inc., MA USA).

IV.2.10. Mechanical compressive testing

The final tissue constructs were assessed in terms of their mechanical properties under
compressive testing (Supplementary Figure IV.3) using an Instron machine (Instron® Model
5544) equipped with a 2 kN load cell and a 50 mm diameter cylindrical compression plate,
operating with an extension rate of 1 mm/min. Acellular PCL scaffolds were used as control.
For each experimental group, four (n=4) independent scaffold samples were tested. The

experimental data obtained from the measurements was processed using Bluehill® 3
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software and the Young’s/compressive modulus was calculated by the slope of the initial

linear region (0-15%) of the stress-strain curve.

IV.2.11. Statistical analysis

Results are presented as mean values + standard error of mean (SEM) of the values
obtained for three (n=3) independent experiments, unless otherwise specified. Statistical
analysis of the data was performed using one-way ANOVA, followed by Tukey post-hoc test.
GraphPad Prism version 7 software was used in the analysis and data was considered to be
significant when p-values obtained were less than 0.05 (95% confidence intervals) (*p <
0.05).

IV.3. Results

IV.3.1. Fabrication and characterization of 3D-extruded porous PCL scaffolds

Custom-made porous PCL scaffolds with a 0-90° fiber orientation pattern and a pore size
of 390 um (Figure IV.2 A) were fabricated using an in-house developed 3D-extrusion
equipment and their structure/morphological properties were assessed by SEM (Figure V.2
B) and u-CT (Figure 1V.2 C) as previously described (Silva et al., 2017). y-CT analysis of the
PCL scaffolds estimated high porosity of approximately 56.6% and high interconnectivity of
99.7%, which is beneficial for cell infiltration and also favors efficient nutrient supply, gas

diffusion and waste removal.
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Figure IV.2. Characterization of 3D-extruded PCL scaffold: macroscopic view (A), SEM micrograph
image (B) and 3D reconstruction images obtained after u-CT analysis (C). Scale bars are depicted in
the figure.

IV.3.2. Optimization of MSC culture on PCL scaffolds: chondrogenic culture medium

and oxygen tension selection

Before studying the effects of CS and HA supplementation on hBMSC and hSMSC
chondrogenic differentiation in PCL scaffolds, preliminary experimental assays were
performed using only hBMSC to select the chondrogenic medium (between two commercially
available formulations) and oxygen tension (2% O,, 5% O, and 21% O;) with improved
results concerning the equivalent number of cells and sGAG production in this specific 3D
culture system.

Regarding the chondrogenic medium selection (Figure 1V.3), hBMSC-PCL constructs
cultured under Hyclone Chondro medium presented significantly higher (p < 0.05) equivalent
cells numbers at days 14 and 21 than the ones cultured under StemPro Chondro medium
(Figure IV.3 A). As shown in Figure IV.3 B, PCL-hBMSC constructs cultured for 21 days with
Hyclone Chondro medium presented sGAG amounts (14.1 = 3.6 pg/10° cells) higher than the
ones cultured in StemPro Chondro (11.6 + 1.8 ug/10°cells) and control DMEM + 10% FBS
(7.2 + 1.4 pg/10° cells). Alcian Blue staining images (Figure IV.3 C) demonstrate that
hBMSC-PCL constructs cultured under both chondrogenic mediums stained positively for
sGAG deposition, however the staining appeared more predominant and uniformely
distributed along the scaffold when Hyclone Chondro was used. Although at a lower

intensity, it was also possible to observe positive staining for sGAG when constructs were
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maintained in standard expansion medium (DMEM + 10% FBS) without addition of any
chondroinductive supplements, suggesting that PCL scaffold alone supports some level of
sGAG secretion by MSCs.
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Figure IV.3. Comparison of different commercially available culture medium for the chondrogenic
differentiation of h(BMSC on PCL scaffolds. Equivalent cell numbers assessed by Alamar Blue assay
throughout the culture period (A) and sGAG amounts at the end of the experiment (B) for the different
culture medium tested. Alcian Blue staining (C) to identify the presence of sGAG deposition in the final
tissue constructs (day 21). Results are presented as average + SEM of three (n=3) independent
experiments. *p < 0.05. Scale bar: 100 ym.

The effect of oxygen tension in the hBMSC proliferation on PCL scaffolds was assessed
using expansion medium (DMEM + 10% FBS). Scaffolds cultured under both low oxygen
tensions (2% O, and 5% O,) showed increased cell proliferation comparing to normoxia
condition, presenting significantly (p < 0.05) higher equivalent cell numbers (Figure 1V.4 A)
and fold increases (Figure IV.4 B) from day 14 onwards. At day 21, hBMSC scaffold culture
under the different oxygen tensions reached equivalent cell numbers and fold increases in
cell number (relative to day 1) of 1.21 + 0.04 x 10°cells and 5.17 + 0.16 for 2% O,, 1.23
0.08 x 10°cells and 4.78 + 0.30 for 5% O, and 1.02 + 0.11 x 10°cells and 3.67 + 0.39 for
21% O,. hBMSC chondrogenic differentiation under the three different oxygen tensions was
also performed culturing the cell-scaffold constructs with Hyclone Chondro medium. Figure

IV.4 C shows that cultures under both hypoxia conditions resulted in significantly (p < 0.05)
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higher equivalent cell numbers (from day 7 onwards) when compared to the ones at 21% O,.
At day 21, the hBMSC-PCL constructs cultured under the different oxygen tensions showed
sGAG deposition upon Alcian Blue staining (Figure IV.4 E) and resulted in sGAG amounts of
12.3 + 0.5 pg/10°cells, 18.3 + 0.9 pg/10°cells (p < 0.05 relative to 2% O,) and 16.1 + 2.0
ug/10° cells for 2% O,, 5% O, and 21% O, respectively (Figure IV.4 D).
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Figure IV.4. Effects of oxygen tension in hBMSC culture on PCL scaffolds. Cell proliferation evaluated
by Alamar Blue assay (A) throughout culture (#, A and $ correspond to statistical difference of 2% O,
vS. 21% O3, 5% O, vs. 21% O, and 2% O, vs. 5% O,, respectively) and fold increase in cell numbers
relative to day 1 (B). hBMSC chondrogenic differentiation under different oxygen tensions was
evaluated by assessment of equivalent cell numbers throughout culture (C), and sGAG amounts (D),
Alcian Blue staining (E) at the end of the experiment day 21. Results are presented as average + SEM
of three (n=3) independent experiments. *p < 0.05. Scale bar: 100 ym.
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IV.3.3. Effects of CS and HA supplementation on hBMSC/hSMSC chondrogenic

differentiation

Based on the results of the previous section, the effects of CS and HA supplementation
on the chondrogenic differentiation of hBMSC and hSMSC on PCL scaffolds (Figure IV.5)
were studied using Hyclone Chondro medium and 5% O, tension.

For both hBMSC (Figure IV.5 A) and hSMSC (Figure 1V.5 B), GAG supplementation did
not show any significant effect on the equivalent cell numbers throughout all the 21 days of
culture. Regarding sGAG amounts in hBMSC-based constructs (Figure V.5 C), no significant
differences were observed among the different conditions at day 14. It was noteworthy that at
day 21, the PCL-HA group generated sGAG amounts (30.6 + 4.7 pg/10° cells) significantly
higher (p < 0.05) than the PCL-CS (15.6 + 1.5 pg/10°cells) and PCL (18.1 = 1.0 pg/10°cells)
groups. In the case of hSMSC-based constructs (Figure IV.5 D), HA-supplementation
originated constructs with significantly increased (p < 0.05) sGAG amounts than the ones
cultured under CS-supplementation both at day 14 and 21. After 21 days of chondrogenic
differentiation, the amounts of sGAG produced by hSMSC in PCL, PCL-CS and PCL-HA
were 11.1 + 4.5 ug/10° cells cells, 9.4 + 0.4 pg/10° cells and 22.4 + 4.9 ug/10° cells,
respectively. Figure IV.5 E shows Alcian Blue staining images (at day 21) of both hBMSC-
PCL and hSMSC-PCL constructs cultured under the different GAG-supplemented mediums.
All constructs stained positively for Alcian Blue, therefore confirming the presence of
secreted sGAGs.
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Figure IV.5. Effects of CS and HA supplementation on the chondrogenic differentiation of
hBMSC/hSMSC in PCL scaffolds. Equivalent cell numbers estimated using the Alamar Blue assay for
hBMSC-PCL (A) and hSMSC-PCL (B) constructs throughout all culture time. sGAG amounts analyzed
at day 14 and 21 in hBMSC-PCL (C) and hSMSC-PCL (D) constructs. Alcian Blue staining (E) to
identify sGAGs presence at day 21. Results are presented as average + SEM of three (n=3)
independent experiments. *p < 0.05. Scale bar: 100 uym.
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IV.3.4. Gene expression analysis

The expression of genes associated with chondrogenesis and tissue hypertrophy in the
final hBMSC/hSMSC-PCL constructs (day 21) cultured under different GAG supplementation
was evaluated by RT-qPCR analysis (Figure IV.6). Both hBMSC-PCL (Figure IV.6 A) and
hSMSC-PCL (Figure IV.6 B) tissue engineered constructs showed a significant
downregulation (p < 0.05) of COL | expression compared to the respective cell source before
scaffold seeding (day 0). Regarding the hBMSC-PCL constructs, both CS and HA
supplementation resulted in a significantly higher (p < 0.05) COL Il expression when
compared with non-supplemented PCL group. However, PCL-CS and PCL-HA groups COL
Il expressions were not statistically different (p > 0.05) between them (Figure IV.6 C).
Interestingly, in the hSMSC-derived constructs, PCL-HA group presented significantly higher
(p < 0.05) COL Il expression levels than both PCL and PCL-CS groups, which were not
significantly different among them (Figure IV.6 D). Concerning ACAN expression, while
significant upregulation (relative to hBMSCs at day 0) was observed for all hBMSC-PCL
groups, without significant differences among these (Figure IV.6 E), in hSMSC-PCL
constructs, only PCL-HA showed increased ACAN expression with significantly higher (p <
0.05) levels than both PCL and PCL-CS groups (Figure 1V.6 F). All h(BMSC-PCL constructs
presented a significant upregulation of cartilage hypertrophic marker COL X (Figure IV.6 G).
In contrast, the hSMSC-PCL constructs showed significant COL X downregulation compared
to hSMSC at day 0, regardless of the GAG-supplementation protocol used. Additionally, the
PCL-HA group presented significantly reduced (p < 0.05) COL X expressions compared to
the other two groups (Figure IV.6 H). Regarding osteogenic marker Runx2 expression, all
hBMSC-PCL (Figure IV.6 I) constructs showed significant upregulation, while for hSMSC-
PCL (Figure V.6 J), only the non-supplemented group presented significantly increased
expression levels when compared to the respective MSC source before scaffold seeding
(day 0). It was noteworthy that for both MSC sources, HA supplementation resulted in final
tissue engineered constructs with significantly decreased (p < 0.05) Runx2 expressions
compared to the respective non-supplemented PCL group. Moreover, a similar effect was

also observed in hSMSC-PCL constructs when cultured under CS supplementation.
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Figure IV.6. RT-gPCR analysis of the final hBMSC/hSMSC-PCL constructs generated under the
different GAG supplementations (day 21). COL | (A, B), COL Il (C, D), ACAN (E, F), COL X (G, H) and
Runx2 (1, J) gene expressions are normalized against the housekeeping gene GAPDH and presented
as fold-change levels relative to hBMSC/hSMSC at day 0 prior to scaffold seeding. *p < 0.05.
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IV.3.5. Histological, immunohistochemical and TEM analysis

The final hBMSC-PCL and hSMSC-PCL engineered constructs generated after 21 days
of culture under the different GAG-supplemented mediums were processed and evaluated by
histological (Figure IV.7), immunohistochemical (Figure 1V.8) and TEM (Figure IV.9) analysis.

Representative histological images after H&E staining, confirmed the presence and
distribution of cells with defined nuclei in all h(BMSC-PCL (Figure 1V.7 A) and hSMSC-PCL
(Figure IV.7 B) tissue constructs cultured under different GAG supplementations.
Additionally, Toluidine Blue and Safranin-O positive staining in all the experimental groups of
hBMSC-PCL and hSMSC-PCL engineered tissues confirmed the presence proteoglycans
and GAGs, respectively.

Figure 1IV.8 shows the representative images resultant from the immunodetection
analysis performed on the final hBMSC-PCL (Figure IV.8 A) and hSMSC-PCL (Figure IV.8 B)
constructs to assess for the presence of cartlage ECM components, collagen Il and
aggrecan (brown stain). Collagen Il protein expression was clearly observed in all the
experimental groups tested, regardless of the GAG supplementation and MSC source.
Nevertheless, the immunohistochemical images suggested a more intense and spread
collagen Il protein expression in the hBMSC-PCL tissue constructs. All h(BMSC-PCL and
hSMSC-PCL constructs stained positively for the presence of major cartilage proteoglycan
aggrecan. However, for both cell sources, PCL-CS and PCL-HA experimental groups
exhibited a more abundant and distributed positive staining for aggrecan presence than PCL.

The ultrastructure of the cells and ECM present in the final hBMSC-PCL/hSMSC-PCL
tissue constructs obtained after 21 days of chondrogenic differentiation under different GAG
supplementations was analyzed by TEM and can be observed in Figure IV.9. TEM images of
all experimental groups showed cells embedded in a dense ECM, however the presence of
collagen fibers characteristic of cartilage ECM, was more evident, for both MSC sources,

when tissue constructs were generated under CS and HA supplementation.
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Figure IV.7. Histological analysis of the final hBMSC-PCL (A) and hSMSC-PCL (B) tissue constructs
obtained under the different GAG supplementations (day 21). H&E staining to identify cell nuclei,

Toluidine Blue staining to assess the presence of proteoglycans and Safranin-O staining for sulfated
GAGs identification. Scale bar: 50 ym.
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Figure IV.8. Immunohistochemical analysis of the final hBMSC-PCL (A) and hSMSC-PCL (B) tissue
constructs obtained under the different GAG supplementations (day 21). Positive staining for collagen
Il and aggrecan is observed in brown and samples were counterstained with haematoxylin. Scale bar:

50 pm.
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Figure IV.9. TEM images of cells and ECM present in the final hABMSC-PCL and hSMSC-PCL tissue
constructs generated under the different GAG supplementations (day 21). Black arrows highlight the
presence of collagen fibers. Scale bar: 1 um.

IV.4. Discussion

The objective of this work was to evaluate the effects of CS and HA supplementation as
medium additives in the chondrogenic differentiation of MSCs on 3D porous PCL scaffolds.
In this study, two different sources of MSC (hBMSC and hSMSC) were considered and their
responses to GAG supplementation were compared. These sources were selected due to
their reported superior chondrogenic ability in CTE strategies (Koga et al., 2008; Sakaguchi
et al.,, 2005). The PCL scaffolds fabricated in this study presented high porosity and high
interconnectivity, and a pore size of 390 um, which falls within the range of pore sizes (300-
450 um) previously reported to favor MSC chondrogenic differentiation in 3D PCL scaffolds
(Im et al., 2012; Zhao et al., 2016).

As gold-standard cells for cellular therapy and most used cell source in CTE strategies,
hBMSC were used in the optimization studies to select the culture medium and oxygen
tension with highest chondrogenic potential. Hyclone Chondro, the chondrogenic medium
that generated higher cell metabolic activities and sGAG production, has also been
successfully employed in other CTE approaches using MSC isolated from different sources
(Jeon and Alsberg, 2013; Nieto et al., 2015). Regarding the oxygen tension study, both 2%
and 5% O, hypoxia conditions promoted a significantly higher hBMSC proliferation in PCL

scaffolds than the normoxia (21% O;) condition. Accordingly, different studies have
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previously reported enhanced proliferation of both hBMSC and hSMSC in 2D tissue culture
plates when cultured under hypoxic conditions (Dos Santos et al., 2010; Ferro et al., 2019;
Park et al., 2018). Additionally, in agreement with our observations, Grayson et al showed
improved hBMSC proliferation in 3D poly (ethylene terephthalate) scaffolds when exposed to
hypoxia (2% O,) (Grayson et al., 2006). In the present study, chondrogenic differentiation of
hBMSC in PCL scaffolds under hypoxia (5% O;) resulted in higher GAG production than the
other oxygen tensions tested. Over the past few years, several studies have reported a
positive effect of hypoxic cultures in increasing the GAG amounts produced by BMSC under
chondrogenic induction, either cultured as 3D micromasses/pellets or seeded in 3D
biomaterial scaffolds (Adesida et al., 2012; X. Huang et al., 2017; Leijten et al., 2014;
Rodenas-Rochina et al.,, 2017). Rodenas-Rochina et al reported considerable higher
amounts of sGAGs secreted by BMSCs differentiated in PCL scaffolds under hypoxia (5%
0;) than the ones cultured at normoxia (21% O;) (Rodenas-Rochina et al., 2017).
Interestingly, we observed a significantly decreased sGAG amount in the constructs cultured
under 2% O, compared to the ones at 5% O,. Nevertheless, it is important to note that the
oxygen tension values reported are the ones controlled in the incubator, which differ than
those experienced by cells that are hard to determine due to technological limitations.
Accordingly, Fink et al demonstrated that monolayer cultures of human MSCs showed a
considerably lower O, tension at the cell surface than the one defined by the incubator due to
the fact that oxygen has to diffuse through the culture medium before reaching the cells.
Such phenomenon is aggravated in 3D scaffolds culture systems, in which the diffusion
limitations are more pronounced, especially when ECM production increases the tissue
construct’s density (Das et al., 2010; Fink et al., 2004). Therefore, in this study, the lower
sGAG amounts observed in tissue constructs cultured under 2% O, tension might be related
with diffusional limitations reached in this condition that are hampering sGAG production
without affecting cell viability, which were not reached in the 5% O, cultures. In fact, a study
performed by Malladi and colleagues reported impaired sGAG production by adipose-derived
MSC micromass differentiated cultures at 2% O, when compared to normoxia (Malladi et al.,
2006). It is extremely difficult to make direct comparisons of hypoxia studies due to
dissimilarities in cell sources, culture conditions, scaffold materials and duration of low-
oxygen exposure among the different protocols. Further efforts in developing standardized
protocols for hypoxic cultures might lead to a broader consensus on the effects of hypoxia in
MSC chondrogenesis. Nevertheless, the majority of research supports the use of low-oxygen
culture conditions around 3-5% O, tensions to promote in vitro MSC chondrogenesis in CTE
scaffolds (Das et al., 2010; Gaut and Sugaya, 2015).

GAGs are main constituents of cartilage and crucial for the maintenance of the structural

organization and mechanical properties of the tissue. Decreased GAG (particularly CS and
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HA) amounts in cartilage tissue have been associated with ageing and pathologies such as
osteoarthritis and rheumatoid arthritis (Bollet and Nance, 1966; Nakayama et al., 2002;
Temple-Wong et al.,, 2016). The GAG amounts in human cartilage tissues have been
previously reported as a CS concentration of 18.4 + 1.3 mg/mL in normal adult cartilage, with
values ranging from 2 to 4 mg/mL for HA concentration in the synovial fluid from healthy
human knee joints (Balazs, 1974; Bollet and Nance, 1966; Mazzucco et al., 2004; Nakayama
et al., 2002; Temple-Wong et al., 2016). Thus, based on the reported values, we used upper
limit values of 2% CS (20mg/mL) and 0.4% HA (4mg/mL) (w/v) medium solutions to
experimentally assess the effects of GAG supplementation on MSC chondrogenic
differentiation in 3D PCL scaffolds.

For both MSC sources, CS and HA supplementation did not cause any significant
enhancement or detrimental effects on the equivalent cell numbers present in the PCL
scaffolds. These results are in accordance with Schwartz et al, who also reported no
significant differences in equivalent cell numbers in BMSCs-seeded chitosan sponges
cultured under different HA-supplemented chondrogenic medium concentrations (Schwartz
et al., 2011). In the present work, CS and HA supplementation showed beneficial effects on
hBMSC and hSMSC chondrogenic differentiation in PCL scaffolds. After 21 days of
chondrogenic differentiation, only the HA-supplemented group resulted in a significant
increase in sGAG amounts in both hBMSC-PCL and hSMSC-PCL constructs. Additionally, in
hSMSC-PCL constructs, a significant enhancement in sGAG amounts was also observed at
an earlier stage (day 14) for the HA-supplemented group when compared to CS-
supplemented group. Based on the average values at the end of the experiment, HA-
supplementation of hBMSC-PCL constructs resulted in approximately 1.59- and 1.96- fold
increase in sGAG amounts relative to non-supplemented and CS-supplemented conditions,
respectively. In hSMSC-PCL constructs, the HA-supplemented group resulted in GAG
amounts 2.02- and 2.39-fold higher than the PCL and PCL-CS groups, respectively.
Therefore, our results suggest an improved and faster sGAG production by hSMSCs in PCL
scaffolds when cultured with HA-supplementation. In accordance with our results, other
studies using HA-supplemented medium to promote MSC chondrogenesis in 3D culture
systems reported significantly enhanced sGAG amounts relative to the non-supplemented
condition (Christiansen-Weber et al., 2018; Schwartz et al., 2011). The addition of CS to
chondrogenic medium has also been shown by Chen et al to stimulate cartilage ECM
accumulation during the chondrogenic differentiation of human umbilical cord blood (UCB)-
derived MSCs in collagen scaffolds (Chen et al., 2011). However, their study used
chondroitin sulfate C type, which is different from the chondroitin sulfate A sodium salt

employed in our study.
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Gene expression analysis of the final hBMSC-PCL and hSMSC-PCL constructs showed
that GAG supplementation, particularly with HA, promotes the upregulation of chondrogenic
marker genes COL /l and ACAN while downregulating the expression of fibrocartilage marker
COL I. Additionally, hBMSC-PCL constructs showed upregulation of hypertrophic marker
COL X and osteogenic marker Runx2, while the hSMSC-PCL constructs exhibited
downregulation of COL X and upregulation of Runx2, which was only significant for cells in
the PCL group. However, for both MSC sources, HA and CS supplementation resulted in a
significant decrease in Runx2 expression when compared to the non-supplemented group.
The observed chondrogenic genes expression and reduced expression of
osteogenic/hypertrophic markers by hSMSC-PCL constructs when supplemented with GAGs
may also be related with the hypothesis that hSMSCs are possibly a more “cartilage-
committed” stem cell population and therefore more prone for chondrogenesis than hBMSCs
(Fan et al., 2009). In their undifferentiated state before cell seeding (day 0), hSMSCs showed
significant upregulation of chondrogenic markers and downregulation of hypertrophy and
osteogenic markers when compared to hBMSCs (Supplementary Figure 1V.2), which is
accordance with previously published literature (Ogata et al., 2015). Our results also agree
with previous studies reporting that supplementation with HA and CS in MSC-based CTE
approaches resulted in enhancement of chondrogenic markers expression and suppression
of hypertrophic markers (Chen et al., 2011; Christiansen-Weber et al., 2018).

All the final hBMSC-PCL and hSMSC-PCL tissue constructs showed presence of defined
cell nuclei and cartilage-like ECM composed of proteoglycans and consequently GAGs.
Immunohistological analysis suggests collagen Il protein expression with similar intensity
among all the constructs, but a more intense staining for aggrecan in the constructs cultured
with GAG-supplemented medium compared to non-supplemented group, regardless of MSC
source. Such observation was in agreement with a previous study highlighting the beneficial
effect of HA supplementation in aggrecan deposition by BMSCs (Schwartz et al., 2011). TEM
analysis revealed the presence of cells embedded in ECM in all experimental groups.
Nevertheless, the presence of collagen fibers characteristic of cartiage ECM was more
clearly observed in the hBMSC-PCL and hSMSC-PCL constructs obtained after culture with
CS- and HA- supplemented chondrogenic mediums. Moreover, the cel/lECM structures
obtained in our study were consistent with the ones reported in a previous TEM analysis of
ECM secreted by hBMSCs differentiated in alginate beads for 21 days in chondrogenic
medium (Dashtdar et al., 2016).

In this study, we hypothesized that GAG supplementation could result in improved MSC
chondrogenesis through a closer mimicry of the native tissue biochemistry and ECM-cell
signaling. However, the addition of GAGs to the culture medium, mainly of high MW HA used

in this work, can also result in a closer resemble of synovial fluid viscosity and possibly, in

110



the recapitulation at some extent of the native tissue mechanical cues that can influence
differentiation. In fact, Wu et al demonstrated the benefits of using HA supplementation to
simulate synovial fluid properties in the preservation of chondrocyte phenotype when
cultured in porous polyurethane scaffolds under mechanical stimulation (Wu et al., 2017).
Therefore, we believe this closer mimicking of the native tissue synovial fluid properties might
have also played a role in enhancing MSC chondrogenesis in PCL scaffolds, especially in
the case of hSMSC.

In summary, custom-made 3D porous PCL scaffolds were produced and used as
platform to study the effects of CS and HA supplementation in the chondrogenic
differentiation of hBMSC and hSMSC under hypoxic conditions. GAG supplementation did
not promote any significant effect on cell equivalent numbers present in the scaffolds. All
experimental groups stained positively for secreted GAGs, however, for both MSC sources,
significantly increased GAG amounts were only obtained when constructs were cultured with
HA-supplemented medium. RT-qPCR analysis showed the upregulation of COL I/ and ACAN
marker genes, suggesting that GAG supplementation (particularly with HA) supported the
MSC chondrogenic differentiation in PCL scaffolds, however differences between the two
MSC sources were observed. All h(BMSC-PCL constructs presented upregulation of COL X,
indicating some degree of tissue hypertrophy, which was not observed for the final tissue
constructs obtained with hSMSC. Histological, immunohistochemical and TEM analysis
confirmed the presence of cartilage-like ECM in all the experimental groups. Overall, this
study highlights the use of GAG supplementation integrated with hSMSCs and customizable
3D scaffolds as a promising strategy to promote MSC chondrogenic differentiation towards

the fabrication of improved bioengineered cartilage tissue substitutes.
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Supporting Information

Supplementary Table IV.1. Immunophenotypic characterization of human MSC derived from bone
marrow (hBMSC) or synovium (hSMSC) using fluorescence activated cell-sorting (FACS) analysis.
Expressions of typical markers for human MSC are presented as average * standard error of mean
(SEM) of two different donors for each cell source.

Positive expression (%)

Surface Marker hBMSC hSMSC
CD73 99.76 + 0.02 98.13 £ 0.50
CcD90 98.69 + 0.80 79.51 £ 3.79
CD105 99.56 + 0.13 95.60 + 1.48
CD45 0.74 £ 0.11 0.66 + 0.64
CD34 0.05 +0.03 1.09 + 0.57
CD14 0.23+0.04 0.64 + 0.61
CD19 0.13+0.01 0.01 £0.02

HLA-DR 0.00 £ 0.00 0.01 £ 0.00

Osteogenesis Adipogenesis

Chondrogenesis
- B A . "AJ,‘&'. ‘: -

Supplementary Figure IV.1. Multilineage differentiation potential of human MSC isolated from bone
marrow (BMSC) or synovium (SMSC) aspirates. After 14 days of specific induction, osteogenic,
adipogenic and chondrogenic differentiation were confirmed by ALP/Von-Kossa, Oil-Red-O and Alcian
Blue stainings, respectively. Scale bar: 100 pm.
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Supplementary Figure IV.2. Gene expression analysis by RT-qPCR of hBMSC and hSMSC before
seeding of PCL scaffolds (day 0). COL I (A), COL Il (B), Sox9 (C), ACAN (D), COL X (E) and Runx2
(F) gene expressions are normalized against the housekeeping gene GAPDH and presented as fold
change levels relative to hBMSC (day 0). Results are presented as average + standard deviation (SD).
*p < 0.05 denotes statistical significant differences between hSMSC and hBMSC target gene
expressions.
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Supplementary Figure IV.3. Compressive mechanical testing of the final hBMSC-PCL/hSMSC-PCL
tissue constructs (at day 21) cultured under the different GAG supplementations: Representative
stress-strain curves (A) and compressive modulus (B). Results are presented as average + standard
deviation (SD) of four independent samples (n=4).
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Chapter V

EXTRUDED PERFUSION BIOREACTOR PROMOTES
THE CHONDROGENIC DIFFERENTIATION OF HUMAN

MSC IN 3D POROUS PCL SCAFFOLDS
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CHAPTER V - Extruded perfusion bioreactor promotes the chondrogenic
differentiation of human mesenchymal stem/stromal cells in 3D porous poly (e-

caprolactone) scaffolds

Outline

Novel bioengineering strategies for the ex vivo fabrication of native-like tissue-engineered
cartilage are crucial for the translation of these approaches to clinically manage highly
prevalent and debilitating joint diseases. Bioreactors that provide different biophysical stimuli
have been used in tissue engineering approaches aimed at enhancing the quality of the
cartilage tissue generated. However, such systems are often highly complex, costly and not
very versatile.

In the current study, we propose a novel, cost-effective and customizable perfusion
bioreactor fabricated by additive manufacturing (AM) for the study of the effect of fluid flow on
the chondrogenic differentiation of human bone-marrow mesenchymal stem/stromal cells
(hBMSCs) in 3D porous poly (e-caprolactone) (PCL) scaffolds. Human bone marrow
mesenchymal stem/stromal cells (hBMSCs) were firstly seeded and grown in PCL scaffolds
and hBMSCs-PCL constructs were transferred to 3D extrusion bioreactors for continuous
perfusion culture under chondrogenic inductive conditions. Perfused constructs showed
similar cell proliferation and significantly higher sulfated glycosaminoglycan production (=1.8-
fold) in comparison to non-perfused counterparts. Importantly, perfusion bioreactor culture
promoted significantly higher expression of the chondrogenic marker genes while
downregulating hypertrophy.

Overall, our results show that the chondrogenic differentiation of h(BMSCs was improved
in cell-scaffold construct perfusion culture and highlight the potential of customizable AM
platforms for developing personalized repair strategies and for more reliable in vitro models

with a wide range of applications.
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V.1. Introduction

Cartilage tissue engineering (CTE) approaches, aiming at fabricating tissue substitutes
that recapitulate the biochemical, structural and mechanical properties of native cartilage,
have been introduced as promising alternatives to the current clinical surgical methods
(Madeira et al., 2015). CTE strategies often comprise a combination of cells (chondrocytes or
mesenchymal stem/stromal cells (MSCs)), biomaterial scaffolds and external stimuli through
the modulation of biological and/or physical factors (Bernhard and Vunjak-Novakovic, 2016;
Madeira et al., 2015; Vinatier et al., 2009).

MSCs have been used in CTE as an attractive alternative to chondrocytes due to their
high availability from a wide variety of tissue sources, their high in vitro proliferative potential
and immunomodulatory/trophic properties, and their ability to differentiate towards cartilage
upon induction with proper external cues (Chamberlain et al., 2007; Pittenger et al., 1999;
Tan and Hung, 2017).

Biodegradable scaffold matrices based either in naturally occurring or synthetic materials
have been widely used in combination with MSCs for CTE strategies (Camarero-Espinosa et
al., 2016). Among synthetic materials, poly (e-caprolactone) (PCL), which was previously
approved by the FDA for various medical applications, has been used as scaffold material
with MSCs in different cartilage regeneration strategies (Kim et al., 2010; Li et al., 2005;
Theodoridis et al., 2019).

Integrated CTE approaches have also employed the use of external cues to augment
MSC chondrogenic potential. Such signaling cues can be biochemical (e.g., growth factors —
TGF-B superfamily, fibroblast growth factor (FGF)-2 (Mariani et al., 2014; Mauck et al., 2003)
or small molecules such as kartogenin (Cai et al., 2019)), environmental (e.g. low oxygen
tension to recapitulate the hypoxic environment of articular cartilage in vivo) (Leijten et al.,
2014) or physical factors (e.g., mechanical/electrical stimulation) (Li et al., 2017; Vaca-
Gonzalez et al., 2017). Low oxygen tension culture conditions have been shown to enhance
MSC chondrogenesis in porous scaffolds (Bornes et al., 2015). Bioreactor technology has
been successfully employed for the expansion of MSC (Dos Santos et al., 2014) and/or for
chondrogenic priming (Gupta et al., 2018), prior to tissue substitute fabrication. In CTE
strategies, commercially and tailor-made bioreactor devices have been developed to apply
controlled and dynamic mechanical stimuli to cell-seeded scaffolds, aiming to generate
cartilage-like tissue in vitro through a closer mimicking of the articular motion forces
(Hansmann et al., 2013; Li et al.,, 2017). Examples of mechanical loading applied using
bioreactor platforms to regulate MSC chondrogenic differentiation in CTE settings include
direct compression (Bian et al., 2011; Huang et al., 2010), hydrostatic pressure (Correia et

al., 2012), direct shear stress (Li et al., 2010), fluid-induced shear stress (Gongalves et al.,
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2011; Kock et al., 2014; Mahmoudifar and Doran, 2010), or multimodal biaxial combining
different stimuli (Meinert et al., 2017; Schatti et al., 2011). Such bioreactor platforms are
often complex systems designed to meet specific requirements for a standardized scaffold
structure and biophysical stimuli. A lack of versatility represents a major drawback for the
generalized use of bioreactors in personalized CTE strategies, as any modification of the
standardized bioreactor often require costly and laborious manufacturing steps (Costa et al.,
2014; Martin et al., 2009). Additive manufacturing (AM) technology, such as 3D melt-
extrusion, offers a promising alternative to overcome these limitations as it allows versatile
and cost-effective fabrication of both scaffold and bioreactor with the desired size, shape and
architecture complexity (Mota et al., 2015). Notably, this highly reproducible and versatile
approach is fully compliant with a personalized CTE approach as the “patient-tailored”
scaffold can be produced to perfectly fit the defect site. Moreover, bioreactor prototypes can
be easily customized to provide the specific physical stimuli required for each case.

Fluid perfusion within the constructs allows an efficient nutrient/metabolite transfer and
gas exchange beneficial for cartilage extracellular matrix (ECM) synthesis. Additionally,
previously published literature suggest that shear stress, resulting from fluid perfusion, favors
the chondrogenic differentiation of MSCs (Gongalves et al., 2011; Mahmoudifar and Doran,
2010). Nevertheless, reports on hypertrophy observed in MSC-based engineered cartilage
tissues under perfused culture (Kock et al., 2014) highlight the need for further studies to
better understand the effects of fluid-induced shear stress in MSC chondrogenesis and thus
optimize its application in CTE approaches.

In this study, we propose a new concept of a cost-effective and customizable perfusion
bioreactor, readily fabricated by AM 3D-extrusion, to study the effect of fluid-induced shear
stress in the chondrogenic differentiation of human bone marrow MSCs (hBMSCs) in porous
PCL scaffolds. Unlike the majority of previous designs, the bioreactor presented here is
totally produced by extrusion using standard and commercially available 3D printer and low-
cost materials, without the need for additional complex metallic pieces, which allows its
widespread use in clinical applications or for academic research purposes. Extruded
bioreactor dimensions and perfusion system were conceptualized to allow for the use of
several bioreactors in parallel, easily fitted on standard incubator chambers and perfused
using a multichannel peristaltic pump. Moreover, this bioreactor platform can easily
accommodate multiple scaffolds receiving uniform fluid-flow induced shear stress stimuli
simultaneously and allows the simple collection of the engineered tissue constructs, in
contrast to other designs requiring a more time-consuming and cumbersome handling
Importantly, these devices can be easily modified to receive as many scaffolds as required,
with different sizes and shapes according to the patient lesion site. This extruded bioreactor

system explores the use of fluid-flow induced shear stress as a single mechanical stimuli to
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improve the quality of MSC-based cartilage tissue-engineered constructs. Herein, computer-
aided design (CAD) models of the bioreactor prototypes were used for fluid-flow modeling.
The perfusion system introduced here significantly enhanced the chondrogenic potential of
hBMSC, while preventing tissue hypertrophy, as demonstrated by the results of sulfated
glycosaminoglycan (sGAG) production, immunohistochemical and gene expression analysis

when compared with cells cultured under static culture conditions.
V.2. Material & Methods
V.2.1. Cell isolation and culture

hBMSCs were isolated from bone marrow (BM) aspirates (two male donors: 35 and 36
years old) and characterized according to a previously established protocol (Dos Santos et
al., 2010). BM samples were obtained from healthy donors upon informed consent, with the
approval of the Ethics Committee of Instituto Portugués de Oncologia Francisco Gentil (Laws
n°® 97/95, n° 46/2004). Isolated hBMSCs were cultured using low-glucose Dulbecco’s
Modified Eagle’s Medium (DMEM, Gibco, Thermo Fisher Scientific, MA USA) supplemented
with 10% v/v fetal bovine serum MSC-qualified (FBS, Life Technologies, CA USA) and 1%
v/v antibiotic-antimycotic (Anti-Anti, Gibco), kept at 37°C and 5% CO, in humidified
atmosphere and cryopreserved in a liquid/vapor-phase nitrogen container until further use.
All the experiments were performed using cells between passages P3-P5 and culture

medium was fully replaced every 3-4 days.
V.2.2. Fabrication and characterization of PCL scaffolds

PCL (MW 50000 Da, CAPA™ 6500, Perstorp Caprolactones, UK) scaffolds were
fabricated using in-house developed melt-extrusion equipment, the Bioextruder, and
characterized as previously described (Domingos et al., 2009; Silva et al., 2017). Scaffolds
were fabricated with the desired size (dimensions: 10mm x 10mm x 3mm) and structure, and
with a selected 0-90° lay-down pattern according to previously designed three-dimensional
(3D) CAD models (SolidWorks® software, Dassault Systémes, S.A.). The produced scaffolds
were characterized in terms of their structure and architectural features by scanning electron
microscopy (SEM, Hitachi S-2400, Japan) and micro-computed tomography (u-CT, Scansky
1174v2, Bruker version 1.1, MA USA).
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V.2.3. Design and fabrication of extruded perfusion bioreactors

The bioreactor prototype parts were generated employing CAD (SolidWorks® software)
and fabricated by melt-extrusion using a commercially available 3D printer (MakerBot®
Replicator™ 2X, MakerBot Industries, NY USA). The parts of the cylindrical shape bioreactor
were produced in acrylonitrile butadiene styrene (ABS, MakerBot) using the fabrication
parameters described in Figure V.1 Biii. Three individual parts composing the bioreactor
were extruded: an external vase, an internal part able to perfectly fit the PCL scaffolds and a
lid that can assemble a 25 cm? t-flask lid with a filter (Corning Inc., NY USA) to allow
oxygenation (Figure V.1 Bi-ii). The bioreactor vessel was designed to fit six PCL scaffolds
and with a working volume of 25 mL of culture medium. The outer bioreactor surfaces were
coated with a thin layer of poly (dimethylsiloxane) (PDMS, SYLGARD™ 184 Silicone
Elastomer Kit, Corning Inc., NY USA) to seal any porosity and prevent medium leakage.
Additionally, the bioreactor vessel was connected to a peristaltic pump (Ismatec REGLO
digital peristaltic pump, Ismatec®, Germany) through Tygon® tubes (Ismatec®) to allow for
controlled perfusion with culture medium. The fluid flows in a closed system from the bottom
left (inlet) of the bioreactor and leaves the reactor vessel by the top right (outlet), as it is

possible to observe in Figure V.3 B.

V.2.4. Computational fluid dynamic analysis

A computational fluid dynamics (CFD) simulation was performed using the
ANSYS®Workbench 2.0 Framework software (version R19.1, ANSYS Inc., PA USA) to
predict the fluid velocities in different regions within the bioreactor vessel. The conditions for
the computational simulations were defined as: bioreactor working volume = 25 mL; flow rate
= 0.2 mL/min (as used in the in vitro culture experiments); temperature = 37°C; pressure of 1
atm; flow regime defined as subsonic and turbulence model as laminar. The pressure at the
bioreactor vessel outlet was assumed to be zero and the bioreactor chamber was considered

as rigid and impermeable.

V.2.5. In vitro cytotoxicity testing of the materials comprising the bioreactor platform

The biocompatibility of the ABS material used in the bioreactor (discs with 10 mm
diameter and 2 mm thickness produced with different printing infill — 25%, 50%, 75% and
100%) as well as the PCL scaffold was tested following the ISO 10993-5 guidelines
(“Biological evaluation of medical devices - Part 5: Tests for cytotoxicity: in vitro methods,”
2009) using L929 mouse fibroblasts (ATCC number CCL-1). All materials were evaluated by
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the indirect extract test and direct contact test. Cells cultured on tissue culture polystyrene
(TCPS) plates with DMEM + 10%FBS + 1%Anti-Anti culture medium under standard
conditions were used as negative control and latex was used as positive control for cell
death. Extracts were prepared by incubating the materials in culture medium (0.2 g
material/mL medium) for 72 h at 37°C and 5% CO, under agitation. To perform both tests,
L929 fibroblasts were seeded on TCPS plates at a cell density of 1.5 x 10° cells/well and
cultured for 24 h at 37°C and 5% CO,to obtain a confluent monolayer. Culture medium was
removed and cells were exposed to the extract’s conditioned medium for 24 h at 37°C and
5% CO, for the indirect extract test. Afterwards, extract conditioned medium was removed
and the MTT assay (/n Vitro Toxicology Assay Kit, MTT based, Sigma-Aldrich, MO USA) was
performed according to the manufacturer’s guidelines. Briefly, cells were incubated with MTT
solution (yellow, 1 mg/mL) for 2 h at 37°C; and the violet formazan product (resultant from
the MTT metabolic reduction by metabolically active cells) was dissolved using a 0.1 N HCI
solution in anhydrous isopropanol (Sigma-Aldrich). The absorbance of the resultant solution
was measured in a plate reader (Infinite® M200 PRO, TECAN, Switzerland) at 570 nm, and
the percentage of viable cells for the different samples was calculated by comparison with
the values obtained for the negative control cultures. Three samples of each condition were
assayed and the absorbance of each sample was measured in friplicate. In the direct contact
test, the different materials were placed in contact with a confluent monolayer of L929
fibroblasts and incubated for 24 h at 37°C and 5% CO,. Cell viability and morphology were
qualitatively assessed under an inverted optical microscope (LEICA® DMI3000B, Leica
Microsystems, Germany) equipped with a digital camera (Nikon DXM1200F, Nikon

Instruments Inc., Japan).
V.2.6. Bioreactor culture of hBMSCs-PCL constructs

PCL scaffolds were sterilized by UV exposure (2 h each side of the scaffold) and by
incubation in 70% v/v ethanol for 3 h. The scaffolds were washed three times with a 1% v/v
Anti-Anti solution in phosphate buffered saline (PBS, Gibco) for 3 h (1 h each wash) and
conditioned with culture medium for 1 h at 37°C. Each PCL scaffold placed on ultra-low
attachment plate (VWR) was seeded with 1.5 x 10° hBMSC and incubated for 1.5 h at 37°C
and 5% CO,, before being completely immersed with culture medium, to promote initial cell
attachment. hBMSCs were expanded in PCL scaffolds for 14 days in DMEM + 10% FBS +
1% Anti-Anti at 37°C/5% CO./21% O, and the culture medium was fully renewed twice a
week. Prior to dynamic/static culture of h(BMSCs-PCL constructs, the bioreactors and tubes
were sterilized thoroughly by 70% ethanol and 1% Anti-Anti (in PBS) washing. At day 14,

hBMSCs-PCL constructs were transferred to the bioreactor prototypes and cultured under
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perfusion (volumetric flow rate of 0.2 mL/min, based in previously reported studies
(Mahmoudifar and Doran, 2010, 2005)) or static (non-perfused) conditions with 25 mL of
chondrogenic medium (Hyclone™ AdvanceSTEM™ Chondrogenic Differentiation medium,
Thermo Scientific, Rockford, IL USA) + 1% Anti-Anti for additional 21 days. All bioreactor
cultures were performed at 37°C/5% CO, under hypoxic conditions (5% O, tension) to
generate closer mimicry of the in vivo articular cartilage microenvironment and to promote
MSC chondrogenic differentiation. For a single experiment, each bioreactor harbored six

different hBMSCs-PCL constructs and 50% of culture medium was replaced weekly.
V.2.7. hBMSC viability and proliferation assay

The viability and proliferation of h(BMSC in PCL scaffolds were evaluated throughout the
5 weeks of culture (days 1, 7, 14, 21, 28 and 35) by assessing cell metabolic activity using
AlamarBlue® cell viability reagent (ThermoFisher Scientific, USA) according to the
manufacturer’s protocol. In this assay, the scaffolds were removed from the bioreactors and
placed in a multi-well plate. AlamarBlue® cell viability reagent was diluted in culture medium
(1:10 dilution, v/v), added to the scaffolds and incubated at 37°C in a 5% CO, chamber for
2.5 h. Fluorescence intensity values were quantified in triplicate using a plate reader (Infinite®
M200 PRO, TECAN) at 560/590 nm excitation/emission wavelengths and compared to a
calibration curve (specific for each donor) to estimate the equivalent number of cells in the
scaffolds. Acellular PCL scaffolds were used as blank control for the fluorescence intensity

measurements.
V.2.8. Metabolite analysis

The concentrations of glucose and lactate were analyzed before and after each medium
change during the culture of hBMSC under static conditions in PCL scaffolds and hBMSCs-
PCL constructs in the bioreactor. The collected medium samples were centrifuged for 10 min
to remove dead cells and debris. Metabolite concentrations were determined using an
automatic multi-parameter analyzer (YSI 7100MBS, Yellow Springs Instruments, OH USA).
Specific glucose consumption rate, specific lactate production rate and the apparent yield of
lactate from glucose (Y acciuc) for defined culture time intervals during hBMSC expansion and
chondrogenic differentiation were calculated according to a previously published method
(Dos Santos et al., 2010).
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V.2.9. Assessment of hBMSC chondrogenic differentiation

V.2.9.1. sGAG detection and quantification assay

At the end of the bioreactor culture (day 35), scaffold samples were harvested, washed
thoroughly with PBS to remove all medium remnants, and fixed with 2% paraformaldehyde
(PFA, Sigma-Aldrich) solution for 20 min. Samples were incubated with 1% Alcian Blue 8GX
(Sigma-Aldrich) solution (in 0.1 N hydrochloric acid) for 1 h to assess for the presence of
sGAG. Scaffold constructs were rinsed twice with PBS, washed once with distilled water and
imaged using an inverted microscope (LEICA® DMI3000B, Leica Microsystems) equipped
with a digital camera (Nikon DXM1200F, Nikon Instruments Inc.). sGAG content of the final
tissue constructs was quantified by Alcian Blue dye precipitation following previously
reported protocols (Dingle et al., 1975; Nam et al., 2011). In this assay, Alcian Blue stained
samples were re-dissolved with a 2% sodium dodecyl sulfate (SDS, Sigma-Aldrich) solution
with constant agitation overnight. Absorbance values of the resultant solutions were
quantified in a plate reader (Infinite® M200 PRO, TECAN) at 620 nm and compared to a
calibration curve to estimate the sGAG content in each construct. The sGAG content was
also normalized to the equivalent number of cells previously determined for the respective
scaffold. In each independent experiment, three scaffolds per experimental group were
considered and the absorbance of each sample was measured in triplicate. Acellular PCL
scaffolds submitted to the same protocol were used as blank control for the absorbance

measurements.

V.2.9.2. Histological and immunohistochemical analysis

The final tissue constructs obtained after the bioreactor culture were harvested, rinsed
with PBS and fixed in 2% PFA. The samples were dehydrated with a progressive graded
ethanol series (70%, 90% and 96% (v/v)), cleared with xylene (Sigma-Aldrich) and
embedded in paraffin. The paraffin blocks were sliced into 5 um sections using a microtome
Leica RM2235 (Leica Biosystems) and mounted in glass slides. Upon deparaffinization and
rehydration of the slides, endogenous peroxidase activity was blocked with 3% v/v hydrogen
peroxide (H,O,, Sigma-Aldrich) treatment for 10 min. For histological evaluation of the
constructs, the cross-sections were stained with haematoxylin-eosin (H&E, Sigma-Aldrich)
for 5 min to visualize cells/cell nuclei; 0.1% w/v Toluidine Blue (Sigma-Aldrich) for 5 min to
identify proteoglycans; and with 1% w/v Safranin-O (Sigma-Aldrich) for 15 min to observe
secreted GAG. In the immunohistochemical analysis, cross-sections were incubated

overnight at room temperature with rabbit polyclonal antibodies to collagen Il (1:800 dilution,
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Anti-Collagen Il antibody ab34712, Abcam, UK) and aggrecan (1:250 dilution, Anti-Aggrecan
Il antibody ab140707, Abcam, UK), followed by incubation for 30 min with anti-rabbit Dako
EnVision® System-HRP Labeled Polymer (Agilent Dako, CA USA). Slides were
counterstained with haematoxylin, dehydrated and mounted. Images of the histological and
immunohistochemical stainings were obtained at 200x magnification using a Leica DMLB

optical microscope equipped with a Leica DFC290 HD camera (Leica Microsystems).
V.2.9.3. RNA extraction and real time quantitative PCR (RT-qPCR) analysis

Scaffolds were collected and kept at -80°C until further analysis to quantify the
expression of chondrogenic gene markers by cells at the end of perfusion/non-perfusion
bioreactor culture. Total RNA was isolated using RNeasy Mini Kit (Quiagen, Hilden,
Germany). The scaffolds were first incubated in lysis buffer with agitation for 20 min at 4°C,
followed by the total RNA extraction protocol according to the manufacturer’s guidelines.
RNA was quantified by UV spectrophotometry (NanoVue Plus, GE Healthcare, Chicago, IL
USA). cDNA was synthesized from the purified RNA using iScript™ cDNA Synthesis Kit (Bio-
Rad, Hercules, CA USA) and the T100™ Thermal Cycler (Bio-Rad) following manufacturer’s
supplied protocol. The RT-qPCR analysis was performed using Fast SYBR™ Green Master
Mix (Applied Biosystems, CA USA) and a StepOne Real-Time PCR System (Applied
Biosystems) according with the manufacturer’s guidelines. The primer sequences (Stabvida,
Portugal) used in the RT-qPCR analysis are specified in Table V.1. All samples were
assayed in triplicate and the CT values obtained were normalized against the expression of
the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The analysis

2-AACT

was performed using the method, and data was presented as fold-change expression

levels relative to hBMSCs at day 0.

Table V.1. Primer sequences used for RT-qPCR analysis.

Gene Fwd primer sequence Rev primer sequence
GAPDH | 5-GGTCACCAGGGCTGCTTTTA -3’ 5-CCTGGAAGATGGTGATGGGA-3

COL ! | 5-CATCTCCCCTTCGTTTTTGA-3’ 5-CCAAATCCGATGTTTCTGCT-3
COL Il | 5-GGAATTCCTGGAGCCAAAGG-3’ 5-AGGACCAGTTCTTGAG-3

Sox9 | 5-TACGACTACACCGACCACCA-3’ 5-TTAGCATCATCTCGGCCATC-3
ACAN | 5-CACTGGCGAGCACTGTAACAT-3 5-TCCACTGGTAGTCTTGGGCAT-3’
COL X | 5-CCAGGTCTGGATGGTCCTA-3’ 5-GTCCTCCAACTCCAGGATCA-3
Runx2 | 5-TGTGAGGTGATGTCCTCGTCTGTAG-3' 5-ACACATATGATGGCCGAGGTGA-3’
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V.2.10. Statistical analysis

Results are presented as mean * standard error of mean (SEM) of the values obtained
for three (n=3) independent experiments, unless otherwise specified. Statistical analysis was
performed using GraphPad Prism version 7 software (GraphPad Software Inc., La Jolla,
USA). Comparisons between independent samples (perfusion bioreactor vs. non-perfusion
bioreactor) were determined by unpaired student ¢ test and data was considered to be

statistically significant when p-values obtained were less than 5% (*p < 0.05).

V.3. Results

V.3.1. Design and fabrication of the perfusion bioreactor system

PCL scaffolds (Figure V.1 Ai) were produced in a controlled layer-by-layer process using
an in-house developed AM 3D-extrusion system, and with the desired shape, size and
architecture (Silva et al., 2017). The morphological features of the fabricated scaffolds were
assessed by p-CT (Figure V.1 Aii) and SEM (Figure V.1 Aiii) analysis. Scaffolds with a 0-90°
fiber orientation and a pore size of 390 um were generated to achieve high porosity (56.6%)
and high interconnectivity (99.7%), which favor efficient gas exchange, nutrient supply and
waste removal.

Bioreactor prototypes were fabricated from in-house designed CAD models (Figure V.1
Bi) using a commercially available 3D extrusion system. As demonstrated in Figure V.1 B,
three parts extruded independently were assembled to compose the whole bioreactor (Figure
V.1 Bii): an external vase, an inner part customized to perfectly accommodate the PCL
scaffolds and a lid that can harbour a vented t-flask cap. The prototype was developed to
allow fluid perfusion of the scaffolds inside the bioreactor by connection through tubing to a
peristaltic pump. Culture medium enters the bioreactor vessel from the bottom left part (inlet),
flows through a thin chamber on the bottom of the reactor and then upstream, through a
porous disperser in the bottom surface of the bioreactor into the scaffolds chamber. Then,
the culture medium exits the system from the top right (outlet). Additionally, based on this
concept, the bioreactor was custom-made to accommodate six PCL scaffolds with a working
volume of 25 mL using the extrusion parameters summarized in Figure V.1 Biii.

Prior to cell culture experiments, the materials (ABS disks with different printing infill and
PCL scaffolds) were tested for cytotoxicity using L929 fibroblasts following ISO 10993-5
guidelines (Supplementary Figure V.1). The MTT extract indirect test (Supplementary Figure
V.1 A) showed that cells cultured with the extracts obtained from culture incubation of the

different materials presented high cell viabilities over 86%, while cells cultured in direct
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contact with the same materials presented regular fibroblast morphology with no evidence of

any inhibition halo effect or cell death (Supplementary Figure V.1 B).

A

3D Extrusion

iii Bioreactor fabrication parameters:

Material Acrylonitrile butadiene styrene (ABS)
Printing infill 100%
Layer height 0.2 mm
Extrusion head temperature 230°C
Build plate temperature 110°C
Speed while extruding 50 mm/s
Bioreactor mass 394¢g
Working volume 25 mL
# scaffold compartments 6

Figure V.1. Fabrication of PCL scaffold (A) and extruded bioreactor platform (B). Characterization of
3D extruded PCL scaffolds structure: photograph of a PCL scaffold with 10 mm x 10 mm x 3 mm
dimensions (Ai), respective 3D reconstruction image obtained after y-CT analysis (Aii) and SEM
micrograph (Aiii). Scale bar: 1 mm for (i), (ii) and 500 um for (iii). CAD models of the parts composing
the bioreactor prototype were developed using SolidWorks® software (Bi). The bioreactor consists of
an external vase (1), an internal part (2) with a bottom porous disperser and a scaffold chamber
including compartments (4) to perfectly fit six PCL scaffolds (5), and a lid (3) designed to assemble a
filter t-flask cap (6) to allow oxygenation. Fluid flows in a closed system (through tubing and a
peristaltic pump), entering the bioreactor from the bottom left (inlet) and leaves the vessel by the top
right (outlet). Prior to whole bioreactor assembly, the parts were fabricated in ABS material by 3D
melt-extrusion (Bii) using defined printing parameters (Biii).
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V.3.2. CFD analysis predicts fluid velocities distribution within the bioreactor

CFD modelling was used to simulate the flow pattern of the culture medium within the
extruded perfusion bioreactor vessel (Figure V.2 and Supplementary Figure V.2). Prior to
CFD analysis, a CAD model of the volume geometry of the bioreactor was imported from
SolidWorks® and a respective mesh was created in ANSYS®. For the perfusion flow rate
defined for the in vitro culture assays (0.2 mL/min), it was estimated a residential time (time
needed for the total replacement of the working volume in the bioreactor vessel) of 125 min
(= 2.08 h). Figure V.2 C shows the predicted fluid velocity distributions and values along six
different horizontal planes inside the bioreactor vessel: a top plane near the outlet right
above the scaffolds (1), three planes intersecting the scaffolds (2-4), a plane at the top
surface of the bottom porous fluid disperser below the scaffols (5) and a plane at the lower
surface of the bottom porous fluid disperser (6). In this configuration, the maximum linear
velocities were observed near the inlet and outlet of the bioreactor, with an estimated value
of approximately 1.22 x 10 m/s. The observation of the three planes (2-4) intersecting the
scaffold compartments suggests that the fluid velocity distributions are quite homogeneous
along all the six scaffolds surface. Moreover, this analysis indicates that the tangential fluid
velocity values experienced by the scaffolds are quite low, which were previously
hypothesized to favour chondrogenic phenotype maintenance (Carter and Wong, 2003;
Stevens et al., 1999). The fluid perfusion through the bottom fluid disperser pores (plane 6 to
5) increased fluid velocities in the parallel regions between two adjacent scaffold
compartments. Importantly, as it is possible to observe in Figure V.2 A, B and Figure V.1 Bi,
the disperser was designed with no pores in the regions bellow the scaffold compartments to
avoid the occurrence of high fluid velocities which may induce harmful or unwanted
mechanical effects on the cell-scaffold constructs. An additional CFD analysis, predicting the
fluid-flow velocities patterns and intensities in three different horizontal (Supplementary
Figure V.2 Ai-iv) and vertical (Supplementary Figure V.2 Bi-iv) planes, is also provided.
Overall, our simulation results demonstrate homogeneous fluid perfusion in the regions
tangential to the scaffolds, suggesting uniform hydrodynamic stress conditions at scaffold

surface.
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Figure V.2. Computational fluid flow modeling predicts linear velocities distribution within the
bioreactor. Representative model of the bioreactor inner region considered in the CFD analysis,
specifying the location of the PCL scaffolds (A). Contour plot with the linear fluid velocities distribution
inside the bioreactor, highlighting the inlet and outlet regions of the system (B). Fluid velocity
distributions and values for linear velocities (expressed in m/s) for different horizontal planes
(corresponding to different regions — a top plane near the outlet right above the scaffolds (1), three
planes intersecting the scaffolds (2-4), a plane at the top surface of the bottom porous fluid disperser,
right below the scaffolds (5) and a plane at the lower surface of the bottom porous fluid disperser (6))
within the bioreactor vessel (C). CFD analysis was performed using ANSYS® software version R19.1
with the following parameters: 25 mL fluid volume in the bioreactor vessel; fluid perfusion rate of 0.2
mL/min; ambient conditions of 37°C and 1 atm; flow regime defined as subsonic and turbulence model
as laminar. The pressure at the bioreactor vessel outlet was assumed to be zero and the bioreactor
chamber was considered as rigid and impermeable.

V.3.3 Bioreactor culture of hBMSCs-PCL constructs

The in vitro assays for bioreactor culture were performed following the experimental
scheme presented in Figure V.3 A. hBMSCs were expanded in PCL scaffolds for 2 weeks
under static culture conditions in DMEM + 10% FBS + 1% Anti-Anti, and afterwards, the
hBMSCs-PCL constructs were transferred to the ABS extruded perfusion bioreactors and
cultured with a 0.2 mL/min flow rate of chondrogenic medium at 37°C/5% CO,/5% O, (Figure
V.3 A, B). A bioreactor culture operating without perfusion was used as a control. The
number of cells present in the PCL scaffolds throughout all culture monitored by AlamarBlue®
cell viability assay are presented in Figure V.3 C. As expected, cell numbers increased
considerably during the first 14 days of culture in DMEM + 10% FBS + 1% Anti-Anti, and

were maintained during the following 21 days under chondrogenic induction. Additionally,
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cells remained viable without significant differences in equivalent cell numbers between non-
perfusion and perfusion cultures in the bioreactor, reaching final equivalent cell number
values per scaffold at day 35 of (1.31 + 0.13) x 10° and (1.32 + 0.17) x 10°, respectively.

The concentrations of glucose (Figure V.3 Di) and lactate (Figure V.3 Dii) in the cell
culture supernatants were measured to evaluate the cell metabolic profile throughout all
culture (in static expansion and bioreactor differentiation stage). As expected, for both non-
perfused/perfused bioreactors, glucose concentration decreased between each medium
change while lactate concentration showed an opposite trend. Additionally, under both
conditions tested and throughout all culture time, glucose was always available (never
reaching values close to 0 mM), while lactate concentration never reached inhibitory values
(over 35 mM previously defined for human MSC (Schop et al., 2009)), with maximum values
of 10.45 £ 0.07 mM and 11.75 + 0.21 mM, observed at day 35 for bioreactor culture under
static conditions and perfusion, respectively. Glucose consumption, lactate production and
apparent yield of lactate from glucose throughout all culture experiments were calculated and
are presented in Supplementary Figure V.3. Under both conditions, a higher glucose specific
consumption rate (Supplementary Figure V.3 A) and lactate specific production rate
(Supplementary Figure V.3 B) were observed during the expansion phase under static
conditions, in comparison to the differentiation stage. From day 14 onwards, the glucose
specific consumption rate and lactate specific production rate values were considerably
reduced, suggesting a lower cell metabolism during chondrogenic differentiation in bioreactor
cultures under non-perfusion and perfusion conditions. Moreover, Y agcuc (Supplementary
Figure V.3 C) during all culture stages (expansion and chondrogenic differentiation) were
also calculated, ranging from 1.61 + 0.07 to 3.19 % 0.19 for non-perfused culture in the
bioreactor (average Yiaveue = 2.37 during expansion; average Y ageue = 2.51 during
differentiation; and average Y accuc= 2.45 for all culture) and 1.48 1+ 0.04 to 2.94 + 0.04 for
perfusion bioreactor condition (average Y agciuc = 2.23 during expansion; average Y acciuc =

2.52 during differentiation; and average Y acciuc = 2.39 for all culture).

136



A

Transfer of hBMSCs-PCL
| hBMSC seeding | constructs to bioreactor

Chondrogenesis evaluation
*« GAG production
* Immunohistological analysis
* gRTPCR analysis

I Static culture 'T‘ Non-perfused/Perfused bioreactor culture 7‘

Days 0 1" 7 14 21" 28" 35
b Expansion conditions o Chondrogenic differentiation ',Cell proliferation assay
B (o3 [ Non-perfused bioreactor
5% O — 37°C 1. 8x105 Hl Perfused bioreactor
X — 8x10%

5% CO, _

e N
<

K 0.2 mL/min

1.5%1054

1.2x1054

9.0x10%4

Cell numbers

6.0x104

3.0x104

04

1 7 14 21 28 35
Flow pump Time (Days)
Non-perfused bioreactor
i Expansion Chondro Diff. |i -= Perfused bioreactor
' i b | 13-
22 124
20 114
: 101
~ 18 = 94
s =

£ 12 E g'
.
§ 5 T 6
Q 4 O 54
3 S
O 3 34
2 24
1 14

0 3 6 9 12 21 28 35 0 5 10 15 20 25 30 35

Time (days)

Time (days)

Figure V.3. Bioreactor culture of hBMSCs-PCL constructs. Scheme of the experimental plan followed
(A). hBMSC were seeded on the PCL scaffolds and cultured under standard expansion conditions for
2 weeks; at day 14, hBMSCs-PCL constructs were transferred to non-perfused/perfused bioreactors
and exposed to chondrogenic induction conditions for 3 weeks. Representative images and culture
conditions scheme (hypoxic environment 5%0O, / continuous flow rate of 0.2 mL/min) for the perfused
culture of hBMSCs-PCL constructs (B). Cell proliferation throughout culture (C). Metabolic analyses
throughout culture (D) expressed by the concentration profiles (in mM) for glucose (i) and lactate (ii).
Note that the initial glucose concentration of expansion medium is 1.0 g/L while for the chondrogenic
differentiation medium is =4.0 g/L. Results for cell numbers in non-perfused/perfused constructs are
represented as mean + SEM of three (n=3) independent experiments.
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V.3.4 Perfusion culture enhances cartilage ECM production

At the end of bioreactor culture, the generated constructs were harvested and were
assessed for the presence of typical cartlage ECM components. Both tissue constructs
obtained after static or perfused bioreactor culture stained positively for Alcian Blue (Figure
V.4 A), confirming the presence of sGAG. However, as it is shown in Figure V.4 B, perfused
constructs presented a significantly higher (p < 0.05) amount of sGAG (15.88 + 0.88 ug/10°
cells) compared to constructs cultured without perfusion (9.05 + 1.83 ug/10° cells). In fact,
this observation suggests a beneficial effect of perfusion culture in promoting sGAG
production by cells, resulting in an approximately 1.8-fold increase compared to non-
perfused constructs.

The final constructs were also processed and evaluated by histological (Figure V.4 C)
and immunohistochemical analysis (Figure V.4 D). Both non-perfused/perfused constructs
showed the presence of cells with defined nuclei after H&E staining (Figure V.4 Ci-ii).
Additionally, Toluidine Blue (Figure V.4 Ciii-iv) and Safranin-O (Figure V.4 Cv-vi) positive
stainings for both conditions confirmed the presence of proteoglycans and GAG,
respectively. Importantly, the apparently more intensive staining observed in Figure V.4 Civ
and Figure V.4 Cvi is consistent with the higher sGAG content (Figure V.4 B) observed for
constructs obtained after perfusion bioreactor culture. Figure V.4 D shows the images
resultant from the immunodetection protocol performed on the final constructs to assess for
the presence of main cartilage ECM components, collagen Il (Figure V.4 D i-ii) and aggrecan
(Figure V.4 Diii-iv). While bioreactor culture under static conditions (Figure V.4 Di) and
perfusion bioreactor culture (Figure V.4 Dii) lead to constructs staining positive for the
presence of collagen I, the same was not observed for aggrecan. Perfused constructs
showed more abundant and distributed positive staining for aggrecan (Figure V.4 Div), in
contrast to the small spots of lower aggrecan expression (highlighted by the black arrows)
verified for the non-perfusion condition (Figure V.4 Diii). The higher aggrecan expression
observed after perfusion culture is concordant with the results presented above for sGAG

amounts and histological analysis.
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Figure V.4. Perfused bioreactor culture of hBMSCs-PCL constructs promotes cartiiage ECM
production. Alcian Blue staining (A) in the final hBMSCs-PCL constructs detects sGAG deposition
after static (i) or perfusion (ii) bioreactor culture. Scale bar: 100 ym. Quantification of the amount of
sGAG per number of cells present in the final constructs obtained after non-perfused/perfused
bioreactor culture (B). Results are expressed as mean + SEM of three (n=3) independent
experiments. *p < 0.05. Histological analysis (C) of the final tissue constructs generated after
static/perfused bioreactor culture: H&E (i, ii), Toluidine Blue (iii, iv), and Safranin-O (v, vi) staining.
Scale bar: 50 ym. Immunohistochemical analysis (D) of the final tissue constructs to detect main
cartilage ECM components collagen Il (static bioreactor (i) and perfusion bioreactor (ii)) and aggrecan
(static bioreactor (iii) and perfusion bioreactor (iv)). Positive staining is observed in brown and samples
were counterstained with haematoxylin. Black arrows highlight small spots of aggrecan expression.
Scale bar: 50 ym.
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V.3.5. Flow-perfusion promotes the expression of chondrogenic genes while reducing

hypertrophy

RT-qPCR analysis was performed to assess the effects of the perfusion culture in the
chondrogenic gene expression profile of the final constructs. RNA was isolated prior to
scaffold seeding (day 0) and from constructs harvested after bioreactor culture under non-
perfusion/perfusion conditions (day 35). Figure V.5 shows the values for gene expression of
chondrogenic markers Sox9 (Figure V.5 A), ACAN (Figure V.5 C), COL Il (Figure V.5 E),
fibrocartilage marker COL | (Figure V.5 B), hypertrophy marker COL X (Figure V.5 D) and
osteogenic marker Runx2 (Figure V.5 E), normalized to the housekeeping gene GAPDH
expression and presented as fold-change relative to the values obtained for hBMSC at day 0.
Perfused constructs presented significantly higher (p < 0.05) expression of chondrogenic
markers Sox9, ACAN and COL Il compared to constructs cultured without perfusion. Such
enhancement was considerably more pronounced for the expression of the main
chondrocyte marker COL Il. Regarding the expression of COL | and Runx2, both conditions
showed downregulation relative to hBMSCs at day 0, however no statistical differences were
observed. Notably, the perfusion bioreactor platform developed here operating with a flow
rate of 0.2 ml/min resulted in a statistical significant decrease (p < 0.05) in the expression of
the hypertrophic marker COL X when compared to bioreactor culture under static conditions.

Thus, our RT-gPCR results suggest that perfused bioreactor culture of hBMSCs-PCL
constructs favored MSC chondrogenic differentiation while preventing tissue hypertrophy

observed for non-perfused constructs.
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Figure V.5. Gene expression evaluation by RT-qPCR analysis of the final tissue constructs obtained
after non-perfused/perfused bioreactor culture. Sox9 (A), Col I (B), ACAN (C), Col X (D) Col Il (E) and
Runx2 (F) gene expressions are normalized against the housekeeping gene GAPDH and presented
as fold-change levels relative to hBMSC at day 0 prior to scaffold seeding. Values are represented as
mean * SEM of 3 independent experiments. *p < 0.05.
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V.4. Discussion

The role of mechanical signals in the regulation of MSC fate has been demonstrated and
explored for a broad range of tissue engineering strategies (Hao et al., 2015; Kelly and
Jacobs, 2010). In CTE, mechanical stimuli such as fluid flow-induced shear stress,
compression, tension and hydrostatic pressure have been applied alone or combined using
bioreactor systems and demonstrated to promote the chondrogenic potential of MSC
(Correia et al., 2012; Fahy et al., 2018; Huang et al., 2010; Kock et al., 2014; Li et al., 2017;
Mahmoudifar and Doran, 2010; Meinert et al., 2017; Salinas et al., 2018; Schatti et al., 2011).
However, the molecular mechanisms involved in the MSC mechanotransduction signaling
are not fully understood (Panadero et al., 2016). Flow perfusion has been applied for the
production of both MSC-based tissue engineered bone (Chen et al., 2017; Costa et al., 2014)
and cartilage (Alves da Silva et al., 2011; Gongalves et al., 2011; Mahmoudifar and Doran,
2010). It has been suggested that different magnitudes of shear stress generated by fluid
perfusion result into distinct engineered cartilage phenotypes (Carter and Wong, 2003; Kock
et al., 2014). Therefore, more studies on the effects of fluid perfusion on MSC chondrogenic
differentiation are needed to deepen our understanding of the underlying molecular signaling
involved and to define boundary stimulation conditions for magnitudes and regimes
envisaging improved protocols for CTE approaches.

Bioreactors used to provide different mechanical stimuli in CTE are often complex
systems designed to meet the requirements for a standardized scaffold size and architecture.
Recently, AM technologies, which revolutionized the tissue engineering field by making
possible the development of anatomically complex patient-customized implants, were also
used for the manufacturing of versatile and cost-effective bioreactor platforms that can be
easily modified according to the specificities of the target application (Costa et al., 2015,
2014; Mota et al., 2015). The possibility of fabricating both scaffold and bioreactor device
with a high degree of customization and process automation is a critical step towards the
efficient, fast and reproducible production of personalized high-quality tissue substitutes.

In the present work, we used CAD and 3D-extrusion to manufacture a custom-made
bioreactor platform that allows study the effect of fluid perfusion on the chondrogenic
differentiation of MSC in 3D porous PCL scaffolds, also fabricated by extrusion. CFD has
been described as an invaluable tool to predict and visualize the distribution of fluidic
velocities and forces within a bioreactor system, enabling a better understanding of the role
of the hydrodynamic environment in tissue engineering strategies (Hutmacher and Singh,
2008). Herein, we performed a CFD analysis to predict fluid velocities distribution and
intensity in different regions of the bioreactor in order to avoid any detrimental effects on the

cells caused by shear stresses too high or by insufficient nutrient transfer. Additionally, our
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analysis predicted a homogeneous fluid perfusion in the regions tangential to the scaffolds,
suggesting that all six scaffolds within the bioreactor would be exposed to similar
hydrodynamic conditions. Prior to in vitro cell culture experiments, ABS material used to
fabricate the bioreactor was tested for different printing infill following the ISO 10993-5
guidelines and demonstrated high biocompatibility, which is in accordance with previously
published literature on the use of ABS as scaffold for CTE (Rosenzweig et al., 2015).

Similar to other studies focusing chondrogenic differentiation (Kock et al., 2014; Tigli et
al.,, 2011), we promoted an expansion phase to allow hBMSC growth and spreading
throughout the PCL scaffolds, and afterwards, hBMSC-PCL constructs were transferred to
perfusion bioreactor for mechanical stimulation. No statistical differences were observed in
equivalent cell numbers between perfused and non-perfused bioreactor culture, confirming
that the flow rate selected did not cause any detrimental effect to cell viability and
proliferation. Concordant results were reported by Tigli et al. (Tigli et al., 2011), who
observed no significant differences in cell proliferation between non-perfusion and perfusion
culture of human embryonic stem cells - derived MSC in porous silk scaffolds under
chondrogenic induction. Additionally, Alves da Silva and colleagues (Alves Da Silva et al.,
2010) reported no differences in cell proliferation between static and perfused culture of PCL
nanofiber meshes seeded with hBMSCs, during 21 days under chondrogenic differentiation
conditions.

Our metabolite analysis, performed both during hBMSCs static expansion in PCL
scaffolds placed in TCPS plates and chondrogenic differentiation in the bioreactor under
static conditions or perfusion, revealed that glucose exhaustion was never observed during
the culture time. Moreover, inhibitory lactate concentrations for MSCs over 35 mM (Schop et
al., 2009) were never reached throughout all culture period, indicating that the medium
changes protocol used was sufficient. Our results for glucose consumption/lactate production
rates indicate a higher MSC energy metabolism during expansion with a considerable
reduction during chondrogenesis, which is in accordance with the described by Pattappa et
al. for pellet chondrogenic cultures (Pattappa et al., 2011). Moreover, Gupta and colleagues
also observed a decrease in glucose consumption and lactate production during
chondrogenic differentiation of human periosteum derived progenitor cells in spinner flasks
(Gupta et al., 2018). MSCs have a metabolic requirement dominated by aerobic glycolysis
during self-renewal, while upon differentiation, the metabolism shifts to oxidative
phosphorylation (Folmes et al., 2012; Liu et al., 2014). We observed apparent yields of
lactate from glucose higher than 2 under both culture conditions, suggesting that lactate is
being generated from alternative carbon sources, such as glutamine (Eibes et al., 2010).

Fluid perfusion in the bioreactor system produces shear stress that was previouly shown

to influence MSC differentiation processes (Yeatts et al., 2013; Rodrigues et al., 2011). At
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the end of the experiment, perfused constructs showed a statistically significant higher sGAG
amounts than the values obtained in non-perfusion culture, suggesting a favorable effect of
flow perfusion in the production of cartilage ECM. This was also suggested by histological
and immunohistochemical analysis of the final tissue constructs, mainly by the evidence of
considerable higher expression and distribution of main cartilage constituent aggrecan after
perfusion bioreactor culture, which is in accordance with the increased sGAG amounts and
the more intense Toluidine Blue and Safranin-O staining. Our
histological/immunohistochemical analysis data is in agreement with previous studies on the
effect of perfusion culture in MSC chondrogenesis in CTE scaffolds (Alves da Silva et al.,
2011; Alves Da Silva et al.,, 2010). Despite some authors reporting detrimental effects in
sGAG production after perfusion culture (Gongalves et al., 2011; Kock et al., 2014), other
studies also show significantly higher amounts in perfused constructs (Schatti et al., 2011;
Tigli et al., 2011), which is in agreement with our results.

Gene expression results, namely the significantly higher expression levels of Sox9,
ACAN and COL Il compared to non-perfused culture, as well as downregulation of Runx2
and COL /, indicate that the flow perfusion culture protocol, using the bioreactor developed
here, promotes MSC chondrogenic differentiation in 3D porous PCL scaffolds. Additionally,
the perfused constructs presented significantly lower COL X expression than the non-
perfused counterparts, suggesting a role of flow-induced shear stress in preventing tissue
hypertrophy. MSC differentiation fate regulation through perfusion has also been predicted to
be dependent on the flow rate magnitudes involved (Carter and Wong, 2003; Salinas et al.,
2018). A previous study using a perfusion bioreactor with a flow rate of 1 mL/min to promote
chondrogenesis, showed similar trends for cartilage marker genes, however data on COL X
expression was not provided (Tigli et al., 2011). Interestingly, despite evidence of tissue
hypertrophy, Kock et al. (Kock et al., 2014) also reported a decrease in COL X expression
upon 28 days of perfusion culture of MSC pellet-PCL scaffold constructs when compared to
static culture. However, it was also observed a significant decrease in the secreted GAG
amount in perfused constructs, suggesting an unwanted effect resulting from flow perfusion.
In fact, the flow rate used in the present study (0.2 mL/min) is approximately 6-fold lower
than the one used by Kock et al. (1.22 mL/min), which might be the reason for the different
outcomes observed and is in agreement with the previous hypotheses that exposure of
chondrocytes to low fluid-induced shear stress favors the maintenance of a chondrogenic
phenotype, whereas high magnitudes promotes cartilage hypertrophy and fibrous tissue
formation (Carter and Wong, 2003; Stevens et al., 1999; Tagil and Aspenberg, 1999).
Moreover, another study also reported decreased expression of the hypertrophic marker
COL X in chitosan-based scaffolds cultured with hBMSC in a perfusion bioreactor (0.1

mL/min), in comparison to the constructs maintained without perfusion (Alves da Silva et al.,
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2011). Interestingly, two recent studies highlighted the rate of fluid shear stress as an
effective regulator of the chondrogenic differentiation of MSC in 2D-culture conditions (Lu et
al., 2016; Yue et al.,, 2018). Nevertheless, when making comparisons, it is important to
consider the differences in bioreactor platform geometry and flow rate magnitudes/regimes
used in each study and to note that distinct MSC chondrogenic differentiation outputs might
arise not only from the perfusion effect, but also from the type of MSC-source (e.g. BMSC,
synovium-derived MSC, adipose tissue-derived MSC, umbilical cord blood-derived MSC), the
scaffold material/structure as well as from the culture protocol (e.g. monolayer or pellet,
culture medium) used.

In conclusion, we present a new concept of a fully customizable, AM-based extrusion,
perfusion bioreactor, capable of providing flow-induced shear stress stimuli to MSC-based
tissue constructs for CTE applications. Our results demonstrate that a perfusion bioreactor
culture enhances the chondrogenic differentiation of hBMSCs in PCL scaffolds, as suggested
by increased cartilage-like ECM production and expression of chondrogenic marker genes
when compared to non-perfusion culture conditions. In this first proof-of-concept study, we
performed our in vitro culture experiments under a single flow rate. A study varying flow rate
stimulation values and using a Design of Experiments strategy should be performed to
determine the optimal perfusion bioreactor operating conditions required to maximize the
chondrogenic potential of MSC, assessed in vitro. It would be also interesting to further use
our perfusion bioreactor platform to investigate MSC fate in the absence of chondrogenic
induction medium. Additionally, the versatility of the platform presented here allows tailoring
scaffolds to different types of 3D culture systems such as cell pellets or micromasses.
Therefore, the study of the effect of cell culture technique (i.e., a comparison between MSCs
seeded on scaffolds and MSC pellets assembled in scaffolds) on MSC chondrogenic
differentiation under perfusion conditions is particularly interesting and should be addressed
in the future. As articular cartilage motion results from a combination of compressive, tensile
and shear stresses (Schatti et al., 2011), future studies should focus on the development of
novel AM-based bioreactor platforms enabling the application of multiple mechanical stimuli
simultaneously to enhance MSC chondrogenesis by providing a closer mimicry of the native
cartilage microenvironment. The work here described presents a promising bioreactor
platform for personalized CTE strategies and in vitro disease modeling, while highlighting the
advantages of AM-based bioreactor development for the automated fabrication of patient-
tailored tissue engineering products targeting a wide range of regenerative medicine

applications.
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Supplementary Figure V.1. In vitro biocompatibility tests of the extruded-based bioreactor platform
materials following the ISO 10993-5 guidelines. Percentage of viable cells after indirect extract test
(MTT assay) of the different materials used in the bioreactor platform (ABS disks with different printing
infill-25%, 50% 75% and 100% and PCL scaffold) as well as the negative control (L929 cells in TCPS
under standard culture conditions) and positive control (Latex) for cell death (A). Results are
presented as mean * standard deviation (SD) of three (n=3) independent samples. Microscopic
images after direct contact cytotoxicity test of the different materials of the bioreactor platform and
controls (B): Negative control — cells in TCPS (i), positive control — Latex (ii), PCL scaffold (iii) and
ABS disks extruded with 25% (iv), 50% (v), 75% (vi) and 100% (vii) printing infill. Scale bar: 100 ym.
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Supplementary Figure V.2. CFD modelling predicts linear fluid velocities distribution inside the
bioreactor vessel. Additional vertical (A) and horizontal (B) planes (three each) were defined to further
assess the fluid velocity distributions in different regions of the bioreactor (i). Fluid velocity distributions
and respective values for the different vertical/horizontal planes considered (A, B (ii-iv)).
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Supplementary Figure V.3. Metabolic analyses throughout all the culture (hnBMSC expansion in PCL
scaffolds (days 0-14) and hBMSC-PCL constructs culture in non-perfused/perfused bioreactor under
chondrogenic differentiation conditions (days 14-35). Glucose specific consumption rate (A) and
lactate specific production rate (B) by cells for different time intervals. Apparent yield of lactate from
glucose (YL acaic) for defined culture time intervals (C). Results are expressed as mean + SEM of three
(n=3) independent experiments.
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Chapter Vi

ECM DECORATED POROUS PCL SCAFFOLDS FOR

BONE TISSUE ENGINEERING
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CHAPTER VI - Extracellular matrix decorated porous poly (e-caprolactone) scaffolds

for bone tissue engineering

Outline

The clinical demand for tissue-engineered bone is growing due to the increase of non-
union fractures and delayed healing in an aging population. Herein, we present a method
combining advanced manufacturing techniques with cell-derived extracellular matrix (ECM)
to generate structurally well-defined bioactive scaffolds for bone tissue engineering (BTE).

In this work, highly porous three-dimensional poly (e-caprolactone) (PCL) scaffolds with
desired size and architecture were fabricated by fused deposition modeling/melt-extrusion
and subsequently decorated with human mesenchymal stem/stromal cell (MSC)-derived
ECM produced in-situ. The successful deposition of MSC-derived ECM onto PCL scaffolds
(PCL-MSC ECM) was confirmed after decellularization using scanning electron microscopy,
elemental analysis and immunofluorescence. The presence of MSC-derived ECM within the
PCL scaffolds significantly enhanced MSC attachment and proliferation, with and without
osteogenic medium supplementation. Additionally, under osteogenic induction, PCL-MSC
ECM scaffolds promoted significantly higher calcium deposition and elevated relative
expression of bone-specific genes, particularly osteopontin, when compared to pristine
scaffolds.

Overall, the favorable effect of MSC-derived ECM in MSC osteogenic differentiation
represents a promising strategy relying on a personalized BTE approach for the fabrication of
patient defect-tailored scaffolds with enhanced biological performance and osteoinductive

properties, resulting from the closer mimicry of the native bone niche.
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VI.1. Introduction

The clinical demand for tissue-engineered bone has increased in recent years, due to the
large number of medical conditions that require clinical intervention in an aging population.
Each year in the United States alone, approximately 8 million people develop fractures, of
which 5-10% fail to heal under standard treatment, resulting in non-union fractures (Holmes,
2017). The most common clinical procedures available to address these needs still rely on
autologous and allogeneic bone grafts, however, these approaches are accompanied by side
effects, and are limited for a wide-scale application due to the scarcity of the grafts (Chiarello
et al., 2013). Therefore, new promising solutions for bone repair are being developed. In
particular, bone tissue engineering (BTE) offers the possibility of generating new bone tissue
by combining stem cells or osteoprogenitor cells, differentiation-inducing molecules, and 3D
biomaterial scaffolds, with great promise of improvements in tissue functionality. However,
despite the extensive amount of research on BTE and recent technological developments in
biomaterial science, challenges still remain in achieving functional and mechanically
competent bone growth (Gordeladze et al., 2017).

Personalized medicine in bone, cartilage or osteochondral repair relies in bioengineered
products that are customized to perfectly fit the shape, structure and dimensions of the
defect site. Additionally, cells isolated from the patient can be further integrated in a
personalized BTE (or CTE) approach, representing an autologous strategy that reduces risk
of immune rejection and inflammation (Neves et al., 2016; Roseti et al., 2017). The success
of the implementation of BTE approaches in personalized medicine depends on the
application of high-precision equipment for the automated, reproducible, and scalable
production of functional bone tissue constructs.

Additive manufacturing (AM) techniques such as fused deposition modelling (FDM)/melt-
extrusion and 3D printing have been used to fabricate scaffolds for BTE applications, offering
advantages in controlling scaffold structural properties such as pore size, porosity and
mechanical strength (Roseti et al., 2017). Additionally, AM techniques can be successfully
implemented for personalized BTE by acquiring bone defect data and generating a 3D
Computer Aided Design (CAD) model of both the anatomical structure in the patient and of
the biomaterial scaffold for implantation in the defect site. Based on these CAD models a
precise scaffold can be manufactured, seeded with cells and placed into the patient’s defect
to promote bone regeneration (Figure VI.1 A) (Melchels et al., 2012; Mota et al., 2015). FDM
often works with easy to process, biodegradable and biocompatible synthetic polymers such
as polycaprolactone (PCL) or polylactic acid (PLA). These materials, alone or in combination
with osteoinductive minerals, have been widely applied in BTE approaches (Hajiali et al.,
2018; Hutmacher et al., 2001; Poh et al., 2016; Roseti et al., 2017; Xiong et al., 2002). The
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US Food and Drug Administration (FDA) has approved PCL-based scaffolds fabricated by
FDM for craniofacial bone repair applications after their performance has been demonstrated
in clinical pilot studies (Low et al., 2009; Schantz et al., 2006). PCL scaffolds have been
extensively used to regenerate hard tissues like bone due to their mechanical properties and
slow biodegradation rate. However, this synthetic material lacks bioactive sites and proteins,
hampering cell attachment and differentiation, in particular limiting osteoinductive properties
present in the native bone niche (Benders et al., 2013).

Different strategies have been employed to improve the biological response and
osteoinductive properties of scaffolds through a better mimicry of the bone ECM. Such
approaches include modification of the scaffold’s surface with ECM components (e.g.,
collagen, fibronectin and vitronectin) (Ku et al., 2005; Kundu and Putnam, 2006; Won et al.,
2015) or the introduction of cell-binding motifs, such as Arg-Gly-Asp (RGD) peptide (Guler et
al., 2017). However, these proteins and peptides are not easily processed within the scaffold
material or often fail to achieve the molecular complexity of the native ECM. While
decellularized tissue-ECM scaffolds can more closely mimic tissue complexity, the
application of decellularized tissue-ECM in BTE is limited by its fast degradation, weak
mechanical properties and source tissue variability and scarcicity (Bracaglia and Fisher,
2015; Hoshiba et al., 2010).

Cell-derived ECM is a promising alternative approach as it serves as a reservoir of
multiple cytokines and growth factors, better mimicing the in vivo microenvironment of cells
(Bourgine et al., 2014; Hynes, 2009). Decellularized ECM from mesenchymal stem/stromal
cells (MSC) has been able to promote MSC proliferation and osteogenic differentiation (Lai et
al., 2010). Autologous or allogeneic cell-derived ECM can also be deposited in three-
dimensional (3D) synthetic scaffolds to generate constructs with improved cellular activities,
resulting in a closer mimicry of the native niche while maintaining adequate structural and
mechanical properties (Cheng et al.,, 2014; Hoshiba et al., 2010). In fact, 3D cell-derived
ECM scaffolds have been developed by cell-derived ECM deposition on different organic and
inorganic materials. Cell-derived ECM —PCL electrospun scaffolds (Thibault et al., 2010), -
titanium implants (Datta et al., 2005) and - ceramic scaffolds (Kim et al., 2017; Tour et al.,
2011) have been previously applied in BTE approaches and these show improvement in
scaffold bioactivity and osteogenic properties.

In the current study, we developed an extrusion-based 3D porous PCL scaffolds with
controlled architecture, porosity and high interconnectivity, and decorated them with human
bone marrow MSC - derived ECM, produced in-situ, in an effort to enhance the biological
performance and osteoinductive capacity of the scaffold. Our hypothesis is that by providing
a 3D synthetic scaffold with good mechanical support containing MSC-derived ECM

environmental cues, we could recreate a niche closely mimicking the in vivo bone ECM. This
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niche would then be capable of promoting different cellular processes, such as cell
attachment, proliferation and osteogenic differentiation. The MSC-derived ECM PCL
scaffolds developed were characterized in terms of their structure and presence of ECM
components. Additionally, their ability to promote MSC osteogenic differentiation in
comparison to pristine PCL scaffolds was evaluated by assessing cellular proliferation,

calcium production, osteogenic staining and marker genes expression.
VI.2. Material & Methods
VI.2.1. Cell culture

Human bone marrow MSC (hBMSC) were obtained from Lonza (Basel-Switzerland).
hBMSC were thawed and plated at a cell density of 3000 cells/cm? on tissue culture flasks
(CELLTREAT® Scientific Products, MA) using low-glucose Dulbecco’s Modified Eagle
Medium (DMEM, Gibco, Grand Island, NY) supplemented with 10% fetal bovine serum (FBS,
Gibco) and 1% penicillin-streptomycin (Pen-strep, Gibco), and kept at 37 °C and 5% CO, in a
humidified atmosphere. Medium renewal was performed every 3-4 days. All the experiments

were performed using cells between passages 3 and 5.
VI1.2.2. Fabrication of 3D porous PCL scaffolds

PCL (MW 50000 Da, CAPA™ 6500, Perstorp Caprolactones, UK) scaffolds were
fabricated in a layer-by-layer approach using an in-house developed FDM equipment, the
Bioextruder, as previously reported in the literature (Domingos et al., 2012; Moura et al.,
2015). Briefly, the PCL filament material was melted and extruded through a nozzle guided
by a robotic device with computer-controlled motion. PCL scaffolds with the desired size,
structure and architecture, and with a selected 0-90° lay-down pattern were obtained in
accordance to the three-dimensional models designed in CAD software (SolidWorks,

Dassault Systémes, S.A.).
VI.2.3. Generation of cell-derived ECM decorated PCL scaffolds

Prior to cell culture, PCL scaffolds were sterilized by UV exposure (1 h each side of the
scaffold), and through 70% ethanol washing. Afterwards, the scaffolds were rinsed three
times with a phosphate buffered saline (PBS, Gibco) + 1% penicillin/streptomycin solution
and incubated with culture media for 1 h. Cell-derived ECM decorated PCL scaffolds (PCL-
MSC ECM) were generated by a pre-culture of hBMSC on the 3D PCL scaffolds followed by
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a complete scaffold decellularization (Figure VI.1 B). hBMSC were harvested and seeded
onto the PCL scaffolds (1.2 x 10° cells/scaffold) and placed in an ultra-low attachment 24-
well plate (Corning, NY). The scaffolds were then incubated for 2 h without culture media to
allow initial cell attachment. Standard MSC growth medium consisting in DMEM + 10% FBS
+ 1% Pen-strep was added to each scaffold and the culture medium was changed every 3-4
days. After 14 days of culture to allow for hnBMSC distribution through the entire scaffold, the
medium was discarded and the scaffolds were rinsed twice with PBS. Afterwards, the cell-
scaffold samples were decellularized following a previously reported protocol (Kang et al.,
2012; Matsubara et al., 2004) by exposure to a 20 mM ammonium hydroxide (NH,OH) +
0.5% Triton X-100 (Sigma-Aldrich, St. Louis, MO) solution for 5 min at room temperature.
The ECM decorated PCL scaffolds (PCL-MSC ECM) were then gently washed three times
with PBS. Samples were collected for immunofluorescence staining, scanning electron
microscopy (SEM) and elemental analysis, as described in the following sections, to confirm

the efficiency of the decellularization protocol.

VI1.2.4. Characterization of cell-derived ECM decorated PCL scaffolds

VI.2.4.1. Immunofluorescent staining

The efficiency of scaffold decellularization treatment was assessed by cell
morphology/immunocytochemistry analysis before and after decellularization. Thus, scaffolds
were washed twice with PBS, fixed with 4% paraformaldehyde (PFA; Santa Cruz
Biotechnology, Dallas, TX) for 20 min and then permeabilized with 0.1% Triton X-100 for 10
min. Afterwards, the scaffolds were incubated with phalloidin (dilution 1:250 - 2 pug/ml,
Sigma) for 45 min in the dark, washed twice with PBS and counterstained with DAPI (1.5
pug/ml, Sigma) for 5 min. After washing twice with PBS, scaffolds before and after the
decellularization process were imaged by fluorescent microscopy (Olympus IX51 Inverted
Microscope: Olympus America Inc., Melville, NY).

Immunofluorescent staining for fibronectin and laminin was performed to investigate the
presence of relevant ECM protein components and their distribution pattern on the
decellularized PCL-MSC ECM scaffolds. Accordingly, PCL-MSC ECM scaffolds were
washed with PBS and fixed with 4% PFA for 20 min at room temperature. Then, the scaffolds
were washed three times with 1% bovine serum albumin (BSA) solution in PBS for 5 min.
PCL-MSC ECM scaffolds were permeabilized and blocked with a solution of 0.3%Triton X-
100, 1% BSA and 10% donkey serum in PBS at room temperature for 45 min, and incubated
overnight at 4°C with mouse anti-human primary antibodies for laminin and fibronectin (10
pg/ml in 0.3% Triton X-100, 1% BSA, 10% donkey serum solution, R&D systems,
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Minneapolis, MN). After washing with 1% BSA in PBS, a NorthernLights™ 557-conjugated
anti-mouse IgG secondary antibody (dilution 1:200 in 1% BSA PBS, R&D systems) was
added to the samples and incubated in the dark for 1 h at room temperature. Finally, the cell
nuclei were counterstained with DAPI (1.5 ug/ml, Sigma) for 5 min and then washed with

PBS. The immunofluorescence staining was observed by fluorescence microscopy.

VI.2.4.2. Scanning electron microscopy (SEM) analysis

Prior to imaging, scaffold samples were fixed with 4% PFA for 20 min, washed thoroughly
with PBS and dehydrated sequentially in 20%, 40%), 60%, 80%, 95% and 100% (v/v) ethanol
solutions for 20 min each time. Then, samples were mounted on a holder and sputter-coated
with a thin layer of 60% gold-40% palladium. The morphological and structural
characterization of the PCL-MSC ECM and PCL scaffolds was performed using a field
emission scanning electron microscope (FE-SEM, FEI-Versa 3D Dual Beam, Hillsboro).

Samples were imaged at several magnifications using an accelerating voltage 3 kV.

VI1.2.4.3. Energy dispersive X-ray (EDX) analysis

Carl Zeiss Supra field emission scanning electron microscope (FESEM, Hillsboro, USA)
was used to conduct EDX analysis on the pristine PCL and PCL-MSC ECM scaffolds. The
analysis was performed using an acceleration voltage of 10 kV and a spot size of 120 uym.
The presence of specific elements on the EDX spectra of each sample was analyzed using

INCA Microanalysis Suite software.

VI1.2.5. hBMSC seeding, proliferation and differentiation on PCL-MSC ECM scaffolds

hBMSC were seeded on PCL-MSC ECM and PCL scaffolds (control) at a density of 1 x
10° cells per scaffold and incubated for 2 h at 37 °C/5% CO, before adding culture media to
promote initial cell attachment. In order to assess the effects of MSC-ECM presence on the
biological performance and osteoinductive capacity of PCL scaffolds, four different
experimental groups were considered (Figure VI.1 B): (1) PCL DMEM and (2) PCL-MSC
ECM DMEM scaffold groups were cultured under standard expansion media consisting of
DMEM supplemented with 10% FBS + 1% Pen-strep, while (3) PCL OSTEO and (4) PCL-
MSC ECM OSTEO scaffold groups were cultured with osteogenic differentiation medium,
composed by DMEM supplemented with 10% FBS, 10 mM f-glycerophosphate (Sigma-
Aldrich), 10 nM dexamethasone (Sigma-Aldrich), 50 pg/mL ascorbic acid (Sigma-Aldrich)
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and 1% Pen-strep. Scaffold-cell constructs of the different experimental groups were cultured

during 21 days and medium renewal was performed every 3-4 days.
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Figure VI.1. Schematic representation of a personalized patient-tailored bone tissue engineering
approach combining additive manufacturing of polymer scaffolds and subsequent decoration with cell-
derived ECM to improve scaffold’s biological performance (A). Scheme of the experimental plan for
the generation of PCL-MSC ECM scaffolds and evaluation of their ability to promote MSC proliferation
and osteogenic differentiation (B).

VI.2.6. Cell viability and proliferation assay

The metabolic activity of hBMSC in the different experimental scaffold groups was
evaluated using AlamarBlue® cell viability reagent (ThermoFischer Scientific, USA) on days
1, 7, 14 and 21 following the manufacturer’s guidelines. Briefly, a 10% AlamarBlue® solution
in culture medium was added to the scaffolds and incubated at 37 °C in 5% CO, chamber for
3 h. Fluorescence intensity was measured in a microplate reader (SpectraMax M5, Molecular
Devices, USA) at an excitation/emission wavelength of 560/590 nm and compared to a
calibration curve to access the equivalent number of cells in each scaffold. Scaffolds without
seeded cells (for each experimental group) were used as blank controls in the fluorescence
intensity measurements. Four scaffolds (n=4) were analyzed for each experimental group

and fluorescence values of each sample were measured in triplicates.
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VI.2.7. Cell morphology assessment and elemental analysis

The morphology of hBMSC after 21 days of culture on PCL-MSC ECM and PCL scaffolds
under the four different experimental conditions was analyzed by SEM. The previously fixed
(4% PFA for 20 min) cell-scaffold constructs were stained with 1% (v/v) osmium tetroxide
(Sigma-Aldrich) solution for 30 min and washed twice with PBS. Afterwards, samples were
dehydrated using ethanol gradient solutions (20%, 40%, 60%, 80%, 95% and 100% (v/v)) for
20 min each and finally dried in a critical point dryer (supercritical Automegasamdri 915B,
Tousimis, USA) in 100% isopropanol. Dried samples were then mounted, sputter-coated and
imaged using the above-mentioned procedure. EDX analysis was performed using the
parameters specified in the previous section to assess for calcium deposition (typical marker
of osteogenic differentiation) by hBMSC cultured for 21 days under different experimental

conditions.

VI1.2.8. Calcium quantification assay

Calcium content quantification was performed after 14 and 21 days of hBMSC-scaffold
culture for the four different experimental groups. Samples were washed with PBS and
incubated with a 6 M HCI solution (Sigma-Aldrich) under agitation overnight at 4 °C to
remove and dissolve the calcium. The supernatant was then collected and used for total
calcium quantification according to the manufacturer’s instructions in the calcium colorimetric
assay kit (Sigma-Aldrich). Absorbance at 575 nm was measured for each scaffold on a plate
reader (SpectraMax M5, Molecular Devices, USA), and normalized to the total number of
cells. Note that acellular scaffolds for each experimental group were used as blank controls.
Three scaffolds (n=3) were analyzed for each condition and absorbance values of each
sample were measured in triplicates. Finally, the absorbance values obtained for each blank
control were subtracted from the respective sample group and total calcium was calculated

using a calcium standard calibration curve.

VI1.2.9. Osteogenic staining

After 21 days of culture, samples from the different experimental groups were assessed
for osteogenic differentiation using ALP/Von Kossa and Xylenol orange stainings. For the
ALP staining, cell culture medium was removed, samples were washed once with PBS, and
fixed with 4% PFA for 20 min. Afterwards, samples were rinsed in miliQ water during 5 min
and incubated with Fast Violet solution (Sigma-Aldrich) and Naphthol AS-MX Phosphate

Alkaline solution (Sigma-Aldrich) in a final concentration of 4% for 45 min at room
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temperature in the dark. In the case of Von Kossa staining, the scaffolds were washed twice
with miliQ water and incubated with 2.5% silver nitrate solution (Sigma-Aldrich) for 30 min at
room temperature protected from light. Finally, samples were washed three times with miliQ
water and imaged using a fluorescence microscope (Olympus 1X51 Inverted Microscope, NY
USA). A 20 mM volume of Xylenol orange solution (Sigma-Aldrich) was added to previously
fixed samples and incubated for 1 h at room temperature in the dark to visualize the mineral
deposits on the different experimental groups. Scaffolds were then washed three times with
PBS and twice with miliQ water and the fluorescent staining was observed by fluorescence

microscopy.

VI1.2.10. RNA extraction and real-time quantitative PCR analysis

Total RNA was extracted using the RNeasy Mini Kit (QIAGEN, Hilden, Germany). Briefly,
the scaffolds were first incubated in lysis buffer with 200 rpm agitation for 30 min at 4 °C.
Afterwards, total RNA was isolated according to the manufacturer’s protocol and quantified
using a Nanodrop (ND-1000 Spectrophotometer, Nanodrop Technologies). cDNA was
synthesized from the purified RNA using iScript™ Reverse Transcription Supermix (Bio-Rad,
Hercules, CA USA) according to manufacturer’s guidelines. Reaction mixtures (20 ul) were
incubated in a thermal cycler (Veriti Thermal Cycler, Applied Biosystems, CA USA) with the
following temperature protocol: 5 min at 25 °C, 20 min at 46 °C and 1 min at 95 °C. The
quantitative reverse transcription-polymerase chain reaction (RT-gPCR) was performed
using PowerUp SYBR® Green Master Mix (Applied Biosystems) and the StepOnePlus real-
time PCR equipment (Applied Biosystems). All reactions were carried out in accordance with
the manufacturer’s guidelines and using the following temperature protocol: denaturation
step at 95 °C for 10 min, followed by 40 cycles of 95 °C (amplification step) for 15 s and 60
°C for 1 min (annealing and extension). All samples were assayed in triplicate and the results

were analyzed using the 2

method. Target genes (collagen type | (COL /), runt-related
transcription factor (Runx2), alkaline phosphatase (ALP) and osteopontin (OPN)) expression
was primarily normalized to the housekeeping gene glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) and then determined as a fold-change relative to the baseline
expression of target gene measured in the PCL scaffolds in DMEM. The primer sequences

used in the RT-qPCR analysis are summarized in Table VI.1.
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Table VI.1. Forward and reverse primer gene sequences used for RT-gPCR analysis.

Gene Fwd sequence Rev sequence
GAPDH | 5-AACAGCGACACCCACTCCTC-3 5-CATACCAGGAAATGAGCTTGACAA-3
COL | | 5-CATCTCCCCTTCGTTTTTGA-3’ 5-CCAAATCCGATGTTTCTGCT-3’
Runx2 | 5-AGATGATGACACTGCCACCTCTG-3 5-GGGATGAAATGCTTGGGAACT-3’
ALP | 5-ACCATTCCCACGTCTTCACATTT-3’ 5-AGACATTCTCTCGTTCACCGCC-3
OPN | 5-TGTGAGGTGATGTCCTCGTCTGTAG-3 5-ACACATATGATGGCCGAGGTGA-3’

VI.2.11. Statistical analysis

Results are presented as mean values * standard deviation (SD). Each experiment was
conducted in triplicate (n=3), unless specified differently. The statistical analysis of the data
was performed using one-way ANOVA, followed by Tukey post-hoc test. GraphPad Prism
version 7 software was used in the analysis and data was considered to be significant when
p-values obtained were less than 0.05 (95% confidence intervals) (*p < 0.05, **p < 0.01, ***p
< 0.001).

VI1.3. Results

VL1.3.1. Cell-derived ECM decorated PCL scaffolds production and characterization

The efficiency of the decellularization method used to generate PCL-MSC ECM scaffolds
was assessed and is presented in Figure VI.2. Prior to decellularization treatment,
immunofluorescence staining of F-actin (labeled by phalloidin in red) and nucleus (labeled by
DAPI in blue) confirmed the presence of well-defined cell nuclei distributed throughout the
scaffold (Figure V1.2 A and C). After decellularization by exposure to a 20 mM NH4OH in
0.5% Triton X-100 solution, the residual DAPI staining (Figure V1.2 B) indicated that most of
the cellular nuclei were disrupted and confirms the efficiency of decellularization. The
presence of ECM protein components on the scaffolds after decellularization was
demonstrated by immunofluorescent staining of fibronectin (Figure V1.2 D) and laminin
(Figure VI.2 E).
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Figure VI.2. Characterization of the decellularization process to generate PCL-MSC ECM scaffolds.
Fluorescence images of DAPI/Phalloidin staining before (A, C) and after (B) scaffold treatment with 20
mM NaOH + 0.5% Triton X-100 solution confirm the efficiency of the decellularization method used.
The presence of ECM protein components Fibronectin (D) and Laminin (E) on PCL-MSC ECM
scaffolds was confirmed by immunofluorescence staining. DAPI stains cell nuclei blue and phalloidin
stains actin-rich cell cytoskeleton red. Scale bar: 100 ym.

The PCL-MSC ECM scaffolds were also analyzed by SEM and EDX and compared to the
pristine PCL scaffolds (Figure VI.3). In contrast to the smooth regular surface observed in
pristine PCL scaffold [Figure V1.3 (A, B — top view), (E, F-side view)], SEM micrographs
showed clearly the presence of cell-derived ECM on the surface of the PCL-MSC ECM
scaffold [Figure VI.3 (C, D — top view), (G, H-side view)]. The EDX spectra (Figure V1.3 | and
J) demonstrated that, compared to PCL pristine scaffold, PCL-MSC ECM scaffold contained
nitrogen, in addition to the carbon and oxygen constituents of PCL. In combination with SEM
analysis (Figure VI.3) and fibronectin/laminin immunofluorescence staining (Figure VI.2 D
and E), this result demonstrates the presence of ECM components on PCL-MSC ECM

scaffolds after the decellularization treatment.
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Figure VI.3. SEM morphological analysis of PCL (A, B, E and F) and PCL-MSC ECM scaffolds (C, D,
G and H). The absence/presence of MSC-derived ECM in the PCL scaffold (pristine PCL vs. PCL-
MSC ECM) was confirmed by top view (A, B / C, D) and side view (E, F / G, H) SEM micrographs,
respectively. EDX spectrograms of pristine PCL (I) and PCL-MSC ECM scaffold (J). The nitrogen peak
identified in PCL-MSC ECM spectrogram (J) suggests the presence of cell-derived ECM in addition to
PCL material. The inserts (white box) in the images A, C, E and G identify the scaffold region that is
showed in a higher magnification in images B, D, F and H, respectively. Scale bars values of SEM
micrographs are depicted in the figure.

VI1.3.2. Effects of PCL-MSC ECM scaffolds on cell proliferation

The metabolic activity of hBMSC cultured on PCL-MSC ECM and PCL scaffolds with
standard expansion medium (DMEM+10% FBS) and osteogenic differentiation medium was
measured by AlamarBlue® assay throughout the 21 days of culture and converted to
equivalent cell numbers to assess the effect of MSC-derived ECM deposited onto PCL
scaffolds on cell proliferation (Figure VI.4). After the first day of culture, PCL-MSC ECM
scaffolds demonstrated a higher equivalent number of cells compared to pristine PCL
scaffolds, suggesting that MSC-derived ECM had a positive impact on cell adhesion. A
statistically significant (p < 0.05) increase in cell number was obtained when cells were
cultured on PCL-MSC ECM scaffolds compared to pristine PCL scaffold under expansion

media. At day 7, cells cultured on PCL-MSC ECM scaffolds reached higher and statistically
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significant (p < 0.001) equivalent cell numbers compared with PCL scaffolds both under
standard expansion and osteogenic differentiation media, demonstrating the efficiency of
PCL-MSC ECM scaffolds in promoting cell proliferation. The number of cells increased
continuously during incubation in all experimental groups during the 21 days of culture.
Significant differences in cell numbers between PCL-MSC ECM scaffolds and their pristine
PCL counterparts were evident throughout all the culture. These results clearly demonstrated
that the deposition of decellularized ECM onto PCL scaffolds enhanced hBMSC attachment

and proliferation, both under expansion media and osteogenic differentiation media.

1.0x1054
@@ PCL DMEM
8.0%10%4 3 PCL - MSC ECM DMEM
] @B PCL OSTEO

6.0x10%+ &3 PCL - MSC ECM OSTEO

T

"’

4.0%10%-

Cell numbers

2.0x10%4

|

o a e

Day 1 Day 7 Day 14 Day 21

Figure VI.4. Proliferation of hBMSC cultured on PCL-MSC ECM and pristine PCL scaffolds for 21
days under standard DMEM + 10% FBS + 1% Anti-Anti medium and osteogenic differentiation
medium. Results are expressed as mean = SD; n=4; * p < 0.05, ** p < 0.01, *** p < 0.001.

VI1.3.3. Effects of PCL-MSC ECM scaffolds on osteogenic gene expression

RT-qPCR analysis was performed to assess bone-specific gene expression after hnBMSC
culture on PCL-MSC ECM scaffolds. hBMSC cultured on PCL-MSC ECM scaffolds without
osteogenic induction (PCL-MSC ECM DMEM) showed significantly higher expression of COL
I (p < 0.01) (Figure VI.5 A), Runx2 (p < 0.001) (Figure VI.5 B) and ALP (p < 0.01) (Figure
VI.5 C) genes after 21 days compared with MSC cultured on pristine PCL scaffolds.
Interestingly, hBMSC cultured on PCL-MSC ECM DMEM demonstrated statistically
significant (p < 0.01) higher expression levels of COL | and Runx2 compared with hBMSC
cultured on pristine PCL scaffolds with osteogenic differentiation induction medium and
similar to the ones verified for PCL-MSC ECM OSTEO group. These results suggest that the
incorporation of MSC-derived ECM onto PCL scaffolds produced an effect powerful enough

to support alone (i.e., in the absence of osteogenic inductive soluble factors) the upregulation
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of certain osteogenic genes expression levels to values higher than the ones expressed by
hBMSC cultured on pristine PCL scaffolds under osteogenic induction medium. Importantly,
a statistically significant (p < 0.01) enhancement in OPN gene expression (Figure VI.5 D)
was only observed when hBMSC were cultured under osteogenic differentiation conditions
onto PCL-MSC ECM scaffolds.

These data illustrate that MSC-derived ECM combined with PCL scaffolds can enhance
osteogenesis compared to PCL pristine scaffolds, as suggested by the higher mRNA

expression levels of Col I, Runx2, ALP and OPN.
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Figure VI.5. Osteogenic marker gene expression analysis by RT-qPCR after 21 days of hBMSC
culture on PCL-MSC ECM / PCL scaffolds under osteogenic differentiation medium and standard
expansion medium. Expressions of Collagen type | (A), Runx2 (B), ALP (C) and OPN (D) were
normalized to the endogenous gene GAPDH expression and calculated as a fold-change relative to
the baseline expression of target gene measured in the PCL DMEM experimental group. Results are
expressed as mean £ SD; n=3; * p < 0.05, ** p < 0.01, *** p < 0.001.

V1.3.4. Effects of PCL-MSC ECM scaffolds on mineralization and bone ECM production

SEM morphological evaluation of the final tissue constructs obtained after 21 days of
hBMSC culture on PCL-MSC ECM and pristine PCL scaffolds with and without osteogenic
induction demonstrated the presence of cells surrounded by secreted ECM [Figure V1.6 (A-
H)]. As it is possible to observe clearly on Figure V1.6 G and H, the presence of mineralized

particles was more evident on the constructs cultured under osteogenic induction.
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Additionally, EDX analysis [Figure VI.6 (I-L)] of the different experimental groups confirmed
the presence of calcium element in the PCL-MSC ECM (Figure V1.6 L) and PCL (Figure VI.6

K) scaffolds cultured in the presence of osteogenic medium.
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Figure VI.6. SEM images at two different magnifications of hBMSC cultured on PCL-MSC ECM and
pristine PCL scaffolds for 21 days under osteogenic differentiation medium and standard expansion
medium (A-H). White arrows highlight the presence of mineralized nodules after 21 days of culture on
PCL-MSC ECM/PCL scaffolds. Scale bars values of SEM micrographs are depicted in the figure. EDX
spectrograms (I-J) obtained after analysis of the different sample groups confirm the presence of
calcium secreted by cells cultured on PCL-MSC ECM/PCL scaffolds exposed to osteogenic medium
induction. Relevant elements are presented in red. Elements labelled with yellow colour correspond to
contaminants from sample sputter coating and SEM microscope environment.

ALP/Von Kossa and Xylenol Orange staining were performed to evaluate the hBMSC
osteogenic differentiation on PCL-MSC ECM and pristine PCL scaffolds. ALP [Figure V1.7 (B-
E)] and Von Kossa [Figure VI.7 (F-1)] staining confirmed ALP activity (red areas in Figure V1.7
D and E) as well as the presence of mineral deposits (darker regions highlighted by white
arrows in Figure VI.7 H and I), in all scaffolds cultured in osteogenic differentiation media.
Interestingly, the amount of mineral deposits observed increased considerably in PCL-MSC
ECM OSTEO group (Figure VI.7 1). Xylenol Orange fluorescent stain was used to further
observe the mineralized deposits of calcium produced by hBMSC cultured on PCL-MSC
ECM and PCL scaffolds [Figure VI.7 (J-M)]. When hBMSC were cultured on both scaffolds
(with and without ECM) under standard expansion medium, few deposits of calcium were
observed surrounding the construct (Figure VI.7 J and K). Although no dramatic differences
between cells cultured onto PCL and PCL-MSC ECM scaffolds were observed after 21 days
using Xylenol Orange stain, these results demonstrate that osteogenic induction promoted
the increase of calcium deposition by hBMSC (Figure VI.7 L and M). Therefore, this

qualitative data confirmed the successful differentiation of hBMSC into osteoblasts in both
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PCL-MSC ECM and pristine PCL scaffolds when cultured in osteogenic differentiation
medium.

Calcium content (Figure V1.7 A)] was also assessed after 14 and 21 days of culture under
different experimental conditions to evaluate the effects of PCL-MSC ECM scaffolds on
mineralization. After 14 days, the amount of cell-secreted calcium by cells cultured onto PCL-
MSC ECM and PCL scaffolds under osteogenic medium induction was significantly
increased compared to their respective scaffold counterparts cultured under expansion
conditions. In fact, the amount of calcium produced by cells cultured onto PCL scaffolds was
higher than the value observed for PCL-MSC ECM scaffolds when both were cultured under
osteogenic induction conditions, however this difference was not statistically significant. As
expected, hBMSC cultured for 21 days on PCL-MSC ECM and PCL scaffolds under
osteogenic differentiation medium produced significantly higher calcium levels compared with
hBMSC cultured on scaffolds under expansion conditions. Moreover, under expansion
conditions, the presence of MSC-ECM on the PCL scaffolds demonstrated no significant
effect on calcium production. Importantly, under osteogenic differentiation medium, cells
cultured in PCL-MSC ECM produced significantly (p < 0.05) more calcium when compared to
pristine PCL scaffold, suggesting that ECM deposition on PCL scaffolds might enhance
mineralization by hBMSC after osteogenic induction. These results are concordant with the
observations shown by SEM images/EDX spectrograms (Figure VI.6), ALP/Von Kossa
[Figure VI.7 (F-1)] and Xylenol Orange [Figure VI.7 (J-M)] stainings.
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Figure VL.7. Osteogenic differentiation of hBMSC cultured on PCL-MSC ECM scaffolds. Calcium
deposition quantification assay of hBMSC seeded on PCL-MSC ECM and pristine PCL scaffolds after
14 and 21 days culture under osteogenic differentiation medium and standard expansion medium (A).
Results are expressed as mean + SD; n=3; * p < 0.05, ** p < 0.01. ALP (B-E), ALP/Von Kossa (F-I)
and Xylenol Orange (J-M) osteogenic stainings of hBMSC cultured for 21 days under osteogenic
differentiation medium and standard expansion medium. ALP staining confirms ALP activity of cells by
a red staining. Von kossa evaluates the presence of calcium deposits (dark areas highlighted by the
white arrows). Xylenol Orange fluorescent staining further confirms the presence of calcium deposits,
which stain in red. Scale bar: 100 ym.
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VI1.4. Discussion

The use of cell-derived ECM integrated with biomaterial scaffolds has appeared as a
promising strategy for BTE applications (Fitzpatrick and McDevitt, 2015; Zhang et al., 2016).
In this study, we combine AM technology with the concept of decellularized ECM produced
in-situ to generate cell-derived ECM polymer-based scaffolds with a defined structure and
enhanced bioactivity and osteoinductive properties. We aimed that by providing a closer
mimicry of the native bone niche, through the incorporation of MSC-derived ECM, it is
possible to improve MSC osteogenic differentiation while maintaining the advantages of
polymeric scaffold such as a controlled and defined structure and good mechanical support.

PCL scaffolds used in this work were produced by FDM with controlled size and
architecture (pore size of 390 ym / 0-90° lay-down pattern). These scaffolds are previously
characterized as presenting a high porosity (56.6%), high interconnectivity (99.7%), and a
compressive modulus of 30 MPa (Silva et al., 2017). Similar PCL scaffolds, fabricated using
the same AM technique, have been tested for BTE using MG-63 cells (Patricio et al., 2014)
and hBMSC (Endres et al., 2003). However, the performance of the PCL scaffold was limited
by the suboptimal biological interaction between cells and synthetic material. Herein, we
aimed to improve this interaction through the decoration of the PCL scaffold with MSC-
derived ECM. After in-situ decoration with decellularized MSC-ECM, no apparent changes in
scaffold architecture were observed by SEM analysis, suggesting that the appropriate
mechanical properties of the support were maintained. Accordingly, a previous study
performed with PCL scaffolds fabricated by selective laser sintering showed no significant
effect of 2 weeks cell culturing on the scaffold’s compressive modulus (Eosoly et al., 2012).

The deposition of MSC-derived ECM on PCL scaffolds was confirmed by SEM and EDX
analysis and by immunofluorescence staining of relevant ECM proteins. Because of their
important role in promoting cell attachment, growth and differentiation, fibronectin and
laminin have been often selected as biomarkers for the presence of ECM on the scaffolds
(Kleinman et al., 2003; Matsubara et al., 2004). Positive immunofluorescent staining for
fibronectin and laminin was clearly observed in PCL-MSC ECM scaffolds, however the
staining associated with these two proteins was not homogeneously spread along the
scaffold microfibers. A similar observation was made by Kim et al (Kim et al., 2015), when
assessing fibronectin distribution in human lung fibroblasts-derived ECM coated PLGA/PLA
mesh scaffolds. SEM micrographs and EDX spectra analyzed in comparison with the ones
obtained for the pristine PCL scaffold, further demonstrated the presence of deposited ECM
on PCL-MSC ECM scaffolds. The presence of a nitrogen peak after decellularization in the

PCL-MSC ECM scaffolds is in accordance with previous studies using bone-derived ECM or
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rat BMSC-derived ECM to enhance the biological performance of polymeric/ceramic
scaffolds, respectively (Kim, B. et al., 2017, Kim, J.Y. et al., 2018).

PCL-MSC ECM scaffolds enhanced significantly cell attachment and proliferation when
compared with pristine PCL scaffolds, both under standard expansion and osteogenic
induction. Previous studies have also shown increased cell numbers as a result of
decellularized ECM incorporation in biomaterial scaffolds (Harvestine et al., 2016; Kim et al.,
2017, 2015; Noh et al., 2016; Pati et al., 2015). In fact, Kim et al (Kim et al., 2017) showed
improved proliferation of MC3T3-E1 osteoblast cells when cultured in rat BMSC-derived
ECM coated biphasic calcium phosphate scaffolds, while Noh et al (Noh et al., 2016)
reported higher umbilical cord blood-derived MSC cell numbers when cultured in a
PLGA/PLA mesh scaffold coated with cell-derived ECM deposited by type | collagen
overexpressing cells. This stimulatory effect in cell proliferation might be explained by the
presence of bioactive molecules such as growth factors and cytokines within or recruited by
the deposited decellularized-ECM. Recent proteomic studies have demonstrated the
presence of adhesive molecules and growth factor binding proteins in cell-derived ECM
generated from human BMSC (Ragelle et al.,, 2017). Moreover, fibroblast growth factor-2
(FGF-2), which was shown to promote proliferation of BMSC, was also identified in
decellularized cartilage-ECM (Rothrauff et al., 2017; Solchaga et al., 2010). This evidence is
in accordance with our observations and might provide an explanation for the higher hBMSC
proliferative potential when cultured in PCL-MSC ECM scaffolds.

Gene expression analysis, supporting the role of MSC-ECM on hBMSC osteogenic
differentiation, was verified by the upregulation of bone-specific marker genes. In COL | and
Runx2, this effect was predominant enough that hBMSC cultured in PCL-MSC ECM
scaffolds without osteogenic supplementation presented significantly higher expressions than
the ones cultured in PCL scaffolds under osteogenic induction. However, despite some signs
of hBMSC osteogenic differentiation provided by the calcium production and mineralized
nodules observed in PCL-MSC ECM DMEM group, the levels were considerably lower than
the ones obtained for scaffolds cultured in osteogenic medium. In fact, Runx2 is an early
bone differentiation marker, and its expression is upregulated in immature osteoblasts and
downregulated in mature osteoblasts because it is not essential to maintain the expression of
the major bone matrix protein genes (Komori, 2010). It is possible that osteogenic
supplementation induced a later MSC osteogenic differentiation stage, explaining the lower
Runx2 expression in PCL-MSC ECM and PCL scaffolds after 21 days of culture in
osteogenic media. The significantly higher OPN expression observed for PCL-MSC ECM
scaffolds cultured under osteogenic induction compared to all other experimental groups,
and more importantly the signifficantly higher calcium content measured for this condition at

day 21 of culture, suggest that a synergistic effect of PCL-MSC ECM scaffolds and
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osteogenic supplementation is important for a more mature MSC osteoblast differentiation
state. Similar trends in OPN expression were previously reported when comparing human
nasal tissue MSC-derived ECM coated scaffolds with their pristine PCL scaffold counterparts
(Pati et al., 2015). Moreover, we believe that the observed upregulation of OPN gene
expression in PCL-MSC ECM scaffolds cultured in osteogenic media is stimulating
mineralization. In fact, previous studies have already reported the inductive effect of OPN on
mineralization (Boskey, 1995; Gericke et al., 2005; Zurick et al., 2013).

Our results suggest a positive role of MSC-derived ECM decoration of PCL scaffolds in
hBMSC osteogenic differentiation. Qualitative osteogenic staining showed clearly higher ALP
activity and calcium deposition when both scaffold types were cultured under osteogenic
medium, confirming the results observed for ALP gene expression and calcium content.
However, substantial differences between the PCL-MSC ECM OSTEO and PCL OSTEO
groups were not observed, which is in accordance with previous studies that reported similar
qualitative observations of the osteogenic stainings between ECM-derived and non-ECM
scaffolds (Kim et al., 2017; Pati et al.,, 2015). In terms of calcium deposition by cells, all
scaffolds promoted calcium production and no significant differences were observed between
PCL-MSC ECM and pristine PCL scaffolds when cultured in standard expansion medium
with nearly constant values at all the time points assessed. Under osteogenic induction, both
PCL-MSC ECM and PCL scaffolds promoted a significant increase in calcium production,
however a significant enhancement promoted by the MSC-ECM presence compared to
pristine PCL was only observed after 21 days, which is in agreement with previously
published data for BMSCs cultured in different cell-derived ECM hybrid scaffold
configurations (Kang et al., 2011). In fact, the results of the calcium quantification assay are
concordant with the ones obtained from osteogenic staining, SEM analysis and EDX spectra
after 21 days of culture. SEM images suggest the presence of mineralized nodules in PCL-
MSC ECM and PCL scaffolds cultured under osteogenic induction, which is supported by the
identification of calcium element in the respective EDX spectrograms. Fu et al obtained
similar results, where they demonstrated the presence of mineralized modules after MSC
osteogenic differentiation in both ECM-decorated PLLA and PLLA nanofiber mesh scaffolds
(Fu et al., 2018). The mineralized nodules were also noticeable in lower abundance in PCL-
MSC ECM scaffolds cultured under standard expansion conditions, suggesting a stimulatory
effect of ECM in hBMSC osteogenesis, even in the absence of osteogenic culture
supplements. Such observation is in agreement with the work of Thibault et al (Thibault et al.,
2010), which showed that the osteogenic differentiation of MSC cultured onto ECM-
containing constructs was maintained even in the absence of dexamethasone. Additionally,
Datta and co-workers have also reported that MSC-derived ECM decoration of titanium

scaffolds promotes the osteogenic differentiation of MSC, even in the absence of osteogenic
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induction (Datta et al., 2006). However, our observations suggest that hBMSC osteogenic
differentiation was enhanced by the synergistic effect of PCL-MSC ECM scaffolds and
osteogenic induction medium, as supported by the elevated bone-specific markers gene
expression and calcium levels.

In summary, we successfully established a method to fabricate MSC-derived ECM-
decorated 3D PCL scaffolds with defined structure and enhanced biological performance.
The presence of ECM components on the PCL scaffold was confirmed by SEM/EDX and
immunofluorescence analysis. PCL-MSC ECM scaffolds promoted significant cell
proliferation both under standard expansion and osteogenic differentiation conditions. The
decellularized PCL-MSC ECM scaffolds showed improved osteoinductive properties as
clearly supported by the significantly higher calcium deposition and osteogenic relative gene
expressions, particularly the higher expression of the osteogenic marker OPN, observed at
day 21 when compared to pristine PCL scaffolds under osteogenic medium. This strategy
combining AM techniques and in-situ decellularized ECM production is promising for BTE
applications as it allows the scalable and automated fabrication of “patient-tailored” scaffolds
that perfectly fit in the bone defect site, and have also enhanced bioactivity and

osteoinductivity as a result of closer mimicry of the native bone niche.
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CHAPTER VII — Coaxial aligned nanofibers for controlled kartogenin release towards

improved MSC chondrogenic differentiation

Outline

Electrospinning is a valuable technology for cartilage tissue engineering (CTE) due to its
ability to produce fibrous scaffolds mimicking the nanoscale and alignment of collagen fibers
present within the superficial zone of articular cartilage. Coaxial electrospinning allows the
fabrication of core-shell fibers able to incorporate and release bioactive molecules (e.g. drugs
or growth factors) in a controlled manner. Herein, we used coaxial electrospinning to produce
coaxial poly(glycerol sebacate) (PGS)/poly(caprolactone) (PCL) aligned nanofibers
(core:PGS/shell:PCL). The obtained scaffolds were characterized in terms of their structure,
chemical composition, thermal properties, mechanical performance and in vitro degradation
kinetics, in comparison to monoaxial PCL aligned fibers and respective non-aligned controls.
All the electrospun scaffolds produced presented average fiber diameters within the
nanometer-scale and the core-shell structure of the composite fibers was clearly confirmed
by TEM. Additionally, fiber alignment significantly increased (>2-fold) the elastic modulus of
both coaxial and monoxial scaffolds. Kartogenin (KGN), a small molecule known to promote
mesenchymal stem/stromal cells (MSC) chondrogenesis, was loaded into the core PGS
solution to generate coaxial PGS-KGN/PCL nanofibers. The KGN release kinetics and
scaffold biological performance were evaluated in comparison to KGN-loaded monoaxial
nanofibers and respective non-loaded controls. Coaxial PGS-KGN/PCL nanofibers showed a
more controlled and sustained KGN release over 21 days than monoaxial PCL-KGN
nanofibers. When cultured with human bone marrow MSC in incomplete chondrogenic
medium (without TGF-B3), KGN-loaded scaffolds enhanced significantly cell proliferation and
chondrogenic differentiation, as suggested by the increased sGAG amounts and
chondrogenic markers gene expression levels. Overall, these findings highlight the potential
of using coaxial PGS-KGN/PCL aligned nanofibers as a bioactive scaffold for CTE
applications, particularly, targetting the regeneration of the superficial zone of articular

cartilage.
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VIl.1. Introduction

Articular cartilage is a highly organized tissue comprised by four distinct zones
(superficial, middle, deep and calcified zone), each with specific chondrocyte and
extracellular matrix (ECM) organization and orientation (Klein et al., 2009). It has been
reported that initial stages of osteoarthritis (OA) and age-associated weakening can lead to
degradation of the superficial zone of articular cartilage (located around 200 pm in depth).
Damage of the superficial zone results in abnormal mechanical performance of the tissue
and stimulates an immune response triggered by the release of collagen molecules into the
synovial fluid. In healthy functional articular cartilage, the superficial zone consists in a very
polarized dense organization of nanoscale collagen type I fibrils, which are oriented parallel
to the articular surface and populated with flattened chondrocytes (Hunziker et al., 2002;
Mow and Guo, 2002). In comparison with the other zones of articular cartilage, the superficial
zone presents the higher amounts of collagen and the Ilowest concentration of
glycosaminoglycans (GAGs) (Klein et al., 2007). The superficial layer is the main responsible
for the tissue resistance to shear and tensile forces generated during articular movement,
due to the high tensile strength provided by the aligned collagen fibers. It also provides a
frictionless surface to assure smooth articulation and functions as an effective barrier at the
joint surface, isolating the cartilage from the immune system (Mikos and Temenoff, 2000;
Mow and Guo, 2002).

Electrospinning has been used in cartilage tissue engineering (CTE) applications due to
its ability to fabricate fibrous scaffolds with high porosity and large surface areas mimicking
the nanometer scale and alignment of the collagen fibrils present in the native articular
cartlage ECM (Braghirolli et al., 2014; Wise et al., 2009). Coaxial electrospinning, a
development of the traditional method, uses a spinneret composed by two concentrically
aligned nozzles (each one fed with a different casting solution) to fabricate fibers with a core-
sheath structure. Coaxial electrospinning allows the encapsulation of nonspinnable polymers
or drugs/biomolecules in the fiber core, promoting their protection and controlled-release
(Sperling et al.,, 2016). The use of coaxial electrospun fibers in drug delivery and tissue
engineering strategies has been recently reviewed (Pant et al., 2019; Ding et al., 2019).
Regarding CTE strategies, coaxial electrospun fibers incorporating growth factors have been
used to enhance the chondrogenic differentiation of mesenchymal stem/stromal cells (MSC)
(Man et al., 2014; Wang et al., 2017).

In the present study, we used a coaxial electrospinning to produce coaxial aligned
nanofibers of poly (glycerol sebacate) (PGS, core)/polycaprolactone (PCL, shell) (Figure
VII.1). PGS is a biodegradable and biocompatible elastomeric material synthesized through

the polycondensation reaction of glycerol and sebacic acid, which are both FDA-approved
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(Loh et al., 2015). PCL is a slow-degrading biocompatible aliphatic polyester that offers a
high tensile strength, thermal stability and chemical versatility. Additionally, PCL previously
received FDA approval as drug delivery and medical devices (Low et al., 2009; Woodruff and
Hutmacher, 2010). Recently, PCL and PGS were blended to produce porous scaffolds by
salt-leaching method for CTE applications (Liu et al., 2019). Importantly, PCL and PGS were
also combined to produce blended electrospun fibers for cardiac and corneal regeneration
(Masoumi et al., 2014; Vogt et al., 2019; Salehi et al., 2017).

The coaxial aligned PGS/PCL nanofibers produced were used to promote the sustained
release of a small molecule kartogenin (KGN). KGN was shown to promote the chondrogenic
differentiation of human bone marrow mesenchymal stem/stromal cells (hBMSC), exhibited
chondroprotective effects in vitro and reduced cartilage degeneration after intra-articular
injection in OA mouse models (Johnson et al., 2012). KGN functions by interacting with the
actin-binding protein filamin A, disrupting its balance with the transcription factor core-binding
factor B (CBFB). CBFB enters the nucleus and interacts with RUNX1 to form the CBFf-
RUNX1 complex that activates the transcription of chondrogenesis-related proteins and
enhances cartilage ECM synthesis (Cai et al., 2019; Johnson et al., 2012). Recently, several
groups have used biomaterial platforms to promote the sustained release of KGN towards
improved cartilage regeneration (Fan et al., 2018; Hu et al., 2017; Kang et al., 2014; Shi et
al., 2016). However, the use of coaxial electrospun aligned fibers to promote KGN controlled
delivery for CTE applications is currently underexplored.

Herein, our aim was to develop coaxial PGS/PCL electrospun aligned nanofibers able to
promote a sustained release of KGN while being compatible with the size and alignment of
natural ECM in the superficial zone of articular cartilage. These fibers were characterized in
terms of their structural, chemical, thermal and mechanical properties and in vitro
biodegradation. The in vitro release kinetics of KGN from coaxial PGS/PCL and monoaxial
PCL aligned nanofibers was evaluated for 21 days. In addition, the ability of KGN-loaded
electrospun scaffolds to promote hBMSC chondrogenic differentiation in the absence of the
chondrogenic cytokine TGF-B3 was evaluated in comparison to the respective non-loaded

controls by assessing typical cartilage-ECM production and gene expression.
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VII.2. Material & Methods

VIl.2.1. Materials

Polycaprolactone (PCL, MW 80000 Da), 2,2,2-trifluoroethanol (TFE), sodium hydroxide
(NaOH), dimethylsulfoxide (DMSO), isopropanol, sebacic acid and glycerol were purchased
from Sigma-Aldrich (St. Louis, Missouri USA). PGS pre-polymer was synthesized based in
previously reported protocols (Rai et al., 2013; Wang et al., 2002). Briefly, sebacic acid and
glycerol (in a 1:1 equimolar ratio) were reacted at 120°C for 3 h under a nitrogen atmosphere
to generate a pre-polycondensed polymer, following by a crosslinking step at 120°C under

vacuum for 48 h. Kartogenin (KGN, MW 321.84 g/mol) was obtained from Tocris Bioscience.

VI1.2.2. Fabrication of coaxial PGS/PCL electrospun nanofibers

Polymer casting solutions for coaxial electrospinning were prepared by dissolving PCL in
TFE at 10% w/v (shell solution) and PGS in TFE at 80% w/v (core solution). The solutions
were mixed overnight at room temperature to achieve homogeneity. The core-shell fibers
were fabricated using an electrospinning apparatus (Figure VII.1 A) equipped with a coaxial
spinneret (MEEC, Ogori, Fukuoka, Japan), as previously described (Hou et al., 2016). Core
PGS and shell PCL solutions were loaded into syringes placed in a mechanical syringe pump
(NE-1000, New Era Pump System Inc., Wantang, NY USA) and connected by PTFE tubing
to the coaxial spinneret. The diameters of the inner and outer needles in the coaxial
spinneret were 0.64 mm and 2.5 mm, respectively. The controlled flow rates of the core and
shell solutions were 50 pL/min and 180 pL/min, respectively. A high voltage source
(Spellman CZE1000R, Hauppauge, NY USA) was used to apply a voltage of 20 kV, creating
a potential difference between the needle and copper collectors placed at a distance of 17
cm from the needle tip. Monoaxial PCL fibers were fabricated using the same process
parameters, with a needle with 0.64 mm diameter and a flow rate of 180 uL/min. The non-
aligned and aligned fibers were produced on different electrospinning collectors: a round
copper plate for non-aligned fibers (Figure VII.1 B) and a two parallel copper plates
(separated by 2 cm) collector was used to align fibers (Figure VII.1 C and D). All the fiber
groups were produced under the similar ambient conditions (temperature and relative
humidity varied between 21-23°C and 25-35%, respectively). Prior to further use, the fibers

were dried in a desiccator to remove any remaining solvents.
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A
Coaxial electrospinning setup

Core PGS 80%wt solution
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Figure VII.1. Coaxial electrospinning setup and parametes used for the fabrication of coaxial aligned
PGS/PCL nanofibers (A). Non-aligned nanofibers were produced in a round aluminum foil-coated
copper collector plate (B) and aligned nanofibers were recovered in a two parallel copper plate
collector (C, D).

VII1.2.3. Characterization of coaxial PGS/PCL electrospun nanofibers
VII.2.3.1. SEM analysis and fiber diameter measurements

The structural characterization of the non-aligned/aligned coaxial PGS/PCL and monoxial
PCL fibers was performed using a field emission scanning electron microscope (FE-SEM,
FEI-Versa 3D Dual Beam, Hillsboro). Prior to imaging, samples were mounted on a holder
and sputter-coated with a thin layer of 60% gold-40% palladium. Samples were imaged at
several magnifications using an accelerating voltage of 3-5 kV. The average fiber diameters

and subsequent distributions of both non-aligned/aligned monoaxial PCL and coaxial
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PGS/PCL fibers were determined by measuring 100 individual fibers per condition from at
least 5 different SEM images using the ImagedJ software (ImagedJ 1.51f, National Institutes of
Health, USA). In addition, the mats were cross-sectioned in liquid nitrogen, sputter-coated
with thin layer of 60% gold-40% palladium and imaged by SEM to assess the core-shell

structure of the fibers.

VI1.2.3.2. TEM analysis

The core-shell nature of coaxial PGS/PCL electrospun nanofibers was confirmed by
TEM. For that, coaxial PGS/PCL nanofibers were spun directly on lacey carbon coated 200
mesh copper grids and imaged using a JEOL-JEM-2011 TEM (JEOL Ltd., Tokyo, Japan)

operating at an accelerating voltage of 200 kV.

VII.2.3.3. X-ray diffraction (XRD) analysis

X-ray diffraction (XRD) analysis was used to confirm the presence of both PCL and PGS
materials in the constitution of coaxial PGS/PCL electrospun fibers. Thus, coaxial PGS/PCL
and monoaxial PCL fiber mats as well as PCL and PGS raw polymers were evaluated using
a Bruker D8-DISCOVER X-ray diffractometer equipped with a Cuk, radiation source and a

pyrolytic graphite monochromator.

VII.2.3.4. ATR-FTIR analysis

A Spectrum One FTIR Spectrometer (PerkinElmer, USA) working in the Attenuated total
reflectance — Fourier transform infrared (ATR-FTIR) mode was used to collect the spectra of
both coaxial PGS/PCL and monoaxial PCL electrospun fibers in the spectral region 4000-650
cm™ and with a resolution of 4 cm™. Characteristic peaks were identified by comparison with

the spectra of PCL and PGS raw polymers.

VII.2.3.5. Differential scanning calorimetric (DSC) analysis

Pre-weighed samples of coaxial PGS/PCL fibers, monoaxial PCL fibers and respective
PCL, PGS raw polymers were hermetically sealed in aluminum pans and submitted to
healing and cooling cycles between -50°C and 100°C at a constant heating rate of 5°C/min
using a TA Instruments DSC-Q100 equipment (New Castle, Delaware USA) under nitrogen

supply. The thermal properties of the samples, namely the melting and crystallization
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temperatures were determined using the Universal Analysis software V4.7A (TA

Instruments).

VII.2.3.6. Mechanical tensile testing

The mechanical properties of non-aligned/aligned monoaxial PCL and coaxial PGS/PCL
electrospun scaffolds were assessed under uniaxial tensile testing using a mechanical tester
(Instron® Model 5544) with a 10 N load cell and at a constant displacement rate of 10
mm/min. For each fiber mat condition, five different test specimens (n=5) were prepared in a
rectangular shape with a length of 15 mm, width of 10 mm and a thickness of 0.2 mm.
Bluehill®2 software was used to collect and process the experimental data from the tensile
tests. Young’s elastic moduli were calculated from the initial 0-15% linear in the stress-strain
curve. Ultimate tensile strength (UTS) was measured from the highest peak of the stress-

strain curves.

VI1.2.3.7. In vitro accelerated degradation study

Monoaxial PCL and coaxial PGS/PCL aligned electrospun mats were cut into 15 mm x 7
mm x 0.2 mm and subjected to a accelerated degradation assay by incubation with 5 mL of
0.5 mM NaOH solution in PBS (Gibco) at 37°C for different time periods (7, 14 and 21 days).
Upon incubation at each degradation timepoint, electrospun scaffolds were rinsed gently with
PBS and dried under vacuum. The samples weight (n=3) was measured and the percentage
of weight loss was determined by dividing the obtained weight loss to the initial dry weight of

each sample (before incubation).

VIl.2.4. In vitro kartogenin (KGN) release assay

KGN was dissolved in a mixture of DMSO:TFE (volume ratio 20:80) under agitation
overnight and then combined with the polymer casting solutions at a final concentration of
2mg/mL to fabricate two different groups of aligned electrospun nanofibers following the
procedure described in subsection 2.2: coaxial PGS-KGN/PCL (core solution: PGS 80%-
KGN 0.2% w/v and shell solution: PCL 10% w/v) and monoaxial PCL-KGN (solution: PCL
10%-KGN 0.2% w/v). KGN-loaded electrospun scaffolds (15 mm x 7 mm x 0.2 mm) were
weighed, immersed in 1 mL of PBS (pH 7.4) and placed on a shaker (100 rpm) at 37°C with
a humidified atmosphere to mimic physiological conditions. At each sampling time, the total
volume of PBS was collected and replaced with the same volume of fresh PBS to determine

the release kinetics of KGN from the electrospun scaffolds. The amount of KGN released
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from each electrospun scaffold was evaluated using HPLC (Agilent 1200 LC system, EC-C18
reverse phase column) and normalized to the scaffold initial weight. In vitro release was
measured from five scaffolds (n=5) at different time-points during 21 days (0, 1, 3, 6, 12, 24,
48,72, 120, 168, 216, 288, 360, 432 and 504 h).

VII.2.5. hBMSC seeding and culture on KGN-loaded electrospun aligned nanofibers

As the goal of this study is to fabricate electrospun fibers able to mimic the alignment and
nanometer scale of the collagen fibers present in the superficial layer of native articular
cartilage, we performed the in vitro cell culture experiments using coaxial PGS/PCL aligned
and monoaxial PCL aligned nanofibers with or without loaded KGN.

Previous to cell seeding, the electrospun scaffolds were sterilized by UV exposure for 3
h, placed in ultra-low cell attachment 24-well plates and washed three times with PBS+1%
Pen-Strep solution. Afterwards, the nanofiber scaffolds were soaked in culture medium and
incubated at 37°C for 1 h.

Human bone marrow MSC (hBMSC) were purchased from Lonza (Basel-Switzerland),
thawed and expanded on tissue culture flasks (CELLTREAT® Scientific Products, MA) using
low-glucose Dulbecco’s Modified Eagle Medium (DMEM, Gibco, Grand Island, NY)
supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% penicillin-streptomycin
(Pen-strep, Gibco), and kept at 37 °C and 5% CO, in a humidified atmosphere until scaffold
seeding. Complete medium renewal was performed every 3-4 days and all the experimental
assays were performed using cells in passage 3 or 4.

hBMSC were seeded on the electrospun nanofiber scaffolds at a density of 50000 cells
per scaffold and incubated for 2 h at 37°C and 5% CO, without culture medium to favor initial
cell attachment. Afterwards, incomplete chondrogenic medium composed by high glucose
DMEM (Thermo Fisher Scientific) with 100nM dexamethasone (Sigma-Aldrich), 50 pg/mL
ascorbic acid 2-phosphate (Sigma-Aldrich), 40 pg/mL L-proline (Sigma-Aldrich), 1mM
sodium pyruvate (Gibco), ITS™+ Premix supplement (6.25 pg/mL bovine insulin; 6.25 ug/mL
transferrin; 6.25 pg/mL selenous acid; 5.33 pg/mL linoleic acid; 1.25 pg/mL BSA, Corning),
Pen-strep (100 U/mL penicillin; 100 pg/mL streptomycin) was added to all the scaffolds. The
cultures were conducted during 21 days at 37°C and 5% CO, under low oxygen conditions
(hypoxia — 5% O, to mimic the hypoxic environment of articular cartilage) and the
chondrogenic culture medium (without TGF-B3) was fully renewed every 3-4 days.

The metabolic activity of hBMSC on the monoaxial/coaxial KGN-loaded aligned
nanofibers and respective controls was evaluated using AlamarBlue® cell viability reagent
(ThermoFischer Scientific, USA) on days 3, 7, 14 and 21 following the manufacturer’s

guidelines. Briefly, a 10% (v/v) AlamarBlue® solution in culture medium was added to the
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scaffolds and incubated at 37 °C in 5% CO, chamber for 3 h. Fluorescence intensity values
were measured in a microplate reader (SpectraMax M5, Molecular Devices, USA) at an
excitation/emission wavelength of 560/590 nm and compared to a calibration curve to access
the equivalent number of viable cells present in each scaffold. Acellular scaffolds (for each
experimental group) were used as blank controls in the fluorescence intensity
measurements. Three independent scaffolds (n=3) were analyzed for each experimental

group and fluorescence values of each sample were measured in triplicates.

VII.2.6. Assessment of hBMSC chondrogenic differentiation on KGN-loaded aligned

electrospun nanofibers

VII.2.6.1. Cell morphology evaluation by SEM

The morphology of the cells cultured for 21 days on monoaxial/coaxial KGN-loaded
aligned nanofibers and respective controls was observed by SEM. The samples were fixed
with 4% PFA for 20 min, stained with 1% (v/v) osmium tetroxide (Sigma-Aldrich) solution for
30 min and washed twice with PBS. Afterwards, samples were dehydrated using ethanol
gradient solutions (20%, 40%, 60%, 80%, 95% and 100% (v/v)) for 20 min each and finally
dried in a critical point dryer (supercritical Automegasamdri 915B, Tousimis, USA) in 100%
isopropanol. Dried samples were mounted, sputter-coated and imaged using the above-

mentioned SEM procedure.

VII.2.6.2. sGAG content quantification (DMMB assay)

At days 14 and 21 of differentiation, the electrospun scaffolds were collected, washed
with PBS and digested in a 125 yg/mL papain enzyme (from papaya latex, Sigma-Aldrich)
solution (50 mM sodium phosphate, 2 mM N-acetyl cysteine, 2 mM EDTA, all from Sigma-
Aldrich, pH 6.5) at 60°C overnight (16-18 h). The sulfated GAG (sGAG) produced by cells on
the electrospun scaffolds was quantified using 1,9-dimethylmethylene blue (DMMB, Sigma-
Aldrich) assay. The digested samples were mixed with a DMMB solution (16 mg DMMB in
0.3% w/v glycine, 0.27% sodium chloride in distilled water, pH 3.0) in 96-well plates and the
absorbance was measured at 525 nm. The sGAG amounts were extrapolated from a
calibration curve generated using chondroitin 6-sulfate (sodium salt from shark cartilage,
Sigma-Aldrich) standards and normalized to the equivalent number of cells present in each
scaffold. Three scaffolds (n = 3) were used for each experimental group and the absorbance
values were measured in triplicate. Acellular electrospun scaffolds for each experimental

group were used as blank controls.
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VII.2.6.3. RNA extraction and real-time quantitative PCR (RT-qPCR) analysis

Total RNA was extracted from the final constructs (day 21) using the RNeasy Mini Kit
(QIAGEN, Hilden, Germany). Briefly, the samples were first incubated in lysis buffer with 200
rom agitation for 30 min at 4 °C. Afterwards, total RNA was isolated according to the
manufacturer’s protocol and quantified using a Nanodrop (ND-100 Spectrophotometer,
Nanodrop Technologies). cDNA was synthesized from the purified RNA using iScript™
Reverse Transcription Supermix (Bio-Rad, Hercules, CA USA) following the manufacturer’s
guidelines. The reaction mixtures with a total volume of 20 pL were incubated in a thermal
cycler (Veriti Thermal Cycler, Applied Biosystems, CA USA) for 5 min at 25°C, 20 min at
46°C and 1 min at 95°C and then were maintained at 4°C.

Real time quantitative PCR (RT-qPCR) analysis was performed using the TagMan® Fast
Advanced Master Mix (Applied Biosystems) and StepOnePlus real-time PCR system
(Applied Biosystems) according to the manufacturer’'s protocol. Reactions were run in
triplicate using the TagMan® Gene Expression Assays (20X) (Thermo Fisher Scientific)
presented in Table VII.1. The obtained CT values were normalized against the expression of
housekeeping gene GAPDH and the analysis was performed using the 27" method.
Results for target gene expressions in the different experimental groups are presented as

fold-change expression levels relative to hBMSC before scaffold seeding (day 0).

Table VII.1. TagMan assays used for RT-qPCR analysis.

Targe Genes ID numbers
GAPDH Hs02758991_g1
COL1A1 Hs00164004_m1
COL2A1 Hs00264051_m1

Sox9 Hs00165814_m1
ACAN Hs00153936_m1
PRG4 Hs00981633_m1

VII.2.6.4. Immunofluorescence analysis

After 21 days of differentiation, the medium was removed and the electrospun scaffolds
were washed with PBS and fixed with PFA 4% for 20 min. The samples were then washed
twice with PBS and permeabilized and blocked with a solution of 0.3% Triton X-100 (Sigma-
Aldrich), 1% BSA (Sigma-Aldrich) and 10% Goat serum (ThermoFischer Scientific) in PBS at

room temperature for 30 min. A solution containing primary antibody for collagen Il (1:200 in
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blocking solution, mouse collagen Il monoclonal antibody 6B3, ThermoFisher Scientific) was
incubated with the samples overnight at 4°C. Afterwards the samples were washed once with
1% BSA solution (in PBS) and incubated with the secondary antibody Goat anti-mouse IgG
AlexaFluor 488 (1:150 in 1% BSA (in PBS) solution, ThermoFisher Scientific) for 1 h at room
temperature and protected from light. Finally, the samples were counterstained with DAPI
(Sigma-Aldrich) for 5 min at room temperature, washed with PBS and imaged using a

confocal microscope (Zeiss LSM 510META Spectral Confocal).

VII.2.7. Statistical analysis

Results are presented as mean values + standard deviation (SD) of 3 independent
experiments (n=3), unless specified differently. The statistical analysis of the data was
performed using one-way ANOVA, followed by Tukey post-hoc test. GraphPad Prism version
7 software was used in the analysis and data was considered to be significant when p-values

obtained were less than 0.05 (95% confidence intervals, *p < 0.05).

VIl.3. Results

VIIL.3.1. Coaxial PGS/PCL electrospun nanofibers scaffold structural characterization

Coaxial PGS/PCL and monoaxial PCL aligned nanofibers as well as their respective non-aligned
controls were produced using the electrospinning apparatus and conditions shown in Figure VII.1.
SEM micrographs (Figure VII.2 A) showed that all the electrospun scaffolds were highly porous and
interconnected, which favors oxygen and media diffusion through the scaffold and provides a higher
surface area for cell adhesion. Figure VII.2 B presents the average fiber diameter and respective
distributions for all the conditions studied. Importantly, all the electrospun scaffolds presented average
fiber diameters in the nanometer scale (505-738 nm), which is advantageous to mimic the structural
features of in vivo articular cartilage ECM. Interestingly, both coaxial PGS/PCL and monoaxial PCL
aligned nanofibers presented slightly lower average fiber diameters than their non-aligned
counterparts. The core-shell structure of the fibers was confirmed by TEM (Figure VII.3), as it is
possible to clearly discriminate between two different materials, PGS in the core and PCL in the shell
(Figure VII.3 B), as opposed to PCL monoaxial fiber (Figure VII.3 A). The coaxial structure was also

observed by SEM analysis of cross-sectioned fibers (Figure VII.3 C).
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Figure VII.2. SEM images (at two different magnifications) of the non-aligned/aligned monoxial PCL
and coaxial PGS/PCL nanofibers (A) and respective fiber diameter distribution histograms (B).
Average fiber diameters are presented as mean + SD of 100 individual fibers. Scale bar: 5 um.
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Figure VIL.3. Confirmation of the core-shell structure of the produced electrospun nanofibers. TEM
images of monoaxial PCL nanofibers (A) and of coaxial PGS/PCL nanofibers (B). The bottom image in
B corresponds to a magnification of the top image (white box). The core-shell structure of coaxial
PGS/PCL nanofibers was further confirmed by SEM analysis of cross-sectioned fibers, highlighted by
the yellow box (C). Scale bars are depicted in the figure.

VIl.3.2. Chemical, thermal, mechanical and biodegradation properties of coaxial

PGS/PCL electrospun nanofibers scaffolds

The chemical characterization of the coaxial PGS/PCL nanofibers in comparison with
PCL nanofibers as well as with the PGS pre-polymer and pure polymer PCL was performed
by XRD (Figure VIl.4 A) and FTIR analysis (Figure VIl.4 B). XRD spectra of both PCL
polymer and nanofibers show the presence of two peaks at 21.3° and 23.7°, while the PGS
polymer exhibits two peaks at 19.3° and 23°. The XRD spectra for the coaxial PGS/PCL
nanofibers present three peaks including the two major peaks of the PCL spectra and a peak
at 19.3° that can be assigned to the PGS portion, thereby confirming the presence of both
PCL and PGS polymers in their constitution. The presence of both PGS and PCL in the
coaxial electrospun scaffolds was also confirmed by FTIR analysis. Both PGS and PCL
(polymer and nanofibers) showed very similar major IR peaks at approximately 2943 cm™
(CH, stretching-asymmetric), 2864 cm™ (CH, stretching-symmetric), 1725 cm™ (ester
carbonyl bond stretching) and 1187 cm™ (carbon-oxygen bond stretching). Despite being
slightly masked by other peaks higher amplitude, the PGS spectra showed an additional
hydroxyl group peak at 3450 cm™, which was not present in PCL. The coaxial PGS/PCL

nanofibers presented all the mentioned peaks, suggesting the composite nature of the fibers.
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Figure VIl.4. XRD (A) and FTIR (B) analysis of coaxial PGS/PCL nanofibers, monoxial PCL
nanofibers and respective PGS and PCL polymers. The black arrow and blue asterisk highlight the
characteristic peaks that confirmed the presence of both PCL and PGS in the coaxial electrospun
nanofibers.

The thermal properties of the fabricated electrospun scaffolds were also assessed using
DSC analysis (Figure VII.5). DSC thermograms of heating (Figure VII.5 A) and cooling
(Figure VI1.5 B) cycles for the electrospun scaffolds and respective individual polymers also
supported the composite nature of the coaxial nanofibers. Indeed, the coaxial PGS/PCL
nanofibers exhibit two distinct melting temperatures (T,) (Tm-rpci=52.90°C and Tp.pcs
13.45°C) and crystallization temperatures (T¢) (T¢.pc:=27.28°C and T, pes=-7.77°C) indicating
the presence of both polymers in its constitution. All the melting and crystallization
temperatures calculated are summarized in Figure VII.5 C.
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Figure VIL.5. DSC thermograms (heating (A) and cooling (B) cycles) of coaxial PGS/PCL nanofibers,
monoxial PCL nanofibers and respective pure PGS and PCL polymers. Melting (T,) and crystallization
(T.) temperatures determined for all the samples tested (C).

The analysis of the mechanical performance of the electrospun scaffolds under tensile
testing is shown in Figure VII.6. In order to assess the effect of the fiber alignment on the
scaffold mechanical properties, non-aligned coaxial and monoaxial nanofibers were also
considered in the analysis. Representative stress-strain curves for all the conditions tested
are presented in Figure VII.6 A. Fiber alignment resulted in a significant increase (p < 0.05)
in the elastic modulus in both monoaxial (9.90 + 0.87 MPa in PCL aligned vs. 4.02 + 0.88
MPa in PCL non-aligned) and coaxial (11.78 £ 0.73 MPa in coaxial PGS/PCL aligned vs.
5.06 + 1.51 MPa in coaxial PGS/PCL non-aligned) configurations. It is also possible to
observe that the addition of PGS in the core of coaxial fibers resulted in an increase in the
elastic modulus when compared to the respective monoaxial counterparts, however such
increase was not statistically significant (Figure VII.6 B). Regarding the UTS, aligned fibers
also presented higher values than the non-aligned counterparts, however significant
differences were only observed for monoaxial PCL fibers (5.36 + 0.76 MPa in PCL aligned
vs. 2.85 + 0.47 MPa in PCL non-aligned and 2.98 + 0.20 MPa in coaxial PGS/PCL aligned
vs. 2.33 + 0.26 MPa in coaxial PGS/PCL non-aligned) (Figure VII.6 C).

199



A Stress-strain curves

6
— PCL non-aligned
5| e PCL aligned
—— Coaxial PGS/PCL non-aligned
g 4 Coaxial PGS/PCL aligned
@
@ o
e 3 - -
7] -
o
2
Ch \
N
1
0
0 0,2 0.4 0,6 0,8 1 1,2 14 1.6 18
Tensile strain (mm/mm)
[ PCL non-aligned
B2 PCL aligned
B Coaxial PGS/PCL non-aligned
B 1a- . c . EZA Coaxial PGS/PCL aligned
12 . z o

UTS (MPa)
® i

Elastic Modulus (MPa)
-2
1
N
1

Mnima

Figure VII.6. Mechanical properties of aligned/non-aligned monoaxial PCL and coaxial PGS/PCL
electrospun scaffolds: Representative stress-strain curves (A), elastic modulus (B) and ultimate tensile
strength (C). Results are presented as mean * SD of five independent specimens (n=5). *p < 0.05.

The degradation of coaxial PGS/PCL and monoaxial PCL aligned electrospun scaffolds
was studied under accelerated conditions (in 0.5 mM NaOH solution) for 21 days (Figure
VII.7). After 21 days, monoaxial PCL electrospun scaffolds showed only a residual mass loss
(2.3 £ 1.4%), confirming the reported slow-degradation behavior of the PCL polymer. In
contrast, coaxial PGS/PCL nanofibers showed a higher degradation rate, reaching a weight
loss of 23 £ 1.6% at the end of the experiment (Figure VII.7 A). This is in accordance with
SEM images of the samples before (day 0) and after the accelerated degradation assay (day
21), in which a considerable deterioration of the fibers was observed in coaxial PGS/PCL

electrospun scaffolds (Figure VII.7 B).
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Figure VIL7. In vitro accelerated degradation of monoaxial PCL and coaxial PGS/PCL aligned
electrospun scaffolds: Percentage of weigth loss evaluated after 7, 14 and 21 days soaking in NaOH
0.5 mM solution (in PBS) at 37°C (A) and SEM images of the electrospun scaffolds before (day 0) and
at the end of the degradation assay (day 21) (B). Results are presented as mean + SD of three
independent samples (n=3). Scale bar: 5 ym.

VII.3.3. KGN release profile from monoaxial/coaxial electrospun scaffolds

KGN (Figure VII.8 B) was loaded into the core PGS solution to produce coaxial PGS-
KGN/PCL aligned nanofibers and also into the PCL solution to generate monoaxial PCL-
KGN aligned nanofibers (Figure VII.8 A). The addition of KGN did not result in any
meaningful changes on the structure of the nanofibrous scaffolds fabricated. The produced
scaffolds were assessed for the in vitro release kinetics of KGN during 21 days. For both
scaffold types, the KGN release profile was characterized by an initial burst release until 24
h, followed by a relatively slow and nearly linear release. As it is possible to observe in
Figure VII.8 C, coaxial nanofibers allowed a more controlled release and an alleviated burst
release than the monoaxial nanofibers. During the 21 days of the in vitro study, a total of 0.32
+ 0.03 uyg KGN/mg of scaffold and 1.11 + 0.44 yg KGN/mg of scaffold were released from
the coaxial PGS-KGN/PCL and monoaxial PCL-KGN nanofibers, respectively.
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Figure VII.8. In vitro release of KGN from monoaxial PCL and coaxial PGS/PCL aligned nanofibers for
21 days at 37°C, pH = 7.4 and 100 rpm: Schematic representation of the coaxial PGS-KCN/PCL and
monoaxial PCL-KGN fibers (A), chemical structure of KGN (B), and amount of KGN released as a
function of time and normalized to the weight of the scaffold. Results are presented as mean + SD of
five independent scaffolds (n=5).

VIl.3.4. Effects of KGN-loaded electrospun aligned nanofibers on cell proliferation and
morphology

The effects of KGN release on hBMSC proliferation (Alamar Blue assay) were evaluated
in vitro using both coaxial PGS-KGN/PCL and monoaxial PCL-KGN aligned nanofibers in
comparison to non-loaded controls (Figure VII.9 A). At the end of the experiment (day 21),
both coaxial PGS-KGN/PCL and monoaxial PCL-KGN aligned nanofibers showed
significantly higher (p < 0.05) equivalent cell numbers than the scaffolds without KGN. The
coaxial PGS-KGN/PCL electrospun scaffolds also showed improved hBMSC proliferation in
comparison to PCL-KGN, however, such increase was not statistically significant.
Interestingly, coaxial PGS-KGN/PCL scaffolds presented a significantly enhanced hBMSC
proliferation in comparison with coaxial PGS/PCL scaffolds since earlier stages of the culture
(from day 7 onwards). The morphology of hBMSCs on the different electrospun scaffolds

tested (at day 21) was analyzed by SEM and can be observed in Figure VII.9 B.
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Figure VII.9. Effects of KGN-loaded monoaxial and coaxial aligned nanofibers on hBMSC proliferation
and morphology: Cell proliferation assay (A) and SEM images showing hBMSC morphology on all the
electrospun scaffolds tested (at day 21) (B). Results are presented as mean + SD (n=3). *p < 0.05.
Scale bar: 10 ym.

VII.3.5. hBMSC chondrogenic differentiation on KGN-loaded electrospun aligned

nanofibers

The ability of KGN-loaded coaxial and monoaxial electrospun scaffolds to promote
hBMSC chondrogenesis was evaluated by assessing cartilage-like ECM production and the
expression of chondrogenic gene markers. As shown in Figure VI1.10, all the scaffolds tested
supported GAG production (Figure VII.10 A) over time and stained positively for the
presence of collagen Il (Figure VII.10 B), both main components of articular cartilage ECM.
At day 14, higher amounts of GAG were observed for PCL-KGN electrospun scaffolds (7.92
+ 1.32 ug sGAG/10° cells) compared to all other groups. After 21 days of chondrogenic
differentiation, PCL, PCL-KGN, coaxial PGS/PCL and coaxial PGS-KGN/PCL electrospun
scaffolds afforded sGAG amounts of 7.50 + 1.96 ug/10° cells, 9.74 + 1.93 pg/10° cells, 5.09 +
2.04 ug/10° cells and 10.12 + 1.91 pg/10° cells, respectively. Despite both KGN-loaded
scaffolds affording higher sGAG amounts than the scaffolds without KGN, a statistically
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significant (p < 0.05) enhancement was just observed for the coaxial PGS-KGN/PCL
scaffolds compared to non-loaded counterparts.
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Figure VII.10. Effects of KGN-loaded monoaxial and coaxial aligned nanofibers on cartilage ECM
production: sGAG amounts produced after 14 and 21 days of hBMSC chondrogenic differentiation on
the electrospun scaffolds (A) and immunofluorescence analysis to evaluate the presence of collagen I
on the electrospun scaffolds (at day 21) (B). For the immunofluorescence analysis, samples were
counterstained with DAPI. Results are presented as mean + SD (n=3). *p < 0.05. Scale bar: 50 ym.

Gene expression in the different groups of electrospun scaffolds was evaluated at the
end of the differentiation protocol (day 21) by RT-gPCR analysis (Figure VII.11). All the
scaffolds showed no significant upregulation of COL7A71 gene (Figure VIL.11 A), a
fibrocartilage marker, in comparison to the control (hBMSC at day 0). Regarding COL2A1
(Figure VII.11 B), Sox9 (Figure VII.11 C) and ACAN (Figure VII.11 D) gene expression, KGN-
loaded electrospun scaffolds demonstrated significantly higher (p < 0.05) expressions in
comparison to the non-loaded electrospun scaffolds. Moreover, no statistically significant
differences were observed between coaxial PGS-KGN/PCL and monoaxial PCL-KGN
electrospun scaffolds. It is noteworthy that all the electrospun scaffolds resulted in significant
upregulation of the PRG4 gene (Figure VII.11 E), which encodes for lubricin/superficial zone
protein (SZP) present in the superficial layer of articular cartilage and responsible for the

lubrication at the joint surface.
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Figure VIL.11. Effects of KGN-loaded monoaxial and coaxial aligned nanofibers on the gene
expression of hBMSC evaluated by RT-gPCR analysis after 21 days of chondrogenic differentiation.
Expressions of COL1A1 (A), COL2A1 (B), Sox9 (C), ACAN (D) and PRG4 (E) were normalized to the
endogenous gene GAPDH expression and calculated as a fold-change relative to the baseline
expression of the control sample (hBMSC before scaffold seeding at day 0). Results are presented as
mean x SD; n=3; * p < 0.05.

VIl.4. Discussion

The fabrication of biomimetic scaffolds that can recapitulate the structural features of
articular cartilage ECM is crucial for successful tissue regeneration. Biodegradable
electrospun nanofiber scaffolds have been explored to mimic the size, alignment and
mechanical properties of the collagen fibers present in the superficial zone of articular
cartilage (Wise et al., 2009). Moreover, electrospun nanofibers have been explored in
combination with MSCs for CTE applications (Alves Da Silva et al., 2010; Reboredo et al.,
2016; Shafiee et al., 2011). However, despite all the advantages of electrospun scaffolds,
they seem to be insufficient to fully regulate cellular behavior. Hence, the integration of
bioactive molecules with electrospun fibers has been explored to improve scaffold’s
biological performance (Ji et al., 2011).

Synthetic polymers are commonly used to produce electrospun scaffolds for CTE due to
their versatility, superior mechanical properties and higher consistency across batches
(Cheng et al., 2019). Despite PGS emergence as a promising scaffold material for tissue
engineering applications, processing of PGS fibrous scaffolds is challenging due to the high

temperature and vacuum conditions necessary for the PGS pre-polymer synthesis. In
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addition, due to its low molecular weight, PGS pre-polymer itself has low solution viscosity
even at high concentrations and therefore cannot be directly electrospun to generate stable
fibers (Ifkovits et al., 2008). Strategies used to overcome this limitation include blending with
other synthetic or natural materials or the adoption of coaxial fiber configuration,
encapsulating PGS in the core (Hou et al., 2017; Kharaziha et al., 2013; Sant et al., 2011; Yi
and La Van, 2008).

In this study, we used coaxial electrospinning to fabricate core-shell PGS/PCL aligned
nanofiber scaffolds able to mimic the structural features of cartilage ECM, promote the
delivery of a chondroinductive small molecule and support cell culture. All the electrospun
scaffolds produced were comprised of fibers in the nanometer scale, which was previously
shown to be advantageous for MSC chondrogenic differentiation (Schagemann et al., 2013;
Wise et al., 2009). Schagemann and colleagues observed enhanced hBMSC chondrogenic
differentiation in PCL nanofibrous scaffolds with fiber diameters of approximately 400 nm in
comparison to PCL microfibrous scaffolds (Schagemann et al., 2013). The core-shell
structure of the coaxial PGS/PCL scaffolds produced was clearly observed by SEM and
TEM. The composite nature of the coaxial fibers produced was further confirmed by XRD,
FTIR and DSC analysis, which was in accordance with previously reported characterizations
(Gaharwar et al., 2014; Salehi et al., 2014).

The coaxial PGS/PCL aligned nanofibrous scaffolds had an elastic modulus of
approximately 11.8 + 0.7 MPa, which is slightly higher, but close to values previously
reported for PGS-PCL blend aligned scaffolds (Gaharwar et al., 2014; Masoumi et al., 2014).
We observed that the core-shell configuration of the coaxial fibers presented a much lower
effect on the electrospun scaffold’s elastic modulus than fiber alignment. In fact, coaxial
PGS/PCL and monoaxial PCL aligned nanofiber scaffolds showed 2.3-fold and 2.5-fold
higher elastic modulus than its respective non-aligned counterparts. This is corroborated by a
previous work, in which it was reported that aligned PCL scaffolds afforded a 2.2-fold higher
elastic modulus compared to randomly oriented scaffolds (Kim, 2008). Additionally,
Gaharwar et al. also observed similar behavior for aligned PGS-PCL blend microfibrous
scaffolds (Gaharwar et al., 2014). Importantly, our coaxial PGS/PCL scaffold had an elastic
modulus under tensile testing within the range of the tensile modulus described for healthy
cartilage (5-25 MPa), which varies considerably based on tissue location as result of zonal
collagen distribution (Mow and Guo, 2002). In addition, as previously reported by Hou and
colleagues for non-aligned coaxial PGS/PCL electrospun microfibers, there is an
advantageous possibility of tuning the scaffolds mechanical properties by varying the amount
of PGS present in the fiber core (Hou et al., 2017).

The degradation of both coaxial PGS/PCL and monoaxial PCL aligned nanofibers was

evaluated in vitro for 21 days under accelerated hydrolytic conditions. PCL and PGS have
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considerably different biodegradation rates. While the fast degrading PGS is reported to be
completely resorbed in the body within 60 days, PCL has a resident time in vivo of more than
2 years (Sun et al., 2006; Wang et al., 2003). Accordingly, Masoumi et al. showed that the
degradation rate of PCL-PGS blend electrospun scaffolds was highly dependent on the PGS
content (Masoumi et al., 2014). After 21 days under accelerated hydrolytic degradation,
coaxial PGS/PCL nanofibers afforded a much higher weight loss (23%) than the residual
weight loss verified for monoaxial PCL nanofibers (2.3%). In the first 7 days, a higher
degradation rate was observed for the coaxial fibers, possibly due to a fast hydrolytic
degradation of the encapsulated PGS. From day 7 onwards, a nearly linear mass loss
suggests in vitro degradation by surface erosion, which is the predominant mechanism
described for both PGS and PCL polymers (Bartnikowski et al., 2019; Pomerantseva et al.,
2009). Previously, Hou et al. reported a weight loss of 26% for coaxial PGS/PCL microfibers
after 12 days under accelerated degradation conditions, however, the NaOH solution used
was twice as concentrated as the one used in this work (Hou et al., 2017). Nevertheless,
direct comparisons between different studies are difficult as the degradation is dependent on
many factors including scaffold structural features (e.g. fiber diameter) (You et al., 2004).

The integration of chondroinductive factors such as proteins or small molecules with
biomimetic electrospun scaffolds appears to be a promising route for improved CTE
strategies. Small molecules (e.g. KGN) offer important advantages over protein growth
factors, such as high stability and lower cost (Lo et al., 2014). KGN has been described as a
promising drug for cartilage regeneration in vivo. However, after injection, small molecules
like KGN are quickly cleared through the lymphatic system, limiting its local effects and
compromising its therapeutic effectiveness. Therefore, different drug delivery systems have
been recently developed to achieve the sustained and localized delivery of KGN (Cai et al.,
2019; Fan et al., 2018; Hu et al., 2017; Kang et al., 2014; Li et al., 2016; Shi et al., 2016; Zhu
et al.,, 2019, 2017). We speculated that coaxial aligned electropsun nanofibers able to
release KGN in a controlled manner would promote hBMSC chondrogenesis, and therefore,
promising for improved CTE strategies, particularly for the regeneration of the superficial
zone. KGN incorporation did not result in any meaningful change in the structure of the
electrospun scaffolds, which is in agreement with a recent study using KGN-encapsulating
fibrous membranes to enhance rotator cuff tendon-bone healing (Zhu et al., 2019). Coaxial
PGS-KGN/PCL aligned nanofibers promoted a much more controlled in vitro release of KGN
than monoaxial PCL-KGN aligned nanofibers. This observation results from the fact that in
the coaxial configuration, KGN is confined in the core region of the nanofibers and needs to
first disperse through the shell polymer before exits the fiber. In contrast, in the monoaxial
PCL-KGN nanofibers, KGN is randomly distributed throughout the nanofiber and possibly

located on the fiber surface, which might explain the initial burst release observed.
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The bioactivity of the released KGN was assessed through the evaluation of KGN-loaded
electrospun scaffolds ability to promote hBMSC growth and chondrogenesis. Both coaxial
PGS-KGN/PCL and PCL-KGN aligned nanofibers significantly promoted the proliferation of
hBMSC in comparison to non-loaded scaffolds. These results are in agreement with previous
studies reporting the enhancing effect of KGN supplementation in hBMSC growth (Johnson
et al., 2012; Spakova et al.,, 2018). Additionally, Zhu and colleagues reported improved
proliferation of human adipose-derived MSC in the presence of KGN delivered from a
chitosan-hyaluronic acid hydrogel, which also supports our observations (Zhu et al., 2017).
Importantly, our results demonstrated that after 21 days of differentiation in the absence of
TGF-B3, both coaxial/monoaxial KGN-loaded electrospun scaffolds promoted sGAG
production and chondrogenic gene expression when compared to the respective non-loaded
scaffolds. In agreement, previous studies showed that KGN supplementation either as
culture media additive or through nanoparticle-mediated delivery promotes increased sGAG
production during the chondrogenic differentiation of hBMSC in micromass cultures without
TGF-B3 (Kang et al., 2014; Xu et al., 2016). Regarding the upregulation of chondrogenic
markers in hBMSC-seeded KGN-loaded scaffolds, similar trends were observed in previous
studies using different KGN-delivery systems combined with human MSC (Kang et al., 2014;
Zhu et al.,, 2017). In agreement to our results, Zhu et al. recently reported enhanced
expressions of ACAN, COL2 and Sox9 genes in rat bone MSC cultured in aligned KGN-
encapsulated PCL membranes in comparison to the membranes without KGN (Zhu et al.,
2019). Moreover, our observations are also supported by the results from Yin et al., which
observed significantly increased Sox9 and COL2 expressions in rabbit BMSC cultured on
KGN-loaded P(LLA-CL)/collagen nanofibrous scaffolds (Yin et al., 2017).

In summary, we have successfully fabricated and characterized coaxial PGS/PCL
aligned electrospun scaffolds able to mimic the nanoscale and alignment of collagen fibers
present in articular cartilage ECM. The coaxial PGS/PCL aligned nanofibers produced were
able to promote a much more sustained release of KGN in comparison to monoaxial PCL
aligned scaffolds. Importantly, KGN-loaded aligned nanofiber scaffolds promoted significantly
the proliferation and chondrogenic differentiation of hBMSC, favoring cartilage-like ECM
production and gene expression, in the absence of chondrogenic cytokine TGF-B3. Overall,
our results highlight the potential of KGN-loaded coaxial aligned nanofibers for the
development of novel biomimetic MSC-based strategies to regenerate articular cartilage,

particularly for the repair of defects in its superficial zone.
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CHAPTER VIII - Hierarchal tri-layered scaffold concept for cartilage tissue engineering

Outline

Articular cartilage self-repair is limited by the intrinsic absence of vasculature and low
chondrocyte density and proliferation capacity. Cartilage defects treatment upon injury, wear
and tear, or degenerative arthritic disease require surgical procedures that are unable to
generate functional repaired tissue with structure and mechanical performance similar to the
native tissue. With the development of tissue engineering, it was predicted that articular
cartilage would be one of the first tissues to be successfully regenerated due to its avascular
nature and because it was composed by a single cell type. However, this prediction proved
wrong and the fabrication of functional engineered cartilage tissues remains elusive mainly
due to the challenging task of reproducing the complex hierarchical and organized structure
of the native cartilage tissue. Mature articular cartilage is composed of four distinct zones
(calcified zone, deep zone, middle or transitional zone and superficial zone), each one with
specific cell density/phenotype, extracellular matrix composition, collagen fibers orientation
and mechanical properties.

In the current study, we introduced a novel hierarchical tri-layered scaffold with the aim of
reproducing the complex architecture and zone-dependent properties of native articular
cartilage. The scaffold concept developed consists in a 3D-extruded porous polycaprolactone
(PCL) scaffold as deep zone layer, a GAG-based hydrogel in the middle zone and aligned
PCL/Gelatin nanofibers as superficial zone layer. The structure and different layer integration
was observed macroscopically and by scanning electron microscopy. The ability of the
hierarchical scaffold to support human bone marrow stem/stromal cells (hBMSC) culture and
chondrogenic differentiation was determined by assessing cell metabolic activity, sGAG
production and the expression of chondrogenic gene markers in comparison to scaffolds
corresponding to each one of the individual layers. Additionally, immunofluorescence
analysis showed that the hierarchical scaffold was capable of supporting cartilage-specific
protein expression.

While further characterization of the final engineered tissues is still necessary to assess
the full potential of the concept presented, our results suggest that the hierarchical tri-layered
scaffold was able to support MSC chondrogenic differentiation. Thus, this biomimetic
strategy represents a promising approach for the repair of full-thickness osteochondral
defects and to be used as a more structurally reliable in vitro model for disease modeling and

drug screening.
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VIIl.1. Introduction

Articular cartilage defects can occur for a variety of reasons including traumatic injuries,
chronic repetitive microtrauma or age-related degeneration. Additionally, cartilage defects
normally do not self-repair due to the typical avascular, aneural and relatively hypocellular
structure of the articular cartilage tissue. Cartilage lesions can be classified into
microfractures (damage of the collagen network of the articular surface) as well as chondral
or osteochondral defects. Chondral defects are macroscopic defects caused by trauma or
from degeneration of previous existent microfracture that normally extend to the subchondral
bone, originating osteochondral defects (Camarero-Espinosa et al., 2016; Mano and Reis,
2007). Traditionally, cartilage defects have been graded into five groups following the
Outerbridge classification (Grade 0 — healthy tissue; Grade | — superficial lesions, soften and
swollen cartilage; Grade Il — cartilage presents fissures that have a diameter < 1.27 cm;
Grade lll — cartilage presents fissures that have a diameter =2 1.27 cm and Grade IV —
cartilage injury extend through the tissue and reach the subchondral bone) (Outerbridge,
1961). Cartilage defects if untreated or filled with improper repaired tissue often lead to
osteoarthritis.

The current methods used for the clinical management of cartilage defects include bone
marrow stimulation techniques (i.e., microfracture and arthroscopic debridement),
osteochondral auto-/allo-grafts (i.e., mosaicplasty) and autologous chondrocyte implantation
(ACI). However, these regeneration techniques have several limitations such as donor site
morbidity, insufficient or inappropriate defect filing (fibrocartilaginous tissue), and inefficiency
in producing hyaline-like repaired tissue with sufficient functionality (Huang et al., 2016). As a
result of the search for new alternatives for cartilage repair, tissue engineering strategies
combining cells, biomaterial scaffolds and biological signals have been proposed with the
promise of generating functional tissue with native-like structure and mechanical
performance. When tissue engineering was first described by Langer and Vacanti over
twenty years ago (Langer and Vacanti, 1993), it was predicted that articular cartilage would
be one of the first tissues to be successfully engineered due to the presence of a single cell
type and its lack of vasculature. However, cartilage regeneration remains challenging mainly
due to the failure in replicating the highly complex hierarchical structure of articular cartilage
(Huey et al., 2012).

From the articulating surface to the subchondral bone, articular cartilage multi-zonal
structure can be divided into four distinct zones (the superficial or tangential zone; the middle
or transitional zone; the deep or radial zone and the calcified zone), each one with different
ECM composition and orientation, cell phenotypes and mechanical properties (Klein et al.,

2009). The superficial zone (surface to 10-20% of cartilage thickness) is composed by
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densely packed collagen fibers that align parallel to the articular surface and are responsible
for the high tensile strength observed in this region. This zone presents a higher density
(compared with the other zones) of flattened and elongated chondrocytes, high levels of
collagen Il and low amounts of GAGs (Hunziker et al., 2002; Klein et al., 2007). It is also
noteworthy that the chondrocytes in the superficial zone secrete proteoglycan 4 (PRG4), also
known as lubricin or superficial zone protein (SZP), which works as a boundary lubricant at
the joint surface (Flannery et al., 1999). The middle zone (40-60% of total cartilage
thickness) is characterized by random collagen fibers and an aggrecan-rich ECM. The
chondrocytes in this region are present in a lower cell density and have a rounded shape
(Camarero-Espinosa and Cooper-White, 2017; Knudson and Knudson, 2001). Under the
middle zone, resides the deep zone (20-50% of total cartilage thickness), which contains a
higher concentration of GAGs, lower collagen Il concentration, and lower chondrocyte
density in comparison to the other zones of articular cartilage. In this region, the collagen
fibers and elongated chondrocytes are arranged perpendicularly to the subchondral bone
(Bhosale and Richardson, 2008; Correia et al., 2015). Moreover, the cells in this zone
secrete less collagen Il, and collagen X and collagen | are also present in small amounts
(Eyre and Wu, 1995). The base of the deep zone is a calcified zone, which can be identified
by the presence of the tidemark. The calcified zone works as an interface between the
cartilage and the subchondral bone and contains high levels of collagen X (Redler et al.,
1975). This zone-varying ECM composition and organization dictates the mechanical
properties of the articular cartilage. In fact, as GAG amounts increase from the superficial
zone to the deep zone, the water content and swelling pressure also increase, resulting in a
corresponding increase in compressive modulus (Klein et al., 2007). In addition to zone-
specific mechanical properties, other studies have already reported zone-specific gene
expression (Grogan et al., 2013), protein distribution patterns (Muller et al., 2014), and GAG
type/sulfation levels (Kuiper and Sharma, 2015).

Cartilage tissue engineering (CTE) strategies creating homogeneous engineered tissues
have not been able to generate functional repaired tissue. Therefore, CTE strategies are now
focused on the reproduction in vitro of the architectural features and organization of native
articular cartilage. In addition, the increased evidence that support from the subchondral
bone is essential for cartilage repair suggests that CTE approaches should also consider
how to achieve a better integration of bone-cartilage interface (Gomoll et al., 2010; Yan et al.,
2015).

In the recent years, different approaches aiming to fabricate engineered tissues with
cartilage-like hierarchical stratified structure and zone-varying properties have been
developed (Atesok et al., 2016; Correia et al., 2015). These approaches include the use of

multi-layered scaffolds with varying fiber orientation (McCullen et al., 2012), pore size (Zhang
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et al., 2013), protein content (Zhu et al., 2014), and polymer form (Steele et al., 2014); or
multi-layered hydrogels with zone-varying compositions (Nguyen et al., 2011; Zhu et al.,
2017) and with encapsulated zone-specific chondrocytes (Ng et al., 2009).

In the current study, we propose a new hierarchical tri-layered scaffold concept aiming to
provide a closer mimicry of the native articular cartilage structure and zone-varying
properties. The proposed hierarchical tri-layered scaffold consists in a 3D-extruded porous
polycaprolactone (PCL) scaffold as deep zone layer, a GAG-based hydrogel as the middle
zone layer and aligned PCL/Gelatin nanofibers as the superficial zone layer. Our concept will
be validated by assessing the ability of the hierarchical scaffold to support MSC
chondrogenic differentiation, taking into consideration the cell density ratio and the hypoxic

nature of native articular cartilage tissue.

VIIl.2. Material & Methods

VIIl.2.1. Cell culture

Human bone marrow MSC (hBMSC) were purchased from Lonza (Basel-Switzerland).
hBMSC were thawed and expanded on tissue culture flasks (CELLTREAT® Scientific
Products, MA) using low-glucose Dulbecco’s Modified Eagle Medium (DMEM, Gibco, Grand
Island, NY) supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% penicillin-
streptomycin (Pen-strep, Gibco), and kept at 37 °C and 5% CO, in a humidified atmosphere
until scaffold seeding. Complete medium renewal was performed every 3-4 days and all the

experimental assays were performed using cells between passages 3 and 5.

VIIl.2.2. Fabrication of hierarchical tri-layered scaffold

VIIl.2.2.1. Deep zone layer (DL) — 3D extruded porous PCL scaffold

Poly (e-caprolactone) (PCL, MW 50000 Da, CAPA™ 6500, Perstorp Caprolactones, UK)
scaffolds were fabricated using in-house developed melt-extrusion equipment and
characterized as previously described (Figure VIII.1A) (Domingos et al., 2009; Silva et al.,
2017). 3D porous PCL scaffolds with a 0-90° lay-down pattern, 390 ym pore size and
dimensions of 7 mm x 7 mm x 3 mm were used as the deep zone layer of the hierarchical tri-

layered scaffold.
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VIIl.2.2.2. Middle zone layer (ML) — HyStem-CS hydrogel system

The middle zone layer of the hierarchical scaffold consisted of a GAG-based hydrogel
system with encapsulated hBMSCs. HyStem hydrogel kit (ESI BIO, Biotime Inc., CA USA) is
fully chemically defined and is composed of sterile thiol-modified hyaluronan (Glycosil), a
thiol-reactive PEGSSDA crosslinker and degassed, deionized water (DG water). Chondroitin
sulfate (CS, Sigma-Aldrich), which is the main GAG in the articular cartilage, was combined
with the HyStem hydrogel following the manufacturer’s guidelines to provide a closer mimicry
of the native tissue biochemistry. Briefly, Glycosil was dissolved in DG water and combined
with a previously prepared CS solution (in distilled water) to generate a final HyStem-CS 1%
(w/v) hydrogel (Figure VIII.1B). The mixture obtained was then used to resuspend the
hBMSC pellet for cell encapsulation. The PEGSSDA cross-linker solution was added to the
Glycosil-CS mixture with cells in a 1:4 volume ratio and mixed well by pipetting to form the
hydrogel. The gelation of the final HyStem-CS hydrogel with encapsulated hBMSCs was

completed within 30 min.

VIII.2.2.3. Superficial zone layer (SL) — Aligned PCL/Gelatin nanofibers

PCL (Mn=80000 Da, Sigma-Aldrich) and Gelatin (Sigma-Aldrich) were dissolved (70:30
ratio) at 10% w/v in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP, Sigma-Aldrich) with agitation
overnight. The nanofibrous electrospun scaffolds were fabricated by electrospinning (Figure
VIII.1C). PCL/Gelatin solution was loaded into a syringe placed in a mechanical syringe
pump (NE-1000, New Era Pump System Inc.) and connected by PTFE tubing to a 23G
metallic needle (0.64 mm diameter). A flow rate of 1 mL/h and an applied voltage of 20 kV
(generated by a high power source Spellman CZE1000R) were used in the process. The
aligned nanofibers were produced in a two parallel copper plates collector placed at 18 cm
distance from the needle tip. All the nanofibers scaffolds were fabricated under the same
process parameters and with controlled ambient conditions (temperature = 20-22°C and
relative humidity = 20-25%). The aligned nanofiber scaffolds produced were used as the
superficial zone layer of the hierarchical scaffolds to mimic the alignment and nanoscale

nature of the collagen fibers in native articular cartilage (Figure VIII.1 C).

VIIl.2.3. SEM analysis

The structural features of the hierarchical tri-layered scaffold as well as of each individual

layer were observed using a field emission scanning electron microscope (FE-SEM, FEI-

Versa 3D Dual Beam, Hillsboro). The samples were mounted on a holder, sputter-coated
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with a thin layer of 60% gold-40% palladium and imaged using an accelerating voltage of 5
kV. The average fiber diameters and distributions of the aligned PCL/Gelatin nanofibers
(superficial zone layer) were determined by measuring 100 individual fibers per condition
from at least 5 different SEM images using the ImageJ software (Imaged 1.51f, National
Institutes of Health, USA).

VIIl.2.4. hBMSC chondrogenic differentiation on hierarchical tri-layered scaffolds and

respective individual layers

Before performing the cell culture assays, 3D PCL scaffolds and PCL/Gelatin nanofibrous
scaffolds were sterilized by UV exposure for 3 h, washed three times with PBS+1% Pen-
strep solution and conditioned with culture medium for 1 h at 37°C. Based on previous
studies reporting a cell density ratio of 3:2:1 for the superficial:middle:deep zone in normal
adult articular cartilage (Hunziker et al., 2002; Ren et al., 2016), 150000, 100000, and 50000
hBMSCs were seeded/encapsulated in aligned PCL/Gelatin nanofibers, HyStem-CS
hydrogels and porous PCL scaffolds, respectively (Figure VIII.1 E). hBMSCs were first
seeded on PCL scaffolds and aligned PCL/gelatin nanofibers and incubated without culture
media for 1 h to promote initial cell adhesion. During this period, other group of hHBMSCs was
harvested and encapsulated in HyStem-CS hydrogels. Before full gelation was achieved
(=15-20 min), HyStem-CS hydrogels with encapsulated cells (middle zone layer) were placed
on top of the PCL scaffolds (deep zone layer) previously seeded with cells. Afterwards, using
sterile tweezers, the cell-seeded aligned PCL/Gelatin nanofibers (superficial zone layer) were
placed on the top of fully cross-linked HyStem-CS hydrogels (Figure VIII.1 D). The
hierarchical scaffolds were then incubated for 30 min without culture medium to not disrupt
the whole scaffold initial assembly. The individual layers were seeded/encapsulated with
300000 hBMSCs for comparison studies with the hierarchical tri-layered scaffold. All
scaffolds were cultured with chondrogenic media composed by high glucose DMEM
(ThermoFisher Scientific) with 100 nM dexamethasone (Sigma-Aldrich), 50 ug/mL ascorbic
acid 2-phosphate (Sigma-Aldrich), 40 ug/mL L-proline (Sigma-Aldrich), 1 mM sodium
pyruvate (Gibco), ITS™+ Premix supplement (6.25 pg/mL bovine insulin; 6.25 pg/mL
transferrin; 6.25 pg/mL selenous acid; 5.33 pyg/mL linoleic acid; 1.25 pg/mL BSA, Corning),
Pen-strep (100 U/mL penicillin; 100 pg/mL streptomycin) and 10 ng/mL TGF-B3 (R&D
Systems) and maintained at 37°C/5% CO, under hypoxic conditions (5% O,) for 21 days.
The chondrogenic medium was changed very carefully every 3-4 days. A schematic

representation of the hierarchical scaffold assembly process is presented in Figure VIII.1 D.
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VIIl.2.5. Cell metabolic activity (Alamar Blue assay)

The metabolic activity of cells in the hierarchical scaffolds and respective individual layers
was evaluated using AlamarBlue® cell viability reagent (ThermoFischer Scientific, USA) on
days 3, 7, 14 and 21 following the manufacturer's guidelines. Briefly, a 10% (v/v)
AlamarBlue® solution prepared in culture medium was added to the samples and incubated
at 37°C in 5% CO, incubator for 3 h. The fluorescence intensity of three (n=3) independent
samples per condition was measured in a microplate reader (SpectraMax M5, Molecular
Devices, USA) at an excitation/emission wavelength of 560/590 nm and the fluorescence
intensity values of each sample were measured in ftriplicate. Acellular scaffolds (for each
experimental group) were used as blank controls and subtracted from the values obtained in

the cell-scaffold constructs.

VIIl.2.6. sGAG content quantification (DMMB assay)

At the end of the differentiation protocol (day 21), hierarchical scaffolds and individual
scaffold layers were collected, washed with PBS and digested in a 125 ug/mL papain
enzyme (from papaya latex, Sigma-Aldrich) solution (50 mM sodium phosphate, 2 mM N-
acetyl cysteine, 2 mM EDTA, all from Sigma-Aldrich, pH 6.5) at 60°C overnight (16-18 h).
The amount of cell-produced sulfated GAG (sGAG) on the tissue constructs was quantified
using the 1,9-dimethylmethylene blue (DMMB, Sigma-Aldrich) assay. In this assay, the
digested samples were mixed with a DMMB solution (16 mg DMMB in 0.3% w/v glycine,
0.27% sodium chloride in distilled water, pH 3.0) in 96-well plates and the absorbance was
measured at 525 nm. The absorbance values were compared to chondroitin 6-sulfate
(sodium salt from shark cartilage, Sigma-Aldrich) standards to estimate the sGAG amounts
present in each scaffold. Two scaffolds (n=2) were used for each experimental group and the
absorbance values were measured in triplicate. Acellular hierarchical scaffolds and each
individual layer scaffolds were used as blank controls and subtracted from the values

obtained in the cell-scaffold constructs.

VIIl.2.7. RNA extraction and real-time quantitative PCR (RT-qPCR) analysis

Total RNA was isolated from the final tissue constructs (day 21) generated by
differentiating hBMSCs in the hierarchical tri-layered scaffolds and respective individual
layers using the RNeasy Mini kit (Quiagen, Hilden, Germany). Samples were first incubated
in lysis buffer with agitation for 30 min at 4°C, followed by the total RNA extraction protocol

according to the manufacturer’s guidelines. Isolated RNA was quantified using a Nanodrop
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(ND-100 Spectrophotometer, Nanodrop Technologies) and cDNA was synthesized from the
purified RNA using iScript™ Reverse Transcription Supermix (Bio-Rad, Hercules, CA USA)
following the manufacturer’s guidelines. The reaction mixtures with a total volume of 20 yL
were incubated in a thermal cycler (Veriti Thermal Cycler, Applied Biosystems, CA USA) for
5 min at 25°C, 20 min at 46°C and 1 min at 95°C and then were maintained at 4°C.

The real time quantitative PCR (RT-gPCR) analysis was performed using the TagMan®
Fast Advanced Master Mix (Applied Biosystems) and StepOnePlus real-time PCR system
(Applied Biosystems) following the manufacturer’s protocol. Reactions were run in triplicate
using TagMan® Gene Expression Assays (20X) (Thermo Fisher Scientific) specified in Table
VIII.1. CT values were normalized against the expression of housekeeping gene GAPDH and
the analysis was performed using the 27**“' method. Results for gene expressions in the final
tissue constructs are presented as fold-change expression levels relative to hBMSC before

scaffold seeding (day 0).

Table VIII.1. TagMan assays used for RT-gPCR analysis.

Targe Genes ID numbers
GAPDH Hs02758991_g1
COL2A1 Hs00264051_m1

Sox9 Hs00165814_m1
ACAN Hs00153936_m1
PRG4 Hs00981633_m1
COL10A1 Hs00166657_m1

VIIl.2.8. Immunofluorescence analysis of hierarchical scaffolds

After 21 days of chondrogenic differentiation, hierarchical scaffolds were fixed with 4%
PFA for 20 min and washed with PBS. Afterwards, scaffolds were included in Tissue-Tek®
O.C.T. Compound (VWR), frozen in liquid nitrogen and stored at -80°C. The OCT blocks
were sliced into 15 ym sections using a microtome cryostat (Microm HM 505E Cryostat,
GMI, MN USA) at -20°C and mounted in glass slides. The slides were washed twice in PBS
(5 min each wash) and washed with 0.1 M glycine (Sigma-Aldrich) solution in PBS for 10 min
at room temperature to remove PFA residues. Samples were permeabilized with 0.1%
Triton-X (Sigma-Aldrich) solution in PBS for 10 min and incubated with a blocking solution
(10% FBS in TBST — 20 mM Tris-HCI pH 8.0 (Sigma-Aldrich), 150 mM NaCl (Sigma-Aldrich),
0.05% (v/v) Tween-20 (Sigma-Aldrich)) for 30 min at room temperature and the slices were

dried with a tissue. For immunofluorescence analysis, the slides were incubated with primary
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antibodies (in blocking solution) for collagen Il (1:200, mouse collagen Il monoclonal antibody
6B3, ThermoFisher Scientific), and aggrecan (1:400, mouse aggrecan monoclonal antibody
BC-3, ThermoFisher Scientific) overnight at 4°C. Afterwards, the slides were washed three
times with TBST (5 min each wash) and incubated with secondary antibodies Goat anti-
mouse IgG- AlexaFluor 546 (1:500, ThermoFisher Scientific) for 45 min in the dark at room
temperature. The slides were then washed with TBST (3 washes, 5 min each),
counterstained with DAPI for 5 min at room temperature, washed again with TBST and
mounted with Mowiol (Sigma-Aldrich). Finally, the immunostaining in the hierarchical

scaffolds was observed using a confocal microscope (Zeiss LSM 710).

VIIl.2.9. Data analysis

Results are presented as mean values + standard deviation (SD) of three replicate

samples (n=3), unless otherwise specified.

VIIL.3. Results

VII.3.1. Fabrication and structural assessment of hierarchical tri-layered scaffold

In this work, we combined different scaffold fabrication technologies to produce a
hierarchical tri-layered scaffold that can resemble the architecture of native articular cartilage.
The scaffold individual layers namely, 3D-extruded PCL scaffold, HyStem-CS hydrogel and
aligned PCL/Gelatin nanofibers were produced as described in section VIII.2.2. Figure VIII.1
presents a schematic overview of the individual layers scaffold fabrication and of the whole

cell-seeded hierarchical scaffold assembly (as described in section VIII.2.4).
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Figure VIII.1. Schematic overview of the hierarchical tri-layered scaffold fabrication. 3D porous PCL
scaffolds were produced by melt-extrusion based in previously designed CAD models and used as
deep zone layer (A). Chondroitin sulfate was combined with the components of the HyStem hydrogel
kit (thiol-modified HA and thiol-reactive PEGSSDA cross-linker) to generate HyStem-CS hydrogel to
be used as the middle zone layer (B). Electrospinning was used to fabricate aligned PCL/Gelatin
nanofibers (superficial zone layer). To produce the cell-scaffold constructs, h(BMSC were firstly seeded
on 3D porous PCL scaffolds and PCL/Gelatin nanofibers and incubated without media to promote
initial cell attachment. Meanwhile, hBMSC were encapsulated in HyStem-CS hydrogels. Before full
gelation, the hydrogel middle layer was placed on top of the deep zone layer and afterwards, the cell-
seeded aligned nanofibrous scaffold was placed on the top of the middle zone layer generating the
whole hierarchical scaffold structure (D). To better mimic the in vivo articular tissue, hBMSC were
seeded/encapsulated according to a 3:2:1 cell density ratio previously described for
superficial:middle:deep zones (E) (Hunziker et al., 2002; Ren et al., 2016).
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SEM analysis shows the fabricated PCL/Gelatin aligned nanofibers with an average fiber
diameter of 531 + 159 nm (Figure VII1.2). Therefore, the electrospun scaffolds produced were

promising for CTE strategies and for use as the superficial layer of the hierarchical scaffold

due to their ability to mimic the alignment and nanoscale features of the native articular
cartilage ECM.

PCL/Gelatin aligned nanofibers

531 £ 159 nm

0 200 400 600 800 1000 1200 1400 1600 1800

Fiber diameter (nm)

Figure VIIl.2. SEM micrograph (A) and fiber diameter distributions (B) for the aligned PCL/Gelatin
electrospun nanofibers fabricated to be used as superficial zone layer of the hierarchical tri-layered
scaffold. Results are presented as mean + SD (n=100 individual fibers). Scale bar: 10 ym.

Before the in vitro cell culture experiments, we assessed the procedure to fabricate and
assemble the hierarchical tri-layered scaffold. Therefore, we produced acellular hierarchical
scaffolds as shown in Figure VIII.3 D. We observed that, by placing the hydrogel layer (ML)
on the top of the 3D PCL porous scaffold (DL) at the right gelation time, the gel was able to
integrate with the scaffold pores and form stable bilayer hydrogel-scaffolds (Figure VIII.3 C).
Afterwards, a mat of aligned PCL/Gelatin nanofibers (SL) was cut to meet the dimensions of
the scaffold and placed on top of the hydrogel layer.

The structure of the assembled hierarchical scaffold was observed by SEM analysis.
Figure VIII.4 presents a tilted top view and a side view of the hierarchical scaffold with the

respective individual layers identified.
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Figure VIII.3. Hierarchical scaffold assembly. The native structure of articular cartilage (A, adapted
from Atesok et al 2016) was replicated in vitro by a tri-layered hierarchical scaffold (B) consisting in a
3D porous PCL scaffold layer mimicking the deep/calcified zone (DL); a GAG-based hydrogel as the
middle zone layer (ML) and aligned PCL/Gelatin nanofibers to mimic the superficial/tangential zone
(SL). Photographic images of the hydrogel-PCL bilayer construct (C) and of the whole tri-layered
hierarchical scaffold (D).

extrudeJ \porous
_PCL scaffeld

HyStem-CS
hydrogel

F3Diextrude@ porous
P,.CLS ffqld' -

Figure VIIl.4. SEM micrographic images (tilted top view on the left and lateral view on the right) of the
whole tri-layered hierarchical scaffold with the respective individual layers identified. Scale bars are
depicted in the images.
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VIII.3.2. Evaluation of hBMSC chondrogenic differentiation on the hierarchical tri-

layered scaffold and respective individual layers

The biological performance of the hierarchical scaffolds was assessed in comparison with
the individual scaffold layers seeded with equal numbers of hBMSC. Thus, cell metabolic
activity (Alamar Blue assay), sulfated GAG production (DMMB assay) and gene expression
(RT-gPCR analysis) were evaluated. A cell density ratio of 3:2:1 for superficial:middle:deep
layer was adopted during the production of the hBMSC-laden hierarchical constructs and all
the cultures were performed under hypoxic conditions (5% O;) to better mimic the in vivo
articular cartilage niche.

The hierarchical scaffolds maintained a nearly intact structure during the 21 days of
chondrogenic differentiation (Figure VIII.5 A). All the different scaffold conditions (hierarchical
and individual layers) showed the presence of metabolically active hBMSC throughout the 21
days culture period. Nevertheless, higher cell metabolic activities were observed for the
hierarchical scaffold and PCL/Gelatin aligned nanofibers (SL) (Figure VIII.5 B). At the end of
the experiment (day 21), amounts of sulfated GAG produced were 16.04 + 0.17 ug/scaffold,
11.18 £ 0.38 pg/scaffold, 17.12 + 0.17 ug/scaffold and 19.66 + 3.55 ug/scaffold for the deep
layer, middle layer, superficial layer and hierarchical scaffold, respectively (Figure VIII.5 C).

After 21 days of hBMSC chondrogenic differentiation, RT-gPCR analysis was performed
in all the final tissue constructs to evaluate the expression of the chondrogenic markers
COL2A1 (Figure VIII.6 A), Sox9 (Figure VIII.6 C), ACAN (Figure VIII.6 D) and PRG4 (Figure
VII.6 E) as well as the expression of the hypertrophic marker COL710A1 (Figure VIII.6 B).
The hierarchical scaffold showed upregulation of all chondrogenic markers in comparison to
the control and increased ACAN expression levels when compared to all the individual layer
scaffolds. Additionally, all the individual layers showed upregulation of all chondrogenic
marker genes, with the exception of the HyStem-CS hydrogel (ML), in which Sox9 and ACAN
were downregulated. It is noteworthy that higher expressions of the hypertrophic marker
COL10A1 were detected in the PCL scaffold (DL) and in the hierarchical scaffold.
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Figure VIIL5. Evaluation of the hierarchical scaffold biological performance: Hierarchical scaffold
structure after 21 days of chondrogenic differentiation (A). Cell metabolic activity assessed by Alamar
Blue assay throughout culture (B) and sGAG production evaluated by DMMB assay at the end of the
experiment (C). Results are presented as mean + SD (n=3 for metabolic activity assay and n=2 for

GAG quantification assay).
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Figure VIII.6. Gene expression analysis (RT-gPCR) in the final hierarchical scaffold/individual layers
tissue constructs. Expressions of COL2A1 (A), COL10A1 (B), Sox9 (C), ACAN (D) and PRG4 (E)
were normalized to the GAPDH expression and calculated as a fold-change relative to the baseline
expression of the control sample (hBMSC at day 0). Results are presented as mean + SD (n=3).
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The final hierarchical scaffold tissue constructs were also assessed by
immunoflurescence analysis for the presence of the major cartilage components collagen Il
and aggrecan. After processing the hierarchical scaffold samples for immunofluorescence
staining, we were not able to obtain slices containing the three layers of the scaffold.
However, Figure VIII.7 shows immunofluorescence staining performed in slices containing
the middle and superficial layers. The hierarchical scaffold samples stained positively for the
presence of collagen Il and aggrecan. Moreover, it is possible to identify the presence of
collagen Il within the PCL/Gelatin aligned nanofibers (SL) of the hierarchical scaffold (Figure
VL7 A).

A B
Collagen II/DAPI Aggrecan/DAPI

Hydrogel-ML

-

Figure VIIL.7. Inmunofluorescence analysis to evaluate the presence of collagen Il (A) and aggrecan
(B) on the final hierarchical scaffold constructs (day 21) (B). The samples were counterstained with
DAPI. Scale bar: 50 ym.
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VIIl.4. Discussion

Despite significant advances in tissue engineering and regenerative medicine, obtaining
engineered cartilage tissues with native-like properties and long-term functionality remains
challenging. CTE strategies have encountered specific difficulties due to the complex
hierarchical and multizonal structure of articular cartilage, with depth-varying ECM
composition and organization, and consequently, depth-varying mechanical properties (Klein
et al., 2007). Therefore, current CTE strategies are focused on the fabrication of multilayered
and hierarchical scaffolds with structures and properties that mimic those found in the native
tissue.

Major developments introduced by additive manufacturing (AM) techniques have
significantly improved the control over the microarchitecture and mechanical properties of
CTE scaffolds (Guo et al., 2016; Melchels et al., 2012). However, one of the main limitations
of AM for CTE applications is its low resolution, making it impossible to fabricate scaffolds
mimicking the nanoscale collagen fibers present in the superficial zone of articular cartilage.
In contrast, conventional scaffold fabrication techniques lacking precision and reproducibility
(in comparison to AM), such as electrospinning, have the ability to provide nanotopographical
cues important for cell growth and differentiation. Therefore, combining AM tecnhologies
such as FDM/melt-extrusion or bioprinting with electrospinning have the potential to fabricate
hierarchical structures, with microscale/nanoscale features in a controlled manner, should be
advantageous to mimic the zonal specificities of articular cartilage ECM (Giannitelli et al.,
2015).

In the recent years, different CTE strategies have been developed aiming to produce
multi-layered engineered cartilage tissues with native-like structure and function.
Researchers have created multi-layered scaffolds or hydrogels by varying the biomaterial
content, by using different cell populations in each layer or by creating gradients of
biomolecules such as proteins and GAGs (Callahan et al., 2013; Chow et al., 2014; Correia
et al., 2015; McCullen et al., 2012; Ng et al., 2009; Nguyen et al., 2011b; Zhu et al., 2014).
The majority of these approaches have successfully created multilayered scaffolds with
zone-specific properties and cell responses. However, they usually are creating
compositional or mechanical gradients to induce the differentiation of cells towards the
different zones of articular cartilage and do not focus in reproducing the architectural features
of the native tissue in a single scaffold. In contrast, Steele et al followed a more structure-
mimicking approach by combining different scaffold fabrication techniques to produce a
bilayered 3D PCL scaffold composed by an aligned fiber zone to mimic the superficial zone
deposited into a bulk porous particulate-template scaffold to allow chondrocyte infiltration and
increased GAG production (Steele et al., 2014).

230



In the present study, we introduce a first concept for a novel ftri-layered hierarchical
scaffold aiming to provide a close mimicry of the native articular cartilage structure. Herein,
we combine 3D-extrusion, hydrogel synthesis and electrospinning to achieve different
micro/nano-scale topographies, compositions and mechanical support to meet the
specificities of each zone of articular cartilage tissue. Thus, the proposed hierarchical
scaffold consists in a 3D-extruded porous PCL scaffold as the deep zone layer, a GAG-
based hydrogel as the middle zone layer and electrospun PCL/Gelatin aligned nanofibers as
the superficial zone layer. PCL scaffolds were chosen to mimic the deep/calcified zone of
articular cartilage due to their good mechanical support and slow biodegradation, which is
important to match the slow regeneration of cartilage. In addition, 3D extruded PCL scaffolds
have been widely used in both cartilage and bone repair, suggesting that this material is a
good choice to place at the bone/cartilage interface (Chuenjitkuntaworn et al., 2016; Kim et
al., 2010; Puppi et al., 2010; Wiliams et al., 2005). As middle layer, we selected a
commercially available HA-based hydrogel (HyStem kit) that was previously used to promote
MSC chondrogenic differentiation (Aleksander-Konert et al., 2016). Since CS is the major
GAG found in adult cartilage, particularly in the middle zone, we added CS to the hydrogel
system to promote a closer mimicry of the native tissue biochemical composition (Knudson
and Knudson, 2001; Kuiper and Sharma, 2015). As the top layer of the hierarchical scaffold,
we used aligned PCL/Gelatin nanofibers to resemble the size and orientation of the collagen
fibers present in the superficial zone. Accordingly, He et al had previously shown the
potential of PCL/Gelatin nanofibrous membranes combined with MSC-chondrocyte co-
cultures for in vivo cartilage repair (He et al., 2015).

The great majority of the multi-layered scaffold CTE strategies use an equal number of
cells to seed the different layers, which is not what happens in cartilage in vivo. In fact,
previous studies have described a chondrocyte density gradient of 3:2:1 ratio for the
superficial:middle:deep zones of articular cartilage (Hunziker et al., 2002). Other important
feature of the in vivo articular cartilage niche is its hypoxic nature. Moreover, there is also a
gradient in O, tension between the different zones of articular cartilage, with reported values
of 6% O.in the superficial zone and 1% O.in the deep zone (Zhou et al., 2004). Considering
the abovementioned differences, the hierarchical scaffold ability to promote hBMSC
chondrogenic differentiation was evaluated in comparison with the individual layer scaffolds,
following a biomimetic cell density gradient and under hypoxic conditions (5% O5).

The hierarchical scaffolds produced were able to support hBMSC chondrogenic
differentiation, as suggested by preliminary experiments reporting increased sGAG amounts,
upregulation of chondrogenic marker genes and expression of cartilage-specific proteins.
Regarding gene expression, the different scaffold groups showed upregulation of

chondrogenic marker genes, with the exception of the HyStem-CS hydrogel. Indeed,

231



unexpectedly, the HyStem-CS hydrogel layer showed downregulation of Sox9 and ACAN
expressions. Nevertheless, this layer was the one with the highest COL2A1 expression and
with the lowest expression of COL70A1, indicating reduced hypertrophy compared to the
other groups. In fact, COL710A1 expression was increased in the PCL scaffold (DL), which is
consistent with the higher collagen X amounts reported for the deep zone of human articular
cartilage (Eyre and Wu, 1995; van der Kraan and van den Berg, 2012). In the hierarchical
scaffold, also composed of the PCL scaffold, COL710A1 was also upregulated in comparison
to the other layers. This increase might be related with the higher stiffness of the deep layer
scaffold in comparison to the other layers. Concordantly, Zhu and colleagues reported an
effect of hydrogel stiffness in promoting chondrocyte hypertrophy (Zhu et al., 2017).

Herein, we present the first proof of concept use of this hierarchical scaffold and,
therefore, some limitations of the current study need to be addressed in future research.
First, the preliminary results presented here need to be confirmed using other experimental
assays. Additionally, the mechanical properties of the final hierarchical scaffold tissue
constructs need to be evaluated and compared to those of native cartilage tissue.
Noteworthy, it is possible to tailor the mechanical properties of the whole hierarchical scaffold
by modulating the pore geometry and fiber organization of the deep layer PCL scaffold
(Olubamiji et al.,, 2016). Further immunohistochemical/histological assays should be
performed to assess if the appropriate ECM is being generated in the respective layers of the
hierarchical scaffold. In the current study, the assembly of the whole cell-laden hierarchical
scaffold was performed manually by a laborious and time-consuming process. Therefore,
future research should focus on the development of an integrated technology based on the
combination of AM-based extrusion, bioprinting and electrospinning enabling the continuous
production and assembly of the hierarchical tissue constructs in a more automated and
reproducible manner.

Despite the need for further developments, our results highlight the potential of
biomimetic hierarchical scaffold strategies for CTE focusing on the repair of full thickness
cartilage or osteochondral defects (Grade 11l or IV) or as more reliable 3D in vitro models for

disease modeling and drug screening.
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CHAPTER IX - FINAL REMARKS AND FUTURE DIRECTIONS

As a result of the growing aging population and, consequently, the increasing number of
cases of joint degenerative diseases such as osteoarthritis, there is an urgent need for new
tissue engineering approaches that can actually produce hyaline-like cartilage repaired
tissue. This would represent an improvement over the current surgical methods used that
often generate fibrocartilage, which compromises the functionality of the repaired tissue.

Despite the great number of research studies and the major developments that have
been made in the field of cartilage tissue engineering (CTE), an engineered cartilage tissue
with native-like structural and mechanical properties and with long-term functionality has not
yet been obtained, which has limited the clinical translation of these approaches. One major
issue in CTE has been an inability to reproduce the highly complex stratified structure of
articular cartilage tissue in vitro. Since tissue functionality is dictated by its zone-varying
structure and adequate microenvironment, recent approaches have been mainly focused on
mimicking the in vivo features of articular cartilage structure and niche to improve the quality
of the resulting engineered tissues.

In this thesis, based on what is currently known about the articular cartilage biochemical
composition, structure and in vivo microenvironment, we explored different CTE strategies
for the in vitro production of engineered cartilage tissues. We combined MSCs,
biodegradable scaffolds and specific “in vivo-like” chemical/physical/environmental stimuli to
enhance the chondrogenic potential of cells and, therefore, generate improved tissue
constructs.

The main findings and contributions arising from this PhD thesis work are summarized
below:

GAGs are a major component or articular cartilage and, therefore, are critical in the
evaluation of the quality of engineered tissues. However, very little information is available
about the GAG composition of cells, cell-derived ECM and engineered tissues relevant for
CTE applications. Thus, we proposed to use a highly selective and accurate LC-MS/MS
method to determine the GAG disaccharide composition of different types of decellularized
cell-derived ECM and their corresponding human cell sources (chondrocytes, hBMSC and
hSMSC) routinely used in CTE approaches. Significant differences in GAG composition and
disaccharide sulfation patterns were observed between the different cell-derived ECM
generated as well as between the different cell sources. We also observed the effects of the
decellularization method used on the relative GAG disaccharide composition. Furthermore,
we also used the same LC-MS/MS method to study the GAG remodeling during the
chondrogenic differentation of hBMSC and hSMSC under normoxic and hypoxic
environments. We observed that hBMSC and hSMSC were impacted differently by hypoxia
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in terms of chondrogenic gene expression and average GAG disaccharide composition.
Nevertheless, in terms of GAG composition and regardless the oxygen tension, all the final
MSC-based microtissues were primarily composed of CS, the predominant GAG in articular
cartilage, which is in agreement with the observed in chondrocyte-based microtissues.

Based on the native biochemical composition of articular cartilage and on the results
obtained from the LC-MS/MS analysis, we used CS and HA as culture medium additives to
provide additional chemical cues for the MSC (hBMSC and hSMSC) chondrogenic
differentiation in custom-made 3D porous PCL scaffolds. While previous studies have
reported a positive effect of CS and HA supplementation on BMSC chondrogenesis in
different culture systems (Chen et al., 2011; Christiansen-Weber et al., 2018; Schwartz et al.,
2011), to the best of our knowledge, this is the first report exploring the effects of GAG
supplementation using hSMSC. Indeed, we showed that GAG supplementation, particularly
with HA, promoted the chondrogenic differentiation of both hBMSC and hSMSC in PCL
scaffolds as suggested by increased sGAG production and elevated chondrogenic markers
expression. Nevertheless, differences were observed between the two MSC sources, namely
the suggestion of reduced tissue hypertrophy in hSMSC-derived engineered tissues, in
comparison to the ones generated using hBMSC.

Another contribution of this thesis was the development of a fully customizable perfusion
bioreactor platform capable of enhancing the chondrogenic differentiation of hBMSCs in PCL
scaffolds. We demonstrated the benefits of a perfusion culture since the final perfused
hBMSC-PCL constructs presented higher sGAG production, higher chondrogenic marker
genes expression, abundant cartilage-specific protein expression and reduced hypertrophy
comparing to non-perfused constructs. This study highlighted the potential of additive
manufacturing (AM) for developing fully personalized CTE strategies and more reliable in
vitro models.

In our final hierarchical scaffold concept, the 3D extruded PCL scaffold will target the
regeneration of the deep and calcified zones at the bone/cartilage interface. Thus, we
thought it would be interesting to evaluate the scaffold’s potential to promote MSC
osteogenic differentiation. We showed that the decoration of the PCL scaffold structure with
MSC-derived ECM is an efficient strategy to enhance its bioactivity and osteoinductive
properties as demonstrated by the improvements in cell proliferation and osteogenesis when
compared to pristine PCL scaffolds. The combination of AM technology for the fabrication of
scaffolds designed to perfectly fit the patient’'s bone defect with autologous cell-derived
ECM/cells have the potential to generate scaffolds with improved biological performance for
personalized bone tissue engineering strategies.

Within the scope of this thesis, we also fabricated and characterized KGN-loaded coaxial

aligned nanofibers addressing the regeneration of the superficial layer of articular cartilage. A
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coaxial configuration allowed a much more controlled KGN release than the monoaxial fibers
and both KGN-loaded scaffolds showed improved MSC chondrogenic differentiation. Our
results showed that the biological performance of electropsun scaffolds mimicking the
nanometer scale and alignment of native articular cartilage ECM can be improved through
the incorporation of the chondroinductive drug KGN, highlighting the potential of these
scaffolds for MSC-based CTE strategies, particularly, to repair defects in the articular
cartilage superficial zone.

Importantly, as final contribution, this thesis introduced the concept of using a hierarchical
tri-layered scaffold to mimic the multi-zonal stratified structure of articular cartilage with zone-
dependent cell density and phenotype, ECM composition and mechanical properties. While
further characterization studies of the hierarchical scaffold and the resultant engineered
tissues are needed, our results suggest the ability of the scaffold to support MSC
chondrogenic differentiation. Upon appropriate modifications and testing, this hierarchical tri-
layered scaffold could represent a promising approach for the regeneration of full-thickness
cartilage defects and be used as a reliable in vitro model for disease modeling and drug

screening.

Limitations of the study and possible future directions:

During the timeframe of this PhD thesis, several new questions were raised and study
limitations could be identified as opportunities for future research. Thus, in the following
paragraphs, we summarize some of the limitations/open questions that remain to be

addressed and suggest possible future research lines:

* We provided a GAG and disaccharide compositional analysis for the different cell-
derived ECM produced and respective cell sources. Moreover, the cell-derived
matrices produced were also assessed qualitatively in terms of their structure (SEM)
and for the presence of most common ECM proteins (collagen I, fibronectin and
laminin). Due to the highly complex combination of macromolecules present in ECM,
it is likely that we have missed relevant information about other ECM components
that could vary between the different cell-derived ECM studied. Further studies
should include the compositional GAG analysis of other cell types. We believe that
this analysis should be complemented with proteomic tools to provide a more
comprehensive and complete characterization of the cell-derived ECM matrisome.
Efforts are also needed to provide information about the complete ECM composition
of healthy/diseased tissues as well as of cell-derived matrices, with the purpose of

identifying possible new biomarkers for diagnosis and as a guide for designing the
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next generation ECM-biomimetic scaffolds for tissue engineering applications (Naba
et al., 2016; Ragelle et al., 2017).

In this thesis, we studied GAG remodeling during the differentiation of hBMSC and
hSMSC towards cartilage under different oxygen tension culturing conditions (21% O,
and 5% O,). Although we used undifferentiated and differentiated chondrocytes
(under the same conditions) as controls, the inclusion of a human articular cartilage
sample as a final control in the analysis would be helpful for evaluating the MSC-
based cartilage microtissues produced. In addition, we believe that complementing
the LC-MS/MS approach with a transcriptomic analysis of the cartilage microtissues
generated would provide important information not only about how oxygen tension
affects the regulation of chondrogenic genes, but also how it affects the expression of

genes involved in the biosynthesis of specific GAG types.

Besides expanding the analysis to other cell sources able to generate chondrogenic-
like tissues (e.g., adipose stem/stromal cells, induced pluripotent stem cells (iPSC),
periosteum-derived cells), another future direction of this work could be the use of our
LC-MS/MS method to analyze differences in the GAG and disaccharide composition
between healthy and diseased cartilage tissues (e.g., affected with OA) as well as
from cells (chondrocytes, MSC / iPSC) isolated/derived from these tissues. The
identified differences may provide insightful information about OA disease
mechanism, which remains poorly understood. Furthermore, it would be also
interesting to apply this method to evaluate the GAG composition of scaffold-based
engineered cartilage tissues, however, an optimization of protocols for GAG isolation

and purification might be required.

GAG (CS and HA) supplementation as culture medium additives enhanced the
chondrogenic differentiation of both hBMSC and hSMSC in 3D porous PCL scaffolds.
However, our studies were performed considering just a single concentration for each
GAG type (based in physiological values reported for cartilage and synovial fluid in
human knee) and the synergistic effect of HA and CS was not evaluated. Therefore,
further studies optimizing HA and CS concentrations to achieve higher MSC
chondrogenic potential are needed. Studies on the evaluation of the synergistic effect
of GAGs in comparison to single GAG supplementation also need to be considered.
In addition, as proposed by Wu and colleagues, GAG supplementation strategies
(mainly with high MW HA) can be further explored to prepare non-Newtonian culture

medium that can recreate better the biochemistry and biomechanics of the synovial
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fluid and possibly, provide a improved environment for the development of
engineered cartilage tissue (Wu et al., 2017). It is also important to note that only one
form of CS was studied in this thesis. There are multiple forms of CS and the impact

of CS composition and possible CS sequence will eventually need to be considered.

The extruded perfusion bioreactor developed in this thesis allows the study of the
effect of fluid-induced shear stress stimuli on the hBMSC chondrogenesis in PCL
scaffolds. However, the actual values of shear stress experienced by the tissue
constructs were not predicted and further computational modeling studies are
required to provide such information. Moreover, all the in vitro culture experiments
were performed at a single flow rate. Thus, a study varying flow rate stimulation
values should be performed to determine the ideal bioreactor operating conditions
required to maximize the chondrogenic potential of hBMSC. Additionally, as articular
cartilage motion consists of a combination of compressive, tensile and shear
deformations, future research should focus on the development of novel AM-based
bioreactors enabling the simultaneous and controlled application of multiple
mechanical stimuli to enhance the quality and functionality of the engineered cartilage

tissues.

Another future direction for this work could be exploring the use of MSC-derived ECM
decorated scaffolds for CTE applications (similar to chapter VI). Due to their
chondrogenic potential and because they are joint native cells, hSMSC or
chondrocytes could also be used to produce the cell-derived ECM on the surface of
the scaffolds. Moreover, other scaffold configurations with cell-derived ECM to
promote the MSC chondrogenic differentiation could be considered, such as cell
derived ECM-loaded electrospun fibers (Carvalho et al., 2019) or hydrogels

incorporating cell-derived ECM particles.

Aiming to mimic the size and alignment of ECM fibers present in the superficial zone
of articular cartilage, we developed coaxial PGS/PCL aligned nanofibers able to allow
the controlled release of the chondroinductive drug KGN. We demonstrated that
these scaffolds were able to promote hBMSC chondrogenic differentiation in the
absence of TGF-B3-supplemented medium. However, a comparison with KGN
supplemented in the culture medium as well as the evaluation of possible positive
synergistic effects of TGF-B3 and KGN released from the nanofibers was not

assessed and should be addressed in future studies. Additionally, a deeper

243



understanding of the relation between scaffold biodegradation, KGN release kinetics

and tissue formation should be pursued.

With the objective of mimicking in vitro the stratified multi-zonal architecture of
articular cartilage, we introduced a novel concept for a hierarchical tri-layered scaffold
and showed its ability to support hBMSC chondrogenic differentiation. Nevertheless,
more characterization experiments are required to evaluate the full potential of the
scaffold, namely, the assessment of the mechanical properties of the final engineered
cartilage tissue and further immunofluorescence/histological assays to evaluate if the
proper zone specific-ECM is being produced in the respective layer of the hierarchical
scaffold. In this initial proof of concept study, the assembly of the different layers into
a whole hierarchical scaffold was performed manually in a laborious process.
Therefore, future research should work towards the development of new integrated
AM equipment capable of producing and assembling the different layers of the
hierarchical scaffold in a fast, sterile and reproducible manner. One possibility could
be a system combining extrusion for the production of deep zone layer PCL scaffolds;
stereolithography allowing for the encapsulation of cells and subsequent
polymerization in a GAG-based hydrogel (middle zone layer); electrospinning
apparatus to produce aligned nanofibers (superficial zone layer) and a bioprinting
system for seeding cells in the deep zone layer and superficial zone layer scaffolds.
While many technological hurdles will probably arise before such system could be
used, we believe the ongoing developments in the field of additive biomanufacturing
will make sucess possible in a relatively short timeframe. In fact, the successful
combination of different AM-based approaches has been reported (Giannitelli et al.,
2015; Lee et al.,, 2016). Furthermore, based on our findings in this thesis, the
biological performance of the hierarchical tri-layered scaffold could be improved. For
example, a second generation of the hierarchical scaffold could be comprised by
MSC-derived ECM decorated PCL scaffolds for the deep zone layer and aligned
coaxial PGS-KGN/PCL nanofibers as superficial zone layer. For a more complete in
vitro mimicry of the native articular cartilage structure and microenvironment, the
hierarchical scaffold could be combined with an AM-based bioreactor able to provide
different mechanical stimuli to recreate articular motion stresses and with GAG-
supplemented medium simulating the biochemical signaling and viscosity of the
synovial fluid. As future lines of research, other cell sources (e.g. hSMSC or
chondrocytes) can also be tested with this system and the use of iPSC-derived from

arthritic tissues can be exploited to generate more reliable in vitro disease models.
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Throughout this thesis, some hypertrophy in the final hBMSC-based engineered
cartilage tissues was suggested by the upregulation of COLX gene. Indeed, the
tendency of MSC to undergo hypertrophic differentiation has also been reported by
other groups (Mueller and Tuan, 2008; Somoza et al., 2014). Possible strategies that
are being adopted to prevent the formation of engineered hypertrophic cartilage
tissue include the use of articular cartilage-derived progenitor cells (Levato et al.,
2017) or co-culture systems of MSC and articular chondrocytes (Bian et al., 2011;
Fischer et al., 2010). Thus, possible future work might include testing these cells and
co-cultures in our scaffold-based approaches. Additionally, as this thesis focused
mainly on the in vitro fabrication of engineered cartilage tissues, in vivo studies were
not performed. However, we understand that in vivo animal testing of the scaffold-
based engineered cartilage tissues produced should be considered in the future to
assess their potential to repair cartilage defects as well as possible inflammatory

responses.
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APPENDIX - Effects of different fiber alignments and bioactive coatings on
mesenchymal stem/stromal cell adhesion and proliferation in poly (e-caprolactone)

scaffolds towards cartilage repair

Throughout this thesis, we used 3D extruded PCL scaffolds as a support platform to
induce MSC chondrogenic (Chapters IV and VIII) and osteogenic (Chapter VI) differentiation.
Herein, we provide a preliminary study of the effects of scaffold fiber alignment and of the

use bioadhesive coatings on MSC adhesion and proliferation in PCL scaffolds.

Outline

In this work, 3D biodegradable PCL scaffolds with high porosity and interconnectivity
were produced by extrusion and characterized in terms of their structural and mechanical
properties. The effects of scaffold fiber alignment (0-45° and 0-90°) and of different adhesive
coatings (Fibronectin, Gelatin and commercially available CellStart™) on hBMSCs adhesion,
migration and proliferation were evaluated using AlamarBlue™ assay. Fibronectin and
CellStart™ coated PCL scaffolds presented an improvement in cell adhesion of approximately
2-fold relatively to the non-treated scaffolds, independently of fiber alignment. In overall, all
the conditions studied promoted hBMSCs growth and migration on the fabricated PCL
scaffolds, without affecting their chondrogenic differentiation and extracellular matrix

deposition.

A.1. Introduction

As a result of the lack of effective treatments for cartilage lesions caused by trauma or by
the action of degenerative diseases such as osteoarthritis and rheumatoid arthritis, Tissue
Engineering (TE) strategies combining cells and biomaterial scaffolds, are gaining notoriety
as they carry the promise of generating mature and functional tissue with appropriate
structure and mechanical properties (Vinatier et al., 2009). In terms of cell source, stem cells,
particularly MSC have been widely used in cartilage TE strategies (Tan et al., 2017; Fellows
etal., 2016).

The emergence of Additive Manufacturing (AM) techniques, such as fused deposition
modeling (FDM)/melt extrusion, a technique used in this work, was quite important to foster
many successful developments in regenerative medicine field, particularly for cartilage TE.
AM techniques offered the possibility of producing tailor-made scaffolds in a rapid and

controlled manner with the desired size, shape and architecture to completely fit in the

251



patient's defect site (Melchels et al., 2012). The application of AM techniques to TE
approaches mainly consists in acquiring data of the anatomical structure that needs repair to
generate a 3D CAD model of both the anatomical structure and of the biomaterial scaffold
designed to be placed in patient’s defect site. Then, the scaffold is manufactured and seeded
with cells, and afterwards implanted into the patient to promote tissue regeneration (Mota et
al., 2015). FDM or melt extrusion is a commercially available AM technique, in which thin
thermoplastic filaments or granules are melted by heating and guided by a robotic device
with computer-controlled motion, to generate the 3D object. In this process, the material
leaves the extruder in a hot liquid form and solidifies immediately upon cooling on the top of
the previously formed layer. Therefore, each layer works as substrate for the next layer and
must be maintained at a temperature just below the solidification point of the thermoplastic
material to assure good interlayer adhesion (Melchels et al., 2012; Murphy et al., 2014). AM
technologies often use synthetic polymeric materials, such as PCL, which was used in this
study. PCL is a linear aliphatic polyester with a low melting point (=60°C) and a high thermal
stability over 350°C (Domingos et al., 2012). Therefore, this thermoplastic polymer is easy to
process, chemically versatile and structurally stable, reasons that make PCL a suitable
material for the manufacturing of 3D TE scaffolds with a highly interconnected pore network.
Additionally, PCL is also a biodegradable and biocompatible material, previously approved
by the FDA for the production of in vivo medical and drug carrier devices (Domingos et al.,
2012; van Uden et al., 2015).

Cell adhesion to the biomaterial scaffold structure is the initial requirement for any TE
strategy (Camarero-Espinosa et al., 2016). However, as AM techniques usually employ the
use of synthetic materials lacking bioadhesive sites, lower cell attachments may occur and
compromise the success of the procedure. Several approaches have been used to enhance
cell adhesion to PCL scaffolds, including changing scaffold porosity (Salerno et al., 2016)
and pore size (Phipps et al., 2012; Moura et al., 2015), controlling fiber orientation (Chang et
al.,, 2013) and using surface modification approaches such as coating the scaffold structure
with extracellular matrix (ECM) molecules containing cell-binding motifs (Guariano et al.,
2011; Yeo et al., 2012; Chen et al., 2014). In contrast, chondrogenic differentiation requires
MSC condensation, which can be inhibit by materials that promote too much cell stretching
upon their adhesion to scaffolds, implying that a compromise between cell adhesion and
condensation is required for TE cartilage repair strategies (Ng et al., 2017).

The objective of this work was to study the effect of different PCL scaffold fiber
alignments (0-45°/0-90°) and of different standard cell culture bioadhesive coatings in
promoting hBMSC adhesion and proliferation towards the development of an optimized and

integrated TE strategy for cartilage regeneration.
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A.2. Materials & Methods
A.2.1. PCL scaffold fabrication and characterization

PCL (MW 50.000 Da, Sigma-Aldrich) scaffolds with both fiber orientations (0-45° and 0-
90°) were produced by FDM using a Bioextruder machine as previously described (Moura et
al., 2015; Silva et al., 2016). The scaffolds were then structurally characterized by scanning
electron microscopy (SEM, Hitachi model S2400) and by micro-computed tomography
analysis (U-CT, Scansky 1174v2, Brucker version 1.1). For SEM analysis, scaffold samples
were coated with a 45 nm gold/palladium layer using a sputter coater (Quorum Technologies
model E5100). PCL scaffolds of both architectures with dimensions 5 mm x 5 mm x 3 mm
were also assessed in terms of their mechanical properties under compressive testing using
an Instron (model 5544) machine equipped with a 2 kN load cell and a 50 mm diameter
cylindrical compression plate and operating with an extension rate of 1 mm/min. For each
scaffold configuration, 5 scaffold samples were tested. The results of the tests were then
analyzed using the Bluehill® 3 software. The Young’s/compressive modulus of elasticity was
calculated by the slope of the initial linear region of the stress-strain curve, in which the
compressive stress is defined as the compressive load per unit area of the minimal original
cross section carried by the test specimen at any given moment and the compressive strain

corresponds to the change in length per unit of original length along the longitudinal axis.
A.2.3. PCL scaffold coating and wettability/contact angle assessment

PCL scaffolds of both configurations were firstly sterilized (12 h UV treatment and ethanol
70% (v/v, Merck) washing) and then submitted to the different surface modification protocols
by completely submersing the samples in the respective adhesive coating solutions: (i)
human-derived Fibronectin 5 pg/mL (Sigma-Aldrich) solution in Phosphate buffered saline
(PBS, Gibco) for 1 h at 37°C; (ii) Gelatin 0.2% w/v (Sigma-Aldrich) solution in PBS for 1 h at
37°C; and (iii) CellStart™ 1:200 diluted (Life Technologies) solution in PBS for 1 h at 37°C).
The scaffold samples were coated right before the cell culture studies or otherwise
maintained at 4°C until usage. Wettability was measured by the contact angle, which is
defined by the intersection of the liquid-solid interface. When the contact angle is lower than
90° the material is considered hydrophilic while above 90° is hydrophobic. To study the effect
of the different surface coatings on PCL’s wettability, flms were produced by dissolving PCL
in chloroform (Merck) and by promoting solvent evaporation overnight inside a chemical flow
hood. Afterwards, PCL films were treated with the different coating solutions and the contact
angle was measured using a DSA25B goniometer (Kriss) at 2 different time points (t = 0 sec

and t = 30 sec). For that, a sessile drop of distilled water was added on the top of the films
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and the results were analyzed using the software Drop Shape Analysis 4 version 2.1. For

each condition, 5 measurements were performed.
A.2.3. hBMSC seeding and culture on PCL scaffolds

For the in vitro cell culture studies, 6x10* hBMSCs (passage 5) were seeded on the top
of each sterile and coated PCL scaffold, which were previously placed in a 24-well ultra-low
attachment plate (VWR). Cells were left to incubate at 37°C/5% CO, for 90 min in order to
promote initial cell adhesion. Afterwards, culture medium was added to completely immerse
the scaffold. These cultures were composed by 2 stages: an expansion phase during the first
2 weeks followed by a chondrogenic differentiation phase for 3 weeks. During the expansion
stage, scaffolds were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco) with
10% fetal bovine serum (FBS, Life Technologies), and 1% antibiotic-antimycotic (Anti-Anti,
Gibco) solution, while during chondrogenesis, scaffold samples were cultured using the
StemPro Chondrogenesis Differentiation kit (Gibco) and 1% anti-anti solution. Throughout all
the experiment, medium was fully replaced each 3-4 days and all samples were cultured
inside an incubator under hypoxic conditions (37°C/5% CO, and 5% O,) to promote MSC

chondrogenic differentiation.
A.2.4. Evaluation of hBMSCs adhesion, proliferation and chondrogenic differentiation

Cell adhesion (Day 1 after seeding) and cell proliferation (Days 1, 7, 14, 21, 28 and 35)
were assessed using the AlamarBlue™ indirect cell quantification assay (AB, Invitrogen),
following the manufacturer’s guidelines. Briefly, scaffold samples were incubated 2.5 h in an
AB solution (1:10 v/v diluted in culture media), and afterwards, the fluorescence intensity was
measured in a multiplate fluorometer (Infinite 200 PRO, TECAN) with an excitation
wavelength of 560 nm and an emission wavelength of 590 nm. Cell quantification is reported
as equivalent cell numbers, which were estimated through correlation between 590 nm light
absorbance fluorescence intensity values with counted cells cultivated in standard tissue
culture polystyrene well plates (BD falcon). Note that cell proliferation during the first day of
culture could also contribute to report “cell adhesion” percentages, considering that the
population doubling time for MSC was observed to occur at values higher than 24 h (Baksh
et al., 2007).

At the end of the experiment (Day 35), PCL scaffolds were dehydrated using an ethanol
gradient solution treatment (20%/40%/60%/90% and 96% v/v for 30 min each) and analyzed
by SEM as described above. Additionally, the chondrogenic differentiation of hBMSCs in the
different conditions was assessed by Alcian Blue (Sigma-Aldrich) staining, which labels

sulfated glycosaminoglycans (sGAG). For that, samples were washed once with PBS, fixed
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with 2% PFA for 20 min and incubated with a 1% Alcian Blue solution (in 0.1N HCI) for 1 h.
Afterwards, scaffolds were rinsed twice with PBS, washed once with distilled water and
observed under a light microscope (LEICA® DMI3000B).

A.2.5. Statistical analysis

Data are presented as mean * standard deviation (SD). The statistical analysis was
performed using the analytical features of GraphPad Prism 7. Statistical significant
differences between two independent sets of samples (conditions) were assessed by an
unpaired t-test, in which p-value represents the probability that the null hypothesis is true, in
the particular case the null hypothesis is the values compared to be similar to each other,
considering that measured values follow a Gaussian distribution. Statistically significant
values were considered for p-value < 0.05 (*p <0.05, **p <0.01 and ***p <0.001). For the cell
culture studies, triplicates of each condition were used (same donor). In the mechanical

testing and contact angle measurements, 5 samples of each condition were used.
A.3. Results & Discussion

PCL scaffolds (Figure A.1-A) with different fiber alignments (0-45° and 0-90°) were
fabricated by extrusion and their structure was characterized by SEM (Figure A.1-B) and by
p-CT (Figure A.1-C). Using u-CT analysis, important scaffold features such as porosity,
interconnectivity and surface area to volume ratio were estimated (Table A.1). Both scaffold
configurations presented high interconnectivities, which is of great importance for efficient

nutrient supply and waste removal in a TE strategy.

Table A.1. Properties of PCL scaffolds estimated by p-CT analysis.

Scaffold features 0-45° 0-90°
Porosity (%) 524 56.6

Surface area to volume ratio (mm™) 227 21.2
Interconnectivity (%) 98.8 99.7
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0-45° 0-90°

Figure A.1. Characterization of PCL scaffolds fabricated with different fiber orientations (0-45° and 0-
90°). Gross view of the scaffolds (A). SEM (B) and 3D reconstructed y-CT images (C) of scaffolds with
different fiber alignments. Scale bars are depicted in the image.

The manufactured scaffolds were also characterized in terms of their mechanical
properties (Young’s compressive modulus) under compressive testing in the apparatus
shown in Figure A.2-A. As represented in Figure A.2-B, PCL scaffolds with 0-45° angle
between fibers present slightly higher compressive modulus (35 + 3 MPa) compared to 0-90°

PCL scaffolds (30 £ 1 MPa), which may be explained by their lower porosity.
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Figure A.2. Compressive mechanical testing of PCL scaffolds with different fiber alignments (0-45°/0-
90°): experimental apparatus (A) and compressive modulus (B); n=5; ** p<0.01.
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The effect of the different surface coatings on PCL material wettability was studied by
measuring the water contact angle in PCL films (Figure A.3). The untreated PCL films
presented a contact angle superior to 90°, which corresponds to a hydrophobic behaviour as
previously reported in the literature (Ku et al., 2010). After treatment with the different
bioadhesive coatings, all the conditions promoted a decrease in the contact angle for values
lower than 90°, making the scaffold surface hydrophilic, which may lead to higher cell
adhesions. Such effect was significantly more evident when Fibronectin and CellStart™

coatings were used.
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Figure A.3. Contact angle values for the different surface coatings studied in PCL films; n=5; *p<0.05,
**p<0.01, ***p<0.001 relative to untreated PCL.

The percentage of hBMSCs adhesion (Figure A.4) to both PCL scaffold configurations
treated with the different surface coatings was evaluated at day 1 by calculating the ratio
between the number of viable equivalent cells in the scaffold (estimated indirectly using the
AlamarBlue™ assay) and the number of cells seeded at the beginning of the experiment.
Fibronectin and CellStart™ treatments promoted a statistically significant improvement in cell
adhesion of approximately 2-fold relatively to the untreated PCL samples for both fiber
alignments. However, when the Gelatin coating was used no significant improvement was
noticed. These findings are coherent with the results shown in Figure A.4, as lower contact
angles (more hydrophilic material) often correspond to higher cell adhesions. Moreover, no
significant differences in cell adhesion were observed between scaffolds with different fiber

alignments submitted to the same coating protocol.
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Figure A.4. hBMSCs adhesion to PCL scaffolds treated with different surface coatings; n=3; **
p<0.01, relative to untreated PCL (0-90°) and # p<0.05 relative to untreated PCL (0-45°).

Concerning the cell proliferation studies (Figure A.5), all the conditions tested supported
hBMSC growth throughout the culture period. In the case of the 0-45° PCL scaffolds (Figure
A.5-A), no relevant differences were observed in the final cell numbers for the different
surface coatings tested. Regarding the 0-90° PCL scaffolds (Figure A.5-B), Fibronectin
coated samples presented a noticeable higher final number of cells per scaffold compared to
the remaining conditions. As it is possible to observe in Figure A.4 and Figure A.5, higher
initial cell adhesions did not result necessarily in higher final equivalent cell numbers at the
end of the culture. An explanation for this may be related with the long culture period
employed in this work (35 days), in which the hBMSC were capable of recover from lower
cell attachments and proliferate to populate the whole scaffold structure. However, for shorter
ex vivo culture periods, a high initial cell adhesion to the scaffold structure might be crucial

for the success of the TE strategy.
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Figure A.5. hBMSC equivalent numbers (Alamar Blue assay) throughout 5 weeks of culture
(expansion during the first 2 weeks followed by chondrogenic differentiation for 3 weeks) in 0-45° (A)
and 0-90° (B) PCL scaffolds treated with different adhesive surface coatings; n=3.

At the end of the experiment, all h(BMSC-PCL constructs were imaged by SEM (Figure
A.6) and assessed for chondrogenic differentiation using the Alcian Blue staining protocol
(Figure A.7). As it is possible to observe in Figure A.7, all the conditions stained positive for
sGAG, major components of cartilage tissue. Further studies including RT-qPCR analysis of
chondrogenic gene markers and histological/immunohistochemistry assessment of the final
tissue-constructs will be required for a more complete evaluation of the effects of the scaffold

fiber alignments and surface adhesive coatings studied on MSC chondrogenic potential.
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Non-treated PCL Fibronectin coated PCL Gelatin coated PCL CellStart™ coated PCL

PCL 0-45°

PCL 0-90°

Figure A.6. SEM analysis (at the end of the experiment) of hBMSC-PCL tissue constructs obtained
with the different scaffold fiber orientations and adhesive surface coatings. Scale bars: 500 ym.

Non-treated PCL Fibronectin coated PCL Gelatin coated PCL CellStart™ coated PCL

PCL 0-45°

PCL 0-90°

Figure A.7. Alcian Blue staining (at the end of the experiment) identifying the presence of sGAG in the
hBMSC-PCL tissue constructs obtained with the different scaffold fiber orientations and adhesive
surface coatings. Scale bars: 100 pm.

In conclusion, 3D highly interconnected PCL scaffolds with two different fiber alignments
(0-45° and 0-90°) were successfully fabricated and characterized in terms of their structural
and mechanical properties. With the objective of enhancing hBMSC adhesion to the
produced PCL scaffolds, three different standard coatings containing adhesive
proteins/motifs were tested. Cell adhesion to PCL scaffolds was increased by approximately
2-fold relatively to the untreated condition by using Fibronectin and CELLstart" coating
protocols, independently of the scaffold architecture. These results seemed to be correlated
with the ones obtained after contact angle assessment of the coated and untreated PCL
material, as more hydrophilic samples (lower contact angle) correspond to higher cell

adhesions in the in vitro culture studies. However, such correlation between improved
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adhesion and lower contact angle was not observed for gelatin coating suggesting that
specificity of the biological motives also play a role in mediating cell adhesion. Despite the
differences observed in the initial cell adhesion, all the conditions tested supported hBMSC

proliferation, migration and chondrogenic differentiation.
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