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ABSTRACT

Critical size bone defects and other musculoskeletal injuries due to illness or
trauma continue to contribute to increasing health care costs in connection to the
growth of the aging population and obesity related complications in the
industrialized countries. Tissue engineering with stem cells, biomaterials, and
soluble factors offers feasible solutions to ease the growing need for suitable
musculoskeletal implants with the promise of stem cell therapies to remedy failure
or lack of tissue function. Adult stem cells, such as multipotent mesenchymal
stem cells of adipose tissue, are easily available and abundant stem cells. Human
adipose stem cells (hASCs) have the potential to differentiate towards besides
adipogenic, also osteogenic, tenogenic, chondrogenic, and myogenic lineages in
specific conditions. Critical size bone defects of maxillofacial area have already
been treated by combining hASCs with biomaterials and growth factors. A tissue
specific functional biomaterial supporting structure, a scaffold, offers physical
support and guides stem cell growth, development, and differentiation in
combination with the chemical induction provided by specific soluble factors of
cell culture media. In particular, the composite biomaterial scaffolds offer an
attractive alternative in order to harness the combined feasible properties of the
different components. Moreover, the three-dimensional (3D) scaffold offers the

differentiating stem cells a microenvironment mimicking the natural.

The aim of this thesis was to investigate novel 7z vitro musculoskeletal
applications combining hASCs with suitable biomaterials and soluble factors for
bone and tendon tissue engineering and vascularized bone construct applications.
Firstly, tenogenic medium (TM) was optimized to support tenogenic
differentiation of hASCs and used to induce formation of tendon-like matrix on
mechanically suitable braided 3D polymer scaffolds. Secondly, 3D hydrogels
supportive of hASC osteogenic differentiation were tested in combination with
bioactive glass (BaG) extract based osteogenic medium (BaG OM) with support
from evolving hydrogel mechanical properties. Thirdly, concomitant matrix
mineralization and microvascularization formation were investigated in
composite 3D hydrogels with hASC and human umbilical vein endothelial cell
(HUVEC) coculture by comparing BaG extract based endothelial-osteogenic



medium (BaG EM-OM) and endothelial cell growth medium-2 (EGM-2)
together with assessing the effect of osteogenic preconditioning of hASCs.

The results showed that the optimized TM with both growth and
differentiation factor-5 and L-ascorbic acid together with the support of 3D
braided poly(L./D) lactide (PLA) 96L/4D copolymer filament scaffolds
significantly enhanced tendon-like matrix production of hASCs compared to
other tested media groups or different 3D scaffold structure. The combined
optimized chemical support of TM and 3D mechanical support of PLA 96/4
were shown essential for efficient and fast tendon-like matrix formation by

hASCs.

In 3D hydrogels, robust hASC osteogenic differentiation and mineralization
with BaG OM without any added growth factors was reported. Natural polymers
collagen type I (COL) and gellan gum (GG) hydrogels were compared for hASC
osteogenic induction for minimally invasive bone tissue engineering applications.
In addition, ionic crosslinking of GG with the BaG extract was tested and was
found to significantly increase mineralization even in the control condition of
regular osteogenic medium. While both the hydrogels elicited strong hASC
mineralization, hASCs embedded in COL with the BaG OM induction showed
significantly higher gene expression of osteogenic marker genes, and also strong
immunocytochemical staining of late osteogenic marker osteocalcin (OCN) was
observed, thus confirming efficacious hASC osteogenic differentiation in zz vitro
3D hydrogel culture mimicking physiological conditions.

In 3D GG-COL composite hydrogels in hASC-HUVEC coculture, both
BaG EM-OM and EGM-2 media supported osteogenic as well as endothelial
marker gene expression. Whereas hydroxyapatite mineralization and strong OCN
staining were detected in the BaG EM-OM condition, in comparison, strong
production of mature endothelial marker CD31 and elongated tube-like
structures of hASCs and HUVECs with initial prevascular network formation
were apparent in the EGM-2 condition. However, osteogenesis and
vasculogenesis processes were deemed mutually inhibitory in these conditions in
coculture in 3D GG-COL composite hydrogels.

In conclusion, these novel methods for 7z vitro 3D culture have potential for
considerable future significance and impact on the field of musculoskeletal

regenerative medicine applications.
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TIVISTELMA

Tuki- ja liikuntaelinsairaudet sairauden tai loukkaantumisen johdosta ovat
teollistuneissa maissa videston ikddntymiseen ja ylipainoisuuteen liittyen
merkittivd ja kasvava kansantaloudellinen rasite. Kudosteknologia tarjoaa
kasvaviin tuki- ja litkuntaelinsovellusten tarpeisiin kayttokelpoisia ratkaisuja
yhdistien kantasoluja, biomateriaaleja sekd solujen kasvua ja erilaistumista
edistivia tekijoitd korjaamaan tai korvaamaan vaurioituneita kudoksia. Aikuisen
kantasolut, kuten monikykyiset mesenkymaaliset rasvakudoksen kantasolut, ovat
lupaavia kudosteknologisiin sovelluksiin perustuen niiden hyviin saatavuuteen,
saantoon ja erilaistumiskykyyn useiksi solutyypeiksi, kuten rasva-, luu-, jinne-,
rusto- ja lihassoluiksi tietyissd olosuhteissa. Suuria pddn ja kallon alueen
luupuutoksia on jo hoidettu yhdistien rasvakudoksen kantasolut biomateriaalin
ja kasvutekijéiden kanssa. Kudostyyppikohtainen toiminnallinen
biomateriaalitukirakenne eli skaffoldi tukee fyysisesti ja ohjaa kantasolujen
kasvua, kehitystd ja erilaistumista yhdessa kasvatusliuoksen tiettyjen liukoisten
tekijoiden  kemiallisen stimulaation kanssa. Komposiittibiomateriaaleista
valmistettujen skaffoldien avulla voidaan yhdistid eri komponenttien hyédylliset
ominaisuudet. Kolmiulotteiset (3D) skaffoldit tarjoavat erilaistuville kantasoluille
luonnollista jaljittelevin kasvuympiriston.

Timin viitstutkimuksen tavoitteena oli kehittdd uusia 7z vitro tuki- ja
litkuntaelinsovelluksia ~ yhdistimilld rasvakudoksen kantasolut soveltuvien
biomateriaalien ja liukoisten tekijoiden kanssa luu- ja jinnekudosteknologisiin
sovelluksiin  sekd verisuonittuneen luun kudosteknologisten sovellusten
kehittimiseen. Ensimmiisessd osatyossi kehitettiin uusi tehokas solujen jinne-
erilaistuskasvatusliuos eli jinnemedium rasvakudoksen kantasolujen jinne-
erilaistumista tukemaan sekd edistimaidn jinnekudostyyppisen soluviliaineen
muodostumista mekaanisilta ominaisuuksiltaan soveltuvien 3D punottujen
kuitutukirakenteiden eli  kuituskaffoldien avulla. Toisessa  osatyOssi
rasvakudoksen kantasolujen luuerilaistuminen saatiin aikaan 3D hydrogeeleissi
bioaktiivisesta lasista valmistetun ekstraktipohjaisen luuerilaistusmediumin seka
luverilaistumista tukevien mekaanisten ominaisuuksien avulla. Kolmannessa
osaty6ssi tutkittiin luuerilaistumisen lisdksi verisuoniverkoston muodostumista
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rasvakudoksen kantasolujen ja ihmisen napalaskimon endoteelisolujen
yhteisviljelyn avulla 3D komposiittihydrogeelikasvatuksessa
endoteelimediumpohjaisessa bioaktiivisesta lasista valmistetussa
ekstraktimediumissa luuerilaistustekijoiden kanssa. Lisdksi tyGssd tutkittiin
rasvakudoksen kantasolujen luuerilaistumisen tehostamista luuviljelymediumilla

tapahtuvalla esikasvatuksella.

Kehitetty optimoitu jinnemedium, joka sisilsi kasvu- ja erilaistumistekijd 5:td
ja L-askorbiinihappoa, edisti merkittdvisti jannekudostyyppisen soluviliaineen
muodostumista punotun 3D  poly(96L/4D)laktidi (PLA 96/4)-kopolymeeri
kuituskaffoldin kanssa verrattuna erilaisiin  testattuihin mediumeihin tai
erityyppiseen 3D tukirakenteeseen. Tehokkaaseen ja nopeaan rasvakudoksen
kantasolujen jainnekudostyyppisen soluviliaineen muodostumiseen tarvittiin seka
optimoidun jinnemediumin kemiallinen stimulaatio ettd punottu 3D PLA 96/4-
kuiturakenne. Bioaktiivisesta lasista valmistettu ekstraktipohjainen luumedium sai
atkaan tehokkaan rasvakudoksen kantasolujen luuerilaistumisen ja mineralisaation
ilman lisittyjd kasvutekijoita 3D gellaanikumi (GG)- ja tyypin I kollageeni (COL)-
hydrogeeliskaffoldeissa, joita verrattiin mahdollisimman vihin invasiivisen
luukudosteknologisen sovelluksen kehittimiseen. Lisaksi GG:n ristisilloittaminen
ionipitoisen bioaktiivisesta lasista valmistetun ekstraktin avulla lisdsi merkittdvisti
mineralisaatiota jopa kontrolliolosuhteessa luumediumissa. COL hydrogeelissd
merkittidvisti korkeampi geeniekspressio ja voimakas osteokalsiinituotanto
vahvistivat tehokkaan rasvakudoksen kantasolujen luuerilaistumisen 7z vitro
3D hydrogeelikasvatuksessa fysiologisia olosuhteita mallintavissa olosuhteissa.
3D GG-COL -komposiittihydrogeelikasvatuksessa rasvakudoksen kantasolujen
ja ihmisen napalaskimon endoteelisolujen yhteisviljelyssd havaittiin seka luu- ettd
endoteelimarkkereiden geeniekspressiota vertailtavina olleissa
endoteelimediumpohjaisessa bioaktiivisesta lasista valmistetussa
ekstraktimediumissa  luuerilaistustekijoiden  kanssa (BaG EM-OM) ja
endoteelimediumissa (EGM-2). Voimakas hydroksiapatiittimineralisaatio ja
osteokalsiinituotanto olivat havaittavaissa ainoastaan BaG EM-OM-olosuhteessa,
kun taas vahva myo6hiisen endoteelimarkkerin CD31 tuotanto, yhteisviljeltyjen
levittaytyneiden  solujen muodostamia  putkirakenteita sekd  varhaisia
verisuoniverkostorakenteita oli nihtdvissi vain EGM-2 -mediumolosuhteessa.
Tulosten perusteella luuerilaistuminen ja verisuonituksen muodostuminen olivat
toisensa poissulkevia prosesseja ndissa kasvatusolosuhteissa yhteisviljelmassi
3D GG-COL -komposiittthydrogeeleissa.
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Yhteenvetona voidaan todeta, ettd nama uudet zz vitro 3D kasvatusmenetelmat
ovat lupaavia uusien merkittivien regeneratiivisen lddketieteen tuki- ja
liikkuntaelinsovelluksien kehittimistd varten.
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17 INTRODUCTION

Presently, the musculoskeletal illnesses continue to contribute to the growing
economic burden of the health care systems in the industrialized countries in
connection to the increase of the aging population and musculoskeletal
complications related to obesity. The musculoskeletal illnesses cause diminished
life quality of the patients and considerable economic losses in efficient working
life. These complications affect millions worldwide, where 30 million
musculoskeletal injuries are treated in the United States yearly (Caliari & Harley
2013). Also, the rate of surgical intervention requiring ruptures of large tendons
such as the Achilles tendon has doubled neatly every decade together with a high
recurrence rate (Brodie et al., 2011; Chainani et al., 2013). Novel treatment
options for musculoskeletal defects are therefore called for urgently. While loss
or repair of musculoskeletal tissues have been treated traditionally with tissue
autografts from the patient’s own tissue or with allografts from a donor as a
standard procedure with good results, these are not feasible solutions in the long
term. Autologous bone is limited for the treatment of critical size, over 1-cm in
graft diameter, bone defects (Chatterjea et al., 2010). Further, in case of repeated
injury or any adverse incident, a new bone graft is required thus creating a
continued need for bone augmentation solutions (Przekora 2019). However, the
shortage of suitable donors persists at present and allografts have been prone to
graft rejection due to adverse immunological reactions while xenografts carry risk
of zoonosis (Chatterjea et al., 2010; Jakob et al., 2012). Striving to rise up to these
challenges, musculoskeletal tissue engineering (TE) has emerged as a promising
approach for the development of new treatments for regenerative medicine
applications (Przekora 2019).

TE seeks to harness the differentiation potential of stem cells guided with the
support and protection provided by a biomaterial scaffold structure and
stimulation by growth factors (Langer & Vacanti 1993). TE strategies aim to
restore lost tissue function or replace damaged tissue by supporting the natural
healing capacity of the body. However, the use of non-physiological
concentrations of growth factors has been considered problematic and a shift
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towards avoiding the use of excessive amounts of growth factors has taken place.
For these reasons, novel functional three-dimensional (3D) biomaterial scaffolds
in combination with soluble factors that support cell growth and stimulate stem
cell differentiation are researched presently. To this end, functional biomaterials
are needed with combined feasible tissue specific material properties such as
offered by biomaterial composites. Properties that render the biomaterials
feasible include biocompatibility and biodegradability for gradual replacement of
the graft by the regenerated tissue. Also, the advantage of a biodegradable TE
support structure is that no second operation is needed thus avoiding risks of
complications in relation to surgical procedures. Therefore, less invasive methods
are demanded, such as injectable hydrogels for bone TE applications. (Kondiah
et al., 2010)

Biomedical engineering is a rapidly developing field that potentially offers
solutions to the growing need of tissue grafts by combining biomedical
knowledge with engineering expertise for novel health technology applications.
New interdisciplinary approaches are called for to meet the demands for bone
augmentation, vascularized grafts and musculoskeletal constructs to treat large
tendon defects. A specifically promising approach to treat musculoskeletal
defects is to use patient specific multipotent stem cells such as human adipose
stem cells (hASCs) in combination with biomaterial scaffolds for tissue
engineered grafts. Described by Zuk and coworkers (Zuk et al., 2001), hASCs are
easily available and abundant adult stem cells suitable for the development of
bone constructs (Lindroos et al., 2011) and have ability to differentiate also
towards tendon, cartilage, muscle, and fat tissue lineages, including potential for

endothelial differentiation in specific conditions.

Recently, 3D TE therapies with functional biodegradable biomaterials seeking
to mimic the natural cell microenvironment and providing ample opportunities
for cell-cell interactions to guide stem cell differentiation with added stability and
support have been researched (Pina et al., 2019). Also, novel applications of
common biodegradable biomaterials with granted regulatory approval in the
European Union (EU) and the United States biomedical product markets such as
polylactide (PLA) or common food additive polysaccharide gellan gum (GG)
hydrogel have gained interest. The full potential of these biopolymers for TE
applications remains to be harnessed. Indeed, their use would help reduce cost
barriers in the regenerative healthcare product development and eventually
facilitate clinical adoption. Attractive in the case of synthetic biopolymers are their
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engineered properties with good processability, reproducibility, and controlled
degradation rate that allow mass production and ease of sterilization thus further
reducing expenses in biomanufacture. Synthetic biodegradable composite
biomaterials with optimized structure have potential to guide stem cell growth
and differentiation thus reducing need for added chemical reagents. Indeed,
bioceramics, such as bioactive glasses (BaGs) (Hench & Wilson 1986; Hench
1998; Hench & Jones 2015), have been widely applied in the field of regenerative
medicine and researched for their osteoinductive properties. What is more, the
absence of microvascularization has been a recurrent challenge in the field of TE.
Prevascularization is a necessity to ensure graft survival after implantation and
for rapid host vasculature ingrowth (Correia, C. et al., 2011; Liu, Y. et al., 2015).
What is more, the role of BaG stimulated neovascularization needs to be explored
further (Bi et al.,, 2013; Li, H. et al., 2017). For vascularization, the role of
coculture has been reported as relevant (Kang et al., 2013; Mihaila et al., 2017;
Pill et al., 2018). In particular, coculture of osteoblastic and endothelial cells has
been suggested feasible for prevascularization of bone-like grafts (Laschke &
Menger 2016; Mihaila et al., 2017; Muhleder et al., 2018; Pirraco et al., 2014). The
limited cell adhesion properties of synthetic polymer biomaterials have restricted
their usability for efficient TE applications. In comparison, natural scaffold
biomaterials, such as collagen type I (COL) hydrogel, promote good cell adhesion
and are attractive biomaterials for engineered prevascular networks, whereas their
main limitation has been besides the fast degradation rate iz vivo, also relatively
low mechanical properties. To the point, the mechanical properties of hydrogel

scaffolds have not received adequate attention in the past.

Recently, the 7z vitro models have been deemed important for preclinical drug
testing and to investigate human tissue function in disease. Further, the optimal
3D biomaterial composite structures or minimal required chemical cues for hASC
osteogenic or tenogenic differentiation have not been fully elucidated by previous
works in the field. Due to these unmet needs, the aim of this thesis work was to
investigate novel 7z vitro musculoskeletal applications by combining hASCs with
suitable biomaterial composites and soluble factors for vascularized bone and

tendon TE construct development.

The current challenges in the field of musculoskeletal TE of bone and tendon
tissue include the need to find suitable cells, optimal biochemical cues, and
application specific supporting biomaterial scaffolds with suitable mechanical
properties. Also, more cost-effective approaches for engineered tissue implant
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production protocols are required due to globally increasing health care system
costs.

The rationale for the research consisted of harnessing the multipotent capacity
of hASCs for musculoskeletal TE applications by, firstly, optimizing hASC
biochemical induction combined with tenogenesis supporting composite
biomaterial scaffold; secondly, inducing efficient hASC osteogenesis for
establishing an 7z vitro model for mineralized 3D hydrogel and developing a
potentially injectable cell-laden mineralized matrix material; thirdly, testing an
in vitro model for vascularized bone applications with cocultured cells within
composite 3D hydrogel.

The expected impacts include, firstly, a potential engineered tendon tissue
graft suitable for load-bearing applications for large tendons developed; secondly,
in vitro model for mineralized 3D hydrogel established and potential cell-laden
mineralized hydrogel bone graft material for minimally invasive applications
shown; thirdly, initial 7z »ifro model with cocultured cells within composite
3D hydrogel for vascularized bone applications tested. In addition, the selected
composite biomaterials allow cost-effective engineered tissue construct

development.

28



2 LITERATURE REVIEW

2.1 Stem cells

Regenerative medicine seeks to answer the unmet need for suitable tissue grafts
(Khademhosseini & Langer 2016). The concept of TE was introduced by Langer
and coworkers to maintain, restore or replace lost tissue function (Langer &
Vacanti 1993). In the paradigm, cells are combined with biomaterials together
with biochemical stimuli, for example growth factors. Stem cells are attractive for
tissue engineered graft development owing to their capacity to self-renew with
unlimited cell division capacity in an undifferentiated state or to differentiate into
one or more cell types (Choumerianou et al., 2008; Jensen et al., 2009). Due to

their capacity, stem cells have potential for numerous TE applications.

Classification of stem cells is based on their specific differentiation potential.
While the zygote is totipotent with capacity to produce all the cell types of an
organism, the cells of the inner cell mass of the following blastocyst
developmental stage are more restricted in their capacity although still pluripotent
with ability to produce all the cell types of a mature organism (Condic
2014). Embryonic stem cells (ESCs) have capacity to produce cell types of all the
3 embryonic layers, namely endodermal, mesodermal, and ectodermal layer cell
types. Although ESCs are pluripotent, there are ethical considerations related to
their use (Aach et al., 2017), in addition to concerns of immunological reactions
towards allogenic cells (de Almeida et al., 2013). Therefore, induced pluripotent
stem cells (iPSCs) from somatic cells of an adult individual are researched to an

increasing extent.

Induced pluripotent stem cells

In their seminal work in 2006, Yamanaka and coworkers were able to produce
iPSCs from adult skin tissue fibroblasts (Takahashi & Yamanaka 2000).
Consequently, Gurdon and Yamanaka were awarded The Nobel Prize in
Physiology or Medicine (Norwegian Nobel Committee., 2012). In the induction
method, overexpression of pluripotency factors octamer-binding transcription

Jactor3/4 (OCT3/4), SRY-box 2 (§OX2), Kruppel-like factor 4 (KLLF4), and 17-Mye

29



avian myelocytomatosis viral oncogene homolog (C-MY C) is performed using viral vectors
to render the somatic cells, for example, human foreskin fibroblasts (Jungbluth
et al., 2019) or blood cells (Loh et al., 2009) to an earlier developmental stage of
pluripotency. At present, several clinical trials with iPSCs are anticipated for
evaluation including treatment for spinal cord injury (Okubo et al., 2018). Even
though immensely appealing for TE applications, there are risks related to the
genetic instability of iPSCs. As a consequence of the varied somatic cell induction
results, cell line selection is made of several iPS cell lines for more balanced results
(Grskovic et al., 2011; Nagoshi et al., 2019). Further, the survival of implanted
iPSCs in an immature stage of differentiation in a more mature tissue
environment might create other issues. What is more, if the target site also
contains diseased tissue, the implanted immature stem cells are less likely to

survive or preserve their functionality.
Adult stem cells

Adult tissues possess stem cells that have more restricted proliferation and
differentiation capacity (Lindroos et al., 2011). Adult progenitor stromal stem
cells are found in most tissues of a mature body and they are multipotent as to
their differentiation capacity (Bourin et al., 2013). To the point, the use of adult
stem cells allows to avoid ethical, legal, and political concerns related to the use
of ESCs (Lindroos et al., 2011). Compared to the iPSCs, there is also the
advantage of greater degree of genetic stability (Turinetto et al., 2017; Yoshihara
etal, 2017).

Mesenchymal stem cells

Mesenchymal stem cells (MSCs) are adult stem cells, originating from the
mesodermal embryonic layer, that have potential to differentiate towards multiple
tissue lineages. MSCs were originally reported as osteogenic fibroblast-like cells
of the bone marrow in 1968 (Friedenstein et al., 1968), however, their naming
and more specific characterization took place some 2 decades later (Caplan 1991).
MSCs have been defined by the International Society for Cellular Therapy (ISCT)
as plastic-adherent cells that express cluster of differentiation markers (CDs)
CD105, CD73, and CD90, whereas they lack the expression of CD11b, CD14,
CD34, CD45, CD19, CD79a, and HLLA-DR. In addition, according to the ISCT
definition, they have capacity to differentiate 7z vitro into cells of bone, adipose,
and cartilage tissues, according to the minimal criteria (Dominici et al., 2000).
MSCs are an inherently heterogenous stem cell population with more restricted
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self-renewal and limited nonmesodermal differentiation capacity (Russell et al.,
2010). For these reasons, the potential differencies in MSC subpopulations
should be given appropriate consideration already at the design phase of i vitro
testing (Kramer et al., 2012). For example, hASCs, human bone marrow stem
cells (hBMSCs), dental pulp stem cells, are different types of multipotent MSCs
(Khanna-Jain et al., 2012; Lindroos et al., 2011). Nevertheless, MSCs are actively
researched with 665 studies recruiting, active or completed found from the
United States National Library of Medicine database clinicaltrials.gov with search
for “mesenchymal stem cells” for a range of TE applications encompassing
cardiovascular diseases, immunological graft-versus-host disease, diabetes,
neurological Alzheimer’s disease and ischemic stroke (Kobolak et al., 2016).

2.2 Human adipose stem cells

The hASCs have been researched for a variety of regenerative medicine
applications within the field of TE following the reported discovery by Zuk and
coworkers in 2001 of stromal progenitor cells within adipose tissue of an
adult (Zuk et al., 2001). Adipose tissue originates from embryonic mesodermal
layer (Martin et al., 1998) and hence also hASCs are of mesodermal origin
although some adipogenic progenitors originate from ectodermal neural crest
(Sowa et al., 2013).

In literature, challenges with nomenclature have been discussed (Mazini et al.,
2019). The nomenclature has included different combinations of terms “adipose-
derived stromal/stem cells” (Bora & Majumdar 2017; Casteilla et al., 2011) and
the International Federation for Adipose Therapeutics and Science (IFATS) has
recommended the term adipose-derived stem cells (Bourin et al., 2013). In
studies I-ITI, the term hASC is used throughout. Although the discussion
continues on the specific properties of hASCs (Baer 2014; Bora & Majumdar
2017), they have been established as abundant, easily accessible and multipotent
adult stem cells (Lindroos et al., 2011; Patrikoski et al., 2019).

The multipotent hASCs are more easily harvested with lower risk of adverse
complications or pain to the patient than in the harvesting of bone marrow
(Lindroos et al., 2011). In addition, hASCs are obtained in higher amounts per
tissue sample compared to hBMSCs (Aust et al.,, 2004). Although the exact
localization of undifferentiated hASCs within adipose tissue remains
undetermined partly due to lack of specific markers (Baer 2011), it has been
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suggested that hASCs colocalize in perivascular location with endothelial cells
(ECs) and pericytes (Traktuev et al., 2008; Zimmerlin et al., 2013). What is more,
hASCs possess excellent proliferation ability and are efficiently expanded in cell
culture flasks (Zuk et al., 2001; Zuk et al., 2002). This is important since a large
number of cells are needed for initial 7z vitro experiments and eventual tissue
engineered construct development (Baer 2011; Patrikoski et al., 2019). With
patient specific hASCs, graft rejection and adverse immunological reactions can
be avoided (Argentati et al., 2018). Although hASC osteogenic differentiation
capacity has been reported more moderate compared to that of hBMSCs
(Mohamed-Ahmed et al., 2018), they have higher proliferation capacity and are
morphologically and genetically more stable in long-term culture (Izadpanah et
al., 2006; Strioga et al., 2012). Importantly, hASCs have ability to differentiate
towards besides adipose tissue, also bone, cartilage, tendon, and muscle tissue
lineages (Dai et al., 2016; Lindroos et al., 2011). In addition, the use of patient
specific autologous cells helps to avoid any adverse immunoreactions. What is
more, their reported anti-inflammatory, immunoregulatory properties and
advantageous paracrine effects, (Lee, Jung Min et al., 2012; Lindroos et al., 2011;
Mclntosh et al., 2006) render hASCs the attractive for a variety of indications
(Dai et al., 2016). Also, use of allogenic hASCs is proposed due to variance in
clinical results using autologous hASCs (Patrikoski et al., 2019). In addition, use
of allogenic hASCs would permit careful characterization of cells prior to
treatment with more assured differentiation capacity, larger amounts of cells
immediately available, and also lower production costs (Gimble & Guilak 2003;
Patrikoski et al., 2019). Nevertheless, there are persistent risks related to
tumorigenicity since the paracrine effects potentially also stimulate tumor
microenvironment. The risk of metastasis promotion has been linked to hMSCs
and hASCs (Albarenque et al., 2011; Kamat et al., 2015; Meng et al., 2015).
Therefore, knowledge of target tissue microenvironment is of major importance

for the safety of stem cell therapies.

2.2.1 Characterization of human adipose stem cells

The hASCs are characteristically spindle-like vessel-shaped stromal stem cells
(Lindroos et al., 2011). According to ISCT issued minimal criteria, hASCs are
plastic adherent cells with multipotent capacity to differentiate towards
adipogenic, osteogenic, and chondrogenic lineages 7 wvitro, in addition to
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possessing a specific surface marker expression pattern (Bourin et al., 2013;
Dominici et al., 20006).

Surface marker expression

The immunophenotype of undifferentiated hASCs determined by flow
cytometric analysis includes expression of adhesion molecules CD26, CD49d,
CD54, and CD105; surface enzymes CD10, CD13, and CD73; glycoproteins
CDY0 and CD146. Also, hASCs produce proteins CD55, CD59, collagen type 1
(COL1), collagen type III (COL3), osteopontin (OPN), osteonectin (ON),
intracellular a-smooth muscle actin, vimentin, and histocompatibility protein
HILA-ABC (Bourin et al., 2013; Dominici et al., 2006; Gimble & Guilak 2003).
On the other hand, surface markers not present on hASC surface include
CD3, CD11b, CD45 or CD62, hematopoietic marker CD14 or histocompatibility
protein HLA-DR (Bourin et al., 2013; Dominici et al., 2006; Gimble & Guilak
2003).

2.2.2 Human adipose stem cell heterogeneity

Contradicting the ISCT criteria, some variation has been observed, for example,
in the expression of cell adhesion and hematopoietic markers CD11, CD14,
CD34, and CD45 with lower passages of hASCs (McIntosh et al., 2006; Tapp et
al., 2009). What is more, the harvesting location of adipose tissue as well as donor
age and sex have been identified as factors that contribute to hASC heterogeneity
(Aksu et al, 2008; Baglioni et al, 2012; Oedayrajsingh-Varma et al,
2006). Further, culture conditions during cell expansion and experiment phase
affect cell population heterogeneity and might contribute to selection of
subpopulations that are enriched during 7z vitro culture (Patrikoski et al., 2013).
To resolve this, cell heterogeneity requires careful characterization to ensure
eventual clinical reproducibility and safety (Meng et al., 2015). In the past, fetal
bovine serum (FBS) has been widely applied in 7z vitro cell culture, however, the
currently preferred use of autologous or allogenic human serum (HS) (Josh et al.,
2012; Koellensperger et al., 2014) allows to avoid xenozoonosis complications
and better satisfies regulatory safety concerns. Still, different subpopulations
together with donor dependent variation continue to contribute to
inconsistencies in 7 vitro, in vivo and clinical testing results (Baer 2014; Lv et al.,
2014; Meng et al., 2015; Selich et al., 2016; Yi et al., 2015). Although hASCs are

intrinsically a heterogeneous population of cells, careful 7z vitro characterization
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would allow their safe application for therapeutic applications. For these reasons,
new effective methods for cell culture characterization and functional 7z vitro

models are urgently called for.

2.3 Human adipose stem cell differentiation

In the following chapters, hASC differentiation potential is presented for tendon,
bone, and vascularization applications. Bioactive substances, such as growth
factors, cytokines, and inductive soluble factors, can be applied to stimulate stem
cell differentiation towards a specific lineage. Growth factors are cell stimulating
natural molecules such as proteins promoting cell growth, proliferation,
differentiation, and survival. They also regulate cell and tissue metabolism
homeostasis and healing. In comparison, cytokines are small protein molecules

that influence cell-cell interactions or communications. (Zhang & An 2007)

2.3.1 Tenogenic differentiation
Tendon tissue

Tendon attaches muscle to bone and transmits the force of muscle contraction
to bone movement. Tendon also functions as a mechanical spring enhancing the
movements. (Kannus 2000) For these reasons, great tensile strength and elasticity
are key properties of tendon. The principal large tendons of human body that
typically require surgical intervention upon serious injury are the Achilles tendon
of leg, patellar tendon of the knee, and shoulder rotator cuff tendon (Butler et al.,
2004).

In the tissue structure, collagen fibers form bundles and tenocytes are located
in between them. Tendon matrix is avascular and consists of COL1 up to 80 %
of tendon dry mass. In addition, tendon matrix consists of several different types
of collagen, elastin fibers, proteoglycans, glycosaminoglycans, and glycoproteins
(Gross & Hoffmann 2013). COLI1 polypeptide alpha chains form a soluble
tropocollagen molecule with triple-helix structure (Kannus 2000). After
crosslinking in the extracellular matrix (ECM), insoluble collagen molecules
aggregate into collagen fibrils, and consequently these fine fibrils form
collagenous fibers (Kannus 2000) (Figure 1). Indeed, high elastic properties of
tendons are based on parallel, continuos, and uniaxially oriented collagen fibers
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gliding against each other (James et al., 2008). Collagenous fibers are packed into
primary, secondary, and tertiary fiber bundles surrounded by sheats of connective
tissue; endotenon, epitenon, and paratenon. The connective tissue sheats contain
COL3 which has a role in organizing the collagenous fiber bundle (Franchi et al.,
2007; James et al., 2008). The endotenon sheath is innerved whereas the loose
sheath of paratenon connective tissue is vascularized and allows flexible
movement of tendon (Franchi et al., 2007).

primary secondary tertiary
fiber bundle fiber bundle fiber bundle

collagen fiber

collagen fibril
ﬁ@o = 1{
\0\/ — a‘o.a

endotenon epitenon

Figure 1. Schematic tendon structure consisting of collagen fibrils, collagen fibers, the

primary, secondary and tertiary collagen fiber bundles wrapped in endotenon sheaths

forming the tendon unit enveloped by the epitenon. Modified from (Kannus 2000).
High tensile strength of tendon is due to some collagenous fibers forming
intertwined braid-like structures (Kannus 2000). The characteristic crimping and
wavy collagenous fiber pattern of tendon tissue is created by proteoglycan
crosslinking and the elastin fibers help recover the structure after tendon
stretching and elongation in movement (Kannus 2000). Further, tendon
mechanical properties are aided by matrix elasticity. Indeed, under shear stress,
elasticity of matrix proteoglycans aggrecan, decorin, and biglycan in addition to
viscous glycosaminoglycans hyaluronic acid and chondroitin sulphate bestow
tendon its biomechanical capabilities (Franchi et al., 2007; Kannus 2000). What
is more, essential molecular components in tendon tissue structure and function
are also glycoprotein tenascin-C (TNC), early tendon marker transcription factor
scleraxis (SCX), and late tendon marker transmembrane protein tenomodulin
(TNMD), as listed in Table 1 (Giblin & Midwood 2015; James et al., 2008; Kuo,
C. K. etal.,, 2010; Midwood et al., 2016; Pauly et al., 2010).
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Table 1. Tendon markers (Giblin & Midwood 2015; James et al., 2008; Kuo, C. K. et al., 2010;
Midwood et al., 2016; Pauly et al., 2010).

Early Late

SCX CcOoL1

COoL3 TNMD
TNC
Aggrecan

Biglycan
Decorin
Chondroitin sulphate

Elastin
Abbreviations: COL1, collagen type I; COL3, collagen type Ill; SCX, scleraxis; TNC, tenascin-C; TNMD,
tenomodulin.

It is important to point out that although the aforementioned molecular markers
are not tendon tissue specific, nevertheless, a panel of relevant tenogenic markers
is deemed sufficient to verify tenogenic phenotype. Primary tenocytes are not
feasible for TE purposes due to their low yield upon isolation, loss of phenotype
and risk of dedifferentiation in iz witro culture outside native tissue
microenvironment, and significant loss of viability that decreases with increase of
cell passage number. Importantly, there is no tenocyte supportive optimal culture
media or growth matrix currently available commercially (Costa-Almeida et al.,
2019).

Tenogenic medium

For biochemical stimulation of MSC and ASC tenogenic differentiation process,
the proposed media have sought to mimic the healing process of tendon. In the
healing process for tendon ECM synthesis, production of COL1 is increased, the
collagenous fibers are organized and packed densely by crosslinking where COL3
is involved (Molloy et al., 2003). A high COL1/COLS3 ratio has been deemed to
indicate active matrix deposition (Costa-Almeida et al., 2018), whereas a high
COL3/COLI1 ratio has been reported to mark tendon matrix disruption and a
repair response (Shearn et al., 2011).

Different growth factors orchestrate tendon healing process by triggering cell
signaling, influencing cell metabolism and inducing ECM production (Park, A. et
al., 2010). Growth factors active early on during tendon healing include
connective tissue growth factor (CTGF), vascular endothelial growth factor
(VEGF) and insulin-like growth factor 1 (IGF-1) (Chen, C. H. et al., 2008). The
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gene expression and production of transforming growth factor-g1 (TGF-31),
IGF-1, and platelet derived growth factor (PDGF) peak both early on and again
in later phases of matrix remodeling (Chen, C. H. et al., 2008; Dahlgren et al.,
2005). PDGF stimulates IGF-1 early on and is active in late remodeling when
IGF-1 and PDGF contribute to collagen synthesis and ECM production together
with basic fibroblast growth factor (bFGF) (Molloy et al., 2003; Raghavan et al.,
2012). VEGF and bFGF increase MSC proliferation and support cell-matrix
interactions (Molloy et al., 2003; Raghavan et al., 2012), and also epidermal
growth factor (EGF) stimulates cell proliferation and migration during the
healing process (Baer et al., 2009).

Tenogenesis

For MSC tenogenesis, the applied biochemical cues have included growth and
differentiation factor-5 (GDF-5) (James et al., 2011; Jenner et al., 2007; Park, A.
et al., 2010; Raabe et al., 2013; Tan et al.,, 2012) and the transforming growth
factor-B1 (TGF-B1) (Jenner et al., 2007). GDFs are bone morphogenic proteins
(BMPs), and GDF-5 is also known as BMP-14. GDF-5 helps maintain tenocyte
phenotype (Caliari & Harley 2013) by upregulating SCX and TNC gene
expression as well as COL1 and COL3 production (Bolt et al., 2007)

In a 3D filamentous scaffold study by Jenner and coworkers, the combination
of ascorbic acid and TGF-$1 stimulated significantly hBMSC proliferation and
total collagen production (Jenner et al, 2007). In comparison, James and
coworker study using GDF-5 stimulation in 3D fibrous scaffolds upregulated rat
ASC gene expression of SCX and COLT (James et al., 2011). With animal-derived
tendon matrix components, hASCs have shown increased gene expression of
COLT, COL3, and TNC together with total collagen production at 2 weeks in
study by Chainani and coworkers (Chainani et al., 2013), whereas uniaxial tension
of 3D matrix promoted hASC proliferation and significant SCX, TINC, and
TNMD gene expression already within 1 week, as reported by Yang and
coworkers (Yang, G. et al., 2013). Further, dynamic stretching of hASCs within a
3D matrix has reportedly induced gene expression of SCX, TNC, and COLT
(Vindigni et al., 2013). Also other small molecules, such as ascorbic acid, have
promoted tendon ECM and specifically collagenous matrix deposition as well
increased cell proliferation. The reported ASC cell seeding densities for tenogenic
differentiation have varied between 5 000-21 000 cells/cm? (Little et al., 2010;
Park, I. S. et al, 2009; Raghavan et al., 2012). These studies exemplify the
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importance of 3D culture together with provided biochemical cues and
combined with mechanical stimulation for 7z vitro tenogenesis.

2.3.2 Osteogenic differentiation
Bone tissue

In the musculoskeletal system, bones, muscles, tendons, and ligaments help
maintain body position and allow controlled, precise movements. In compact
bone tissue structure (Figure 2) on microscopic level, the bone osteons, also
known as Haversian systems, form cylindrical units parallel the bone longitudinal
axis. The cylindrical units of approximately 100-200 pm of diameter consist of
concentric lamellae of bone matrix. The central osteon canal contains blood
vessels for cell nutrition and homeostasis. Volkmann’s canals connect the osteons
and the bone surface. The bone cells, osteocytes, are located within the lamellae
in the lacunae pores of approximately 10 um of length. The lacunae are
interconnected by small canals.

concentric lamellae

compact bone Haversian canal’. -

osteons

trabecular bone

—
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L4704 periosteumn  blood vessels and nerves
.V‘ £~ endosteum
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Figure 2. Bone tissue structure. Trabecular bone with bone marrow in endosteum

membrane lined cavities and compact bone with osteons and mineralized bone matrix

embedded osteocytes. Modified from (Lopes et al., 2018).
Bone tissue matrix consists of an inorganic hydroxyapatite Ca10(PO4)sOHz
mineral component and of an organic collagenous component, mostly COLI.
The mineral component forms 75 % of the weight fraction and 40 % of volume
of bone tissue. Bone tissue types include compact and trabecular bone which
differ in their structure; compact bone forms a continuous solid structure whereas
trabecular bone consists of a 3D spongy-like network. Typically, in long bones,
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thick compact bone accounts for the long load-bearing shaft of the bone. On the
other hand, the ends of the bone consist mainly of brittle trabecular bone while
a thin layer of compact bone on the surface gives the bone architecture its
mechanical strength. (Doherty, 2009)

Bone markers

Osteogenic differentiation of MSCs triggered by biochemical cues progresses
through a commitment stage, followed by maturation and mineralization of the
surrounding matrix (Table 2) (Lian et al., 2012; Wubneh et al., 2018).

Table 2. Osteogenic markers in MSC osteogenesis process (Lian et al., 2012).

Commitment Maturation Mineralization
RUNX2 0SX OCN

DLX5 CcoL1 DLX5

ALP ALP BSP

OPN

Abbreviations:  ALP, alkaline phosphatase; BSP, bone sialoprotein; COL1, collagen type I;
DLX5, distal-less homeobox 5; MSC, mesenchymal stem cell; OCN, osteocalcin; OPN,
osteopontin; OSX, osterix; RUNX2, runt domain-containing transcription factor.

Bone marker gene expression activated early in the osteogenic commitment

include RUNX2, a runt domain-containing transcription factor, functioning upstream

from zinc finger protein osterix (OSX). (Desai et al., 2014; Lian et al., 2012; Long

2011; Orimo 2010) Other early osteogenic markers include a transcription factor

distal-less homeobox 5 (DI.X5) and phosphatase transporting alkaline phosphatase

(ALP) protein. In matrix maturation and mineralization, late markers of

encompass bone ECM proteins such as COL1, ALP protein, OPN, ON, bone

sialoprotein (BSP) and osteocalcin (OCN). (Lian & Stein 1995) Collagenous
matrix deposition is typical of hASC osteogenic differentiation, while calcium
phosphatase enzyme accumulation is indicated by the activity of the cell
membrane protein phosphatase transporting ALP protein which preceeds
mineralization of matrix. Ca binding matrix protein OPN assists mineralization
by forming mineralized hydroxyapatite (Orimo 2010). Bone ECM is mineralized
via Ca binding onto fibrillous collagen network. In bone tissue matrix, complexes

of CaP form hydroxyapatite.
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Osteogenic medium

Soluble factors for biochemical induction of hASC commitment towards
osteogenic lineage have typically included varied concentrations of
ascorbate-2-phosphate (AsA2P), 3-glycerophosphate (8-GP) and dexamethasone
(Dex) (Kyllonen et al., 2013; Zuk et al., 2001; Zuk et al., 2002). In a previous
study by Tirkkonen and coworkers, osteogenic medium (OM) was optimized for
hASC osteogenic differentiation with 250 um AsA2P, 10 mM 3-GP and 5 nM
Dex (Tirkkonen et al., 2013). In the process of osteogenesis, AsA2P activates
collagen synthesis, increases MSC proliferation and along with 3-GP functions as
a CaP source for mineral deposits (Coelho, et al. 2000; Choi, et al. 2008). As a
synthetic glucocorticoid hormone, Dex upregulates osteogenic RUNX?Z gene
expression (Viereck, et al. 2002), although at higher over 100 nM concentrations
it suppresses osteogenesis and instead endorses adipogenesis (Zhou, et al. 2000,
Liu, et al. 2009). MSC osteogenesis inducing growth factors typically include
BMPs which belong to TGF-B superfamily. Specifically, bone morphogenic
protein-2 (BMP-2) and bone morphogenic protein-7 (BMP-7) have been applied
for MSC osteogenic differentiation (Kang, et al. 2004). VEGF is a growth factor
with a role in besides vascularization, also in bone healing (Zelzer & Olsen
2004). Upon VEGF stimulus, ECs secrete BMPs that in turn help commit
osteoblastic cells towards bone lineage (Deckers, et al. 2002; Brandj, et al. 2000;
Dai, et al. 2007). However, the benefit of growth factors is questioned due to lack
consensus on physiological, therapeutic, or effective concentrations, especially
those required for 7 vitro culture. What is more, the related elevated costs and
added risks of chemical factors that are produced exogenously might have

unwanted effects on clinical translation (Garrison et al., 2007; Garrison et al.,
2010; Zuk et al., 2011).

Besides growth factors, also other soluble factors have potential to efficiently
induce osteogenic differentiation of hASCs. A point in fact, BaG is known as a
strong osteoinducer (Hench 2006). Recently, research has endeavored to harvest
the osteogenic potential of the soluble cues in the form of bioactive glass extract
based osteogenic medium (BaG OM) (Ojansivu et al., 2015). Further, in a recent
study, Nunez-Toldra and coworkers applied an osteogenic (OM) and endothelial
media (EM) mixture based on BaG extract with osteogenic and endothelial media
supplements to induce human dental pulp pluripotent-like stem cells to produce

mineralized matrix and microvascularization (Nunez-Toldra et al., 2019).
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Osteogenesis

Osteogenesis of MSCs is a sequence of events where differentiation progresses
via a pre-osteoblast stage and a compliant osteoid matrix secreted by osteoblasts
(Figure 3). In the following, maturing osteoblasts and the evolving mechanical
properties direct the developing tissue surroundings towards a more rigid
matrix when calcified mineral is deposited.
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Figure 3. Matrix stiffness influences MSC osteogenesis. Modified from (Engler
et al., 2006; Raisz 1999).

Collagenous bone ECM becomes mineralized following accumulation of CaP
residues forming mineralized deposits. These cauliflower-like hydroxyapatite
crystals are the main structural component of mineralized bone tissue. (Doherty,
2009; Hall, 2005; Long 2011)

The bone maturation can progress either by intramembraneous ossification
process with initial MSC condensation followed by differentiation into osteocytes
embedded within bone tissue matrix, or by endochondral ossification where
MSCs first differentiate into chondrogenic cells prior to osteoblastic maturation
and bone ECM production (Lian et al, 2012). Molecular switches and cell
signaling pathways including wnt/ $-catenin pathway operate in the osteogenic
differentiation and maturation process with various cell signaling molecules, cell
receptors, transcription factors, growth factors, and cytokines involved (Schaffler
& Buchler 2007; Shahabipour et al., 2019). Other suggested strategies to induce
osteogenic differentiation even in the absence of added growth factors is, for
example, biomechanical stress such as fluid flow caused shear stress (Fritton &
Weinbaum 2009; Kim et al., 2014; Wittkowske et al., 2016). For vascularized
bone, the mechanistic target of rapamycin complex 1 (mMTORC1) protein kinase
complex triggers VEGF production of osteoblasts which in turn promotes
formation of vascularization. VEGF modulates EC activity by its cell membrane
vascular endothelial growth factor receptor 2 (VEGFR2), also called kinase insert
domain receptor (KDR). (Shahabipour et al., 2019)

41



2.3.3 Endothelial differentiation and role of subpopulations

Vascular structures

Blood vessel structures that ECs take part in encompass capillaries of 5-10 um
of diameter, arterioles of 10-200 um of diameter, blood vessels or arteries of
approximately 400 pm of diameter, veins, and lymphatic vessel structures (Datta
et al, 2017). In capillaries, monolayer of ECs is supported by a basement
membrane of essentially collagen type IV (Doherty, 2009) with neighbouring
pericytes that stabilize the structure (Datta et al., 2017). Autologous and abundant
cell sources for ECs are under investigation to develop tissue engineered grafts
with vascular structures. Even though widely applied in 7z vitro studies, human
umbilical vein endothelial cells (HUVECS) are not clinically available (Datta et al.,
2017). What is more, HUVECs originate from a large vein and might not be
highly compatible for microvascularization development. Consequently,
microvascular endothelial cells as well as endothelial precursor cells circulating in
the blood are researched as an alternative source together with multipotent MSCs
and also iPSCs with their attractive pluripotency capacity. (Abaci et al., 2016;
Amano et al, 2016; Chan et al., 2018; Datta et al., 2017; Tiruvannamalai
Annamalai et al., 2010)

Endothelial precursor subpopulation

The hASCs have been suggested to possess potential for formation of vascular
structures. In a study by Heydarkhan-Hagvall and coworkers, hASCs cultured
with EGM-2 formed a branched network of tubular structures (Heydarkhan-
Hagvall et al., 2008). Recent studies have discussed the role of the CD34+
subpopulation (Benias et al., 2018a; Benias et al, 2018b). Even though
transmembrane phosphoglycoprotein CID34 is considered a hematopoietic stem
cell surface marker, it has been suggested also as a marker of active, self-renewing
stem cells, or progenitor cells, including vascular endothelial progenitors
(Goodell 1999; Sidney et al., 2014; Zimmerlin et al., 2013). What is more, CD34+
subpopulation cells of stromal vascular fraction have been reported to have
higher proliferation capacity and greater colony forming ability in addition to
reduced osteogenesis or adipogenesis capabilities (Suga et al., 2009) which might
be associated with EC phenotypic behavior (Varma et al., 2007; Yoshimura et al.,
2006; Zimmerlin et al., 2013). Miranville and coworkers showed hASC CD34+
subpopulation differentiated into endothelial progenitor cells with VEGF and
IGF-1 containing media which increased CD31 and Von Willebrand factor
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(VWFE) production (Miranville et al, 2004). In comparison, Mihaila and
coworkers presented stage specific early antigen4 (SSEA-4+) hASC
subpopulation with endothelial and osteogenic differentiation potential (Mihaila
et al., 2013; Mihaila et al., 2017). Indeed, hASCs would be a readily available,
characterized cell source for vascularized structures although the proportion of
hASC CD34+ subpopulation cells is presumed limited.

Vasculogenesis and angiogenesis

Vasculogenesis and angiogenesis promoting soluble factors commonly
encompass VEGF, bFGF, heparin, and ascorbic acid (Chae et al., 2017; Datta et
al., 2017), whereas IGF-1 promotes EC migration and sprouting behavior which
refers to early indication of tube formation (Goel et al., 2011; Keifer et al., 2014).
VEGEF triggers multiple vascular processes including EC signalling, proliferation,
migration, and functionality (Ferrara 2001; Ruhrberg 2003) as well as
EC sprouting behavior and vascular lumen formation (Gerhardt 2008; Iruela-
Arispe & Davis 2009). The VEGEF cellular actions are regulated by
delta-like 4-Notch signaling active in effective vascular branching (Gerhardt
2008; Hellstrom et al, 2007). Likewise, bFGF induces angiogenesis and
stimulates capillary growth (Cross & Claesson-Welsh 2001), whereas PDGF is
active in recruitment of supporting pericytes and stabilization of vascular
structures (Abramsson et al., 2003; Xue et al., 2011). Angiopoietins have a dual
role in vascular structures in supporting stability of cell-cell interactions while
they are activated again in vascular remodeling (Folkman 2007; Sakurai & Kudo
2011). Factors that promote angiogenesis and vasculogenesis processes are
presented in Table 3.

Table 3. Angiogenesis process and proangiogenic factors (Kant & Coulombe 2018; Rouwkema &
Khademhosseini 2016; Sakurai & Kudo 2011).

EC sprouting Tube formation Cell recruitment Stabilization
VEGF VEGF VEGF PDGF

bFGF bFGF bFGF Ang1

Ang2 Ang2 PDGF

TGF-B TGF-B TGF-B

IGF-1

Abbreviations: Ang1, Angiopoietin1; Ang2, Angiopoietin2; bFGF, basic fibroblast growth factor; EC, endothelial
cell; IGF-1, insulin-like growth factor 1; PDGF, platelet derived growth factor; TGF-p,
transforming growth factor-B; VEGF, vascular endothelial growth factor.
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In addition, hydrocortisone has a supportive effect on the angiogenic process
(Goding 2009). Mature collagen type IV is deposited onto the basement
membrane in the blood vessel maturation process and ascorbic acid is essential
for correct folding of the collagenous protein (Myllyla et al. 1978) and thus
vasculature formation.

Endothelial medium

Commercial endothelial media like Lonza's EGM-2 contains different growth
factors and supplements including EGF, FGF-, IGF-1, VEGF, low
concentration of AsA2P, hydrocortisone, and heparin that help maintain EC

morphology and function. However, the exact concentrations are not disclosed.

2.4 Three-dimensional cell culture

2.4.1 Tissue engineering scaffolds
Biomaterials

Materials are grouped typically into polymers, ceramics, metals, and natural
materials (Narayan, 2009). In addition, composite materials consist of 2 or more
components. A biomaterial is in general terms any material used in a biomedical
application to provide structure and/or function to an implantable construct
(Burdick & Mauck, 2011; Vert et al., 2012).

Biomaterial scaffolds

The advantage of 3D scaffolds over the conventional two-dimensional (2D) cell
cultures on hard polystyrene plastic surface include a microenvironment more
similar to native tissue and topographical cues offered by the 3D structure. Cell-
cell interactions are pivotal for stem cell differentiation and cell growth and

development into tissue.

For regenerative medicine implants, biocompatible, biodegradable, and
possibly bioactive materials are processed into supporting scaffold structures that
will eventually be replaced by the growth of neotissue at the implantation site.
Ideally, a biomaterial scaffold provides the seeded cells a supporting structure
onto which the cells can adhere. (Webber et al., 2015) The main TE biomaterial
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categories generally include synthetic, organic, inorganic and composite
biomaterials (Narayan, 2009).

In general terms, there are 3 different approaches to tissue engineered
implantable constructs; firstly, the use of a biomaterial structure, a scaffold,
alone and subsequent cell ingrowth from surrounding tissue; secondly,
combining the biomaterial scaffold with 7z vitro seeded differentiated stem cells,
for example; or thirdly, implanting cell-seeded construct to a different tissue

location before transplantation of a matured construct to the target site (Thesleff
etal., 2011).

Biocompatibility

For TE applications, the biomaterial needs to be biocompatible, support cell
adhesion, cell growth, proliferation, and differentiation (Khademhosseini &
Langer 2016; Kohane & ILanger 2010). The biomaterial structure is meant to
mimic natural ECM that supports and promotes cell growth towards functional
tissue. To this end, biocompatibility is an essential factor. Biocompatibility can be
defined as “the ability of a material to perform with appropriate host response in
a specific application” (EN ISO 10993-5. 2009).

Also, biocompatibility implies avoidance of adverse effects (Vert et al., 2012).
Therefore, biocompatibility is a process where multiple interactions and factors
between the biomaterial and host tissue come into play in a specific application.
Importantly, it is not an intrinsic biomaterial property (Williams 2014) but refers
to the intended function in a specified situation (Williams, 1990). Therefore, in
vitro tests of application specific cells and biomaterials are generally performed to

evaluate cytotoxicity according to Biological Evaluation of Medical Devices

standard (EN ISO 10993-5. 2009).

Organic polymers, such as polysaccharide GG or COL hydrogels, are
naturally derived biomaterials which are biocompatible and highly malleable but
possess weak mechanical properties and are marked by fast degradation rate i
vivo (Coutinho et al., 2010). According to American Society for Testing and
Materials (ASTM) standard, hydrogels can be characterized based on their
biological properties such as biocompatibility, kinetics including matrix
degradation, physical and chemical stability comprising mechanical properties,
and cell encapsulation. In addition, cell migration, transport of nutrients and

waste as well as release of bioactive agents are considered (ASTM International.
2011).
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In comparison, inorganic biomaterials such as solid BaGs are mechanically
stronger and have been applied to bone TE constructs because BaG stimulates
bone mineral phase-like apatite layer formation in contact with physiological
fluids (Drnovsek et al., 2012; Xynos et al., 2000). Protein-surface interactions are
preceded by water molecules bonding with the biomaterial surface. Here,
biomaterial’s hydrophobic or hydrophilic properties are important. In the next
phase, a layer of proteins from physiological fluids is adsorbed onto the surface.
In the following, cells that recognize suitable protein binding sites adhere to the
implant surface and determine implant integration into tissue. (McKenzie &
Webster, 2009) Failing to do so, this might result in formation of a fibrous capsule
and eventual implant failure.

A large surface to volume ratio and a large effective surface area promote cell
adhesion onto a biomaterial scaffold. Moreover, the 3D scaffold structure as well
as its surface topography, porosity, interior architecture with interconnected
porous structure, surface roughness, surface charge, and degradation rate all play
a role in the eventual clinical performance and effectiveness of the tissue
engineered construct. The biomaterial scaffold needs to allow maintenance of
tissue homeostasis that encompasses diffusion of soluble factors, nutrients such
as glucose and waste products as well as gas exchange including oxygen. Ideally,
the scaffold architecture and biomaterial properties stimulate cell growth and
differentiation offering structure and mechanical support long enough time for
the implanted cells to grow and differentiate to be gradually replaced by the

growing tissue.

As TE scaffolds, natural hydrogels, also as composites thereof, offer malleable
support for cell growth and differentiation although their degradation rate is
challenging to control (Kondiah et al., 2016; Osmalek et al., 2014; Xu et al., 2018).
Due to their high malleability, specific hydrogels also allow minimally invasive
TE applications of injectable hydrogel bone fillers (Kuo, K. C. et al,, 2015).

Scaffold mechanical properties

In general terms, mechanical properties refer to the elastic and inelastic properties
of the material upon the application of forces and relaxation. The applied forces
create stress and strain which describe the material mechanical characteristics.
The mechanical properties of a 3D scaffold such as stiffness and elasticity
determine scaffold properties for stem cell growth and differentiation for their
part. (Evans & Gentleman 2014; Gentleman et al., 2003; Gentleman et al., 2006)
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3D microenvironment

3D TE scaffolds offer besides mechanical protection and support to the
implanted cells, also bioactive stimuli for stem cell differentiation process.
Thus, an important aspect is creating scaffolds that provide cells with appropriate
topographical and biochemical cues. The ensemble of these stimuli might be
referred to as constituting a 3D microenvironment. Indeed, 3D cell culture
mimics better the native tissue microenvironment than conventional 2D z vitro
culture on cell culture plastic. (Evans et al., 2009; Evans et al., 2010; Evans &
Gentleman 2014; Gomes et al., 2017; Loaiza et al., 2018; Shah & Singh 2017)

2.4.2 In vitro tissue models

In addition to tissue engineered graft development, 3D cell culture is researched
to establish 7z vitro tissue models of tissue development, function in health and
disease. Engineered tissue models would also facilitate toxicology testing and help
avoid animal testing. To achieve this, 3D cell microenvironment which provides
cells with biological, biochemical and biophysical signals mimicking the native
needs to be defined and recreated (Calejo et al., 2020).

Further, 3D cell culture allows more natural cell-cell interactions. In fact,
3D aggregate culture of ASCs has promoted stronger secretion of ECM proteins
fibronectin and laminin, for example, compared to 2D monolayer culture. Also,
ASC endothelial differentiation and growth of functional tissue structures such
as capillary-like tubes, for example, have been better supported in 3D over 2D
culture. (Qiu et al., 2015; Zhao et al., 2016)

Importantly, coculture of different cell types is promoted in 3D culture with
more degrees of freedom for cellular interactions. With 7z vitro models, the aim is
in general terms to create a simplified tissue construct with specific functionality
that is studied in more detail. Naturally, 7z vivo tissues are more complex and
contain multiple different cell types and are in constant interaction with systemic

signals influencing tissue homeostasis in the whole body.

2.5 Biomaterials for tendon tissue engineering
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Tenogenic scaffold structure and function

The structure and function within the engineered tissue graft need to support one
another for optimal performance. Since large tendons transmit significant forces
between muscle and bone in the body, tendon graft biomaterials have to possess
high elasticity and sufficient properties for mechanical load-bearing (Butler et al.,
2004; Gaspar et al., 2015; James et al., 2011; Kannus 2000). Material properties
and processing techniques should befit biomaterial scaffold production. For
example, foamed PLA 96/4 would be too hatd and brittle a material for tendon
applications  (Font Tellado et al, 2015), and in similar terms,
poly(L-lactic-co-e-caprolactone) (PLCL) 70/30 filaments ate excessively adhesive
for the fabrication of a braided structure although highly elastic (Nair &
Laurencin 20006). On the other hand, by combining the right polymer properties
vastly increases the feasibility of application.

Tendon scaffold requirements

In the case of tendon tissue, one important point to consider is the slow healing
profile of damaged tendons (de Mos et al., 2008). The biodegradable biomaterial
scaffold should offer besides immediate support and possess sufficient
load-bearing properties upon implantation, also continued mechanical support
long enough to allow for cellular ingrowth and tissue regeneration (Kuo, C. K. et
al., 2010). PLA biomaterial degradation rate ranging from months to a year (Rasal
et al., 2010) would therefore be suitable for tendon application. In particular,
braided structures mimicking the native tendon tissue have been researched due
to high tensile strength (Vaquette et al., 2010). Considering tendon tissue, pore
sizes in the range of 150—240 um have been found apt in large animal model. Too
small pore size of 55 um was found to cause growth of cell aggregates and
clustering on the edge regions of the scaffold. (Caliari et al., 2011)

2.5.1 Mechanical properties for tendon constructs

Native tendon tissue is best characterized by its high tensile strength and
elasticity; the Young’s modulus related to the tensile strength of human Achilles
tendon and ligaments has been measured ranging between 200-870 MPa (Kuo,
C. K. etal,, 2010; Yang, S. et al., 2001). For tendon applications, PL.CL as a highly
elastic synthetic copolymer has been applied. For instance, Vaquette and
coworkers (Vaquette et al., 2010) reported the elastic modulus of electrospun
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PLCL microfiber scaffold as approximately 150 MPa which is in the same order
of magnitude as that of native tendon tissue (Kuo, C. K. et al., 2010; Yang, S. et
al., 2001). For surface stiffness, a range of ~30-50 kPa has been found to promote
MSC tendon-like phenotype (Sharma & Snedeker 2010; Sharma & Snedeker
2012).

2.5.2 Filamentous polymer scaffolds

Further specifications to consider in the case of tendon tissue scaffold are the
properties of filamentous structures. Filamentous scaffolds are thought to
structurally imitate native tendon tissue while filamentous structures permit a
variety of scaffold geometries (Lu et al., 2005). Physical properties of filamentous
scaffolds that affect cell adhesion and growth encompass fiber diameter,
orientation and surface topography (Vaquette et al., 2010), in addition to other
material properties. For example, anisotropic alignment has been reported to
support tenogenesis (Zouani et al., 2012). What is more, Erisken and coworkers
found that microfibers of poly(L,D-lactic-co-glycolic acid) (PLGA) aligned
human tenocytes more efficiently than nanofibers (Erisken et al., 2013). To the
point, the diameter of human tendon collagen fibrils has been reported in the
1-300 pm scale (Erisken et al., 2013). In a study by Vaquette and coworkers, the
aligned 2 pm-microfiber electrospun PLCL scaffolds promoted rat BMSCs to
produce ECM rich in COL1 and COL3, both which are typical tendon and
ligament matrix proteins (Vaquette et al., 2010). In comparison, Deng and
coworkers tested 20-30 um diameter fiber polyglycolide (PGA) nonaligned fiber
mesh with human dermal fibroblast culture under static strain for 14 weeks and
reported increased COL1 production and higher tensile strength (Deng et al.,
2009). The potential limitations of the filamentous scaffolds include the varied
porosity which might lead to seeded cells either flushing through the structure or
lack of cell penetration interior the braided structure (Vaquette et al., 2010).

Polylactide

Biodegradable and biocompatible PLLA is widely applied in biomedical
applications (Lasprilla et al, 2012). PLA is a polyester, synthesized from
monomers of lactic acid by ring-opening polymerization (Rasal et al., 2010). In
the chemical process, lactic acid is polycondensated into a polymer followed by
depolymerization resulting into cyclic lactide ring. In a metal catalyzed ring-
opening polymerization, the lactide ring is opened and the aliphatic polyester PLA
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polymer is formed either according to ionic, co-ordination or free radical
polymerization process depending on the choice of metal catalyst (Rasal et al.,
2010). P(L/D)LA is bioadsotbable (Lasprilla et al., 2012), hydrophobic, and
consists of the natural L-lactic acid as well as isoform D-lactic acid (Rasal et al.,
2010) which are fully metabolized by the body in a normal tissue homeostasis
condition (Middleton & Tipton 2000). I vivo, PLA degradation occurs typically
by bulk hydrolysis when the ester bond of the polymer chain is hydrolyzed by
water. This reaction leaves hydrophilic hydroxyl groups exposed in the polymer
thus causing further hydrolysis reactions to occur. Depending on the tissue
environment, hydrolysis of PLA fibers takes from several months up to a couple
of years 7/n vivo (Rasal et al., 2010). PLA is mechanically tailorable (Nair &
Laurencin 2000).

2.5.3 Foamed polymer scaffolds

Poly(I-lactide-co-e-caprolactone)

PLCL is a highly elastic hydrophobic copolymer of PLLA and poly(e-caprolactone)
(PCL). PCL is a polyester, synthesized by ring-opening polymerization of
e-caprolactone. PCL polymer chain undergoes bulk or surface hydrolysis in
aqueous environment, and its degradation product is caproic acid. (Yoon &
Fisher, 2009) PCL degrades at a slow rate, approximately up to 2 years 7 vivo
(Yang, S. et al, 2001), however, in PLCL copolymer the degradation rate is
increased (Yoon & Fisher, 2009).

2.6 Biomaterials for bone tissue engineering and vascularized
bone

Vascularized bone scaffold structure and function

Specific biomaterial properties required for a tissue engineered bone construct
include sufficient mechanical stability, mineralization capacity, and possibly anti-
bacterial properties (Douglas et al., 2014). Desirable bone biomaterial properties
include osteoconductivity, which means that the biomaterial allows endogenous
osteoblastic cells to adhere, grow, and divide, whereas an osteoinductive
biomaterial actively recruits and induces precursor cells to grow new bone
(Turner, 2009).
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The scaffold pore size is an important factor influencing, for example, hASC
osteogenic differentiation (Kyllonen et al., 2013) and a pore size of 200-600 pm
has been reported suitable for osteogenesis (Van Blitterswijk, 2008; Wubneh et
al., 2018). The structural properties of a suitable bone scaffold include porosity
in the minimal range of 50 % (James et al., 2011) for exchange of nutrients and
oxygen diffusion as well as waste removal 7z vitro and also after implantation
(Caliari et al., 2011). The pore structure and pore interconnectedness affect cell
adhesion and migration as well as the rate and depth of cell ingrowth during tissue
regeneration (Vaquette et al., 2010). The porosity and pore interconnectess of the
structure naturally also affect ingrowth of host wvasculature following
implantation. Pore sizes surpassing 300 pm have been deemed necessary for
vasculatization. (Wubneh et al., 2018)

Different technologies have potential for engineering of microvascularization,
such as 3D bioprinting of cells encapsulated within biocompatible hydrogels, for
example. The 3D bioprinting of tissue and organs is a rapidly developing field
with wide applicability. However, the feasibility between different applications
varies and, particularly the state of maturation of the bioprinted construct with

the aid of bioreactors, for example, would necessitate further research.

2.6.1 Mechanical properties for bone constructs

The biomaterial mechanical loading capacity requirements for load-bearing bone
applications are considerable. In comparison, the developing osteoblast osteoid
is a soft material and mechanically comparable to hydrogels at Young’s modulus
ranging between 11-30 kPa (Engler et al., 2006; Gantar et al., 2014; Huebsch et
al., 2010; Wen et al., 2014). Hydrogels could be applied as mineralized bone defect
filler materials as minimally invasive injectable grafts, for example (Engler et al.,
2000).

Stiffness for osteogenesis

The biomaterial substrate stiffness influences the differentiation of anchorage-
dependent stem cells. The mechanotransduction process involves transduction
of a mechanical signal such as material stiffness into altered protein expression
on cellular level. Adhered cells pull on the integrin adhesion sites and therein
linked cellular actin filaments. This in turn induces changes in the cell behavior,
morphology and function (Evans & Gentleman 2014). Interestingly, cells can also
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sense the surrounding harder surfaces of cell culture plastic even though
encapsulated within 3D hydrogel matrix, for example. This is due to the activity
of the cells pulling on the hydrogel matrix (Evans & Gentleman 2014). In the
osteogenesis process, a higher stiffness substrate enhances hMSC osteogenic
differentiation, even in similar cell culture media conditions (Engler et al., 2006;
Huebsch et al., 2010; Walters & Gentleman 2015). Therefore, substrate
mechanical properties and stiffness importantly influence cell fate (de Peppo et

al., 2014; Vogel 2018).

2.6.2 Hydrogels

According to a simplified International Union of Pure and Applied Chemistry
(IUPAC) definition, a gel is nonfluid colloidal or polymer network expanded by
a fluid. In the case of a hydrogel, the polymer network is water-swollen and
therefore a hydrogel can be defined as a hydrophilic nonfluid polymer network
with capacity to retain water. (ASTM International. 2011)

Cellular interactions are better supported when the cells are encapsulated
within a 3D matrix, such as hydrogel, that has structure and functions resembling
the natural ECM. What is more, similar mechanical properties support the native
niche mimicking effect (Vogel 2018).

Depending on the polymer source, hydrogels can be divided into natural,
synthetic, or hybrid hydrogels (Zhu & Marchant 2011). Natural biomaterials, such
as natural biopolymer COL, have specific advantages over synthetic biomaterials
since they offer natural adhesion and recognition sites for cells because of their
similarity with native ECM proteins (Yoon & Fisher, 2009). Although attractive,
natural biomaterials like COL lack sufficient mechanical properties. Therefore,
different strategies have been tested to improve the weak mechanical
performance (Marques et al., 2019). Natural polymer polysaccharide and protein
hydrogels are typically hydrophilic and biocompatible. However, their restrictions
include besides low mechanical strength, also fast 7z w0 degradation.
Polysaccharides GG, mammalian ECM glucosaminoglucan hyaluronan, and
alginate extracted from brown algae are water soluble and well biocompatible
with most cells but lack of adhesion sites (Diekjirgen & Grainger 2017).

Natural polymer based hydrogels, such as COL (Figure 4) and GG (Oliveira,
J. T. et al., 2010; Smith et al., 2007), are biodegradable, biocompatible and can
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accommodate various shapes and sizes as potentially injectable biomaterial

hydrogels.
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mineral \.- =
i | C i | ) [ -

35-60 nm |

Figure 4. Collagen type | structure. Collagen triple-helix secondary and tertiary structure
forms staggered (67 nm periodic spacing) quaternary structure of collagen fibrils.
Mineralized collagen fiber hydroxyapatite deposits located in fibril gaps. Modified from
(Lopes et al., 2018).

Collagen type I hydrogel

Collagen is a natural ECM protein and therefore promotes excellent cell adhesion
and spreading due to abundant arginine, glycine, and aspartate (RGD) amino acid
sequences. Different collagen proteins compose the most part of musculoskeletal
tissues and are thus vital for tissue integrity and functioning of cells therein (Friess
1998; Yoon & Fisher, 2009). Collagen has been utilized also as a coating
biomaterial to enhance cytocompatibility and adhesion. As a hydrogel
biomaterial, COL has been widely applied in TE constructs. However, there is an
issue of lot-to-lot variation of COL and other natural polymers, too.
Furthermore, COL is a weak gel which means that gelated COL fails to retain its
shape without external support when taken out of the mold (ASTM International.
2011). COL contracts z vitro due to cell induced contraction forces, hence it is
mechanically weak, and therefore methods to improve COL mechanical
properties are investigated (Gentleman et al., 2003; Gentleman et al., 20006).

Gellan gum

Gellan gum is an extracellular bacterial polysaccharide produced by
Sphingomonas elodea bacteria. The linear polysaccharide structure consists of
4 repeating units of P-D-glucose, B-D-glucuronic acid, B-D-glucose, and
o-L-rhamnose (Ferris et al., 2013).In aqueous solution, anionic GG
polysaccharide chains can be gelated with a monovalent or divalent cationic
crosslinker into tight double-helix coils in an ionotropic physical crosslinking
reaction (Ferris et al.,, 2013). The heating of non-gelated aqueous GG solution
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ptior to crosslinker addition to approximately 38 °C enhances the gelation
reaction and thus forms more stable hydrogels (Osmalek et al., 2014). GG forms
true gels according to ASTM standard meaning that the gelated hydrogel retains
its shape when taken out of the cast (ASTM International. 2011). GG is optically
transparent thus allowing optical microscopic imaging analysis of hydrogel
scaffolds (Belay, et al. 2017). In physiological environment, enzymatic
degradation of GG takes place by lysozyme, trypsin, and amylase (Ferris et al.,
2013; Xu et al., 2018). The crosslinking reaction can be further enhanced with
higher ionic strength. GG hydrogel elasticity and stiffness can be modified by
altering ion concentration of the crosslinker (Fialho et al., 2008). To that end,
trivalent bioamine spermidine (SPD) cation has been tested for effective
GG hydrogel gelation where the amine groups form ammonium groups in
aqueous solution (Lopez-Cebral et al., 2013; Soto et al., 2016). Furthermore, GG
is approved by the European Medicines Agency (EMA) and the United States
Food and Drug Administration (FDA) as a gelling and stabilization agent E418
for use in food, cosmetic, and chemical industries. As such, GG is an economical

gelling additive and therefore enables cost-effective industrial scale solutions.

GG was initially reported feasible for cell encapsulation and TE applications by
Smith and coworkers (Smith et al., 2007). Since, interest within the field of
regenerative medicine applications has continued to grow (Coutinho et al., 2010;
Oliveira, J. T. et al., 2010; Stevens et al., 2016). What is more, GG has been
evaluated to possess reduced risk of zoonosis compared to animal derived natural
hydrogels thus improving the safety of the engineered construct (Gantar et al.,
2014). However, GG is rather inert as a biomaterial requiring functionalization
to promote cell adhesion and spreading (Bacelar et al., 2016). Interestingly, the
inert character of GG might not impede osteogenic differentiation of hASCs
according to an Oliveira and coworker study (Oliveira, M. B. et al., 2016).

Composite hydrogels

The benefits of different components are sought when combining different
hydrogels into a composite hydrogel. For example, hiPSC-derived cardiomyocyte
adhesion and functionality in GG hydrogel has been demonstrated by combining
GG with gelatin, a collagen derivative (Koivisto et al., 2019). GG has also been
modified with the aid of a double network to functionalize it for MSC culture
(Choi et al, 2019). Also, COL has been applied for improved
biofunctionalization of inert alginate hydrogel (Guillaume et al., 2015).
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Hvdrogels for bone

COL is a highly suitable choice for bone grafts since collagenous fibers constitute
the main part of bone organic matrix. Moreover, collagenous matrix functions as
a natural platform for CaP mineral residue deposition and for apatite crystal
nucleation and growth (Ferreira et al., 2012; Gelse et al., 2003). For minimally
invasive bone defect reperation, an injectable hydrogel would be an attractive
alternative, although hydrogels have restricted applicability for load-bearing or
large volume bone constructs (Douglas et al., 2014). In a previous study, GG
hydrogel has been combined with solid BaG particles (Douglas et al., 2014) for
bone applications. Table 4 presents 7z vitro hydrogel studies for bone TE
applications.

Table 4. In vitro bone studies with hydrogels.

Biomaterial Cells Media Results Reference
Metabolic activity 1,
GG-MA beads, Cabead- proliferation +,
Ca-enriched hASCs MM mineralization + (Vieira et al., 2019)
GG-MA, GG-MA (E') 30 kPa,
GG-MA/COL, GG-MA/COL (E") 3 kPa, (Oliveira, M. B. et al.,
alginate hASCs MM,OM  MM: OCN 1t 2016)
Mechanical properties +,
GG with BaG good viability,
nanoparticles hASCs SBF HAp layer formed (Gantar et al., 2014)
GG/HA (E') 4 kPa,
human ECM deposition +,
GG/HA osteoblasts SBF mineralization + (Bellini et al., 2015)
GG with BaG
particles rat BMSCs MM Highest ALP with 45S5 (Douglas et al., 2014)
rabbit
GG/HAp osteoblasts MM Good viability, proliferation +  (Vieira et al., 2015)

Bone-like layer
(E" 80-180 kPa, osteoblasts:

rabbit good viability, proliferation +,
GG/HAp osteoblasts MM mineralization + (Pereira et al., 2018)
Dense COL with
BaG murine
nanoparticles osteoblasts MM ALP 1, mineralization + (Marelli et al., 2011)
murine
GG/PEGDA/PLA  BMSCs MM Good viability, proliferation +  (Hu et al., 2018)

Abbreviations: 1 =upregulated; + =increased; 45S5, the original Bioglass®, ALP, alkaline phosphatase activity;
BaG, bioactive glass; BMSCs, bone marrow stem cells; COL, collagen type | hydrogel; E',
Young's modulus; ECM, extracellular matrix; GG, gellan gum; HA, hyaluronic acid;
HAp, hydroxyapatite; hASCs, human adipose stem cells;
MA, methacrylate; MM, maintenance medium; OCN, osteocalcin; OM, osteogenic medium;
PEGDA, Poly(ethylene glycol) diacrylate; PLA, polylactide; SBF, simulated body fluid.
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Hydrogel characterization

Hydrogels are for the most part mechanically elastic and soft biomaterials. The
hydrogel biomaterial mechanical properties are linked to the hydrogel
microstructure of water-filled voids, including polymer network mesh size, and
hydrogel porosity (Li, J]. & Mooney 2016). In fact, the hydrogel microstructure
facilitates the diffusion of nutrients and waste products to cells encapsulated
within the hydrogel. The mesh size is determined by the distance between
crosslinking points whereas porosity is defined as larger voids in the hydrogel
microstructure than the mesh size (Li, J. & Mooney 2010). In a study by Soto and
coworkers, microstructure of unmodified GG with mesh size allowing mass
transport diffusion of small molecules of approximately 20 kDa in size and with
larger pores, was deemed sufficient for diffusion of cellular nutrients and growth
factors (Soto et al., 2016). Nonetheless, no consensus on optimal hydrogel pore
size has been posited although it should be considered separately for each cell
type and the desired property, for example, cell motility (Guan et al., 2017).

2.6.3 Bioactive glass

BaGs which are a type of bioceramic were discovered by Larry Hench in the late
1960’s and were immediately appreciated for their ability to bond directly to bone
(Hench & Wilson 1986). By tuning the BaG composition, the rate of bonding
can be directly controlled (Turner, 2009). Typical BaG composition consists of
Si0g, CaO, K20, NaxO, P05, B2O3 and MgO (Jones 2015). BaG dissolved ions
(Figure 5) stimulate precursor cells to differentiate into osteoblastic cells, bone
growth, and importantly, also angiogenesis (Day 2005; Kargozar et al., 2018).
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Figure 5. BaG dissolved ions’ effect on angiogenesis including Si4*, Ca?*, and B3
multivalent cations. Modified from (Kargozar et al., 2018). Abbreviations:
t=upregulated; bFGF, basic fibroblast growth factor; EC, endothelial cell; EGF,
epidermal growth factor; IGF-1, insulin-like growth factor-1; PDGF, platelet derived
growth factor; VEGF, vascular endothelial growth factor.
Although their brittleness limits the applications to non-load-bearing sites, BaG
abrasion resistance is excellent (Turner, 2009). When exposed to physiological
fluids, BaGs elicit formation of a biologically reactive hydroxycarbonate apatite
layer that has composition similar to inorganic bone matrix (Hench 20006). This
in turn promotes tissue bonding at the reactive interface, and what is important
for graft survival and success, fibrous capsule will not be formed (Turner, 2009).
The bioactive property is due to free exchange of ions between the BaG and
fluids of the body. For these favorable properties, the BaG should contain
<60 mol% SiO2, high CaO and NaxO content and high CaO:P>Os ratio. The
original 4585 bioglass formulation contains 45 wt-% SiO2 with a 5:1
CaO:P20s ratio (Turner, 2009). Another well-known bioactive glass composition
is that of S53P4 bioactive glass Bonalive® that inhibits bacterial growth. The
practical applications of BaGs have been as a coating material or as a filler
material for bone constructs (Gantar et al., 2014).

Bioactive glass extract

As an important discovery (Ojansivu et al., 2015; Ojansivu; Mishra et al., 2018),
BaG bioactivity can be harnessed for TE 7z vitro cell culture applications based on
the dissolved ions alone. This can be achieved by incubating the solid BaG
granules in cell culture media base thus gaining the bioactive component directly
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in a soluble form for efficient cell stimulation by BaG ionic dissolution products
(da Silva et al., 2017; Nunez-Toldra et al., 2019; Ojansivu et al., 2015).

2.7 Vascularized bone tissue engineering

Vascularization of the tissue engineered constructs remains as the principal
challenge of the field (Chang & Niklason 2017; Wang et al., 2017). Indeed,
engineered microvascularization would not only enhance graft survival but also
allow scaling up to clinically relevant volumes of tissue (Datta et al., 2017; Pirosa
et al., 2018). Cells embedded within constructs thicker than 400 um suffer from
lack of oxygen upon implantation. Therefore, graft prevascularization would
support the cell survival. Also, cellular cross-talk between vascular and neuronal
cells advances tissue maturation (Ko et al., 2007; Maes et al., 2010). Moteover,
prevascularization of the implant promotes faster ingrowth of host tissue
vasculature. (Pirosa et al., 2018) In view of this, scaffold structure porosity also
plays a role since it facilitates diffusion within the tissue engineered construct
allowing faster ingrowth of tissue and neovascularization of the construct
(Fedorovich et al., 2011). Cell-ingrowth from surrounding tissue promotes bone
defect healing and this is likewise rendered faster with prevascular structures
already in place (Pirosa et al., 2018). Thus, multiple strategies for graft
prevascularization have been explored encompassing electrospinning (Hasan et
al., 2014), sacrificial conduit materials such as gelatin, particulate leaching (Baker
etal.,, 2011), or bioprinting with extrusion, droplet, and laser techniques (Datta et
al., 2017; Rouwkema & Khademhosseini 2016).

2.7.1 Coculture for vascularization

The coculture approach offers multiple beneficial aspects for vascularization
since MSCs, pericytes, or fibroblasts cultured with ECs have been shown to
besides enhance vascular network formation, also increase stability of the
network and modulate vascular barrier function (Bajpai & Andreadis 2012;
Baldwin et al., 2014). These effects of the supporting cells in close proximity of
ECs are mediated via adhesion and paracrine factors (Greco Song et al.,
2018). The benefits of cell-cell communication can be harnessed in coculture in
the interest of neovascularization formation (Pill et al., 2018; Rouwkema et al.,

2000). For example, according to the coculture vascularization scheme, HUVECs
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induce stromal cell, such as hASC, endothelial differentiation. The stromal cells
support the ECs, in turn. Coculture of hMSCs and HUVECs is mutually
beneficial since the factors that stromal cells secrete, promote EC alignment,
sprouting and tube formation, in addition to stromal cell stabilizing effect on the
capillary basement membrane (Correia, C. et al., 2011).

The hASCs promote angiogenesis, which refers growth of blood vessels from
existing vasculature, by secreting stimulating factors (Rehman et al., 2004). Also,
hASCs assist vasculogenesis, meaning de novo formation of capillaries and blood
vessels, and vascular maturation (Cai et al., 2007). Importantly, in a study by Chen
and coworkers, the formation of stable capillaries was maintained in hydrogel
culture with hMSC provided support for ECs (Chen, Y. C. et al., 2012). Table 5
presents 7z vitro bone vascularization studies in hydrogels and composites.
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2.7.2 Vascularization in cell-laden hydrogels

The formation of vascular network is needed to ensure graft survival and secure
graft functionality. For the formation of microvascularization in a tissue
engineered graft, a soft hydrogel scaffold material is required at approximately
1 kPa Young’s modulus (Sieminski et al., 2007). The hydrogel biomaterial needs
to be soft enough to allow the ECs to remodel the 3D hydrogel matrix and
eventually form vascular networks (Figure 06).

3D hydrogel encapsulation

hydrogel "

physico-chemical stimuli

growth factors, cytokines

soluble cues

cell-cell interactions
l\rasculogenesis

Figure 6. Microvascularization formation in cell-laden hydrogels. Vasculogenesis by
self-assembly of endothelial cells into interconnected microvessel network within
3D hydrogel. Modified from (Greco Song et al., 2018).
However, the hydrogel scaffold needs to possess sufficient stability for safe
handling of the graft during iz vitro culture and also implantation process.
Functional human vascular network has been reported by Chen and coworkers
in gelatin methacrylate hydrogels (Chen, Y. C. et al., 2012) and as an injectable
COL construct by Kuo and coworkers (Kuo, K. C. et al., 2015).
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2.8 Invivo studies

In vivo testing with an animal model is justified in cases where both tissue and
systemic responses are essential for the safety and efficacy assessment of the
implant. In vitro screening tests of cell-laden biomaterial construct constitute a
preliminary step towards zz vive testing (Doherty, 2009) and eventual clinical trials.
In short, i vive preclinical safety and efficacy testing of medical devices is based
on evaluation of irritation and sensitivity, allergic reactions, hemocompatibility,
acute and chronic toxicity and inflammation, systemic toxity, carcinogenicity and
mutagenicity (Doherty, 2009; McBlane et al., 2018).

Tendon constructs 7 vive

For tendon repair, PLA 96/4 suture has been reported successful in a rabbit
model (Viinikainen et al., 2014), whereas direct injections of GDF-5 have
improved tendon healing in a rat model (Aspenberg 2007).

Vascularized bone constructs 2 vivo

In vivo neovascularization has been shown to ameliorate with hASCs that have
undergone endothelial differentiation (Cao et al., 2005). Liu and coworkers
reported enhanced osteogenesis and vascularization with human iPSC-derived
MSCs and HUVECs cocultured in a CaP scaffold implanted in a rat model (Liu,
X. etal., 2017).

Limits of iz vivo testing

An issue remains concerning the use of human cells in an animal model since
human cells might be rejected by animal immune system (Seok et al., 2013). The
results of 7 vivo testing require an extrapolation step of data interpretation since
there are differences between animal and human physiology (Gomes et al., 2017)
including differences in species evolution, in cellular composition (Patrikoski et
al., 2019), in metabolic and systemic functions (Shah & Singh 2017), and
discrepancies between molecular responses (Takao & Miyakawa 2015a; Takao &
Miyakawa 2015b). What is more, recovery time between rodent models and
humans differs greatly which complicates data interpretation (Patrikoski et al.,
2019). For the above reasons, 7 vitro models with human cells could provide
more accurate platform for testing of human physiology mimicking functionality

and reactions.
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2.9 Clinical case studies

As their overarching goal, current TE strategies aim to provide novel and
innovative solutions in order to help answer the growing need for tissue grafts
and personalized medicine applications. Whole organ TE has been reported for
skin which is a flat tissue (Centanni et al., 2011) and cartilage (Jiang et al., 2010),
hollow organ structures such as urethra (Raya-Rivera, A. et al., 2011), bladder
(Atala et al., 20006), and vaginal organs (Raya-Rivera, A. M. et al., 2014), and
tubular tissues such trachea (Hamilton et al., 2015) and vascular grafts
(Wystrychowski et al., 2014). On the other hand, functional solid organs have
proven challenging to generate ascribable to their complexity (Shafiee & Atala
2017). With randomized clinical trials, the efficiency, safety, and clinical end result
of different TE techniques can be evaluated (De Francesco et al., 2015).

Advanced therapy medicinal product European regulatory framework

Since musculoskeletal defects cause a globally growing strain on the health care
systems, restrict the working ability with substantial economic losses, and
diminish overall the quality of life of the patients, their safe and efficient treatment
is of major importance. Tissue-engineered construct treatments are costly at
approximately 20,000 USD while the cost of gene therapy is even higher at
approximately 400,000-1,200,000 USD (Seoane-Vazquez et al., 2019). These
treatments are often considered in cases where conventional treatments are no
longer effective and this might be reflected onto the success rate of the aforesaid
treatments (Cossu et al., 2018).

Medicines that are based on gene, cell, or tissue therapies are subject to a specific
European regulatory framework due to their content of living cells or viral vectors
(Eder & Wild 2019). The European regulatory guideline for advanced therapy
medicinal products (ATMPs) that encompass gene therapeutics, somatic cell
therapy, and tissue engineered products was established with the risk-based
approach (Annex I, partIV of Directive/2001/83/EC) and a regulatory
framework (1394/2007/EC) for marketing authorisation issued by the EMA was
enforced in 2008 (Eder & Wild 2019; Patrikoski et al., 2019).

Up to present, the EMA has given European marketing authorisation to
12 ATMPs most of which have been since withdrawn from the market (Eder &
Wild 2019) and the FDA has given authorisation to 16 ATMPs in the United
States market (Seoane-Vazquez et al., 2019). Currently the EMA has licensed
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5 cell-based ATMPs in the EU; Alofisel® somatic cell therapy medicinal product
for Crohn’s disease anal fistula treatment; classified as tissue engineered products,
Holoclar® for eye limbal stem cell deficiency and Spherox® for knee cartilage
defects; as gene therapy medicinal products Yescarta® for treating two types of
nonresponding B-cell lymphoma blood cancer and Zynteglo® for beta

thalassaemia treatment.

A case in point, phase II/III/IV ATMP clinical trials concerning
musculoskeletal defects have remained limited. Table 6 presents academic cell
therapeutic musculoskeletal ATMP clinical trials with European regulatory
authorisation. On the other hand, MSCs as ATMPs have been granted European
regulatory authorisation and applied for indications ranging from Crohn’s disease
anal fistula treatment with autologous ASCs (Phase III trial NCT01803347) to
critical limb ischemia with restricted blood and oxygen supply to tissues treated
with allogenic BMSCs (Phase II/III trial NCT03042572), and also
cardiomyopathy treatment with an autologous BMSC CD34* subpopulation
(Phase II/11I trial NCT02248532).

Table 6. Phase II/1II/IV musculoskeletal ATMP clinical trials 2008-2018 (Eder & Wild 2019).

Phase Indication Intervention Trial identifier
EUDRACT2015-

Il Non-union bone fracture Autologous BMSCs 000431-32
Autologous BMSCs and

M Non-union bone fracture biomaterial NCT03325504

Periapical bone healing in Autologous leucocyte and platelet

M infected primary teeth rich fibrin NCT02437708
Autologous bone marrow

v Osteoarthritis concentrate NCT03110679

i Chronic Achilles tendinopathy Autologous tenocytes NCT01343836

Abbreviation: BMSCs, bone marrow stem cells.

Summarizing the ATMP clinical trials in Table 6, bone fractures were treated
with autologous BMSCs with or without supporting biomaterial, whereas a fibrin
matrix with tissue repair promoting leucocytes and platelets were applied for
infected primary teeth. For osteoarthritis, a concentrate of autologous bone
marrow with a variety of cellular components including hBMSCs was applied
while primary tendon cells were used to treat chronic Achilles tendinopathy.

However, regulatory agencies have the power to withdraw the approval of
phase II/III clinical trials, as was the case for the treatment of ischemic stroke
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with limited brain blood flow by intravenous allogenic hASC therapy
(RESSTORE, trial NCT02849613). Indeed, 23 % of ATMP clinical trials are
terminated due to lack of efficacy compared to standard treatment options
available (Eder & Wild 2019). Subsequently, the RESSTORE preclinical trials

have resumed with a new protocol in phase I.

Under certain circumstances, advanced therapy medicines can be authorised
nationally by the national competent authorities, when they are custom-made
products, prepared on a non-routine basis for an individual patient and
administered in hospital under the responsibility of a doctor. In addition,
treatments based on human tissue, cell and stem cell products that do not fall
under the category of medicinal products are also regulated at national level as
tissues or cell transplants (1394/2007/EC). These can be granted national
Hospital exemption according to 2001/83/EC. In Finland at the Tampere
University Hospital, the national Hospital exemption has up to present allowed
bone tissue engineered constructs with hASCs and (-tricalcium phosphate
(B-TCP) granules to be applied for over 20 craniomaxillofacial bone regeneration
patients since 2008. Thesleff and coworkers reported that the clinical outcomes
of 2008-2011 conducted treatments failed to surpass conventional treatment
method results (Thesleff et al., 2011). Briefly, autologous cells were expanded in
in vitro clean room laboratory cell culture and readministered to the defect site

with bioceramic granules and osteogenesis promoting BMP-2.
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3 AIMS OF THE STUDY

The main aim of the study was to develop hASC differentiation methods in
combination with tissue specific biomaterials for musculoskeletal tissue

engineered graft development. The specific aims of studies I-ITI were:

I To evaluate hASC tenogenic differentiation, firstly, by optimizing
tenogenic differentiation medium for hASCs and, secondly, by comparing
tenogenic differentiation of hASCs in braided PLA 96L/4D and foamed
70L/30CL copolymer scaffolds and, thirdly, by evaluating the combined effect
of the optimized tenogenic differentiation medium with the optimized polymeric

scaffold.

II To determine, firstly, the effect of BaG 2-06 extract based osteogenic
medium induction on hASC osteogenic differentiation and mineralization
encapsulated in GG and COL hydrogels and, secondly, to compare the effect of
BaG 2-06 extract GG crosslinker for hASC mineralization with osteogenic
medium culture in 3D GG hydrogel culture.

IIT1 To evaluate, firstly, osteogenic differentiation of hASCs induced with
BaG 2-06 extract based endothelial medium with osteogenic supplements in
coculture with HUVECs and, secondly, to evaluate the effect of hASC osteogenic
preconditioning for mineralization, and thirdly, to assess microvascularization
network formation in 3D composite GG-COL hydrogel coculture.
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4 MATERIALS AND METHODS

4.1 Human adipose stem cell isolation, characterization and
culture

41.1 Human adipose stem cell isolation

This study was conducted with the favourable opinion of the Regional Ethics
Committee of the Expert Responsibility area of Tampere University Hospital,
Tampere, Finland, to obtain adipose tissue samples for research purposes
(R15161). The hASCs were isolated from subcutaneous adipose tissue in
surgeries at the Tampere University Hospital Department of Plastic Surgery that
were obtained with the patients’ written informed consent. The adipose tissue
samples were obtained: in study I, from 7 healthy female donors of mean age
52(9) years; in study II, from 6 healthy female donors of mean age 52(5) years; in
study III, from 3 healthy female donors of mean age 56(4) years.

The hASCs isolation was performed as reported previously (Kyllonen et al.,
2013). Briefly, subcutaneous adipose tissue was mechanically cut, followed by
enzymatic digestion with a solution containing collagenase type I (1.5 mg/mL;
Thermo Fisher Scientific, Waltham, MA, USA), Dulbecco’s Modified Eagle
Medium/Ham’s Nutrient Mixture F-12 (DMEM/F-12 1:1; Thermo Fisher
Scientific), 1 % L-glutamine (GlutaMAX; Thermo Fisher Scientific), and 1 %
antibiotics (100 U/mL penicillin/100 U/mL streptomycin; P/S; Lonza, Basel,
Switzerland). The isolated hASCs were expanded in maintenance medium (MM)
containing DMEM/F-12, 5-10 % human serum (HS; PAA Laboratories; GE
Healthcare, Chicago, 1L, USA) in study I due to the change of the serum lot, and
5% HS (Biowest, Nuaillé, France) in studies II and III, 1 % L-glutamine
(GlutaMAX, Gibco; Thermo Fisher Scientific), and 1 % P/S. Following isolation,
the hASCs were expanded in T75 cm? polystyrene flasks (Nunc; Thermo Fisher
Scientific) in MM at 37 °C and in 5 % COz. The medium was changed twice a
week. Upon passaging, TrypLE Select (Thermo Fisher Scientific) was added to
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detach the cells. The isolated hASCs tested negative for mycoplasma
contamination.

4.1.2 Human adipose stem cell characterization

Flow cytometry analysis was performed to characterize undifferentiated hASCs
of passage 1-2 in studies I-III. Briefly, hASCs were analyzed for the multipotency
cell surface markers (Lindroos et al., 2011) with flow cytometry (FACSAria; BD
Biosciences, Franklin Lakes, NJ, USA) by measuring fluorophore-conjugated
monoclonal antibodies against CD3-PE, CD14-PE-Cy7, CD19-PE-Cy7,
CD45RO-APC, CD54-FITC, CD73-PE, CD90-APC (BD Biosciences),
CD11a-APC, CD80-PE, CD86-PE, CD105-PE (R&D Systems, Minneapolis,
MN, USA), CD34-APC, and HLA-DR-PE (Immunotools, Friesoythe,
Germany). Flow cytometric analysis was performed with 10,000 cells per sample,
and the positive expression was defined as a level of fluorescence 99 % greater
than that of the corresponding unstained cell sample (Jaroszeski & Radcliff 1999;
Picot et al., 2012).

4.1.3 Human adipose stem cell culture

In studies I-III, hASCs of passages 3-6 were used. In study I, the scaffolds were
pretreated with DMEM/F-12 and 1 % P/S for 72 h. In study I, the cells were
allowed to adhere at +37 °C for 3 h before addition of the corresponding
medium (Table 7) to the wells.

In studies II-III, the cell pellets were resuspended into the non-gelated
COL or GG solutions, manually mixed and allowed to gelate in RT. The
corresponding medium (Table 7) was added immediately following gelation
(studies II-III). The 48-well plate format (Nunclon Delta Surface; Merck,
Darmstadt, Germany) was used for cell culture experiments in scaffolds in studies
I-ITI. Media were changed three times per week in studies I-III.

69



Table 7. The media compositions.

Medium Study Composition
MM L DMEM/F-12, 5-10% (v/v) HS, 1% (v/v) PIS, 1% (v/v) L-glutamine
MM mn aMEM, 5% (viv) HS, 1% (v/v) PIS, 1% (v/v) L-glutamine
™1 I 100 ng/mL GDF-5 in MM
T™2 | 50 ng/mL GDF-5 in MM
TM3 (TM) | 50 ng/mL GDF-5, 50 pg/mL (280 uM) L-ascorbic acid
EBM-2, hEGF*, hVEGF*, R3-IGF-1*, hFGF-B*, heparin*, hydrocortisone*,
EGM-2with HS 1l AsA2P*, GA-1000%, 2% (v/v) HS
OM I, 5nM Dex, 250 uM AsA2P, 10 mM B-GP in MM
BaG OM I OM in BaG extract base
BaG EM-OM 1l OM in BaG EM extract base

Abbreviations and reagents: a-MEM, Minimum Essential Medium a (Thermo Fisher Scientific); B-GP, B-
glycerophosphate (Merck); AsA2P, L-ascorbic acid 2-phosphate (Merck); ascorbic acid
(Lonza); BaG EM extract, bioactive glass extract in EBM-2; BaG EM-OM, bioactive glass
extract endothelial-osteogenic medium; BaG extract, bioactive glass extract in MM; BaG OM,
bioactive glass extract osteogenic medium; Dex, dexamethasone (Merck); DMEM/F-12,
Dulbecco’s Modified Eagle Medium/Ham’s Nutrient Mixture F-12 (Thermo Fisher Scientific);
EBM-2, Endothelial Cell Growth Basal Medium-2 (Lonza); EGM-2, Endothelial Cell Growth
Medium-2; GA, 30 pg/mL gentamicin/ 15 ng/mL amphotericin-B (Lonza); GDF-5, Growth and
Differentiation Factor-5 (Biomol, Hamburg, Germany); hEGF, human Epidermal Growth
Factor (Lonza); heparin (Lonza); hFGF-f, human Fibroblast Growth Factor-Beta (Lonza); HS,
human serum (PAA Laboratories, GE Healthcare (study I); Biowest (studies II-lll));
hydrocortisone (Lonza); hVEGF, Vascular Endothelial Growth Factor (Lonza); L-ascorbic acid
(Merck); L-glutamine (GlutaMAX; Thermo Fisher Scientific); MM, maintenance medium; OM,
osteogenic medium; P/S, 100 U/mL penicillin/streptomycin (Lonza); R3-IGF-1, R3-Insulin-like
Growth Factor-1 (Lonza); TM1, tenogenic medium 1; TM2, tenogenic medium 2; TM3,
tenogenic medium 3 (selected as the optimized tenogenic medium (TM)). * indicates EGM-2
SingleQuots supplement (Lonza).

Bioactive glass extract preparation

In study II, BaG extract and BaG OM solutions were prepared. The granules of
BaG 2-06 (Ojansivu et al., 2015) had a nominal composition of 12.1 wt-% NaxO,
14.0 wt-% K0, 19.8 wt-% CaO, 2.5 wt-% P20s, 1.6 wt-% B2O3, and 50.0 wt-%
SiO,. For the preparation of BaG extract and BaG OM, briefly, batches of
granules of BaG 2-06 of 500-1 000 pm diameter were disinfected with 70 %
ethanol washes for 10 min repeated twice (ETAX Aa 299.5 % ethanol; Altia,
Rajamaiki, Finland; deionized sterile filtered water). The ethanol was allowed to
evaporate in RT for 2h. The BaG extract contains dissolved ions from
87.5 mg/mL BaG granules incubated for 24 h in DMEM/F-12, 1 % (v/v) P/S
(Lonza), and 1% (v/v) L-glutamine (GlutaMAX; Thermo Fisher Scientific)
(study IT) orin EBM-2 with 0.1 % (v/v) 30 ug/mlL gentamicin/ 15 ng/mL
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amphotericin-B (Lonza; study III), in polystyrene dishes, after which the BaG
extract was sterile filtered with 0.2 pm filters. The BaG extracts were stored for a
maximum duration of 14 d in studies II-III. The BaG OM was prepared by
adding 5 % (v/v) HS (Biowest), 10 mM B-GP (Merck), 250 uM AsA2P (Merck),
and 5 nM Dex (Merck) to BaG extract (study II). Regular OM was made by
supplementing 5 % HS (v/v) (Biowest) MM with 10 mM B-GP (Merck), 250 uM
AsA2P (Merck), and 5 nM Dex (Merck). In study III, BaG EM-OM medium was
prepated by incubating 87.5 mg/mL of BaG 2-06 granules (500-1 000 um) in
EBM-2 with GA (EGM-2 SingleQuots supplements, L.onza) for 24 h to gain the
BaG EM extract, after which 5 % HS and osteogenic supplements were added to
the BaG EM extract. For hASC pretreatment in study III, the hASCs were
expanded either in MM or OM.

4.2 Human umbilical vein endothelial cell isolation,
characterization and culture

4.2.1 Human umbilical vein endothelial cell isolation

In study III, HUVECs were obtained from 1 donor of 38 years in planned
cesarean section at the Tampere University Hospital with the patient’s written
informed consent and with the favourable opinion of the Regional Ethics
Committee of the Expert Responsibility area of Tampere University Hospital
(R13019), Tampere, Finland, and isolated according to a previously reported
method (Jaffe et al., 1973; Sarkanen et al., 2011). Briefly, the umbilical vein was
rinsed with a solution consisting of EBM-2 (Lonza), collagenase type 11
(1.0 mg/ml.; Merck), 2 % P/S (v/v) and 0.1 % (v/v) GA (Lonza).

4.2.2 Human umbilical vein endothelial cell characterization

Flow cytometry analysis was performed to characterize HUVECs in study IIL
Briefly, HUVECs were analyzed for the cell surface markers by measuring
fluorophore-conjugated monoclonal antibodies against CD31-FITC, CD34-APC
(Immunotools), CD73-PE, CD9Y0-APC, CD144-PE, CD146-PE (BD
Biosciences), CD105-PE, and VEGFR3-APC (R&D Systems) with flow
cytometry (FACSAria; BD Biosciences). The analysis was performed with 10,000
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cells per sample. For positive expression the level of fluorescence was 99 %
greater than that of the corresponding unstained cell sample (Jaroszeski &
Radcliff 1999; Picot et al., 2012).

4.2.3 Human umbilical vein endothelial cell culture

In study III, HUVECs were expanded prior to plating in EGM-2 medium (see
Table 7 in section 4.1.3) consisting of EBM-2 (Lonza), EGM-2
SingleQuots supplements (Lonza), and 2 % HS (Biowest). The HUVECs in
study IIT were of passages 6-7. After plating, in the coculture experiments in
study III, HUVECs were cultured within 3D hydrogels with hASCs in either
EGM-2 or BaG EM-OM.

4.3 Tenogenic scaffold manufacture and characterization

In study I, braided filamentous PLA 96/4 scaffolds and foamed PLCL 70/30
were manufactured, characterized and tested. Consequently, the filamentous and

foamed scaffolds were compared for hASC tenogenesis.

4.3.1 Braided filamentous polymer scaffolds

In study I, the PLA fibers were melt span from medical grade
poly-96L./4D-lactide (PLA 96/4) copolymer with an inherent viscosity of
2.18 dL/g (Purac, Corbion, Amsterdam, the Netherlands) using a Gimac
microextruder (Gimac, Gastronno, Italy) with a screw diameter of 12 mm. The
multifilament fiber was drawn from a nozzle and oriented by means of caterpillars
and infrared ovens. The diameter of a single fiber in the 8-filament braid was
80 pm. The filamentous PLA 96/4 scaffolds were machine braided by Scaffdex
Ltd (Tampere, Finland). The finished braid of 4 mm of width and 1.1 mm of
height was washed with ethanol and manually cut with a heated blade into
scaffolds of 10 mm of length. The scaffolds were gamma irradiated for sterility
with a minimum irradiation dose of 25 kGy before cell culture by a commercial
service supplier. The filamentous PLA 96/4 scaffolds were pretreated for 72 h
with DMEM/F-12 with 1 % P/S (v/v) ptiot to cell seeding.
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4.3.2 Foamed polymer scaffolds

In study I, the foamed scaffolds were fabricated from PLCL 70/30 (Purasorb
PLC 7015, Purac, Corbion) with an inherent viscosity of 1.5 dL./g. The polymer
was melt extruded into rods and processed with a supercritical CO reactor
system (Waters Operating Corporation, Milford, MA, USA) to create an irregular
porous structure. The samples were manually cut to final dimensions of 10 mm
of length, 4 mm of width, and 1.4 mm of height on average. Prior to cell culture
experiments, the scaffolds were gamma irradiated for sterility with a minimum
irradiation dose of 25 kGy by a commercial service supplier. The foamed
PLCL 70/30 wete pretreated for 72 h with DMEM/F-12 with 1 % (v/v) P/S
prior to seeding of cells.

4.3.3 Polymeric tendon scaffold mechanical tensile testing

In study I, the mechanical properties of the braided PLA 96/4 scaffolds and the
foamed PLCL 70/30 scaffolds were tested by a tensile test method with a
universal material testing machine (Instron 4411, series IX Automated Materials
Testing System, Norwood, MA, USA). The direct tensile test was performed
according to system manual with a crosshead speed of 30 mm/min, a load cell of
500 N, and gauge length at 10 mm position. Briefly, samples were fastened with
tensile grips, the load and strain limits were set and measured sample area entered
in the system. The experiment was initiated and stopped when the sample broke
or when upper extension limit was reached.

The elastic modulus under tension was calculated by system integrated software
based on the slope of the linear region of the stress-strain curve where Hooke’s
law holds (1) (Callister & Rethwisch, 2014).

Hookes' law
c=E*g 1

where, © signifies uniaxial stress (tensile or compressive), E denotes elastic
modulus or Young's modulus, € means strain (SFS-EN ISO 604. 2002).
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4.3.4 Micro-computed tomography imaging of polymeric scaffolds

The micro-computed tomography (micro-CT) characterization of the braided
PLA 96/4 and the foamed PLCL scaffolds was petrformed with MictoXCT-400
microscope (Carl Zeiss X-ray Microscopy, Pleasanton, CA, USA). Subsequently,
image analysis was performed with Fiji open-source platform (Schindelin et al.,
2012) with Bone] plugin (Image]; U. S. National Institutes of Health, Bethesda,
MD, USA) (Doube et al., 2010).

4.4 Osteogenic and vascularized bone scaffold manufacture and
characterization

4.4.1 Bioactive glass manufacture

The BaG 2-06 granules were manufactured with analytical grade Na,COs,
K>COs, CaCOs;, MgO, CaHPO4(2-H20), and Belgian quartz sand (Merck).
Briefly, each batch yielding 300 g of glass granules was melted for 3 h at
+1 360 °C in Pt crucible, after which the glass was cast and annealed, followed
by a step of crushing and remelting to guarantee homogeneous end product.
Following annealing, the glass blocks were crushed corresponding to
ISO 719:1985 (2011) glass processing standard omitting milling and sieved to
collect granules in 500-1 000 um diameter size range (EN ISO 719:1985. 2011).
The BaG granule batches were washed 5 times in acetone solution with
ultrasound to remove grain particles from the surface. Finally, the BaG granules
were dried at +120 °C to evaporate residual acetone (Ojansivu et al., 2015).

44.2 Gellan gum and collagen type | hydrogel scaffolds

Different hydrogel scaffolds were prepared in studies II-III for 3D cell culture
experiments (Table 8). Different ionic crosslinkers were compared for GG

hydrogel crosslinking in study II.
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Table 8. Gellan gum and collagen type | hydrogel scaffolds and crosslinkers.

Hydrogel Study  Polymer GG crosslinker
GG-SPD I GG 0.5 % (wlv) SPD

GG-BaG I GG 0.5 % (whv) BaG extract
COL I COL 3 mg/mL

GG-COL 11} 1:1 GG 0.5 % (wiv), COL 3 mg/mL SPD

Abbreviations: COL, collagen type | hydrogel; GG, gellan gum hydrogel; GG-BaG, bioactive glass extract
crosslinked gellan gum hydrogel; GG-COL, 1:1 gellan gum-collagen type | hydrogel mixture;
GG-SPD, spermidine crosslinked gellan gum hydrogel; SPD, spermidine.

Gellan gum hydrogel scaffolds

GG Mw 1.0 kg/mol; Gelzan CM; Merck) solution of 0.5 % (w/v) concentration
was dissolved into sterile filtered (0.2 um) 10 % (w/v) sucrose (BioXtra; Merck)
in deionized water. After dissolving, the GG solution was heated to +60 °C on a
heat plate and sterile filtered (0.2 um). Different crosslinkers were used to
physically crosslink GG hydrogels (0.2 cm?3). Bioamine SPD trihydrochloride
(BioXtra; Merck) of 16 % (v/v) concentration was used to crosslink GG-SPD
hydrogels. SPD solution of 0.1 % (w/v) was prepared into 10 % (w/v) sucrose
(BioXtra; Merck) in deionized water and sterile filtered (0.2 um). For crosslinking
of GG-BaG hydrogels, BaG extract was prepared with bioactive glass 2-06
granules of 16% (v/v) concentration, containing DMEM/F-12,
1 % L-glutamine (GlutaMAX; Thermo Fisher Scientific), and 1 % P/S (Lonza).
For the fabrication of both the cell culture experiment samples (see Table 11 in
section 4.6) and compression testing samples (see Table 9 in section 4.4.3), the
GG solution and the corresponding crosslinker solution were heated to +37 °C
and manually mixed to allow immediate gelation in 48-well plate wells (Nunclon
Delta Surface; Merck).

Collagen type I hydrogel scaffolds

Rat tail collagen type I (Gibco; Thermo Fisher Scientific) hydrogels of 3 mg/mL
concentration were gelated by mixing at +4 °C gel solution on ice with 1 N
NaOH (Merck) and phosphate buffered saline (PBS; Lonza) after which the
hASCs suspended in DMEM/F-12, 1 % (v/v) P/S and 1 % (v/v) L-glutamine
were added. In the following, the gels were allowed to gelate briefly in RT before
the according media were added on top of the hydrogel scaffold.
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Composite gellan gum-collagen type I hydrogel scaffolds

GG 0.5 % (w/v) hydrogel Mw 1.0 kg/mol; Gelzan CM; Merck) was crosslinked
with 16 % (v/v) SPD (1 mg/mL in 10 % (w/v) sucrose in deionized water;
BioXtra; Merck). COL (rat tail, 3.0 mg/mlL, Gibco; Thermo Fisher Scientific) was
neutralized with 1 N NaOH (Merck) and 10x PBS (Lonza) according to
manufacturer protocol. The hASCs and HUVECS were encapsulated into
non-gelated GG-COL mixture in RT followed by immediate gelation in 48-well
plate wells (Nunclon Delta Surface; Merck), and 0.3 cm? of according media (see
Table 7 section 4.1.3) were added on top.

4.4.3 Hydrogel scaffold mechanical compression testing

For the mechanical measurements in different time points in studies IT and III,
cylindrical shaped acellular hydrogel samples (12 mm diameter, 7 mm height,
870 ul. volume) were cast into custom-made molds of cut 5 ml-syringes

(Table 9).

Table 9. Mechanical compression testing of hydrogel scaffolds.

Hydrogel Study Polymer GG crosslinker  Time points Medium
GG-SPD I GG 0.5 % (wiv) SPD 0d,14d,21d  OM
GG-SPD I GG 0.5 % (wiv) SPD 0d,14d,21d  BaGOM
GG-BaG I GG 0.5 % (whv) BaG extract 0d,14d,21d oM
coL I COL 3 mg/mL - 0d,14d,21d OM
coL I COL 3 mg/mL - 0d,14d,21d  BaGOM

1:1 COL 3 mg/mL,
GG-COL GG 0.5 % (whv) SPD 0d,7d,14d EGM-2

1:1 COL 3 mg/mL,
GG-COL 1Nl GG 0.5 % (wiv) SPD 0d,7d,14d BaG EM-OM
Abbreviations: BaG EM-OM, bioactive glass extract endothelial-osteogenic medium; BaG OM, bioactive glass
extract osteogenic medium; COL, collagen type | hydrogel; EGM-2, endothelial cell growth
medium-2; GG, gellan gum hydrogel; GG-BaG, bioactive glass extract crosslinked gellan gum
hydrogel; GG-COL, 1:1 gellan gum-collagen type | hydrogel mixture; GG-SPD, spermidine
crosslinked gellan gum hydrogel; OM, osteogenic medium; SPD, spermidine.

The mechanical compression testing was performed in air environment with
unconfined compression rate and a constant 10 mm/min strain rate in RT to
65 % strain of original height. The compressive modulus of triplicate samples was
measured with Bose ElectroForce 5100 BioDynamic system (TA Instruments,
New Castle, DE, USA) equipped with a 225 N load sensor to measure the
compressive load and with the WinTest 4.1 software (WinTest, Yokohama,
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Japan) to record the data. The Young’s modulus was calculated based on the
slope of the stress-strain curve’s linear region where the Hooke’s law (1) holds
(Callister & Rethwisch, 2014; Koivisto et al., 2017) by MS Excel (Microsoft,
Redmond, WA, USA).

444 Optical projection tomography and selective plane illumination
microscopy imaging of hydrogel scaffolds

In study II, in-house-built 3D imaging systems, optical projection tomography
(OPT) and selective plane illumination microscopy (SPIM), were used to image
hASCs encapsulated in the transparent GG-SPD hydrogels (Belay, et al. 2017,
Soto et al., 2016). The opacity of the COL hydrogel prevented the OPT or SPIM
imaging of hASC-laden COL samples. The brightfield OPT imaging showed the
morphology of hASCs and their ECM, whereas the 3D distribution of the
Osteolmage (LLonza) stained hydroxyapatite residues was obtained with the SPIM

fluorescence imaging.

The hASC-laden GG-SPD hydrogel samples were plated into custom-made
1.0-cm inside diameter fluorinated ethylene propylene (FEP; Adtech Polymer
Engineering, Stroud, United Kingdom) tubes on a polydimethylsiloxane (PDMS)
platform. For the imaging, the cell-laden hydrogels were punctured with 1.0-mm
inside diameter FEP tubes (Adtech Polymer Engineering). The brightfield OPT
imaging was conducted with a light emitting diode (LED) emitting white light
(LTCL23; Opto Engineering, Mantova, Italy) to illuminate the sample in
transmission mode. The sample FEP tube was immersed in a transparent cuvette
filled with distilled water. During the sample tube 360° degree-rotation,
400 projection images were captured at 0.9°-degree intervals with a 20x objective.
The obtained brightfield images were reconstructed using filtered back projection
algorithm (Matlab; MathWorks, Natick, MA, USA) (Figueiras et al., 2014). For
the fluorescence imaging of hASC mineralization, the samples were fixed with
4 % paraformaldehyde (PFA; Merck) for 1 h in the 1.0-cm inside diameter FEP
tubes, followed by staining of the hydroxyapatite residues for 90 min in RT with
the Osteolmage Mineralization Assay (Lonza). In the SPIM fluorescence
imaging, samples were excited with a 488-nm wavelength (Custom multi-
wavelength laser system, Modulight, Tampere, Finland) illumination light sheet.
A notch filter (NF03-405/488/561/635E-25 StopLine Quad-Notch filter;
Semrock, Rochester, NY, USA) was used in the detection path to cut out the
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excitation light from the fluorescent signal emitted by the fluorescent
mineralization. In order to acquire the fluorescence image stack, the sample was
translated in the axial direction of the detection path and an image was captured
at 3-um intervals with a x20 objective. The image stack was acquired in z direction
while x and y directions formed the actual image. Avizo 9.3 analysis software
(FEI Visualization Sciences Group; Thermo Fisher Scientific) was used for the
3D visualization of the OPT and SPIM images. Due to differences in technical
imaging modalities, the brightfield OPT imaged a cylindrical volume
(d=0.67mm, h=0.67mm), whereas the fluorescence SPIM imaged a
rectangular volume (x=0.67 mm, y=0.67mm, z=1mm). The 3D
reconstructions of the OPT and SPIM images were visually superimposed to
combine the information provided by both signals.

4.5 Cell morphology, viability, and number

In studies I-III, cell morphology was verified by light microscopy prior to cell
seeding. Cell adhesion and viability were evaluated qualitatively in studies I-III
with Live/Dead fluorescence staining (Thermo Fisher Scientific) (Table 10).
Briefly, the samples were incubated for 45 min in RT in a solution containing
0.5 uM calcein acetoxymethyl ester (calcein AM; green fluorescent dye) indicating
intracellular esterase activity of living cells and 0.25 uM ethidium homodimer-1
(EthD-1; red fluorescent dye) which indicates loss of plasma membrane integrity
of necrotic cells. Images of viable green fluorescent cells and necrotic red
fluorescent cells were acquired with an epifluorescence phase contrast Olympus
IX51 microscope (Olympus, Tokyo, Japan) fitted with an Olympus DP30BW

camera (Olympus).

In studies I-III, cell number based on the total amount of DNA of the sample
was determined quantitatively with the CyQUANT Cell Proliferation Assay Kit
(Thermo Fisher Scientific) according to the manufacturer’s protocol (Table 10).
Briefly, the cells were lysed with 0.1 % Triton X-100 buffer (Merck), stored in
—80 °C until analysis and analyzed after a single freeze-thaw cycle in studies I-ITI.
In studies IT and III, the hydrogel samples were mechanically homogenized by
the Ultra-Turrax tissue homogenizer (IKA Labortechnik, Staufen, Germany)
with the 0.1 % (v/v) Triton X-100 buffer. The thawed samples were treated with
kit provided CyQUANT GR dye and Cell lysis buffer. The blue-green
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fluorescence of 3 parallel samples was measutred at 480/520 nm with Victor 1420
Multilabel Counter microplate reader (PerkinElmer, Waltham, MA, USA).

Table 10. Cell viability and cell number analyses’ timepoints.

Analysis Study Time points
Cell viability | 7d,14d

Il 7d,14d

1] 7d,14d
Cell number | 1d,7d,14d

Il 14d,21d

1] 7d,14d

4.6 Differentiation of human adipose stem cells

Different factors guide hASC growth and differentiation, including the
biomaterial scaffold design and soluble cues. The cell seeding densities, the
applied biomaterials, and the selected scaffolds varied depending on the study. In

studies I-III, hASC was analyzed with several different analysis methods
(Table 11).
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Table 11. Differentiation markers and analyses performed in studies I-1ll.

Differentiation markers Analyses Time point Study
Tenogenic markers
Cell morphology Live/Dead analysis 7d,14d |
Proliferation Cell number 7d,14d
SCX, COL3A1, COL1A1, TNMD
expression Real-time polymerase chain reaction ~ 7d, 14d
COL I, Il 1, IV, V production Total collagen content 14d
Calcium deposit staining Mineralization (Alizarin Red S) 14d
COL1, TNMD production Immunocytochemistry 14d
Osteogenic markers
Cell morphology Live/Dead analysis 3d,14d Il
Cell morphology, ECM growth OPT 3D imaging 21d
Proliferation Cell number 14d,21d
ALPL, RUNX2, DLX5, OSX expression Real-time polymerase chain reaction ~ 14d, 21d
Hydroxyapatite staining Mineralization (Osteolmage):

Quantitative measurement and

imaging 21d

SPIM 3D imaging 21d
Hydroxyapatite residues Raman spectroscopy 21d
OCN production Immunocytochemistry 21d
Cell morphology Live/Dead analysis 7d,14d ]]
Proliferation Cell number 7d,14d
RUNX2, DLX5, OSX expression Real-time polymerase chain reaction 7d,14d
Hydroxyapatite staining Mineralization (Osteolmage) imaging 14 d
OCN production Immunocytochemistry 14 d
Endothelial markers
Cell morphology Live/Dead analysis 7d,14d ]
Proliferation Cell number 7d,14d
PECAM-1, VWF expression Real-time polymerase chain reaction ~ 7d, 14d
CD31 production Immunocytochemistry 14d

Abbreviations: ALPL, alkaline phosphatase (liver/bone/kidney) transcript variant 1; CD31, cluster of

differentiation 31;

COL1A1,

collagen type | alpha 1 chain;

COL3A1,

collagen type Il alpha 1 chain; DLX5, distal-less homeobox 5; ECM, extracellular matrix;
OCN, osteocalcin; OSX, osterix transcript variant 2; PECAM-1, platelet endothelial cell
adhesion molecule-1; RUNX2, runt related transcription factor 2 transcript variant 1; SCX,
scleraxis; TNMD, tenomodulin; VWF, von Willebrand factor.
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4.6.1 Tenogenic differentiation with chemical stimulus and scaffold
properties

In the preliminary 2D medium optimization in study I, the hASCs were plated at
a density of 1.5 x10% cells in 24-well plate wells (Nunclon Delta Surface; Merck)
(79,000 cells/cm?). Tenogenic induction was initiated 5 d after plating in the
preliminary 2D experiments by adding tenogenic medium (TM) of different
formulations (see Table 7 in section 4.1.3). In the following 3D experiments, the
selected optimized TM3 was added 24 h after plating to induce tenogenic
differentiation. The control cell cultures were maintained in MM.

In study I preliminary 2D medium optimization experiments, 3 different
differentiation medium compositions TM1, TM2, and TM3 (see Table 7 in
section 4.1.3) were tested for hASC tenogenic differentiation and hASCs from 3
donors were cultured in MM were used as a control. The tested chemical stimuli
included 50 ng/mL or 100 ng/mL of GDF-5 and 50 ng/mL of GDF-5 in
combination with 280 uM L-ascorbic acid.

Cell seeding density in study I

In study I scaffold experiments, the hASCs were seeded on top of the pretreated
filamentous PLA 96/4 and foamed PLCL 70/30 scaffolds at a density of
1.5 x105 hASCs in a volume of 30 pul. of MM.

Scaffold structure in study I

In study I, 2 different 3D scaffold architectures were compared for tenogenic
differentiation of hASCs; the filamentous braided PLA 96/4 scaffolds and
foamed PLCL 70/30 scaffolds. The mechanical properties of the supporting
scaffold protect and provide mechanical support to the seeded cells during tissue
engineered construct growth and maturation. The mechanical tensile testing of
the braided PLA 96/4 and foamed PLCL 70/30 scaffolds was petformed (see
section 4.3.3).

The structure of the filamentous PLA 96/4 scaffold consisted of an 8-filament
braid where the diameter of a single fiber was 80 um. The porosity of the
structure affects stem cell growth and differentiation, and the porosity of the
foamed PLCL 70/30 scaffolds was analyzed with micro-CT.
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4.6.2 Osteogenic differentiation with chemical stimulus and scaffold
properties

Cell seeding densities in studies II-ITT

In study II, the hASCs were suspended at a density of 1.9 x10> cells in a hydrogel
volume of 200 pL (9.5 x105 cells/mL) prior to gelation. In study III, the hASCs
and HUVECs were mixed in a 1:1 ratio for a total cell density of 2.0 x105 cells in
a total hydrogel volume of 200 ul. prior to gelation (final cell density
1.0 x10¢ cells/mL).

Osteogenic preconditioning of human adipose stem cells

In study III, hASCs were expanded in MM followed by a 7-day preconditioning
with OM (OM-primed) in cell culture flasks prior to cell seeding into 3D hydrogel
and cultured with either EGM-2 with 2 % HS or BaG EM-OM (see Table 7 in

section 4.1.3) in the experiment.

Chemical stimuli and scaffold properties in study IT

In study II, BaG OM was compared with regular OM in 3D hydrogel culture to
determine the effect on hASC osteogenic differentiation in a 21-day experiment.
The GG and COL hydrogels in study II offered hASCs a 3D environment.

Osteogenic induction began immediately after plating with the addition of
0.3 cm? of either OM (see Table 7 in section 4.1.3) or BaG OM to the
hASC-laden hydrogels. For the sake of avoiding phenol red caused interference
to Raman spectra, hASCs were cultured in phenol red free media for the Raman
analysis (Ojansivu et al., 2015) (see Table 14 in section 4.7.5). The control samples
for Raman spectroscopic analysis were cultured in OM. What is more,
mechanical properties of different hydrogels were measured following incubation
in OM or BaG OM media.

4.6.3 Three-dimensional coculture in hydrogels

3D coculture of hASCs and HUVEC:s in 1:1 ratio was performed in study III in
composite GG-COL  hydrogels for microvascularization of bone-like
tissue. Following cell suspension into GG and COL hydrogels, manual mixing of
cell-laden hydrogels equally in 1:1 ratio and consequent gelation, either EGM-2
or BaG EM-OM media were added to initiate osteogenic differentiation and
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promote initial growth of microvascularization. Final volume of composite
GG-COL hydrogel samples was 0.2 cm3. The composite GG-COL hydrogels
were cast into 48-well plate wells (Nunclon Delta Surface; Merck). After gelation,
0.3 cm? of either EGM-2 or BaG EM-OM media were added on top.

4.7 Analysis of human adipose stem cell differentiation

4.7.1 Quantitative real-time polymerase chain reaction

Quantitative real-time polymerase chain reaction (QRT-PCR) analysis was used to
compare the relative expression of tenogenic, osteogenic and endothelial genes.
In study I, total sample RNA was isolated at 14 d for the medium optimization
experiments, and at 7d and 14d for the scaffold experiments with the
NucleoSpin RNAII kit (Macherey-Nagel, Diiren, Germany) according to
manufacturer’s instructions. In study II, total sample RNA was isolated 14 d and
21 d time points, whereas in study III, 7 d and 14 d samples were analyzed. First
strand cDNA of total RNA was synthesized using High-Capacity cDNA Reverse
Transcriptase Kit (Applied Biosystems, Foster City, CA, USA). The obtained data
was normalized using human acidic ribosomal phosphoprotein PO (4ARPLPO)
(Oligomer) as a housekeeping gene. In study I, the gene expression of
collagen type I (COLL1.AT, abbreviated as COLT7; TAG Copenhagen, Frederiksberg,
Denmark), collagen type 11 (COL2.A1, abbreviated as COL2; Oligomer, Helsinki,
Finland), collagen type IlII (COL3AT, abbreviated as COLJ3; Oligomer), SCX
(Oligomer) and zenomodulin (I'NMD; Oligomer) was measured. In study II, gene
expression of osteogenic genes ALPL, DI.X5, RUNX2 and OSX was measured
at 14 d and 21 d. In study III, osteogenic gene expression of DI.X5, RUNX2,
and OSX was measured in addition to endothelial gene expression of I"WF and
PECAM-1 (QuantiTect Primer Assays; 10x). Relative gene expression of each
sample in relation to ARPLPO was calculated according to a mathematical data
analysis model (Pfaffl 2001). The qRT-PCR mixture contained 50 ng cDNA,
300 nM forward and reverse primers, and SYBR Green PCR Master Mix
(Applied Biosystems; Thermo Fisher Scientific). The used primer sequences and
accession numbers are presented in Table 12. The qRT-PCR reactions were
performed with ABI PRISM 7300 Sequence Detection System (Applied
Biosystems; Thermo Fisher Scientific) initially at +95 °C for 10 min enzyme

83



activation, and by 45 cycles at +95 °C for 15 s denaturation followed by 60 s at

+60 °C for annealing and extension.

Table 12. The primer sequences for qRT-PCR.

Name Primer  5'-Sequence-3' Accession number

hRPLPO Fwd AATCTCCAGGGGCACCATT NM_001002
Rev CGCTGGCTCCCACTTTGT

SCX Fwd CAGCGGCACACGGCGAAC BK000280
Rev CGTTGCCCAGGTGCGAGATG

COL3A1 Fwd CAGCGGTTCTCCAGGCAAGG NM_000090
Rev CTCCAGTGATCCCAGCAATCCC

COL1A1 Fwd CCAGAAGAACTGGTACATCAGCAA NM_000088.3
Rev CGCCATACTCGAACTGGAATC

COL2A1 Fwd GAGACAGCATGACGCCGAG NM_001844
Rev GCGGATGCTCTCAATCTGGT

TNMD Fwd CCATGCTGGATGAGAGAGGTT NM_022144
Rev TTGGTAGCAGTATGGATATGGGT

ALPL Fwd CCC CCG TGG CAACTC TATCT NM_000478.4
Rev GAT GGC AGT GAAGGG CTT CTT

RUNX2 Fwd CTTCATTCGCCTCACAAACAAC NM_001024630.3
Rev TCCTCCTGGAGAAAGTTTGCA

0SX Fwd TGAGCTGGAGCGTCATGTG NM_152860.1
Rev TCGGGTAAAGCGCTTGGA

DLX5 Fwd ACCATCCGTCTCAGGAATCG NM_005221.5
Rev CCCCCGTAGGGCTGTAGTAGT

VWF Fwd AGAAACGCTCCTTCTCGATTATTG NM_000552
Rev TGTCAAAAAATTCCCCAAGATACAC

PECAM-1 Fwd AAGTGGAGTCCAGCCGCATATC NM_000442.4
Rev ATGGAGCAGGACAGGTTCAGTC

4.7.2 Total collagen content

In study I, the total collagen content was analyzed at 14 d using a quantitative
Sircol Soluble Collagen Assay (Biocolor, Carrickfergus, Northern Ireland, United
Kingdom) for analysis of acid or pepsin soluble mammalian collagen types I-V.
In brief, acid soluble collagen was extracted from the samples with 0.5 M acetic
acid (Merck) containing 0.1 mg/mL pepsin (Merck). Sircol Dye reagent
(Biocolor), comprised of Sirius Red and picric acid, was added to liquid samples
and incubated for 30 min in order for the mammalian collagen types I-V with a

[Gly-X-Y] peptide sequence to form a complex with the dye. The collagen-dye
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pellet was washed to remove any unbound dye and alkali reagent of 0.5 M sodium
hydroxide solution (Biocolor) was added in order to resolubilize the collagen.
Finally, the intensity of red dye in 2 parallel samples was measured with Victor
1420 microplate reader at 540 nm (PerkinElmer).

4.7.3 Mineralization

Alizarin Red S calcium deposit mineralization assay

Late osteogenic differentiation of hASCs was studied by Alizarin Red S method
at 14 d in study I. Briefly, the PFA-fixed cell-scaffold constructs were stained
with filtered 2 % Alizarin Red S (pH 4.2; Merck). Dye was extracted with
cetylpyridinium chloride (100 mM, Merck) and the intensity of the dye was
determined by measuring absorbance at 540 nm with microplate reader Victor
1420 (PerkinElmer). In study I, mineralization was measured at 14 d in order to

exclude unwanted mineralization indicating bone-like matrix formation.

Osteolmage hydroxvapatite mineralization assay

In study II, hydroxyapatite deposits were analyzed by Osteolmage Mineralization
Assay (Lonza) at 21 d time point, whereas in study III, the cell-laden hydrogel
samples were stained at 14 d. Briefly, cell-laden samples as well as acellular
controls were fixed by 4 % PFA and stained according to kit instructions. The
sample hydroxyapatite portion was quantitatively measured with Victor 1420
microplate reader at 492/520 nm (PetkinElmer) in study II. In study III, the
unhomogeneous and fractured properties of the GG-COL composite hydrogels
prevented the quantitative measurement. After subsequent
4 ,6-diamidino-2-phenylindole (DAPI, Merck) staining detected at 361 nm,
mineralized hydroxyapatite residues were imaged at 492/520 nm using a phase
contrast Olympus IX51 microscope with fluorescence optics and Olympus
DP30BW camera (Olympus).

4.74 Immunocytochemistry

Immunocytochemical stainings were performed for qualitative observation of
different tenogenic, osteogenic, or endothelial markers. In study I, tenogenic
marker production was detected at 14 d. In study II, osteogenic marker
production was observed at 21-day time point, whereas in study III, endothelial
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and osteogenic marker proteins were stained at 14d. Prior to
immunocytochemical stainings in studies I-III, the samples were fixed with
4 % PFA (Merck) in Dulbecco’s phosphate buffered saline (DPBS; Merck). In
study I, a blocking solution of 0.05 % Triton X-100 buffer (Merck) and 10 %
goat serum (Thermo Fisher Scientific) in DPBS was used to block nonspecific
binding sites. In study II, the blocking solution contained 10 % normal donkey
serum (Merck) and 1% bovine serum albumin (BSA; Merck) in 0.1 %
Triton X-100 (Merck) in PBS, whereas in study III, the blocking solution
contained 10 % goat serum (Thermo Fisher Scientific). The primary antibodies,
secondary antibodies and the dilutions thereof are presented in Table 13. Cell
nuclei were stained with DAPI (Merck, dilution 1:2000) in PBS in studies I-III.
Imaging was performed using a confocal LSM 780 microscope (ZEISS,
Oberkochen, Germany) in study I and for Z-stacks of hydrogel samples in
study ITI. In study II, immunocytochemical imaging was conducted with an

Olympus IX51 phase contrast microscope with fluorescence optics and Olympus
DP30BW camera (Olympus).

Table 13. Immunocytochemical stainings in studies I-ll.

Primary antibody Study  Dilution  Secondary antibody Dilution
A488 Goat

Mouse anti-human COL1 | 1:2000 anti-mouse IgG (H+L) 1:200
A594 Goat

Rabbit anti-human TNMD | 1:50 anti-rabbit IgG (H+L) 1:100
A488 Goat

Mouse anti-human CD31 [} 1:20 anti-mouse 1gG (H+L) 1:200
A488 Donkey

Mouse anti-human OCN I 1:100 anti-mouse 1gG (H+L) 1:400
A594 Goat

Rabbit anti-human OCN I} 1:25 anti-rabbit IgG (H+L) 1:100

Abbreviations: CD31, platelet endothelial cell adhesion molecule (mouse anti-human CD31, Dako, Glostrup,
Denmark); COL1, collagen type | (mouse anti-human COL1, Abcam, Cambridge, United
Kingdom); OCN, Osteocalcin (mouse anti-human OCN, Abcam (study II), rabbit anti-human
OCN, Bio-Rad, Hercules, CA, USA (study Il); TNMD, tenomodulin (rabbit anti-human TNMD,
Santa Cruz, Biotechnology, Dallas, TX, USA). Highly cross-adsorbed Alexa Fluor (A488,
Ab94) secondary antibodies manufactured by Thermo Fisher Scientific.

4.7.5 Raman spectroscopy

In study II, hASC osteogenic differentiation and mineralized ECM
hydroxyapatite residues containing inorganic phosphate PO43 were analyzed with
Raman spectroscopy. Raman shift at 960 cm-! indicated hydroxyapatite inorganic
phosphate. For the semi-quantitative method, hASCs from 1 donor embedded
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within GG-SPD, GG-BaG, and COL 3D hydrogels were cultured with phenol
red free medium along with acellular control hydrogel samples to avoid
interference of phenol red fluorescence to Raman spectra (Table 14, for other

media compositions see Table 7 in section 4.1.3).

Table 14. Raman spectroscopy cell culture media in study II.

Medium Composition
Phenol red free DMEM/F-12 1:1 including L-glutamine,
5% (viv) HS, 1 % (viv) PIS
Raman spectroscopy phenol red free BaG OM  OM in phenol red free BaG ext base
Abbreviations: BaG OM, bioactive glass extract osteogenic medium; phenol red free DMEM/F-12, Phenol Red
Free Dulbecco’s Modified Eagle Medium/Ham's Nutrient Mixture F-12 (Thermo Fisher

Scientific); HS, human serum (Biowest); L-glutamine (GlutaMAX; Thermo Fisher Scientific);
OM, osteogenic medium; P/S, 100 U/mL penicillin/streptomycin (Lonza).

Raman spectroscopy cell culture medium

Preceding analysis at 21 d, samples were washed with 1x PBS and the Raman
spectra was obtained as described previously (Ruokola et al., 2014). The reference
spectra of acellular samples were subtracted from the measured spectra of
cell-laden hydrogel samples.

476 Statistical analyses

Non-parametric tests were applied due to non-Gaussian distribution and
relatively small # values. For statistical significance, p-values < 0.05 were
considered. The data were analyzed with IBM SPSS Statistics versions 19, 22 and
23 software (IBM, Armonk, NY, USA). The data are presented as mean and SD.

In study I, the significance of differences between means was determined using
one-way analysis of variance (ANOVA) with Bonferroni’s post hoc test to
determine which groups were significantly different. The 3D scaffold
experiments were conducted with hASCs from 3 different donors and with
3 parallel samples in the analyses of cell number, total collagen content, and
Alizarin Red S mineralization resulting in » = 9 for each assay, whereas the gene

expression analysis was performed with 2 parallel samples resulting in 7 = 0.

In study II, the significance of differences between the means was determined
using Mann-Whitney U Test. 3-6 parallel samples were tested for hydrogel
mechanical compression testing (7 = 3-6). The experiments with cells were
repeated with hASCs from 3 different donors. The analysis for cell number was

repeated with 3 parallel samples (7 = 9), whereas the gene expression analysis was
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performed with 2 parallel samples (# = 6). The Osteolmage mineralization assay
was conducted with 1-2 parallel samples for the GG-SPD in OM and BaG OM
groups (7 = 5), whereas for COL in BaG OM only 2 hASC donors were tested
with 2 parallel samples (7 = 4) due to contracted hydrogels.

In study III, the significance of differences between mean ranks for equal
distributions was analyzed using Mann-Whitney U Test. 3 parallel samples were
tested for hydrogel mechanical compression testing (7 = 3). The cell number
analyses were repeated with 3 different hASC donors with 3 samples for each
condition (7 = 9). The gene expression analyses were repeated with 3 different
hASC donors with 1-2 samples due to values below analysis threshold (z = 3-0).
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5 RESULTS

5.1 Biomaterial characterization

The braided PLA 96/4 and foamed PLCL scaffolds that were used in study
I were imaged with micro-CT in order to visualize the biomaterial structures that
hASCs directly adhered to. The influence of biomaterial scaffold surface
topography on cell behavior, including cell adhesion and stem cell differentiation
capacity, has been widely reported (Ahn et al., 2014; de Peppo et al., 2014; Kolind
et al., 2012). In addition, interior architecture of biomaterial scaffold is of great
importance in allowing diffusion of nutrients, removal of waste products and cell
growth, also in the interior parts of the cell-seeded construct (Boschetti et al.,

2006).

Overall, the micro-CT characterization of the braided PLLA 96/4 and foamed
PLCL polymer scaffolds showed the different scaffold surfaces, structures, and
topogtraphies available for hASCs. Further, in study I, the braided PLA 96/4 and
the foamed PLCL scaffolds were characterized by mechanical tensile testing. In
studies II-III, the hydrogel scaffolds were characterized by mechanical
compression testing, however, the hydrogel scaffolds were not imaged with
optical methods such as OPT due to opacity of the COL hydrogel which also

restricted comparison of hydrogel textures.

5.1.1  Micro-computer tomography imaging

Polvlactide scaffolds

In study I, micro-CT imaging with 5 pm-resolution (MicroXCT-400, Zeiss) of
the PLA 96/4 scaffolds showed the braided filamentous architecture of the
biomaterial scaffold structure for tendon applications (Figure 7A). In the
PLA 96/4 scaffold structure, each braid consisted of 8 parallel 80 um-diameter
filaments. The scaffold structure was practically 2D which impeded detailed
analysis of the porosity of the braided PLA 96/4 scaffold structute in study I.
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Figure 7. Micro-CT image of A) Braided PLA 96/4 tenogenic scaffold;
B) CO2-processed foamed PLCL tenogenic scaffold. Scale bar 1 000 pm.

Poly(I-lactic-co-e-caprolactone) scaffolds

Micro-CT imaging (MicroXCT-400, Zeiss) in study I showed the complex
irregular porous structure of the foamed polymer PLCL scaffolds for tendon TE
applications (Figure 7B). The porosity of the COz-processed foamed
PLCL scaffold was analyzed based on micro-CT imaging and reported as 66(2) %
with a range of pore sizes between 300-500 um. Porosity and pore size were
calculated from micro-CT images with Fiji (Schindelin et al., 2012) using Bone]
plugin (Doube et al., 2010).

5.1.2 Mechanical testing

Tensile testing

For tendon TE applications, the biomaterial mechanical properties were analyzed
with tensile testing in study I. The elastic modulus, or Young’s modulus, of the
braided PLA 96/4 scaffolds was reported to be 280(20) MPa. In contrast, for the
foamed PLCL scaffolds, the elastic modulus was 1.6(0.6) MPa.

Compression testing

The compression testing of acellular GG-SPD, GG-BaG and COL hydrogels in
study II for bone TE applications and composite GG-COL hydrogels in
study III for vascularized bone TE was conducted. To assess the effect of cell
culture media on hydrogel mechanical properties, the compression testing of the
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cell-free hydrogel samples was performed with or without serum containing
media incubation in studies II and IIL In study II, the incubation media for
GG-SPD and COL hydrogels were OM or BaG OM, whereas OM alone was
used for GG-BaG hydrogels in GG crosslinker comparison testing (Figure 8A).
In study III for vascularized bone applications, the incubation media for
composite GG-COL hydrogels were EGM-2 and BaG EM-OM (Figure 8B). The
0d testing samples were incubated overnight at 37 °C without media in
custom-made molds of cut 5 mL-syringes covered with parafilm.
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Figure 8. Mechanical compression testing of acellular hydrogels. A) GG-SPD, GG-BaG,
and COL hydrogel samples incubated in OM or BaG OM media were tested at 0, 14,
and 21 d in study Il (n = 3-6). Data are presented as mean + SD. Significant difference
with p < 0.05: a: from COL hydrogel samples at 0 d; b: from COL (OM) at 14 d; c: from
GG-SPD (OM) at 14 d; d: from GG-BaG (OM) at 14 d; e: from COL (OM) at 21 d; f: from
GG-SPD (OM) at 21 d; g: from GG-BaG (OM) at 21 d; h: from COL (BaG OM) at 21 d;
B) GG-COL hydrogel samples incubated in EGM-2 or BaG EM-OM media tested at 0,
7,and 14 d in study lll (n = 3-6).
In the results of study II, the compressive moduli of GG-SPD hydrogels with
OM and BaG OM media incubation and that of GG-BaG with OM incubation
increased. Even without media incubation, the tested GG hydrogel samples had
significantly higher Young’s modulus than COL hydrogel samples. In media
incubation, the OM condition increased the compressive moduli of all hydrogels
until 14 d, however, the modulus of GG-SPD alone increased towards 21 d in
OM. The measured Young’s modulus of GG-SPD hydrogels persisted higher
compared to GG-BaG hydrogels with OM incubation at 14 d and 21 d. However,
COL hydrogels incubated in OM had the lowest compressive modulus in all the
measured time points. In contrast, BaG OM incubation increased the moduli of
both COL and GG-SPD hydrogels with a growing trend towards 21 d. Indeed,
the compressive moduli of BaG OM-incubated GG-SPD hydrogels were
significantly higher compared to those of OM-incubated samples at both 14 d
and 21 d. At 3 weeks, the BaG OM-incubated GG-SPD hydrogels had the
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highest Young’s modulus at 40.2(4.1) kPa which was significantly higher
compared to GG-BaG samples with OM incubation at 18.1(1.0) kPa or that of
COL with BaG OM incubation at 20.9(3.4) kPa or with OM incubation at 6.3(1.1)
kPa. Overall, the GG-SPD samples had higher stiffness and were more brittle
with a clear fracture point in the stress-strain curve, whereas COL and GG-BaG
samples demonstrated ductile behavior and plastic deformation properties

without a fracture point in the stress-strain curve.

In study ITII, the GG-COL compression testing results showed the
degradation of composite hydrogel mechanical properties. The highest Young's
modulus value was measured for the 0d GG-COL hydrogel samples at
12.9(1.9) kPa. The Young's moduli of acellular GG-COL hydrogel samples
continued to decrease in time from 7 d to 14 d of incubation in EGM-2 or
BaG EM-OM media. However, the measured mechanical properties persisted
higher in the BaG EM-OM condition compared to the EGM-2 incubation at
both 7 d to 14 d.

9.2 Human adipose stem cell and human umbilical vein
endothelial cell characterization

5.2.1  Human adipose stem cell characterization

The flow cytometric analysis showed that hASCs expressed the surface markers
CD73, CD90, and CD105, and lacked the expression of the CD3, CD11a, CD14,
CD19, CD45, CD80, and CD86, whereas the expression of CD34, CD54, and
HILA-DR was moderate (Table 15). The ISCT guideline defines strong negative
expression as that below 2 % and positive expression as that above 95 %. In
studies I-III, the expression average of CD73 was below 95 %, and that of
CD105 was equally below 95 % in study I, which might have been due to hASC
low passage although expected to increase with higher passages (Mitchell et al.,
2006). There was a slight albeit non-significant increase of CD45 expression
average of hASCs in study II. The elevation of CD34 and CID54 expressions in
studies I-IIT was attributed to low hASC passage and to a known effect of HS as
a medium component (Patrikoski et al., 2013). Overall, the cell surface marker
flow cytometry analysis indicated the mesenchymal origin of the cells in
accordance with the ISCT minimal criteria for multipotent MSCs (Dominici et
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al., 20006; Lindroos et al., 2011; Mclntosh et al., 2006). The isolated hASCs tested
negative for mycoplasma contamination.

Table 15. Surface marker expression of undifferentiated hASCs in studies I-lll. The data are
presented as mean and SD.

Antigen  Surface protein Study | Study Il Study lll
CD3 T cell signal transduction 0.2(0.1) 0.5(0.4) 0.5(0.4)
CD 11a Lymphocyte function-associated antigen 1 0.4(0.3) 1.3(0.6) 1.3(0.8)
CD 14 Serum lipopolysaccharide binding protein 0.9(0.8) 0.9(0.8) 1.0(0.8)
CD19 B lymphocyte-lineage differentiation antigen 0.6(0.5) 0.6(0.4) 0.5(0.4)
CD 34 Sialomucin-like adhesion molecule 8.9(6.1) 31.9(194)  24.8(19.0)
CD 45 Leukocyte common antigen 1.3(0.9) 2.2(0.7) 2.0(1.2)
CD 54 Intercellular adhesion molecule 1 4.9(2.8) 13.8(6.0) 11.9(9.5)
CD73 Ecto-5"-nucleotidase 785(11.2)  93.4(7.7) 89.1(8.8)
CD 80 B lymphocyte activation antigen B7 0.4(0.3) 0.9(0.8) 0.9(0.9)
CD 86 B lymphocyte activation antigen B7-2 0.6(0.6) 0.9(0.8) 1.1(0.8)
CD90 Thy-1 (T cell surface glycoprotein) 97.8(4.1) 98.9(1.3) 98.7(1.5)
CD 105 SH-2 endoglin 93.2(4.5) 98.2(1.1) 96.4(3.4)
HLA-DR  Human leukocyte antigen HLA class |l 1.3(1.1) 1.0(0.7) 1.0(0.9)

5.2.2 Human umbilical vein endothelial cell characterization

In study III, the flow cytometric analysis showed that HUVECs expressed the
surface markers CD31 (99.5 %), CD34 (42.9 %), CD73 (99.9 %), CD105
(70.7 %), and CDD146 (99.9 %), whereas the expression of VEGFR3 (27.8 %) and
CD144 (12.9 %) was moderate. The isolated HUVECs lacked the expression of
CD90 (5.7 %).

5.3 Cell morphology, viability, and number

5.3.1 Cell viability and morphology

In the results of Live/Dead analysis in studies I-III, the viable cells were imaged
with green fluorescent calcein AM stain, excitation/emission at 494/517 nm,
whereas the necrotic cells were imaged with red fluorescent EthD-1 stain,
excitation/emission at 517/617 nm.
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In study I, the hASCs were viable in both the MM and TM conditions. In the
TM condition, the well elongated hASCs formed a uniform cell layer on the
braided PLA 96/4 scaffolds, whereas in the MM condition, the cells remained in
small clusters (Figure 9).
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Figure 9. Cell viability in study I. The effect of the optimized TM shown on hASC
morphology and viability on braided PLA 96/4 scaffolds in MM and TM conditions at
14 d. Viable cells stained green and necrotic cells stained red. Representative images
with hASCs from 1 donor. Scale bar 500 pm.

In study II, good viability of hASCs encapsulated in GG-SPD (OM),
GG-SPD (BaG OM), COL (OM) and COL (BaG OM) 3D hydrogels was
observed at 3 d and 14 d (Figure 10). As an exception, the COL (OM) samples

contracted after 3 d and were therefore unavailable at 14 d.
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Figure 10. Cell viability in study Il. The hASCs embedded within GG-SPD (OM),
GG-SPD (BaG OM), COL (OM) and COL (BaG OM) hydrogels at 3d and 14 d. The
hASCs were isolated from 1 donor. The COL (OM) samples contracted after 3 d. Scale
bar 200 pum.

In study III, Live/Dead staining portrayed good hASC viability encapsulated
within  GG-COL composite hydrogels with elongated cell morphologies
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(Figure 11). Formation of reticular structures was observed in the EGM-2
conditions with both the non-primed MM-cultured and OM-primed cells at 7 d
and 14 d. In contrast, the hASCs cultured in the BaG EM-OM condition showed

restricted elongation and reticulated structures were less visible.
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Figure 11. Cell viability in study Ill. Cocultured hASCs and HUVECs embedded within
composite GG-COL hydrogels in EGM-2 or BaG EM-OM media culture with hASCs
cultured in MM or preconditioned in OM prior to cell encapsulation. Analyzed at 7 d and
14 d. The hASCs were isolated from 2 donors and HUVECs from 1 donor. Scale bar
200 pm.
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Overall, good cell viability was observed in studies I-III. The different
biomaterial scaffolds and media conditions showed a visible impact on cell

adhesion, morphology, and elongation.

5.3.2 Cell number

In study I, the relative cell number based on the total DNA content of hASCs
cultured with the optimized TM was higher in the braided PLA 96/4 scaffolds
compared to the foamed PLCL scaffolds at 7 d and 14 d (Figure 12A). Further,
significantly higher hASC proliferation was measured in the TM condition in the
braided PLA 96/4 scaffolds compatred to the MM condition at 7 d and 14 d
(Figure 12B).
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Figure 12. Cell number in studies I-lll. Data are presented as mean + SD. Results based
on hASCs from 3 donors (n = 9). A) Relative cell number of hASCs cultured with TM in
the braided PLA 96/4 scaffolds compared to the foamed PLCL scaffolds at 7 d and 14 d
in study I; B) Relative cell number of hASCs in the braided PLA 96/4 scaffolds cultured
with TM compared to MM at 7 d and 14 d in study I. Significant difference with p < 0.05:
a: from MM at 7 d; b: from MM at 14 d; C) The hASC cell number in 3D GG and COL
hydrogels measured at 14 d and 21 d in study Il. Significant difference with p < 0.05. ¢:
Combined COL (OM) and COL (BaG OM) group cell numbers significantly higher
compared to combined GG-SPD (OM) and GG-SPD (BaG OM) group cell numbers at
14 d; d: Combined 14 d COL (BaG OM) and 21 d COL (BaG OM) group cell numbers
significantly higher compared to combined 14 d GG-SPD (BaG OM) and 21 d GG-SPD
(BaG OM) group cell numbers; D) The hASC and HUVEC coculture cell number in
3D composite GG-COL hydrogels cultured with EGM-2 or BaG EM-OM media analyzed
at 7d and 14 d in study lll. The hASCs were OM-primed (OM) or non-primed (MM).
Results based on hASCs from 3 donors and HUVECs from 1 donor (n = 9). Significant
difference with p < 0.05. e: Significantly higher combined cell numbers of the EGM-2
(MM) and EGM-2 (OM) conditions compared to the combined cell numbers of the
BaG EM-OM (MM) and BaG EM-OM (OM) conditions at 7 d (p = 0.026); f: Significantly
higher combined cell numbers of the EGM-2 (OM) condition at 7 d and 14 d compared
to the BaG EM-OM (OM) condition at 7 d and 14 d (p = 0.002); g: Significantly higher
combined cell numbers of the EGM-2 (MM) and EGM-2 (OM) conditions at 14 d
compared to the combined cell numbers of the BaGEM-OM (MM) and
BaG EM-OM (OM) conditions at 14 d (p = 0.002); h: Significantly higher combined cell
numbers of the EGM-2 (MM) and EGM-2 (OM) conditions at 14 d compared to the
combined cell numbers of the EGM-2 (MM) and EGM-2 (OM) conditions at 7d
(p=10.015).

In study II, the highest hASC cell numbers were measured in the
COL (BaG OM) hydrogel samples at both 14 d and 21 d (Figure 12C). The
combined COL (OM) and COL (BaG OM) cell numbers at 14d were
significantly higher compared to the combined GG-SPD (OM) and
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GG-SPD (BaG OM) cell numbers at 14 d. Further, the combined 14 d
COL (BaG OM) and 21 d COL (BaG OM) cell numbers were significantly higher
compared to the combined 14 d GG-SPD (BaG OM) and 21d
GG-SPD (BaG OM) cell numbers. However, hASCs embedded within
GG-SPD hydrogel and cultured with OM showed an increasing trend from 14 d
to 21 d, whereas the cell number result in the COL hydrogels receded over

3 weeks.

In study III, the highest cell number of cocultured hASCs and HUVECs at
14 d was measured in the EGM-2 (MM) condition whereas the lowest was in the
BaG EM-OM (OM) condition (Figure 12D). The combined cell amount of the
EGM-2 (MM) and EGM-2 (OM) conditions was significantly higher compared
to the combined cell amount of the BaG EM-OM (MM) and
BaG EM-OM (OM) conditions separately at both 7 d and 14 d time points. Also,
the combined EGM-2 (MM) and EGM-2 (OM) condition cell numbers at 14 d
were significantly higher compared to the combined EGM-2 (MM) and
EGM-2 (OM) condition cell numbers at 7 d. Further, there was an increasing
trend in the cell numbers of all the tested conditions over 2 weeks. Specifically,
the combined cell number result of EGM-2 (MM) and EGM-2 (OM) conditions
at 14 d was significantly higher compared to the combined cell number result of

EGM-2 (MM) and EGM-2 (OM) conditions at 7 d.

5.4 Tenogenic differentiation of human adipose stem cells in
braided polymer scaffolds

5.4.1  Comparison of tenogenic differentiation media compositions

Tenogenic medium optimization

Based on the higher cell number at 7 d and 14 d together with higher relative total
collagen content at 14 d results of the 2D preliminary experiments (data not
shown), TM3 was selected as TM for the following 3D experiments in study I.
In addition, higher gene expression of tendon matrix components COL1 and
COL3 was observed in the TM3 condition compared to the other tested media
at 14 d (data not shown).
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5.4.2 Comparison of tenogenic scaffolds

In study I, the braided PLA 96/4 scaffold and the foamed PLCL scaffold were
compared for tenogenic differentiation of hASCs with the optimized TM. The
braided PLA 96/4 scaffold was selected based on the low cell number result in
the foamed PLCL scaffolds (data not shown) and the lower gene expression of
tendon markers COL7 and TNMD compated to the braided PLA 96/4 scaffolds
(unpublished data). The combined optimized TM and the braided PLA 96/4

scaffold were selected for the following experiments.

5.4.3 Human adipose stem cell tenogenic differentiation medium and
braided polylactide 96/4 scaffold

In study I, hASC gene expression of tenogenic marker genes SCX, COL3, COLT,
and TNMD was analyzed with qRT-PCR at 7 d and 14 d in the braided PLA 96/4
scaffolds with the optimized TM and compared to the control condition of MM
(Figure 13A-E). For the analysis of late tendon markers, hASC-produced matrix
total collagen content indicating tenogenic matrix formation was analyzed at 14 d.
In addition, hASC production of COL1 and TNMD was analyzed with

immunocytochemical staining (Figure 13F).
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Figure 13. Tenogenic differentiation of hASCs in study 1. Gene expression of hASCs in
braided PLA 96/4 scaffolds in TM compared to MM. Relative gene expression of
A) SCX; B) COL3; C) COL1T; and D) TNMD. E) Immunocytochemical staining of hASC
production of late tendon markers COL1 (green) and TNMD (red) in the braided
PLA 96/4 scaffolds in the TM condition at 14 d. Cell nuclei stained with DAPI (blue).
Cell-free blanks in lower left. F) Relative total collagen content of hASCs in the braided
PLA 96/4 scaffolds in the TM condition compared to MM. Data presented as mean + SD.
Significant difference with p < 0.05: a: from MM at 7 d; b: from MM at 14 d; c: from
MM at 7 d; d: from MM at 7 d; e: from MM at 14 d. For the gene expression results, the
results were relative to the control condition of MM at 7 d and the results were based on
hASCs isolated from 3 donors with 2 parallel samples (n=6). For the relative total
collagen content results, the results were based on hASCs isolated from 3 donors with
3 parallel samples (n = 9).

In study I, hASC gene expression of early tenogenic marker SCX in braided
PLA 96/4 scaffolds was significantly higher in the TM condition compared to
the MM condition at 7 d and 14 d. Also, hASC gene expression of another early
tenogenic matrker COL3 in the braided PLA 96/4 scaffolds was significantly
higher in the TM condition compared to that of MM at 7 d. Further, hASC gene
expression of late tenogenic marker COL7 in the braided PLA 96/4 scaffolds was
significantly higher in the TM condition compared to the MM condition at 7 d.
Furthermore, the hASC gene expression of late tenogenic marker TNMD was
higher in the TM condition compared to the MM condition at both 7 d and 14 d.
The hASC-produced total collagen content in the braided PLA 96/4 scaffolds
was significantly higher with the TM culture compared to MM at 14 d indicating
tenogenic matrix production. In addition, hASC matrix mineralization analyzed
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with the Alizarin Red S mineralization assay was lower in TM culture compared
to MM in the braided PLA 96/4 scaffolds at 14 d (unpublished data). The
hASC immunocytochemical ~staining results in the braided PLA 96/4
scaffolds indicated strong COL1 and TNMD production only in the
TM condition at 14 d.

9.5 Osteogenic differentiation of human adipose stem cells in
gellan gum and collagen type | hydrogel scaffolds

5.5.1 Osteogenic gene expression enhanced with bioactive glass extract
based osteogenic media

In study III, the hASC gene expression of osteogenic marker genes DI.X5, 05X,
RUNXZ2, and ALPL was analyzed with qRT-PCR at 14d and 21d in
3D hydrogels in the GG-SPD (OM), GG-SPD (BaG OM), COL (OM), and
COL (BaG OM) conditions (Figure 14A-D).
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Figure 14. Osteogenic gene expression and OCN production of hASCs in 3D hydrogels
in the GG-SPD (OM), GG-SPD (BaG OM), COL (OM), and COL (BaG OM)
conditions in study Il. Relative gene expression of A) ALPL; B) RUNX2; C) DLX5; and
D) OSX at 14 d and 21 d. Data are presented as mean + SD. Significant difference with
p <0.05: a: For combined COL (OM) and COL (BaG OM) conditions compared to
combined GG-SPD (OM) and GG-SPD (BaG OM) conditions at 21 d; b: In COL (BaG
OM) compared to GG-SPD (OM) at 21 d; ¢: For combined COL (OM) and COL (BaG
OM) conditions compared to combined GG-SPD (OM) and GG-SPD (BaG OM)
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conditions at 14 d and 21 d. Results based on hASCs isolated from 3 donors with
2 parallel samples (n = 6). Results relative to the control condition of GG-SPD (OM) at
14 d. DLX5 and OSX gene expression showed high variance and were therefore
presented partly in Log(10) scale. Group medians are indicated with horizontal line; E)
Representative images of hASC OCN production at 21 d. The hASCs isolated from
3 donors (n = 3). Scale bar 200 um.

Overall, significantly higher hASC osteogenic marker gene expression was
observed with the COL (OM) or COL (BaG OM) conditions compared to the
GG-SPD (OM) or GG-SPD (BaG OM) conditions with the exception of ALPL
expression. In detail, hASC gene expression of DI.X5 was significantly higher in
the COL (BaG OM) condition compared to the GG-SPD (OM) condition at
21 d. Also, OSX gene expression was significantly higher for the combined 14 d
and 21 d COL (BaG OM) results compared to the combined 14 d and 21d
results of the GG-SPD (OM) condition. Further, hASC gene expression of
RUNX?2 of the combined COL (OM) and COL (BaG OM) conditions at 21 d
was significantly higher compared to the combined GG-SPD (OM) and
GG-SPD (BaG OM) results at 21 d.

9.5.2 Robust hydroxyapatite mineralizaton and late osteogenic
differentiation with bioactive glass extract based osteogenic media in
three-dimensional hydrogels

Hydroxyapatite mineralization in gellan gum and collagen type I hydrogels

The hASC-secreted matrix hydroxyapatite residues were stained with the
Osteolmage assay at 21 d after which the fluorescence was measured, followed
by staining of hASC nuclei with DAPI and imaging of the mineralized residues
with epifluorescence microscope (Figure 15).
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Figure 15. Mineralization in study Il. A) Representative images of hASC matrix
hydroxyapatite residues stained with Osteolmage assay and cell nuclei stained with
DAPI in GG-SPD (OM), GG-SPD (BaG OM), and COL (BaG OM). COL (OM) samples
contracted after 3 d. Images of acellular blank controls on lower left. The hASCs were
isolated from 1 donor (n = 1). Scale bar 200 um; B) Raman spectroscopic analysis of
hASC-secreted matrix mineralized residue Raman shifts in 3D hydrogel at 21 d in
GG-SPD (BaG OM) (red), GG-BaG (BaG OM) (green) and COL (BaG OM) (blue)
conditions. Arrow pointing the phosphate peak at Raman shift 960 cm-. The hASCs
were isolated from 1 donor (n=1). Spectra normalized to average intensity between
475-560 cm-'; C) Representative brightfield OPT 3D reconstructed images of hASCs
embedded within  GG-SPD (OM), and GG-SPD (BaG OM) hydrogels, and
representative Osteolmage hydroxyapatite (green) fluorescence stained 3D
reconstructed SPIM images of hASCs encapsulated in GG-SPD (OM) and
GG-SPD (BaG OM) hydrogels at 21 d. The analyzed hASCs were from 1 donor (n = 1).
Scale bar 100 um; D) The measured fluorescence of stained hydroxyapatite residues
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in GG-SPD (OM), GG-SPD (BaG OM), and COL (BaG OM) hydrogels at 21 d. The
hASCs were isolated from 3 donors with 1-2 parallel samples for GG-SPD (OM) and
GG-SPD (BaG OM) (n=5), whereas hASCs from 2 donors with 2 parallel samples
(n = 4) were available for analysis for COL (BaG OM) due to contracted hydrogels. a:
Significant difference with p <0.05 compared to GG-SPD (OM) at 21 d; E)
Mineralization with different gellan gum crosslinkers. The measured fluorescence of
stained hASC hydroxyapatite mineralization in GG-SPD (OM) and GG-BaG (OM) at
21 d. b: Significant difference with p = 0.002 compared to GG-SPD (OM) at 21 d. Data
are presented as mean + SD.

Both the imaging of hydroxyapatite residues and the measured mineralization
results showed the highest hydroxyapatite content for the COL (BaG OM)
condition and strong hydroxyapatite staining was observed in the
GG-SPD (BaG OM) condition, whereas only moderate staining was seen in the
GG-SPD (OM) at 21 d.

Hydroxyapatite mineralization 3D distribution

Osteolmage-stained hASC hydroxyapatite mineralization 3D distribution was
imaged OPT and SPIM (Figure 15C). The reconstructed brightfield OPT analysis
showed label-free images of hASCs and matrix within 3D GG-SPD hydrogel
based on variation in light attenuation between the cells and the surrounding
hydrogel. The cells and matrix were visible as shaded objects in projection images
acquired in transmission mode. SPIM imaging was acquired as a 3D stack of
multi-focal images in fluorescence emission mode. The SPIM imaging showed
the 3D distribution of Osteolmage-labeled hydroxyapatite residues. The
hydroxyapatite staining result was strong in the GG-SPD (BaG OM) condition
while the labeled hydroxyapatite was scarce in the GG-SPD (OM) condition. The
COL hydrogel optical opacity impeded the OPT and SPIM imaging.

Raman spectroscopic analysis of calcium phosphate species

In study II, we verified the hASC ECM mineralization CaP species as
hydroxyapatite with Raman spectroscopic analysis (Figure 15B). The hASCs
embedded in GG-SPD (BaG OM), GG-BaG (BaG OM) and COL (BaG OM)
3D hydrogels were cultured 21 d with phenol red free media (see Table 14 in
section 4.7.5) to avoid interference to Raman spectra. The Raman spectra showed
the hydroxyapatite phosphate peak at Raman shift 960 cm! which semi-
quantitatively measured hydroxyapatite content. The highest result was obtained
for the COL (BaG OM) condition, followed by those of GG-BaG (BaG OM)
and GG-SPD (BaG OM), respectively. The slightly higher hydroxyapatite
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content measured for the GG-BaG (BaG OM) condition showed that GG

mineralization was enhanced with BaG ext crosslinking.

Immunocytochemical staining of osteocalcin production

In study II, OCN production of hASCs in 3D hydrogels was analyzed
(Figure 14E). The OCN- and DAPI-stained hASCs in GG-SPD (OM),
GG-SPD (BaG OM), COL (OM), and COL (BaG OM) conditions were
analyzed at 21 d. Strong hASC OC production was observed in the COL (OM)
and COL (BaG OM) conditions while moderate OCN production was also
visible in the GG-SPD (OM) and GG-SPD (BaG OM) conditions.

5.6 Osteogenic differentiation of human adipose stem cells and
coculture for microvascularization in composite hydrogel
scaffolds

Bioactive glass extract based endothelial-osteogenic media and coculture for

osteogenic and endothelial gene expression

In study III, hASC and HUVEC gene expression of osteogenic marker genes
DI.X5, RUNXZ, and OSX, together with endothelial marker genes I"WF and
PECAM-1 was analyzed with qRT-PCR in the EGM-2 (MM), EGM-2 (OM),
BaG EM-OM (MM), and BaG EM-OM (OM) conditions at 7d and 14d
(Figure 16A-E).
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Figure 16. Osteogenic and endothelial differentiation of hASCs and HUVECs within
composite GG-COL hydrogels in study lll. Relative gene expression of A) RUNX2,
B) DLX5; C) OSX; D) VWF; and E) PECAM-1 with EGM-2 or BaG EM-OM media culture
for 7.d and 14 d. The hASCs were OM-primed or non-primed (MM). Results relativized
to the control condition of EGM-2 (MM) at 7 d. The hASCs isolated from 3 donors and
HUVECs from 1 donor (n=3). Group median indicated by horizontal line; F)
Immunocytochemical staining of OCN and CD31 production in study lll. Representative
Z-stack confocal microscope images of hASCs and HUVECs in GG-COL 3D hydrogel
with EGM-2 and BaG EM-OM media culture at 14 d. OCN (red); CD31 (green); DAPI
(blue). On left side: 10x objective images. Acellular blank controls lower left; On right
side: 25x objective images. Scale bar 100 um. The hASCs were OM-primed or
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non-primed (MM). The hASCs were isolated from 2 donors and HUVECs from 1 donor
(n=2).

Osteogenic  gene expression of DIX5 peaked at 14d in the
BaG EM-OM (MM) and BaG EM-OM (OM) conditions. The highest medians
of gene expression of bone marker RUNXZ2 were measured in the EGM-2 (OM)
condition at 7 d and 14 d. Osteogenic marker OSX gene expression showed
highest values for single donors in EGM-2 culture at 7 d and 14 d although the
highest gene expression median was observed for the BaG EM-OM (OM)
condition at 7 d. The highest gene expression of endothelial marker VWE was
detected for single donors in BaG EM-OM culture at 7 d and 14 d albeit the
highest median was observed for the EGM-2 (OM) condition at 7 d. The highest
gene expression median of endothelial marker PECAM-7 was observed for the
BaG EM-OM (MM) condition at 14 d while also EGM-2 (OM) at 7d,
BaG EM-OM (MM), and BaG EM-OM (OM) conditions at 7d and 14d

showed elevated medians.

Hydroxyapatite mineralization

In study III, hASC and HUVEC coculture mineralization hydroxyapatite
residues were stained with Osteolmage assay and the cell nuclei with DAPI in
composite GG-COL hydrogels at 14 d (Figure 17).

EGM-2 BaG EM-OM

MM non-primed

14d

OM-primed

Figure 17. Mineralization in study lll. Representative images of Osteolmage
hydroxyapatite (green) stain, hASC and HUVEC nuclei (DAPI; blue) encapsulated in 3D
GG-COL hydrogels in EGM-2 and BaG EM-OM conditions at 14 d. The hASCs were
OM-primed or non-primed (MM). Scale bar 500 pm. Acellular blank controls shown on
lower left. The hASCs were isolated from 1 donor and HUVECs from 1 donor (n = 1).
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The strongest mineralization content of hASC and HUVEC coculture in
GG-COL hydrogels was visually analyzed in the BaG EM-OM (OM) condition
at 14 d. Also, strong hydroxyapatite residue content was observed in the
BaG EM-OM (MM) condition. Some background was visible for both the
BaG EM-OM conditions. However, no mineralization was detected in either of
the EGM-2 media conditions.

Immunocytochemical staining of endothelial and osteogenic markers

In study III, mature endothelial marker CD31 and late bone marker OCN
production in hASC and HUVEC coculture in GG-COL hydrogels was analyzed
with immunocytochemical staining at 14 d and the cell nuclei were stained with
DAPI (Figure 16F). The strongest OCN staining was observed in the
BaG EM-OM (OM) condition at 14 d. Also, strong OCN staining was seen in
the BaG EM-OM (MM) condition. Some OCN staining of hASCs and HUVECs
was observed in the EGM-2 conditions and accentuated with OM
preconditioning of hASCs. Reticular structures were visible with both
EGM-2 and BaG EM-OM media culture, however, tubular structures and initial
microvessel-like networks were visible in the EGM-2 conditions alone. The most
developed tubular-like structures were seen with hASC and HUVEC coculture in
the EGM-2 (MM) condition.
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6 DISCUSSION

6.1 Combined stimulus by soluble factors and scaffold
biomaterial needed for human adipose stem cell tenogenic
differentiation

The increasing trend of musculoskeletal diseases and related restricted physical
abilities call for new therapeutical options (Calejo et al., 2020). The study I
examined 7z vitro tissue engineered tendon-like construct development with hASC
tenogenic differentiation. To the best of our knowledge, this was the first study
to combine GDF-5 and L-ascorbic acid to stimulate tenogenic differentiation of
hASCs 7n witro. Importantly, micro-CT imaging of scaffold microstructures
provided pivotal knowledge of the topographic environment directing cell
behavior in study I (Cengiz et al., 2018).

The hASCs are an interesting cell source for tendon TE since they are
available, abundant, and have been shown to improve 7z vivo tendon injuries
although the exact mechanism remains undetermined (Costa-Almeida et al.,
2019). Our approach was to combine a mechanically suitable and relatively slowly
biodegradable supporting biocompatible scaffold structure and hASCs with
efficient tenogenic chemical induction.

Once ruptured, large load-transmitting tendons such as the Achilles tendon
are difficult to suture into bone and importantly, heal slowly with high risk of
reinjury. Therefore, a mechanically stable engineered tendon-like tissue construct
would offer a feasible solution. The mechanical stability of the construct is a
necessity since tendon transmits the mechanical muscle contraction to bone in
the musculoskeletal system. Our mechanical testing results showed Young’s
modulus at 280(20) MPa for the braided PLA 96/4 with similarities to that of
human Achilles tendon measured at 800-900 MPa (Kuo, C. K. et al., 2010;
LaCroix et al., 2013). What is more, the biomaterial PLLA 96/4 has been found
suitable for 7z vivo tendon repair (Viinikainen et al., 2014). Also, cell-seeded grafts

109



show typically faster tissue ingrowth, tissue integration, and healing response than

cell-free implanted constructs.

Our results were consistent with a previous study demonstrating the beneficial
effect of fibrous scaffolds for tenogenic differentiation of hMSCs (Czaplewski et
al, 2014). In 2D cell culture, Park and coworkers induced tenogenic
differentiation of rat ASCs with GDF-5 which significantly enhanced cell
proliferation, increased gene expression of SCX, TNMD, TNC, COLT, COLJ3,
aggrecan, and decorin. In addition, an increase in protein production of TNMD and
TNC was reported. (Park et al. 2010) We were similarly able to confirm the
beneficial effect of GDF-5 on ASC tenogenic gene expression and protein
production. Jenner and coworkers studied hBMSCs for ligament application in
woven PLGA scaffold stimulated with a combination of ascorbic acid with either
TGF-1 or GDF-5, when TGF-81 stimulation was found to increase significantly
cell proliferation and total collagen production (Jenner et al. 2007). Although this
result was reported for hBMSCs, hASCs could also be tested with TGF-31 in
filamentous scaffolds for tenogenesis stimulation. James and coworkers studied
in vitro the effect of GDF-5 stimulation on rat ASCs cultured on PLGA fiber
scaffold, where the gene expression of tenogenic markers SCX and COLT7 was
upregulated with 3D scaffolds (James et al. 2011). Our results confirmed these
observations. Although mechanical stimulation has been shown to induce
tendon-like matrix production in previous works (Gaspar et al., 2015; Kuo, C. K.
& Tuan 2008; Raabe et al., 2013; Vindigni et al., 2013; Yang, G. et al., 2013), our
result with PLA 96/4 scaffolds was interesting due to the fact that we obtained
abundant COL1 production in a static condition in a 3D structure without
mechanical stimulation. The selected braided PLA 96/4 scaffold possessed
anisotropic surface structures which have been suggested to promote tenogenesis
due to resemblance to native fibrous organization (Calejo et al., 2020; Domingues
et al., 2016; Laranjeira et al., 2017). However, we did not observe uniaxially
oriented COL1 fiber structures that in native tissue glide against each other and
endow tendon with characteristic elastic properties (James et al., 2008).

Our results showed that inducing soluble factors were required to support
hASC tenogenic differentiation because the PLA 96/4 scaffold alone in the MM
condition was not sufficient to promote hASC tenogenesis. In the future,
different spun textile fiber scaffolds and anisotropic fibrous scaffolds could be
compared for further tendon graft development (Domingues et al., 2016;
Miranda et al., 2020; Silva et al., 2020; Wu et al., 2017). Overall, the results with
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hASCs seeded on PLA 96/4 scaffolds and cultured in TM condition showed
potential for further iz vivo studies to test the functionality of the engineered

tendon construct.

6.2 Bioactive glass extract based osteogenic medium induced
robust osteogenic differentiation of human adipose stem cells
in gellan gum and collagen type | hydrogels

In study II, we investigated the effect of BaG OM induction on hASC
osteogenesis within 3D GG and COL hydrogels for minimally invasive bone
graft development. The mechanical properties of the non-incubated GG and
COL hydrogels were in line with previous studies (Raub et al., 2010; Silva-Correia
et al,, 2013). The moderate mechanical properties of GG and COL as well as the
weak stability of COL have limited their application for hard tissue applications
(El-Figi et al., 2013; Oliveira, M. B. et al., 20106). In contrast, we were able to show
significantly enhanced mechanical properties for both GG-SPD and COL
hydrogels in the BaG OM incubation albeit still insufficient for load-bearing
applications. The GG-SPD (BaG OM) sample compressive modulus resembled
that reported for osteoblastic matrix at 30 kPa (Engler et al., 2006; Gantar et al.,
2014; Huebsch et al., 2010; Wen et al., 2014). Interestingly, the mechanical
properties increased gradually and this might have enhanced even more the
osteogenesis process (Engler et al., 2006; Lopes et al., 2018).

The rapid 7n vivo degradation of COL is a valid source of criticism. To the
point, the COL mechanical stability was significantly increased in the BaG OM
incubation. Indeed, the BaG OM-incubated COL scaffold might also have
capacity to resist more the rapid degradation although this would require
additional verification with degradation analysis or, eventually, 7z vivo testing. The
traction forces that adhered cells exert on the substrate and the pericellular milieu
could be studied by traction force microscopy, for example, to better understand
mechanisms of mechanotransduction (Ribeiro et al., 2016).

The observed rounded hASC morphology in 3D GG hydrogels was assumed
to be linked to lack of adhesion sites (Karvinen et al., 2017; Koivisto et al., 2017).
Nevertheless, it has been postulated that the round cell morphology might not
hinder hASC osteogenesis (Huebsch et al., 2010; Oliveira, M. B. et al., 2016). This
has been based on the assumption that once the encapsulated cells have formed

their own niche microenvironment, the inert surrounding hydrogel bulk
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interferes little with cell growth and differentiation. Contrastingly, hASCs were
elongated in 3D COL albeit their exaggerated pulling action caused COL matrix
to contract (El-Fiqi et al.,, 2013; Gentleman et al., 2007) in the OM condition
without the extra mechanical stability offered by BaG OM incubation. The issue
of uncontrollable change of shape of COL constructs has been addressed by
various attempts, for example, by the addition of short COL1 fiber composites.
In a study by Gentleman and coworkers, the higher mass of COL1 fibers
supported the construct to maintain its shape longer (Gentleman et al., 2007). It
is important to note that the hydrogel bulk mechanical properties might not
correlate with the unhomogenous fibrous ECM pericellular stiffness at close
range of the cells. In fact, cells remodel elastically and plastically the heterogenous
surrounding fibrous matrix thus creating a wide range of local stiffnesses. The
heterogeneity of cell microenvironment stiffness influences cell-lECM

interactions that would warrant more specific investigations (Binner et al., 2017,
Keating et al., 2017).

The hASCs cell number within GG-SPD hydrogel in OM showed an
increasing trend from 14 d to 21 d, whereas the cell number in the COL hydrogels
decreased over 3 weeks, possibly due to COL hydrogel contraction and lack of
space for cell growth. This indicates the feasibility of GG-SPD hydrogel for long
term hASC culture permitting cell proliferation and providing space for cell
growth avoiding premature hydrogel contraction. This might also indicate that
hASCs required a longer time of adjustment into inert GG-SPD hydrogel to
produce their own ECM and initiate growth, proliferation, and differentiation.
Therefore, later time points of analysis past 3 weeks might have yielded improved
differentiation results also for the GG-SPD hydrogel culture conditions.

The robust mineralization results verified efficacious hASC osteogenic
differentiation with rich hydroxyapatite residue deposition in hASC matrix with
BaG OM incubation in both the GG and COL conditions. The accumulation of
mineralized matrix was confirmed by qualitative Osteolmage hydroxyapatite
staining and quantification in addition to semi-quantitative Raman spectroscopic
analysis with a prominent peak of inorganic phosphate for the COL (BaG OM)
condition. Providing attractive 3D imaging results, 3D reconstructed OPT and
stacked fluorescence SPIM images showed homogenous distribution of
hydroxyapatite residues in the pericellular space or surrounding hASCs. The
intensive and strongly accumulated hydroxyapatite mineralization was visible in
the nonspecific OPT images and the stained fluorescent SPIM images in the
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BaG OM condition. The wet-state 3D imaging of cell-laden hydrogels is an
emerging and promising analysis method the likes of which are keenly needed for
TE graft development 7z vitro studies. Moreover, the image analysis of the entire
3D volume is important to gain advanced understanding of the whole volume
and not limiting the observations on the mere mineralized surface (Killion et al.,
2013). Other studies have reported more moderate results for MSC ostegenesis
encapsulated in 3D hydrogels compared to our strong hydroxyapatite
accumulation (Castillo Diaz et al., 2016). Most significantly, we were able to show
homogenous mineralization with the BaG ionic dissolution products also in the
interior region of the GG-SPD hydrogel constructs. This showed that the GG
hydrogel allowed diffusion of soluble species also to the central parts of the
construct. Therefore, our results aligned with those presented by Gantar and
coworkers although their system incorporated solid BaG nanoparticles in the
hydrogel (Gantar et al., 2014).

Also acellular COL samples mineralized, attributed to COL functioning
naturally as a platform for mineral residue nucleation (Marelli et al., 2011; Miri et
al., 2016) albeit the mineralization was clearly accentuated with the cell-laden
samples. Overall, the superior mineralization and mature osteogenic
differentiation with OCN staining results verified BaG OM as efficient hASC
osteoinducer in 7z vitro 3D hydrogel culture.

6.3 Bioactive glass soluble factors promoted mineralization and
osteogenesis while neovascularization was restricted in
coculture in composite hydrogel scaffolds

In study III, we investigated the blend of GG and COL hydrogels for
vascularized bone graft development. In the study, soluble BaG ions’ effect on
hASC osteogenic differentiation was researched. Further, we tested the impact of
HUVEC coculture for growth of microvasculature in 3D hydrogel culture in
BaG EM-OM media. Similarly to the study II results, BaG ion-media enhanced
hydrogel mechanical stability. The mechanical properties of the acellular
composite hydrogel samples remained soft at 1-3 kPa which has been deemed
suitable for vasculatization (Rouwkema & Khademhosseini 2016; Sieminski et al.,
2007). To the point, matrix mechanical properties and stiffness gradients have
been reported as factors that modulate vascular processes (Rao et al., 2012;
Rouwkema & Khademhosseini 2010).
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Importantly, the Live/Dead analysis imaging displayed reticular structures in
all the experiment groups thus indicating cellular crosstalk and initial EC tube
formation capacity (Correia, C. R. et al., 2017; Kirkpatrick et al., 2011). Further,
the Live/Dead imaging results confirmed the cell number results where lower
cell amount was detected in the BaG EM-OM condition, and in particular with
osteogenic preconditioning of hASCs.

In study IIT cell number results, hASC cell number in the EGM-2 condition
was significantly higher than in the BaG EM-OM condition. This showed the
BaG ions’ restricting effect on cell proliferation. However, the lower cell number
might have been due to progressed hASC differentiation as evidenced by the
strong mineralization result. The BaG EM-OM condition restricted cell
elongation and caused distinctly different truncated cell morphology. To the
point, the effect of B3* cations on cell morphology has been reported also by
others (Brown et al., 2009; Rodriguez et al., 2004), in addition to the changes to
cytoskeleton organization, cell signaling pathways, and adhesion (Ojansivu et al.,
2015; Ojansivu; Hyvari et al,, 2018). Furthermore, B3 cations also induce
EC proliferation and migration along with VEGF production (Kargozar et al.,
2018) which might have been beneficial for the combined osteogenesis and
vasculogenesis scheme. The EGM-2 condition supported good cell viability and
cell elongation, high cell number regardless of hASC preconditioning status,
abundant capillary-like structures, and moderate vascular-like network growth
indicating microvascularization. This was deemed as the main result of the
compared 3D GG-COL coculture conditions including a novelty for the study.
However, no perfusable functionality was tested.

Interestingly, the EGM-2 (OM) condition induced osteogenic gene
expression. This opposed the Mihaila and coworker report on absence of
osteogenic differentiation in coculture of hASCs and ECs with EGM-2 media
despite osteogenic priming (Mihaila et al., 2017). In our results, the BaG EM-OM
condition enhanced endothelial marker gene expression with the highest median
with OM-preconditioned hASCs. The high endothelial gene expression medians
and single peaks in coculture might have indicated hASC endothelial
subpopulation, as also noted by other researchers (Huttala et al., 2015; Mihaila et
al., 2017). Indeed, the effect of an endothelial precursor population of hASCs
merits further research. Interestingly, some OCN staining was observed in the
EGM-2 condition which indicated that it supported restricted osteogenesis. The
effect was accentuated by hASC osteogenic preconditioning as seen in the bone
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marker gene expression results. This would warrant more detailed research in the
future. The immunofluorescence imaging results showed that the BaG EM-OM
condition was required for strong OCN production, whereas the
EGM-2 condition supported strong CD31 production and vessel-like structure
formation, similarly to a report by Ma and coworkers demonstrating zz vitro
capillary growth with hASC and HUVEC coculture in endothelial medium within
COL hydrogel (Ma et al., 2014).

Overall, the lack of CD31 staining or vascular-like networks indicated that the
BaG EM-OM condition late osteogenic differentiation prevented vessel growth
and tubular network formation. This observation showed that simultaneous
osteogenesis and vasculogenesis were inhibited similarly to previous studies
(Blache et al., 2016), although synergistic cellular crosstalk has been reported for
MSCs undergoing osteogenic differentiation and ECs forming microvascular
networks (Bidarra et al., 2011; Grellier; Granja et al., 2009; Pedersen et al., 2013;
Saleh et al., 2011). Indeed, direct cell-cell contacts between MSCs, osteoblastic
cells, and HUVECs have been observed to inctease VEGF secretion and
consequentially VEGFR2 expression and ALP activity in the following (Grellier
et al., 2009; Shahabipour et al., 2019).

6.4 The effect of donor variation and human adipose stem cell
endothelial subpopulations

There were some discrepancies in the osteogenic and endothelial gene expression
results specifically in study ITI and these were addressed as instancies of donor
dependent variation in the analysis. The endothelial culture condition seemed to
promote osteogenesis in cocultured hASCs of individual donors and vice versa
for osteogenic culture conditions enhancing endothelial gene expression. In part,
this can be addressed to VEGF stimulation of vascular ECs that in turn promote
MSC osteogenesis in the intramembranous ossification process (Shum et al.,
2004; Zelzer & Olsen 2004). For the BaG EM-OM condition, the BaG extract
component might have induced angiogenesis and vasculogenesis markers in the
cocultured HUVECs (Kargozar et al., 2018). What is more, biomineralization
glycoprotein BSP has been reported to stimulate HUVEC angiogenesis
(Bellahcene et al., 2000), although BSP was not targeted in any of the study III
analyses and, therefore, its presence in the mineralized matrix cannot be neither

confirmed nor dismissed.
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The isolated hASCs used for experiments in study III showed upregulated
endothelial matker CD54, CD31,and hematopoietic/progenitor marker
CD34 expression in the flow cytometric analysis results. Some studies have
suggested that ASCs would in fact be of CD34+, CD90-, CD31-, CD45- and
CD145- phenotype and localized within perivascular niche (Varma et al., 2007;
Yoshimura et al., 20006; Zimmerlin et al., 2013). The CD34+ fraction of blood
cells indicating similarity with endothelial and hematopoietic stem cells has been
researched for clinical limb ischemia trials, however, albeit seemingly efficient for

vascular injury treatment, convincing evidence based on clinical trials still needs
to be shown (Trounson & McDonald 2015).

On the other hand, other reports have remarked on the presence of a
subpopulation of CD34+ fibroblast-like vascular endothelial precursors in what
seems to be hydrogel-like native tissue located in reticular collagenous structures
of fluid-filled interstitial space of submucosa (Benias et al., 2018a; Benias et al,,
2018b). The identity of the cell population and tissue environment would require
more elucidation although this shows the heterogeneity of the MSCs and ECs in
the body (Sidney et al., 2014). The characteristics of CD34+ subpopulation are
still being unfolded but CD34+ cells have been shown to include vascular
endothelial progenitors and to possess enhanced progenitor activity (Bora &
Majumdar 2017; Mazini et al., 2019), in fact, a portion of heterogeneous MSCs
express CD34 contrary to what has been postulated in most literature (Sidney et
al.,, 2014; Zimmerlin et al., 2013). Our results were in line with this emerging view
and role of different hASC subpopulations. Furthermore, Mihaila and coworkers
have presented SSEA-4+hASCs as another potential hASC subpopulation for
both endothelial and osteogenic differentiation (Mihaila et al., 2013). To control
the heterogeneity of MSC subpopulations, standardization methods have been
proposed to increase reproducibility and safety in view of clinical applications.
The cell number increasing expansion step in cell-based therapies is challenging
also in view of phenotypic drift. The fact remains, that within a hASC population,
cells are most likely at different stages of differentiation (Baer 2014). The cell
population heterogeneity could be better controlled with careful method
standardization such as defined 7 vitro culture conditions (Patrikoski et al., 2019).
Another method to drive MSC differentiation and thus limit subpopulation
enrichment is the priming of cultured cells with biochemical stimuli. This would
potentially also enhance the efficacy of stem cell-based treatments (Neri 2019)
even though the use of exogenously added growth factors should be minimized
in cell cultures. However, in practice, the use of specific and limited hASC
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subpopulations might not be feasible for clinical treatments which require large
amounts of cells (Baer 2011).

6.5 Establishing initial three-dimensional in vitro
musculoskeletal model

While 77 vivo tests are still used for the safety evaluation of implantable medical
devices in the preclinical phase, /7 vitro tissue models are increasingly developed to
replace, refine, and reduce use of animals. An 7z vitro tissue model permits the
study of simplified cell and tissue function in a controlled and defined laboratory
cell culture setting. (Papadimitropoulos et al., 2011) Ideally, an 7z vitro tissue model
would facilitate 3D analysis of cell-cell interactions with controlled 3D growth of
tissue in the matrix material of choice. They are sought to establish a research
platform to recapitulate tissue development and functions by combining
engineering and biology. With human cells, they could be utilized as research
models to explore disease mechanisms and screen for drug effects in a more
representative manner than animal models. A research platform is to mimic
functional tissue and facilitate exploring disease mechanisms and to screen for
drug effects (Loaiza et al., 2018). The impact and value of a novel and simple to
apply #n vitro disease model or a drug screening platform with specific and
simplified functionality for bone cancer testing, for example, would be

considerable.

Establishing an 7z vitro assay, for biomedical graft safety evaluation that
satisfies regulatory control includes separate phases of development, validation,
and acceptance. The final phase would entail acceptance by the regulatory bodies,
manufacturers and assay users. The urgent need for a variety of validated 2 vitro
assays therefore persists. Validated 7z vitro cytotoxicity tests currently exist as
International Organization for Standardization (ISO) standard procedures.
According to ISO 10993-5 standard, evaluation of biomaterial cytotoxity can be
by qualitative or quantitative methods. Even though qualitative or subjective,
semi-quantitative assessment of the results satisfy the international standard,
these might not produce relevant data for more efficient comparisons between
different institutions or teams of researchers. What is more, testing of human cell
lines is preferred and further, cells from more than 1 donor should be tested in
addition to relevant negative and positive controls. (EN ISO 10993-5. 2009)
Another important aspect that affects meaningful assessment and comparison of
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in vitro test results are the donor dependent differences, and these factors should
be carefully discussed in each case. Therefore, reproducibility of 7z vitro testing is
a relevant cause of concern. Indeed, a quantifiable 7# vitro model for precision

analysis would allow more accurate comparisons (Loaiza et al., 2018).

In view of these issues, our results in study I offered reproducible and relevant
data on 7 vitro screening of suitable tenogenic media, scaffold materials, and
structures potential for further zz vivo safety evaluation. In study III, the results
offered important insights into the intricate interplay of factors affecting
vascularized bone formation zz vitro. Although the 7n vitro results were conducted
with hASCs from 3 donors satisfying the commonly held criteria for i vitro
testing, they fell short of providing statistically significant results in all areas of
analysis, for example on gene expression of various bone and endothelial
markers. The discrepancies in gene expression of differentiation markers might
have been partly attributable to hASC subpopulations which, therefore, merit
further research. Importantly, in study II, the BaG extract-based protocol for
creation of mineralized 3D hydrogel matrix with hASCs was the most successful
in establishing an 7 vitro bone tissue mineralized matrix model potential for wider
application in the field. Although some aspects of bone-like, vascularized
bone-like and tendon-like tissue were achieved with expression of specific
markers with gene expression or protein production, these models remained
limited in their scope. Indeed, iz vivo-resembling tissue model would require more
complex functionality provided by microfluidics, for example. A vascularization
model could be utilized for study of cancer tumor vascularization (Haase &
Kamm 2017; Song et al., 2014), for example.

In terms of impact on the research field, these studies provided relevant
human cell data and feasible composite biomaterial combinations for
musculoskeletal tissue engineered 7z vitro model development although some
components such as differentiation media might call for more optimization. The
in vitro models developed in this thesis work offer themselves up for further

development in future research.

6.6 Developing three-dimensional hydrogel analysis methods

Quantitative 7z vitro analyses are increasingly developed to facilitate transfer and
direct comparison of data between different research groups. Novel and reliable

analysis methods are therefore urgently needed for 3D hydrogel cell culture
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characterization. As one of the principal achievements of this thesis work overall,
study IT established reproducible quantitative analysis methods for 3D
cell-hydrogel constructs together with qualitative 3D imaging modalities.
Importantly, repeatable mechanical testing of hydrogel scaffolds was reported in
studies II-III which are valued for hydrogel biomaterial testing research. So far,
3D mineralized hydrogels have been challenging to produce and analyze
in vitro and there has been a lack of methods to analyze 3D distribution of
hydrogel encapsulated cells and of cell matrix mineral residues (Marro et al.,
2016). What is more, OPT and SPIM techniques allowed hydrogel, cell, and
ECM characterization in the wet-state which mimics the natural tissue
environment instead of freeze-drying of samples as required for micro-CT
(Cengiz et al., 2018). Instead, the wet-state analysis allowed to observe the
water-swollen hydrogel polymer network intact together with embedded cells.
Therefore, 3D OPT and SPIM imaging have important new applicability and
potential for relevant impact on the 7z vitro research of 3D hydrogel cell cultures.
In addition, semi-quantitative Raman spectroscopic analysis holds great promise

and applicability for mineralized cell-laden hydrogel analysis also in the future.

In order to study cell proliferation, analysis of cell number from 3D hydrogel
culture has been challenging due to lack of hydrogel biomaterial specific
extraction methods. We opted to mechanically mince the cell-laden hydrogels
because the digestion methods of COL and GG hydrogel scaffolds differed and
with no feasible enzymatic digestion protocol available for GG. In addition,
cell-laden COL contracted strongly and therefore robust mechanical mincing was
the preferred method for reproducible quantitative DNA amount analysis. For a
similar reason, RNA isolation from contracted or mineralized COL matrix was
made possible with the mechanical mincing method. These established analysis
methods were essential for the execution of the following study ITI with the
added complexity of composite GG-COL hydrogel scaffolds. Indeed,
reproducible analysis methods have been deemed essential for the quality and
ensuing development of 3D 7z vitro cell culture protocols.

Overall, these established 3D hydrogel cell culture biochemical analysis
protocols and 3D imaging applications possess important novelty and carry a
potential impact on the basic research field on cell-laden and mineralized
hydrogels enabling new 2 vitro hydrogel characterization research for tissue
engineered bone graft development. The established 7z vitro hydrogel
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characterization and analysis methods have therefore applicability to the wider
TE field not restricted solely on musculoskeletal applications.

6.7 Ethical considerations

The use of autologous MSCs such as hASCs for tissue engineered constructs
helps to avoid ethical dilemmas and political issues (Dai et al., 2016). Therefore,
hASCs are an easily acceptable and feasible option for regenerative medicine and
graft development. However, there are ethical concerns related to possible MSC
induced tumor growth and metastasis (Volarevic et al., 2018), for example, due
hASC paracrine factor induced stimuli (Patrikoski et al., 2019). However, these
risks can be minimized with careful evaluation of implantation site
microenvironment (Patrikoski et al., 2019). With allogenic cells, such as
HUVEC:s, there are potential ethical aspects to consider due to the fact that the
cells originate from another donor. Nevertheless, HUVECs are generally viewed
as a useful component of preclinical assessment before they can be replaced by a
more suitable EC source (Muchleder et al., 2014).

6.8 Future perspectives

Cell-based therapies are emerging as advanced medicinal products with a growing
impact on the treatment of various indications and especially those with limited
conventional treatment options. As a matter of fact, musculoskeletal TE is a

growing line of regenerative medicine applications.

On a critical note, MSC clinical trials have been the most frequent although
they have also failed. The safety of MSCs has been assessed even if their fate after
implantation is still not clear and might indicate rapid turnover in tissues. Both
autologous and allogeneic MSCs have been deemed almost equally promising
thus allowing development of off-the-shelf cell-based therapies with well
characterized and well suitable cells. The downside is that the exact mechanism
of action that MSCs trigger upon implantation still remains to be elucidated.
(Trounson & McDonald 2015)
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I

Tissue engineered tendon grafts are greatly anticipated for the treatment of large
tendon defects. In study I, the results showed potential for future development
with tenogenic differentiation of hASCs in a mechanically suitable filamentous
PLA 96/4 scaffold. The developed TM could be optimized even further with
different growth factor stimuli, for example, GDF-7 has been reported feasible
(Gomes et al., 2017). What is more, sequential stimuli of different growth factors
could be beneficial for enhanced hASC tenogenesis. Further, the tenogenic
differentiation could be stimulated and supported by surface topography
(Kishore et al., 2012), which would help diminish the need to use growth factors
in the differentiation process, thus promoting the production process stability
and the patient safety. Modifications of the PLLA material surface could enhance
hASC adhesion, proliferation and differentiation (Rasal et al, 2010). The
bioactivity of the PLA scaffold could be improved by a coating treatment
consisting of an electroactive polymer such as polypyrrole (Ateh et al., 20006,
Bendrea etal., 2011). Further studies with bioactive coatings that mimic the native
ECM could be applied (Chainani et al., 2013; Yang, G. et al., 2013), for example,
fibronectin (Liu, Y. et al., 2008; Lu et al., 2005). Moreover, mechanical stimulation
under cyclic tension, for example, could improve the orientation of collagenous
matrix and mature the tissue organization and structure. What is more, since
tendon cell niche is naturally hypoxic (Calejo et al., 2020), the effect of oxygen
tension on tenogenesis could be tested with hASCs. In comparison, hBMSCs
have been shown to undergo tendon-like tissue development under hypoxic
conditions (Tsiapalis & Zeugolis 2019).

In critical terms, quantified cell viability analysis might be relevant in the future
(Gering et al., 2019). Quantified data would be needed for easily comparable data
between different researchers and research institutes. What is more,
metabolism-based cell number analysis such as the MTT analysis based on
mitogenic activity that essentially discerns living and necrotic cells would be
beneficial since the current DNA-based cell number assay fails to make this
relevant disntiction and requires Live/Dead results to support the interpretation.

II

Mineralized natural hydrogels such as COL have proven challenging to produce
in vitro. In study II, hydrogel mineralization was induced with BaG 2-06 ionic
dissolution products. Due to the rounded morphology of hASCs embedded in
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GG hydrogel suggesting lack of adhesion sites, GG hydrogel might benefit from
functionalization in future studies. For minimally invasive injectable bone graft
development, the GG and COL hydrogels could be modified to allow an
injectable application. The OPT and SPIM systems could be combined and allow
simultaneous imaging. The 3D OPT-SPIM imaging of Live/Dead-stained hASCs
and the distribution of osteogenic markers would be an advantage. A Raman line
scan of a mineralized hydrogel scaffold instead of a measured spectrum from a
single location could elucidate distribution of mineral deposits and potentially
identify different mineral species (Evans et al, 2012; Volponi et al.,, 2015).
Further, calculating the mineral-to-matrix ratio based on the area of the measured
Raman inorganic phosphate peak could be utilized to characterize the pattern of
mineralization (Evans et al., 2012) in different hydrogel scaffolds. An established
in vitro bone model would facilitate research on musculoskeletal diseases and allow
in vitro testing of drugs (Foyt et al., 2018). Interestingly, also hypoxic conditions
could be tested to activate hMSC mechanosensitive pathways for musculoskeletal
differentiation (Foyt et al., 2019).

III

In study III, the mutually exclusive mineralization and microvascular network
results indicated that the mechanisms that would allow both processes for
cocultured hASCs and ECs within 3D hydrogels would require further
investigation. The challenge of engineering complex microvascular networks still
remains. (Shen et al., 2016) Our approach was to trigger vasculogenesis with
bottom-up approach although the method has been suggested to result into
unorganized, dense, and possibly resemble tumor-like vessel growth. In the
approach, no control is exerted on vessel diameter or branching of the network
or its density, all impacting 7z vive anastomosis (Greco Song et al., 2018). Further,
the choice of coculture media influences besides the cosurvival of both hASCs
and HUVEGs, also the osteogenesis and vasculogenesis processes although no
superior media formulation has been postulated to date (Kolbe et al., 2011;
Nunez-Toldra et al, 2019). The synergistic endothelial-osteogenic cellular
crosstalk could be harnessed for more effective results in the future. This could
be explored by observing morphology of intercellular barrier junctions with
vascular endothelial cadherin analysis and testing barrier permeability.
EC polarity and EC membrane receptor locations have also been suggested as a

factor in tubular structure formation. (Greco Song et al., 2018)
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The functionality and stability of the microvascular-like network in the
EGM-2 (MM) condition could be tested by gentle perfusion to stabilize forming
vascular network. To better simulate tissue specific niche microenvironments
with multiple cell types integrated into a complex tissue-like structure, bioprinting
might be a relevant approach. Specifically, repeatable vascular structure
fabrication is expected to take a leap forward with bioprinting technologies and
thus globally progress the TE field (Datta et al., 2017). While manual pipetting
becomes easily cumbersome after the early stage of fabrication of multilayered
hydrogel constructs and more high-throughput technologies are needed for
scaling up. They also help avoid worker dependent variabilities thus adding to the
repeatability.

Patterned hydrogels with separate endothelial and osteogenic niches was shown
to result into organized vascularization with cocultured hBMSCs and HUVECs
and mineralized regions with osteoblastic cells (Kazemzadeh-Narbat et al., 2017).
Matrix composition has been shown to guide vascular network growth of
MSC and EC coculture (Rao et al., 2012). Further, the density of the 3D matrix
moderates endothelial sprouting, lumen formation, and capillary morphogenesis
(Kniazeva & Putnam 2009), although the mechanical environment most likely
cannot be attuned on a fine enough scale to guide capillary networks within a
tissue engineered construct (Rouwkema & Khademhosseini 2016).

In the fused deposition bioprinting process, cell-laden bioink which is practically
an injectable hydrogel is extruded as a continuous filament layer-by-layer into a
structure. This method has the lowest resolution of approximately 200 wm, while
droplet-based bioprinting can reach a 100 um resolution, whereas laser-based
techniques can operate at single cell level. (Greco Song et al., 2018) However,
past the hype of the bioprinting trend, significant results are yet to materialize to
back up the claims and no intact capillary network on cellular level has been
achieved to date (Datta et al., 2017). The obstacle of coordinated osteogenesis
and vasculogenesis processes with controlled osteogenic and endothelial cell-cell
interactions remains unsurpassed for 3D bioprinted vascularized bone constructs
(Shahabipour et al., 2019). On the topic, four-dimensional bioprinting (4D) that
incorporates time into the process meaning that the printed object can shift its
shape or functionality with appropriate stimuli in time (Wan et al.,, 2020),
although the nature of the stimuli-responsive materials remains to be determined.

In study IIT results, the differentiation media compositions could be optimized

since the BaG extract-based media promoted truncated cell morphologies and

123



aggregation of HUVECs. For example, the BaG extract could be diluted to
diminish the harshness of the chemical stimulus for the cells. The ratio of
cocultured cells as well as their application sequence should be tested further.
Similarly, the effect of the differentiation media application sequence in time
could be further analyzed. Supplementary analysis would be needed on hASC
subpopulation characteristics and potential for multiple lineage differentiation.
The 3D OPT-SPIM imaging of the distribution of osteogenic and endothelial
immunocytochemical markers would be an advantage for mineralized matrix and

vascular network analysis.
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7 CONCLUSIONS

The main findings of the thesis and the conclusions reached in studies I-III were:

I

Optimized TM with GDF-5 and L-ascorbic acid induced efficient hASC toward
tendon lineage. PLA 96/4 structure supported cell adhesion and elongation
compared to PLCL scaffolds in TM. Late tenogenesis markers COL1 and
TNMD were strongly expressed on PLA 96/4 scaffolds in TM. The mechanical
properties of braided PLLA 96/4 scaffolds were suited for tendon TE applications.
Nevertheless, PLA 96/4 scaffold alone was not able to induce hASC tenogenic
differentiation. To the point, the combined TM with the selected filamentous
PLA 96/4 scaffold were both essential. Thus, hASC tenogenic gene exptressiom
and collagenous matrix production were induced by TM. Overall, the
combination of hASCs in braided filamentous PLA 96/4 scaffolds with TM were

found efficacious for future tendon TE strategies and potential for iz vivo testing.

II

Osteogenic induction of hASC with BaG 2-06 ionic dissolution products in
GG-SPD and COL 3D hydrogels was studied in addition to the effect of
GG crosslinker for mineralization. The media incubation significantly increased
GG and COL hydrogel mechanical properties. Also, gradual stiffening behavior
mimicking evolving bone matrix was observed. Good viability was observed in
all  conditions. GG-SPD promoted rounded cell morphologies while
COL supported elongation. Significantly higher bone marker gene expression of
hASCs in COL was observed with the BaG OM induction. In the
COL (BaG OM) condition, the prominent OCN and hydroxyapatite staining, in
addition to the highest Raman spectroscopic measurement result qualified it as
the strongest osteoinducer. GG crosslinking with the BaG 2-06 extract induced
significantly higher hASC mineralization in GG-BaG hydrogels in OM. OPT and
SPIM techniques were found highly utilizable and attractive methods for 3D
imaging of transparent cell-laden hydrogels. The significant potential of hASC
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osteogenesis with BaG OM induction in 3D hydrogels was demonstrated. New
3D hydrogel culture and analysis methods were presented with importance for

in vitro bone model development.

III

We tested the impact of BaG EM-OM with dissolved BaG ions for hASC
osteogenesis and vasculogenesis in coculture with HUVECs in composite
GG-COL hydrogels. Contrary to our hypothesis, the results indicated mutually
exclusive production of late osteogenic and endothelial markers. We showed
osteogenic differentiation of hASCs induced with BaG 2-06 extract based
endothelial growth medium with osteogenic supplements in coculture with
HUVECGs. Importantly, we showed the effect of hASC osteogenic
preconditioning for mineralization. Priming in OM enhanced hydroxyapatite
mineralization of hASC-laden GG-COL hydrogels. The EGM-2 was essential for
growth of endothelial tubular structures. However, the results did not confirm
microvascularization network formation in 3D composite GG-COL hydrogel
coculture. The results presented strong hASC osteogenic differentiation.
However, microvessel-like networks were restricted in coculture in 3D GG-COL
composite hydrogels. Overall, the results were moderately potential for

development of further vascularized bone 77 vitro model.

To conclude, it is important to obtain data on hASC behavior in a controlled
in vitro environment with specific media, biomaterial scaffold, and cell type, in
order to facilitate future tissue engineered construct development. In general
terms, this thesis work presents some potential alternatives worthy of considering
as attractive starting points with insights into musculoskeletal TE and for further
development of regenerative medicine applications.
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CORRIGENDA

In publication I:

An error in reporting in human adipose stem cell isolation and cell expansion
chapter in collagenase type I solution composition and consequently missing
information on the composition of maintenance medium (MM). Error
corrected as follows: “The adipose tissue was cut up and tissue was digested
by collagenase type I (1.5 mg/mL; Thermo Fisher Scientific) solution
containing DMEM/F-12 1:1 (Thermo Fisher Scientific), 1 % L-glutamine
(GlutaMAX;  Thermo  Fisher Scientific), and 1% antibiotics
(100 U/mL penicillin/100 U/mL  streptomycin; P/S; Lonza, Basel,
Switzerland). The cells were expanded in maintenance medium (MM)
containing DMEM/F-12, 5-10 % human serum (HS; PAA Laboratories,
Pasching, Austtia), 1 % L-glutamine, and 1 % P/S.”
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Human Adipose Stem Cells Differentiated on Braided
Polylactide Scaffolds Is a Potential Approach
for Tendon Tissue Engineering
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Growing number of musculoskeletal defects increases the demand for engineered tendon. Our aim was to find an
efficient strategy to produce tendon-like matrix in vitro. To allow efficient differentiation of human adipose stem cells
(hASCs) toward tendon tissue, we tested different medium compositions, biomaterials, and scaffold structures in
preliminary tests. This is the first study to report that medium supplementation with 50 ng/mL of growth and differ-
entiation factor-5 (GDF-5) and 280 M L-ascorbic acid are essential for tenogenic differentiation of hASCs. Tenogenic
medium (TM) was shown to significantly enhance tendon-like matrix production of hASCs compared to other tested
media groups. Cell adhesion, proliferation, and tenogenic differentiation of hASCs were supported on braided poly
(L/D)lactide (PLA) 96L/4D copolymer filament scaffolds in TM condition compared to foamed poly(L-lactide-co-g-
caprolactone) (PLCL) 70L/30CL scaffolds. A uniform cell layer formed on braided PLA 96/4 scaffolds when hASCs
were cultured in TM compared to maintenance medium (MM) condition after 14 days of culture. Furthermore, total
collagen content and gene expression of tenogenic marker genes were significantly higher in TM condition after 2 weeks
of culture. The elastic modulus of PLA 96/4 scaffold was more similar to the elastic modulus reported for native Achilles
tendon. Our study showed that the optimized TM is needed for efficient and rapid in vitro tenogenic extracellular matrix
production of hASCs. PLA 96/4 scaffolds together with TM significantly stimulated hASCs, thus demonstrating the
potential clinical relevance of this novel and emerging approach to tendon injury treatments in the future.

Introduction

THE RATE OF serious tendon injuries that require surgical
treatment is ~ 200,000 cases each year and increasing.'~
The current tendon reconstruction therapies after serious
injury are limited due to lack of suitable tendon grafts. In
addition, the use of autografts is restricted because most often
it is not possible to graft again in case of a reinjury.* The
combination of cells with a supporting biomaterial scaffold
has been considered as a potential approach to treat tendon
injuries.*”” Harvesting and culturing of tenocytes have not
been efficient for clinical applications8 due to their low
in vitro proliferation capacity.” To evade these problems,
human adipose stem cells (hASCs) could be used as a cell

source for tendon tissue engineering as they are an accessible,
abundant, and multipotent cell population.'®'? Tenogenic
potential of hASCs has also been shown with induction by
animal tendon derived extracellular matrix (ECM),'>'* me-
chanical stress,'5 and coculture with tenocytes.16 Different
inducing factors such as growth and differentiation factor-5
(GDF-5) and transforming growth factor beta (TGF-f) have
been used to trigger differentiation toward tendon or liga-
ment,”’19 however, an efficient tenogenic differentiation
protocol for hASCs has not yet been reported.

Large tendons of the b0d2y transmit significant forces be-
tween muscle and bone.?*2? To date, no functional scaffold
structures have been available with approg)riate mechanical
properties for tendon tissue engineering.”** For instance,
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poly(L-lactide-co-g-caprolactone) (PLCL) is a highly elastic
<:0polymer,24‘25 which has been previously demonstrated to
support tenocyte proliferation.?® In comparison, lactide ste-
reocopolymers are widely applied as medical implant mate-
rial due to their more tailorable mechanical properties.””® In
addition, the mechanical load bearing of polylactides matches
the requirements of tendon tissue regeneration.”® Further-
more, poly-L-lactic acid (PLLA) filament scaffolds have
demonstrated excellent biocompatibility and supported high
cellular proliferation of rabbit anterior cruciate cells together
with tendon-like ECM production.?*

While foamed 96/4 poly(L/D)lactide (PLA) is a hard and
brittle material due to its properties and therefore not suited
for soft tissue applications such as tendon,” on the other hand,
filaments fabricated from PLCL 70/30 are highly adhesive,
which makes them unsuitable for braiding into filamentous
structures. Therefore, due to these differences in polymer
properties, we chose to compare braided PLA 96/4 and
foamed PLCL 70/30 structures as highly biocompatible and
pliable biomaterials®’ for tendon tissue applications. The aim
of this study was to develop an effective in vitro tendon tissue
engineering approach; first, by optimizing tenogenic medium
(TM) for the hASCs, and second, by differentiating hASCs on
different three-dimensional (3D) structures in the optimized
TM, and third, we compared braided PLA 96/4 and foamed
PLCL 70/30 scaffolds as potential structures for tendon tissue
engineering.

Materials and Methods
Scaffold manufacture and characterization

Braided PLA 96/4 scaffolds. PLA fibers were melt span
from medical grade PLA 96/4 copolymer with an inherent
viscosity of 2.18 dL/g (Corbion Purac, Amsterdam, The Neth-
erlands) using Gimac microextruder (Gimac, Gastronno, Italy).
The multifilament fiber was oriented by means of caterpillars
and infrared ovens. PLA 96/4 scaffolds were machine braided
by Scaffdex Ltd. (Tampere, Finland). The finished braid of
4 mm width and 1.1 mm height was washed with ethanol and
manually cut into scaffolds of 10 mm of length with a heated
blade. The scaffolds were gamma irradiated for sterility with a
minimum irradiation dose of 25 kGy before cell culture by a
commercial service supplier.

Foamed PLCL scaffolds. The foamed scaffolds were
fabricated from PLCL (PURASORB PLC-7015; Corbion
Purac) with an inherent viscosity of 1.6 dL/g. The polymer was
melt extruded into rods and processed with a supercritical CO,
reactor system (Waters Operating Corporation, Milford, MA)
to create a porous structure as previously described.** The
samples were manually cut to final dimensions of 10 mm
length, 4mm width, and 1.4 mm height. Before cell culture
experiments, all the scaffolds were gamma irradiated for ste-
rility with a minimum irradiation dose of 25 kGy by a com-
mercial service supplier.

Scaffold characterization
with micro-computed tomography

The micro-computed tomography (micro-CT) character-
ization was done for the braided PLA 96/4 and the foamed
PLCL scaffolds with MicroXCT-400 microscope (Carl
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Zeiss X-ray Microscopy, Pleasanton, CA) and image anal-
ysis was performed with Fiji open-source platform3' with
BoneJ plugin (ImageJ; U.S. National Institutes of Health,
Bethesda, MD)32 to characterize the structures.

Mechanical testing

The mechanical properties of the braided PLA 96/4
scaffolds and the foamed PLCL scaffolds were tested by a
tensile test method with a universal material testing machine
(Instron 4411, series IX Automated Materials Testing Sys-
tem, Norwood, MA). The direct tensile test was performed
with a crosshead speed of 30 mm/minute. A 500N load cell
was used in the tests. The elastic modulus under tension was
calculated by system integrated software based on the slope
of the linear region of the stress versus strain curve in which
Hooke’s law holds.

Isolation and cell culture

This study was conducted in accordance with the Ethics
Committee of the Pirkanmaa Hospital District (Tampere,
Finland) to obtain adipose tissue samples for research purposes
(R15161). Human ASCs were isolated from subcutaneous
adipose tissue of seven healthy female donors of 52+ 9 years of
age in surgeries at the Tampere University Hospital Depart-
ment of Plastic Surgery with the patient’s written informed
consent. Isolation of hASCs was performed as described pre-
viously.** First, the adipose tissue was mechanically minced
and digested further with collagenase type I (1.5 mg/mL; Life
Technologies; Thermo Fisher Scientific, Waltham, MA) in
maintenance medium (MM) containing Dulbecco’s Modified
Eagle Medium (DMEM/F-12 1:1, Gibco; Life Technologies),
5-10% human serum (PAA Laboratories, Pasching, Austria),
1% vL-glutamine (GlutaMAX, Gibco; Life Technologies), and
1% antibiotics (50 U/mL penicillin/50 mg/mL streptomycin;
Lonza, Basel, Switzerland).

For the medium optimization, cells were plated at a
density of 15,000 cells/cm?, in 24-well plate wells (Nun-
clon; Sigma-Aldrich, St. Louis, MO). Tenogenic induction
was initiated 5 days after plating by adding TM with dif-
ferent concentrations of L-ascorbic acid (Sigma-Aldrich)
and/or GDF-5 (Biomol, Hamburg, Germany) (Table 1). The
control cell cultures were maintained in MM. Medium was
changed every other day. The experiments were carried out
at passage 5. Tenogenic medium 3 (TM3) was selected as
the TM condition for the subsequent scaffold experiments
based on the obtained results (see Tenogenic Medium Op-
timization section).

TABLE 1. TENOGENIC DIFFERENTIATION
MEDIA COMPOSITIONS

Medium compositions

MM 10% HS

T™M1 100 ng/mL GDF-5
™2 50 ng/mL GDF-5
T™3 50 ng/mL GDF-5

50 pg/mL (280 pM) L-ascorbic acid

GDF-5, growth and differentiation factor-5; HS, human serum;
MM, maintenance medium; TM, tenogenic medium.
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For the scaffold experiments, PLA 96/4 and PLCL scaf-
folds were pretreated for 72h with DMEM/F-12 (Gibco;
Life Technologies) with 1% P/S (Lonza). Cells were seeded
on top of the scaffolds at a density of 15,000 hASCs in a
volume of 30puL in 48-well plate wells (Nunclon Delta
Surface; Sigma-Aldrich), as described in previous studies.®®
The cell seeded scaffolds were incubated 3 h after plating at
+37°C to induce cell attachment. The tenogenic induction
was initiated 24h after plating by adding TM. For the
braided PLA 96/4 scaffolds, hASCs were also cultured in
MM to study the effect of the scaffold structure. Medium
was changed every other day. The experiments were carried
out at passage 4. For the analyses, the scaffolds were re-
moved from the initial plates in which the differentiation
was induced and treated separately.

Flow cytometric surface marker expression analysis

Flow cytometry was used to characterize undifferentiated
hASCs of passage 1-2. Briefly, hASCs were analyzed for the
multipotency cell surface markers'? with fluorescence-activated
cell sorter (FACSAria; BD Biosciences, Franklin Lakes, NJ) by
measuring monoclonal antibodies against CD3-PE, CD14-PE-
Cy7, CD19-PE-Cy7, CD45RO-APC, CD54-FITC, CD73-PE,
CD90-APC (BD Biosciences), CD11a-APC, CD80-PE, CD86-
PE, CD105-PE (R&D Systems, Minneapolis, MN), CD34-APC,
and HLA-DR-PE (ImmunoTools, Friesoythe, Germany).
Fluorescence-activated cell sorter (FACS) analysis was per-
formed with 10,000 cells per sample, and the positive expression
was defined as a level of fluorescence 99% greater than that of
the corresponding unstained cell sample.*>

The flow cytometric analysis showed that hASCs ex-
pressed the surface markers CD73, CD90, and CD105, and
lacked the expression of the CD3, CDl1la, CD14, CD19,
CD45, CD80, and CD86, whereas the expression of CD34,
CD54, and HLA-DR was moderate. The surface marker
analysis confirmed overall the mesenchymal origin of the
cells in agreement with literature.'>>7-3

Cell viability and cell number

Cell viability was evaluated qualitatively at 7 and 14 days
using Live/Dead fluorescence staining (Invitrogen; Life
Technologies) as described previously.”” The samples were
incubated for 45 min at room temperature with a mixture
containing 0.5 uM calcein acetoxymethyl ester (Calcein-AM;
green fluorescent dye) and 0.25 M ethidium homodimer-1
(EthD-1; red fluorescent dye). Images of viable green stained
cells and necrotic cells stained red were obtained using an
epifluorescence Olympus IX51 microscope (Olympus,
Tokyo, Japan).

Cell number based on the total amount of DNA of the
sample was determined quantitatively with CYyQUANT Cell
Proliferation Assay Kit (Invitrogen; Life Technologies) ac-
cording to the manufacturer’s protocol at 1, 7, and 14 days.
Briefly, the cells were lysed with 0.1% Triton-X 100 buffer
(Sigma-Aldrich) and stored at —70°C until analysis. Alter-
natively, at 7 and 14 days, the cell seeded PLCL and PLA 96/4
scaffold samples were digested overnight with 1.25U/mL
papain (Sigma-Aldrich) at pH 6.5 and +65°C. The amount of
DNA was quantified using 0.2 pg/mL Hoechst 33258 nucleic
acid stain (Bio-Rad Laboratories, Hercules, CA) with purified
calf thymus DNA as a standard (Bio-Rad Laboratories). After

a freeze-thaw cycle, working solution for each sample was
prepared with CyQUANT GR dye and lysis buffer. The blue-
green fluorescence of three parallel samples was measured at
480/520 nm with Victor 1420 Multilabel Counter microplate
reader (Wallac, Turku, Finland).

Immunocytochemical analysis

For qualitative immunocytochemical analysis, the sam-
ples were fixed with 4% paraformaldehyde (Sigma-Aldrich).
The sample cells were permeabilized with 0.05% Triton-X
100 buffer (Sigma-Aldrich) and blocked with 10% goat
serum (Invitrogen; Life Technologies). The samples were
incubated with antibodies detecting collagen type I (Abcam,
Cambridge, United Kingdom) and TNMD (Santa Cruz
Biotechnology, Dallas, TX), and cell nuclei were stained
with DAPI (Sigma-Aldrich). Highly cross-adsorbed Alexa
Fluor secondary antibodies (Life Technologies) were used
and samples were visualized with a confocal LSM 780
microscope (ZEISS, Oberkochen, Germany). COL1 stained
in cyan-green was detected at 488 nm, and TNMD stained in
orange-red was detected at 594 nm, and cell nuclei stained in
blue color by DAPI were detected at 461 nm.

Total collagen content

The total collagen content was analyzed at day 14 using a
quantitative Sircol Soluble Collagen Assay (Biocolor, Car-
rickfergus, United Kingdom) as described previously.* In
brief, acid soluble collagen was extracted from the samples
with 0.5M acetic acid (Merck, Darmstadt, Germany) con-
taining 0.1 mg/mL pepsin (Sigma-Aldrich). Sircol Dye re-
agent (Biocolor), comprised of Sirius Red and picric acid,
was added to liquid samples and incubated for 30 min for the
mammalian collagen types I-V with a [Gly-X-Y] peptide
sequence to form a complex with the dye. The collagen-dye
pellet was washed to remove any unbound dye and alkali
reagent of 0.5M sodium hydroxide solution (Biocolor) was
added to resolubilize the collagen. Finally, the intensity of
red dye in two parallel samples was measured with Victor
1420 microplate reader at 540 nm (Wallac).

Mineralization

Cellular mineralization was measured with a quantitative
Alizarin Red S (Sigma-Aldrich) assay, as described previ-
ously,** at 14-day time point to exclude unwanted miner-
alization indicating bone-like matrix formation.

Quantitative real-time polymerase chain reaction

Quantitative real-time polymerase chain reaction (qRT-
PCR) analysis was used to compare the relative expression
of tenogenic genes. Total sample RNA was isolated at 14-
day time point for the medium optimization experiments,
and at 7 and 14 days for the scaffold experiments with the
NucleoSpin RNA II kit (Macherey-Nagel, Diiren, Germany)
according to manufacturer’s instructions. First strand com-
plementary DNA (cDNA) of total RNA was synthesized
using High-Capacity cDNA Reverse Transcriptase Kit
(Applied Biosystems, Foster City, CA). The gene expression
of collagen type I (TAG Copenhagen, Frederiksberg, Den-
mark), collagen type II, collagen type IIl, scleraxis (SCX),
and tenomodulin (TNMD; Oligomer, Helsinki, Finland) was
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TABLE 2. THE PRIMER SEQUENCES FOR QRT-PCR

Name Primer 5'-Sequence-3’ Product size (bp) Accession No.

hRPLPO Fwd AATCTCCAGGGGCACCATT 70 NM_001002
Rev CGCTGGCTCCCACTTTGT

hSCX Fwd CAGCGGCACACGGCGAAC 163 BK000280
Rev CGTTGCCCAGGTGCGAGATG

hCOL3A1 Fwd CAGCGGTTCTCCAGGCAAGG 179 NM_000090
Rev CTCCAGTGATCCCAGCAATCCC

hCOLI Fwd CCAGAAGAACTGGTACATCAGCAA 94 NM_000088.3
Rev CGCCATACTCGAACTGGAATC

hCOL2A1 Fwd GAGACAGCATGACGCCGAG 5087 NM_001844
Rev GCGGATGCTCTCAATCTGGT

hTNMD Fwd CCATGCTGGATGAGAGAGGTT 123 NM_022144
Rev TTGGTAGCAGTATGGATATGGGT

Gene primer sequences of human (1) acidic ribosomal phosphoprotein PO (hRPLPO); (2) scleraxis (hSCX); (3) collagen type III
(hCOL3A1); (4) collagen type I (hCOLI); (5) collagen type II (hCOL2A1); and (6) tenomodulin (hTNMD).

qRT-PCR, quantitative real-time polymerase chain reaction.

measured. The obtained data were normalized using human
acidic ribosomal phosphoprotein PO (hRPLPO) as a house-
keeping gene.*'*? Relative gene expression of each sample in
relation to hRPLPO was calculated according to a mathe-
matical data analysis model.*> The qRT-PCR mixture con-
tained 50 ng cDNA, 300 nM forward and reverse primers, and
SYBR Green PCR Master Mix (Applied Biosystems). The
used primer sequences and accession numbers are presented
in Table 2. The qRT-PCR reactions were performed with ABI
PRISM 7300 Sequence Detection System (Applied Biosys-
tems) initially at +95°C for 10 min enzyme activation, and by
45 cycles at +95°C for 15 s denaturation followed by 60's at
+60°C for annealing and extension.

Statistical analysis

The significance of differences between means was de-
termined using one-way analysis of variance with Bonferro-
ni’s post hoc test for statistical significance with p-values
<0.05. The scaffold experiments were repeated thrice and a
different hASC donor was used in each experimental repeat,
resulting in n=3 for each assay. All the results were stan-
dardized to the control condition of MM. Data were analyzed
with IBM SPSS Statistics 19 software (IBM, Armonk, NY).

Results
Scaffold characterization

The micro-CT images show the structure of the braided PLA
96/4 and foamed PLCL scaffolds (Fig. 1). The foamed PLCL
scaffolds possessed complex irregular structure with 66% +2%
porosity and pore size of 300-500 pm. Due to the structure’s two-
dimenstional nature, it was not possible to analyze the porosity of
the braided PLA 96/4 scaffolds. The measured elastic modulus of
PLCL scaffolds was 1.6+ 0.6 MPa, whereas for the braided PLA
96/4 scaffolds the elastic modulus was 280+ 20 MPa.

Tenogenic medium optimization

TM3 was chosen for the TM condition based on higher
DNA content (Fig. 2A) at 7- and 14-day time points and
higher relative total collagen content (Fig. 2B) at 14 days.
Stronger gene expression of collagen type III and I was

visible in TM3 at 14-day time point compared with other
medium compositions (Fig. 2C, D).

Cell viability and cell number in scaffolds

The Live/Dead results showed that the majority of cells
were viable with only a negligible number of dead cells
(Fig. 3). Also, hASCs cultured in TM formed a uniform cell
layer on PLA 96/4 scaffolds at day 14 (Fig. 3; lower row,
middle), whereas hASCs cultured on PLCL scaffolds in TM
(Fig. 3; lower row, far left), or on PLA 96/4 in MM (Fig. 3;
lower row, far right), formed only small aggregates.

The cell number was higher in PLA 96/4 scaffolds com-
pared to PLCL scaffolds at both measured time points in TM,
although no significant differences were found due to high
donor-dependent variation (Fig. 4A). The cell number was
higher in PLA 96/4 scaffolds cultured in TM at 7 and 14 days
showing the stimulatory effect of TM on proliferation com-
pared with MM (Fig. 4B).

Expression of tenogenic markers in scaffolds

Quantitative RT-PCR was used to detect relative changes in
the expression of tenogenic marker genes; collagen type I,
collagen type I1I, SCX and TNMD at 7- and 14-day time points
in PLA 96/4 scaffolds, in addition to collagen type II, which
was measured to exclude chondrogenesis (Fig. 5). Due to the
poor proliferation results and low expression of collagen type I
and TNMD in PLCL scaffolds, only PLA 96/4 scaffolds were
further analyzed. The expression of early tenogenic marker
SCX was significantly higher in TM condition compared with
MM at 7 and 14 days (Fig. 5A). Furthermore, the gene ex-
pression of collagen type Il and I, respectively, an early and a
late tenogenic marker, peaked in TM already at the 7-day time
point and remained higher compared to MM at 14-day time
point. The difference was significant at 7 days for both markers
(Fig. 5B, C). Although a similar trend was detected also for
TNMD expression, no significant differences were detected
during 2 weeks culture period for TNMD expression (Fig. SD).
The expression of collagen type Il increased in MM with time,
whereas in TM, the expression decreased. At 14 days, the ex-
pression was lower in TM compared to MM, however, the
difference was not statistically significant (Fig. S5E).
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FIG.1. Micro-CT imaging.
Micro-CT images of braided
8-filament PLA 96/4 (left)
and foamed PLCL 70/30
(right) scaffolds. Scale bar
1000 pm. Micro-CT, micro-
computed tomography; PLA,
polylactide; PLCL, poly(L-
lactide-co-g-caprolactone).

Immunocytochemical staining in scaffolds Collagen I was strongly expressed in the hASCs cultured on
PLA 96/4 scaffolds under tenogenic conditions (Fig. 6;

Immunofluorescence staining of the tenogenic proteins middle row, middle). In contrast, only few hASCs expressed
COL1 and TNMD was used to analyze hASCs seeded on the  collagen type I when cultured on PLCL scaffolds in teno-
braided PLA 96/4 and the foamed PLCL scatfolds (Fig. 6).  genic conditions (Fig. 6; bottom row, middle). Human ASCs
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FIG. 2. TM optimization. (A) Cell proliferation. Relative DNA content of hASC monolayer in TM1, TM2, TM3, and MM at
1-, 7-, and 14-day time points. Results relative to MM 1-day time point. Significantly higher relative DNA content in TM3 at 7
and 14 days (p <0.05). (B) Collagen production. Relative total collagen content of hASC monolayer in TM1, TM2, TM3, and
MM at 14-day time point. Results relative to MM; quantitative real-time PCR results. The relative expression of tenogenic
genes. (C) Collagen type 111 (COL3). (D) Collagen type I (COLI) in hASCs in TM1, TM2, TM3, and MM at 14-day time point.
The hASCs were isolated from one donor. Data are presented as mean + SD. *Indicates significant difference with p <0.05.
hASCs, human adipose stem cells; MM, maintenance medium; SD, standard deviation; TM, tenogenic medium.
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FIG. 3. Cell viability. Representative fluorescence images of viable (green) and dead (red) hASCs in TM in PLA 96/4 and
PLCL scaffolds compared to control in MM in PLA 96/4 scaffolds at 7- and 14-day time points. The hASCs were isolated
from one donor. Magnification x40. Scale bar 500 um. Color images available online at www.liebertpub.com/tea

cultured in MM expressed little collagen type I at 14-day
time point (Fig. 6; top row, middle). TNMD was strongly
expressed in hASCs in PLA 96/4 scaffolds in TM (Fig. 6;
middle row, far right), whereas TNMD staining was scarce
for cells on PLCL scaffolds in tenogenic conditions (Fig. 6;
bottom row, far right) and negative for hASCs cultured in
MM (Fig. 6; top row, far right) at 2 weeks.

Total collagen content in scaffolds

Significantly higher total collagen content was measured
for hASCs cultured in PLA 96/4 scaffolds in TM compared
with MM at 14-day time point (Fig. 7).

Mineralization

There was no significant difference in hASC minerali-
zation in PLA 96/4 scaffolds between the MM and TM
conditions after 14 days of culture (data not shown).
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Discussion

Currently, no efficient strategies for engineering tendon
in vitro exist. Here, we describe a potential approach to
produce tendon-like cellular phenotype in vitro using the
combination of GDF-5 and L-ascorbic acid for the differ-
entiation of hASCs in PLA 96/4 scaffolds. To obtain com-
petent tendon differentiation, the in vitro differentiation
medium for hASCs was first optimized. We selected
ascorbic acid over L-ascorbate-2-phosphate due to the fact
that the latter compound has been shown to enhance min-
eralization, and it has been used as an osteogenic inducer for
hASCs.** L-ascorbic acid has also been shown to promote
collagen type I production.***® Furthermore, ascorbic acid
is considered essential for catalyzing cross-linking of col-
lagen in ECM during collagen fibril formation.*’ In com-
bination with tenogenic growth factors, ascorbic acid has
been shown to enhance expression of tenogenic genes and
proteins such as tenomodulin and collagen type I***° or to
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FIG. 4. Cell proliferation. Relative DNA content of hASCs in (A) PLA 96/4 and PLCL scaffolds in TM at 7 and 14 days.
Results are relative to PLCL at 7-day time point. (B) PLA 96/4 scaffolds in TM and in MM at 7- and 14-day time points.
Results are relative to MM at 1-day time point (data not shown). The hASCs were isolated from three donors. Data are
presented as mean+ SD. *Indicates significant difference with p <0.05.
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promote cell sheet and ECM formation.*® The importance of
GDF-5 for the tenogenesis of hASCs in vitro has been
previously reported,'”>*3! however, to the best of our
knowledge, this was the first study to combine GDF-5 and L-
ascorbic acid to stimulate tenogenic differentiation of
hASCs. TM3 containing both GDF-5 and vr-ascorbic acid
was superior for the stimulation of collagen production and
tenogenic gene expression of hASCs compared to the media
containing only GDF-5. This result is consistent with pre-
vious studies with human bone marrow-derived mesenchy-
mal stem cells differentiated toward tendon-like lineages
using the combination."®

In addition to the response to diffusible biochemical
species, the chemistry of the material and its surface struc-
ture have an important role to support stem cell differenti-
ation.>*"> Qur group and others have previously studied the
effect of chemical properties of PLA and PLCL to stem cell
response and according to these results, PLA and PLCL do
not produce significantly different responses when tested
with mesenchymal stem cells.>*>®57 While differences in
polymer properties prevented us from using a similar
structure for both materials and because of the adhesive
character of PLCL 70/30 fibers, which makes them unsuit-
able for braided structures, we chose to compare foamed
PLCL and braided PLA 96/4 structures, both suited to
support hASC differentiation. We showed that hASCs
formed a uniform, continuous monolayer on the surface of
braided PLA 96/4 filaments, whereas hASCs on foamed
PLCL scaffolds formed only small clusters during the same
culture period. Moreover, the results of the immunofluo-
rescence staining showed that PLA 96/4 scaffolds promoted
the production of a uniform collagenous sheet of hASCs,
whereas only minor collagen production was detected on
PLCL scaffolds in TM. Our result is consistent with a pre-
vious study demonstrating the beneficial effect of fibrous
scaffolds for tenogenic differentiation of human mesen-
chymal stem cells.”® Our result with PLA 96/4 scaffolds is
remarkable due to the fact that we obtained an abundant
collagen production in a 3D structure in a static condition
without mechanical stimulation. Mechanical stimulation has
been shown to induce tendon-like matrix production in
previous works,!315:23:51.59

The mechanical stability of the 3D structure is another
important factor since tendon transmits the mechanical force
of muscle contraction to bone. For the mechanical testing
results of the tested scaffolds; the Young’s modulus of PLA
96/4 scaffold at 280+20 MPa resembled more than that of
human Achilles tendon measured at 870+200MPa* thus
providing further evidence of the mechanical properties and
suitability of the braided PLA 96/4 scaffolds to bear loads
more similar to native tendon. In addition, PLA 96/4 has

A

Y

FIG. 5. Quantitative real-time polymerase chain reaction
results. The relative expression of tenogenic genes in hASCs
in PLA 96/4 scatfolds cultured in TM or MM at 7- and 14-
day time points; (A) Scleraxis (SCX); (B) Collagen type Il
(COL3); (C) Collagen type I (COLI);, (D) Tenomodulin
(TNMD); (E) Collagen type II (COL2). All results were
standardized to the control condition of MM at day 7. The
hASCs were isolated from three donors. Data are presented as
mean+ SD. *Indicates significant difference with p <0.05.
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FIG. 6. Immuno-
fluorescence staining. Teno-
genic proteins COL1 and
TNMD detected with confo-
cal microscope. COL1 was
stained in green color,
TNMD in red, and cell nuclei
in blue color by DAPI in
hASCs at 14 days of culture
in PLA 96/4 scaffolds in TM
or MM and in PLCL scaf-
folds in TM. Negative con-
trols for COL1 and TNMD
imaged in bottom left corner.
The hASCs were isolated
from one donor. Scale bar
100 pm. COL1, collagen type
I; TNMD, tenomodulin;
DAPI, 4’,6-diamidino-2-phe-
nylindole. Color images
available online at www
Jiebertpub.com/tea

PLA(TM)

PLCL(TM)

been found suitable for tendon repair in vivo.*® However,
the foamed PLCL scaffolds were highly elastic and could
provide low mechanical support during tissue healing.

Our results showed that soluble factors are needed to
support hASC commitment toward tenogenic lineage as the
structure alone was not sufficient to promote hASC teno-
genesis. According to the results, collagen production was
significantly enhanced in the presence of TM compared to
MM. Furthermore, the collagen types I and IlI, the major

251
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Relative Total Collagen content

FIG. 7. Collagen production. Relative total collagen
content of hASCs in PLA 96/4 scaffolds in TM compared to
hASCs in MM at 14-day time point. The hASCs were iso-
lated from three donors. Data are presented as mean+SD.
*Indicates significant difference with p <0.05.
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collagens of tendon ECM, were significantly upregulated in
TM at 7 days. The decreasing collagen II gene expression
profile suggests that hASC chondrogenesis was prohibited in
TM condition. To further verify the obtained tendon phe-
notype, we quantified tendon-specific markers SCX and
TNMD on gene level.'® SCX, a transcription factor for te-
nomodulin, was significantly upregulated in TM at both
time points. Also, the expression of TNMD was higher in
TM, although no significant differences were found due to
patient variation. The obtained mineralization results indi-
cated the L-ascrobic acid containing TM supported teno-
genic differentiation over osteogenic differentiation of
hASCs. The obtained significant hASC proliferation in TM
is also important to gain sufficient cellular mass, which is
needed to produce mature and functional tissue in vivo.®!

In short, the results with hASCs seeded on PLA 96/4
scaffolds and cultured in tenogenic conditions show poten-
tial clinical relevance. In the future, in vivo studies are
needed to test the functionality of the engineered tendon
construct.

Conclusions

In this study, we initially demonstrated that stimulation
under GDF-5 and L-ascorbic acid allows efficient differen-
tiation of hASCs toward tendon tissue. The comparison of
two different scaffolds showed that the braided PLA 96/4
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scaffold was more potential for an engineered tendon con-
struct over the foamed PLCL scaffold. PLA 96/4 structure
allowed uniform cell attachment and spreading compared to
PLCL scaffolds when cultured in tenogenic conditions.
Tendon markers collagen type I and TNMD were strongly
expressed in hASCs cultured on PLA 96/4 scaffolds under
tenogenic conditions. The braided PLA 96/4 scaffold was
also shown to have suitable mechanical properties for ten-
don tissue engineering applications. However, PLA 96/4
scaffold alone was not sufficient for effective proliferation
and tenogenic induction of hASCs. Thus, the optimized TM
was needed to provide a favorable tenogenic gene expres-
sion profile and abundant collagen production of hASCs. In
conclusion, hASCs seeded on the braided PLA 96/4 scaf-
folds and cultured in tenogenic conditions present an effi-
cient strategy to produce tendon-like cellular phenotype.
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ARTICLE INFO ABSTRACT

Keywords: Background: Due to unmet need for bone augmentation, our aim was to promote osteogenic differentiation of
Adipose stem cell human adipose stem cells (hASCs) encapsulated in gellan gum (GG) or collagen type I (COL) hydrogels with
Bioactive glass bioactive glass (experimental glass 2-06 of composition [wt-%]: Na;O 12.1, K,0 14.0, CaO 19.8, P,05 2.5, B,O3

Osteogenic differentiation
Gellan gum hydrogel
Collagen type I hydrogel

1.6, SiO, 50.0) extract based osteogenic medium (BaG OM) for bone construct development. GG hydrogels were
crosslinked with spermidine (GG-SPD) or BaG extract (GG-BaG).

Methods: Mechanical properties of cell-free GG-SPD, GG-BaG, and COL hydrogels were tested in osteogenic
medium (OM) or BaG OM at 0, 14, and 21 d. Hydrogel embedded hASCs were cultured in OM or BaG OM for 3,
14, and 21 d, and analyzed for viability, cell number, osteogenic gene expression, osteocalcin production, and
mineralization. Hydroxyapatite-stained GG-SPD samples were imaged with Optical Projection Tomography
(OPT) and Selective Plane Illumination Microscopy (SPIM) in OM and BaG OM at 21 d. Furthermore, Raman
spectroscopy was used to study the calcium phosphate (CaP) content of hASC-secreted ECM in GG-SPD, GG-BaG,
and COL at 21 d in BaG OM.

Results: The results showed viable rounded cells in GG whereas hASCs were elongated in COL. Importantly, BaG
OM induced significantly higher cell number and higher osteogenic gene expression in COL. In both hydrogels,
BaG OM induced strong mineralization confirmed as CaP by Raman spectroscopy and significantly improved
mechanical properties. GG-BaG hydrogels rescued hASC mineralization in OM. OPT and SPIM showed homo-
geneous 3D cell distribution with strong mineralization in BaG OM. Also, strong osteocalcin production was
visible in COL.

Conclusions: Overall, we showed efficacious osteogenesis of hASCs in 3D hydrogels with BaG OM with potential
for bone-like grafts.

1. Introduction ageing population augment the demand for functional engineered bone
grafts. Autologous bone is limited while, besides shortage of allograft
Increasing number of musculoskeletal defects and the growth of the bone, it might also pose a risk of adverse effects and graft rejection
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[1,2]. Human adipose stem cells (hASCs) are abundant and accessible
adult stem cells and suitable for the development of bone constructs
[3]. For bone applications, 3D hydrogels offer an adaptable approach of
a free form construct with high elasticity and malleable mechanical
properties, instead of limited conventional scaffold structure. 3D hy-
drogel culture simulates more effectively the natural elastic cell mi-
croenvironment allowing higher degrees of freedom to form cellular
interactions compared to traditional stiffer biomaterials. For instance,
natural polymers have been studied as native microenvironments for
stem cells, such as protein based collagen type I (COL), while in-
expensive polysaccharide gellan gum (GG) offers more tailorable me-
chanical properties to support stem cell differentiation. Moreover, GG
and COL hydrogels have been already reported as hydrophilic, bio-
compatible, bioresorbable, and also, adaptable hydrogel scaffolds sui-
table for bone tissue engineering applications [4-9]. On the other hand,
bioactive glasses (BaGs) have been widely applied as medical implant
materials and have been shown well applicable for bone grafts [10-12]
and, in addition, as strong osteogenic inducers of the hASCs without
any added chemical supplements such as growth factors [13,14].

Despite their suitability for bone applications, hydrogel biomaterials
in themselves lack bone mineralization enhancing components. To date,
the majority of the GG and COL hydrogel studies for bone applications
have sought to increase hydrogel mineralization and mechanical
properties by the addition of nanosized or larger BaG particles to the
hydrogel matrix [4,7,15,16]. Hydrogel mineralization requires robust
support from added components in in vitro conditions mimicking the
physiological conditions. To achieve this, in an earlier study, we de-
monstrated that BaG dissolution ions were strong inducers of hASC
osteogenic differentiation, and showed that the ions dissolved from the
specific composition of experimental silica-based BaG 2-06 combined
with osteogenic medium (OM) components induced calcium phosphate
(CaP) mineral accumulation already after 14 days of culture in 2D
culture conditions [13]. The ionic dissolution products of experimental
glass 2-06 have been previously analyzed high in Ca®*, K*, and B*,
and the detailed ionic composition of the bioactive glass extract (BaG
ext) of experimental glass 2-06 has been reported in a published study
[13]. Thus, we hypothesized that the BaG ext ionic dissolution products
would promote equally strong osteogenic differentiation of hASCs in 3D
hydrogel culture. In addition, since small molecules like cationic sper-
midine (SPD) have been demonstrated to interact with anionic poly-
mers such as GG [17,18], we hypothesized the divalent Ca?* cations in
the BaG ext to function as potential ionic crosslinkers for GG hydrogel.
To the best of our knowledge, GG and COL have not been previously
combined with BaG ionic species alone for bone tissue engineering
applications with embedded hASCs. We also used efficient imaging
techniques to assess the cell distribution, form and mineralization with
in-house-built Optical Projection Tomography (OPT) and Selective
Plane Illumination Microscopy (SPIM) systems that have been already
applied to cell imaging in 3D hydrogel culture, mass transport studies,
and characterization of 3D hydrogels [19-21].

Therefore, the aim of this study was to develop an effective hASC-
laden hydrogel mineralization method for the development of en-
gineered bone constructs. The mechanical properties of cell-free hy-
drogels were tested for bone applications with or without incubation in
serum-containing OM and BaG ext. based osteogenic medium (BaG OM)
media. GG and COL hydrogels combined with BaG OM induction were
compared for osteogenic differentiation of hydrogel-encapsulated
hASCs, and to that end hASC viability, adhesion, cell number, osteo-
calcin production by immunofluorescence staining, mineralization, and
the gene expression of osteogenic marker genes were analyzed.
Additionally, the potential of GG ionic crosslinkers SPD and BaG ext to
support hASC mineralization was tested in the control OM. The trans-
parent GG-SPD cell-hydrogel sample mineralized residues were imaged
with OPT and SPIM in OM and BaG OM at 3 weeks. Also, the Raman
spectra of hASC-secreted ECM and mineralized residues in GG-SPD, GG-
BaG, and COL was measured at 3weeks of culture in the BaG OM
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condition.
2. Materials and methods
2.1. Hydrogel scaffolds

2.1.1. Gellan gum hydrogel scaffolds

GG (low acyl, M,, 1.0 kg/mol; Gelzan CM; Sigma-Aldrich, St. Louis,
MO, USA) sterile filtered (0.2 pm) solution of 0.5% (w/v) concentration
was crosslinked with either 16% (v/v) SPD (BioXtra; Sigma-Aldrich) of
1mg/mL concentration in 10% (w/w) sucrose (Sigma-Aldrich) in
deionized water or with BaG ext (experimental glass 2-06) [13] con-
taining Dulbecco's Modified Eagle Medium/Ham's Nutrient Mixture F-
12 (DMEM/F-12 1:1; Thermo Fisher Scientific, Waltham, MA, USA), 1%
L-glutamine (GlutaMAX; Thermo Fisher Scientific), and 1% antibiotics/
antimycotic containing 100 U/mL penicillin/100 U/mL streptomycin
(P/S; Lonza, Basel, Switzerland) to yield GG-BaG hydrogel samples. The
cell pellet was resuspended into GG solution at +37 °C for hASC en-
capsulation into 3D hydrogel. The cell-hydrogel solution was manually
mixed to an ionic crosslinker for immediate gelation. The cell culture
medium was added on top of the gelated hASC-laden hydrogel samples.

2.1.2. Collagen type I hydrogel scaffolds

Commercially available COL (rat tail collagen type I, 3.0 mg/mL,
Gibco; Thermo Fisher Scientific) was gelated with 10x phosphate
buffered saline (10x PBS; Lonza) and 1 N NaOH (Sigma-Aldrich) ac-
cording to the manufacturer's protocol. Briefly, the ice cold 10 x PBS
and 1 N NaOH were mixed and COL stock was added while kept on ice.
The cell pellet was resuspended and mixed into the non-gelated COL
mixture followed by immediate gelation in RT and the cell culture
medium was added on top of the gelated hydrogels.

2.2. Mechanical testing

The acellular GG-SPD, GG-BaG, and COL hydrogel samples were
mechanically tested by compression testing. The 0.875cm® samples
(n = 3-6) of approximately 4.0-6.5mm of height and 12.2mm dia-
meter were cast in custom-made molds and incubated overnight at
+37°C under parafilm without media to ensure complete hydrogel
gelation before compression testing or media incubation initiation.
Unconfined compression was performed with a constant 10 mm/min
strain rate in air environment in RT to 65% strain from their original
height at 0, 14, and 21 days of incubation in OM or BaG OM media. The
compressive load was measured by the Bose 5100 BioDynamic
ElectroForce (TA Instruments, New Castle, DE, USA) instrument
equipped with a 225N load sensor and the data was recorded with the
WinTest 4.1 software (WinTest, Yokohama, Japan). The compressive
modulus under tension was calculated by MS Excel (Microsoft,
Redmond, WA, USA) based on the slope of the linear region of the stress
versus strain curve where the Hooke's law holds [17].

2.3. Adipose stem cell isolation and cell expansion

The hASCs were obtained from subcutaneous adipose tissue of six
healthy female donors of 52 + 5years in surgeries at the Tampere
University Hospital Department of Plastic Surgery between 2014 and
2015 with the patients' written informed consent, in accordance with
the Ethics Committee of the Pirkanmaa Hospital District's, Tampere,
Finland, ethical approval (R15161). The hASCs were isolated as re-
ported previously [22]. Briefly, the adipose tissue was cut up and tissue
was digested by collagenase type I (1.5mg/mL; Thermo Fisher Scien-
tific) in maintenance medium containing DMEM/F-12 1:1 (Thermo
Fisher Scientific), 5% human serum (Biowest, Nuaillé, France), 1% L-
glutamine (GlutaMAX; Thermo Fisher Scientific), and 1% P/S. The cells
were expanded in maintenance medium. Flow cytometry analysis was
performed, and the overall results of the cell surface marker flow
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cytometry analysis (see Supplementary file 1) indicated the mesench-
ymal origin of the cells in accordance with literature [3,23,24]. The
isolated hASCs were tested and reported negative for mycoplasma
contamination.

2.4. Osteogenic induction and cell culture

Osteogenic induction was initiated immediately after plating by
adding 0.3 cm® either OM optimized for hASC osteogenic differentia-
tion [22] or BaG OM to the hydrogel encapsulated cell constructs. The
cells were plated at a density of 950,000 cells/cm?, encapsulated in
respective hydrogels which were cast in 48-well plate wells (Nunclon;
Sigma-Aldrich) in a volume of 0.2 cm®. The BaG ext was prepared as
reported previously from bioactive glass 2-06 (wt-%: Na,O 12.1; K,O
14.0; CaO 19.8; P,05 2.5; B,03 1.6; SiO, 50.0) [13]. Briefly, 87.5 mg/
mL of BaG granules (500-1000 um) of bioactive glass 2-06 were dis-
infected with 70% ethanol washes for 10 min repeated twice and air
dried in RT for 2 h followed by incubation for 24 h at + 37 °C to dissolve
ions into the maintenance medium without human serum. After in-
cubation, 5% human serum (Biowest) was added to the sterile filtered
(0.2 um) BaG ext. The BaG ext was prepared fresh each 14 days to avoid
any risk of precipitates. For the Raman spectroscopy analyses, the cells
were cultured in phenol red free media to avoid fluorescence inter-
ference with the Raman spectra [13]. The control cell cultures were
maintained in OM. Different media compositions are listed in Table 1.
During the experiments, medium was changed every other day. The
experiments were carried out at hASC passage 3-6.

MM, maintenance medium; OM, osteogenic medium; BaG OM,
bioactive glass extract osteogenic medium; HS, human serum (Biowest);
P/S, 100 U/mL penicillin/streptomycin (Lonza); Dex, dexamethasone
(Sigma-Aldrich); AsA2P, r-ascorbic acid 2-phosphate (Sigma-Aldrich);
B-GP, beta-glycerophosphate (Sigma-Aldrich); i-glutamine (Thermo
Fisher Scientific).

2.5. Cell viability and cell number

Cell viability was analyzed with Live/Dead fluorescence staining
(Thermo Fisher Scientific) at 3 and 14 days, as described previously
[25]. The living cells were stained with 0.5 mM calcein acetoxymethyl
ester (green stain) and necrotic cells were stained with 0.25 mM ethi-
dium homodimer-1 (red stain) for 45min in RT. The samples were
imaged using an epifluorescence Olympus IX51 microscope and
Olympus DP30BW digital camera (Olympus, Tokyo, Japan).

Cell number was measured based on the total amount of DNA with
CyQUANT Cell Proliferation Assay Kit (Thermo Fisher Scientific) ac-
cording to the manufacturer's protocol at 14 and 21 days. Briefly, the
cells were lysed with 0.1% Triton X-100 buffer (Sigma-Aldrich) and the
hydrogel samples were homogenized mechanically by the Ultra-Turrax
tissue homogenizer (IKA Labortechnik, Staufen, Germany). The lysed
samples were stored at —80 °C until analysis after a freeze-thaw cycle.
A working solution was prepared with the kit provided CyQUANT GR
dye and Cell lysis buffer. Fluorescence of 3 parallel samples was mea-
sured at 480/520 nm with Victor 1420 Multilabel Counter microplate
reader (PerkinElmer, Waltham, MA, USA).

Table 1
Composition of media.
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2.6. Immunocytochemical analysis

For the immunocytochemical analysis, the hydrogel samples with
encapsulated cells were fixed with 4% paraformaldehyde (PFA; Sigma-
Aldrich). The cells were permeabilized with 0.1% Triton X-100 buffer
(Sigma-Aldrich) in blocking solution of 10% normal donkey serum
(Sigma-Aldrich) and 1% bovine serum albumin (Sigma-Aldrich) for 1 h
in RT. After washes with solution of 0.1% Triton X-100 buffer, 1%
normal donkey serum, and 1% bovine serum albumin, the hydrogel
embedded cells were incubated with a mouse monoclonal anti-osteo-
calcin antibody (OCG3; dilution 1:100) detecting human osteocalcin
(OC; Abcam, Cambridge, United Kingdom) for 72h at +4°C [17].
Highly cross-adsorbed donkey anti-mouse IgG Alexa Fluor 488 sec-
ondary antibody (dilution 1:400; Thermo Fisher Scientific) was used for
overnight staining at +4 °C, and the cell nuclei were stained with 4’,6-
diamidino-2-phenylindole (DAPI; dilution 1:2000; Sigma-Aldrich). The
samples were imaged using an epifluorescence Olympus IX51 micro-
scope and Olympus DP30BW digital camera (Olympus). OC stained in
cyan-green was imaged at 488 nm and cell nuclei stained in blue color
by DAPI were detected at 361 nm.

2.7. Mineralization

For the hASC mineralization assay, the hASC secreted hydro-
xyapatite residues of the cell matrix in 3D hydrogel were stained with
the Osteolmage assay according to manufacturer's protocol
(Osteolmage Mineralization Assay; Lonza) at 21 days [26]. Briefly, the
cells were fixed with 4% PFA (Sigma-Aldrich) for 30 min in RT and the
hydroxyapatite residues were stained with the Osteolmage Staining
Reagent for 45min and immediately measured at 490/535nm with
Victor 1420 Multilabel Counter microplate reader (PerkinElmer). After
quantitative measurement, the cell nuclei were stained with DAPI (di-
lution 1:2000) and detected at 361 nm together with the stained hy-
droxyapatite residues imaged at 492/520 nm with an epifluorescence
Olympus IX51 microscope and Olympus DP30BW digital camera
(Olympus).

2.8. Quantitative real-time polymerase chain reaction

Quantitative real-time polymerase chain reaction (qRT-PCR)
method was applied to analyze the relative expression of osteogenic
marker genes. Total sample RNA from 2 parallel samples was isolated at
7 and 14 days with the NucleoSpin RNA II kit (Macherey-Nagel, Diiren,
Germany) according to the kit protocol. High-Capacity cDNA Reverse
Transcriptase Kit (Applied Biosystems, Foster City, CA, USA) was used
to synthesize first strand complementary DNA (cDNA) of the total RNA.
The gene expression of human intestinal alkaline phosphatase (ALPL),
runt related transcription factor 2 (RUNX2), distal-less homeobox 5 (DLX5),
and osterix (0SX) was measured. A mathematical data analysis model
was applied to calculate the relative gene expression of each sample in
relation to a housekeeping gene human ribosomal protein lateral stalk
subunit PO (RPLPO) [27]. The measured gene expression data was nor-
malized to that of RPLPO [28,29]. The mixture for qRT-PCR analysis
consisted of 50ng cDNA, 300nM forward and reverse primers, and
SYBR Green PCR Master Mix (Applied Biosystems). The primer se-
quences and accession numbers are listed in Table 2. All primers were

Medium

Composition

Maintenance medium (MM)

Osteogenic medium (OM)

BaG osteogenic medium (BaG OM)

Raman spectroscopy cell culture medium
Raman spectroscopy phenol red free BaG OM

DMEM/F-12 1:1, 5% HS, 1% L-glutamine, 1% P/S

5nM Dex, 250 uM AsA2P, 10 mM B-GP in MM

OM in BaG ext base

Phenol red free DMEM/F-12 1:1 including i-glutamine, 5% HS, 1% P/S
OM in phenol red free BaG ext base
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Table 2
The primer sequences for gqRT-PCR.
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Name Primer 5’-Sequence-3’ Product size (bp) Accession number
RPLPO Fwd AATCTCCAGGGGCACCATT 70 NM_001002
Rev CGCTGGCTCCCACTTTGT
ALPL Fwd CCCCCGTGGCAACTCTATCT 73 NM_000478.5
Rev GATGGCAGTGAAGGGCTTCTT
RUNX2 Fwd CTTCATTCGCCTCACAAACAAC 62 NM_001024630.3
Rev TCCTCCTGGAGAAAGTTTGCA
DLX5 Fwd ACCATCCGTCTCAGGAATCG 75 NM_005221.5
Rev CCCCCGTAGGGCTGTAGTAGT
0osx Fwd TGAGCTGGAGCGTCATGTG 79 NM_152860.1
Rev TCGGGTAAAGCGCTTGGA
[ GG-SPD (OM) (d = 1 mm, h = sample height) inside the spatial area of the 1.0-mm
501 B GG-SPD (BaG OM) diameter FEP tube whereas the fluorescence SPIM imaged a larger
B GG-BaG (OM) rectangular volume (x = 0.67 mm, y = 0.67 mm, z = 1 mm) due to
404 COL (OM) differences in technical imaging modalities.
Il COL (BaG OM) For the SPIM fluorescence imaging, the cell-laden GG hydrogels
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Fig. 1. Compressive moduli. Cell-free GG-SPD, GG-BaG, and COL hydrogels
after 0-day, 14-day, and 21-day incubation in OM and BaG OM media, where
GG-BaG in OM only (n = 3-6). Data are presented as mean + SD. Significant
difference with p < 0.05. a Significant difference from COL hydrogel samples
at Odays; b Significant difference from COL (OM) at 14 days; c¢ Significant
difference from GG-SPD (OM) at 14 days; d Significant difference from GG-BaG
(OM) at 14days; e Significant difference from COL (OM) at 21days; f
Significant difference from GG-SPD (OM) at 21 days; g Significant difference
from GG-BaG (OM) at 21 days; h Significant difference from COL (BaG OM) at
21 days.

21d

purchased from Oligomer (Helsinki, Finland). The ABI PRISM 7300
Sequence Detection System (Applied Biosystems) was used for the qRT-
PCR initial reactions at +95 °C for 10 min enzyme activation, and fol-
lowed by 45 cycles at +95 °C for 15 s denaturation, and 60 s annealing
and extension at +60 °C.

2.9. Optical projection tomography and selective plane illumination
microscopy

In-house-built SPIM and OPT multimodal 3D imaging systems were
used to image hASCs encapsulated in the transparent GG-SPD hydrogels
[20,21], whereas the opacity of the COL hydrogel prevented its ima-
ging. The structure and distribution of the hASCs and their ECM in the
3D hydrogel was obtained with the brightfield OPT, and 3D fluores-
cence signal of the Osteolmage (Lonza) stained hydroxyapatite residues
was captured with the SPIM. The hydrogel-cell samples cultured in-
itially in 1.0-cm inside diameter fluorinated ethylene propylene (FEP;
Adtech Polymer Engineering, Stroud, United Kingdom) tubes were
punctured with 1.0-mm inside diameter FEP tubes to insert the cell-
laden hydrogels into the smaller tubes for imaging. For the brightfield
OPT imaging of the samples, a white light LED source (LTCL23; Opto
Engineering, Mantova, Italy) was used to illuminate the sample in
transmission mode without any contrasting agents. A total of 400
projection images were captured with 0.9°-degree intervals using a
20 x water-immersed objective while rotating the sample 360° degrees.
The 3D images of hASCs and ECM were reconstructed using filtered
back projection algorithm (Matlab; MathWorks, Natick, MA, USA) [19].
The brightfield OPT imaged a smaller cylindrical volume
(d = 0.67mm, h=0.67mm) within a larger cylindrical volume
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inside the 1.0-cm inside diameter FEP tube were fixed with 4% PFA
(Sigma-Aldrich) for 1h and the hydroxyapatite residues were stained
for 90 min in RT to allow stain diffusion throughout the hydrogel vo-
lume (Osteolmage Mineralization Assay, Lonza). The SPIM illumination
light sheet at 488nm wavelength (Custom multi-wavelength laser
system, Modulight, Tampere, Finland) was used to excite sample
fluorescence. In the detection path, notch filter (NF03-405/488/561/
635E-25 StopLine Quad-Notch filter; Semrock, Rochester, NY, USA)
was used to cut out the excitation light from the fluorescent signal
emitted by mineralized residues. The fluorescence image stack was
acquired by translating the sample in the axial direction of the detection
path and capturing an image every 3 um with a x20 objective. The
image stack was acquired in z direction while x and y directions formed
the actual image. Both OPT and SPIM images were visualized in 3D
using Avizo 9.3 (FEI Visualization Sciences Group; Thermo Fisher
Scientific).

2.10. Raman spectroscopy

The inorganic phosphate PO, containing hydroxyapatite mineral
residues of the hASC-secreted cell matrix in different hydrogels were
analyzed semi-quantitatively by Raman spectroscopic methods [30]. In
the preliminary experiments, we verified that the Raman spectra of the
mineralized hASC matrix in 3D hydrogels in the BaG OM condition and
that of added pure hydroxyapatite powder (0.5 or 2.5 mg/mL) acellular
hydrogels were identical in terms of observed Raman shift at 960 cm ~*
(see Supplementary file 2). For the Raman experiments, hASCs from 1
donor, and GG-SPD, GG-BaG, and COL cell-laden and parallel cell-free
samples in a phenol red free BaG OM condition were analyzed at
21 days avoiding interference of phenol red fluorescence to Raman
spectra. The OM condition was omitted from analysis due to COL hy-
drogel contraction and the low detection of the GG-SPD mineralized
matrix in OM. The Raman spectroscopy was conducted as described in
[30] and prior to analysis, the cell-hydrogel samples were washed with
1x PBS. Briefly, the Raman scattering was generated with a fiber
coupled pulsed laser (532 nm, 150 ps, 40-100 kHz) (TimeGate Instru-
ments, Oulu, Finland). The spectra were collected from a single location
by averaging Raman signal from 2.1 million laser pulses produced in
47 s. The reference spectra of cell-free samples measured in identical
conditions were subtracted from the measured data. The obtained
spectra for each sample were normalized to average intensity between
475 and 560 cm .

2.11. Statistical methods

The significance of differences between mean ranks for equal
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COL

Fig. 2. Cell viability. Viability of hASCs encapsulated in GG-SPD (OM), GG-SPD (BaG OM), COL (OM) and COL (BaG OM) 3D hydrogels at 3 and 14 days. The COL
(OM) samples contracted after 3 days. Representative images with hASCs from 1 donor (n = 1). Scale bar 200 um.

distributions was determined using Mann-Whitney U Test for statistical
significance with p-values < 0.05. For the mechanical testing results,
3-6 parallel samples were tested in each experiment group (n = 3-6).
The cell number analyses were repeated with 3 different hASC donors
with 3 parallel samples for each condition (n = 9). The gene expression
analyses were repeated for 3 different donors with 2 parallel samples
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for each condition (n = 6). The mineralization assay was conducted
with hASCs from 3 donors with 1-2 parallel samples for the GG-SPD in
OM and BaG OM groups (n = 5), whereas for COL in BaG OM, hASCs
from only 2 donors were tested with 2 parallel samples (n = 4) due to
contracted gels. All the COL in OM hydrogel mineralization samples
were contracted after 3 days of culture, and therefore, unavailable for



K. Vuornos, et al.

[ GG-SPD (OM)
HEH GG-SPD (BaG OM)

400000+
ab COL (OM)
COL (BaG OM
_ 300000 B - ) )
2
£
Z 200000
3
O
100000
04

Fig. 3. Cell number. Cell number based on total DNA content of hASCs en-
capsulated in 3D hydrogels at 14 and 21 days. The analyzed hASCs were from 3
donors (n = 9). Data are presented as mean + SD. Significant difference with
p < 0.05. a The combined COL (OM) and COL (BaG OM) cell numbers are
significantly higher compared to the combined GG-SPD (OM) and GG-SPD (BaG
OM) cell numbers at 14 days; b The combined 14- and 21-day COL (BaG OM)
cell numbers are significantly higher compared to the combined 14- and 21-day
GG-SPD (BaG OM) cell numbers.

mineralization quantification analysis at 21 days. The data was ana-
lyzed with IBM SPSS Statistics 23 software (IBM, Armonk, NY, USA).

3. Results

3.1. Mechanical properties of hydrogels improved by serum-containing
media incubation

The acellular GG-SPD and COL hydrogel samples in OM and BaG
OM media, and GG-BaG in OM alone, were mechanically tested by
compression testing at 0, 14, and 21 days of incubation (Fig. 1).

The measured compressive moduli of acellular GG-SPD hydrogels
with both the OM and BaG OM incubation and those of GG-BaG with
the OM incubation increased, indicating additional ionic crosslinking.
At day 0, the compressive moduli of all the GG samples without
medium incubation were statistically significantly higher than those for
the COL hydrogel samples. The OM condition increased the moduli of
all hydrogels in the beginning, however, only GG-SPD moduli con-
tinued to increase in OM after the 14-day time point. Furthermore, the
modulus of GG-SPD was significantly higher than that of GG-BaG in OM
although the modulus of GG-BaG with the OM incubation was sig-
nificantly higher compared to COL in OM at both 14- and 21-day time
points. Indeed, the BaG OM incubation alone increased COL compres-
sive modulus significantly at 21 days. Additionally, at 21 days, the GG-
SPD (BaG OM) samples had the highest compressive moduli measured
at approximately 40.0 kPa and significantly higher compared to GG-
SPD (OM) and COL (BaG OM). For both GG-SPD and COL hydrogels, the
BaG OM condition had significantly higher compressive modulus
compared to the OM condition at the 21-day time point. Overall, the
COL as well as GG-BaG samples showed ductile behavior and plastic
deformation properties without a fracture point, whereas by default,
the GG-SPD samples had higher resistance to deformation and more
brittle behavior which indicated a stiffer structure, and also had a clear
fracture point in the stress-strain curve (See Supplementary file 3).

3.2. Adipose stem cell viability maintained and cell number increased in 3D
hydrogels

The viability of hASCs was analyzed at 3 and 14 days of 3D hydrogel
culture (Fig. 2, see Supplementary file 4). The cells remained well vi-
able during culture. The COL (OM) samples contracted after 4 days and
were therefore unavailable for a later time point.

The cell number based on total DNA content was analyzed at 14-
and 21-day time points (Fig. 3).
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The cell number increased the most for the BaG OM cultured sam-
ples with the significantly highest cell number for the COL (BaG OM) at
14 days. Also, at 14days, the COL hydrogels in OM and BaG OM
combined together had a significantly higher cell number compared to
the combined GG-SPD hydrogels in OM and BaG OM. Further, the
combined cell number results at 14 and 21 days of the COL (BaG OM)
condition showed a significantly higher cell number compared to the
combined 14- and 21-day GG-SPD (BaG OM) cell numbers.

3.3. Higher expression of osteogenic marker genes of adipose stem cells in
collagen type I hydrogel scaffolds

The gene expression of osteogenic marker genes was analyzed by
qRT-PCR at 14 and 21 days (Fig. 4).

All the osteogenic marker genes were statistically significantly
higher in gene expression in COL in OM or in BaG OM compared to GG-
SPD at 3 weeks, excluding ALPL expression. Due to the non-Gaussian
distribution, the statistical analyses of the gene expression medians was
conducted with the Mann-Whitney test. The DLX5 expression was sig-
nificantly higher for the COL (BaG OM) compared to GG-SPD (OM) at
21 days. The OSX expression was significantly higher for the combined
COL (BaG OM) results at 14 and 21 days compared to the combined
results for GG-SPD (OM) at 14 and 21 days. The gene expression of
RUNX2 of the combined COL in OM and BaG OM samples at 21 days
was statistically significantly higher than that of the combined GG-SPD
samples in OM and BaG OM at the 21-day time point.

3.4. Strong immunocytochemical osteocalcin staining of adipose stem cells
in collagen type I hydrogel scaffolds

Immunocytochemical staining results of OC and DAPI stained hASCs
encapsulated in GG and COL hydrogels in different media conditions at
21 days are shown in Fig. 5 (see Supplementary file 5).

Strong OC immunofluorescence staining was detected in the COL
samples in both media conditions, although some OC staining in GG-
SPD was visible.

3.5. Efficient mineralization of adipose stem cells in 3D hydrogel scaffolds

The hASC secreted mineralized matrix of hydroxyapatite residues
were stained with the Osteolmage assay and hASC nuclei with DAPI and
imaged in 3D hydrogels at 21 days (Fig. 6A). The hydroxyapatite con-
tent was also quantified with the Osteolmage assay analysis (Fig. 6B).

The Osteolmage stained hydroxyapatite residue imaging supported
the quantified mineralization results with the strongest hydroxyapatite
staining for the COL (BaG OM), while also strong staining was seen in
the GG-SPD (BaG OM) condition, and where moderate staining was
visible in the GG-SPD (OM) at the 21-day time point.

3.6. Optical projection tomography and selective plane illumination
microscopy for high resolution 3D hydrogel scaffold imaging

OPT and SPIM images were acquired for brightfield transmission
and fluorescence emission modes, respectively (Fig. 7). Optical opacity
of the COL hydrogel prevented its OPT and SPIM imaging.

For the brightfield OPT 3D reconstructed images, the variation in
light attenuation between the cells and the hydrogel structure allowed
to visualize the distribution of the cells in each projection image
(Fig. 7A; C; see Supplementary files 9, 10; 3D reconstruction videos).
The cells and the surrounding shaded mineralized ECM were visible in
transmission mode brightfield images, and thus offered proof of concept
that label-free OPT can be applied to 3D hydrogel cell culture miner-
alization studies. The 3D stack of multi-focal fluorescence SPIM ima-
ging showed the fluorescent-labeled mineralization clearly with strong
hydroxyapatite stain in the GG-SPD (BaG OM) sample (Fig. 7B, D; see
Supplementary files 11, 12; 3D reconstruction videos) whereas the
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Fig. 4. Gene expression. Gene expression of osteogenic marker genes of hASCs in GG-SPD (OM), GG-SPD (BaG OM), COL (OM), and COL (BaG OM) 3D hydrogels at
14 and 21 days. Significant difference with p < 0.05. (A) DLX5 gene expression significantly higher in a COL (BaG OM) compared to GG-SPD (OM) at 21 days; (B)
OSX gene expression significantly higher for b the combined COL (OM) and COL (BaG OM) sample expression at 14 and 21 days compared to the combined GG-SPD
(OM) and GG-SPD (BaG OM) sample expression at 14 and 21 days; (C) RUNX2 gene expression significantly higher for c¢ the combined COL (OM) and COL (BaG OM)
sample expression at 21 days compared to the combined GG-SPD (OM) and GG-SPD (BaG OM) sample expression at 21 days; (D) ALPL gene expression. The results
were relativised to the control condition of GG-SPD (OM) at 14 days. The relative expression of DLX5 and OSX had high variance and are presented partly in Log(10)
scale. The hASCs were isolated from 3 donors (n = 6). Group medians are indicated with a horizontal line.

fluorescent-stained hydroxyapatite was scarce in the OM condition (see
Supplementary files 13, 14; 3D reconstruction video). Any closer in-
spection of cell morphology was restricted by the optically dense mi-
neralization.

3.7. Raman spectroscopic analysis verified mineralized hydroxyapatite
residues and gellan gum mineralization improved with bioactive glass extract
ionic crosslinking

The Raman spectra of hASCs in GG-SPD (BaG OM), GG-BaG (BaG
OM) and COL (BaG OM) were measured at 21 days (Fig. 8).

The measured Raman spectra showed the detected phosphate peak
at Raman shift 960 cm ™! indicating semi-quantitatively hydroxyapatite
residue content for all the measured samples with the highest result for
the COL (BaG OM) sample which confirmed the quantified OsteoImage
mineralization as well as the imaged hydroxyapatite staining results
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(Fig. 6). Additionally, Fig. 9 presents measured fluorescence of the
hydroxyapatite residues in GG-SPD (OM) and GG-BaG (OM) samples at
3 weeks (see Supplementary file 6 for crosslinker comparison results on
cell viability; Supplementary file 7 for crosslinker comparison cell
number results; Supplementary file 8 for crosslinker comparison hy-
droxyapatite mineralization imaging results).

The slightly higher semi-quantitative phosphate peak detected at
Raman shift 960 cm ™! for the GG-BaG (BaG OM) (Fig. 8) followed a
similar trend to the measured significantly higher hydroxyapatite con-
tent for the GG-BaG (OM) compared to GG-SPD (OM) at 3 weeks
(Fig. 9).

4. Discussion

Presently, efficient bone grafts are urgently called for, and in order
to help answer this demand, we studied a novel bone tissue engineering
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COL

Fig. 5. Osteocalcin immunofluorescence staining. Representative images of osteocalcin and DAPI stained hASCs in GG-SPD (OM), GG-SPD (BaG OM), COL (OM), and
COL (BaG OM) 3D hydrogels at 21 days. The blank controls are shown in lower left corner. The hASCs were isolated from 2 donors (n = 2). Scale bar 200 um.

approach with BaG OM induction of hASCs embedded in GG and COL
3D hydrogels. The BaG OM induction of hASCs has been found pro-
mising for bone applications and to support rapid hASC osteogenic
differentiation already in our previous work [13]. In the present study,
we hypothesized that the BaG OM could induce hASCs osteogenesis in
3D when embedded into GG and COL hydrogels together with gradually
evolving hydrogel mechanical properties, and thus yield a sufficiently
stiff, while also flexible and osteoinductive matrix mimicking bone
organic and inorganic phase composite structure [31,32] for the de-
velopment of engineered bone constructs. Also, injectable hydrogels are
especially attractive biomaterials due to their malleability as bone de-
fects are typically of varied dimensions [15]. To ensure hydrogel con-
struct suitability for bone applications, the mechanical properties of
GG-SPD, GG-BaG, and COL hydrogels were analyzed with compression
testing. Our results for non-incubated GG and COL hydrogel moduli
were supported by previous reports [33,34]. The softer COL and GG-
BaG hydrogel scaffolds followed a similar trend in the OM with a
seeming improvement of mechanical properties up to 14 days, and then
degrading at 21 days. Interestingly, the GG-BaG hydrogel resulted in a
weaker gel compared to the GG-SPD in OM, albeit the GG-BaG hydro-
gels were stable and showed sufficient mechanical properties and a
modulus comparable to COL hydrogel in BaG OM at 3 weeks. The re-
latively weak mechanical properties of GG and the lack of COL stability
have limited their potential for hard tissue applications [6,16]. How-
ever, we demonstrated significantly improved mechanical properties
for both GG-SPD and COL hydrogels with the BaG OM incubation. In-
deed, the GG-SPD (BaG OM) samples had the highest compressive
modulus measured at 40kPa, and therefore, potential for bone-like
graft development when compared to the approximated 30 kPa mod-
ulus required for an osteoblastic matrix [4,35-37]. Even though these
mechanical properties would be sufficient in small bone cavities to
support the development of an osteoblastic matrix, in load-bearing bone
defects a scaffold for additional stabilization would be required. Sig-
nificantly, also COL hydrogel mechanical properties were gradually

reinforced with the BaG OM incubation. Although a similar strength-
ening by added BaG particles in GG and COL hydrogels has been re-
ported [4,16], we significantly improved hydrogel scaffold mechanical
properties with ionic BaG dissolution products alone. Importantly, the
gradual hydrogel stiffening in BaG OM incubation might mimic the
evolving bone matrix mechanical properties of natural bone formation
process [31,36-38].

We tested 3D hydrogel culture cytocompatibility, and the hydrogel
encapsulated hASCs were mostly alive at 14 days, as expected since the
GG-SPD cell-hydrogel constructs have shown previously good cyto-
compatibility in 3D culture with human pluripotent stem cell-derived
neuronal cells [17]. Moreover, the observed rounded morphology of
hASCs embedded in GG-SPD in both OM and BaG OM was expected and
suggested lack of adhesion sites, since GG hydrogel encapsulated
human cells have been found to require functionalization also in other
studies [17,39]. Interestingly, rounded cell morphology could be irre-
levant regarding hASC capacity for osteogenic differentiation en-
capsulated in GG [6,37]. Conversely, in COL efficient cell adhesion was
seen not only in the spreading of the hASCs embedded in COL hydrogel,
but also in the strong tendency of the cells to pull on the matrix and
make the COL samples contract in the OM condition. This issue has
been reported in various studies [7,16,33,40], however, importantly for
novelty, we showed that the BaG OM incubation significantly improved
the COL mechanical stability and rendered the COL hydrogel scaffolds
more resistant to cell-induced contraction. We also detected a decrease
in the cell number from 14 to 21 days in the COL hydrogels in parallel
with enhanced osteogenic differentiation, similarly to a previously re-
ported 2D study in our group [13], whereas there was a small albeit
nonsignificant increase in cell number in the GG-SPD hydrogels be-
tween day 14 and 21.

According to our initial hypothesis of strong osteogenic induction of
hASCs with BaG ionic species, we saw that the hASC osteogenic marker
gene expression results of DLX5 and OSX were significantly higher in
COL (BaG OM) hydrogels, although the gene expression medians were
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also elevated in the GG-SPD (BaG OM) condition. This showed the ef-
fect of the BaG OM incubation with additional synergistic support of the
3D COL hydrogel matrix for hASC osteogenesis. Similarly to the current
results, the bioactive glass 2-06 based BaG OM has been previously
reported to increase hASC gene expression of RUNX2 [13]. Moreover,
the gene expression of RUNX2 was more strongly enhanced in the
control condition of OM for COL hydrogel samples which attested fur-
ther of the COL 3D hydrogel support for efficient hASC osteogenic
differentiation. Instead, no visible trend was discernible in gene ex-
pression of early bone marker ALPL, however, the bioactive glass 2-06
based BaG OM has been shown to promote efficacious hASC miner-
alization despite low alkaline phosphatase activity [13]. Indeed, low
gene expression of ALPL might be due to the more advanced state of
mineralization. Also, the mineralization results attested of robust hASC
osteogenesis with the strong hydroxyapatite residue accumulation in
the hASC-secreted matrix with BaG OM in both the GG and COL hy-
drogels. Importantly, the clear peak of inorganic phosphate containing
hydroxyapatite mineral residues visible in the Raman spectra attested
of considerable mineralized cell matrix accumulation. The Raman
spectroscopic results verified the hASC osteogenic activity and hydro-
xyapatite accumulation in the cell-secreted mineralized ECM, also seen
in the Osteolmage mineralization results. Furthermore, the semi-
quantitative Raman spectra attested similar succession of samples as the
mineralization assay in the BaG OM condition, where COL had the

COL
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Fig. 6. Mineralization. (A) Representative images of
hydroxyapatite residues and cell nuclei of hASCs
stained with the Osteolmage assay and DAPI in 3D
hydrogels at 21 days in GG-SPD (OM), GG-SPD (BaG
OM), and COL (BaG OM). The COL (OM) samples
contracted before 21 days. The blank controls are
presented in the lower left corner. The hASCs were
isolated from 1 donor (n = 1). Scale bar 200 pm; (B)
The measured Osteolmage hydroxyapatite miner-
alization fluorescence count of hASCs in 3D hydrogel
at 21days. Data are presented as mean + SD. a
Significant difference from GG-SPD (OM) with
p < 0.05. The hASCs were isolated from 3 donors
and 2 parallel samples of each condition were tested,
out of which for GG-SPD (OM) and (BaG OM) groups
a total of 5 samples (n = 5), and for COL (BaG OM) 4
samples (n = 4) were available for analysis at 21-day
time point.

highest hydroxyapatite content, followed by GG-BaG and the lesser
amount detected for hASCs in the GG-SPD hydrogel samples. However,
the non-homogenous character of the cell-secreted mineralized matrix
might have interfered with the semi-quantitative Raman measurement
results. The 3D reconstructed OPT and stacked fluorescence SPIM
images showed homogeneously deposited hydroxyapatite surrounding
or in close proximity to hydrogel encapsulated hASCs approximating
ECM growth. The cell distribution was similar by visual inspection in
both conditions as seen in the brightfield OPT 3D reconstructed images,
however, the fluorescence SPIM images showed a stronger mineral
deposition of the hASC secreted matrix in the BaG OM condition
compared to OM. These 3D reconstructed images supported further the
measured Osteolmage results where hydroxyapatite fluorescence count
was significantly higher for the hASC-laden GG-SPD (BaG OM) samples
compared to OM at 3 weeks. Our results demonstrated the attractive-
ness and efficacy of high resolution OPT and SPIM imaging techniques
for 3D mesoscopic imaging of transparent wet-state cell-laden hydrogel
samples with a refractive index close to water providing a real 3D image
of the sample while avoiding issues of photobleaching or low spatial
resolution of conventional fluorescence microscopy. While OPT has
been applied for high resolution (< 1 um) imaging of optically trans-
parent small animal embryos in developmental biology [41-44], our in-
house built OPT system has also been employed to assess hydrogel
macrostructure [19] as well as 3D cell cultures [21]. Additionally,
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SPIM ﬂuorescence

Fig. 7. OPT and SPIM 3D imaging of hASC-hydrogel constructs. Representative label-free brightfield OPT 3D reconstructed images of hASCs encapsulated in (A) GG-
SPD (OM); (C) GG-SPD (BaG OM); and Osteolmage hydroxyapatite stained fluorescence SPIM 3D images of hASCs in 3D hydrogels in (B) GG-SPD (OM); (D) GG-SPD
(BaG OM) at 21 days. The hASCs were isolated from 1 donor (n = 1). Scale bar 100 pm.

brightfield OPT allowed to inspect the general aspect of the mineral
depositions together with the cells, however, the signal was label-free
and therefore non-specific. Nonetheless, the brightfield OPT imaging
showed potential for a label-free mineralization imaging technique for
future studies. What is more, these techniques permitted the 3D ima-
ging of cells in an unaltered hydrogel microstructure in a wet-state.
Importantly, the SPIM and also the label-free OPT imaging allowed to
study the cell and mineralized matrix distribution spanning the whole
3D volume and thus avoiding the mere surface effect of hydrogel mi-
neralization where an apatite layer has been deposited on top of the
incubated hydrogel samples [45]. Indeed, the BaG ability to cause hy-
droxyapatite precipitation in 3D hydrogel culture with embedded cells
in the presence of biological fluid has been reported also in other stu-
dies [4,5,15,46-48]. However, previously only moderate hydro-
xyapatite staining of human mesenchymal stem cells with osteogenic
induction has been shown in 3D hydrogel culture [26] compared to our
robust results. Similarly to a prior study by Gantar et al., we achieved
hydroxyapatite deposition in hASC-secreted ECM in central parts of GG-
SPD hydrogel samples, whereas in contrast, we used BaG OM ionic
dissolution products alone without embedded BaG nanoparticles [4].
Although the cell-free COL samples showed some background as

914

expected, due to the fact that COL functions as a natural platform for
mineral crystal accumulation in acellular mineralization processes
[5,71, the mineral deposition was clearly accelerated in interactions
with the cell-secreted matrix in our present results. Moreover, these
results verified that the GG-SPD hydrogels allowed the steady un-
obstructed diffusion [20] of the ionic species supporting hASC osteo-
genic differentiation and homogeneous mineral deposition. What is
more, the cell-containing samples were also positively stained for the
late osteogenic marker OC, which was shown to increase together with
the quantitatively measured and imaged mineralized content thus
confirming hASC osteogenic differentiation towards bone-like cells in
3D hydrogel culture. All in all, the strong OC and hydroxyapatite
staining in the COL hydrogel, in addition to the highest Raman spec-
troscopic measurement result indicated that COL hydrogel combined
with the BaG OM as the most efficient osteogenic inducer of the hy-
drogel encapsulated hASCs. In the future and especially for in vivo
studies for larger critical sized bone defects, however, cell survival,
diffusion of nutrients, and removal of waste products also in the central
parts of the construct should be secured with an adequate vessel
structure for vascularized bone-like graft development. Also, the effect
of mineralization on collagen hydrogel in vivo degradation would
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(BaG OM) (green) and COL (BaG OM) (blue) conditions. The red arrow points to
the phosphate peak at Raman shift 960 cm ™. The hASCs were isolated from 1
donor (n = 1). The spectra were normalized to average intensity between 475
and 560 cm ™. (For interpretation of the references to color in this figure le-
gend, the reader is referred to the web version of this article.)
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Fig. 9. Mineralization with different gellan gum crosslinkers. The measured
fluorescence count for the Osteolmage stained hydroxyapatite mineralization of
hASCs in GG-SPD and GG-BaG hydrogel samples in OM at 21 days. The ana-
lyzed hASCs were from 3 donors (n = 9). Data are presented as mean + SD. a
Significant difference from GG-SPD (OM) with p = 0.002.

require further investigation in the future.

While COL hydrogel has been extensively tested for potential in-
jectable bone tissue engineering applications [5,49-51], we also tested
an abundant and economic GG hydrogel for hASC osteogenic differ-
entiation. On the whole, our results indicated that the BaG OM induc-
tion was required for efficient hASC osteogenic differentiation en-
capsulated in 3D GG-SPD and COL hydrogels. The BaG OM was chosen
based on previous studies in our group that showed in 2D culture the
efficiency of the bioactive glass 2-06 BaG ext for hASC osteogenic in-
duction [13]. Importantly, the current results confirmed that the dis-
solved BaG ions with the OM supplements together with evolving hy-
drogel mechanical properties were efficient to induce hASC osteogenic
differentiation. Further, we hypothesized that crosslinking GG hydrogel
with the BaG ext would enhance hASC mineralization encapsulated in
3D GG, based on the rich Ca®* content of the BaG ext and since GG
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crosslinking requires small cations [52]. Also, Ca®>* ions are implicated
in the ECM mineralization process [46]. Indeed, the poor performance
of cell-loaded GG hydrogel samples in control OM was rescued by Ca®*
crosslinking with the BaG ext. What is more, the mineralization results
suggested that a separate cationic crosslinker might be omitted when
using the novel BaG ext for GG gelation, where a statistically sig-
nificantly higher hydroxyapatite content of the hASC-laden GG-BaG
hydrogels was compared to GG-SPD samples in control OM at 3 weeks.
Further studies are still required to determine the potential of the BaG
ext hydrogel crosslinking for the hASC mineralization process in more
detail.

Overall, BaG OM induced efficient osteogenic differentiation and
strong mineralization of hASCs in 3D hydrogels thus supporting further
the osteoblast-like cell maturation combined with enhanced mechanical
properties of the mineralized matrix in both the GG and COL hydrogels.
Therefore, these novel results combining osteoinducing BaG ions and
3D hydrogel stem cell culture have considerable potential for the de-
velopment of a wide variety of applications for bone tissue engineered
constructs.

5. Conclusions

In this study, we studied enhanced hASC osteogenic induction with
BaG ionic dissolution products in GG-SPD and COL 3D hydrogel culture
in BaG OM compared to regular OM. Incubation in BaG OM sig-
nificantly reinforced GG and COL hydrogel mechanical properties and
showed a stiffening behavior similar to an evolving bone matrix. In
both media conditions, the hASCs were well viable embedded within
3D hydrogel, where the GG-SPD encapsulated hASCs had a tight and
round cell morphology, whereas in COL hydrogel elongated and spread
morphologies were observed. With the BaG OM induction, the hASCs in
COL hydrogel showed significantly higher osteogenic marker gene ex-
pression. On the whole, the BaG OM culture significantly enhanced
hASC potency to mineralize in both the GG-SPD and COL 3D hydrogels,
however, hASC-laden COL (BaG OM) hydrogels showed highest mi-
neralization and hydroxyapatite content confirmed by Raman spectro-
scopy analysis together with the strongest OC staining results.
Importantly, the BaG ext-crosslinked GG-BaG hydrogels promoted sig-
nificantly higher hASC mineralization even in the control OM. The OPT
and SPIM techniques were evaluated as efficient methods for emerging
3D hydrogel cell culture imaging and analysis applications. These re-
sults demonstrated the significant potential of BaG OM induction and
novel 3D hydrogel culture methods for the osteogenic differentiation of
hASCs towards bone-like cells and for bone regeneration applications.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.msec.2019.02.035.
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Supplementary file 1

Flow cytometric analysis and cell characterization

Following stem cell isolation, the undifferentiated human adipose stem cells (hASCs) of passage 1—
2 were characterized. Briefly, hASCs were analyzed for the cell surface markers [1] with flow
cytometry (FACSAria; BD Biosciences, Franklin Lakes, NJ, USA). The following fluorophore-
conjugated monoclonal antibodies were used: anti-CD3-PE, anti-CD14-PECy7, anti-CD19-PE-
Cy7, anti-CD45R0O-APC, anti-CD54-FITC, anti-CD73-PE, anti-CD90-APC (BD Biosciences),
anti-CD11a-APC, anti-CD80-PE, anti-CD86-PE, anti-CD105-PE (R&D Systems, Minneapolis,
MN, USA), CD34-APC, and anti-HLA-DR-PE (ImmunoTools, Friesoythe, Germany). Flow
cytometry analysis was performed with 10,000 cells per sample, and the positive expression was
defined as a level of fluorescence 99 % greater than that of the corresponding unstained cell sample
[2, 3]. In the analysis, the majority of hASCs expressed the surface markers CD73, CD90, and
CD105, expression of CD34 and CD54 was moderate and expression of CD3, CD11a, CD14,

CD19, CD45, CD80, CD86, and HLA-DR was low (Table S1).

Table S1 Flow cytometry surface markers analysis results of hASCs. n=3.

Antigen  Surface protein Mean SD
CD3 T cell signal transduction 0.5 0.4
CDll1a Cell interactions and T cell mediated killing 1.3 0.6
CD14 Innate immune response to bacterial lipopolysaccharide 0.9 0.8
CD19 B lymphocyte-lineage differentiation antigen 0.6 0.4
CD34 Sialomucin-like adhesion molecule 319 194
CD45 Leukocyte common antigen 22 07
CD54 Cell adhesion, lymphocyte activation and migration 13.8 6.0
CD73 Ecto-5'-nucleotidase 934 7.7
CD80 Lymphocyte activation 09 038
CD86 Regulates T cell activation 0.9 0.8
CD90 Thy-1 (T cell surface glycoprotein) 989 1.3
CD105 SH-2 endoglin 982 1.1

HLA-DR Major histocompatibility class II antigens 1.0 0.7




The flow cytometry analysis confirmed the mesenchymal origin of the hASCs and the small
elevation of CD34 and CD54 was attributed to the low passage of the hASCs and the use of human

serum as a cell culture medium supplement [4].
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Supplementary file 2

Raman spectra of acellular hydrogels

The Raman spectroscopy was conducted as described in [1]. The samples were incubated in phenol
red free bioactive glass extract based osteogenic medium (BaG OM) for 21 days. Prior to analysis,
the samples were washed with 1x PBS (Lonza, Basel, Switzerland). The Raman spectra were
measured from a single location. Briefly, a laser excitation wavelength of 785 nm and 100 mW
power was focused onto a wet sample with an objective (x10, 0.30 N.A.; Zeiss, Oberkochen,
Germany), and the same objective was used to collect backscattered light recorded with a CCD
camera (Andor, Belfast, United Kingdom), and imaging spectrograph (Princeton Instruments,
Trenton, NJ, USA) with an entrance slit of 50 pm and 600 grooves/mm grating. The data
accumulation time was 50x 500 s per sample. The dark noise was subtracted from the detected data
using AIR-PLS algorithm. The dark background was subtracted and the spectra normalized to

vibration of water at 1600-1700 cm™ [1].

The Raman spectra of acellular gellan gum hydrogels crosslinked with spermidine (GG-SPD) with
0.5 and 2.5 mg/mL added hydroxyapatite (HA) powder (Sigma-Aldrich, St. Louis, MO, USA)

incubated in BaG OM condition for 21 days showed a Raman shift at 960 cm™ (Fig. S1A).

The semi-quantitative Raman measurement results showed the highest phosphate peak at 960 cm™!
for GG-SPD (BaG OM) hydrogels with added 2.5 mg/mL HA powder and a smaller peak for the
acellular sample with 0.5 mg/mL of added HA, whereas the acellular blank sample showed no

phosphate peak, as expected.

Similarly, the Raman spectra of acellular collagen type I (COL) hydrogels in BaG OM medium
incubation with added 2.5 mg/mL HA powder and that of human adipose stem cell (hASC)-laden (1
million cells/mL) COL (BaG OM) hydrogels without added HA showed a Raman shift at 960 cm™!

(Fig. SIB).
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Fig. S1 Raman spectra of acellular hydrogels. (A) Raman spectra of acellular GG-SPD (BaG

OM) hydrogels. GG-SPD blank (black); GG-SPD with 0.5 mg/mL added pure HA powder (green);



GG-SPD with 2.5 mg/mL HA (red); (B) Raman spectra of acellular and hASC-laden COL (BaG
OM) hydrogels. COL with 0.5 mg/mL added HA powder (red); COL with 2.5 mg/mL added HA
(green); COL with embedded hASCs (1 million cells/mL) cultured in (BaG OM) (black). The red
arrow points to the phosphate peak at Raman shift 960 cm™. The hASCs were isolated from 1

donor.

The phosphate peaks at 960 cm™ for hASC-laden COL (BaG OM) and for the acellular COL (BaG
OM) with added 2.5 mg/mL HA powder were strong, whereas the phosphate peak at 960 cm™ was
absent for the acellular COL (BaG OM) with added 0.5 mg/mL HA powder which indicated
unhomogeneous distribution of added HA into the hydrogel. This might have been due to the fact

that the Raman spectra were measured from a single location in each case.
References
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Supplementary file 3

Representative stress-strain curves

The representative stress-strain curves of mechanical compression testing of acellular gellan gum

hydrogels crosslinked with spermidine (GG-SPD) and collagen type I (COL) hydrogel samples in

regular osteogenic medium (OM) and bioactive glass extract based osteogenic medium (BaG OM),

and GG hydrogels crosslinked with bioactive glass extract (GG-BaG) in OM alone, at 0, 14, and 21

days of incubation (Fig. S2).

A

[
LI ,’lr ; ——GG-SPD(OM) 14d
1 N : ; —— GG-SPD (BaG OM) 14d
! =-=GG-BaG (OM) 14d
// === COL (OM) 14d
/ * / - COL (BaG OM) 14d

2000 B 000
16.00 16.00
—GG-SPD0d
<1200
-~ GG-BaG 0 g
----- COL 0d §
2 800
400
000
000
2000
i
16.00 ,l' M7 i
MO ——GG-SPD (OM) 21d
f = = GG-SPD (BaG OM) 214
=12.00
—-=GG-BaG (OM) 21d
------ COL (OM) 21d
7 300

1.00

0.00

L.

~=-COL (BaG OM) 21d

(AN o

0.00

010 020 030 040 050 060 070
Strain

0.10 020 0.30 040 0.50 0.60 0.70

Strain

Fig. S2 Representative stress-strain curves of acellular hydrogels. Compressive modulus

mechanical testing of cell-free GG-SPD, GG-BaG, and COL hydrogels after (A) 0-day; (B) 14-day;

(C) 21-day incubation in OM and BaG OM media (n=3-6), where GG-BaG in OM only.
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Cell viability
The hASC viability was analyzed at 3 and 14 days encapsulated within 3D hydrogel (Fig. S3). All
samples showed good cell viability results with few dead cells. The COL (OM) samples contracted

after 3 days.



14d

BaG OM

Fig. S3 Cell viability. Representative fluorescence images of Live/Dead stained cell-laden
hydrogels. Viability of hASCs encapsulated in GG-SPD (OM), GG-SPD (BaG OM), COL (OM)

and COL (BaG OM) 3D hydrogels at 3 and 14 days (n=3). The COL (OM) samples contracted after

3 days. Scale bar 500 um.
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Immunocytochemical staining of osteocalcin
The supplementary immunocytochemical staining results of osteocalcin and DAPI stained hASCs
encapsulated in GG and COL hydrogels in different media conditions at 21 days are shown in (Fig.

S4).

21d

Fig. S4 Immunocytochemistry. Representative fluorescence images of osteocalcin and DAPI
stained hASC-laden hydrogels. Osteocalcin production and nuclei of hASCs encapsulated in GG-
SPD (OM), GG-SPD (BaG OM), COL (OM) and COL (BaG OM) 3D hydrogels at 21 days (n=3).

Cell free blank controls in upper left corner. Scale bar 200 pm.

The supplementary images confirmed the strong osteocalcin production detected in the COL
samples in both media conditions, while some osteocalcin staining was also seen in the GG-SPD

hASC-laden hydrogels.
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Cell viability crosslinker comparison
The hASC viability was analyzed at 3, 14, and 21 days encapsulated within 3D GG-SPD and GG-
BaG hydrogels in OM (Fig. S5). In all the analyzed time points, good cell viability was observed in

all samples with few dead cells visible.
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Fig. S5 Cell viability crosslinker comparison. Representative fluorescence images of
Live/Dead stained cell-laden hydrogels. Viability of hASCs encapsulated in GG-SPD (OM) and

GG-BaG (OM) 3D hydrogels at 3, 14, and 21 days (#=3). Scale bar 500 pm.

Both of the compared crosslinkers produced similar results supporting hASC viability up to 3

weeks embedded within GG hydrogel in regular OM.



Supplementary file 7

Cell number crosslinker comparison

The cell number based on total DNA content in GG-SPD (OM) and GG-BaG (OM) groups was

analyzed at 14- and 21-day time points (Fig. S6).
] GG-SPD (OM)

B8 GG-BaG (OM)
150000-

100000+

Cell Number

500004

Fig. S6 Cell number crosslinker comparison. Cell number based on total DNA content of hASCs

encapsulated in 3D hydrogels at 14 and 21 days. The analyzed hASCs were from 3 donors (n=9).
Data are presented as mean + SD.

The highest cell number was detected in the GG-BaG (OM) condition at 21 days. However, there
were no statistically significant differencies between the compared GG crosslinkers, namely SPD

and BaG ext, either between the crosslinkers or between the tested time points.



Supplementary file 8

Mineralization crosslinker comparison
The hASC secreted mineralized matrix hydroxyapatite residues were stained with the Osteolmage
assay and hASC nuclei with DAPI. The GG-SPD (OM) and GG-BaG (OM) samples were imaged

in 3D hydrogels at 21 days (Fig. S7).

GG-SPD

oM

21d

Fig. S7 Mineralization crosslinker comparison. Representative images of hydroxyapatite residues
and cell nuclei of hASCs stained with the Osteolmage assay and DAPI in 3D hydrogels at 21 days
in GG-SPD (OM) and GG-BaG (OM) hydrogels. The blank controls are presented in the lower left

corner. Scale bar 500 pm.

The Osteolmage stained hydroxyapatite residue imaging supported the quantified mineralization
results with the stronger hydroxyapatite staining for the GG-BaG (OM) condition, while also some
staining in the GG-SPD (OM) condition at the 21-day time point. Some background staining was

observed in the cell-free blank GG-BaG (OM) samples.



Video supplementary files 9-14

Video supplementary file 9. Brightfield OPT imaging of GG-SPD in OM. Representative 3D reconstruction
of brightfield OPT still image showing hASC 3D distribution within GG-SPD hydrogel in the OM condition.
Scale bar 100 pm.

Video supplementary file 10. Brightfield OPT imaging of GG-SPD in BaG OM. Representative 3D
reconstruction brightfield OPT still image showing hASC 3D distribution within GG-SPD hydrogel in the BaG
OM condition. Scale bar 100 pm.



Video supplementary file 11. Fluorescence SPIM imaging of GG-SPD in BaG OM. Representative 3D
reconstruction fluorescence SPIM still image showing Osteolmage-stained hydroxyapatite 3D distribution
within GG-SPD hydrogel in the BaG OM condition. Scale bar 100 pm.

Video supplementary file 12. Combined OPT and SPIM imaging of GG-SPD in BaG OM. Representative
3D reconstruction still image of combined brightfield OPT and fluorescence SPIM images showing hASC and
hydroxyapatite 3D distribution within GG-SPD hydrogel in the BaG OM condition. Scale bar 100 pm.



Video supplementary file 13. Fluorescence SPIM imaging of GG-SPD in OM. Representative 3D
reconstruction fluorescence SPIM still image showing Osteolmage-stained hydroxyapatite 3D distribution
within GG-SPD hydrogel in the OM condition. Scale bar 100 pm.

Video supplementary file 14. Combined OPT and SPIM imaging of GG-SPD in OM. Representative 3D
reconstruction still image of combined brightfield OPT and fluorescence SPIM images showing hASC and
hydroxyapatite 3D distribution within GG-SPD hydrogel in the OM condition. Scale bar 100 pm.
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1 | INTRODUCTION

Abstract

Lack of bone grafts appeals for bone augmentation solutions. We aimed at osteo-
genic differentiation of human adipose stem cells (hASCs) and microvascularization in
coculture with human umbilical vein endothelial cells (HUVECs) embedded in three-
dimensional (3D) gellan gum (GG) and collagen type | (COL) hydrogel mixture. We
compared endothelial growth medium-2 (EGM-2) and bioactive glass extract-based
endothelial and osteogenic medium (BaG EM-OM) for vascularized bone-like graft
development in vitro. Cell viability, cell number, and osteogenic and endothelial gene
expression were analyzed. Mineralized hydroxyapatite residues, immunocytochemical
staining of endothelial marker CD31 production and late osteogenic marker
osteocalcin were imaged. With both media, good cell viability was observed within
3D hydrogel. EGM-2 condition induced significantly higher cell number compared to
BaG EM-OM condition at both 7 and 14 days. Interestingly, both media supported
osteogenic as well as endothelial marker gene expression. Moreover, formation of
reticulated cellular structures was observed in both EGM-2 and BaG EM-OM condi-
tions. However, hydroxyapatite mineralization and strong osteocalcin staining were
detected only in BaG EM-OM condition. Importantly, strong production of CD31 and
elongated tube-like structures were apparent in EGM-2 culture alone. In conclusion,
we demonstrated efficient hASC osteogenic differentiation and microvessel-like net-

work formation in coculture with HUVECs.

KEYWORDS
adipose stem cell, bioactive glass, collagen type | hydrogel, gellan gum hydrogel, human
umbilical vein endothelial cell, osteogenic differentiation, vascularization

In addition, sufficient in vitro prevascularization of tissue-engineered

constructs is needed to support graft survival. Moreover, in vitro micro-

There is an unmet need for bone augmentation solutions due to growth
of aging population and increasing number of musculoskeletal defects
(Przekora, 2019). In addition, lack of bone grafts is growing because
autologous bone is limited in supply and its harnessing might involve
complications (Chatterjea, Meijer, van Blitterswijk, & de Boer, 2010).

Consequently, engineered tissue grafts present an attractive alternative.

vascularization has been reported to support rapid ingrowth of host tis-
sue vasculature to ensure graft viability after implantation (Laschke &
Menger, 2016). Previously, abundant and readily available human adi-
pose stem cells (hASCs) have been shown applicable for bone augmenta-
tion (Lindroos, Suuronen, & Miettinen, 2011). What is more, coculture of

mesenchymal stem cells with human umbilical vein endothelial cells
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(HUVECsS) has been deemed relevant to formation of vascular-like struc-
tures (Kang, Kim, Fahrenholtz, Khademhosseini, & Yang, 2013; Mihaila,
Resende, Reis, Gomes, & Marques, 2017; Pill et al., 2018). Furthermore,
coculture of osteoblastic cells with endothelial cells has been proven fea-
sible for prevascularization of bone-like grafts (Laschke & Menger, 2016;
Mihaila et al., 2017). On the other hand, three-dimensional (3D) cell cul-
ture in hydrogels offers stem cells a microenvironment mimicking the
natural. Indeed, according to reports, collagen type | (COL) and polysac-
charide gellan gum (GG) are besides biocompatible and bioresorbable
hydrophilic natural polymer hydrogels, also suited to bone and vasculari-
zation applications (Gantar et al., 2014; Koivisto et al., 2019; Manda
et al., 2018; Marelli et al., 2011; Oliveira, Custodio, Gasperini, Reis, &
Mano, 2016). Also, injectable hydrogel biomaterials facilitate minimally
invasive procedures thus avoiding risks of adverse complications
(Kondiah et al., 2016). Additionally, bioactive glasses (BaGs) have been
shown besides fitting for medical bone implants (Jones, 2015), also to
induce bone tissue vascular network formation (Bi et al., 2013). Further-
more, soluble ion species of BaG extracts have been shown to promote
strong osteogenic differentiation of hASCs in 2D cell culture (Ojansivu
et al., 2015), and in addition, uniform mineralization distribution within
3D hydrogels (Vuornos et al., 2019). Moreover, osteogenic priming by
osteogenic medium (OM) culture prior to cell seeding has been reported
to enhance hASC osteogenesis (Mihaila et al., 2017). Therefore, our aim
was to enhance hASC osteogenic differentiation while, at the same time,
support formation of microvascularization in coculture with HUVECs
within 3D GG-COL composite hydrogels. Furthermore, we compared
endothelial cell growth medium-2 (EGM-2) and bioactive glass 2-06
extract-based endothelial and osteogenic medium (BaG EM-OM) for effi-
cacious hASC osteogenic differentiation and HUVEC coculture along
with osteogenic conditioning of hASCs for in vitro prevascular network
and mineralized matrix formation within 3D GG-COL hybrid hydrogels.

2 | MATERIALS AND METHODS

2.1 | Materials preparation
2.1.1 | Gellan gum hydrogel

For the preparation of 0.5% w/v GG hydrogel, GG powder
(Mw 1,000 g/mol; Gelzan CM; Merck, Kenilworth, NJ) was dissolved into
10% w/v sucrose (BioXtra; Merck) in deionized water with a magnetic
stirrer overnight. After dissolving, the GG solution was heated to +60°C
on a heat plate and sterile filtered (Acrodisc 0.2 pm syringe filters with
Supor polyethersulfone membrane, Pall Corporation, Port Washington,
NY). GG was physically crosslinked with 16% v/v bioamine spermidine
trihnydrochloride (SPD, BioXtra; Merck) of 0.1% w/v concentration. The
0.1% w/v SPD solution was prepared into 10% w/v sucrose (BioXtra;

Merck) in deionized water and sterile filtered (Acrodisc 0.2 pm).

2.1.2 | Collagen type | hydrogel

Rat tail collagen type | (COL; Gibco; Thermo Fisher Scientific, Waltham,

MA) hydrogel solution of 3 mg/ml concentration was neutralized with

1 N NaOH (Sigma; Merck) and 10x PBS (Lonza, Basel, Switzerland)
according to manufacturer protocol and prepared by manual mixing by

pipetting at +4°C while kept on ice.

2.1.3 | Composite gellan gum-collagen type |
hydrogel scaffolds

Prior to cell encapsulation, the 0.5% w/v GG hydrogel solutions and
0.1% w/v SPD crosslinker solutions were heated to +37°C on a heat
plate. The 3 mg/ml COL hydrogel solution was kept on ice at +4°C.
For cell encapsulation, hASCs resuspended into MM and HUVECs
resuspended into EGM-2 were mixed in 1:1 ratio for final cell concen-
tration of 1 x 10° cells/ml. Following centrifugation, the combined cell
pellet was resuspended into either GG or COL hydrogel solution by
manual mixing by pipetting. The cell-laden GG hydrogel solution was
manually mixed by pipetting with 16% v/v SPD and with cell-laden
COL hydrogel solution in 1:1 volume ratio for a total volume of
0.2 cm®. The composite GG-COL hydrogel scaffolds with embedded
hASCs and HUVECs were cast into 48-well plate wells (Nunclon;
Merck), followed by immediate gelation, and after which 0.3 cm® of

according media were added on top.

2.2 | Mechanical testing

For mechanical compression testing, cell-free GG and COL hydrogel
solutions in 1:1 volume ratio together with 16% v/v of SPD crosslinker
solution were manually mixed by pipetting for a total volume of
0.875 cm® GG-COL composite hydrogel scaffolds. The mechanical
compression testing of acellular GG-COL hydrogel scaffolds of approxi-
mate height of 5.0 mm and of 12.2 mm cross-section diameter cast in
cut syringe (BD Biosciences, Franklin Lakes, NJ) molds was performed
by unconfined compression rate, as previously described (Vuornos
et al,, 2019), at 0, 7, and 14 days of incubation in EGM-2 (Lonza, Basel,
Switzerland) or BaG EM-OM media (Table 1). The Young's modulus

was determined based on the Hooke's law (Koivisto et al., 2017).

2.3 | Cellisolation

Human ASCs of three female donors of 52, 56, and 60 years of age
were obtained with the patients’ written informed consent at the Tam-
pere University Hospital Department of Plastic Surgery together with
the favorable opinion of the Regional Ethics Committee of the Expert
Responsibility area of Tampere University Hospital, Tampere, Finland
(R15161). Adipose tissue was cut and digested as previously reported
(Kyllonen et al., 2013). The hASCs were either expanded in mainte-
nance medium (MM) or primed with osteogenic medium (OM; see
Table 1). The flow cytometric analysis indicated the mesenchymal origin
of the hASCs (Dominici et al., 2006; see Supporting Information S1).
HUVECs were obtained from 1 donor of 38 years in planned
cesarean section at the Tampere University Hospital with the patient's
written informed consent together with the favorable opinion of the
Regional Ethics Committee of the Expert Responsibility area of Tam-
pere University Hospital, Tampere, Finland (R13019), and isolated
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TABLE 1 Media compositions

Medium Composition

a-MEM, 5% HS, 1% P/S

5 nM Dex, 250 pM AsA2P,
10 mM B-GP in MM

2% HS, hEGF*, VEGF*, R3-IGF-
1%, ascorbic acid*,
hydrocortisone*, hFGF-p*, 0.1%
GA* in EBM-2 media base

5% HS, 5 nM Dex, 250 M
AsA2P,
10 mM B-GP in BaG EM ext

Maintenance medium (MM)

Osteogenic medium (OM)

Endothelial cell growth
medium-2 (EGM-2)

BaG endothelial-osteogenic
medium (BaG EM-OM)

Abbreviations: *indicates EGM-2 SingleQuots supplement (Lonza); AsA2P,
L-ascorbic acid 2-phosphate (Merck); BaG EM ext, endothelial basal
medium bioactive glass 2-06 extract; BaG EM-OM, bioactive glass 2-06
extract endothelial-osteogenic medium; Dex, dexamethasone (Merck);
EBM-2, endothelial cell growth basal medium-2 (Lonza); EGM-2,
endothelial cell growth medium-2 (Lonza); GA, gentamicin/amphotericin-B
(Lonza); hEGF, human epidermal growth factor (Lonza); hFGF-pB, human
fibroblast growth factor-beta (Lonza); HS, human serum (Biowest, Nuaillé,
France); MM, maintenance medium; OM, osteogenic medium; P/S,

100 U/ml penicillin/streptomycin (Lonza); R3-IGF-1, R3-insulin-like
growth factor-1 (Lonza); VEGF, vascular endothelial growth factor (Lonza);
a-MEM, minimum essential medium-alpha (Gibco); p-GP, beta-
glycerophosphate (Merck).

according to a previously reported method (Jaffe, Nachman, Becker, &
Minick, 1973). Briefly, umbilical vein was rinsed with collagenase
type Il (1.0 mg/ml; Merck) in EBM-2 (Endothelial cell growth basal
medium-2, Lonza) containing 2% P/S and 0.1% gentamicin/
amphotericin-B (30 pg/ml gentamicin; 15 ng/ml amphotericin-B;
Lonza; EGM-2 SingleQuots supplements). HUVECs were expanded in
EGM-2 medium prepared according to manufacturer's instructions
with SingleQuots supplements (Lonza) except that 2% human serum
(HS) was used.

2.4 | Osteogenic priming

Seven-day osteogenic priming of hASCs in selected experiment
groups was initiated by OM culture in cell culture flasks prior to cell

seeding. Nonprimed hASCs were expanded in MM.

2.5 | Cell culture and cell differentiation

Osteogenic differentiation and formation of microvascularization
were induced immediately after plating by adding either EGM-2 or
BaG EM-OM to the cell-laden hydrogel samples. Coculture of cells
consisted of hASCs and HUVECs in 1:1 ratio (Mihaila et al., 2017) with
5 x 10° HUVECs/ml and 5 x 10° hASCs/ml for a total cell density of
1 x 10° cells/ml. The hASCs and HUVECs were encapsulated into
nongelated GG and COL hydrogels. GG and COL cell-laden hydrogels
were manually mixed in 1:1 volume ratio of 0.2 cm?® total volume and
cast into 48-well plate wells, followed by immediate gelation, and

after which 0.3 cm® of according media were added on top.

Y e WILEY-L_2

The endothelial basal medium bioactive glass 2-06 extract (BaG
EM ext) was prepared from bioactive glass 2-06 (wt %: Na,O 12.1;
K50 14.0; CaO 19.8; P,Os5 2.5; B,O3 1.6; SiO, 50.0; Vuornos et al.,
2019). Briefly, ethanol washed BaG granules (87.5 mg/ml;
500-1,000 pm) were incubated 24 hr at +37°C in EBM-2 with 0.1%
gentamicin/amphotericin-B. For the BaG EM-OM, 5% HS and osteo-
genic supplements were added to the BaG EM ext (see Table 1).
Media were changed every other day.

2.6 | Cell viability and cell number

Live/Dead analysis (Thermo Fisher Scientific, Waltham, MA) was per-
formed as reported (Tirkkonen et al., 2013) and samples imaged with
Olympus IX51 microscope (Olympus, Tokyo, Japan). Total amount of
DNA was measured by CyQUANT cell number analysis (Thermo
Fisher Scientific) according to manufacturer's protocol. Briefly, cell
lysis with 0.1% Triton X-100 buffer (Merck) was followed by mechani-
cal homogenization with Ultra-Turrax tissue homogenizer (IKA
Labortechnik, Staufen, Germany). After a freeze-thaw cycle, fluores-
cence of three parallel samples was measured with a microplate
reader (PerkinElmer, Waltham, MA).

2.7 | Quantitative real-time polymerase chain
reaction

The relative expression of osteogenic and endothelial marker genes
was analyzed with quantitative real-time polymerase chain reaction
(qRT-PCR) method. Total RNA was isolated using the NucleoSpin
RNA Il kit (Macherey-Nagel, Diiren, Germany), according to the kit
protocol. First-strand cDNA of total RNA was synthesized with High-
Capacity cDNA Reverse Transcriptase Kit (Applied Biosystems, Foster
City, CA). The gene expression of runt-related transcription factor
2 (RUNX2, Oligomer, Helsinki, Finland), distal-less homeobox 5 (DLX5,
Oligomer), osterix (OSX, Oligomer), Von Willebrand Factor (VWEF,
QuantiTect Primer Assays; 10x; Qiagen, Hilden, Germany) and platelet
endothelial cell adhesion molecule-1 (PECAM-1, QuantiTect Primer
Assays) was measured. For calculation of relative gene expression of
each sample of 50 ng cDNA, 300 nM forward and reverse primers,
and SYBR Green PCR Master Mix (Applied Biosystems) in relation to
human ribosomal protein lateral stalk subunit PO (RPLPO, Oligomer)
housekeeping gene, a mathematical data analysis model was applied
(Pfaffl, 2001), and the measured data was normalized (Fink et al.,
2008; Gabrielsson et al., 2005). The primer sequences are listed in
Table 2. The ABI PRISM 7300 Sequence Detection System (Applied
Biosystems) was used to analyze qRT-PCR reactions at +95°C for
10 min enzyme activation, followed by 15 s denaturation in 45 cycles
at +95°C, and by 60 s of annealing and extension at +60°C.

2.8 | Immunocytochemistry

About 4% paraformaldehyde (PFA; Merck) was used to fix samples. In
the following, cellular samples were blocked for 6 hr in +4°C in block-
ing solution of 10% goat serum (GS; Thermo Fisher Scientific), 0.1%
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Product
size (bp)

Name Primer  5'-Sequence-3'

RPLPO Fwd AATCTCCAGGGGCACCATT 70
Rev CGCTGGCTCCCACTTTGT

DLX5 Fwd ACCATCCGTCTCAGGAATCG 75
Rev CCCCCGTAGGGCTGTAGTAGT

0sX Fwd TGAGCTGGAGCGTCATGTG 79
Rev TCGGGTAAAGCGCTTGGA

RUNX2 Fwd CTTCATTCGCCTCACAAACAAC 62
Rev TCCTCCTGGAGAAAGTTTGCA

PECAM-1 Fwd AAGTGGAGTCCAGCCGCATATC 133
Rev ATGGAGCAGGACAGGTTCAGTC

VWF Fwd AGAAACGCTCCTTCTCGATTATTG 84
Rev TGTCAAAAAATTCCCCAAGATACAC

Triton X-100, and 1% bovine serum albumin (BSA; Merck) in PBS
(Lonza). After washes with a solution of 0.1% Triton X-100 buffer, 1%
GS, and 1% BSA, the samples were incubated in similar solution with
1:25 polyclonal IgG rabbit anti-osteocalcin antibody (Bio-Rad, Hercules,
CA) and 1:20 monoclonal mouse anti-CD31 (Dako, Glostrup, Denmark)
for 48 hr in +4°C (Koivisto et al., 2017). Next, secondary antibodies
Alexa Fluor 488 goat anti-mouse 1gG 1:200 (Thermo Fisher Scientific)
and Alexa Fluor 594 goat anti-rabbit IgG 1:100 (Thermo Fisher Scien-
tific) were incubated for 24 hr in +4°C, followed by DAPI 1:2000
(Merck) staining of nuclei. The cell-free control GG-COL hydrogel sam-
ples were similarly treated with either both primary and secondary anti-
bodies or with secondary antibodies alone. Z-stacks from the middle of
the samples were scanned through high precision #1.5 cover glasses
(Carl Zeiss, Oberkochen, Germany) with confocal LSM 780 microscope
(Carl Zeiss).

2.9 | Mineralization

The hydroxyapatite residues of cellular samples along with cell-free
controls were stained with Osteolmage assay according to kit proto-
col (Osteolmage Mineralization Assay; Lonza) (Castillo Diaz, Elsawy,
Saiani, Gough, & Miller, 2016; Vuornos et al., 2019). Following sample
fixing with 4% PFA (Merck) for 30 min in RT, the samples were sta-
ined for 45 min with kit hydroxyapatite fluorescence stain and the cell
nuclei with DAPI 1:2,000. The samples were imaged with Olympus
IX51 microscope.

2.10 | Statistical analysis

The significance of differences between mean ranks for equal distri-
butions was determined using Mann-Whitney U test for statistical
significance with p-values <.05. For the mechanical testing results,
three parallel samples were tested in each experiment group (n = 3).
The cell number analyses were repeated with three different hASC
donors with three samples for each condition (n = 9). The gene

expression analyses were repeated for three different hASC donors

TABLE 2 The primer sequences for
gRT-PCR

Accession
number

NM_001002

NM_005221.5

NM_152860.1

NM_001024630.3

NM_000442.4
NM_000552
2019 . )
= [1 Without media
& HEH EGM-2
7 139 H BaG EM-OM
3
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2 104
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FIGURE 1 Hydrogel compressive moduli. Acellular GG-COL

hydrogel sample mechanical testing at O days without media, and
after 7 and 14 days of EGM-2 or BaG EM-OM media incubation
(n = 3). Data are presented as mean + SD

(n = 3). The data were analyzed with IBM SPSS Statistics 23 software
(IBM, Armonk, NY).

3 | RESULTS

3.1 | Hydrogel scaffold mechanical properties

The acellular GG-COL hydrogel samples were mechanically tested by
compression testing at 0, 7, and 14 days (Figure 1).

The results demonstrated the degradation of GG-COL mechanical
properties over 2 weeks where the decrease of the compressive moduli
was more moderate for the BaG EM-OM media incubated samples.

3.2 | Cell viability

Most hASCs and HUVECs remained viable encapsulated in 3D GG-COL
hydrogel over 2 weeks with only few necrotic cells (Figure 2).

Live/dead staining showed the cell morphologies in different con-
ditions. In EGM-2 culture regardless of preconditioning status, the
hASCs and HUVECs elongated and formed reticulated structures,
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FIGURE 2 Cell viability. Viability of hASCs and HUVECs within 3D hydrogels cultured with EGM-2 or BaG EM-OM media for 7 and 14 days
(living cells stained green; necrotic cells stained red). (a) Imaged with 4x objective. Scale bar 500 pum; (b) imaged with 10x objective. Scale bar
200 pm. The hASCs were OM-primed or nonprimed (MM) prior to cell encapsulation into hydrogels. Representative images with hASCs from

2 donors and HUVECs from 1 donor

whereas the BaG EM-OM culture-induced truncated cell shapes with-

out any elongated cellular structures formed.

3.3 | Cell number

The combined EGM-2 (MM) and EGM-2 (OM) cell numbers were sig-
nificantly higher compared to the combined BaG EM-OM (MM) and
BaG EM-OM (OM) cell numbers at 7 days (Figure 3). At 14-day time
point, the combined EGM-2 (MM) and EGM-2 (OM) cell numbers
were significantly higher compared to the combined BaG EM-OM
(MM) and BaG EM-OM (OM) cell numbers, which showed no signifi-
cant increase in cell amount from 7 to 14 days. The combined cell
amount results of EGM-2 (MM) and EGM-2 (OM) conditions at
14 days were significantly higher compared to the combined cell
amounts of EGM-2 (MM) and EGM-2 (OM) conditions at 7 days.

3.4 | Gene expression

For the osteogenic markers, the gene expression of DLX5 peaked at
14 days for the BaG EM-OM condition with the highest medians with both

OM-primed and nonprimed hASCs (Figure 4). The gene expression of
RUNX2 peaked with the highest medians for the EGM-2 (OM) condition at
7 and 14 days. For OSX gene expression, the peak in gene expression at
7 days was elevated in the EGM-2 (MM) condition and peaked also in
EGM-2 (OM) at both 7 and 14 days. OSX gene expression median for the
BaG EM-OM (OM) condition was equally elevated at 7 days. The highest
peak of VWF endothelial marker gene expression was detected for the
BaG EM-OM (OM) condition at 14 days, whereas gene expression of late
endothelial marker PECAM-1, or also known as CD31, showed high values
for individual hASC donors in the EGM-2 (OM) condition at 7 days and
BaG EM-OM (MM) at 14 days. The gene expressions were relativized to
the gene expression of the EGM-2 (MM) samples at 7 days. Exceptionally,
the PECAM-1 gene expression was relativized to a single 7-day value of
EGM-2 (MM) sample gene expression due to below threshold values.

3.5 | Osteocalcin and CD31 production

Immunocytochemical staining results of osteocalcin, CD31, and DAPI
within GG-COL hydrogel in different media conditions at 14 days are

shown in Figure 5.
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FIGURE 3 Cell number. Cell number based on total DNA content
of hASCs and HUVECs within 3D GG-COL hydrogels cultured with
EGM-2 or BaG EM-OM media for 7 and 14 days. The hASCs were
OM-primed (OM) or nonprimed (MM). The analyzed three parallel
samples for three separate experiment repeats contained hASCs from
three donors and HUVECs from one donor (n = 9). Data are presented
as mean + SD. Significant difference with p < .05. (a) The combined
EGM-2 (MM) and EGM-2 (OM) cell numbers were significantly higher
compared to the combined BaG EM-OM (MM) and BaG EM-OM
(OM) cell numbers at 7 days (p = .026); (b) The combined EGM-2
(OM) cell numbers at 7 and 14 days were significantly higher
compared to the combined BaG EM-OM (OM,) cell numbers at 7 and
14 days (p = .002); (c) The combined EGM-2 (MM) and EGM-2

(OM) cell numbers were significantly higher compared to the
combined BaG EM-OM (MM) and BaG EM-OM (OM,) cell numbers at
14 days (p = .002); (d) The combined EGM-2 (MM) and EGM-2

(OM) cell numbers at 14 days were significantly higher compared to
the combined EGM-2 (MM) and EGM-2 (OM) cell numbers at

7 days (p = .015)

Strong osteocalcin staining was seen in both the BaG EM-OM
conditions with even more accentuated osteocalcin production with
the OM-primed hASCs. Abundant tubular-like structures and vessel-
like networks with strong endothelial marker CD31 production were

seen in the EGM-2 conditions alone.

3.6 | Hydroxyapatite mineralization

The hASC mineralized matrix hydroxyapatite residues were stained
with the Osteolmage assay and the cell nuclei with DAPI in 3D hydro-
gels at 14 days (Figure 6).

There was no visible Osteolmage hydroxyapatite staining result
and no background detected for either of the EGM-2 media condi-
tions. Strong hydroxyapatite staining was seen in both of the BaG
EM-OM media conditions while some background was visible in the
cell-free blank samples. The strongest hydroxyapatite staining was
observed in the BaG EM-OM (OM) condition at 14 days.

4 | DISCUSSION

Due to current pressing need for tissue engineered vascularized bone
grafts, we studied the effect of soluble BaG ions for osteogenic differ-
entiation of hASCs and formation of microvasculature in coculture
with HUVECs in 3D hydrogel culture. Further, we compared endothe-

lial culture media and combined endothelial and BaG ext based

osteogenic media induction, as well as investigated the impact of
osteogenic preconditioning for efficient hASC osteogenesis. Presently,
there is a keen interest in ions released from BaGs since they are
thought to induce the formation of a bioactive hydroxycarbonate apa-
tite layer in contact with physiological fluids thus forming a strong
chemical interface with bone tissue (Hench & Wilson, 1986; Jones,
2015; Kargozar, Baino, Hamzehlou, Hill, & Mozafari, 2018a; Rezwan,
Chen, Blaker, & Boccaccini, 2006). Moreover, silica and calcium ions
dissolved from BaGs are thought to stimulate osteogenic cells to pro-
duce bone matrix (Jones, 2015) and possibly to upregulate
proangiogenic vascular endothelial growth factor (VEGF) production
together with released boron ion (Kargozar, Baino, Hamzehlou, Hill, &
Mozafari, 2018b). Furthermore, various bioactive ions released from
different BaG compositions and constructs possess vast potential for
controlled local delivery of therapeutic agents, among others
(Kargozar et al., 2018a; Rezwan et al., 2006). Previously, soluble BaG
ions have been proven to induce robust hASC osteogenic differentia-
tion without added chemical supplements (Ojansivu et al., 2015;
Vuornos et al., 2019), and importantly, to promote neovascularization
(Gorustovich, Roether, & Boccaccini, 2010). However, the attempts to
combine simultaneous osteogenic and endothelial commitment of
cells especially within 3D matrix have been limited by the contrasting
effects of the mineralization and vascular growth processes and chal-
lenges connected to hydrogel stability (Unger, Dohle, & Kirkpatrick,
2015). Therefore, we aspired to harness the potential of ionic BaG
dissolution products along with osteogenic and endothelial media
induction together with hASC and HUVEC cellular crosstalk for effi-
cient mineralization and microvascularization in 3D hydrogel in vitro
culture for bone-like graft prevascularization.

The hydrogel scaffold mechanical properties influence cell func-
tionality (Haugh, Murphy, McKiernan, Altenbuchner, & O'Brien,
2011). We tested composite GG-COL hydrogels to resist cellular con-
traction, which has limited feasibility of COL for in vitro tissue engi-
neering applications (Marelli et al., 2011). Although the mechanical
properties degraded over 2 weeks of media incubation, the moduli
decreased less in the BaG EM-OM condition, thus confirming our pre-
vious results on the supporting effect of BaG ext based media on
hydrogel mechanical properties (Vuornos et al., 2019). According to
current literature, the modulus of forming osteoblastic matrix is
approximately 30 kPa (Huebsch et al., 2010), and therefore higher
than the one measured in the BaG EM-OM condition, whereas for
HUVEC capillary-like network formation, the moduli range of 1-3 kPa
at 2 weeks of EGM-2 incubated hydrogels indicated soft and mallea-
ble hydrogel scaffolds suitable for in vitro prevascular network forma-
tion (Sieminski, Was, Kim, Gong, & Kamm, 2007).

Cell viability analysis result attested of good hASC and HUVEC
cosurvival in both media conditions, and with osteogenic pre-
conditioning. Cell elongation and alignment into tubular-like structures
were clearly visible in EGM-2 coculture. Importantly, the Live/Dead
images displayed reticulated cellular structures in all the experiment
groups thus indicating cellular crosstalk in coculture. Further, signifi-
cantly lower cell amount was detected in the BaG EM-OM conditions

compared to the EGM-2 conditions at both 7 and 14 days. As previously
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reported, the decrease of cell number has been associated with borosili-
cate BaG ionic species induced restriction of cell proliferation and
accompanying strong osteogenesis (Ojansivu et al., 2018). Moreover,
boron ion induced effect on cell morphology has also been indicated by
previous research (Brown et al., 2009; Rodriguez, Gonzalez, Rios, &
Cambiazo, 2004), together with observed changes to cytoskeleton, cell
adhesion, and signaling pathways (Ojansivu et al., 2015, 2018). To the
point, we observed a similar effect with borosilicate bioactive glass 2-06
based BaG EM-OM condition with strong osteocalcin production along

with cubic cell morphology producing less oriented structures and

truncated tubular growth. In comparison in the EGM-2 condition, the
good cell viability along with elongated cell morphologies, high cell num-
ber, oriented capillary-like structures, and vascular-like network growth
indicated microvascularization formation resulting into the main result
of the compared 3D GG-COL coculture conditions.

The gene expression of osteogenic marker genes showed that the
BaG EM-OM conditions supported the highest median peaks of DLX5
gene expression at 2 weeks, similarly with our earlier report on the
osteogenic effect of BaG ext conditioned endothelial media on mes-
enchymal stem cell and HUVEC coculture gene expression in 2D
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FIGURE 5 Osteocalcin and CD31 immunofluorescence staining.
Representative images of osteocalcin (red), CD31 (green), and DAPI
(blue) stained hASCs and HUVECs within GG-COL 3D hydrogels with
EGM-2 and BaG EM-OM media at 14 days. (a) Imaged with 10x
objective. Scale bar 100 pm. Blank controls in lower left corner;

(b) Imaged with 25x objective. Scale bar 100 pm. The hASCs were
OM-primed or nonprimed (MM). The hASCs were isolated from two
donors and HUVECs from one donor

(Nunez-Toldra et al., 2019). Interestingly, also EGM-2 (OM) condition
induced a single elevated peak of DLX5 gene expression at 1 week,
together with a consistently higher trend at 7 and 14 days of RUNX2
osteogenic marker gene expression, whereas for OSX gene expression
the trend was less clear, although separate peak values were detected
with OM-primed hASCs in both media conditions, thus contesting
Mihaila et al. (2017) report on lack of osteogenic differentiation in
hASC and endothelial cell coculture with EGM-2 media despite

osteogenic preconditioning. Contrastingly, the BaG EM-OM condition
induced endothelial marker VWF gene expression including the
highest peak with OM-primed hASCs at 14 days. Indeed, similar
upregulation of hASC VWF expression by borosilicate BaG ion stimu-
lation has been reported by Ojansivu, Mishra, et al. (2018). The ele-
vated endothelial gene expression of coculture samples even in the
strong osteogenesis inducing BaG EM-OM condition might be in part
due to hASC endothelial subpopulation, previously indicated by
Mihaila et al., (2017) and Huttala et al. (2015). Importantly, gene
expression of PECAM-1, or CD31, showed elevated values with hASCs
from individual donors in the EGM-2 (OM) condition and in both the
BaG EM-OM conditions.

The immunofluorescence imaging results showed that the BaG
EM-OM condition was required for strong osteocalcin production,
whereas the EGM-2 condition supported strong CD31 production
and vessel-like structure formation, similarly to a report by Ma et al.
(2014). While various in vitro approaches for vascularized hydrogel
constructs have been explored (Cerqueira et al., 2014; McCoy, Seo,
Choi, & Fischbach, 2016), importantly for novelty, we produced
capillary-like growth in 3D GG-COL composite hydrogel with the
added mechanical stability offered by GG compared to COL alone
(Vuornos et al., 2019). Importantly for novelty, the efficient BaG EM-
OM osteogenic capacity was further demonstrated by strong staining
of cell-secreted mineralized matrix hydroxyapatite residues in both
the BaG EM-OM media conditions, and even accentuated with OM
preconditioning of hASCs. As expected, no mineralization was visible
in EGM-2 culture, possibly due to lack of any CaP source (Roschger,
Paschalis, Fratzl, & Klaushofer, 2008; Veis & Dorvee, 2013). Although
some background was detected in cell-free blank samples, and most
likely due to known effect of COL hydrogel as COL fibrils function as
a natural matrix for CaP apatite precipitation (Veis & Dorvee, 2013),
the hydroxyapatite staining was visibly stronger in the cell-laden BaG
EM-OM samples. This testified further that the BaG EM-OM condi-
tion supported efficient late osteogenic differentiation of hASCs. In
this study for novelty value, we compared EGM-2 and BaG EM-OM
for concomitant microvessel-like network formation and mineraliza-
tion for prevascularized bone-like graft development in composite
GG-COL hydrogels with hASC and HUVEC coculture. In addition, we
tested the effect of osteogenic preconditioning of hASCs for
enhanced osteogenesis. Importantly, we demonstrated efficient hASC
osteogenic differentiation and formation of microvessel-like struc-
tures in coculture with HUVECs encapsulated in 3D GG-COL hydro-
gels. However, due to absence of endothelial marker CD31-stained
vessel-like structures in the BaG EM-OM condition, it can be con-
cluded that hydroxyapatite mineralization and late osteogenic differ-
entiation excluded prevascular network formation. Consequently, this
might indicate that the concomitant mineralization and micro-
vascularization formation processes were mutually inhibited. Interest-
ingly, some osteocalcin staining was nevertheless detected in the
EGM-2 condition. Therefore, the EGM-2 condition supported moder-
ate osteogenic differentiation which was even further enhanced by
hASC osteogenic preconditioning, as indicated by osteogenic marker

gene expression and modest osteocalcin production, and thus
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FIGURE 6 Mineralization.
Representative images of stained
hydroxyapatite (green) residues and
hASC and HUVEC nuclei (DAPI; blue)
within 3D hydrogels with EGM-2 and
BaG EM-OM media at 14 days. The
hASCs were OM-primed or
nonprimed (MM). Imaged with 4x
objective. Scale bar 500 pm. Blank
controls in lower left corner. The
mineralization assay was conducted
with hASCs from three donors and
HUVECs from one donor, with 1-2
parallel samples
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warranting more detailed research in the future. Furthermore, this
highlighted the role of the chosen media for coculture where besides
the cosurvival of both osteogenic and endothelial cells, also the
growth of prevascular structures needs to be assured. Indeed, mixture
of endothelial-osteogenic media has been assessed beneficial (Bidarra
et al.,, 2011; Usami et al., 2009) for simultaneous osteogenic differen-
tiation and prevascular network formation. However, the optimal
composition of media for concomitant osteogenesis and micro-
vascularization requires further study.

5 | CONCLUSIONS

Our study examined the effect of soluble cues provided by EGM-2 and
BaG EM-OM with dissolved BaG ions for hASC differentiation in
coculture with HUVECs embedded within composite GG-COL hydrogel
scaffolds. All in all, our results showed that 3D GG-COL hydrogel
coculture of hASCs and HUVECs with BaG ionic dissolution product
containing osteogenic-endothelial media led to production of osteo-
genic and endothelial markers. Importantly, osteogenic preconditioning
of hASCs intensified hydroxyapatite content of cell-secreted matrix in
BaG EM-OM culture. The results showed that endothelial growth
media was required for the formation of vessel-like structures mimick-
ing microvasculature. In the future, the effect of dissolved BaG ions on
microvessel-like network formation in 3D hydrogel culture would merit
further research. To conclude, this study presented efficient hASC oste-
ogenic differentiation and formation of microvessel-like structures in
coculture with HUVECs encapsulated in 3D GG-COL composite hydro-
gels with potential for vascularized bone-like graft development.
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Supplementary Material 1

Flow cytometric analysis and human adipose stem cell characterization

Following stem cell isolation, the undifferentiated human adipose stem cells (hASCs) of passage 1—
2 were characterized. Briefly, hASCs were analyzed for the cell surface markers (1) with flow
cytometry (FACSAria; BD Biosciences, Franklin Lakes, NJ, USA). The following fluorophore-
conjugated monoclonal antibodies were used: anti-CD3-PE, anti-CD14-PECy7, anti-CD19-PE-
Cy7, anti-CD45R0O-APC, anti-CD54-FITC, anti-CD73-PE, anti-CD90-APC (BD Biosciences),
anti-CD11a-APC, anti-CD80-PE, anti-CD86-PE, anti-CD105-PE (R&D Systems, Minneapolis,
MN, USA), CD34-APC, and anti-HLA-DR-PE (ImmunoTools, Friesoythe, Germany). Flow
cytometric analysis was performed with 10,000 cells per sample, and the positive expression was
defined as a level of fluorescence 99 % greater than that of the corresponding unstained cell sample
(2,3). The flow cytometric analysis showed that the hASC expression of surface marker CD73 was
89.1(8.8), CD90 was 98.7(1.5), and CD105 was 96.4(3.4), and considered strong. The hASCs
lacked the expression of CD3, CD11a, CD14, CD19, CD45, CD80, and CD86, whereas the
expression of CD34 was 24.8(19.0), CD54 was 11.9(9.5), and HLA-DR was 1.0(0.9), and

considered moderate (Table S1).



Table S1. Flow cytometry surface markers analysis results of hASCs. n = 3.

Antigen Surface protein Mean SD
CDh3 T cell signal transduction 0.5 0.4
CD 1la Cell interactions and T cell mediated killing 1.3 0.8
CD 14 Innate immune response to bacterial lipopolysaccharide 1.0 0.8
CD 19 B lymphocyte-lineage differentiation antigen 0.5 0.4
CD 34 Sialomucin-like adhesion molecule 24.8 19.0
CD 45 Leukocyte common antigen 2.0 1.2
CD 54 Cell adhesion, lymphocyte activation and migration 11.9 9.5
CD 73 Ecto-5'-nucleotidase 89.1 8.8
CD 80 Lymphocyte activation 0.9 0.9
CD 86 Regulates T cell activation 1.1 0.8
CD 90 Thy-1 (T cell surface glycoprotein) 98.7 1.5
CD 105 SH-2, endoglin 96.4 34
HLA-DR Major histocompatibility class II antigens 1.0 0.9

The flow cytometric analysis confirmed the mesenchymal origin of the hASCs and the moderate
elevation of CD54 was attributed to the low passage of the hASCs and the use of human serum as a
cell culture medium supplement (4), whereas the somewhat elevated expression of CD34 has been
previously linked to low passage of hASCs (4), while also the role of an endothelial hASC

subpopulation has been discussed in literature (5,6).
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