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Abstract

New tissue-engineered matrix for periodontal regeneration based on a biodegradable

material combined with canine adipose-derived stem cells

Periodontium is the organ which involves and sustains the tooth and it is constituted by the
alveolar bone which forms the dental alveolus, the cementum which surrounds the tooth root,

the periodontal ligament, which connects them and form a joint, and the gingiva.

Periodontitis is an inflammatory pathology highly prevalent in both dogs and humans that,
when not treated, can lead to tooth exfoliation and also to life threatening systemic
implications due to the blood dispersion of inflammatory mediators and pathogenic

microorganisms.

The routine clinical therapies currently used to treat periodontal defects are often ineffective.
Tissue Engineering has emerged as a valuable alternative approach aiming to regenerate ad
integrum the architecture and the biological function of the damaged tissue by providing the

repair site with a suitable supportive biomaterial seeded with stem cells.

Mesenchymal stem cells from oral and dental origin have the ability to regenerate the
periodontium; however, harvesting cells from these sites implies significant local tissue
morbidity and low cell yield, as compared to non-oral sources, such as the adipose tissue.
Adipose-derived stem cells (ASCs) hold a great potential in cell based therapies for their
easiness of harvesting with low morbidity, generating high yields of cells with capacity to

differentiate into several lineages.

The main goal of this Thesis was to develop a new Tissue Engineering approach for the
treatment of periodontal defects, based on an innovative biodegradable supportive matrix
combined with ASCs. As the dog is the most relevant animal model to study human
periodontal disease and, simultaneously, an important subject in Veterinary Medicine, we
envisioned to validate this Tissue Engineering strategy in a canine model prior to the
translation of this strategy for human application. With this in mind, the work aimed to

achieve the following distinct objectives:

e Optimize harvesting and isolation of canine ASCs (cASCs) from different anatomical
regions and characterize their stemness and osteogenic potential at different

passages;



e Evaluate the response to the implantation of cCASCs in a healthy mice subcutaneous
model;

e Develop and characterize a double layer biodegradable scaffold meeting the
requirements to achieve different functionalities, targeting regeneration of periodontal
defects;

¢ Evaluate the potential of the developed double layer scaffold for Tissue Engineering
by culturing it with cASCs,

e Assess the in vivo functionality of the scaffold for bone regeneration, using a rat

mandibular defect model.

In order to achieve the proposed objectives, in a first stage, canine adipose tissue samples
were harvested from two different anatomical sites, namely subcutaneous and omental
adipose tissue, and the isolation of CASCs was optimized. The stemness and the osteogenic
differentiation potential of these cells were analyzed along passages using real time RT-PCR
and staining procedures. Subsequently, the same stem cells were xenotransplanted (into a

mouse model) in order to evaluate the response of the xenogenic host against the cASCs.

Concomitantly, a double layer scaffold made of a blend of starch and poly (e-caprolactone)
was designed, comprising a 3D fiber mesh functionalized with silanol groups to promote
osteogenesis and a solvent casting membrane aiming to act as a barrier against the
migration of gingival epithelium into the periodontal defect. The obtained scaffolds were
extensively characterized regarding their mechanical properties, degradation behaviour and
effectiveness of the functionalization. Ultimately, the scaffolds were seeded/cultured with

CcASCs to assess the in vitro functionality of the obtained constructs.

Finally, to assess the ability of the developed scaffold to promote bone regeneration, these
were implanted in a circular critical size defected induced in rat mandible, and the formation

of new bone was quantified after 8 weeks of implantation.

In general, the stemness and osteogenic differentiation potential of the cASCs was found to
decrease along increasing passages. Additionally, it was shown that the anatomical origin of
the adipose tissue has a significant effect in the osteogenic differentiation ability of these
cells. After the injection of cASCs in a xenogenic host (mouse), it was proved that no

significant local immunogenic response was detected against them.

The physicochemical characterization of the newly developed double layer scaffold showed

that this matrix presents a morphology, surface composition, degradation behaviour and



mechanical properties suitable for assisting periodontal regeneration. The biological studies
with cASCs revealed the potential of both layers to allow cellular adhesion and proliferation,

and also to promote the osteogenic differentiation on the functionalized fiber mesh.

In the induced mandibular defect, the functionalized scaffold with silanol groups was shown
to enhance higher new bone formation in comparison to a collagen commercial membrane
and to empty defects. Moreover, the membrane layer was observed to avoid the epithelial
and connective tissue ingrowth, which is one of the main requirements for guided tissue

regeneration.

In summary, this work demonstrated that the canine adipose tissue provides an alternative
source of stem cells with the ability to differentiate into different cellular lineages and which
do not induce an in vivo inflammatory response in the xenogeneic host. These findings
together with the observed potential of the developed scaffold to accommodate the
proliferation and differentiation of the cultured cASCs and to enhance in vivo bone
regeneration allows to propose this tissue-engineered matrix for periodontal regeneration as
an alternative to the techniques currently used in the dentistry field, both in human and in

veterinary medical practice.

Keywords: Periodontium, Periodontal regeneration, Tissue Engineering, Biomaterials,

Adipose-derived stem cells, Dog, Animal models
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Resumo

Nova matriz de engenharia de tecidos para regeneracéo periodontal baseada num material

biodegradavel combinado com células estaminais derivadas do tecido adiposo canino

O periodonto é o 6rgdo que envolve e sustenta o dente, sendo constituido pelo osso alveolar
que forma o alvéolo dentario, o cemento que envolve a raiz do dente, o ligamento
periodontal que estabelece a ligacdo entre os dois tecidos anteriores formando uma

articulacdo e a gengiva.

A periodontite € uma doenca inflamatoria de elevada prevaléncia em cées e seres humanos
e que, quando néo tratada, pode conduzir a esfoliacdo dentéria e colocar em risco a vida do
doente devido as manifestagbes sistémicas decorrentes pela dispersdo sanguinea de

mediadores inflamatoérios e microrganismos patogénicos.

Os tratamentos que atualmente se usam para tratar esta patologia revelam-se muitas vezes
ineficazes. A Engenharia de Tecidos emergiu, recentemente, como uma potencial terapia
alternativa. Esta abordagem consiste no fornecimento de um biomaterial de suporte
semeado com células estaminais que visa a regeneracado ad integrum da arquitetura e da

funcgé&o bioldgica do tecido afetado.

As células estaminais mesenquimatosas de origem oral e dentaria tém a capacidade de
regenerar o0s tecidos periodontais. No entanto, as células provenientes destes locais
pressupbem uma morbilidade significativa associada ao local da colheita e possuem um
baixo rendimento celular em comparagéo com fontes ndo-orais, como por exemplo o tecido

adiposo.

As células estaminais derivadas do tecido adiposo (ASCs) possuem um grande potencial de
aplicacdo em terapias celulares devido a sua facilidade de colheita e baixa morbidade

associada, ao alto rendimento de células isoladas e a capacidade demonstrada para se

diferenciarem em inUmeras linhagens celulares.

O principal objetivo da presente Tese consistiu no desenvolvimento de uma nova
abordagem de Engenharia de Tecidos para o tratamento de defeitos periodontais com base

numa matriz biodegradavel combinada com ASCs.
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Partindo do conhecimento de que o cdo é o modelo animal mais relevante para estudar a
doenca periodontal em humanos, pretende validar-se esta estratégia de Engenharia de
Tecidos em modelo canino antes da aplicacdo translacional para a Medicina Humana, sem
descuidar nunca que esta doenca assume também grande importancia na Medicina
Veterinaria. Tendo isto em consideragdo, o trabalho desenvolvido nesta Tese teve como

principais objetivos:

e Otimizar a colheita e o isolamento de ASCs caninas (CASCs) provenientes de
diferentes regibes anatdémicas e caracterizar a sua estaminalidade e o seu potencial
osteogénico em diferentes passagens;

e Avaliar a resposta a implantacdo de cASCs em modelo subcutaneo de murganho
saudavel;

e Desenvolver e caracterizar um material de suporte (scaffold) biodegradavel de dupla
camada que vise a regeneracao de defeitos periodontais;

e Avaliar o potencial in vitro do scaffold de dupla camada desenvolvido para uso em
Engenharia de Tecidos através da sua cultura com cASCs;

e Avaliar a funcionalidade in vivo do scaffold para a regeneracdo 0ssea, utilizando um
modelo de defeito mandibular em rato.

A fim de alcancar os objetivos propostos, numa primeira etapa, as amostras de tecido
adiposo canino foram colhidas a partir de duas localizac6es anatémicas diferentes, a saber,
tecido subcutaneo e tecido omental, e o isolamento das cASCs foi posteriormente otimizado.
A estaminalidade destas células e o potencial de diferenciacdo osteogénica foram
analisadas ao longo das diferentes passagens através de RT-PCR em tempo real e
histologia. Posteriormente, as mesmas cASCs foram xenotransplantadas em murganho, a

fim de avaliar a resposta xenogénica do hospedeiro contra as mesmas.

Concomitantemente, desenvolveu-se um scaffold composto por uma mistura de amido e
poli-e-caprolactona e compreendendo duas camadas: uma malha tridimensional de fibras
(“fiber mesh”) funcionalizadas com grupos silanol para promover a osteogénese ao nivel do
0sso alveolar, e uma membrana obtida por evaporacdo de solvente com o intuito de atuar

como barreira contra a migracao de epitélio gengival para o interior do defeito periodontal.

Os scaffolds obtidos foram extensivamente caracterizados quanto as suas propriedades
mecanicas, ao comportamento de degradacgéo e a eficacia da técnica de funcionalizagéo. De
seguida, os scaffolds foram semeados com cASCs a fim de avaliar a funcionalidade in vitro

das construcfes obtidas.
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Como forma de avaliar a capacidade dos scaffolds desenvolvidos para promover a
regeneracdo Ossea, estes foram implantados num defeito circular de tamanho critico
induzido na mandibula do rato, e a formacdo de novo osso foi determinada apos oito

semanas de implantacéo.

Em geral, a estaminalidade e o potencial de diferenciacdo osteogénica das cASCs
decresceu ao longo de passagens. Além disso, demonstrou-se também que a origem
anatomica do tecido adiposo tem um efeito significativo nas duas caracteristicas analisadas.
Apbs a injecdo de cASCs num hospedeiro xenogénico (murganho), ndo foi observada

nenhuma resposta inflamatéria local exuberante contra as mesmas.

A caracterizacao fisico-quimica do scaffold desenvolvido demostrou que esta matriz
apresenta uma morfologia, composi¢cao da superficie, comportamento de degradacdo e
propriedades mecéanicas adequadas para auxiliar a regeneracdo periodontal. Os estudos
biol6gicos com cASCs revelaram o potencial que ambas as camadas tém de permitir a
adesdao e proliferacdo celular, bem como de promover a diferenciagdo osteogénica na malha

funcionalizada.

Nos defeitos mandibulares experimentais, o scaffold funcionalizado com grupos silanol
induziu uma maior formacdo de 0sso novo em comparacdo com a membrana comercial de
colagénio e com os defeitos vazios. Além disso, a face composta pela membrana evitou o
crescimento do tecido epitelial e conjuntivo para o interior do defeito, o qual € um dos

requisitos para o sucesso da regeneracao guiada de tecidos.

Em resumo, este trabalho demonstrou que o tecido adiposo canino fornece uma fonte
alternativa de células estaminais com capacidade de diferenciacdo osteogénica e que estas
nao induzem uma resposta inflamatéria exuberante no hospedeiro xenogénico. Estes
resultados, juntamente com o potencial observado do scaffold desenvolvido para acomodar
a proliferagéo e diferenciacdo das cASCs cultivadas e para promover a regeneragéo de 0Sso
in vivo, permite propor esta construcdo como uma alternativa as técnicas atualmente

utilizadas na regeneracéo periodontal, tanto no homem como no céo.

Palavras-chave: Periodonto, Regeneracdo periodontal, Engenharia de Tecidos,

Biomateriais, Células estaminais derivadas do tecido adiposo, Cao, Modelos animais
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Periodontal tissue engineering strategies based on non-oral stem cells

Abstract

Periodontal Disease is an inflammatory disease which constitutes an important health
problem in humans, due to its enormous prevalence and life threatening implications on
systemic health. Routine standard periodontal treatments include gingival flaps, root
planning, application of growth/differentiation factors or filler materials and guided tissue
regeneration. However, these treatments have come short on achieving regeneration ad
integrum of the periodontium, mainly due to the presence of tissues from different embryonic

origins and their complex interactions along the regenerative process.

Tissue Engineering (TE) aims to regenerate damaged tissue by providing the repair site with
a suitable scaffold seeded with sufficient undifferentiated cells and thus constitutes a
valuable alternative to current therapies for the treatment of periodontal defects. Stem cells
from oral and dental origin are known to have potential to regenerate these tissues.
Nevertheless, harvesting cells from these sites implies a significant local tissue morbidity and
low cell yield, as compared to other anatomical sources of adult multipotent stem cells. This
manuscript reviews studies describing the use of non-oral stem cells in Tissue Engineering
strategies, highlighting the importance and potential of these alternative stem cells sources in

the development of advanced therapies for periodontal regeneration.

*This Chapter is based on the following publication:

Requicha JF, Viegas CA, Mufioz F, Reis RL, Gomes ME. Non-oral stem cells on

periodontal regeneration strategies. The Anatomical Record. doi: 10.1002/ar.22797
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1. Introduction

Periodontium is an organ constituted by various tissues namely the alveolar bone, which
forms the dental alveolus, the cementum which surrounds the root, the periodontal ligament
(PDL) which is sustained by the bone and the cementum, bonding them, and finally the

gingiva, which involves all the tissues above (1, 2) (Fig. 1.1).

Enamel

Dentin

Dental pulp
B Cementum

Alveolarbone
Periodontal ligament
Bl Gingiva

Figure 1. 1 — Schematic representation of the dental and periodontal anatomy.

The periodontium is often affected by the Periodontal Disease (PD), an inflammatory disease
which includes two different inflammatory stages: an initial form called gingivitis and an
advanced form called periodontitis (Fig. 1.2), which usually progresses with bone resorption,
cementum necrosis and gingival recession or hyperplasia. Ultimately, when left untreated, it
leads to the formation of a periodontal pocket with permanent loss of tooth support, and

consequently increasing mobility and teeth loss (3-5).

Figure 1. 2 — Periodontal disease aspect in humans. A: healthy gingiva; B: gingivitis; C: periodontitis.
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Periodontal disease has a multifactorial aetiology involving microbial, behavioural (absence
of oral hygiene and diet), local (malocclusions and overcrowding), systemic
(immunodeficiency, infections, metabolic disease and nutritional disturbances) and genetic
factors (6-8). The PD is an important health problem in Medicine, due to its enormous
prevalence and life threatening implications on systemic health. It has been reported a
correlation between PD and preterm birth, low weight at birth and neonatal morbidity,
diabetes, respiratory, osteoarticular and cardiovascular diseases (4). Chronic periodontitis
affects about 30% of the adult population and 7-13% of them have the severe form of the

disease (9).

Periodontal regeneration consists of a complex and orchestrated sequence of biological
events at a molecular and cellular level, accomplishing success when the following goals are
met: formation of new cementum in the radicular surface, restoration of the alveolar crest till
the cementum-enamel junction, reestablishment of the junctional epithelium and formation of
a dense set of periodontal ligament fibers obliquely oriented assuring its functionality (1, 10,
11). This phenomenon involves the pool of progenitor cells present in the periodontium,
clustered near the periodontal ligament blood vessels, which form the fibroblasts,
osteoblasts, and cementoblasts (2) helped by progenitor cells existent in the bone endosteal
spaces which migrate to the PDL (12).

2. Perspective on the current periodontal therapies

The main aims of the current periodontal therapies include the infection control and the re-
establishment of a periodontal tissue apparatus. As the dental plague is the primary cause of
PD, their removal from the tooth crown, gingival sulcus and root surfaces is essential for the
prevention and/or control of periodontal disease. Plague removal can be accomplished by a
combination of home care procedures that include mechanical and chemical plaque
reduction techniques. In order to control the microbial population, clindamycin hydrochloride,
amoxicillin/clavulanate and metronidazole seem to be particularly effective systemic
antimicrobials. Locally delivered antimicrobials (perioceutics), such as doxycycline gel, can

be applied to teeth that have been cleaned and polished (6, 7, 13).

However, when the disease progresses, advanced periodontal surgery becomes necessary.
To treat patients with deep pockets and bone loss, mucogingival surgery (flap exposure),
open curettage (5, 10) and the root conditioning with demineralizing agents (5, 10, 11, 14)
are required. In order to stimulate the periodontal regeneration, the clinicians sometimes

inject into the defects cocktails of growth factors, such as enamel matrix derivatives (EMD) or
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platelet-rich plasma (PRP) (15, 16) or specific growth/differentiation factors (e.g. PDGF, IGF-
1, BMP-2 and BMP-7) (5, 11). In some cases, depending on the dimensions of the defect
and the degree of osteolysis and/or tooth root exposition, it is advised the application of filler
materials such as autografts, allografts and alloplastic materials (most frequently,
hydroxyapatite-HA and tricalcium phosphate-TCP) (5, 10, 14) and/or guided tissue

regeneration (GTR) membranes.

GTR technigues were firstly proposed in the 80s (11, 14) and have the objective to guide
selectively the cell proliferation in different compartments, namely the alveolar bone,
cementum and PDL, using ePTFE, PLA, PGLA or collagen membranes as a physical barrier
(10, 13, 17). In fact, this was one of the first techniqgues which considered the
physiopathology of the periodontal regeneration, avoiding some of the major drawbacks
reported for the other existing therapies, namely, the gingival epithelium and connective
tissue expansion, ankylosis and radicular resorption phenomenon and the difficulty to avoid
the collapse of the periodontal defect (1, 5, 11, 17). However, none of these procedures,
even when used in combination (for example, simultaneous application of filler materials with

GTR membranes) have revealed enough efficacy to achieve full periodontal regeneration.

3. Tissue Engineering

Recently, Tissue Engineering (TE) and other cell based therapies have emerged as an
alternative approach for the regeneration of several tissues damaged by disease or trauma,
including the periodontium. TE involves the use of a support material — membrane or scaffold
— where cells are seeded and cultured in order to obtain hybrid materials which can induce

the regeneration of the target tissue.

Several materials have been proposed to be used in TE, mostly biodegradable polymers of
synthetic and natural origin (17-19) aimed at acting as a support for cells and new tissue
ingrowth until complete regeneration of the tissue defect is accomplished (11, 18, 20, 21).
Tissue engineering approaches usually rely on the use of adult mesenchymal stem cells
(MSCs) (Fig. 1.3), that have the capacity to differentiate in various types of cells, as for
example, osteoblasts, chondroblasts, adipocytes, cardiomyocytes, neuronal cells or

periodontal ligament cells (10, 22, 23).
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Figure 1. 3 — Schematic image of the several stem cells sources for application in periodontal

regeneration.

Periodontium is a highly specialized and complex organ and is derived from the dental follicle
and the neural crest cells. These cells constitute a multipotent cell population in vertebrates
and participate in the embryonic development of most dental tissues including the gingiva,

the dental follicle, the periodontal ligament and the alveolar bone (24, 25).

From the embryonary dental structures, Gronthos and colleagues identified for the first time,
in 2000, the dental pulp stem cells (DPSCs) (26). Stem cells have also been isolated from
human exfoliated deciduous teeth (SHEDs) (27). In the periodontal ligament have been
described the PDL fibroblasts (28) and the PDL stem cells (PDLSCs) (29), which are the
most studied cell source from periodontal origin. From the gingiva, it is possible to obtain
distinct cell populations, such as the gingival fibroblasts and gingival precursor cells (30, 31).
Other undifferentiated dental stem cells have been referred in the literature along the years,
namely, the dental follicle cells (DFCs) (32), the stem cells from the apical papilla (SCAP)
(33) and the cementum-derived cells (CDCs) (34). Regarding the osseous component of the
periodontium, McCulloch et al. proposed, in 1987, that paravascular cells from the endosteal
spaces of alveolar bone communicate with the PDL and may contribute to its cell populations

(12). Recently, undifferentiated stem cells were isolated from the alveolar bone margin (35).

However, the development of new strategies for periodontal regeneration requires significant
amounts of cells with regenerative potential to have therapeutic efficacy, combined or not
with a biodegradable supportive matrices. Furthermore, autologous approaches are usually

preferred for safety reasons and, for this purpose, it is very important to collect these cells
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without sacrifice of the tissues that are intended to regenerate, namely, the periodontium or
even the teeth. Thus, it is of utmost relevance to consider the use of adult MSCs from other
origins. Among those cells, the bone marrow stem cells and the adipose-derived stem cells
assume an important role in the present and future research in this field. Therefore, this
review will focus on the application of undifferentiated stem cells from non-dental and non-
periodontal origin in Tissue Engineering approaches targeting the regeneration of periodontal

defects.

4. Bone marrow stem cells

Bone marrow stem cells (BMSCs) were firstly identified in 1968 (36) and since then they
have been extensively studied, being considered the gold standard in cell-base therapies
and other regenerative medicine approaches. In 2009, Kramer et al. after inject male Dil-
labeled BMSCs into a female rat periodontal pocket, observed for the first time that these

cells obtain PDL morphology and PDL protein markers in vivo over a 6-week period (37).

Along the years, as described below, different Tissue Engineering approaches combining
distinct types of supportive matrices (gels or scaffolds) with undifferentiated BMSCs were

developed and assessed in pre-clinical models, as summarized in the Table 1.1.

One of the first reports on the use of BMSC in periodontal regeneration therapies refers to a
study by Kawaguchi and colleagues (2004) that proposed the auto-transplantation of canine
BMSCs on an atelocollagen gel into dog furcation defects. It was observed that cementum
with extrinsic fibers was formed along almost denuded root surfaces (38), providing one of
the first data on periodontal regeneration in a superior animal model with resemblances to
human. In a subsequent study, the same researchers transplanted BMSCs labeled with
green fluorescence proteins (GFP), using the same gel and experimental model, and
identified cementoblasts, osteoblasts, osteocytes and fibroblast derived from those cells,
concluding that they participate effectively in the periodontal regeneration (39). This data was
corroborated by Wei et al. who used BMSCs labeled with bromodeoxyuridine (BrdU) mixed
with alginate gel in the same model (40) and observed new bone, PDL, cementum and blood

vessels formation and expression of typical surface markers of osteoblasts and fibroblasts.

Another approach (41) described the implantation of BMSCs engineered to express BMP-2
in a pluronic F-127 hydrogel into rabbit periodontal defects where it was demonstrated that
this growth/differentiation factor enhances the regeneration of periodontal tissues comparing

to the use of cells or polymeric gel alone (41).
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A distinct study reported the use of goat BMSCs seeded onto a PLG scaffold that was fitted
around a titanium fixture immediately after tooth removal. The results showed the formation
of new bone and periodontal tissue-like bundles of fibers extending from the periphery of the
wound toward the surface of implant, suggesting that BMSCs-PLG construct promoted
osteointegration (42). In the same year, Zhang and his team implanted a tooth/bone
construct seeded with BMSCs into mandible defects in swines and observed the formation of
small tooth-like structures consisting of organized dentin, enamel, pulp, cementum,

periodontal ligament resembling Sharpey’s fibers and alveolar bone (43).

Rat BMSCs (GFP+) have also been loaded into gelatin microbeads and transplanted into a
surgically created rat periodontal defect (44). After three weeks of implantation, it was found
higher evidence of bone, cementum and PDL regeneration in defects filled with microbeads-
BMSCs than in empty defects or defects filled with the beads alone.

Recently, a study performed by Tsumanuma and colleagues compared the performance of
BMSCs with PDLSCs and alveolar periosteal cells (APCs), when applied as cell sheets in a
biodegradable polymer membrane for periodontal regeneration. The obtained histological
data showed that the alveolar bone regeneration ratio was higher when using the PDLSCs,
as well as the cementum thickness and the quality of PDL fibers orientation (45). Moreover,
Wei and his team (2012) reported that the formation of human PDLSCs sheets was
promoted by vitamin C induction and extrapolated this finding to both human BMSCs and
UCSCs by culturing them with 20 mg/ml of vitamin C (46). Recently, several molecular
factors have been proposed to promote the regenerative mechanism of the periodontium, for
example, the platelet-rich plasma (15), the enamel matrix derivatives (EMD) (47, 48) or other
specific growth/differentiation factors (e.g. PDGF, IGF-1, BMP-2 and BMP-7) (5, 49-51). For
examples, Assuncdo et al. evaluated the effect of platelet-poor plasma (PPP), calcium
chloride-activated platelet-rich plasma (PRP/Ca), calcium chloride- and thrombin-activated
PRP (PRP/Thr/Ca), as well as BMSCs with PRP/Ca (BMSCs/PRP/Ca) on the healing of
replanted dog teeth. The obtained outcomes suggest that thrombin activation is more
effective in the healing, and that the use PRP/Ca with BMSCs show advantages in
comparison to PRP/Ca alone (52). A study comparing the use BMSCs plus PRP and PRP or
autogenous cortical bone alone concluded that no differences were observed between the

treatments (53).

Zhou et al. described a study in which canine BMSCs modified by osteoprogesterin gene
were seeded onto a PLGA scaffold and implanted in an autologous periodontal defect,
leading to enhanced formation of new alveolar bone and cementum as well as new

connective tissue, as compared to the controls (without cells and material). This study shows

10
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that gene therapy utilizing osteoprogesterin may be used as an adjuvant in periodontal TE

therapies/strategies (54).

In the same year, it was reported the use of a collagen membrane as a vehicle for canine
BMSCs transfected with BMP-7, revealing higher bone formation and new cementum length
upon implantation in a canine furcation defect, comparing to the material with non-
transfected cells (49). Chung et al. engineered these cells with BMP-2 and obtained
promising results in terms of periodontal regeneration (51). Bone marrow stem cells
transfected with human B-FGF have also shown to accelerate significantly the periodontal
regeneration in dog class Il furcation defects (55).

A work focused on using either human BMSCs or PDLFs seeded onto bone ceramic
particles with EMD in a subcutaneous mice model, revealed no differences between the two
cell sources in terms of ectopic bone formation. In contrast, a large amount of
bone/cementum-like tissue and PDL-like fibrous tissue was found when used implants
containing PDLFs, as compared to those based on BMSCs (48).

Another comparative study demonstrated that co-cultured human PDLSCs and BMSCs
subsequently combined with an osteoinduced ceramic bovine bone led to the formation of a
neovascularized ectopic cementum/PDL-like complex resembling the physiologic PDL

Sharpey’s fibers (56) in a subcutaneous mice model.

Apart of the effect of molecular stimuli on the cells behaviour, other stimuli has been studied,
as recently referred by Cmielova et al. who concluded that BMSCs, as well as PDLSCs,

respond to ionizing radiation by induction of senescence without affect viability (57).

Bone marrow stem cells have also been proposed in several strategies for regenerate the
alveolar bone, a particular component of the periodontium, combined with different materials,
namely B-TCP (58), HA/TCP (59) and fluorohydroxyapatite (60), nano-hydroxyapatite block
scaffolds (61), chitosan-gelatin scaffold (62) and fibrin glue (63), or even combined with PRP

for improve the osteointegration of hydroxyapatite-coated dental implants (64).
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Table 1. 1 — Summary table describing tissue engineered approaches for periodontal regeneration based on the use of BMSCs.

Animal origin Source Material Molecular signal  Animal model Experimental defect Implantation Reference
time
Canine (2y, Beagle) lliac crest Atelocollagen (2% type | Canine Class lll furcation 4 weeks Kawaguchi et al.,
collagen) gel (autologous) defect 2004
Canine (12-20m, lliac crest Atelocollagen (2% type | Canine Class lll furcation 4 weeks Hasegawa et al.,
Beagle) collagen) gel defect 2006
Rabbits (adult, New lliac crest Pluronic F 127 gel Cells expressing Rabbits Periodontal defect 6 weeks Chen et al., 2008
Zealand) BMP-2 (autologous)
Goat (6m-3.5y) Femur PLG scaffold Canine fresh 10 days and 4 Marei et al., 2009
extraction socket weeks
Canine (6-10m, Beagle) Tibia Calcium alginate gel Cells transfected Canine Class lll furcation 6 weeks Tan et al., 2009
with human bFGF defect
Pig (3.6m, female, liac crest PLGA 3D scaffold Pig (autologous)  Alveolar bone defect 12 and 20 weeks  Zhang et al., 2009
Yucatan mini pigs)
Canine (adult, Beagle) Femur Collagen membranes Canine Periodontal defect 8 weeks Li et al., 2009
(autologous)
Canine (adult, Beagle) Tibia Calcium alginate gel Canine Class lll furcation 6 weeks Wei et al., 2010
(autologous) defect
Rat (8w, male, Microcarrier gelatin bead Rat (allogenic) Periodontal defect 3 weeks Yang et al., 2010
Sprague-Dawley)
Canine (adult, Beagle) Collagen membrane Cells transfected Canine Class Il furcation 12 weeks (Lietal, 2010
with BMP-7 (autologous) defect
Canine (adult, Beagle) PLGA scaffold Cells expressing Canine One-wall defect 6 weeks Zhou et al., 2010
osteoprogesterin (autologous)
Canine (adult, Beagle, lliac crest PGA membrane Canine One-wall defect 8 weeks Tsumanuma et al.,
male) (autologous) 2011
Canine (12-18m, lliac crest PPP and PRP Extracted incisors 120 days Assuncgio et al.,
mongrel) replantation 2011
Canine (adult, Beagle, liac crest Pluronic F 127 gel Cells transfected Canine Periodontal defect 8 weeks Chung et al., 2011
male) with BMP-2 (autologous)
Human Femur Bone ceramic particles EMD Mouse (6w, Subcutaneous 6-8 weeks Mrozik et al., 2012
NOD/SCID) implantation
Canine (adult, mongrel) lliac crest PRP Canine Class Il furcation 8 weeks Simsek et al., 2012
Amcﬁo_omocmv defect
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5. Adipose-derived stem cells

Adipose-derived stem cells (ASCs) were firstly identified in 2001 by Zuk (65) and since then
they have been the focus of many studies on regenerative medicine (66, 67). In fact, the
adipose tissue exhibits several attractive advantages over other stem cells sources such as
the bone marrow, mainly due to its wide availability (68), the relative simplicity of the
harvesting procedures (69, 70) and their great differentiation potential (22, 71). In fact, it is
possible to obtain a large quantity of cells without causing high morbidity in the harvesting
site, as for example, from 1 g of adipose tissue it can be isolated about 5,000 stem cells,
whereas the yield from BMSCs is 100-1,000 cells/ml of bone marrow (72). Therefore, ASCs
are considered a very attractive stem cell type for the development of new Tissue
Engineering and other cell-based therapies, including for periodontal regeneration. Table 1.2

summarizes recent studies focusing on the use of ASCs in periodontal TE strategies.

The use of ASCs in periodontal regeneration strategies was reported for the first time in 2008
(15). In the referred study, rat ASCs were mixed with PRP and implanted into periodontal
defects induced in rats. After 2 and 4 weeks of implantation, a small amount of regenerated
alveolar bone was observed. Moreover, 8 weeks after implantation, it was observed the
formation of a PDL-like structure along with alveolar bone (15).

Hung et al. (2011) demonstrated that implants composed of collagen gels with either rabbit
ASCs or rabbit DPSCs, were able to promote the growth of self-assembled new teeth in adult
rabbit extraction sockets with high success rate. Furthermore, rabbit ASCs demonstrated a
higher growth rate and a better senescence resistance in culture, when compared to rabbit
DPSCs (73).

An interesting in vitro study by Wen et al. described the potential of ASCs for periodontal
regeneration showing that when incubated in dentin non-collagenous proteins and dental
follicle cell conditioned medium adopted flat, cuboidal or polygonal shapes, features typical of
a cementoblast-like morphology. Additionally, under these conditions, cells showed in vitro
mineralization ability, ALP activity and expression of bone sialoprotein, type | collagen,

osteonectin and osteocalcin characteristic of cementoblasts (74).
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Table 1. 2 — Summary table describing tissue engineered approaches for periodontal regeneration

based on the use of ASCs.

Animal origin  Source Material Molecular  Animal Experimental Implant. Ref.
signal model defect time

Rat (10w, Inguinal PRP Rat Periodontal 2,4 and Tobita et

male, Wistar) region fenestration 8 weeks al., 2008
defect

Rabbit (2-6m Abdomen Porcine BMP-2 Rabbit Incisors 12 weeks Hung et

female, New collagen | (auto- extraction al., 2011

Zealand) g_;el Iog_;ous) socket

6. Embryonic stem cells

Embryonic stem cells (ESCs) are derived from the inner cell mass of blastocysts and are
pluripotent stem cells capable of differentiating into almost all kinds of cells of the adult body
(75).

Only a few studies have addressed the potential use of ESCs in periodontal regeneration.
Inan¢ and colleagues (2007) characterized the osteogenic differentiation potential of human
embryonic stem cells (hESCs) under the inductive influence of human PDL fibroblast
monolayers (76). The same authors have also achieved with success the differentiation of
hESCs (HUES-9) into periodontal ligament fibroblastic progenitors (76, 77). A study on the
differentiation capacity of hESCs toward the periodontal compartment cells and their
relationship with tooth root surfaces in vitro, demonstrated that hESCs differentiation is
influenced by tooth structures (extracted tooth root slices), PDLFs, and osteogenic medium,
resulting in increased propensity toward mesenchymal lineage commitment, and formation of
soft-hard tissue relationship in close contact areas (78). These reports suggest that human
ESCs may be considered an important cell source for periodontal Tissue Engineering

applications.

7. Induced pluripotent stem (iPS) cells

The reprogramming of somatic cells into induced pluripotent stem (iPS) cells by forced
expression of a small number of defined factors (e.g., Oct3/4, Sox2, Klf4 and c-Myc) (79, 80)
has great potential for tissue-specific regenerative therapies, avoiding ethical issues
surrounding the use of ESCs and problems with rejection following implantation of non-

autologous cells.

So far, the only study on iPS cells focusing in periodontal regeneration showed that iPS cells

combined with EMD were found to provide a valuable tool for periodontal Tissue Engineering

14
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by promoting the formation of new cementum, alveolar bone, and normal periodontal
ligament when applied in an apatite-coated silk fibroin scaffold into a mouse periodontal
defect (81).

8. Periosteal progenitor cells

The cultured periosteum was also considered as a suitable cell source for periodontal
regeneration because it has the capacity to differentiate into an osteoblastic lineage and
expresses periodontal tissue-related genes (82, 83). Mizuno et al. (2006) grafted autologous
cultured cell membrane derived from periosteum into a class Il furcation defect in dogs.
Three months after the surgery, periodontal regeneration containing alveolar bone,
cementum and periodontal ligament-like connective tissue was observed (84). In 2008,
Yamamiya et al. showed that cultured periosteum combined with PRP and hydroxyapatite

induced clinical improvements in human periodontal infrabony defects regeneration (85).

9. Conclusion

Great advances concerning the use of undifferentiated stem cells in regenerative medicine
approaches have been done in the last decade. The regeneration of the periodontium is
known to be challenging to the clinicians. Thus, the development of new therapies based on
cells and/or tissue engineered scaffolds opened a new era of the periodontal regeneration.
The stem cells from dental and oral origin were the firsts to be proposed for this aim,
nevertheless, adult mesenchymal stem cells, namely, those from bone marrow and adipose
tissue, have revealed promising characteristics to fulfill the regeneration of periodontal
damages. Among the stem cells from adult origin, the adipose-derived stem cells assume a
particular interest in terms of clinical application, regarding their easiness of harvesting,
expansion and differentiation in several cellular lineages. Thus, in the near future it is
expected that many efforts on the development of new Tissue Engineering strategies based

in this cell source will be proposed for the regeneration of bone and periodontal damages.
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Chapter Il

Materials and Methods

This Chapter provides a general overview and detailed information on all the techniques
used and biological assays performed under the scope of this Thesis. Although described in
the Materials and Methods section of each experimental work, herein the objective is to
contextualize and justify the selection of materials and methodologies applied throughout the

thesis and complement information provided in each chapter.

1. Canine adipose-derived stem cells (CASCs): harvesting of source tissue, isolation,

expansion and differentiation

The adipose-derived stem cells (ASCs) have gained importance in the last years, mainly due
to the wide availability of the adipose tissue, enabling to collect larger quantities and due to
the easiness of its harvesting procedures, minimizing site morbidity (1, 2). Furthermore,
ASCs have the potential to differentiate into several mesoderm lineages, which justifies the
increasing interest of using these cells in distinct cell-based therapies. Therefore, the
Chapter lll describes the harvesting, culturing and characterization of ASCs from canine

origin.

The rationale for selecting canine ASCs (cASCs) was mainly based on the fact that dog is
considered as the most suitable model for research in Periodontology, because of the natural
occurrence of periodontal disease in this specie, that resembles the pathophysiological
mechanisms of the disease in humans, and also due to the similarities in terms of histological
and microbiological characteristics of the periodontium (3, 4). As disadvantageous of the
model, it can be highlighted the different dental anatomy presented by humans and the

higher bone turnover rate (5).

Although the dog model is the paradigm for the research in periodontal regeneration, it raises
ethical and social issues, and thus should be reserved for the last phase of validation before
human application (3, 5). For that reason, on the scope of this Thesis, small rodent models
were further used in order to assess the behaviour of the studied cells (Chapter 1V) and the

developed biomaterials (Chapter VII) prior to future studies in canine preclinical models.

Subsequently, cASCs were used in Chapters V and VI to seed/culture onto the materials

developed in the scope of this Thesis envisioning their application in periodontal
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regeneration. These studies were aimed at assessing the biological behaviour of the newly
developed scaffolds, but also to assess the in vitro functionality of a hybrid matrix composed

of the scaffold and the cells targeting periodontal tissue engineering applications.

1.1. Harvesting of the canine adipose tissue

1.1.1. Animal enrolment

The adipose tissue samples were collected from six adult dogs, between 1 and 5 years of
age, from both genders (3 males, 3 females) and in good general health status, and subject
of convenience surgery in the Veterinary Hospital of the University of Tras-os-Montes e Alto

Douro, with previous informed consent of the owners.

1.1.2. Anaesthesia

The dogs were sedated by an intramuscular administration of 0.2 mg/kg IM butorphanol
tartrate (Torbugesic 1%; Fort Dodge, the Netherlands), which is a synthetic opioid partial
agonist, and 30 pg/kg IM acepromazine maleate (Vetranquil; CEVA Sante Animal, France), a
phenothiazine derivative. Anaesthesia was achieved by an intravenous administration of 0.25
mg/kg IV diazepam (Diazepam MG; Labesfal, Portugal), a benzodizepine, 4 mg/kg IV
ketamine (Imalgene 1000; Merial, France), a dissociative, and 4 mg/kg IV propofol (Lipuro
2%; Braun, Germany), an alkyphenol derivative, and was maintained with an inhalant
general anesthetic agent, namely 1% isoflurane (IsoFlo; Abbott Animal Health, USA)

administered in oxygen through an endotracheal tube (6).

1.1.3. Surgical procedure

After anesthetized, the animals were placed in dorsal recumbence and it was made a careful
tricothomy and asepsis of the ventral abdomen from the xiphoid to the pubis with 0.1%
iodopovidone (Ectodine, Portugal). Briefly, a 4-8 cm incision was made just caudal to the
umbilicus in the cranial third of the caudal abdomen through skin and subcutaneous tissue to
expose the linea alba (7). At this moment, samples of adipose tissue were collected from the

abdominal subcutaneous region for further use in the following experimental sections.

Then, while the linea alba was grasped tenting it outward, a stab incision was made into the
abdominal cavity. The incision was extended cranial and caudally with Mayo scissors and the
abdominal wall was elevated by grasping the linea or external rectus sheath with thumb
forceps (7). After identifying the great omentum, samples of adipose tissue were collected

from that organ for further use.
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After accomplished the convenience surgery, the linea alba was closed with simple
interrupted sutures or a simple continuous suture pattern, by using strong, 2/0 or 3/0
absorbable suture material, such us polyglyconate (Monosyn; BBraun, Portugal) or
polyglycolic acid (Safil; BBraun, Portugal). The subcutaneous tissue was closed with a
simple continuous pattern of absorbable suture material and, then, the skin was sutured with
simple interrupted appositional pattern using a nonabsorbable suture material, such us silk
(Silkan, Braun) (7).

1.1.4. Adipose tissue storing

All the adipose tissue samples (abdominal subcutaneous and omental) collected from the
animals enrolled in this study were placed into sterile containers with PBS (Phosphate Buffer
Solution; Sigma Aldrich, Germany) with 10% antibiotic/antimycotic (Fluka, UK), refrigerated

at 4 °C and transported to the laboratory to be processed.
1.2. Isolation of the canine ASCs

All the adipose tissue samples were processed within 12 hours upon harvesting. The cASCs
were isolated by an enzymatic isolation method, which was previously optimized for human
ASCs and described in several reports including from the 3B’s Research Group (2, 8, 9).

This method was used to obtain the cASCs used in Chapters Il to VI of this Thesis.

Briefly, the adipose tissue samples were washed with PBS containing 10%
antibiotics/antimycotic and minced into small fragments using a scissor. The fragments were
digested with a solution of 0.1% collagenase type IA (Sigma Aldrich, Germany) in PBS at 37
°C under shacking at 200 rpm for 40 min (10 mL/10 cm™ tissue). This collagenase is purified
from the fermentation of Clostridium histolyticum bacteria and contains collagenase, non-
specific proteases, clostripain, neutral protease and aminopeptidase which act together to

break down the connective tissue.

Collagenase was inactivated with an equal volume of culture medium containing 10% FBS
(Fetal Bovine Serum; Invitrogen, USA). The digested tissue was filtered with a 100 um nylon

mesh and centrifuged at 1250 rpm for 5 min at 20 °C and the supernatant removed.

The obtained cells were resuspended in culture medium (basal medium, BM) composed of
DMEM (Dulbecco’s Minimum Essential Medium Eagle; Sigma Aldrich, Germany), 10% FBS,
sodium bicarbonate (Sigma Aldrich, Germany) and 1% antibiotic/antimycotic and then

seeded in 25 cm? culture flasks.
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After 48 hours, the cells were rinsed with PBS and the medium was changed to remove non-
adherent cells, such as hematopoietic cells or dead cells. The adherence of cells to the
plastic culture flask is one of the criteria of being considered mesenchymal stem cells

(MSCs) as stated in the last consensus of the International Society of Cellular Therapy (10).
1.3. Expansion of canine ASCs

The cells were (11, 12) cultured in plastic adherent culture 150 cm? T-flasks, using basal
medium, which was changed three times a week until reaching a confluence of around 80%.
At each passage (P), 10 uL of cell suspension were collected and mixed with 10 pL of
Trypan Blue (Alfagene, Portugal) in order to assess cell viability and the total nucleated cells
counts determined using a hematocytometer before being used in the further differentiation
studies. Along the different passages, the cultured cASCs, both from subcutaneous and
omental origin, were collected for gene expression analysis in order to evaluate the effect of
the passaging and the effect of the anatomical origin in their stemness and osteogenic
potential (Chapter III).

1.4, Differentiation of the canine ASCs

The multilineage differentiation potential is another important criteria to characterize the
MSCs (10). Thus, in Chapter Ill was assessed the osteogenic and chondrogenic
differentiation potential of the cASCs after culturing in previously established conditions. In
the same study, it was also evaluated the effect of passaging and the effect of the anatomical

origin of the tissue in the osteogenic differentiation of the cASCs.
1.4.1. Osteogenic differentiation of the canine ASCs

Canine ASCs, at passage P1, P2, P3 and P4, were seeded at a density of 5x10* cells per
culture flask (75 cm? T-flask), and further cultured for 14, 21, 28 and 35 days in osteogenic
medium (OM) composed of aMEM (Alpha Minimum Essential Medium Eagle; Sigma Aldrich,
Germany) supplemented with 10% FBS, sodium bicarbonate, 1% antibiotic/antimycotic,
ascorbic acid (Sigma, USA), 10® M dexamethasone (Sigma, USA) and 10 mM B-

glycerophosphate (Sigma, USA); the culture medium was changed twice a week.

The osteogenic medium used in this work included the ascorbic acid (vitamin C), which is
essential for collagen synthesis and secretion; the B-glycerophosphate that provides an
inorganic source of phosphate needed for the mineralization process; and the
dexamethasone that has a role in enhancement of alkaline phosphatase activity and the

mineralization process (13, 14).
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1.4.2. Chondrogenic differentiation of canine ASCs

Canine ASCs (about 5x10° cells), at P1, P2, P3 and P4, were resuspended in chondrogenic
medium (CM) and centrifuged at 800 G for 5 min, in order to obtain cell pellets. Pellets were

cultured in the same medium for up to 21 days at 37 °C and 5% CO,, in 15 mL falcon tubes.

Chondrogenic medium was composed of DMEM supplemented with 5% FBS, sodium
bicarbonate, 1% antibiotic/antimycotic, 1 mM dexamethasone, 17 mM ascorbic acid, 10
ng/mL TGF-f1 (human transforming growth factor-B1; eBioscience, USA), 10% Insulin-
Transferrin-Selenium (ITS) (Sigma, USA), 35 mM L-proline (Sigma, USA) and 0.1 M sodium

pyruvate (Sigma, USA) and was changed twice a week.

The TGF-Bl is known to provide an appropriate external signal for chondrogenesis
stimulating cartilage-specific proteoglycan production (15); ITS supplement provides a rich
source of recombinant human insulin, human transferrin and sodium selenite; L-proline,
which is essential for the collagen type Il synthesis (16); Sodium pyruvate is an additional

source of energy for the differentiation process due to its role in the glycolysis.
1.5. Characterization of the canine ASCs

Cultured cASCs from the different passages, culturing conditions and culturing periods were
collected for further evaluation of their stemness and for their capacity to differentiate into the
chondrogenic and osteogenic lineages. This characterization was carried out by the gene
expression analysis by real time RT-PCR, and by cytology assessing the production of
mineralized matrix (CASCs in osteogenic medium) and cartilage matrix (CASCs in

chondrogenic medium).
1.5.1. Gene expression analysis

Reserve transcription combined with real time polymerase chain reaction (Real time RT-
PCR) has proven to be a powerful method to quantify gene expression. There are two
different methods of analyzing data from quantitative PCR, the absolute quantification and

the relative quantification (17).

In Chapter Il was evaluated the relative gene expression of three MSCs markers (CD73,
CD90 and CD105) on the undifferentiated cASCs, and the relative gene expression of the
three specific osteoblast markers (Collagen type | alpha 1, Runt-related transcription factor 2

and Osteocalcin) on the cASCs cultured in osteogenic medium.
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The same gene expression analysis of the osteoblast markers by real time RT-PCR was
performed on the cASCs cultured on biomaterials, both in basal and in osteogenic medium,
as described in Chapters V and VI.

Typical markers of the mesenchymal stem cells

The clusters of differentiation CD73, CD90 and CD105 are the widely accepted as main
positive markers of the mesenchymal stem cells (MSCs) (10), which are described below in

terms of molecular characteristics:

e CD73 or Ecto-5-nuclectidase is a glycoprotein located in the plasma membrane as
an ectoenzyme (18);

e CD90 or Thy-1 is a cell adhesion molecule and the smallest member of the
immunoglobulin superfamily. CD90 is also known as thymocyte differentiation
antigen-1 based on its presence on mouse thymocytes (19);

e CD105 or Endoglin is a type | integral membrane homodimer protein found on
vascular endothelial cells and syncytiotrophoblasts of placenta. This protein is a

component of the transforming growth factor-$ receptor complex (20).

The fact that it is difficult to find in the market specific antibodies for cells of canine origin,
was the main reason to select real time RT-PCR analysis and not flow cytometry or other

immune-based assays, for the assessment of the MSCs and osteoblasts markers.

Specific osteoblast markers

In literature, several osteogenic markers have been used to characterize the osteogenic
differentiation potential of MSCs, such as the Collagen | alpha 1 (COLIA1), the Runt-related

transcription factor 2 (RUNX2) and the Osteocalcin, among others:

e Collagen type | is the most abundant type collagen in body, namely in bone, cornea,
dermis and tendon. COLIA1 gene produces the pro-alpha-1 chain, which is combined
with another pro-alpha-1 chain and a pro-alpha-2 chain to make a molecule of type |
procollagen. Once these molecules are processed, they cross-link resulting in the
formation of very strong mature type | collagen fibers (21);

e Runt-related transcription factor 2 (RUNX2) is a transcription factor which binds
osteoblast-specific factor 2 in the promoter to initiate mesenchymal condensations,
enhancing the osteogenesis in an immature stage, and afterwards needs to be

suppressed to form mature bone (22, 23). RUNX2 gene regulates pre-osteoblasts
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and is required for the expression of non-collagenous proteins, such as Bone
sialoprotein and Osteocalcin (24);

e Osteocalcin is the most abundant osteoblast-specific non-collagenous protein and is
involved with the binding of calcium and hydroxyapatite. The Osteocalcin and the

Bone sialoprotein play a crucial role in bone formation and bone turnover (24).
Isolation of mMRNA

In Chapter Ill, the cASCs were detached using trypsin (Alfagene, Portugal) and 1x10° cells of
each culturing condition (CASCs at PO, P1, P2, P3, P4 in basal medium and cASCs at P1,
P2, P3, P4 in osteogenic medium both from subcutaneous and omental origin) were
retrieved and kept in 800 pyL of TRIzol Reagent (Invitrogen, USA). The mRNA was extracted
with TRIzol following the procedure provide by the supplier. Briefly, after an incubation of 5
min, additional 160 L of chloroform (Sigma Aldrich, Germany) were added and the samples
were then incubated for 15 min at 4 °C and centrifuged at the same temperature and 13000
rpm for 15 min. After the centrifugation, the aqueous part was collected and an equal part of
isopropanol (VWR, USA) was added. After an incubation of 2 hours at -20 °C, the samples
were washed in ethanol (Panreac, Spain), centrifuged at 4 °C and 9000 rpm for 5 min and

resuspended in 12 yL of RNase/DNase free water (Gibco, UK).
Synthesis of cDNA

Previous to this step, the mRNA content was quantified in all samples using a NanoDrop
ND1000 Spectrophotometer (NanoDrop Technologies, USA).

For the cDNA synthesis, it were used the samples with a 260/280 ratio between 1.7 and 2.0.
The cDNA synthesis was performed in the Mastercycler real time PCR equipment
(Eppendorf, USA) using the iScript cDNA Synthesis Kit (Quanta Biosciences, USA) and an
initial amount of MRNA of 2 ug and a total volume of 20 uyL RNase free water (Gibco, UK)

was used as a negative control.
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Real time RT-PCR analysis

After the synthesis of the cDNA, real time PCR analysis was carried in the Mastercycler real
time PCR equipment (Eppendorf, USA) using the PerfeCta Sybr-Green FastMix (Quanta
Biosciences, USA) to analyze the relative expression of the MSCs and osteoblast genes in
each sample, using GAPDH as housekeeping gene. The primers were previously designed
using the Primer 3 Plus v0.4.0 (MWG Biotech, Germany) (Table 2.1).

The amplification protocol included an initial denaturation at 95 °C for 2 min, followed by 45
cycles of denaturation at 95 °C for 15 sec, specific annealing temperature (Ta) indicated in
Table 2.1 for 30 sec and extension at 72 °C for 1 min. The fluorescence signal was captured
at the end of each cycle. Finally, melting curves were obtained using the thermal conditions
of 95 °C at 15 sec followed by cooling to 55 °C and then sequential temperature increments
of 0.5 °C at each 15 sec (20 cycles) with temperature ranging from 55 °C to 95 °C, with

fluorescence measurements in all intervals.

Table 2. 1 — Primer sequences for targeted cDNAs.

] Product 5'-3' sequence Ta (°C)
Primer RefSeqlD
length (bp) (F, forward; R, reverse)

: ATCCTGCCGCTTTAAGGAAT 57.1
CD73 ENSCAFT00000004810 191

: GTACAGCAGCCAGGTTCTCC

: CGTGATCTATGGCACTGTGG 56.8
CD90 ENSCAFT00000019082 214

: GCCCTCACACTTGACCAGTT

: AGGAGTCAACACCACGGAAC 56.6
CD105 ENSCAFT00000032002 161

: GATTGCAGAAGGACGGTGAT

: ATGCCATCAAGGTTTTCTGC 57.4
COL1A1 ENSCAFT00000026953 170

) : GATCGTGGAAGAAGGCAAAG 59.4
Osteocalcin ENSCAFT00000026668 166

E
R

E

R

E

R

E

R: CTGGCCACCATACTCGAACT
E

R

E

R

E

R

:AGCCTCTGCCAGTTGTCTGT

: CAGACCAGCAGCACTCCATA 58.4
RUNX2 ENSCAFT00000020482 148

: CAGCGTCAACACCATCATTC

: CCAGAACATCATCCCTGCTT 59.3
GAPDH NM_001003142.1 238

: GACCACCTGGTCCTCAGTGT

Delta Delta Ct method, according to Livak (2011) (25), was performed using the results
corresponding to cASCs at PO as calibrator of data obtained from cASCs at P1, P2, P3 and

P4, when analyzed the MSCs genes; and using the data corresponding to cASCs cultured in
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basal medium at the respective passage as calibrator of the results obtained for cASCs

cultured in osteogenic medium, when analyzed the osteoblasts genes.

1.5.2. Cytology

Alizarin Red

Alizarin Red (1,2-dihydroxyanthraquinone) is an organic compound used to identify calcium-
rich deposits (26). Before staining, CASCs cultured in osteogenic medium for 14, 21, 28 and
35 days, were fixed with 4% phosphate-buffered formalin (Sigma Aldrich, Germany) and
washed with PBS and then with distilled water.

The cells were stained with a 2% Alizarin Red solution (Merk, Germany) in distilled water
with a pH of 4.1-4.3, for 10 min, and finally washed with distilled water. Stained cells were
observed under an optical microscope (Axivert 40 CFL; Zeiss; Germany) and photographed

using the camera Axio Cam MRm (Zeiss, Germany).

Specific cartilage matrix stainings

After 21 days of culture in chondrogenic medium, cASCs pellets were fixed with 4%
phosphate-buffered formalin, washed with PBS, embedded in paraffin using a spin tissue
processor (Microm STP120-2, Thermo Scientific, USA) and cut into sections of 3 ym using a
microtome (Microm HM355S, Thermo Scientific, USA). After deparaffinization, sections were
stained with hematoxylin (Sigma, USA) and eosin (Inopat, Portugal) (H&E) for 5 min in order

to identify the nucleus in blue and the cytoplasm in pink, respectively.

Cartilage-like matrix deposition was assessed by staining the samples sections with 1%
Toluidine Blue (Sigma, USA) for 3 min, which is cationic dye frequently used for the detection
of mucin, cartilage and mast cells, from orange to red; 0.1% Safranin Orange (Sigma, USA)
for 5 min, which stains blue the nucleic acids and purple the polysaccharides; and 1% Alcian
Blue (Sigma, USA) for 30 min, that is used to detect acid mucosubstances and acetic mucins

colouring by blue.

The stained sections were subsequently rinsed with distilled water and dehydrated in a
series of ethanol-water solutions with increasing ethanol concentration (30%, 50%, 70%,
90% and 100% v/v) finishing with xylene (Thermo Scientific, Germany) before mounting
using Entelan (Merck, Germany). Afterwards, the slides were observed under an optical
microscope (Axivert 40 CFL; Zeiss; Germany), and photographed using the camera Axio

Cam MRm (Zeiss, Germany).
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2. Subcutaneous implantation of the canine ASCs in healthy mice

In Chapter 1V, the cASCs were subcutaneously implanted in mice in order to assess the
response of the xenogenic tissue against these cells and also to optimize the identification of
these cells in the host tissue by immunohistochemistry analysis. This study aimed at
contributing to the characterization of this subcutaneous mouse model as an alternative to
study cASCs aimed at being used in cell based regenerative medicine therapies in canine
veterinary medicine. Furthermore, as previously explained, dog is a very important animal
model for assessing therapies with potential to treat several problems in human medicine,
such as periodontal disease; Nevertheless, it is important to establish models that can

minimize the use of dogs in experimental research as it raises additional ethical issues.
2.1. Preparation of the canine ASCs suspension

The cASCs were isolated from canine adipose tissue by enzymatic digestion method and
expanded, as previously described, up to passage 2 until reach the necessary number of
cells. These cells were then resuspended in phosphate buffer solution (PBS; Sigma Aldrich,
Germany), obtaining a cellular suspension with a concentration of 1 x 10’ cells mI™* to be

subsequently injected in the mice.

From the same culture, a cellular suspension of 2 x 10° cASCs per ml was also obtained,
washed with PBS and fixed in 4% phosphate-buffered formalin for further cytology and

immunostaining assays.
2.2.  Study animals

Thirty five immunocompetent 10 weeks old Hsd:CD1 (ICR), outbred and SPF male mice
(Harlan Laboratories, Spain) were used in this protocol. The housing care and experimental
protocol was performed according to the national guidelines, after approval by the National
Ethical Committee for Laboratory Animals and conducted in accordance with Portuguese
legislation (Portaria 1005/92) and international standards on animal welfare as defined by the
European Directive 2010/63/EU.

The animals were housed in groups of five individuals, fed ad libitum with maintenance diet
for mice (4RF21/C diet, Mucedola, Italy) and autoclaved water, and bedded in corn cob
(Scobis Due, Mucedola, Italy) with suitable environment enrichment and with a day/night

cycle of 14/10 hours.
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2.3. Subcutaneous injection of the canine ASCs

The animals were placed in dorsal recumbence for subcutaneous injection in the abdominal
right flank with 100 pL of suspension containing 1 x 10" cells ml-1 by using a 1 mL syringe
with a 26 G needle.

2.4. Euthanasia and explants collection

All animals were euthanized by an intravenous injection of sodium pentobarbital (Eutasil,
CEVA, France). A group of five animals injected with PBS with no cells (time 0) were
considered the negative control. Throughout the following 28 days, the remaining six
experimental groups (n=5) were sacrificed at 12 hours, and 1, 3, 7, 21 and 28 days after

injection.

The abdominal skin and adjacent muscle, around the site of injection, were collected with a
safety margin of 1 cm, in order to assess the local response against the xenotransplanted
CASCs.

The organs, namely, mesenteric and inguinal lymph nodes, liver, kidney, lung, heart, spleen,
brain, and intestine were also collected, in order to evaluate the presence of cASCs at
distance and also the host response against these cells. All samples were fixed in 4%
phosphate-buffered formalin (Inopat, Portugal) during 24 hours.

2.5. Preparation of the canine ASCs’ cytoblocks

A cellular culture suspension of 2 x 10° cASCs ml* was fixed in 4% phosphate-buffered
formalin and centrifuged in the Shandon CytoSpin 3 centrifuge (Thermo Scientific, USA) to a

proper cassette.
2.6. Hematoxylin and eosin

Explants retrieved from mice and the cASCs’ cytoblock were processed in an automatic
tissue processor Shandon Hypercenter XP (ThermoFisher Scientific, USA) and embedded in
paraffin. Paraffin blocks were cut at 3 um to silane-coated slides and stained by routine with

hematoxylin and eosin (H&E) and mounting with Entelan (Merck, Germany).
2.7. Immunohistochemistry

Indirect avidin-biotin immunohistochemistry (IHC) was performed using mouse monoclonal

anti-human antibodies to Vimentin, (clone V9, Leica Biosystems, UK) and to Keratin (clone
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AE1/AE3, Dako, USA), and rat monoclonal anti-human CD44 (clone 8E2F3, Santa Cruz
Biotechnology, Germany) (Table 2.2).

Table 2. 2 — Characteristics of the antibodies used in this study.

Vimentin Cytokeratin
Type Monoclonal
Host Mouse
Immunogen Human epidermal callus Mousg spontangous
myeloid leukemia
Reactivity Anti-human Anti-human Anti-mouse, human,
e s s canine, feline and equine
Clone V9 AE1/AE3 IM7
Isotype lgG1 IgG1 kappa IgG2 beta
Dilution 1:100 1:400 1:100
Antigen recovery Sodium citrate, 90 °C, 20 min
Incubation Room temperature, 4 hours Room temperature, 4 hours 4 °C, overnight

Antigen retrieval was performed in a water bath at 96 °C for 20 min, in citrate buffer (pH=6).
The slides were washed with PBS and endogenous peroxidase was blocked with 3%

hydrogen peroxide (Sigma, Germany) at room temperature for 30 min.

RTU Vectastain Universal Elite ABC Kit (Vector PK-7200, UK) in combination with the
Mouse-on-Mouse (MOM) Basic Kit (Vector BMK-2202, UK) was used for antibody
incubation, according to the instructions of the manufacturers.

The use of the MOM kit aimed at block the endogenous mouse’s immunoglobulins in order to
reduce the background and the cross reactivity of the used antibodies (vimentin, CD44 and
keratin). This protocol was essential to avoid the detection of these antibodies in the host
tissue, ensuring that they only react against the xenotransplanted cASCs allowing to identify

these cells in the tissue explants.

Briefly, non-specific binding of primary antibodies was blocked using a horse serum for 40
min, and the mice’s immunoglobulins blocked for 1 hour. Then, after the incubation with the
primary antibody, tissue sections were incubated with biotinylated antibody for 20 min,

followed by incubation with streptavidin-peroxidase for 20 min.

After washing with PBS, antibody detection was revealed using the peroxidase substrate kit
DAB (Vector SK-4100, UK). Slides were washed in water for 5 min and then counterstained

with Gill's hematoxylin (Sigma, Germany) for nuclear contrast.
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The sections of the cASCs’ cytoblock were submitted to the same procedure and used as
positive control of the immunohistochemistry. The sections were observed under a light
microscope (E600 Nikon Instruments, UK) and the images were obtained using the digital
camera Nikon DXM200.

3. Development of a double layer scaffold for periodontal regeneration

Aiming at contribute with a new alternative to the current therapies for periodontal
regeneration it was proposed a new scaffold designed to address both the regeneration of

the alveolar bone and promote the formation of a functional periodontal ligament (PDL).

This construct consists in a double layer scaffold made of a blend of starch and poly (e-
caprolactone) (SPCL), comprehending a biodegradable membrane which acts in the guided
regeneration of the PDL, and a tridimensional fiber mesh with osteoconductive properties.
The production of the fiber mesh and further combination with the cellular impermeable
membrane is obtained through a one-step processing procedure, thus, discarding the need

of other chemical and physical steps.

Regarding its potential to translate to human or veterinary dentistry, this construct is
protected under the scope of a Patent submitted to Instituto Nacional da Propriedade
Intelectual (INPI) with the submission number 20131000056257 and, at the present moment,

subject of formal examination.

3.1. Description of the raw material — Blend of starch and poly (e-caprolactone)

The material used for the production of the double layer scaffolds that were developed and
characterized under the scope of this Thesis, namely in the Chapters V, VI and VII, was a

blend of 30% starch and 70% poly (e-caprolactone) (PCL) (SPCL) in weight from Novamont
(Italy).

The starch is the major polysaccharide constituent of photosynthetic tissues and of many
storage organs in plants (27). It consists of a mixture of linear and branched amylose and
branched amylopectin. Starch is naturally produced in the form of semicristalline granules

with different size and composition depending upon the source (28, 29).

PCL is an aliphatic linear polyester prepared by either ring-opening polymerization of e-
caprolactone using a variety of anionic, cationic and co-ordination catalysts or via free radical

ring-opening polymerization of 2-methylene-1-3-dioxepane. PCL is a hydrophobic and semi-
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crystalline polymer (28, 30). After the 90s PCL earned great interest in biomaterials’ research
due to its advantageous rheological and viscoelastic properties (30) which allow the easy

manufacturation into a large range of scaffolds obtained by different processing techniques.

The SPCL polymeric blend has already been used to produce different tridimensional
structures with different physicochemical characteristics using distinct technologies, namely
electrospinning (31, 32), fiber bonding (33), wet-spinning (34), rapid prototyping (32),
injection molding (35) or supercritical phase inversion (36).

The potential of this material for Tissue Engineering use was already assessed by culturing
with human osteoblast-like cells (SaOs-2) (37), bovine articular chondrocytes (38), rat bone
marrow stem cells (BMSCs) (39), goat BMSCs (33), and human ASCs (40), among others.

The biodegradability (41, 42), the processing versatility and the distinct mechanical
behaviours and morphologies of the developed matrices, as well as the in vivo
biocompatibility of the SPCL (43), clearly demonstrated the potential of this material in
several applications in Tissue Engineering and Regenerative Medicine field and were the
main reason for selecting SPCL for the studies present in the Chapters V, VI and VIl of this

Thesis.

3.2. Production of the SPCL solvent casting membranes

The SPCL membranes were obtained by a solvent casting method. For this purpose, SPCL
granules were dissolved in chloroform (Sigma-Aldrich, Germany) at a concentration of 20
wt%. At room temperature, 3 mL of the polymeric solution was casted onto a 5 cm diameter
patterned Teflon mold for the patterned surface membranes (SPCL-P or SPCL-M), or onto
non-patterned Teflon mold for the non-patterned surface membranes (SPCL-NP) in order to
assess the effect of patterning in the cellular adhesion and proliferation. Membranes were

dried in a hood and then cut into discs samples of 6 mm of diameter.

3.3.  Production of the SPCL wet-spun fiber meshes

Wet-spinning was used to produce the SPCL fiber meshes. The same SPCL solution used to
produce the membranes was loaded into a 5 mL plastic syringe with a metallic needle (21
Gx1.5"). The syringe was connected to a programmable syringe pump (KD Scientific, World
Precision Instruments, UK) to inject the polymer solution at a controlled pumping rate of 5 mL
per hour to allow the formation of the fiber mesh directly into the coagulation bath. The wet-
spun fiber mesh structure was formed during the process by the random movement of the

coagulation bath. Two different coagulation baths were used: methanol (Vaz Pereira,
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Portugal) as control (SPCL-WS), and calcium silicate solution Si
(OC,H5)4/H,O/C,HsOH/HCI/CaCl, with a molar ratio of 1.0/4.0/4.0/0.014/0.20 to incorporate
the silanol groups in the polymeric fibers, as described in previous works (SPCL-WS-Si) (34,
40, 44). Using methanol, SPCL-WS were dried at room temperature overnight in order to
remove any remaining solvent. In the case of using calcium silicate solution, the SPCL-WS-

Si were dried in an oven at 60 °C for 24 hours.

3.4. Production of the SPCL double layer scaffolds

After the preparation of each layer, as described above, several different methodologies
were tested to assemble the two different layers, namely producing the fiber mesh directly
onto the membrane layer, attaching the two components upon heating, or placing a dried
fiber mesh on the membrane layer while its drying. The optimized procedure allowing to
maintain the integrity of each layer consisted in combining the two layers together by
dropping chloroform onto the top side of the solvent casting membranes allowing it to
become slightly soften and then, by applying a certain pressure the fiber mesh, were
attached. The combined layers were dried in a hood and cut into discs with 6 mm of

diameter.

The Table 2.3 describes the composition of each developed layers, including the solvent
casting membranes, the wet-spun fiber meshes and the double layer scaffolds, further

referred and characterized in the Section Il of this Thesis.

Table 2. 3 — Summary of the components of the double layer scaffold which were developed and

characterized.

Layers Description Abbreviation

SPCL solvent Non-patterned membrane ©UspcNe
casting membrane Patterned membrane SPCL-M or SPCL-P
SPCL wet-spun Non-functionalized with silanol groups SPCL-WS
fiber mesh Functionalized with silanol groups SPCL-WS-Si

Patterned membrane plus wet-spun fiber mesh

S S SPCL-DLS
SPCL double layer non-functionalized with silanol groups

scaffold Patterned membrane plus wet-spun fiber mesh .
SPCL-DLS-Si
functionalized with silanol groups
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The developed double layer scaffolds were characterized in terms of the physicochemical
characteristics, in Chapter V, and the potential to serve as a matrix for cASCs, in Chapter VI;
and were also evaluated their potential to enhance bone formation in a rat mandibular model
(Chapter VII).

3.5. Characterization of the morphology and structure of the developed scaffolds

3.5.1. Scanning electron microscopy

The surface morphology and topography changes after degradation of the developed
materials were analyzed, in Chapter V, by scanning electron microscopy (SEM) performed
using a Hitachi SU-70 UHR Schottky (Hitachi, Japan). Three samples of each material in
study were analyzed, and prior to any SEM observations, all the materials were sputter-
coated with gold by ion sputtering (Polaron SC502, Fisons Instruments, UK).

3.56.2. Micro-computed tomography

In Chapter V, micro-computed tomography (MmCT) was performed to evaluate the
morphology and porous structure of the SPCL-DLS and SPCL-DLS-Si and the assembling of
the two different layers. Micro-CT was carried out using a high-resolution micro-CT Skyscan
1072 scanner (Skyscan, Kontich, Belgium). X-ray scans were performed in triplicate using a
resolution of pixel size of 8.7 um and integration time of 1.9 sec. The X-ray source was set at
49 keV of energy and 122 pA of current. Approximately 400 projections were acquired over a
rotation range of 180° with a rotation step of 0.45°. Data sets were reconstructed using
standardized cone-beam reconstruction software (NRecon v1.4.3, SkyScan). Representative
data sets of 200 slices were segmented into binary images with a dynamic threshold of 37 to
120 to identify the organic and inorganic phases. This data were used to build 3D models
(CTAnalyser, v 1.5.1.5, SkyScan).

3.6. Characterization of the surface chemical composition

In Chapter V, Fourier Transform Attenuated Total Reflectance Infrared Spectroscopy (FTRI-
ATR) was used to confirm if the polymeric fibers were effectively functionalized with the
silanol functional groups, during the protocol of wet-spinning using the calcium-silicate
precipitation bath. The SPCL-WS and SPCL-WS-Si were analyzed in an IRPrestige 21
(Shimadzu, Japan). Spectra were collected at 4 cm™ resolution using 60 scans in the
spectral range 4400-800 cm™. For each sample, three individual measurements were

performed.
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3.7. Characterization of the degradation behaviour

3.7.1. Water uptake and weight loss

In Chapter V, was simulated the in vivo degradation of the polymeric scaffolds by incubating
SPCL-DLS and SPCL-DLS-Si in different enzymatic solutions at physiological conditions (pH
7.4, 37 °C), namely in amylase and in lipase to study their effect on starch and PCL
hydrolysis, respectively. These two enzymes are found in healthy dogs’ serum at
concentration in the range of 373-1503 U/L and 90-527 U/L, respectively (45). The rationale
of using dog reference values is based on the fact that dog is the final preclinical model in
which is intended to assess these biomaterials, before clinical human application. Pre-
weighed samples were individually immersed in 2.5 mL of four different solutions: (i)
phosphate-buffered saline (PBS, 0.01 M, pH 7.4; Sigma-Aldrich, Germany), (ii) PBS solution
containing 400 U/L a-amylase from Bacillus sp. (Sigma-Aldrich, Germany), (iii) PBS solution
containing 500 U/L lipase from Pseudomonas sp. (Sigma-Aldrich, Germany), and (iv) PBS
containing lipase and amylase at the same concentrations (50:50 vol%). A control, in PBS
only, was also performed. All the prepared solutions were sterilized using a 0.2 pum syringe
filter and kept at 4 °C until further usage. The samples were incubated at 37 °C for 1, 3, 7,

14, 21 and 28 days, and the solutions were changed weekly.

At the end of each degradation period, the samples were removed from the solution and
placed between two filter papers, to remove excess of liquid, and immediately weighted to
determine the water uptake. Then, it was washed several times with distilled water and
placed in the oven at 37 °C for 3 days in order to measure the dry weight and thus determine
the weight loss. For each studied condition (material and solution), five samples were tested.
Degradation solutions were frozen for further analysis, namely, for the quantification of the

reducing sugars and calcium and silicon elements, as described below.

3.7.2. Assessment of the morphology of samples after degradation

SPCL-DLS and SPCL-DLS-Si samples after degradation under different conditions were
dried at room temperatures and observed by SEM, as described previously in the section

3.5.1 of this chapter. Three samples of each material were analyzed.

3.7.3. a-Amylase activity

Degradation solutions were analyzed to determine the concentration of reducing sugars

released into the solution as result of starch hydrolysis. The determination was based on the
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dinitrosalicyclic acid (DNS) method (46) and absorbance were read at 540 nm in a microplate

reader (Synergy HT, BioTek, USA), using a standard curve of glucose.

3.7.4. Calcium and silicon concentration of the degradation solutions

In order to evaluate the effect of the enzymatic degradation on the materials, the elemental
concentrations of silicon and calcium were measured in the obtained degradation solutions,
after being passed through a 0.22 um filter, using inductively coupled plasma atomic
emission spectrometry (ICP; JY2000-2, Horiba Jobin Yvon, Japan). The results obtained
from this assay were thought to provide additional information about the release of these
elements from the materials, which have probably an important role in their in vitro and in

Vivo response.

3.8. Characterization of the mechanical behaviour

Mechanical tests were carried out to evaluate the tensile strength of the SPCL-DLS and
SPCL-DLS-Si. Five rectangular samples with 5 x 20 mm were tested in the dry and wet state
(after 24 hours of immersion in PBS). Samples were tested using a uniaxial testing system
(Instron 4505 Universal Machine, USA) with a load cell of 1 kN. Tensile test was carried out
at a crosshead speed of 2 mm/min. Tensile stress was taken as the maximum stress in the
stress-strain curve, and the tensile modulus was estimated from the initial slope of the stress

strain curve.

4. Seeding/culturing of the canine ASCs onto the materials

In Chapters V and VI of this Thesis, cASCs were seeded and cultured onto the developed
scaffolds, in order to evaluate the potential of each one of the layers to accommodate the
cellular adhesion and proliferation, as well to assess the potential of the wet-spun fiber
meshes to induce osteogenic differentiation. For this studies, it were used cASCs from
subcutaneous origin which were found, in Chapter Ill, to apparently have higher osteogenic
potential compared to cells from omental origin regarding the expression of the studied cell
markers. Furthermore, the harvesting of subcutaneous adipose tissue is associated to lower
site morbidity. Additionally, envisioning an autologous or allogenic use of this source in the
clinical practice, it would be the most appropriate harvesting site. As the passaging was also
found to have a negative effect in the stemness, they were used in an early passage. Thus,
cASCs were isolated as previously described, and expanded in basal medium until passage
2 (P2) before seeding.
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Prior to cell culture experiments, all the materials were sterilized at Pronefro (Maia, Portugal)
by ethylene oxide. The conditions included a temperature cycle of 37 °C, a moisture level of

50%, a cycle time of 14 hours, and a chamber pressure of 50 kPa.
4.1. Seeding/culturing onto solvent casting membranes

In Chapters V and VI, was evaluated the potential of the membranes to sustain the adhesion
and proliferation of the cASCs. The cASCs were seeded onto the patterned and non
patterned membranes (SPCL-NP and SPCL-M or SPCL-P) at a concentration of 5.0x10*
cells/sample, and then maintained in basal medium for 2h for cell attachment, and then

cultured for 1, 3, 7 and 14 days in basal medium.
4.2. Seeding/culturing onto wet-spun fiber meshes

In Chapters V and VI, was evaluated the potential of the wet-spun fiber meshes to sustain
the adhesion and proliferation of the cASCs, as well as to promote their osteogenic
differentiation. The SPCL-WS and SPCL-WS-Si were seeded with cASCs at a concentration
of 1.0x10° cells/sample, and then cultured for 7, 14, 21 and 28 days in either basal or

osteogenic medium.
4.3. Characterization of the canine ASCs-material constructs

After each selected culturing period, the culture medium was aspirated and the cell-scaffold
samples were carefully washed with sterile PBS. Then, they were prepared according to the
further characterization to be performed, namely, SEM and histological analysis, MTS assay,

DNA quantification, ALP activity analysis and real-time RT-PCR analysis.
4.3.1. Scanning electron microscopy

In Chapters V and VI, the cultured materials were evaluated by SEM regarding the adhesion
and morphology of the cASCs. For this purpose, the samples retrieved upon the different
culturing time points were fixed in 2.5% glutaraldehyde (VWR, USA) solution in PBS during 1
hour at 4 °C and then dehydrated by in a series of ethanol-water solutions with increasing
ethanol concentration (30%, 50%, 70%, 90% and 100% v/v). Afterwards, the samples were
left to dry overnight before performing the SEM analysis as described previously in the

section 3.5.1 of this chapter.
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4.3.2. Cellular metabolic activity

In Chapters V and VI, the metabolic activity of the cells seeded/cultured onto the developed
materials was assessed using the MTS assay. All the cultured materials (SPCL-NP, SPCL-P,
SPCL-WS and SPCL-WS-Si), after rinsed with PBS, were immersed in a mixture consisting
of serum-free cell culture medium and MTS reagent (VWR, USA) in a 5:1 ratio and incubated
for 3 hours at 37 °C in a humidified atmosphere containing 5% CO,. After this, 200 uL were
transferred to 96-well plates and the optical density (O.D.) was measured on a microplate

reader at an absorbance of 490 nm.

4.3.3. Cellular proliferation

In Chapters V and VI, double strain DNA (dsDNA) quantification was performed to assess
the proliferation of the cASCs seeded and cultured onto all the developed materials (SPCL-
NP, SPCL-P, SPCL-WS and SPCL-WS-Si). For this purposes, samples removed from
culture upon the pre-setted time points, were rinsed twice in a PBS solution and transferred
into 1.5 mL microtubes containing 1 mL ultra-pure water. Then, cASCs-SPCL constructs
were incubated for 1 h at 37 °C in a water-bath and stored in a -80 °C freezer, promoting a
thermal shock variation and thus inducing cell lysis. Before assessing DNA levels, constructs

were thawed and sonicated for 15 min.

A fluorimetric dsDNA quantification kit (PicoGreen, Molecular Probes, USA) was used to
determine the cellular content. Samples and standards (0-2 pg/mL) were prepared in
triplicate. Briefly, in each well of a 96-well white plate (Costar; Becton-Dickinson, USA), were
deposited 28.7 pL of sample or of each standard, 71.3 pL of PicoGreen solution and 100 uL
1X (Life Technologies, USA), then the plate was incubated for 10 min in the dark and the
fluorescence was read using a microplate reader (BioTek, USA) at an excitation of 485/20
nm and an emission of 528/20 nm. A standard curve was developed in order to read DNA

values of samples from the standard graph.

4.3.4. Alkaline phosphatase activity

In Chapter VI, alkaline phosphatase (ALP) activity assay was performed to assess the
osteogenic differentiation of the cultured cASCs on the wet-spun fiber meshes (SPCL-WS

and SPCL-WS-Si) in the same samples used for dsDNA guantification.

For this purpose, to each well of a 96-well plate (Costar; Becton-Dickinson, USA) were
added 20 pL sample plus 60 pL substrate solution consisting of 0.2 wt/v% p-nytrophenyl
phosphate (Sigma, Germany) in a substrate buffer with 1 M diethanolamine HCI (Merck,
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Germany), pH 9.8. The plate was then incubated in the dark for 45 min at 37 °C. After the
incubation period, 80 pL stop solution [2 M NaOH (Panreac, Spain) plus 0.2 mM EDTA
(Sigma, Germany)] was added to each well. Standards were prepared with p-nytrophenol (10
uM/mL; Sigma, Germany) in order to achieve final concentrations in the range 0-0.3 pM/mL.
Samples and standards were prepared in triplicates. Absorbance was read on a microplate

reader at 405 nm and sample concentrations were read from the standard.

4.3.5. Gene expression analysis of the osteoblastic markers

In Chapters V and VI, the gene expression analysis of specific osteoblast markers were
assessed on the cASCs cultured on the SPCL-WS and SPCL-WS-Si in both basal and
osteogenic medium, aiming at evaluating the potential of these matrices to induce the

osteogenic differentiation.

Briefly, the cell-scaffolds constructs were removed from culture, rinsed twice in a PBS
solution and transferred into 1.5 mL microtubes containing in 800 uL of TRIzol Reagent and

kept for further real time RT-PCR analysis as described before.

4.3.6. Histology — Donath technique

In Chapter VI, the developed fiber meshes (SPCL-WS and SPCL-WS-Si) cultured with
cASCs in both basal and osteogenic conditions were evaluated by histology. In order to
obtain cross sections of the cultured materials maintaining the tridimensional architecture of
the matrix essential for the subsequent histological evaluation, it was decided to process the
cultured scaffolds with cASCs by using the Donath technique (47). Then, the obtained slides
were stained with Lévai and Laczké staining (48). The Donath technique involved several

sequential processing steps that are described below.

Dehydration

In this step, the samples were dehydrated by in a series of ethanol-water solutions with

increasing ethanol concentration (70%, 80%, 96% and twice 100%).

Infiltration

Infiltration was made by emerging the samples in a solution of glycolmethacrylate plastic
(Technovit 7200, Heraus Kulzer, Germany) and benzoyl peroxide (BPO; Heraus Kulzer,
Germany) in 1% ethanol at different concentrations, ending with two infiltrations in pure

glycolmethacrylate, with constant stirring.
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Inclusion and polymerization

To carry out the inclusion, the samples were placed in polyethylene molds and subsequently
filled with resin (Technovit 7200) under the effect of vacuum (Exakt 530 and 520).

The polymerization took place in two steps; first by using a low intensity light and maintaining
the molds at a temperature below 40 °C for four hours to polymerize the resin, and then by

using a high intensity blue light for 12 hours.

Finally, the samples remained in the oven for 24 hours to complete the polymerization

process.

Preparation of the block in order to obtain a parallel surface

Once polymerized, the blocks were removed from the mold, and then cut approximately in
the area of interest by using a saw (Exact 300 CP) at low speed, and irrigating to avoid
sample overheating.

After cutting, in order to maintain the parallelism of the surfaces the half blocks, they were
mounted in an acrylic sheet using a resin (Technovit 4000) and applying pressure. The resin
is spread over the back of the block, so that the part to be examined contact becomes free

for further polishing.

Preparation of the surface of interest

The following step consisted in polishing the surface of interest of the sample by using a
silicon carbid sandpaper number 1200. Then, by using a press with a photopolymerization
light and a specific resin (Technovit 7210), the aspect of the block aimed at be observed was
sticked on the definitive slide. Then, using a saw (Exakt 400) and a vacuum sample holder
was obtained a rough section of 200 um. This section was subjected to microwear (Exakt-
Griding Micro System, Exact Technologies, Germany) and polished with a sandpaper
number 1200 and 4000.

At the end, there were obtained sections with thickness of approximately 30 pm.

4.3.7. Lévai Laczko staining

The obtained slides were stained with Lévai and Laczké staining (48) in order to identify the
seeded/cultured cASCs on the surface of the fibers and identify the calcium depots existent

in the functionalized fiber meshes. This procedures included the following steps: i) immersion
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in 30% hydrogen peroxide (Sigma, Germany) for 5 min with constant agitation, ii) rinse with
tap water twice, iii) decalcification of the surface with acetic acid (VWR, USA) for 1 min, iv)
rinse with tap water twice, v) immersion in a solution composed by one part of Azure Il and
Methylene Blue (1:1) and two parts of Na,CO; for 20 min. All these reagents were ordered
from Merck (Germany) and used at 1% in distilled water, vi) rinse with tap water twice, vii)
submersion in 1% Pararosaniline (Sigma, Germany) in distilled water for 5 sec, and viii) rinse

with tap water twice and dry.

Finally, the obtained slides were observed under a light microscope (Olympus BX51,

Germany).

5. Invivo evaluation of the double layer scaffold in a rat mandibular defect

After accomplished the in vitro characterization in Chapter V and VI, the double layer scaffold
was subsequently characterized in vivo, assessing the behaviour of the newly developed
scaffold in a mandibular rodent model aiming at evaluate its potential to enhance bone
formation (Chapter VII).

5.1. Study animals

Twelve, male, 10-weeks old Wistar rats (Rattus norvegicus) (Charles River, UK) were used
in this protocol. The mean body weight was of 433.87 + 21.69 g. The housing care and
experimental protocol was performed according to national guidelines, after approval by the
National Ethical Committee for Laboratory Animals and conducted in accordance with
Portuguese legislation (Portaria 1005/92) and international standards on animal welfare as
defined by the European Directive 2010/63/EU. The animals were fed with a maintenance
diet for rats (AO4/A04C/R04 diet, Safe, France) and autoclaved water, both ad libitum, and
bedded in wood shavings (Scobis Uno, Mucedola, Italy) with suitable environment

enrichment.

5.2. Experimental design

The defects were randomly assigned in the following four experimental groups (six defects
per group): (i) empty defects (negative control), (ii) defects implanted with collagen
membranes (positive control), (iii) defect implanted with SPCL double layer scaffolds and (iv)
defect implanted with SPCL-Si double layer scaffolds. Each rat was subject of two bilateral

defects which were then filled with different materials/empty defect.
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5.3. Surgical procedure

The rats were premedicated with dexmedetomidine hydrochloride (Dexdomitor; Pfizer,
Finland) 0.5 mg/kg intraperitoneal and anesthetized with ketamine chloride (Imalgene 1000;
Merial, Portugal) 75 mg/kg intraperitoneal. The rats’ head were pre-operative radiographed
(Siemens, Germany) to confirm normal anatomy and to determine if the bony surface was

suitable to encompass a 5 mm circular defect (Fig. 2.1).

In lateral recumbency with the neck extended, the mandibular and cervical areas were
shaved and aseptically prepared with 0.1% iodopovidone (Ectodine, Portugal). Then, a
mandibular skin incision was made to expose the masseter muscle and the borders pushed
away rostrodorsal and ventrocaudally, taking care to prevent damage of the facial nerve and
the parotid duct until access the surface of the ramus of the mandible. A bicortical 5 mm
circular defect was drilled in both mandibles using a 5 mm outer diameter trephine (ACE
Surgical Supply, USA) under a continuous irrigation with saline solution to reduce thermal

bone damage, and then the materials were placed and fitted in the defects (Fig. 2.2).

Figure 2. 1 — Schematic representation of the rat mandible (left lateral view) where is observed the
induced critical size defect (a), the ramus of the mandible (b), the body of the mandible (c), the
condylar process (d), the angular process (e), the diastema (f), the incisor tooth (g) and the molars
teeth (h).
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Figure 2. 2 — Surgical procedure to induce the defect and implant the material: (a) aseptic preparation
of the surgical field, (b) incision of the skin to expose the masseter muscle, (c) incision and dissection
of the masseter muscle, (d) exposition of the fossa masseterica in the lateral the ramus of the

mandible, (e) induction of the circular bone defect and (f) implantation of the materials in the defect.

The surgical wound was closed in two layers using a 4-0 resorbable sutures made of
glyconate (Monosyn; BBraun, Portugal) for muscle and 4-0 non-resorbable sutures made of
silk (Silkan; BBraun, Portugal) for skin.

The anaesthesia was reversed using a single dose of atipamezol chlorhydrate (Antisedan;

Pfizer, Germany) 1 mg/kg intraperitoneal.

5.4. Postoperative care

A single dose of butorphanol (Butador; Richterpharma, Austria) 0.4 mg/kg intraperitoneal
was administrated three hours postoperatively for pain relief, and then the analgesia was
maintained with meloxicam (Movalis; Boehringer Ingelheim, Germany) 1.5 mg/kg
subcutaneous, once a day, during five consecutive days. For post-operative antibiotherapy,
enrofloxacin (Baytril 5%; Bayer, Germany) 0.1 mg/mL of drink water was given for six

consecutive days.

As the surgical procedure severely affected the mastication, the pellet food was mixed with
warm water until it got soft. This mixture was given to the animals for two weeks, and then
the rats were slowly introduced to the pellet food. Physiologic parameters, such as the
behaviour, water and food intake, weight gain and wound healing were daily monitored.
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5.5. Euthanasia and explants collection

After 8 weeks of implantation, the animals were anaesthetized as described above, and then
euthanized by an intraperitoneal injection of sodium pentobarbital (Eutasil;, CEVA,
Portugal).The mandibles were explanted, fixed in 4% phosphate-buffered formalin (Inopat,
Portugal) solution at 4 °C for one week until further analysis.

5.6. Histology

The explanted mandibles were then analyzed using a specific technique for bone histology,
the Donath technique (47), which allows to obtain histological slides without decalcifying the
samples and thus obtaining an accurate image of the architecture of both the old bone in
which the defect was induced and the new bone formed within the defect after eight weeks of

implantation.

The explants samples were processed following the procedure already described in detailed
in the section 4.3.6 of this chapter, with some minor differences that will be described herein.
Regarding the explanted mandibles, the dehydratation was made by in a series of ethanol-
water solutions with increasing ethanol concentration (70% for 3 days, 80% for 3 days, 96%
for 3 days, and twice 100% for 3 days) under constant agitation (Exakt 510, Exakt

Technologies, Germany).

Once polymerized the blocks, they were radiographed in two projections allowing to
subsequently perform a cut in the exact place intended to be analyzed, namely the center of
the circular mandibular bone defect. The obtained slides were then stained with Lévai and
Laczko staining which allows to distinguish the old bone and the new formed bone after
induced the defect (48).

5.7. Histomorphometric analysis

The histomorphometric analysis of the explants was performed to quantify the formation of
new bone. For this purpose, stained section were observed under a light microscope
(Olympus BX51, Germany) and a computer-based image analysis system (Microimage 4.0,
Media Cybernetics, USA) was used to assess the percentage of bone ingrowth in the defect

in a defined region of interest of 5 mm of length by 1 mm of width.
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6. Statistical analysis

Different statistical analyses were performed in this Thesis, according to the specific
objectives of each study. All the experiments were performed with at least three replicates.

Results were expressed as mean * standard deviation.

In Chapter lll, concerning the characterization of the cASCs, and in Chapter VI, regarding the
seeding/culturing of cASCs on the developed materials, the results obtained were elaborated
using the software JMP v9.0.1 (SAS Institute Inc., USA) and the correlation between the
dataset from the same gene analyzed was investigated with the ANOVA single factor
method. Data was presented as mean * standard error of the mean (SEM) and differences
between data groups were considered to be statistically significant for p<0.05 (Student's t-
test).

In Chapter VI, about the evaluation of the physicochemical characteristics of the developed
materials, the statistical analysis was performed using the GraphPad Prism v5.00 (GraphPad
Software Inc., USA). The statistical significance was assessed by a two-way ANOVA
followed with Bonferroni posttesting and the data was reported as mean * standard

deviation.

In Chapter VII, on the in vivo characterization of the double layer scaffolds, the statistical
comparison of the percentage of new bone formation was performed using two-way analysis
of variance (ANOVA) and Tukey post-hoc test. P-values<0.05 were considered to be

statistically significant.
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Effect of anatomical origin and cell passage number on the stemness and

osteogenic differentiation potential of canine adipose-derived stem cells

Abstract

Mesenchymal stem cells have a great potential for application in cell based therapies, such
as Tissue Engineering. Adipose derived stem cells have shown the capacity to differentiate
into several lineages, and have been isolated in many animal species. Dog is a very relevant
animal model to study several human diseases and simultaneously an important subject in
veterinary medicine. Thus, in this study we assessed the potential of canine adipose tissue
derived stem cells (CASCs) to differentiate into the osteogenic and chondrogenic lineages by
performing specific histological stainings, and studied the cell passaging effect on the cASCs
stemness and osteogenic potential. We also evaluated the effect of the anatomical origin of
the adipose tissue, namely from abdominal subcutaneous layer and from greater omentum.
The stemness and osteogenic differentiation was followed by real time RT-PCR analysis of

typical markers of mesenchymal stem cells (MSCs) and osteoblasts.

The results obtained revealed that cASCs exhibit a progressively decreased expression of
the MSCs markers along passages and also a decreased osteogenic differentiation potential.
In the author’s knowledge, this work presents the first data about the MSCs markers profile
and osteogenic potential of cASCs along cellular expansion. Moreover, the obtained data
showed that the anatomical origin of the adipose tissue has an evident effect in the
differentiation potential of the ASCs. Due to the observed resemblances with the human
ASCs, we conclude that canine ASCs can be used as a model cells in Tissue Engineering

research envisioning human applications.

*This Chapter is based on the following publication:

Requicha JF, Viegas CA, Albuquerque CM, Azevedo JM, Reis RL, Gomes ME. 2012. Effect
of anatomical origin and cell passage number on the stemness and osteogenic differentiation

potential of canine adipose-derived stem cells. Stem Cell Reviews and Reports, 8 (4):1211-
22
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1. Introduction

Stem cells play a vital role in regenerative medicine approaches due to their self-renew
capacity and differentiation potential when cultured under specific biochemical and/or
mechanical stimulus (1-3). Several adult tissues derived from mesodermal layer of the
embryo are known sources of mesenchymal stem cells (MSCs), such as, the bone marrow
(3), adipose tissue (1, 2, 4), umbilical cord blood (5), muscle tissue (6), neuronal tissue (7),
bone (8), periosteum (9), periodontal ligament (10), dental pulp (11), exfoliated deciduous

teeth (12), dental follicle (13) and pancreatic or hepatic tissues (14).

Human adipose-derived stem cells (hASCs) were firstly isolated by Zuk and colleagues, in
2001 (4) and have gained importance in the last years, mainly due to the wide availability of
the adipose tissue (15, 16), enabling to collect larger quantities and due to the easiness of its
harvesting procedures, minimizing site morbidity. ASCs can be isolated by enzymatic
digestion (16) and, in culture, they are characterized by their adherence to the plastic
substrate of culture plates, in opposition to hematopoietic stem cells (2, 17). Furthermore,
ASCs are able to differentiate in different lineages (1, 15, 18), such as, osteoblasts (4, 15,
19, 20), chondroblasts (1, 4, 15, 20), adipocytes (4, 15, 20, 21), skeletal, smooth and cardiac
myocytes (4, 20, 22), neuronal cells (20, 23-26), tendon cells (27) and intervertebral disc
cells (28).

This source of multipotent cells has been mostly studied in humans, but also in other
species, such as mice (29), rat (30), rabbit (31), sheep (32), horse (27, 33), non-human
primate (25, 34) and dogs (24, 35-37).

Canine ASCs have been isolated from visceral (24, 35, 38) and subcutaneous (35, 36, 38-
40) adipose tissue and it has been proved their potential to differentiated, in vitro, into the
osteogenic (35), chondrogenic (35), adipocytic (35, 38), neuronal (24) and myogenic (37)
lineages. Canine animal models are very important to study a variety of human diseases;
simultaneously, dog is a very important subject in veterinary medicine, therefore it is
essential to know more about canine ASCs. These cells can also be used in autologous
Tissue Engineering approaches, as it has already been reported in previous works related to
the regeneration of periodontal defects (36), cranial defects (41) and in osteoarthritis clinical
trials (39), in all cases demonstrating promising results. In fact, stem cells based therapies
have gained increasing importance in veterinary medicine and have already went into the

clinical routine in some countries.
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The aim of this study was to compare canine adipose-derived stem cells derived from
different anatomical sites, namely, subcutaneous and omental fat depots, and to characterize
their stemness along its proliferative process by analyzing the expression of typical MSC
genes at different passages. The multipotency of these cells was assessed by inducing their
differentiation into different cellular lineages, including osteogenic and chondrogenic and
analysing the production of specific extra cellular matrix, as well as the expression of specific

osteoblastic genes.

The results obtained provide essential information for the future application of canine ASCs
in new stem cells based therapies in veterinary medicine, as well as for the use of the dog as

a model (42) for developing new human regenerative medicine approaches.

2. Materials and Methods

2.1. Harvesting of canine adipose tissue

Adipose tissue was collected from 6 adult dogs (3 males and 3 females), between 1 and 5
years of age, subject of convenience surgery in the Veterinary Hospital of University of Tras-
0s-Montes e Alto Douro in accordance with Portuguese legislation (Portaria no1005/92) and
international standards on animal welfare as defined by the European Communities Council

Directive (86/609/EEC), and with previous informed consent of the owners.

The dogs were sedated by an intramuscular administration of 0.2 mg/kg IM butorphanol
(Torbugesic 1%; Fort Dodge, the Netherlands) and 30 ug/kg IM acepromazine (Vetranquil,
CEVA Sante Animal, France). Anaesthesia was achieved by an intravenous administration of
0.25 mg/kg IV diazepam (Diazepam MG; Labesfal, Portugal), 4 mg/kg 1V ketamine (Imalgene
1000; Merial, France) and 4 mg/kg IV propofol (Lipuro 2%; Braun, Germany) and was
maintained using 1% isoflurane (IsoFlo; Abbott Animal Health, USA), administered in oxygen

through an endotracheal tube.

After anesthetized, the animals were placed in dorsal recumbence and it was made a careful
tricothomy and asepsis of the abdominal region. A small surgical incision was made through

the skin, subcutaneous tissue and muscular wall of the abdominal region.

In all the animals of the study, a small amount of abdominal subcutaneous and omental
adipose tissue was resected using scalpel and surgical scissors and placed into labeled

sterile containers with PBS (Phosphate Buffer Solution; Sigma Aldrich, Germany) with 10%
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antibiotic/antimycotic (100 1U/ml penicillin and 100 IU streptomycin; Fluka, UK). Samples

were refrigerated at 4 °C and transported to the laboratory for further processing.
2.2. Isolation and expansion of canine ASCs

All the samples were processed within 12 hours upon harvesting. Adipose tissue samples
were washed with PBS containing 10% antibiotics/antimycotic and minced into small
fragments using a scissor. The fragments were digested with a solution of 0.1% collagenase
type 1A (Sigma Aldrich, Germany) in PBS at 37 °C under shacking at 200 rpm for 40 min (10
ml/10 cc Tissue). Collagenase was inactivated with an equal volume of culture medium

containing 10% FBS (Foetal Bovine Serum; Invitrogen, USA).

The digested tissue was filtered with a 100 um nylon mesh and centrifuged at 1250 rpm for 5
min at 20 °C and the supernatant removed. The obtained cells were resuspended in culture
medium (basal medium, BM) composed of DMEM (Dulbecco’s Minimum Essential Medium
Eagle; Sigma Aldrich, Germany), 10% FBS, sodium bicarbonate (Sigma Aldrich, Germany)
and 1% antibiotic/antimycotic and then seeded in 25 cm? culture flasks. After 48 hours, the
cells were rinsed with PBS and the medium was changed to remove non-adherent cells,

such as hematopoietic cells or dead cells, as performed in other studies (32).
2.3. Canine ASCs expansion and differentiation

The cells were cultured in plastic adherent culture flasks, using basal medium, which was
changed three times a week until reaching a confluence of around 80%, along four passages
(P1, P2, P3 and P4).

2.3.1. Osteogenic differentiation

Canine ASCs, at P1, P2, P3 and P4, were seeded at a density of 5x10* cells per culture flask
(75 cm? T-flask), and further cultured for 14, 21, 28 and 35 days in osteogenic medium (OM)
composed of aMEM (Alpha Minimum Essential Medium Eagle; Sigma Aldrich, Germany)
supplemented with 10% FBS, sodium bicarbonate, 1% antibiotic/antimycotic, ascorbic acid
(Sigma, USA), 10®M dexamethasone (Sigma, USA) and 10 mM B-glycerophosphate (Sigma,

USA); culture medium was changed twice a week.
2.3.2. Chondrogenic differentiation

Canine ASCs (about 5x10° cells), at P1, P2, P3 and P4, were resuspended in chondrogenic

medium and centrifuged at 800 G for 5 min, in order to obtain cell pellets. Pellets were
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cultured in the same medium for up to 21 days at 37 °C and 5% CO,, in 15 ml falcon tubes.
Chondrogenic medium was composed of DMEM supplemented with 5% FBS, sodium
bicarbonate, 1% antibiotic/antimycotic, 1 mM dexamethasone, 17 mM ascorbic acid, 10
ng/ml TGF-B1 (Human Transforming Growth Factor Beta 1; eBioscience, USA), 10% Insulin-
Transferrin-Selenium (ITS) (Sigma, USA), 35 mM L-proline (Sigma, USA) and 0.1 M sodium

pyruvate (Sigma, USA) and was changed twice a week.

2.4, Canine ASCs characterization

2.4.1. Gene expression analysis of MSCs markers

Real time RT-PCR analysis was used to characterize the phenotype of cASCs, obtained
from tissue collected from different anatomical sites (subcutaneous and omental) at different
passages, namely, through the relative expression of CD73, CD90 and CD105 genes (17),
which are the widely accepted markers of the mesenchymal stem cells. The fact that is
difficult to find in the market specific antibodies for cells of canine origin, was the main reason
to select real time RT-PCR analysis and not flow cytometry or other immune-based assays,

for the assessment of the MSCs and osteoblasts markers

For this purpose, cASCs were detached using trypsin, and samples consisting of 1x10° cells
at PO, P1, P2, P3 and P4 cultured in basal media, were retrieved and kept in 800 uL of
TRIzol Reagent (Invitrogen, USA). The mRNA was extracted with TRIzol following the
procedure provide by the supplier. Briefly, after an incubation of 5 min, additional 160 uL of
chloroform (Sigma Aldrich, Germany) were added; the samples were then incubated for 15
min at 4 °C and centrifuged at the same temperature and 13000 rpm for 15 min. After the
centrifugation, the aqueous part was collected and an equal part of isopropanol (VWR, USA)
was added. After an incubation of 2 hours at -20 °C, the samples were washed in ethanol,
centrifuged at 4 °C and 9000 rpm for 5 min and resuspended in 12 yL of RNase/DNase free
water (Gibco, UK). The samples were quantified using a NanoDrop ND1000
Spectrophotometer (NanoDrop Technologies, USA). For the cDNA synthesis, it were used
the samples with a 260/280 ratio between 1.7 and 2.0. The cDNA synthesis was performed
in the Mastercycler real time PCR equipment (Eppendorf, USA) using the iScript cDNA
Synthesis Kit (Quanta Biosciences, USA) and an initial amount of mRNA of 2 ug and a total

volume of 20 uL RNAse free water (Gibco, UK) was used as a negative control.

After the synthesis of the cDNA, real time PCR analysis was carried in the Mastercycler real
time PCR equipment (Eppendorf, USA) using the PerfeCta Sybr-Green FastMix (Quanta
Biosciences, USA) to analyze the relative expression of the genes CD73, CD90 and CD105
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in each sample, using GAPDH as housekeeping gene. The primers were previously
designed using the Primer 3 Plus v0.4.0 (MWG Biotech, Germany) (Table 3.1).

Delta Delta Ct method, according to Livak and Schmittgen (2011) (43), was performed, using
the results corresponding to cells at PO as calibrator of data obtained from cell at P1, P2, P3
and P4.

2.4.2. Canine ASCs osteogenic potential assessment
Alizarin red staining

Cells cultured in osteogenic medium for 14, 21, 28 and 35 days, were fixed with 4% formalin
(Sigma Aldrich, Germany) and washed with PBS and then with distilled water. Afterwards,
the cells were stained with a 2% Alizarin Red solution (Merk, Germany) in distilled water with
a pH of 4.1-4.3, for 10 min, and finally washed with distilled water. Stained cells were
observed under an optical microscope (Axivert 40 CFL; Zeiss; Germany) and photographed

using an Axio Cam MRm (Zeiss, Germany) camera.
Gene expression analysis of specific osteoblasts markers

Cells at different passages (P1-4) and further cultured for up 14, 21, 28 and 35 days in
osteogenic medium were trypsinized and samples (of 1x10° cells) were kept in 800 pL of
TRIzol. After extraction of the mRNA, the samples were quantified using the NanoDrop
ND1000 Spectrophotometer. The cDNA synthesis was performed in the Mastercycler real
time PCR equipment using the iScript cDNA Synthesis Kit. Real time PCR analysis was
carried in the Mastercycler real time PCR equipment using the PerfeCta Sybr-Green FastMix
to assess the relative expression of collagen | alpha 1 (COLIAL), runt-related transcription
factor 2 (RUNX2) and Osteocalcin genes, using GAPDH as housekeeping gene (Table 3.1).

Delta Delta Ct method was performed, using the data corresponding to undifferentiated cells
(cultured in basal medium) at the respective passage (P1-4) as calibrator of the results

obtained for cells after 14, 21, 28 and 35 days in osteogenic medium (44).
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Table 3. 1 — Primer sequences for targeted cDNAs.

) Product 5'-3' sequence
Primer RefSeqID
length (bp) (F, forward; R, reverse)

F: ATCCTGCCGCTTTAAGGAAT
CD73 ENSCAFT00000004810 191

R: GTACAGCAGCCAGGTTCTCC

F: CGTGATCTATGGCACTGTGG
CD90 ENSCAFT00000019082 214

R: GCCCTCACACTTGACCAGTT

F: AGGAGTCAACACCACGGAAC
CD105 ENSCAFT00000032002 161

R: GATTGCAGAAGGACGGTGAT

F: ATGCCATCAAGGTTTTCTGC
COL1Al ENSCAFT00000026953 170

R: CTGGCCACCATACTCGAACT

. F: GATCGTGGAAGAAGGCAAAG

Osteocalcin ENSCAFT00000026668 166

R: AGCCTCTGCCAGTTGTCTGT

F: CAGACCAGCAGCACTCCATA
RUNX2 ENSCAFT00000020482 148

R: CAGCGTCAACACCATCATTC

F: CCAGAACATCATCCCTGCTT
GAPDH NM_001003142.1 238

R: GACCACCTGGTCCTCAGTGT

2.4.3. Canine ASCs chondrogenic potential assessment

After 21 days of culture in chondrogenic medium, cASCs pellets were fixed with 4% formalin,
washed with PBS, embedded in paraffin and cut into sections of 3 um; finally section were
fixed on a slide and deparaffinised.

In order to observe cells and matrix formed, sections were stained with hematoxylin & eosin
(H&E; Sigma, USA). Cartilage-like matrix deposition (mucopolysaccharides and
glycosaminoglycans) was assessed by staining the samples sections with 1% Toluidine Blue
(Sigma, USA), 0.1% Safranin O (Sigma, USA) and 1% Alcian Blue (Sigma, USA).

In all cases, the stained sections were subsequently rinsed with distilled water and
dehydrated using 100% ethylene alcohol and allowed to dry overnight. Afterwards, the slides
were observed under an optical microscope (Axivert 40 CFL; Zeiss; Germany), and

photographed using an Axio Cam MRm (Zeiss, Germany) camera.
2.5. Statistical analysis

The results obtained from the real time RT PCR analysis were elaborated using the software
JMP® v9.0.1 (SAS Institute Inc., USA) and the correlation between the dataset from the same

gene analyzed was investigated with the ANOVA single factor method. Data was presented
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as mean % standard error of the mean (SEM) and differences between data groups were

considered to be statistically significant for p<0.05 (Student's t-test).

3. Results

Canine adipose tissue derived stem cells were successfully isolated from adipose tissue
harvested from subcutaneous abdominal region, as well as from the omental fat depots. After
isolation through enzymatic digestion, the obtained stromal vascular fraction adhered to the

plastic culture flaks, and revealed a fibroblastic morphology in a monolayer growth (Fig. 3.1).

Figure 3. 1 — Representative light microscopy images of cCASCs obtained by enzymatic digestion from
different anatomical sites, namely subcutaneous (A) and omental (B), after 48h of culturing in basal
medium.

The morphology of these cells does not seem to be affected by the number of passages,
maintaining their characteristic spindle like shape and showing signals of cell viability and
integrity along all studied passages.

3.1. Effect of the passage number in the undifferentiated canine ASCs

The isolated cells were subsequently cultured along four passages in basal medium without
differentiation factors, and characterized through the expression of typical MSCs markers,
namely CD73 (NT5E), CD90 (Thyl) and CD105 (Endoglin) (17), assessed by real time RT-
PCR analysis. In general, the results revealed a decrease in the expression levels of these
markers in the canine ASCs cultured in basal medium along passages, from P1 until P4 (Fig.
3.2).
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The registered down-regulation of the above mentioned MSCs markers was found always
statistically significant from P1 to P2 and from P2 to P3, being more evident in the CD90 and
CD105 genes, independently of the anatomical origin. Changes on the expression fold were

not observed between P3 and P4.
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Figure 3. 2 — Real time RT-PCR analysis results of the various genes, namely A) CD73, B) CD90 and
C) CD105 in canine ASCs isolated by enzymatic digestion and cultured in basal medium along four
passages (mean + SEM). Considering each marker independently, levels not connected by the same
letter are significantly different (p<0.05, Student's t-test). Table shown in D) refers to the means.

Abbreviations: P - passage; Sc - subcutaneous; Om - omental.

3.2. Effect of the anatomical site in the undifferentiated canine ASCs

Regarding the influence of the anatomical site of origin on the cASCs stemness, in general, it
was found a higher expression of the three markers analyzed in the cASCs obtained from
omental fat depots. No differences were observed in the CD73 expression on cASCs from
both anatomical origins. Significant differences were registered in the CD90 and CD105
expression at P1. As this work did not concern the evaluation of the proliferative capacity of
the cASCs, no data regarding cell or colonies count were obtained; Nevertheless, no evident

microscopic differences in terms of cellular proliferation were observed between
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subcutaneous and omental cASCs during expansion, and they usually reached the

confluence at the same time, after seeding with the same cell density.

3.3. Osteogenic differentiation assessment

The osteogenic differentiation was induced by supplementing culture medium with well
known osteogenic factors, such as ascorbic acid, p-glycerophosphate and dexamethasone
(45). The osteogenic differentiation was firstly demonstrated as observed by Alizarin Red
staining (Fig. 3.3) of the cells after 21 days of culture, which showed an increase of matrix
mineralization along culturing time. Analysis of cells stained with H&E revealed no evident
differences in terms of cellular morphology and matrix mineralization between cASCs

obtained from subcutaneous or from omental adipose tissue.

Figure 3. 3 — Light microscopy images of cASCs from subcutaneous (Sc, A-D) and omental (Om, E-H)
origins and expanded up to passage 2, cultured for 14 (A, E), 21 (B, F), 28 (C, G) and 35 (D, H) days

in osteogenic conditions, stained with Alizarin Red.

The osteogenic differentiation was further evaluated by real time RT-PCR analysis of the
expression profile of three different osteogenic markers, namely COLIAL, RUNX2 and
Osteocalcin along culturing. In the Fig. 3.4, it is possible to observe the different expression
profiles of the genes analyzed at different culturing time points. A down-regulation of COLIA1
is evident along time and is significantly different between the first three culturing times in all
conditions. Regarding the RUNX2 gene, an early marker for osteoblastic differentiation, it
was found a significant up-regulation from day 14 to 21 followed by a decrease in all
conditions. Osteocalcin, a late marker, increased its expression along culturing time, but
more evidently between day 21 and 28.
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Figure 3. 4 — Real time RT-PCR analysis results of the various osteoblastic genes: A) COLIA1, B)
RUNX2 and C) Osteocalcin analyzed in canine ASCs, obtained from subcutaneous and omental origin
and expanded up to four passages, cultured in osteogenic conditions during 14, 21, 28 and 35 days
(mean + SEM). Considering each marker independently, levels not connected by same letter are
significantly different (p<0.05, Student's t-test). Tables shown in D), E) and F) mention the means.

Abbreviations: P, passage; Sc, subcutaneous; Om, omental.
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The number of passages has also shown to have a strong influence in the osteogenic
differentiation potential of cASCs, since it was observed a higher expression of the studied
markers in the cells from lower passages. Concerning COLIA1, the differences were
significant in the cells from subcutaneous origin. In the case of the RUNX2, significant
differences were identified in the cells from subcutaneous origin at day 14 and 21 and in cells
from omental origin at the 21™ day. Moreover, the passaging effect was observed in almost
all conditions when evaluated the Osteocalcin gene, particularly, when comparing the P2 and
P4.

Taking in account the anatomical origin of the cells, it was observed a higher expression of
COLIAL in those from subcutaneous depots, drastically different in the first culturing time,
and also in other some punctual conditions. In the RUNX2 profile, it was not observed
significant differences, except in the 21" day of culture. Osteocalcin gene was up-regulated

in the omental cASCs, mostly in the 14™ and 21" culturing times.

Comparing the effect of anatomical origin of cASCs in the osteogenic potential, it was
observed a different expression profile of the osteogenic markers analyzed for ASCs of
omental and subcutaneous origin. Specifically, early markers (COLIA1 and RUNX2)
expression was higher in subcutaneous ASCs, except at 21 days of culture, while the late
marker analyzed (Osteocalcin) exhibit a higher expression level in omental ASCs, but this

result was only statistically significant for the cells in passage 2.
3.4. Chondrogenic differentiation assessment

The chondrogenic differentiation of cCASCs was induced by culturing cell pellets with medium
supplemented with well established chondrogenic factors, namely, TGF-B1, insulin-
transferrin-selenium, ascorbic acid, dexamethasone, L-proline and sodium pyruvate (46).
The Fig. 3.5 shows the positive staining of cartilage matrix components, demonstrating the
ability of cASCs to differentiate into the chondrogenic lineage. No visible differences were
observed comparing samples from the various passages and from different anatomical
origins, all of them revealing round cell morphology, low cell density and extensive

cartilaginous matrix deposition.
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Figure 3. 5 — Representative light microscopy images of subcutaneous cASCs cultured for 21 days in
chondrogenic conditions stained with Toluidine Blue (A), Safranin O (B), Alcian Blue (C) and H&E (D).

4. Discussion

Adipose tissue is a promising source for adult mesenchymal stem cells due to its abundance
and easiness of harvesting. Adipose-derived stem cells from canine origin (CASCs) have
been poorly studied as patented in the relatively low number of scientific publications (24, 35,
37, 40, 47). In this work, we characterized the stemness of these cells obtained from different
anatomical sites, assessing the expression of three typical markers of MSCs (17) along
successive passages, from passage 0 (PO) to passage 4 (P4). Additionally, we evaluated the
CcASCs potential to differentiate into two distinct cellular lineages, hamely the osteogenic and
chondrogenic. The osteogenic potential was further analysed, considering the influence of
passaging, assessing mineralization by alizarin red staining and also by real time RT-PCR

analysis of typical osteogenic markers expression.

While in humans it was found a significant variability on the ASCs behaviour when obtained
from donors of different ages (48), there is no such data on canine ASCs. In this study, we
have obtained cASCs from donors of different ages, but as we had only one donor of each

age, it was not possible to obtain conclusive data on this issue.

The cASCs obtained by enzymatic digestion of both omental and subcutaneous tissue
revealed the fibroblast-like shape typical of MSCs (17). This morphology is characteristic of
the ASCs obtained from human, rodents, rabbit, sheep, horse and dogs (20, 30, 32, 33, 35,
49) from distinct anatomical origins, as subcutaneous abdominal and inguinal regions,

omentum, arms and legs, breast, buttocks and footpad (35, 48, 50, 51).

Cell-based therapies often require in vitro expansion of cells collected from small tissues
samples, in order to obtain clinically relevant cell numbers, i.e, to enable a specific
therapeutic effect in a given application. The obtained results regarding the cASCs

stemness, a parameter directly related to the cellular proliferative potential, have shown us
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that along passages there is a decrease of MSCs markers expression, particularly evident in
the cells from subcutaneous origin. The decreasing expression of one or several MSCs
markers along passages herein assessed for ASCs, and previously reported for human (34),
equines (subcutaneous tissue from tail's region) (33), rabbit and sheep (32), may
compromise their proliferation and/or differentiation potential and thus limit their in vitro
expansion. However, this potential limitation can probably be overcome by the large amount
of adipose tissue samples and high cell yields which can be safely harvested and isolated, as
compared to other stem cell sources.

Previous studies on cASCs, reported the positive expression of CD90 and negative
expression of CD73 and CD105 (37), assessed by flow cytometry (FC), which are in
disagreement with our data. These differences might be due to the method of collection,
(liposuction instead of surgical collection) or due to the use of unspecific antibodies for flow
cytometry. Oh et al. (2011) reported a positive expression (determined by FC) only of CD90
(40) for cASCs, however, this data is difficult to compare because in the referred studies,
human-specific antibodies, and not dog-specific antibodies, were used to assess CD73 and
CD105 expression.

Apart from the MSCs markers, it is has been demonstrated that cASCs express pluritotency
genes, such as OCT4, NANOG and SOX2, typical of the embryonic stem cells (26, 35), as it
has been also reported for rhesus monkey and human ASCs (34). Lim et al. (2010) added
that CD90 is expressed until the 7" passage of cASCs and that at the same moment, the

embryonic markers found previously, are not present anymore (26).

Additionally to the markers above mentioned, many others were identified in ASCs of other
species. In human ASCs, was already observed the positive expression of HLA-ABC, CDS9,
CD10, CD13, CD29, CD34, CD44, CD49d, CD49e, CD54, CD51, CD55, CD71, CD166,
SH3, STRO1, OCT4, UTF1 and Snail2, and the negative expression of HLA-DR (1, 20). The
decrease of MSCs and embryonic markers expression, like OCT4 and SOX9, along
passaging has also been reported for human ASCs (34). Baglioni et al. (2009) concluded
that, as observed in this work for cASCs, in the early passages of hASCs the expression
levels of MSCs markers are higher, adding that there was no evident difference between the
visceral and subcutaneous ASCs due to the heterogeneity of the cellular populations (52). In
human and monkey, a strong positive expression of CD90 and a positive expression of
CD105, among other markers, was identified by FC remaining stable trough passage 20-30
(34). In equines, it was proved, by flow cytometry, the negative expression of CD13 and the
positive expression of CD44 and CD90 with variations along the first three passages (33).

Also in horses, was referred the expression of the same MSCs markers that we have
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studied, but variations in the proliferative pattern were observed until P4, being the
propagation cessed after P8 (53). Rabbit and sheep ASCs have been reported to have
higher proliferative capacity as compared to humans (32), however, these studies did not

address the gene expression of the MSCs markers.

In this study it was shown that the cASCs from both anatomical sites analysed,
subcutaneous and omental, expressed the typical MSCs markers. The adipose tissue can be
collected from subcutaneous (superficial and deep) and visceral depots and from many
internal organs (44). Other authors have already evaluated the proliferative potential of
CASCs obtained from different anatomical sites (35, 38, 54, 55) in dogs. Neupane et al.
(2008) observed that subcutaneous cASCs reveal higher proliferation capacity comparing to
omental (35). Wu and colleagues (2000) have registered differences in the adipogenic
potential, which was found lower in the cells from omental and perineum as compared to the
cells from inguinal origin (38). In humans it has been also reported that subcutaneous
adipose tissue has a higher proliferation rate (1, 31). Furthermore, Dragoo et al. (2003)
stated the number of cells harvested from human patellar adipose tissue was higher
comparing to fat pad (55). Oedayrajsingh-Varma et al. (2006) concluded that human
subcutaneous adipose tissue from the abdomen had a higher yield of stromal vascular cells
in comparison to mammary fat, but all type of cells demonstrated similar viability. In the same
study, was observed that three different collection techniques (surgical resection, tumescent
and ultrasound-assisted liposuction) did not affect the number and viability of the hASCs,

however, when used the ultrasounds the proliferation was negatively affected (54).

In the present work, all the samples were collected by surgical resection, avoiding
contaminating the tissue with blood and vessels, where also exist cells which express MSCs
markers. The higher CD105 (endoglin) expression in the omental tissue, where more vessels
were observed during the surgeries, can be due to the fact that endoglin has an important

role in the vascular remodelling (56).

Recently, a work on ASCs from canine, equine as porcine origin proved that, apart from the
passaging and anatomical site effect, the cellular kinetics can be influenced by the way the
cells are cultured. They demonstrated that the cASCs, when cultured with 10% FBS
supplementation start to proliferate more quickly in comparison to those cultured with serum
free medium supplemented with 2% UltroserG; however in both cultures the same number of
cells was obtained at the end of the 14™ culturing day (57). These findings evidence that the
culturing protocols should be taken into account when we compare data between different

studies, even when referring to the same cells source.
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As mentioned before, canine adipose-derived stem cells have demonstrated ability to
differentiate into many lineages, namely osteogenic, chondrogenic, adipogenic (35, 37, 40,
47), myogenic (37, 40) and neurogenic (24, 40). In the present work, we evaluated the
osteogenic potential of these cells, isolated from fat tissue harvested from distinct anatomical
sites, and observed that cASCs cultured under osteogenic stimuli, expressed the three
osteoblastic markers analysed, namely COLIAL1, RUNX2 and Osteocalcin. The later one,
which is a late marker of osteogenesis, increased its expression along culturing time, but
more evidently between day 21 and 28, as observed in human ASCs by PCR analysis, that
showed a higher expression at the 28" day (23), and similarly to a report in mice where the
Osteocalcin expression was higher at the 25" day, and earlier (15" day) on the cells cultured
with retinoic acid supplementation (29). In another study on human ASCs, the secretion of
Osteocalcin were registered by ELISA at the 18" culturing day (58). Thus, in terms of their
osteogenic differentiation potential, canine, rodent and human ASCs can be considered

similar.

Canine ASCs from both anatomical origins expressed the three studied osteogenic markers
as previously reported by Neupane et al. (2009) and by Vieira et al. (2010), and exhibit the
typical expression profile along the osteogenic process described in the literature. Alonso et
al. (2008) observed that Osteocalcin started to be expressed after 2" week of osteogenic

induction as found in the present study (59).

The passaging effect, herein demonstrated by the decrease of expression levels of the
typical MSCs markers, was also evident on the osteogenic differentiation; however, cells
from later passages maintain the expression of the osteoblastic markers, leading us to
conclude that the negative effect on the stemness is not directly followed by a negative effect
on the osteogenic potential, and thus it does not seem to compromise the use of canine
subcutaneous or omental adipose tissue in potential applications envisioning bone

regeneration, as observed in previous studies in humans or in mice (23, 29, 58).

Izadpanah and colleagues (2006) observed that in primates, including humans, the
percentage of colonies that underwent osteogenic differentiation, decrease along time,
comparing the lower passages (50-65%) and the higher passages (20-25% at P20) (34),
contrary to the findings reported by Alonso and colleagues (2008), who conclude that human

ASCs reveal similar osteoblastic potential between P1 and P4 (59).

Human ASC have already been isolated from different fat depots, being reported that
subcutaneous adipose tissue has a higher proliferation rate while visceral fat has a higher

osteogenic differentiation capacity (1, 31). Aksu and colleagues (2008) revealed that the

77



Chapter Il | Effect of anatomical origin and cell passage number on the stemness and osteogenic differentiation
potential of canine adipose-derived stem cells

ASCs from superficial subcutaneous layers had higher osteogenic potential, namely in
males, comparing to deeper subcutaneous depots, adding that the ASCs from male donors
had better proliferative behaviour (48). In addition, Marcassus et al. (2006) observed that the
density of osteogenic clusters was significantly lower in cultures from epidydimal fat pads as

compared to inguinal depot (60).

Other osteoblastic genes, such as Bone sialoprotein (BSP) (35, 37), Osterix (37) and
Osteoprogesterin (47), were previously assessed in canine ASCs cultured in osteogenic
medium. In humans, the Collagen type IlI, Osteopontin, Osteonectin (61), Parathyroid
hormone receptor, Bone morphogenic proteins (BMP) 2 and 4 and BMP receptors types IA,
IB and Il have been reported as markers of ASCs previously exposed to culture medium
supplemented with ascorbic acid, B-glycerophosphate and dexamethasone (58). In murine
ASCs, cultured both in 2D and 3D conditions, Osteopontin, RUNX2, and Osteocalcin were
also expressed (29). As observed in studies on ASCs from other animal species, including
dog, these cells have the capacity to maintain the chondrogenic potential along passages,
even until P10 (32). Recently, a study on cASC registered the positive expression of SOX9
and collagen type I, after culturing with chondrogenic media. Nevertheless, the expression
levels were lower comparing to those registered for MSCs from canine bone marrow (62). In
humans, the collagen type Il expression was also found higher in BMSCs than in ASCs,
when cultured with chondrogenic medium supplemented with TGF-$3 up to 21 days (50).

In summary, these results obtained in the present work clearly demonstrate the capacity of
the canine adipose-derived stem cells to differentiate into the osteogenic and chondrogenic
lineage, making them promising candidates for bone and cartilage regeneration approaches

and disease management based on veterinary regenerative medicine approaches.

In the authors’ knowledge, this study brought about the first data on the stemness and
osteogenic potential of cASCs upon subsequent culturing periods. The results obtained
revealed that cASCs exhibit a progressively decreased expression of the typical stem cells
markers along passages and also a decreased osteogenic differentiation potential.
Moreover, the anatomical origin of the adipose tissue has an evident effect in the
differentiation potential of the ASCs. In the literature, many other factors, such as, age, sex,
isolation and conservation methods are proved to have effect in the biologic behaviour these
cells in humans (21, 48) but the effect of such factors in canine ASCs behaviour remains

unclear.

As observed in other animal species, the cASCs show resemblances to human ASCs profile,

regarding stemness and osteogenic potential along culturing time and passages, which allow
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us to conclude that canine adipose tissue is a source of cells which could be used in Tissue

Engineering research envisioning human application.
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Chapter IV

Evaluation of the response to the implantation of canine adipose-derived stem

cells in a healthy mice subcutaneous model

Abstract

Canine adipose-derived stem cells (CASCs) have great interest for applications in Tissue
Engineering and other cell-based therapies to be used in Veterinary Medicine or as a model
for translation to human clinical therapies. As the behaviour of these cells when implanted in
non-autologous recipients is not deeply characterized, the research in this field is mandatory

in order to develop new animal models to assess therapies based on cASCs.

In this work, cASCs were injected subcutaneously in mice and these cells were detected in
the xenogenic tissue by immunohistochemistry using vimentin, CD44 and keratin. The local
response evaluated by routine histology did not reveal signals of significant inflammatory
reaction around the local were cASCs were injected neither in the lymph nodes or other
organs, namely lungs, liver, kidney, intestine, spleen, hearth and brain. Detection of cCASCs
was confirmed by histology and immunohistochemistry, through the positivity to vimentin and
CD44 and a negative expression of keratin, demonstrating the presence of cASCs in mice

tissue after transplantation.

This study showed that the implantation of cASCs in mice induced a scarce inflammatory
response. This finding contributed to propose the mouse as an animal model to study the in
vivo behaviour of the cASCs and to validate new tissue engineered approaches based on

cASCs avoiding or reducing the use of dogs in research.

*This Chapter is based on the following publication:

Requicha JF, Carvalho PP, Pires MA, Dias |, Gomes ME, Reis RL, Viegas CA. Evaluation of
the response to the implantation of canine adipose-derived stem cells in a healthy mice

subcutaneous model. Submitted
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1. Introduction

The use of mesenchymal stem cells (MSCs) has been proposed for a wide number of
Regenerative Medicine strategies, mainly due to their ability to self-renew and potential to
differentiate towards different cell lineages. These cells have been initially isolated from the
bone marrow (1) but, since then, it has been reported its existence in many other adult
tissues, including the adipose tissue (2, 3), placenta, amniotic fluid (4), umbilical cord blood

(5) and periodontal ligament or other dental tissues (6, 7).

Adipose-derived stem cells (ASCs) have shown remarkable properties with great potential to
be used in Tissue Engineering and other cell-based therapies (8, 9), regarding their ability to
differentiate into several cellular lineages, easiness of harvesting with low morbidity and

discomfort to the patient (8).

The canine adipose-derived stem cells (cCASCs) have recently been reported in several
studies in Regenerative Medicine with promising results. Concerning clinical studies, cASCs
have been used in combination with scaffolds based on hydroxyapatite and chitosan (30:70
wt%) for the treatment of radius and ulna non-union fracture in dog (10), or in the treatment
of dogs with lameness associated with osteoarthritis of the coxofemoral (11) and
humeroradial (12, 13) joints. Although without effective clinical improvement, cASCs have

also been tested in the treatment of canine atopic dermatitis (14).

At a preclinical stage, cASCs have been studied in canine models for the regeneration of
intervertebral disc (15) or the inhibition of its degeneration (16), and for the regeneration of
cranial bone defects by autologous (17) or allogenic (18) cASCs combined with coral
scaffolds. Additionally, cASCs have also been assessed as cellular delivery system of

interferon- gene for cancer therapy using a mouse melanoma model (19).

Despite the increasing interest in this cell source, there is not enough information to enables
to assess CASCs in smaller animal models. In order to reduce or avoid the use of the dog as
an animal model to study new therapeutic approaches based on cASCs, it is mandatory to
develop alternative animal models to gather information on the in vivo behaviour of the
CASCs upon implantation and on the host response against the cASCs both when

transplanted alone or as part of tissue-engineered constructs.

In this work, the cASCs were xenotransplanted in a mouse subcutaneous model without any
specific induced disease. The implanted cells were immunodetected throughout the timeline

of the experiment and the host response was evaluated. The obtained data contributed to the
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characterization of the mouse as model to assess cASCs before their study in canine

preclinical models and their further translation to the veterinary clinical practice.

2. Materials and Methods

2.1. Surgical harvesting of the canine adipose tissue

Subcutaneous abdominal adipose tissue was harvested from three adult healthy dogs
subjected to convenience surgery at the Veterinary Hospital of University of Tras-os-Montes

e Alto Douro with previous informed consent of the owners.
2.2. Isolation and expansion of the canine ASCs

The adipose tissue samples were processed within 12 hours upon harvesting, and the
canine adipose-derived stem cells (CASCs) were isolated by an enzymatic digestion method,
as described previously (2).

The cASCs were expanded in basal medium composed of Dulbecco Modified Eagle Medium
(DMEM) (Sigma Aldrich, Germany) supplemented with 10% fetal bovine serum (FBS;
Invitrogen, USA) and 1% antibiotic/antimicotic (amphotericin B/streptomycin sulfate; Sigma,
USA) up to passage 2 as reported before (2) in order to obtain the necessary number of cells

to use in this study.
2.3. Preparation of the canine ASCs suspension

The cASCs were resuspended in phosphate buffer solution (PBS; Sigma Aldrich, Germany),

obtaining a cellular suspension of 1 x 10’ cells mI™* to be subsequently injected in the mice.

From the same culture, a cellular suspension of 2 x 10° cASCs per ml was also obtained,
washed with PBS and fixed in 4% phosphate-buffered formalin for further cytology and

immunostaining assays.
2.4. Study animals

Thirty five immunocompetent 10 weeks old Hsd:CD1 (ICR), outbred and SPF male mice
(Harlan Laboratories, Spain) were used in this protocol. The housing care and experimental
protocol was performed according to the national guidelines, after approval by the National

Ethical Committee for Laboratory Animals and conducted in accordance with Portuguese
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legislation (Portaria 1005/92) and international standards on animal welfare as defined by the
European Directive 2010/63/EU.

The animals were housed in groups of five individuals, fed ad libitum with maintenance diet
for mice (4RF21/C diet, Mucedola, Italy) and autoclaved water, and bedded in corn cob
(Scobis Due, Mucedola, Italy) with suitable environment enrichment and with a day/night
cycle of 14/10 hrs.

2.5. Subcutaneous injection of the canine ASCs

The animals were placed in dorsal recumbence for subcutaneous injection in the abdominal
right flank with 100 pL of suspension containing 1 x 10" cells ml™ by using a 1 mL syringe
with a 26 G needle.

2.6. Euthanasia and explants collection

All animals were euthanized by an intravenous injection of sodium pentobarbital (Eutasil,
CEVA, France). A group of five animals injected with PBS with no cells (time 0) were
considered the negative control. Throughout the following 28 days, the remaining six
experimental groups (n=5) were sacrificed at 12 hours, and 1, 3, 7, 21 and 28 days after

injection.

The abdominal skin and adjacent muscle, around the site of injection, were collected with a
safety margin of 1 cm, in order to assess the local response against the xenotransplanted
CASCs.

The organs, namely, mesenteric and inguinal lymph nodes, liver, kidney, lung, heart, spleen,
brain, and intestine were also collected, in order to evaluate the presence of cASCs at
distance and also the host response against these cells. All samples were fixed in 4%

phosphate-buffered formalin (Inopat, Portugal) during 24 hours.
2.7.  Preparation of the canine ASCs’ cytoblocks

A cellular culture suspension of 2 x 10° cASCs ml™ was fixed in 4% phosphate-buffered
formalin and centrifuged in the Shandon CytoSpin 3 centrifuge (Thermo Scientific, USA) to a

proper cassette.
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2.8. Hematoxylin and eosin

Explants retrieved from mice and the cASCs’ cytoblock were processed in an automatic
tissue processor Shandon Hypercenter XP (ThermoFisher Scientific, USA) and embedded in
paraffin. Paraffin blocks were cut at 3 um to silane-coated slides and stained by routine with

hematoxylin and eosin (H&E) and mounting with Entelan (Merck, Germany).
2.9.  Immunohistochemistry

Mouse monoclonal anti-human antibodies to Vimentin, (clone V9, Leica Biosystems, UK) and
to Keratin (clone AE1/AES3, Dako, USA), and rat monoclonal anti-human CD44 (clone 8E2F3,
Santa Cruz Biotechnology, Germany) (Table 4.1) were used to perform indirect avidin-biotin
immunohistochemistry (IHC) technique in order to characterize the injected cASCs in the
host tissue.

Table 4. 1 — Characteristics of the antibodies used in this study.

Vimentin Keratin CD44
Type """"""""""""""""" Monoclonal ‘Monoclonal Monoclonal
Clone V9 AEVAE3T T IM7
Dilution 1:100 1:400 1:100
Antigen recovery Sodium citrate, 90 °C, 20 min
incubation Room temperature, 4 hours Room temperature, 4 hours 4 °C, overnight

Antigen retrieval was performed in a water bath at 96 °C for 20 min, in citrate buffer (pH=6).
The slides were washed with PBS and endogenous peroxidase was blocked with 3%

hydrogen peroxide (Sigma, Germany) at room temperature for 30 min.

RTU Vectastain Universal Elite ABC Kit (Vector PK-7200, UK) in combination with the
Mouse-on-Mouse (MOM) Basic Kit (Vector BMK-2202, UK) was used for antibody
incubation, according to the instructions of the manufacturers, in order to reduce the

background and cross reactivity.

The mouse-on-mouse kit aimed to block the endogenous mouse’s immunoglobulins was
essential to avoid the detection of the studied antibodies in the host tissue, ensuring that only
the canine xenotransplanted cells were identified through histological stainings of the
explants. Briefly, non-specific binding of primary antibodies was blocked using a horse serum

for 5 min, and the mice’s immunoglobulins blocked for 1 hour. Then, after an overnight
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incubation with the primary antibody, at 4 °C in a humidified atmosphere, tissue sections
were incubated with biotinylated antibody, followed by incubation with streptavidin-

peroxidase.

After washing with PBS, antibody detection was revealed using the peroxidase substrate kit
DAB (Vector SK-4100, UK). Slides were washed in water for 5 min and then counterstained

with Gill's hematoxylin (Sigma, Germany) for nuclear contrast.

The sections of the cASCs’ cytoblock were submitted to the same procedure and used as
positive control of the immunohistochemistry analysis. Finally, the sections were observed
under a light microscope (E600 Nikon Instruments, UK) and the images were obtained using
the digital camera Nikon DXM200.

3. Results

The subcutaneous injections of cells promoted the formation of small papules immediately
after the injection of the cellular suspension. A few minutes upon implantation, it was
observed the regularization of the skin and no local signs of inflammation were detected after
that. In each timepoint, all the animals revealed good body condition and also no clinical

signs of inflammation were detected.

During the samples collection for histological processing, it was observed a certain degree of

local skin swelling in first experimental group corresponding to 12 hours post-transplantation.
3.1. Histology of the explants

Histological analysis of the local of injection in the abdominal skin (Fig. 4.1A) revealed
normal skin architecture in the negative control group, comprising the animals where no cells
were transplanted. On other groups, at 12 hours, one and seven days after cells injection,
cellular agglomerates on the dermis morphologically compatible with the injected cells were
observed in 60%, 20% and 20% of the animals, respectively. In the later timepoints, these

cells were no longer observed.

Around the clusters it was observed a mild inflammatory infiltrate, mainly at 12 hours,
comprising mostly lymphocytes and macrophages that decreased along the experiment. At
the 7" day of injection, a central necrosis with macrophages was observed inside the

clusters.
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Moreover, the histological observation of the organs did not reveal any inflammatory,
degenerative or necrotic reaction which could be associated to the xenotransplanted cells.
Local and regional lymph nodes presented normal morphology with brown pigment in some

cases.
12 h
24 h
7daye
cytoctﬁz(r}; o . :é’-:: o f’??
e

Figure 4. 1 — Histological images of the observed clusters on the dermis and the cASCs’ cytoblock
stained with H&E (A) and immunostained against keratin (B), vimentin (C) and CD44 (D)
counterstained with Gill's hematoxilin.

3.2. Immunohistochemistry of the explants

The skin samples with the cellular agglomerates were submitted to IHC in order to identify
the cASCs according to their phenotype. As shown in Fig. 4.1B-D, those cells were also

positive to vimentin and CD44 and negative to keratins as in the cASCs’ cytoblock used as
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control. The intensity of expression of the different markers used varied along the

experimental period.

4. Discussion

The cASCs used in this study were isolated from subcutaneous tissue by a previously
optimized methodology (2). These cells display properties of MSCs namely adherence to
culture flasks, positivity to the three main characteristic MSCs markers, namely, CD105,
CD73 and CD90, as well as the potential to differentiate into osteogenic and chondrogenic
lineages (2), fulfilling the minimal criteria for been considered MSCs (20).

Although different cell tracking methodologies could have been implemented in this study, we
were interested in assessing the implanted cells in its pure form, as they are envisioned to be
used in future clinical applications and, therefore without any permeabilization steps or using
any type of cell surface modification such as fluorochromes, or genetic modifications such as
transfection. Taking this into consideration we decided to detect cASCs according to their
phenotype, through the positive expression of vimentin and CD44, and the negative

expression of keratins.

Vimentin and keratin, among others, are cytoskeleton intermediate filaments. For instance,
MSCs are known to contain vimentin (21). Vimentin is involved in modulating cell-matrix
interactions (22) and this filament it has already been detected in cASCs after inducing
differentiation into the neuronal lineage (23), and in MSCs isolated from rodent skin was

highly expressed (24).

The large spectrum keratin used in the present work is a combination of acidic and neutral-
basic keratins, thus covering broad spectra of this protein and, in that sense, minimizing the
probability of false negatives for keratins' expression on the injected cells. In human ASCs
committed to the epithelial lineage, cytokeratin-18 has been detected, while vimentin reduced

its positive expression (25).

The CD44 is a membrane glycoprotein and functions as the major hyaluronan receptor on
most cell types (26), and is one of primary stable positive ASCs’ markers (27). The
expression of this marker on cASCs has already been shown by Kang et al. (2008) who
found immunomodulatory behaviour on co-cultured with allogenic leukocyte (28). Others

studies on cASCs revealed the positive expression of CD44 by flow citometry and
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immunocytochemistry (23, 29, 30), however, in our knowledge, the detection of this marker in

CASCs after transplantation in an in vivo model was not yet been reported.

Several mouse models of disease, such as muscular dystrophy (31), colitis (32), rheumatoid
arthritis (33), acute kidney injury (34), autoimmune hearing loss (35) and systemic lupus
erythematosus (36) have already been used in the study of the human ASCs behaviour and
therapeutic application. In this work, the study animals were immunocompetent and healthy
prior to the cells implantation and thus without any chemotactic stimulus which could attract
the cells into a specific body location. The presence of the cASCs in the subcutaneous tissue
could be related to the physical trauma induced during by the inoculation. The observed mild
post-trauma inflammatory reaction could have mimetized a disease and, thus, promote the
inflammatory response and the cluster formation of the implanted cells, similar to what
happens in the disease models (37).

Apart from the subcutaneous injection, other ways of injection have been reported in different
disease models or clinical studies, namely, the intraarticular injection (11, 12), the
intravenous injection (14) or the direct injection into a spinal cord injury (29). Transplantation
of cASCs have been described to be carried out by combining them with platelet rich plasma
(13), hyaluronic acid (13) or PBS (11, 12) as performed in this study.

The immunomodulation of the ASCs has been examined in a variety of animal models (37).
One of the first in vivo studies on systemic infusion of ex-vivo expanded allogenic ASCs
dates of 2006, when Yanez and colleagues reported that these cells were able to control an
induced graft-versus-host disease in mice (38). Human ASCs have been shown not to
express the MHC-II and did not stimulate allogenic peripheral blood mononuclear cells when
in co-culture (39). The immunomodulatory potential of the studied cASCs needs to be deeply
assessed, paving the way for the application of cASCs in medicine regenerative approaches

not only in the donor patient but also in allogenic patients.

The present work also gave a contribution to the study of cASCs behaviour in a non-
autologous host. Envisioning the use of cASCs in allogenic therapies, it is important to
assess their behaviour also in canine recipients in the future. Taking into consideration that
long-term cryopreservation of CASCs did not affect their stem-like features (40), it is feasible

to create a cell bank of CASCs ready to use in autologous or allogenic approaches.

The present study demonstrated for the first time, in our knowledge, the presence of cCASCs
in healthy mice tissue after transplantation. Moreover, the obtained data showed that only a

mild inflammatory local reaction was observed contributing to the characterization of the

96



Chapter IV | Evaluation of the response to the implantation of canine adipose-derived stem cells in a healthy mice

subcutaneous model
cASCs when implanted in a xenogenic host. The scarce inflammatory response against the
CASCs could also be useful to propose the mouse as animal model to study the in vivo
behaviour of the cASCs and to validate new tissue engineered matrices combining cASCs

avoiding or reducing the use of dogs in research.

5. Conclusion

In the present study, canine adipose-derived stem cells injected subcutaneously in healthy
mouse model were detected in the host tissue through the positive expression of vimentin
and CD44 markers and the negative expression of keratin along the experiment by

immunochemistry.

In summary, the histological analysis of the host tissue revealed a mild inflammatory
response, mainly comprising macrophages and lymphocytes, against the cASCs. Therefore,
the outcomes of this study provided new insights on the characterization of the subcutaneous
mouse model as an alternative model for the study of regenerative medicine strategies

based on canine ASCs.
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Chapter V

Design and characterization of a biodegradable double layer scaffold aimed at

periodontal tissue engineering applications

Abstract

The inefficacy of the currently used therapies in achieving the regeneration ad integrum of
the periodontium stimulates the search for alternative approaches, such as Tissue
Engineering strategies. Therefore, the core objective of this study was to develop a
biodegradable double layer scaffold for periodontal Tissue Engineering.

The design philosophy was based on a double layered construct obtained from a blend of
starch and poly (e-caprolactone) (30:70 wt%) (SPCL). A SPCL fiber mesh functionalized with
silanol groups to promote osteogenesis was combined with a SPCL solvent casting
membrane aiming at acting as a barrier against the migration of gingival epithelium into the
periodontal defect. Each layer of the double layer scaffolds was characterized in terms of
morphology, surface chemical composition, degradation behaviour and mechanical
properties. Moreover, it was assessed the behaviour of seeded/cultured canine adipose-

derived stem cells (CASCs).

In general, the developed double layered scaffolds demonstrated adequate degradation and
mechanical behaviour for the target application. Furthermore, the biological assays revealed
that both layers of the scaffold allow adhesion and proliferation of the seeded undifferentiated
cASCs, and the incorporation of silanol groups into the fiber mesh layer enhance the

expression of a typical osteogenic marker.

This work allowed to develop an innovative construct combining a tridimensional scaffold
with osteoconductive properties and with potential to assist periodontal regeneration,

carrying new possible solutions to current clinical needs.
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*This Chapter is based on the following publication:

Requicha JF, Viegas CA, Hede S, Leonor IB, Reis RL, Gomes ME. Design and
characterization of a biodegradable double layer scaffold aimed at periodontal tissue
engineering applications. Journal of Tissue Engineering and Regenerative Medicine. doi:
10.1002/term.1816
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1. Introduction

Periodontium, the organ which surrounds and sustains the tooth, is constituted by the
alveolar bone, the cementum, the periodontal ligament (PDL) and the gingiva (1). The
periodontium is often affected by periodontitis, an inflammatory disease highly prevalent both
in humans and dogs, which can progresses with bone resorption, cementum necrosis and
gingival recession or hyperplasia and ultimately, when untreated, leads to tooth exfoliation
(2). Periodontitis has been identified as an important health problem owing to its enormous

prevalence and life threatening implications on humans and animals systemic health (3).

Currently, there are several therapies used in the clinical practice, namely the gingival flap
techniques (2, 4), scaling and root planning (2), root conditioning with demineralizing agents
(2, 4, 5), direct injection of growth or differentiation factors into the root surface [e.g. platelet
derived growth factor (PDGF), insulin growth factor-1 (IGF-1), bone morphogenetic proteins-
2 and -7 (BMPs)] (2) or concentrate of factors [platelet rich plasma (PRP), enamel matrix
derivatives (EMD)] (1, 6), in situ application of filler materials, such as autografts, allografts
and alloplastic materials, namely hydroxyapatite (HA) and tricalcium phosphate (TCP) (5),

and application of guided tissue regeneration (GTR) membranes.

GTR was proposed (5, 7) to selectively guide cells to proliferate in different compartments of
the alveolar bone and PDL. This technique allows preventing the gingival epithelium and
connective tissue expansion, ankylosis and radicular resorption phenomenon and at same

time avoiding the collapse of the periodontal defect (2, 8).

The materials that have been used to produce GTR membranes are several, namely, non-
absorbable polymers, as for example ePTFE (8); absorbable polymers of synthetic origin,
such as polylactic acid (PLA) (9), poly (lactic-co-glycolic acid (PGLA) (10), polyglactin (11)
and biosynthetic cellulose (12) or absorbable polymers of natural origin, such as collagen
(13, 14), cargile (15) and chitosan (16, 17). Besides those materials, composite membranes
composed of PGLA with HA (13) or nano-apatite with poly (e-caprolactone) (PCL) (18) has
also been tested for this application. Other membranes have also been developed to work as
vehicles for delivering biological molecules, namely growth factors (PDGF, BMPs, PRP) or
antibiotics, as metronidazole (10), doxycycline (19) or tetracycline (9), in order to promote an
effective and aseptic cellular proliferation and differentiation in the desire tissue. In spite of all
therapeutic strategies developed until today for periodontal regeneration, there is still no
treatment that could restore the functionality of all the damaged periodontal tissues. For this

reason, clinicians tend to combine several of techniques mentioned above in attempts to
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reach the desired effect, resulting in complex treatments with unpredictable outcomes (20,
21).

Recently, Tissue Engineering has paved the way for the development of new therapeutic
strategies, trying to understand and mimic the role of the cellular and matrix components of
the tissues along the regenerative process. The regeneration of the mesoderm-origin tissues,
including the periodontal tissues, rely on the use of adult mesenchymal stem cells (MSCs)
(22) which are proved to have the capacity to differentiate into various cellular lineages (1, 6,
23, 24). A prime consideration in periodontal Tissue Engineering should be the design of

tridimensional supportive matrix/scaffolds, which will support the periodontal tissues.

Therefore, the purpose of the present study was to develop an innovative scaffold with
potential to regenerate periodontal defects. Thus, a scaffold was designed into a construct
composed of two different layers: a membrane and a 3D fiber mesh, both made of a blend of
starch and poly (e-caprolactone) (SPCL). The membrane is expected to act as GTR batrrier,
avoiding the gingival epithelium growth into the periodontal defect when placed between the
gingiva and the defect and also to promote the adhesion and recruitment of the native
undifferentiated cells responsible for new ligament tissue formation. The SPCL 3D fiber mesh
layer is aimed to provide a support matrix for the ingrowth of alveolar bone that comprises
the osseous compartment of the periodontium. This fiber mesh was further functionalized
with silanol groups that are known to activate bone-related genes expression and stimulate
osteoblast proliferation and differentiation (25-27). This aforementioned double layer scaffold
was characterized in terms of morphology and surface chemical composition, mechanical
properties and degradability. Furthermore, we have studied the behaviour of canine adipose-

derived stem cells (CASCs) on both layers to assess their in vitro functionality.

2. Materials and methods

2.1. Production of the materials

A double layer scaffold based on SPCL, a biodegradable and thermoplastic blend of starch
and poly (e-caprolactone) (30:70 wt%) (Novamont, Italy), was produced by combining two

layers. These layers were obtained using two different processing techniques, solvent

casting and wet-spinning, as shown in Fig. 5.1a.

To obtain the solvent casting membrane (SPCL-M), the SPCL were dissolved in chloroform

(Sigma-Aldrich, Germany) at a concentration of 20 wt%. At room temperature, 3 mL of the
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polymeric solution was casted onto a 5 cm diameter patterned Teflon mold to obtain the

SPCL-M, which was then dried in a hood and cut into discs samples of 6 mm of diameter.

SPCL DOUBLE LAYER Enamel
SCAFFOLD Dentin

Dental pulp

B cementum
Alveolar bone
Periodontal ligament

B Gingiva

¥= Doublelayer scaffold

Fiber mesh Membrane
Osteoconductive b
a silanol groups
C
Layers Description Abbreviation Characterization
SPCL membrane SPCL-M SEM, biological studies
Non-functionalized with silanol groups SPCL-WS SEM, FTIR, biological
SPCLwet-spun fiber mesh )
Functionalized with silanol groups SPCL-WS-Si studies
Patterned membrane plus wet-spun fiber
SPCL-DLS SEM, micro-CT,

mesh non-functionalized with silanol groups
SPCL double layer scaffold ) degradability,
Patterned membrane plus wet-spun fiber
SPCL-DLS-Si mechanical properties
mesh functionalized with silanol groups

Figure 5. 1 — Schematic representation of the developed double layer scaffold comprising the
membrane and the fiber mesh. The yellow spots represent the osteoconductive silanol groups
incorporated into the material (a). Schematic picture of the implantation of the double layer scaffold in
a periodontal defect (b). Table summarizing the components of the double layer scaffold that were

developed and characterized (c).

In order to prepare the wet-spun fiber meshes, the same SPCL solution was loaded into a 5
mL plastic syringe with a metallic needle (21 Gx1.5”). The syringe was connected to a
programmable syringe pump (KD Scientific, World Precision Instruments, UK) to inject the
polymer solution at a controlled pumping rate of 5 mL per hour to allow the formation of the
fiber mesh directly into the coagulation bath. The wet-spun fiber mesh structure was formed
during the process by the random movement of the coagulation bath. Two different
coagulation baths were used: methanol (Vaz Pereira, Portugal) as control (SPCL-WS) and
calcium silicate solution previously studied and described in previous works (SPCL-WS-Si)
(25, 26, 28). Using methanol, the formed fiber meshes were dried at room temperature

overnight in order to remove any remaining solvent and designated as SPCL-WS. In the
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case of using calcium silicate solution, the fiber meshes were dried in an oven at 60 °C for 24
hours, and designated as SPCL-WS-Si.

After the preparation of each layer as described above, the two layers were combined
together by dropping chloroform onto the top side of the SPCL-M, allowing it to become
slightly soften, and then, by applying an certain pressure the fiber mesh was attached. The
combined layers were dried in a hood and cut into discs with 6 mm of diameter. All samples

were disinfected by ethylene oxide before cell culture studies.

In Fig. 5.1c it is described the composition and the characterization of the two developed
layers. The double layer scaffolds, comprising the SPCL-M/SPCL-WS or SPCL-M/SPCL-
WS-Si, were also characterized in terms of morphology, degradability and mechanical

behaviour.

2.2. Morphology characterization

2.2.1. Scanning electron microscopy

Scanning electron microscopy (SEM) was performed using a Leica Cambridge S-360 model
(Cambridge, UK). Prior to any SEM observations, all the scaffolds were sputter-coated with
gold by ion sputtering (Polaron SC502, Fisons Instruments, UK). Three samples of each
material were used, and the micrographs analyzed by using the software ImageJ (NIH,
USA).

2.2.2. Micro-computed tomography

Micro-computed tomography was carried out using a high-resolution micro-CT Skyscan 1072
scanner (Skyscan, Kontich, Belgium). X-ray scans of SPCL-DLS and SPCL-DLS-Si were
performed in triplicate using a resolution of pixel size of 8.7 um and integration time of 1.9
sec. The X-ray source was set at 49 keV of energy and 122 pA of current. Approximately 400
projections were acquired over a rotation range of 180° with a rotation step of 0.45°. Data
sets were reconstructed using standardized cone-beam reconstruction software (NRecon
v1.4.3, SkyScan). Representative data sets of 200 slices were segmented into binary images
with a dynamic threshold of 37 to 120 to identify the organic and inorganic phases. This data
were used to build 3D models (CTAnalyser, v 1.5.1.5, SkyScan).

2.3.  Fourier transform attenuated total reflectance infrared spectroscopy

The surface of the SPCL-WS and SPCL-WS-Si was analyzed by Fourier-transformed IR
spectroscopy with attenuated total reflectance (FTIR-ATR) in an IRPrestige 21 (Shimadzu,
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Japan). Spectra were collected at 4 cm™ resolution using 60 scans in the spectral range

4400-800 cm™. For each sample, three individual measurements were performed.

2.4. Degradation behaviour

2.4.1. Water uptake and weight loss

In order to simulate in vivo conditions, SPCL-DLS and SPCL-DLS-Si were incubated in
different enzymatic solutions at physiological conditions (pH 7.4, 37°C). Pre-weighed
materials were individually immersed in 2.5 mL of four different solutions: (i) phosphate-
buffered saline (PBS, 0.01 M, pH 7.4; Sigma-Aldrich, Germany), (i) PBS solution containing
400 U/L a-amylase from Bacillus sp. (Sigma-Aldrich, Germany), (iii) PBS solution containing
500 U/L lipase from Pseudomonas sp. (Sigma-Aldrich, Germany) and (iv) PBS containing
lipase and amylase at the same concentrations (50:50 vol%). The samples were incubated at
37 °C for 1, 3, 7, 14, 21 and 28 days, and the solutions were changed weekly. All the
prepared solutions were sterilized using a 0.2 um syringe filter and kept at 4 °C until further

usage.

The enzymatic degradation of polymeric scaffolds was carried out using amylase and lipase,
enzymes to study their effect on starch and PCL hydrolysis. Additionally, these two enzymes
are found in healthy dogs’ serum at concentration in the range of 373-1503 U/L and 90-527
U/L, respectively (29). The reason of using dog reference values is based on the fact that
dog is an animal with natural occurrence of the periodontal disease and is considered the

best model in Periodontology pre-clinical research.

At the end of each degradation period, the samples were removed from the solution and
placed between two filter papers, to remove excess of liquid, and immediately weighted to
determine the water uptake. Then, it was washed several times with distilled water and
placed in the oven at 37 °C for 3 days in order to measure the dry weight and thus determine
the weight loss. For each study condition (material and solution), five samples were tested.
Degradation solutions were frozen for further analysis, namely, for the quantification of the

reducing sugars and calcium and silicon elements, as described below.
2.4.2. Morphology after degradation

SPCL-DLS and SPCL-DLS-Si samples after degradation under different conditions were
dried at room temperatures and observed by SEM, as described previously. Three samples

of each material were analyzed.
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2.4.3. a-Amylase activity

Degradation solutions were analyzed to determine the concentration of reducing sugars
released into the solution as result of starch hydrolysis. The determination was based on the
dinitrosalicyclic acid (DNS) method and absorbance were red at 540 nm in a microplate
reader (Synergy HT, BioTek Instruments, USA), using a standard curve of glucose.

2.4.4. Calcium and silicon concentration of the degradation solutions

Elemental concentrations of silicon (Si) and calcium (Ca) were measured in the degradation
solutions, after passed through a 0.22 um filter, using inductively coupled plasma atomic
emission spectrometry (ICP: JY2000-2, Jobin Yvon, Horiba, Japan).

2.5. Mechanical behaviour

Mechanical tests were carried out to evaluate the tensile strength of the SPCL-DLS and
SPCL-DLS-Si. Five rectangular samples with 5 x 20 mm were tested in the dry and wet state
(after 24 hours of immersion in PBS). Samples were tested using a uniaxial testing system
(Instron 4505 Universal Machine, USA) with a load cell of 1 kN. Tensile test was carried out
at a crosshead speed of 2 mm/min. Tensile stress was taken as the maximum stress in the
stress-strain curve, and the elastic modulus was estimated from the initial slope of the stress

strain curve.

2.6.  Culturing of canine adipose-derived stem cells

Canine adipose-derived stem cells (CASCs) were isolated from subcutaneous abdominal
tissue collected from adult healthy dogs in the Veterinary Hospital of University of Tras-os-
Montes e Alto Douro in accordance with Portuguese legislation (Portaria no 1005/92) and
international standards on animal welfare as defined by the European Directive 2010/63/EU,
and with previous informed consent of the owners. cASCs were expanded in basal medium
composed of Dulbecco Modified Eagle Medium (DMEM) (Sigma Aldrich, Germany)
supplemented with 10% fetal bovine serum (FBS; Invitrogen, USA) and 1%
antibiotic/antimicotic (Sigma, USA) as previously reported (24), until passage 2 before
seeding. As previously referred, dog is an important animal model in periodontal
regeneration research. For that reason, we envision, ultimately, the autologous assessment
of this tissue engineered construct with canine cells in the Wikésjo model, which is
considered the most adequate animal model aimed at extrapolate results for future

applications in veterinary and human dentistry (5, 20). The harvesting, isolation and
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characterization of the canine adipose derived stem cells has been addressed in a previous
study (24).

The cASCs were seeded onto the SPCL-M a concentration of 5.0x10* cells/sample and then
cultured for 1 and 14 days in basal medium. The cells morphology and proliferation were
characterized by scanning electron microscopy (SEM) and DNA quantification, respectively,

as it is described below.

The SPCL-WS and SPCL-WS-Si were seeded with cASCs at a concentration of 1.0x10°
cells/sample and then cultured in either basal or osteogenic medium for 7 and 28 days.
Osteogenic medium was composed of alpha Modification Eagle Medium (a-MEM) (Sigma
Aldrich, Germany), 10% FBS, 1% antibiotic/antimicotic and osteogenic supplements,
ascorbic acid (50 pg/mL) (Sigma, USA), dexamethasone (10° M) (Sigma, USA) and B-
glycerophosphate (10 mM) (Sigma, USA). Cell-scaffolds constructs were evaluated in terms
of the cellular morphology and proliferation, as described below. The relative gene
expression of a specific osteoblast marker, Osteocalcin, was also assessed by real time RT-
PCR analysis to evaluate the effect of the functionalization of the polymer fibers with silanol

groups in the osteogenic differentiation of CASCs.
2.6.1. Scanning electron microscopy

To observe the morphology of cASCs cultured onto the membrane and fiber meshes, the
samples were fixed in 2.5% glutaraldehyde solution in PBS during 1 hour at the 4 °C and
then dehydrated in a series of ethanol solutions with increasing concentration (30%, 50%,

70%, 90% and 100%, v/v). Afterwards, the samples were left to dry overnight.
2.6.2. dsDNA quantification

A fluorimetric dsDNA quantification kit (PicoGreen, Molecular Probes, USA) was used and
the fluorescence was read using a microplate ELISA reader (BioTek, USA) at an excitation of
485/20 nm and an emission of 528/20 nm. The number of cells in each timepoint was

obtained by using previously created standard curve dsDNA content versus cASCs number.
2.6.3. Real time RT-PCR analysis

For the Osteocalcin gene expression analysis, the cultured materials were retrieved and kept
in 800 pL of TRIzol Reagent (Invitrogen, USA). The mRNA was extracted with TRIzol
following the procedure provide by the supplier. Briefly, after an incubation of 5 min,

additional 160 pL of chloroform (Sigma Aldrich, Germany) were added; the samples were
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then incubated for 15 min at 4 °C and centrifuged at the same temperature and 13 000 rpm
for 15 min. After the centrifugation, the aqueous part was collected and an equal part of
isopropanol (VWR, USA) was added. After an incubation of 2 hours at -20 °C the samples
were washed in ethanol, centrifuged at 4 °C and 9 000 rpm for 5 min and resuspended in 12
ML of RNase/DNase free water (Gibco, UK). The samples were quantified using the
NanoDrop ND1000 Spectrophotometer (NanoDrop Technologies, USA). For the cDNA
synthesis were used the samples with a 260/280 ratio between 1.7 and 2.0. The cDNA
synthesis was performed in the Mastercycler real time PCR equipment (Eppendorf, USA)
using the iScript cDNA Synthesis Kit (Quanta Biosciences, USA) with an initial amount of
mMRNA of 2 ug in a total reaction volume of 20 yL. RNAse free water (Gibco, UK) was used
as a negative control. After the synthesis of the cDNA, real time PCR analysis was carried in
the Mastercycler real time PCR equipment (Eppendorf, USA) using the PerfeCta Sybr-Green
FastMix (Quanta Biosciences, USA) to analyze the relative expression of Osteocalcin gene
(ENSCAFT00000026668, F: GATCGTGGAAGAAGGCAAAG, R: AGCCTCTGCCAGTTGTC
TGT) in each sample, using GAPDH as housekeeping gene (NM_001003142.1, F:
CCAGAACATCATCCCTGCTT, R: GACCACCTGGTCCTCAGTGT). The primers have been
designed using the Primer 3 Plus v0.4.0 (MWG Biotech, Germany). Delta-delta Ct method
according to Livak and Schmittgen (2011) (30) was performed using the materials after

seeding as calibrator.

2.7.  Statistical analysis

Statistical analysis was performed using the GraphPad Prism v5.00 (GraphPad Software
Inc., USA). The statistical significance was assessed by a two-way ANOVA followed with

Bonferroni posttesting. Data are reported as mean + standard deviation.

3. Results

3.1. Morphology characterization

The micro-computed tomography images showed that the combination of the two different
layers was effectively achieved, allowing to obtain a single asymmetric scaffold, comprising
two distinct parts (Fig. 5.2). SEM showed that the SPCL-M presents an irregular and rough
surface, which can be due to the textures of the mould used and the stretching of the SPCL
during mechanical detachment from the mould (Fig. 5.2). The SPCL-WS and SPCL-WS-Si
were mainly composed by a random arrangement of interconnected fibers. The diameter of
the SPCL-WS fibers was about 192 + 23.5 pm and SPCL-WS-Si fibers were around 195 *

24.6 pm. At higher magnifications, it was possible to observe the rough surface of SPCL
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fibers, which could be due to the evaporation of chloroform. In SPCL-WS-Si, the surface of
the fibers was much smoother and presents some cracks which probably resulted from the

drying process typical of the materials prepared by the sol-gel process.
3.2. Fourier transform attenuated total reflectance infrared spectroscopy

The effectiveness of the functionalization of the fiber mesh layer with Si-OH groups was
investigated by FTIR-ATR (Fig. 5.2). Regarding the SPCL-WS, it was observed a high
intensity band at 1700-1750 cm™ for C=0, corresponding to the characteristic band of poly
(e-caprolactone) (31, 32). In the SPCL-WS-Si, obtained using a calcium silicate solution as a
coagulation bath, the C=0 band was also detected. In addition, siloxane (Si-O-Si) reflection

peaks were observed at 1020 cm™, 1080 cm™ and1180 cm™ and a shoulder at 1110 cm™.

FTIR-ATR
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Figure 5. 2 — SEM micrographs of the SPCL-M, SPCL-WS and SPCL-WS-Si. The images embedded
in the right corner of each SEM micrographs correspond to higher magnifications. At the right, the
micro-CT image of the double layer scaffold and the FTIR-ATR spectrum of the SPCL-WS and SPCL-
WS-Si.
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A shoulder of Si-OH was observed at 960 cm™ and a peak at 840 cm™ for Si-OH typically

observed in silica gel (33, 34) proving the functionalization of the SPCL with silanol groups.

3.3. Degradation behaviour

3.3.1. Water uptake and weight loss

The SPCL-DLS and SPCL-DLS-Si showed different water uptake ability along the immersion
time in the different degradation media used, as it can be observed in the Fig. 5.3a. When
immersed in PBS buffer, both scaffolds did not change their water uptake along the

immersion period, maintaining a stable value bellow 60%.

In contrast, scaffolds immersed in the enzymatic solutions showed a water uptake of around
50 to 60%, after only one day of immersion. In the case of SPCL-DLS, it was observed a
gradually increase of the water uptake in PBS + lipase and PBS + amylase + lipase, although
it was more significant for PBS + lipase, reaching values of 96.5% comparing to the 82.7% in
PBS + amylase + lipase. Samples immersed in PBS + amylase solution remains constant
with time. The SPCL-DLS-Si exhibits a lower water uptake comparing to non-functionalized
scaffolds. In general, the water uptake in degradation solutions increases by the following

order: PBS, PBS + amylase, PBS + amylase plus lipase and PBS + lipase.

In terms of weight loss (Fig. 5.3b), it was observed a faster degradation of the SPCL-DLS-Si,
comparing to the SPCL-DLS after 1 day of immersion under all conditions. However, as the
degradation time increases, it is observed a higher weight loss for the SPCL-DLS, especially
at day 7 (56.9% weight loss) in PBS + lipase. The SPCL-DLS-Si, exhibited a similar
degradation profile, but showed lower degradation rate in PBS + lipase (41.1% weight loss)
comparing with SPCL-DLS. In PBS solution, devoid of enzymes, both materials showed

lower degradation rate.
3.3.2. Morphology after degradation

SEM images of the double layer scaffolds under the different enzymatic conditions as
function of degradation time are presented in Fig. 5.3c. In general, along the degradation
time, the structure of both scaffolds (with or without silanol groups) at the surface level
showed profound morphological changes with the formation of pores and increase of
roughness, being more visible in the SPCL-DLS. After 14" day of degradation in PBS +
lipase and PBS + amylase + lipase, gradual increasing on the number of pores on the

surface of SPCL-DLS was observed.
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Figure 5. 3 — SEM micrographs (c) and degradation profile in terms of water uptake (a) and weight
loss (b) of the SPCL-DLS and SPCL-DLS-Si in PBS solution and in presence of enzymes at
physiological conditions (pH 7.4, 37 °C).
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When both scaffolds were immersed in PBS buffer, no evident changes in their morphology
were possible to observe. Respecting SPCL-DLS-Si samples, it was also observed a more
evident action on the polymer structure after the 14" day of degradation time. The formation
of calcium phosphate crystals onto the surface was evident for all conditions, particularly, in
PBS + lipase and PBS + amylase + lipase solutions.

3.3.3. a-Amylase activity

Along the degradation time, it was observed a gradual increasing in the concentration of
sugars in the solutions for all conditions (Fig. 5.4).

For the SPCL-DLS, the amount of reducing sugars released was higher in PBS + amylase
solution, particularly at day 14, indicating a high activity of this enzyme in this substrate. In
the presence of the lipase, although it is known this enzyme degrades PCL based materials,
some sugars were also detected. Regarding the SPCL-DLS-Si, it was also observed the
presence of higher amounts of reducing sugars in PBS + amylase solution. Reducing sugars
were also detected after immersion of the scaffolds in PBS, although in lower quantities. In
PBS + amylase + lipase solution it was observed lower amounts of reducing sugars for both
materials comparing with PBS + amylase solution.
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Figure 5. 4 — Cumulative release of reducing sugars as function of degradation time in PBS solution
and in presence of enzymes at physiological conditions (pH 7.4, 37 °C) of SPCL-DLS and SPCL-DLS-
Si. The symbol (x) compares the enzyme effect within the same degradation time. The symbol (*)

compares the effect of the degradation time within the same enzymatic condition. (p<0.001, n=9).
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3.3.4. Calcium and silicon concentration of the degradation solutions

In general, it was observed an increasing release of calcium and silicon ions from the SPCL-
DLS-Si along the degradation time (Fig. 5.5). Between 3 and 14" days of immersion, there
was increase in calcium and silicon concentration in all solution, although the silicon
concentration increase was higher. At day 14, an accentuate increase in calcium
concentration was observed. The release of calcium was higher for the samples immersed in
PBS + lipase and PBS + amylase + lipase solutions than in PBS + amylase, while the
release of silicon was much higher in samples immersed in PBS + amylase and PBS +
amylase + lipase solutions.
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Figure 5. 5 — Cumulative release of calcium (a) and silicon (b) as function of degradation time in PBS
solution and in presence of enzymes at physiological conditions (pH 7.4, 37 °C) of SPCL-DLS-Si. The
symbol (x) compares the enzyme effect within the same degradation time. The symbol (*) compares
the effect of the degradation time within the same enzymatic condition. (p<0.001, n=5).

3.4. Mechanical behaviour

The tensile properties of SPCL-DLS and SPCL-DLS-Si, in wet and dry state, are reported in
Table 5.1. In general, the mechanical properties were better for SCPL-DLS than for SPCL-
DLS-Si in dry state. In the wet state, both scaffolds present a lower Modulus that is
statistically different (p<0.001) from the samples in dry state. In terms of elasticity, it was

observed a significant increase for both materials (p<0.001) under wet state.
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Table 5. 1 — Mechanical properties of the SPCL-DLS and SPCL-DLS-Si, before and after soaked in
PBS for 24 hours.

Material SPCL-DLSdry  SPCL-DLSwet  SPCL-DLS-Sidry  SPCL-DLS-Si wet

Tensile Stress (MPa) 4,08+0,877 2,873+0,453  3,211+£1,096 2,441+0,295
Modulus (MPa) 167,73+ 33,52 45,839+5,38 142,46+ 38,477 34,153+5,772

Elongation (%) 8,646+6,502  35,854+2,925 0,878x0,175 29,209+ 1,675

3.5.  Culturing of canine ASCs

SEM micrographs revealed a good adhesion of cASCs to the SPCL-M exhibiting a flat and
elongated shape and the cell number increase was highly significant between the first and
the final culturing day (Fig. 5.6a). SEM analysis of the SPCL-WS and SPCL-WS-Si revealed
that, in basal medium, both materials have the ability to support and sustain cell proliferation
(Fig. 5.6b). The observation of the respective graphic shows the functionalization of the
polymer with silanol groups has a positive effect in cellular proliferation, evident at the 28"

day of culture.
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Figure 5. 6 — Canine ASCs proliferation in the (a) SPCL-M cultured for 1 and 14 days and in the (b)
SPCL-WS and SPCL-WS-Si cultured for 7 and 28 days in basal medium. (**p<0.01, ***p<0.001, n=9).

SEM micrographs represent the latter time point of each type of material.
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The analysis of the Osteocalcin expression by real time PCR (Fig. 5.7) shown an increase of

expression along the culturing, higher in the samples cultured in osteogenic medium. In the

28" day of culture, there was a significant expression of this marker in the SPCL-WS-Si
comparing to SPCL-WS.
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Figure 5. 7 — Osteocalcin gene expression in cASCs cultured onto SPCL-WS and SPCL-WS-Si for 7
and 28 days in basal (BM) and osteogenic (OM) medium. (*p<0.05, n=9).

4. Discussion

This work proposed the development of an innovative double layer scaffold that could
support the regeneration of the different tissues that compose the periodontium. The
developed scaffold results from the assembling of two distinct layers, a membrane obtained
by solvent casting and a fiber mesh obtained by wet-spinning (35), with different functions
aiming the regeneration of various tissue components of a periodontal defect. This scaffold
design is expected to fulfil two main goals: (a) to provide a matrix with an osteoconductive
potential in one side (layer) for the formation of new alveolar bone and (b) to simultaneously
act as a barrier against the migration of gingival epithelium into the bone compartment and at
same time, promoting the formation of the PDL between bone and the tooth surface on the

opposite side (layer) of the construct.

The biocompatibility and versatility of SPCL polymeric blend was the main criteria for the
selection of this material since it has already been used to produce 3D structures and
microparticles with different physicochemical characteristics using various technologies,
namely electrospinning (35, 36), fiber bonding (37), wet-spinning (25), rapid prototyping (36),

injection molding (38) or supercritical phase inversion (39) for applications in Tissue
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Engineering and regenerative medicine. Furthermore, the SPCL based scaffolds have been

extensively assessed both in vitro (26, 35, 40) and in vivo (37, 41).

SEM and micro-CT imaging showed that the methodology used to combine both layers did
not affect the surface morphology of each layer and, at the same time, enabled to obtain a
solid integration of the membrane layer with the fiber mesh layer.

The functionalization of the wet-spun fiber meshes with silanol groups, by using the calcium
silicate bath, was comproved by the FTIR results. The presence of Si—OH groups came from
the hydrolyzed and incomplete polycondensation reaction of TEOS, which can lead to the
formation of hydrogen-bonding interactions with carbonyls of PCL, as reported in previous
works (25, 33, 34, 37). In these works, the inorganic—organic hybrids are prepared via an in

situ sol—gel process of TEOS in the presence of PCL.

The functionalized fiber mesh layer of the construct was obtained in a single step by
combining wet-spinning technology and a calcium silicate solution, which allows a bioactive
structure with Si—OH functional groups to be developed. Thus, this methodology offers clear

advantages in scaling up technologies, in terms of reduction of time and costs of production.

Regarding the degradability of the double layer scaffold in terms of morphology and weight
loss, instead of be higher in the SPCL-DLS, it was not observed a complete degradation of
the studied materials, leading us to conclude that a period of 28 days of digestion by the

serum enzymes is not enough to degrade completely the newly developed scaffolds.

The developed double layer scaffold was found to be degraded by two enzymes found in dog
serum (a-amylase and lipase) at physiological concentrations, as reported in previous
studies using human-like enzymatic solutions to study their effect on the degradation of
SPCL-DLS (42, 43). Lipase is one of the most effective enzymes on this process, because it
is able to catalyze the hydrolysis of ester bonds in PCL, which in our blend, 70% in weigh is
from PCL (42, 43). In PBS + amylase + lipase solution it was observed lower amounts of
reducing sugars for both materials comparing with PBS + amylase solution, maybe because,

in the first solution there is a competition effect between the two enzymes.

Although, the degradation rate of the SPCL-DLS was higher in terms of weight loss
comparing with the SPCL-DLS-SI, the production of sugars was observed higher in SPCL-
DLS-Si maybe influenced by the presence of silicon and calcium elements which means that

the amylase has more important role in degrade this material than in the SPCL-DLS-Si.
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Gradual degradation observed for the material is essential for maintaining its integrity during
the regeneration period. Along with the degradation of the material, it is expected that the
pool of periodontal undifferentiated cells could be recruited, proliferate and differentiated in
the desired phenotypes, both ligament and bone, at the same time that the epithelial cells of
the gingiva are selectively blocked out of the defect. If the material degrades quickly, the
GTR barrier function of the membrane would disappear and the previously existent cells

would not colonize the defect.

Concerning the mechanical properties of the SPCL-DLS and SPCL-DLS-Si, it was observed
that, in general, they exhibit similar properties to the ones obtained in previous works (44) or
also, to the commercially available membranes (45) for periodontal regeneration. In terms of
elastic modulus, the study materials in wet state present higher values comparing to electro-
spun nano-apatite/PCL membrane, which can be due to the incorporation of the bioceramic
particles into the polymeric structure (18). It was demonstrated that a hybrid PCL membrane
containing 40% silica xerogel exhibited five and eight times higher strength and elastic

modulus comparing with pure PCL membrane (46).

The SPCL-DLS-Si modulus is lower than SPCL in bond states, which might be due to the
bond between the carbonyl groups of PCL with the silanol groups as demonstrated in the
FTIR-ATR spectrum. These bonds can cause some constraints on the mobility of the PCL
chains (33, 47). The mechanical properties of a scaffold for this target application should
enable to maintain the space and the stability of the defect during the periodontal
regeneration, mainly, during the early phase of wound healing (1). As the in vivo environment
is wet, good elasticity could be advantageous for an easier suiting of the scaffold in irregular
defects. Moreover, the fact that SPCL-DLS-Si scaffold was not completely degraded after 28
days of immersion can be advantageous. In fact, this finding is desired because in
periodontal defects the stability provided by the structure of the construct is very important to
enable the mechanical stability and prevent the epithelial invasion while retaining space for

regeneration.

The biological behaviour of the developed scaffold was assessed using adipose derived
stem cells, envisioning the future application of the constructs in Tissue Engineering
approaches. ASCs have revealed potential for use in Tissue Engineering and other cell-
based therapies, similarly with bone marrow mesenchymal stem cells (BMSCs). Moreover,
the adipose tissue is ubiquitous and easily obtainable in large quantities with little patient
discomfort (48, 49). Canine ASCs were used to assess the studied material in terms of
cellular adhesion, proliferation and osteogenic differentiation, because ultimately, the

obtained tissue engineered scaffold will be assessed in a preclinical dog model, following an
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autologous approach. Given the fact the ASCs are similar to periodontal ligament stem cells
in terms of phenotype and differentiation potential (50), they could be a suitable alternative

for cell-based therapies of periodontal damages (22).

Both layers of the double layer scaffold revealed potential to allow cellular adhesion and
proliferation. The cultured cells exhibited a flat and elongated shape typical of the
mesenchymal stem cells (23, 24, 49). In SPCL-WS and SPCL-WS-Si, the effect of the
functionalization with osteoconductive silanol groups in the cell proliferation and osteogenic
differentiation was assessed because the main aim of this layer is to enable cell attachment
and promote the formation of new alveolar bone inside the periodontal defect. Although the
membrane should have a barrier function, it should allow the adhesion of cells, namely the
epithelial cells when placed in contact with the gingiva, or the ligament cells when fitted to the
tooth root surface.

The reported release of silicon in the SPCL-WS-Si, as shown in previous studies (25, 26, 51,
52), induced the osteogenesis, as patent by the overexpression of Osteocalcin at the 28"
culturing day. In fact, previous works shown that silicon enhances osteoblasts proliferation,
differentiation and collagen production, and also have effects on the osteoclasts (52-54). The
increased release of calcium and silicon to the solution may favor some degree of
reprecipitation which in combination with other important ions like phosphate, existent in
stimulated buffer solution (55), in the cell culture medium (54), or in the tissues, can
contribute to the formation of the hydroxyapatite on the material and further induce the
undifferentiated cells to the osteogenic lineage (25, 26), a key factor for the regeneration of

the osseous compartment of the periodontium.

Considering that the scaffold is composed by the two distinct layers, it was possible to obtain
an asymmetric material with osteoconductive potential in only one side. This bioactive aspect
was developed aiming at be fitted on the alveolar bone defect in order to promote selectively
the regeneration of this compartment of the periodontium. The porous structure of the 3D
fiber mesh structure is expected to induce the proliferation of the bone cells and the

integration of the scaffold in the adjacent bone tissue and ingrowth of new bone.

Depending on the type of defect, which can vary in terms of size, shape and type of
damaged tissue, the scaffold might be implanted differently in order to fit adequately in the
defect. The membrane layer is important to be placed adjacently to the gingiva in order to
avoid the migration of epithelial cells into the periodontal defect through the root surface.
Moreover, when the lesion affects the radicular periodontal ligament and cementum, it is

important to mold the scaffold in order to make sure that the membrane layer is adjusted to
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the tooth root creating an occlusive space for regeneration of periodontal ligament avoiding

the influence of the gingival epithelium migration and avoiding the risk of ankylosis with the
adjacent bone.

5. Conclusion

This work proposed an innovative approach for designing a double layer scaffold to address

the structural and biological requirements for the regeneration of periodontal defects.

The obtained data allowed to demonstrate that this scaffold, combining the advantageous
features of the two different layers in a single construct, exhibits adequate physicochemical
and biological characteristics to be used in therapeutic approaches leading to the

regeneration of periodontal tissues.

Therefore, this construct may provide a new solution to the current clinical needs, being an
alternative to the mixed techniques using allograft and autografts bone combined with guided
tissue regeneration membranes in the dentistry and orthopaedic medical field, both in human
and in veterinary medicine. Nevertheless, further studies, particularly using animal models,
are required to demonstrate the full potential of the proposed construct in the regeneration of
periodontal defects.
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Chapter VI

A tissue engineering approach for periodontal regeneration based on a

biodegradable double layer scaffold and adipose-derived stem cells

Abstract

Human and canine periodontium are often affected by an inflammatory pathology called
periodontitis, which is associated with severe damages across tissues, namely in the
periodontal ligament, cementum and alveolar bone. However, the therapies used in the
routine dental practice, often consisting in a combination of different techniques, and do not

allow to fully restore the functionality of the periodontium.

Tissue Engineering (TE) appears as a valuable alternative approach to regenerate
periodontal defects but for this purpose, it is essential to develop supportive biomaterials and
stem cells sourcing/culturing methodologies that address the complexity of the various
tissues affected by this condition.

The main aim of this work was to study the in vitro functionality of a newly developed double
layer scaffold for periodontal Tissue Engineering. The scaffold design was based on a
combination of a 3D fiber mesh functionalized with silanol groups and a membrane, both
made of a blend of starch and poly (e-caprolactone) (SPCL). Adipose-derived stem cells
(cASCs) were seeded and cultured onto such scaffolds, and the obtained constructs were
evaluated in terms of cellular morphology, metabolic activity and proliferation. The
osteogenic potential of the fiber mesh layer functionalized with silanol groups was further
assessed concerning the osteogenic differentiation of the seeded and cultured ASCs. The
obtained results showed that the proposed double layer scaffold supports the proliferation
and selectively promotes the osteogenic differentiation of cASCs seeded onto the
functionalized mesh. These findings suggest that the 3D structure and asymmetric
composition of the scaffold in combination with stem cells may provide the basis for

developing alternative therapies to treat periodontal defects more efficiently.
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1. Introduction

The tooth is involved by a complex organ, called periodontium, which comprises different
tissues, namely the alveolar bone, maxilla and mandible, the cementum (which is part of the
tooth root), the periodontal ligament (PDL) and the gingiva (1). The above mentioned
structures have an important role in the chewing sensibility and, above all, act as a dynamic
support apparatus for the tooth structure (2). Periodontitis is the most important periodontal
pathology, known to cause tissue destruction that leads to tooth exfoliation, when not treated
in due time (3, 4). The main goals of current periodontal therapies are to preserve the natural
dentition, as well as the aesthetics and function of the periodontium. However, none of the
currently available treatments for treating periodontal defects has shown the ability to restore
completely the functionality of all the damaged tissues. A complete regeneration is only
achieved when the Sharpey’s fibers of the PDL between the bone and the radicular
cementum are formed with oblique orientation, and when it is possible to avoid the expansion
of the gingival epithelium and connective tissue into the lesion, as well as the occurrence of

the ankylosis and radicular resorption (1, 4-6).

In the clinical routine, the periodontologists are forced to combine different techniques in
order to achieve better results. However, the outcomes are quite variable and difficult to
predict. Tissue Engineering (TE), using supportive biomaterials and cells, might provide new
approaches for periodontal regeneration as it suggested in recent scientific reports (7-12).
Different strategies have been proposed, including the use of adipose-derived stem cells
combined with platelet rich plasma (7), collagen sponges seeded with autologous periodontal
ligament (PDL) cells (11), autologous bone marrow stem cells (BMSCs) laden in a collagen
gel (10), and a combination of multi-layered PDL cell sheets with a poly (glycolic acid)
membrane and with a tricalcium phosphate (9). However, these strategies have not shown a
clear potential to enhance, synchronically, the alveolar bone regeneration and the formation

of a new functional PDL.

In previous studies, we have developed a scaffold specifically designed for periodontal
regeneration, which is composed by two layers combined in a single matrix: a starch plus
poly (e-caprolactone) (SPCL) membrane aiming at acting as physical barrier between the
gingival epithelium and the bone and ligament compartment of periodontium, creating a
selective space for bone and PDL regeneration; and a SPCL fiber mesh functionalized with
osteoconductive silanol groups, which is aimed at promoting new bone formation (13-15).
The characterization of these constructs performed so far, namely regarding the
morphology/structure, surface chemical composition, mechanical properties and in vitro

degradability, suggests their suitability for the envisioned application (16).
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The present work focused on studying the in vitro behaviour of ASCs seeded and cultured
onto both layers of the described scaffold, to further assess the potential of this Tissue
Engineering scaffold for the proposed application. The potential of such scaffold for the
envisioned application can only be fully assessed upon performing in vivo studies in relevant
animal models. Nevertheless, the in vitro studies are expected to demonstrate the ability of
the proposed double layer scaffold to promote either cellular proliferation or osteogenic
differentiation, onto the membrane and fiber mesh layers, respectively. Adipose-derived stem
cells have been extensively described in terms of stemness and osteogenic differentiation
capacity and proposed for the treatment of distinct pathological conditions, including in tissue
engineered approaches for periodontal regeneration (7, 17, 18). ASCs seeded/cultured onto
the membrane layer, were characterized in terms of adhesion, proliferation and metabolic
activity and ASCs seeded/cultured onto the fiber mesh layer, were further evaluated
concerning their osteogenic differentiation by real time RT-PCR and alkaline phosphatase

(ALP) activity analysis.

This versatile double layer material was shown to enhance osteogenic differentiation of
ASCs cultured onto the fiber mesh layer functionalized with silanol groups. Additionally, it
was observed that the membrane has the potential to allow the adhesion and proliferation of
the undifferentiated ASCs.

2. Materials and Methods

2.1. Preparation of the materials

The double layer scaffolds were prepared from a blend of starch and poly (e-caprolactone)
(30:70% wiw) (Novamont, Italy) (SPCL) by combining two different components/layers: a
wet-spun fiber mesh and a solvent casting membrane (Fig. 6.1A) as described previously
(16). Briefly, to prepare the fiber meshes, the SPCL was dissolved in chloroform (Sigma-
Aldrich, Germany) at a concentration of 20% (w/v). This solution was loaded into a 5 mL
plastic syringe with a metallic needle (21 Gx1.5”), which was connected to a programmable
syringe pump (KD Scientific, World Precision Instruments, UK). The solution was injected at
a controlled pumping rate of 5 mL/h into the coagulation bath that was randomly moved to
allow the formation of the fiber mesh structure. Two different coagulation baths were used:
methanol (Vaz Pereira, Portugal) to produce the SPCL wet-spun fiber meshes (SPCL-WS)
and a calcium silicate solution produce SPCL wet-spun fiber meshes functionalized with
silanol groups (SPCL-WS-Si) as described previously (13, 14, 16). SPCL-WS were then
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dried at room temperature overnight in order to remove any remaining solvents and the
SPCL-WS-Si were dried at 60 °C for 24 hours.

The membrane was obtained by casting 3 mL of the same polymeric solution onto a 5 cm
diameter either patterned/non-patterned Teflon mold, in order to obtain patterned (SPCL-P)
or smooth/non-patterned (SPCL-NP) membranes, respectively. The objective was to analyze
the effect of topography on the cellular attachment and proliferation. Membranes were dried

in a hood and then cut into discs samples of 6 mm of diameter.

Both membranes and fiber meshes were cut into 6mm diameter samples and sterilized by

ethylene oxide before the biological assays described below.

3D fiber mesh - Alveolar bone regeneration

\

Osteoconductive
silanol groups

Canine ASCs
Expanded in basal medium up to P2

Tissue engineered double layer scaffold
seeded with cASCs

Membrane

GTR physical barrier A B

Layers Description Abbreviation Characterization
Non-patterned SPCL-NP

SPCL membranes SEM, DNA, MTS
Patterned SPCL-P

SPCL wet-spun Non-functionalized with silanol groups  SPCL-WS

fiber mesh SEM, DNA, MTS, ALP, PCR
Functionalized with silanol groups SPCL-WS-Si C

Figure 6. 1 — Schematic representation of the envisioned tissue engineering strategy based on the
use of a double layer scaffold with two different target functionalities (A) to culture the

harvested/isolated canine ASCs (B). Description of the different components (C).

2.2.  Seeding/culturing of the canine ASCs onto materials

Canine adipose stem cells (cASCs) were isolated from subcutaneous abdominal tissue of

adult healthy dogs and expanded in basal medium composed of Dulbecco Modified Eagle
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Medium (DMEM) (Sigma Aldrich, Germany) supplemented with 10% fetal bovine serum
(FBS; Invitrogen, USA) and 1% antibiotic/antimicotic (Sigma, USA) until passage 2 (P2), as
described in a previous work (18) (Fig. 6.1B). The rationale behind the use of canine ASCs
resides in the fact that dog is the most suitable animal model used in Periodontology, and
thus this could facilitate the future autologous assessment of the proposed Tissue

Engineering approach.

The two components of the double layer scaffolds were assessed separately by

seeding/culturing them with ASCs, as we intent to analyze their distinct functionalities.

The SPCL-P and SPCL-NP membranes were seeded with 5.0x10* cASCs/sample and then
maintained in basal medium for 2h to allow cell attachment. Afterwards, 1 mL of medium was
added to each culture well and cell-seeded membranes were further cultured for 1, 3, 7 and
14 days.

The SPCL-WS and SPCL-WS-Si fiber meshes were seeded with cASCs at a concentration
of 1.0x10° cells/sample and then cultured in either basal or osteogenic medium, containing
alpha Modification Eagle Medium (a-MEM) (Sigma Aldrich, Germany), 10% FBS, 1%
antibiotic/antimicotic supplemented with 50 pg/mL ascorbic acid (Sigma, USA), 10° M
dexamethasone (Sigma, USA) and 10 mM B-glycerophosphate (Sigma, USA) for 7, 14, 21
and 28 days.

2.3. Characterization of the membranes/fiber meshes cultured with canine ASCs

After each selected culturing period of time, the culture medium was aspirated and the cell-
membrane/fiber mesh samples were carefully washed with sterile PBS and then,
characterized using different technigues, namely, SEM, histology, DNA quantification, MTS

assay, ALP activity analysis and PCR analysis, as described in detail bellow.
2.3.1. Cellular morphology
Scanning electron microscopy

For scanning electron microscopy (SEM) evaluation, samples were fixed in 2.5%
glutaraldehyde (Merck Milipore, Germany) solution in PBS for one hour at 4 °C and then
dehydrated by immersion in a series of ethanol-water solutions with increasing concentration
(30%, 50%, 70%, 90% and 100%, v/v). Afterwards, the samples were dried at room

temperature overnight.
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SEM was performed using Hitachi SU-70 UHR Schottky (Hitachi, Japan) equipment. Prior to
any SEM observations, all the scaffolds were sputter-coated with gold (Polaron SC502,
Fisons Instruments, UK). Three samples of each material/condition under study were

analyzed.

Histology — Donath technique

The SPCL-WS and SPCL-WS-Si, cultured along 28 days with cASCs in both culturing
conditions, were fixed in 4% phosphate-buffered formalin for one hour at 4 °C for further

histological analysis by the Donath technique.

Briefly, the fiber meshes-cells constructs were dehydrated in alcohol solutions of increased
concentrations, embedded in glycol methacrylate (Technovit 7200 VLC, Heraeus Kulzer,
Germany) and processed for ground sectioning according to the method described by
Donath and Breuner (19). The slides with a thickness of approximately 30 um were prepared
by micro-cutting and grinding (Exakt, Norderstedt, Germany), and stained using a modified

Lévai Laczké stain (20).

2.3.2. Cellular metabolic activity

Cell metabolic activity was assessed using the MTS test. For this purpose, the cultured
constructs (membranes and fiber meshes seeded/cultured with cASCs), retrieved at different
time points, were rinsed with PBS, immersed in a mixture consisting of serum-free cell
culture medium and MTS reagent (VWR, USA) in a 5:1 ratio and incubated for 3 hours at 37
°C in a humidified atmosphere containing 5% CO,. Subsequently, 200 uL of this mixture
were transferred to new 96-well plates and finally the optical density (OD) was measured on

a microplate reader (BioTek, USA) using an absorbance of 490 nm.

2.3.3. Cellular proliferation

Double strain DNA (dsDNA) quantification was performed to assess the proliferation of the
CASCs seeded/cultured onto the membranes and fiber meshes under study. For this
purpose, samples removed from culture were rinsed twice in a PBS solution and transferred
into 1.5 mL microtubes containing 1 mL ultra-pure water. Afterwards, the samples were
incubated for 1 hour at 37 °C in a water-bath and stored in a -80 °C freezer, promoting a
thermal shock variation and thus inducing cell lysis. Before assessing DNA levels, constructs

were thawed and sonicated for 15 min.
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A fluorimetric dsDNA quantification kit (PicoGreen, Molecular Probes, USA) was used to
determine the cellular proliferation. Samples and standards (0-2 pg/mL) were prepared in
triplicate. Briefly, in each well of a 96-well white plate (Costar; Becton-Dickinson, USA), were
deposited 28.7 pL of sample or of each standard, 71.3 pL of PicoGreen solution and 100 pL
1X (Life Technologies, USA), then the plate was incubated for 10 min in the dark and the
fluorescence was read using a microplate reader (BioTek, USA) at an excitation of 485/20
nm and an emission of 528/20 nm. A standard curve was developed in order to read DNA

values of samples from the standard graph.

2.3.4. Osteogenic differentiation of the canine ASCs on the wet-spun fiber meshes

Alkaline phosphatase activity

Alkaline phosphatase (ALP) activity assay was used to assess the osteogenic differentiation
of the cASCs cultured onto the wet-spun fiber mesh layers, SPCL-WS and SPCL-WS-Si. For
this purpose, in each well of a 96-well plate (Costar; Becton-Dickinson, USA) were added 20
puL of each sample (the same used for DNA assay) plus 60 pyL of a substrate solution
consisting of 0.2% (wt/v) p-nytrophenyl phosphate (Sigma, Germany) in a substrate buffer
with 1M diethanolamine HCI (Merck, Germany), pH 9.8. The plate was then incubated in the
dark for 45 min at 37 °C. After this incubation period, 80 puL stop solution [2 M NaOH
(Panreac, Spain) plus 0.2 mM EDTA (Sigma, Germany)] was added to each well. Standards
were prepared with p-nytrophenol (Sigma, Germany) in order to achieve final concentrations
in the range 0-0.3 pM/mL. Samples and standards were prepared in triplicates. Absorbance

was read at 405 nm and sample concentrations were read from the standard.

Gene expression of specific osteogenic markers

Real time RT-PCR analysis was performed to analyse the relative gene expression of
specific osteogenic markers, namely, Collagen type | a1 (COLIAL), Runt-related transcription
factor 2 (RUNX2) and Osteocalcin (Table 6.1) on the SPCL-WS and SPCL-WS-Si cultured
with cASCs. For this purpose, the samples retrieved at each time point were kept in 800 yL
of TRIzol reagent (Invitrogen, USA). The mRNA was extracted with TRIzol following the
procedure provided by the supplier. Briefly, after an incubation of 5 min at 4 °C, additional
160 pL of chloroform (Sigma Aldrich, Germany) were added; the samples were incubated for
15 min at 4 °C and then centrifuged at 13000 rpm for 15 min at the same temperature.
Subsequently, the aqueous part was collected and an equal part of isopropanol (VWR, USA)
was added. The samples were further incubated for 2 hours at -20 °C and afterwards

washed in ethanol, centrifuged at 4 °C and 9000 rpm for 5 min and resuspended in 12 yL of
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RNase/DNase free water (Gibco, UK). The samples were quantified using the NanoDrop
ND1000 Spectrophotometer (NanoDrop Technologies, USA). For the cDNA synthesis the
samples with a 260/280 ratio between 1.7 and 2.0 were used. The cDNA synthesis was
performed in the Mastercycler real time PCR equipment (Eppendorf, USA) using the iScript
cDNA Synthesis Kit (Quanta Biosciences, USA) with an initial amount of mRNA of 2 pg in a

total volume of 20 puL. RNAse free water (Gibco, UK) was used as a negative control.

Table 6. 1 — Primer sequences for targeted cDNAs.

) Product 5'-3' sequence
Primer RefSeqlD
length (bp) (F, forward; R, reverse)

F: ATGCCATCAAGGTTTTCTGC
COL1A1 ENSCAFT00000026953 170

R: CTGGCCACCATACTCGAACT

) F: GATCGTGGAAGAAGGCAAAG

Osteocalcin ENSCAFT00000026668 166

R: AGCCTCTGCCAGTTGTCTGT

F: CAGACCAGCAGCACTCCATA
RUNX2 ENSCAFT00000020482 148

R: CAGCGTCAACACCATCATTC

F: CCAGAACATCATCCCTGCTT
GAPDH NM_001003142.1 238

R: GACCACCTGGTCCTCAGTGT

After the synthesis of the cDNA, real time PCR analysis was performed using in the
Mastercycler real time PCR equipment (Eppendorf, USA) using the PerfeCta Sybr-Green
FastMix (Quanta Biosciences, USA) to analyze the relative expression of the three studied
markers in each sample, using GAPDH as housekeeping gene. The primers were previously
designed using the Primer 3 Plus v0.4.0 (MWG Biotech, Germany) (Table 6.1). The Delta
Delta Ct method, according to Livak and Schmittgen (2001) (21), was performed using the
data obtained for the cell-fiber mesh constructs upon seeding as calibrator.

2.4.  Statistical analysis

The obtained results were elaborated using the software JMP v9.0.1 (SAS Institute Inc.,
USA). The statistical significance was assessed by the ANOVA single factor method. Data
was presented as mean + standard error of the mean (SEM) and differences between data

groups were considered to be statistically significant for p<0.05 (Student's t-test).
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3. Results

3.1.  Cellular morphology

SEM micrographs of the membrane layer (Fig. 6.2A) upon 1, 7, 14 and 21 days on culture
with cASCs revealed a good attachment of the cells onto both surface types (patterned and
non-patterned), exhibiting an elongated shape, typical of the mesenchymal stem cells. It was
not possible to observe differences in the attachment or morphology of the cells seeded onto

the two different membranes.

Regarding the wet spun fiber meshes (Fig. 6.2B), SEM observation suggest that both
functionalized and non-functionalized materials allowed attachment and uniform distribution
of the seeded cells, independently of the culturing conditions, either basal or osteogenic
medium. The images show a clear increase in the amount of cells along the culturing time
and suggest the formation of an extracellular matrix (ECM) that in some cases covered

almost the fiber mesh at the latest time point studied.

The histological sections of the SPCL-WS and SPCL-WS-Si stained with Lévai Laczké (Fig.
6.3) shown that a monolayer of cells was formed along the surface of the fiber meshes.
Moreover, these cells did not migrate throughout the material to the opposite layer of the

material.
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Figure 6. 2 — SEM micrographs of: A) patterned (SPCL-P) and non-patterned (SPCL-NP) membranes
cultured with cASCs for 1, 3, 7 and 14 days in basal medium (scale bar = 20 pm). B) SPCL-WS and
SPCL-WS-Si cultured with cASCs for 7, 14, 21 and 28 days in both basal medium and in osteogenic

medium (scale bar = 100 pum).

Figure 6. 3 — Optical microscopy images of cASCs (indicated by the arrows) cultured on the SPCL-
WS (A, B) and SPCL-WS-Si (C, D) for 28 days both in basal (A, C) and in osteogenic medium (B, D)

(Lévai Laczké staining, scale bar = 100 um).
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3.2.  Cellular metabolic activity — MTS assay

In terms of cells metabolic activity, the values were found higher for the cASCs cultured on
the patterned (SPCL-P) than for non-patterned (SPCL-NP) membranes (Fig. 6.4A),
particularly, in the later culturing times. The metabolic activity of the cells cultured onto the
SPCL-WS and SPCL-WS-Si layer (Fig. 6.4B) was generally found higher in the
functionalized fiber meshes (SPCL-WS-Si), particularly in the last day of culture. It was also
possible to observe that the different culturing medium used did not induce any significant

effect in the metabolic activity of cells cultured in the different fiber meshes.
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Figure 6. 4 — cASCs metabolic activity (A, B) and proliferation (C, D) upon culturing onto the SPCL-
NP and SPCL-P membranes for 1, 3, 7 and 14 days in basal medium (A, C) and culturing onto the
SPCL-WS and SPCL-WS-Si for 7, 14, 21 and 28 days in basal and osteogenic medium (B, D). Levels

connected by different letters are significantly different (p<0.05, Student's t-test).

3.3.  Cellular proliferation — dsDNA assay

In general, the results obtained from the dsDNA assay (Fig. 6.4C) showed increased values
along the culturing time for SPCL-P and SPCL-NP, demonstrating that both membranes

supported the adhesion and further proliferation of the seeded cASCs. Nevertheless, the
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cellular content was significantly higher in the SPCL-P as compared to the SPCL-NP, at all

the time points.

Similarly, for the fiber meshes (Fig. 6.4D), it was also observed an increase in the cell
content with increasing culturing times indicating that cASCs were able to proliferate in both
functionalized and non-functionalizes scaffolds cultured either in basal or osteogenic media.
However, the first evidence is that, in general, the basal medium promoted a higher cellular
proliferation, mainly in the later time points. It is also possible to observe that the
functionalization with silanol groups had a positive effect in the cellular proliferation, which is

more significant on the cells cultured in basal medium.
3.4. Osteogenic differentiation assessment

The osteogenic differentiation of the cASCs cultured onto the fiber mesh layer was evaluated
by alkaline phosphatase (ALP) activity measurement and by real time RT-PCR analysis of
the expression profile of three different osteogenic markers, namely COLIAL, RUNX2 and

Osteocalcin.

Alkaline phosphatase quantification revealed, in general, a significant increase until the 21™
day of culturing followed by a decrease in the last experimental time point (Fig. 6.5). The ALP
activity was significantly higher in the cells cultured under osteogenic medium, particularly in

the latest time points and for the non-functionalized samples (SPCL-WS).
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Figure 6. 5 — Alkaline phosphatase activity of the cASCs cultured onto the SPCL-WS and SPCL-WS-

Sifor 7, 14, 21 and 28 days in basal and osteogenic medium. Levels connected by different letters are

significantly different (p<0.05, Student's t-test).
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In the Fig. 6.6, it is possible to observe the different expression profiles of the analyzed

osteogenic markers.

2001

A = SPCL-WS a
c == SPCL-WS-Si
2
n b
g 1504 c b b
é T c T c
x d T
[ - d d
5 100 e . ¢
o f ;
- T
< 4°¢ 9 9
g 501 » T T E E h
o T h
BM OM BM OM BM OM BM OM
7 days 14 days 21 days 28 days
B 254 mm SPCL-WS
W SPCL-WS-Si
S a
® 204 L
0
o
s
x 154
o
c
o
o
o™
>
=
=)
(14
BM OM BM OM BM OM BM OM
7 days 14 days 21 days 28 days
C 59 mm spcLws

Osteocalcin gene expression

BM OM BM

[ SPCL-WS-Si

OM BM OM BM OM

7 days

14 days

21 days

28 days

Figure 6. 6 — Real time RT-PCR analysis of osteoblastic genes: COLIALl (a), RUNX2 (b) and
Osteocalcin (c) analyzed in cASCs cultured on the SPCL-WS and SPCL-WS-Si for 7, 14, 21 and 28

days in basal (BM) and osteogenic medium (OM) (mean

+ SEM). Considering each marker

independently, levels connected by different letters are significantly different (p<0.05, Student's t-test).
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The expression of COLIAL was higher in the beginning of the studied period, followed by a
decrease between the 14™ and 21™ culturing days in all conditions. In the 7th day, the
expression of this marker was significantly higher in the SPCL-WS-Si samples in both
culturing medium, and for the later time points the expression levels were variable being, in
general, higher in the SPCL samples cultured in osteogenic medium. Regarding the
expression of the RUNX2 gene, an early marker for osteogenic differentiation, it was found a
significant up-regulation in the initial culturing times, particularly in the SPCL-WS-Si
scaffolds. This marker was expressed along all the experiment, particularly on the cASCs
cultured on osteogenic medium. Concerning the expression of Osteocalcin, a late marker, it
was registered increased levels of expression along the time, significantly higher in the
samples cultured in osteogenic medium. The SPCL-WS-Si samples promoted, in general, a

higher expression of this marker in almost all conditions.

4. Discussion

SPCL has been used in the development of several scaffolds architectures with different
physicochemical characteristics aimed at being used in TE applications, having been
extensively tested both in vitro (14, 22-24) and in vivo (25-27). The feasibility of producing an
SPCL double layer scaffold specifically designed for periodontal regeneration was

demonstrated in a previous work (16).

The good elasticity and mechanical strength, as well as its degradability, allows to
hypothesize that, once implanted in a periodontal defect, this scaffold will enable to maintain

an occlusive space for some months while the tissue regeneration is accomplished (16).

The canine adipose-derived stem cells used in this wok were previously characterized in
terms of stemness and osteogenic potential along culture passages (18). These studies have
shown that the cASCs lose their stemness and osteogenic differentiation potential along the

passages and, for this reason in the present work they were used at passage 2.

As described above, the proposed scaffold is composed by two layers, an osteoconductive
wet-spun fiber mesh and a solvent casting membrane, that can be further enriched with stem
cells, envisioning to achieve two main functions upon implantation in a periodontal defect,
namely to induce the formation of new alveolar bone and act as a GTR batrrier, respectively.
Specifically, in order to evaluate the osteogenic potential of the bioactive fiber mesh layer, we
have herein assessed the ability of such scaffold to promote the differentiation of cASCs into

the osteogenic lineage. As for the membrane, it is thought to avoid the migration of epithelial
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cells ingrowth to the periodontal defect hindering the anchorage of other cell types essential
to the regeneration, but should simultaneously promote an effective integration with the
surround smooth gingival tissue. Therefore, it was evaluated the effect of the surface
topography (patterned and non-patterned) of the solvent casting membrane layer, in order to

select the most adequate to allow cellular adhesion and proliferation.

The SEM images of the membrane and fiber mesh layers revealed that both aspects of the
double layer scaffold allowed the adhesion of cells displaying the typical filopodia
morphology of the ASCs, independently of the surface topography and presence/absence of
silanol groups. The fact that the cASCs grow preferentially on the surface of the fiber
meshes, has been typically reported in static cultures that hinder the distribution of cells
towards the interior of the scaffolds and prevent their viability within the scaffold due to
diffusion limitations (28, 29) and might be overcome by culturing constructs in adequate
bioreactors.

In all the studied materials, it was observed an increase of cellular metabolic activity along
the culturing period, independently of the conditions or the composition/topography of the

scaffolds, further demonstrating the biocompatibility of the materials selected.

Concerning the outcomes of the DNA assays performed on the membrane layer, it was
shown a positive effect of the patterning in the membrane layer. This shows that a simple
methodology can be used to promote the cells proliferation, but also paves the way for the
development of other topographies specifically designed to guide the cellular migration along
the surface, either restricting some cellular populations as the epithelial cells or promoting
the migration of others, such as the periodontal ligament cells. Regarding the DNA assays
results registered for the fiber mesh layers, it was found that the functionalization with silanol
groups increased the proliferation of the cASCs on the fiber meshes, which is in good

agreement with previous results (16).

The incorporation of a 3D functionalized fiber mesh in the design of the proposed double
layer scaffold was aimed at enhancing the osteogenic differentiation of seeded stem cells
and/or to promote the ingrowth of alveolar bone tissue into the porous structure of the mesh
layer upon implantation in a periodontal defect. This osteogenic potential was evaluated in
vitro by quantifying the ALP activity, and by assessing the gene expression of specific

osteogenic markers along the culturing period in basal and osteogenic medium.

The ALP is an enzyme anchored to membrane inositol-phosphate on the outer surface of

osteoblasts (30) that reduces phosphate-containing substances and hydrolyzes
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pyrophosphate which is known to inhibit hydroxyapatite formation (31), and is considered an
early osteogenic differentiation marker (32). In this work it was revealed that the SPCL-WS
induced higher levels of ALP activity than the SPCL-WS-Si, as reported in a previous study
using human ASCs cultured onto similar materials (14), as well as other studies using
various cells types and materials (33). In fact, some osteoconductive calcium and silicon rich-
materials have shown a negative effect in ALP activity, such as a bioactive glass based
scaffolds cultured with human ASCs when compared with non-bioactive scaffolds (33). The
same negative effect of calcium in the ALP activity have also been reported on human

osteosarcoma cells (SaOs-2) cultured with Ca-enriched culture medium (30).

Gene expression analysis showed that all the studied osteogenic markers were expressed
along the culturing time of cASCs onto the SPCL-WS-Si and SPCL-WS. The highest levels
of Osteocalcin expression, a late marker of differentiation (34) were registered at the 21" day
of culturing, concomitantly with higher activity of the ALP, and after the expression peaks of
RUNX2 and COLIALl at the 7" and 14™ culturing days, respectively. This result was
particularly evident for the samples cultured under osteogenic medium. The expression of
these markers has been also reported in canine ASCs cultured in 2D cultures under
osteogenic medium, where it was observed a later peak of COLIAL expression at the 21"
day, also followed by the Osteocalcin (18) which suggests that the functionalized scaffolds
might be accelerating the onset of the cASCs osteogenic differentiation. Moreover, the
expression profile of COLIAL in the cASCs-fiber meshes was similar to the observed during

the natural healing of the canine mandibular alveolar bone (35).

The positive effect of silicon has been also reported in cells attached to silicon-rich calcium
phosphate nanocomposite, which showed higher expression of COLIA1 and Osteocalcin
compared to cells cultured on tissue culture plates (36), as well as reported by Botelho et al,
who observed that Si-doped HA have improved performance compared to pure HA on
human osteoblasts differentiation (37). Silicon and calcium were shown to upregulate
osteoblastic markers and accelerate osteogenic differentiation of cultured stem cells (38, 39).
The expression of the studied genes on the cultured cASCs on the SPCL-WS-Si, lead us to
conclude that silanol groups promote the osteogenic differentiation of the cASCs, despite the
lower ALP activity registered for the functionalized fiber meshes. Nevertheless it is
recognized the importance of further investigating the role of silicon in the mechanism of

osteogenesis.

Overall, the proposed asymmetric double layer scaffold supported the attachment and
proliferation of cASCs in both layers, enhancing of the osteogenic differentiation of the

cASCs cultured on the osteoconductive fiber mesh layer. These findings, together with
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physicochemical characteristics previously reported, clearly demonstrate that the proposed
scaffold might be used as a matrix for cell-seeding/culturing before implantation in a tissue
defect. Nevertheless, to address its suitability to promote the required functionalities,
supporting the simultaneous regeneration of different tissue in a periodontal defect, either
with or without the pre-culture of stem cells, in vivo studies must be performed. These
studies should start by assessing the bone regeneration ability in small animal model but
ultimately, it should be used the canine circumferential periodontal defect models, which is

considered the most adequate model for research in Periodontology.

5. Conclusion

The present study described a new Tissue Engineering approach aimed at being used in
periodontal regeneration, based on a recently developed construct composed of a
biodegradable double layer scaffolds and mesenchymal stem cells obtained from adipose

tissue.

The results obtained in the present work demonstrated that the wet-spun fiber mesh layer
functionalized with silanol groups stimulated the osteogenic differentiation of cCASCs while the
membrane layers enabled a good cell attachment and proliferation. Considering these results
together with those obtained previously suggested the potential of this double layer scaffolds
to be used in periodontal Tissue Engineering approaches. In such strategies, the double
layer scaffold, with or without pre-cultured stem cells, is envisioned to enhance osteogenesis,
which is essential for the regeneration of the alveolar bone compartment of the periodontium
while simultaneously promote the colonization with a distinct cellular population of the
periodontium and to avoid the migration of epithelial cells into the defect, through the specific
features of the fiber mesh and the membrane layers, respectively. This approach should be
assessed in a suitable animal model in order to be proposed as a viable alternative for
treating periodontal defects.
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Chapter VIl

Evaluation of a starch-based double layer scaffold for bone regeneration in a

rat model

Abstract

Damages in the maxilofacial bones are frequent in humans after trauma, metabolic diseases,
neoplasia or inflammatory processes, but current treatments to regenerate bone are

sometimes ineffective.

The goal of this work was to assess the in vivo behaviour of an innovative double-layered
scaffold based on a blend of starch and poly (e-caprolactone) (SPCL) that comprises a
membrane obtained by solvent casting, which aims to act as a guided tissue regeneration
membrane, and a wet-spun fiber mesh (in some cases functionalized with osteoconductive

silanol groups) targeting bone regeneration.

The behaviour of the double layer scaffold, functionalized with the silanol groups (SPCL-SI)
or without the functional groups (SPCL), was assessed in a mandibular rodent model and
compared to a commercial collagen membrane (positive control) and to empty defects
(negative control). After 8 weeks of implantation, the histomorphometric analysis revealed
that the SPCL-Si scaffolds induced significant higher new bone formation compared to the
collagen membrane and to the empty defects, although they had a similar performance when

compared to the SPCL scaffolds.

*This Chapter is based on the following publication:

Requicha JF, Moura T, Mufioz F, Leonor IB, Martins T, Gomes ME, Reis RL, Viegas CA.
Evaluation of a starch-based double layer scaffold for bone regeneration in a rat model.
Submitted

153



Chapter VII | Evaluation of a starch-based double layer scaffold for bone regeneration in a rat model

154



Chapter VII | Evaluation of a starch-based double layer scaffold for bone regeneration in a rat model

1. Introduction

The maxilofacial bones and, in particular, the alveolar bone, which makes part of the
periodontium, are often affected by severe damages caused by trauma, metabolic diseases,

neoplasia or inflammatory processes, like osteomyelitis or periodontitis (1).

Alveolar bone defects are usually managed by using bone grafts like autografts, allografts, or
biomaterials, such as hydroxyapatite (HA) and tricalcium phosphate (TCP) (2).
Growth/differentiation factors could be used alone, such as platelet rich plasma which is easy
to use in autologous patients (3), or the enamel matrix derivative (EMD) (4). Some vehicles
have been combined with the factors, namely, the fibrin glue with basic fibroblast growth
factor (bFGF), vascular endothelial growth factor (VEGF) and transforming growth factor-f3
(TGF-B) (5), a TCP osteoconductive matrix with human platelet derived growth factor (5, 6)
and collagen sponges containing recombinant human bone morphogenetic protein-2 (BMP-
2) for alveolar bone augmentation (7). In addition, barrier membranes could be placed
between the different periodontal compartments, including bone and periodontal ligament,
aiming to prevent epithelial and fibrous tissues to grow toward the defects, and allow the
recruitment of the local undifferentiated cells and their differentiation into the desired
phenotypes (8). This guiding effect can be achieved with various biocompatible materials,
including non-resorbables, like expanded-polytetrafluoroethylene (ePTFE) (9), cellulose
acetate (10) and titanium (11), and resorbable biomaterials, namely polylactic acid (11),
collagen (12) and poly (lactic-co-glycolic acid) (PLGA) (10). Apart from these materials,
scaffolds have been studied for the promotion of regeneration of the damaged bone

combining polymers with osteoconductive materials like HA (13) or TCP (14).

Many of these biomaterials proposed for bone and periodontal regeneration have been
combined with osteoconductive and osteoinductive molecular signals. Among them, silanol
groups incorporated in wet-spun fiber meshes made of a blend of starch and poly (e-
caprolactone) (SPCL) have shown great osteoconductive properties in vitro, demonstrated
by the ability to promote the osteogenic differentiation of the seeded/cultured goat bone
marrow stem cells (BMSCs) or human adipose-derived stem cells (ASCs) (15, 16). In a
previous work, a double layer scaffold based on the combination of a similar tridimensional
fiber mesh with a SPCL solvent casting membrane has been developed and characterized
7).

The main objective of this study was to evaluate the potential of this double layer scaffold,
with and without the silanol groups, to enhance bone regeneration in a critical size

mandibular defect. Moreover, the performance of the membrane layer to act as physical
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barrier against cell ingrowth was also evaluated. The mandibular defect has been considered
to be a suitable model to study the functionality of either non-resorbable or resorbable
membranes in several animal models, such as rats, rabbits, dogs and monkeys (8). The
performance of the developed scaffolds was compared with collagen commercial
membranes and with empty defects, after 8 weeks of implantation, through

histomorphometric analysis of slides prepared by the Donath technique (18).

2. Materials and Methods

2.1. Production of the materials

A polymeric solution was prepared by dissolving the starch and poly (e-caprolactone) blend
(30:70% w/w) (SPCL; Novamont, Italy) in chloroform (Sigma-Aldrich, Germany) (20 wt%).
According to a previously optimized methodology, the membrane layer was produced by
casting 3 ml of the solution onto a 5 cm diameter Teflon patterned mould. The same solution
was used to produce a SPCL fiber mesh by wet-spinning, which was then combined with the
solvent casting membrane in order to obtain a double layer scaffold. The same technique
was used to obtain the functionalized fiber meshes with osteoconductive silanol groups
(SPCL-SI) (15, 16). A commercial collagen membrane (Resodont, Resorba, Germany) was
used as positive control of the experiment. The SPCL and SPCL-Si double layer scaffolds
were previously sterilized by ethylene oxide and all the materials, including the collagen

membrane, were cut in 5 mm diameter discs prior to implantation.

2.2. Animals

Twelve male, 10-weeks old Wistar rats (strain code 003; Charles River, United Kingdom)
were used in this protocol with a mean body weight of 433.87 + 21.69 g. The housing care
and experimental protocol was performed according to national guidelines, after approval by
the National Ethical Committee for Laboratory Animals and conducted in accordance with
Portuguese legislation (Portaria 1005/92) and international standards on animal welfare as
defined by the European Directive 2010/63/EU. The animals were housed in pairs, fed with a
maintenance diet for rats (A0O4/A04C/R04 diet; Safe, France) and autoclaved water, both ad
libitum, and bedded in wood shavings (Scobis Uno; Mucedola, Italy) with suitable

environment enrichment and with a day/night cycle of 14/10 hours.
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2.3. Surgical procedure

The rats were premedicated with dexmedetomidine (Dexdomitor; Pfizer, Finland) 0.5 mg/kg
intraperitoneal and anesthetized with ketamine (Imalgene 1000; Merial, Portugal) 75 mg/kg
intraperitoneal. The heads were pre-operative radiographed to confirm normal anatomy and
to determine if the bony surface was suitable to encompass a 5 mm circular defect.

The defects were randomly assigned in the following four experimental groups (six defects
per group): (i) empty defects (negative control), (ii) defects implanted with collagen
membranes (positive control), (iii) defect implanted with SPCL double layer scaffolds and (iv)
defect implanted with SPCL-Si double layer scaffolds. Each rat was subject of two bilateral

defects which were then filled with different materials/empty defect.

The mandibular area was shaved and aseptically prepared with iodopovidone. Then, a skin
incision was made, exposing the masseter muscle and then the mandible. In the mandibular
ramus, a bicortical 5 mm circular defect was drilled using a 5 mm outer diameter trephine
(ACE Surgical Supply, USA) under irrigation, and then the materials were placed and fitted in
the defects. The surgical wound was closed in two layers using a 4-0 glyconate resorbable
suture (Monosyn; BBraun, Portugal) for muscle and 4-0 silk non-resorbable suture (Silkan;

BBraun, Portugal) for skin.

The anaesthesia was reversed using atipamezol (Antisedan; Pfizer, Germany) 1 mg/kg
intraperitoneal. Analgesia was given by a single dose of butorphanol (Butador;
Richterpharma, Austria) 0.4 mg/kg intraperitoneal three hours postoperatively, and
maintained with meloxicam (Movalis; Boehringer Ingelheim, Germany) 1.5 mg/kg
subcutaneous, once a day, during five consecutive days. For post-operative antibiotherapy,
enrofloxacin (Baytril 5%; Bayer, Germany) was given in drink water (0.1 mg/mL) for six

consecutive days.

After 8 weeks of implantation, the animals were anaesthetized and then euthanized by an
intraperitoneal injection of sodium pentobarbital (Eutasil; CEVA, Portugal) and the mandibles

explanted and fixed in 4% phosphate-buffered formalin (Inopat, Portugal) solution for 1 week.

2.4. Histology

The same samples were dehydrated in alcohol solutions of increased concentrations,
embedded in glycol methacrylate (Technovit 7200 VLC, Heraeus Kulzer, Germany) and
processed for ground sectioning according to the method described by Donath and Breuner

(18). From each tissue block one transversal section, comprising the center of the created
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defect was prepared to a thickness of approximately 30 um for histological assessment by
micro-cutting and grinding (Exakt; Norderstedt, Germany) and stained using a modified Lévai
Laczké staining (19) which stains allows to differentiate between local and newly formed
bone and also to maintain the matrix-cellular bone architecture essential for the subsequent

histomorphometric evaluation.

Histomorphometric analysis was performed using a light microscope and a computer-based
image analysis system (Microimage 4.0; Media Cybernetics, USA) evaluating the percentage
of bone ingrowth into the defect in a defined region of interest of 5 mm of length by 1 mm of
width.

2.5. Statistical analysis

Statistical comparison of the percentage of new bone formation was performed using two-
way analysis of variance (ANOVA) and Tukey post-hoc test. P-values<0.05 were considered

to be statistically significant.

3. Results

During the implantation, collagen membranes were found more difficult to fit in the same
position inside the defect due to their higher flexibility, and, upon implantation, higher blood
infiltration into the SPCL scaffolds was observed. At the end of the experiment, all the

animals revealed good body condition and no macroscopic signs of inflammation.

3.1. Histology

The histological analysis (Fig. 7.1) of the defects with collagen revealed a very low number of
inflammatory cells, as neutrophils, lymphocytes, macrophages, giant cells, as well as a low
amount of necrotic debris. Some new vessels, fibrosis and adipose infiltration were also
observed. In the majority of the cases, the collagen membrane was not very easily
distinguished from the surrounding tissues. In these cases, the defect was invaded by the

adjacent muscular tissue.

SPCL and SPCL-Si scaffolds were still present after 8 weeks of implantation and
surrounded, in some cases, by a granulation tissue and an infiltrate of inflammatory cells.
The inflammatory infiltrate was mainly composed of lymphocytes, macrophages and giant

cells around the implant indicating cellular activity of degraded material removal. In addition,
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these scaffolds allowed osteoconduction of bone tissue from the edge of the defect but did

not allow its growth into the membrane layer of the material.

SPCL-Si &

Empty
defect

Figure 7. 1 — Representative images of the mandibular defect without scaffold (empty) and filled with
collagen, SPCL and SPCL-Si scaffolds (Lévai Laczké staining). In these histological images, it can be
observed the old bone tissue (square), the new formed bone (triangle) and the implanted material
(circle) (scale bar = 2 mm).

3.2. Bone histomorphometry

As observed in Fig. 7.2, the percentage of new bone in the defined region of interest was
0.45 £ 0.40% in the empty defects, 13.46 + 5.51% with collagen, 23.49 + 10.88% for SPCL
scaffolds and 28.23 + 13.24% after SPCL-Si implantation for 8 weeks. The SPCL-Si group
median (24.26%) was higher than the collagen group (13.27%) which in turn was higher than
in empty defects (0.40%). Comparing the extreme observations in collagen and SPCL-Si
samples, it was found that the maximum collagen observation (20.33%) exceeded the
minimum SPCL-Si observation (13.85%).

Statistical analysis showed that there were differences in new bone formation comparing the
experimental SPCL and SPCL-Si groups to the negative control. When compared to the
positive control, both experimental groups revealed higher bone formation, although
statistical significance was found only between collagen and SPCL-Si.
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Figure 7. 2 — Box plot of the percentage of new bone formation in empty defects, collagen, SPCL and
SPCL-Si in the defined region of interest after 8 weeks of implantation. * indicates a significant
difference with p<0.05, (**) p<0.01 and (***) p<0.001.

4. Discussion

The double layer scaffold evaluated in this study has already been characterized in vitro,
using canine adipose-derived stem cells (cASCs), showing ability to act as an
osteoconductive matrix, supported by the expression of osteoblastic markers on the cultured
cASCs (17). The osteogenic potential of the functionalized fiber mesh layer has also been
assessed in vitro, using goat BMSCs (15) and human ASCs (16), leading to similar
outcomes. Moreover, the SPCL fiber meshes are known to have good biocompatibility under

subcutaneous and intramuscular implantation in rat (20).

Although both experimental scaffolds enhanced bone formation when compared to the
negative and positive controls, they presented similar performance between them, meaning
that the functionalization with silanol groups did not have the expected effect in
osteogenesis, as expected based in previous in vitro outcomes (16, 17). Results variability
could be attributed to the lack of stability of the implant in the mandible defect and
inadequate contact between bone and biomaterial (21). In the mandible, the area of
implantation is subject to constant forces, such as those resulting from mastication. It is
essential to develop a scaffold so that its edges are in strict contact with the bone edges in
order to avoid fracture of the newly formed bone, which is naturally less dense, leading to its

resorption.
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The mandible model has been proposed for the evaluation of several membranes and
scaffolds aiming to enhance and guide bone regeneration. Zellin et al. (1995) revealed that
e-PTFE, PGLA and cellulose were suitable membranes for osteopromotion (10). Later,
Schliephake et al. (2009) concluded that porous TCP induces more new bone formation than
porous CaCO3-collagen scaffolds. The referred TCP induced a similar new bone formation
(21.6%) comparing to our SPCL-Si (28.3%) and the results obtained for the porous CaCO3
(15.1%) was similar to our positive control (13.46%) (12).

Two different works on poly (DL-lactide-e-caprolactone) membranes reported higher bone
formation in comparison with empty defects, but no advantages with respect to collagen (22).
van Leeuwen et al. (2012) observed no statistical significant differences between the tested
poly (trimethylene carbonate) membrane and the collagen or e-PTFE (positive controls) (23).
Other scaffolds combined with growth/differentiation factors and cells have also been
assessed in this model, such as autologous dermal fibroblasts transduced with adenoviral
vector carrying LIM mineralization protein-3 adsorbed on hydroxyapatite/collagen (24) and
premineralized silk fibroin protein scaffold combined with BMP-2 gene modified BMSCs (25).
In the near future, additional Tissue Engineering strategies will open a way for new
biomedical devices, mimicking the molecular and cellular mechanism of bone regeneration

and also increasing the biocompatibility of the materials with the surrounding tissues.

In the histological slides it was not possible to observe traces of the implanted equine
collagen membrane, which can confirm its good biocompatibility and biodegradability. On the
other hand, the high degradation rate can be a drawback because it leads to the loss of
mechanical properties and consequently barrier function. The degradation of resorbable
membranes based on polyesters such as the one used in this work can cause foreign body
reaction due to the production of acidic compounds (1). SPCL-Si also revealed higher
neovascularisation, which can be associated to a certain local irritation and need of
continuous arrival of cells and molecules to the injured site. The presence of SPCL and
SPCL-Si scaffold after 8 weeks could be considered an advantage comparing to collagen,
because bone tissue requires more than 8 weeks to regenerate. No bone ingrowth through
the membrane layer was a suitable finding for the purpose of our scaffold as a physical
barrier as well. On the contrary, collagen membranes have already disappeared as
mentioned above and did not sustain a complete regeneration. Polyglactin 910 membranes
showed a pronounced collapse inside the bone defect; however, micro-movements were
proposed to cause inflammation around the implants, which activated growth factors and

thus enhance osteogenesis (10).
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SPCL-based scaffolds have already been assessed in rat and mice calvarial bone defects,
namely, SPCL melt-spun fiber meshes (26) and wet-spun fiber meshes (data not published
by Carvalho et al.), respectively, after 4 and 8 weeks of implantation. Link et al. (2013)
observed that SPCL scaffolds seeded with BMSCs pre-differentiated into osteoblasts
enhance more bone formation in comparison to SPCL scaffolds alone. Moreover, the new
bone formation in the center of the implant and not only in the edges suggested that the
material is osteoinductive (26). In the second work, SPCL wet-spun fiber meshes, similar to
the ones used in this study, were seeded/cultured with human ASCs and found to achieve

higher bone formation compared to scaffolds alone.

With the findings of the current study and also from previous in vivo studies mentioned
above, it is reasonable to propose the SPCL double layer scaffold as potential scaffolds for
bone regeneration strategies, either alone or tissue-engineered with stem cells in order to
increase bone regeneration potential. Nevertheless, this double layer scaffold needs to be
further assessed in other animal model, namely periodontal defect models, in order to
evaluate in detail the potential of the membrane layer when facing to distinct tissue damages

in the periodontium.

5. Conclusion

This work was focused on the in vivo performance of a new starch-based scaffold, based on
a membrane combined with a 3D fiber mesh, as well as the effect of its functionalization with

osteoconductive silanol groups.

The obtained results revealed that, after 8 weeks of implantation both SPCL and SPCL-Si
scaffold induced significant higher new bone formation when compared to collagen-filled
defects and empty defects. In addition, the membrane layer of the scaffolds did not allow the

proliferation of bone tissue throughout the material.

In conclusion, these results provide new information on the potential of the developed SPCL-

based scaffolds for maxillofacial bone regeneration.
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Final Conclusions

In both veterinary and human medicine, the periodontal disease is a high prevalent
pathology. This condition is primarily induced by the bacteria plaque on the tooth crown
surface and is characterized by an initial inflammation of the gingiva, called gingivitis. When
left untreated, it progresses to periodontitis which is associated to the destruction of the
periodontal ligament, the alveolar bone and the cementum that may ultimately lead to tooth
loss. Apart of the local effects in the oral health and the implications in the oral esthetic, this
pathology is also associated to life-threatening implications in the systemic health of the

individual.

Usually, the patients affected by periodontitis present several damages in more than one
periodontal tissue which concurs to increase the difficulty in the treatment of some
periodontal defects. Thus, the periodontal regeneration and the reestablishment of the

functionality are often challenging in the clinical routine practice.

The work accomplished on the scope of this Thesis provided new insights concerning the
development of new strategies to treat periodontal defects, envisioning the regeneration of
the alveolar bone around the tooth and the reestablishment of a functional periodontal

ligament between the bone and the root cementum.

In this work, the specific characteristics of the periodontium, both cellular and structural, were
considered in the design of an innovative tissue-engineered matrix combining canine
adipose-derived stem cells and a biodegradable scaffolds thought to accommodate these

cells and to promote the regeneration of the distinct compartments of the periodontium.

The referred scaffolds were obtained from a polymeric blend of starch and poly-¢-
caprolactone that was selected with basis on previous studies that have demonstrated the
promising properties and processing versatility of this material envisioning other applications
in the tissue engineering and regenerative medicine field. This biomaterial was processed by
two different methods (solvent casting and wet-spinning) in order to obtain a double (or bi)-
layered construct composed of a membrane aiming to act as a barrier against the migration
of the gingival epithelium combined with a fiber mesh functionalized with osteoconductive
cues aimed at promoting bone regeneration. The processing of each of these components

and their further combination into a double layer scaffold were optimized and then these
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constructs were extensively characterized in vitro with respect to their physicochemical
properties, mechanical properties, degradation and biological behavior and by culturing the
scaffolds with cASCs and assessed in vivo by implanting the constructs in a rodent model in

order to evaluate their potential to regenerate bone.

Envisioning the use of these double layer scaffolds in Tissue Engineering applications, as
well as their assessment in a canine autologous/allogenic periodontal model prior to clinical
translation to human or veterinary medicine, we have focused on the use of canine ASCs
and subsequently cultured the developed scaffolds with these cells. For this purpose, in a
first stage, it was optimized the harvesting, isolation and culture of ASCs from canine origin
and their stemness and osteogenic differentiation potential were assessed along culturing
passages. Furthermore, these cASCs were implanted in mice tissue in order to allow
evaluating the response of the host against the cells and optimizing their detection in the

Xenogenic tissue.

In summary, the work developed allowed to accomplish the following conclusions concerning

the proposed objectives:

i) Characterization of the canine ASCs: effect of anatomical origin and passaging

in the stemness and osteogenic potential

It was shown that cASCs are positive for the characteristic markers of MSCs and exhibit the
capacity to differentiate into both osteogenic and chondrogenic lineage. It was demonstrated
that the passaging of the cells is associated with a decrease in the level of expression of the
typical MSCs markers as well as their osteogenic potential. The anatomical origin of the
adipose tissue was also found to have influence both in the stemness and in the osteogenic
differentiation potential. Despite of the subcutaneous origin seemed to have higher
osteogenic potential, these finding were not consistent. Nevertheless, considering that the
subcutaneous tissue is easier to collect and is associated to lower site morbidity, this

anatomical origin is of higher interest envisioning future regenerative medicine approaches.

i) Evaluation of the response to the implantation of canine ASCs in a healthy mice

subcutaneous model

The canine ASCs implanted subcutaneously in a mouse were detected through the positive
expression of vimentin and CD44 markers and the negative expression of keratin; however
methods to label and track these cells in the living tissues should be optimized aiming at

evaluate the dispersion of this cells in the host organism and the effects at distance. The
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reported mild inflammatory response, mainly comprising macrophages and lymphocytes,
against the implanted cASCs paves the way for the future use of the subcutaneous mouse

model in the study of Tissue Engineering strategies based on cASCs.

The evaluation of the allogenic canine host response against the cASCs should be explored,
in the future, in order to allow the use of cCASCs between different individuals of this species.
Thus this work contributed to increase the knowledge on an alternative and promising stem
cells source not only for tissue engineering applications but also for use in other regenerative
medicine approaches with application in human and in veterinary medicine. In fact, the use of
ASCs avoid the use of the undifferentiated cells that exist in small niches in the dental and
oral tissues that are difficult to obtain in large quantities, take longer to expand and are

associated to high morbidity during the harvesting.

iii) Development of the a new scaffolds for periodontal regeneration

In this work it was possible to combine two distinct structures into a single construct aimed at
addressing different functionalities required for the full regeneration of periodontal defects.
The developed constructs showed an adequate biodegradation profile under the effect of a-
amylase and lipase as well as tensile strength and elasticity fulfilling the main requisites to be
used as a supportive matrix in the periodontium. Moreover, it was demonstrated the effective
functionalization of the fiber mesh layer with silanol osteoconductive groups, conferring to
this layer of the scaffold the potential to induce osteogenic differentiation of the cultured stem

cells obtained from the adipose tissue.

iv) Evaluation the potential of the developed double layer scaffold for Tissue

Engineering by seeding/culturing it with canine ASCs

The biological assessment of the developed scaffolds that was carried out by culturing the
newly developed constructs with the previously studied cASCs showed that both layers
promote cellular adhesion and proliferation, an essential requisite to propose this construct
for use in Tissue Engineering. The functionalized wet-spun fibre mesh enhanced higher
osteogenic differentiation as compared to the non-functionalized material. This outcome
confers to the double layer scaffold the potential to promote the regeneration of the alveolar
bone compartment of the periodontium. In addition, the impermeable structure of the
membrane layer also confer to this asymmetric matrix the potential to serve as physical
barrier for guided tissue regeneration, being expected to avoid the migration and ingrowth of
epithelial tissue into the defects, which is the main drawback with which the clinicians have to

deal in the treatment of periodontal damages. Therefore, it might be envisioned the use of
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the proposed construct in a tissue engineering approach, i.e., combined with cells or in

acellular approaches, i.e., by direct implantation of the construct in to the defect.

V) Assessing of the in vivo functionality of the scaffolds for bone regeneration,
using arat mandibular defect model

The implantation of this biomaterial in induced mandibular bone defects allowed to observe
that the double layer scaffold with a fiber mesh functionalized with silanol groups enhanced
new bone formation as compared to collagen commercial membrane and empty defects. The
matrix also avoided the migration of cells through the material which is a mandatory
requirement for a future use aiming at be used for guided tissue regeneration. In order to
better extrapolate these findings for a future periodontal application, the developed
constructs should be further assessed in periodontal defects induced in small mammals, for

example, in the rat fenestration defect model and ultimately in the canine model.

The regeneration of the periodontium is known to be challenging to the clinicians due to the
complexity of the damaged tissues and the specific interactions between them. However, the
increasing knowledge on the pathophysiology of the periodontal disease and the molecular
and cellular mechanisms of the periodontal regeneration is contributing to the developing of

new approaches for periodontal regeneration.

In conclusion, the work presented under the scope of this Thesis demonstrated the potential
of using a recently discovered source of stem cells that presents several advantages in
combination with and a suitable supportive biodegradable material to create a new tissue-

engineered construct for use in the treatment of periodontal defects.

Tissue Engineering is an area of knowledge with a promising future that opens wide
possibilities of applications in Regenerative Medicine. The understanding of how the tissues
regenerate upon damage and how it is possible to artificially mimic and promote that
phenomenon is a slow but a gradual and solid process in this research field. The growing
interest of the general society for this new therapeutic strategies obligate the researchers to
gather efforts within multidisciplinary teams aiming at applying the basic knowledge in

biological and material sciences for the improvement of human and animal healthcare.
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