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DMEM: Dulbecco's Modified Eagle 

Medium 

DMP-1: Dentin Matrix acidic 

Phosphoprotein 1  

DMSO: Dimethyl Sulfoxide  

DNA: Deoxyribonucleic Acid 

DPBS: Dulbecco's Phosphate-Buffered 

Saline 

DPSCs: Dental Pulp-derived Mesenchymal 

Stem/ Stromal Cells 

DSPP: Dentin Sialophosphoprotein  

DTSCs: Deciduous Teeth Stem/ Stromal 

Cells  

EC: European Commission 

ECM: Extracellular Matrix 

EDTA: Ethylenediaminetetraacetic acid 

EGF: Epidermal Growth Factor  

FGF-2/ bFGF: (basic) Fibroblast Growth 

Factor 2 

EMA: European Medicines Agency 

EPCs: Endothelial Progenitor Cells 

EPO: Erythropoietin 

EtOH/HB: Ethanol/ Hydroxybutyrate 

FBS: Foetal Bovine Serum  

FCS: Foetal Calf Serum  

FDA: Food and Drug Administration 

FDBA: Freeze-Dried Bone Allograft  

Flt-3L: fms-related tyrosine kinase3 ligand  

For: Formate 

FOSL1: FOS Like 1  

FT: Fourier Transform 

G: Birmingham wire gauge (needle size) 

GAGs: Sulphated Glycosaminoglycans 

GAPDH: Glyceraldehyde 3-phosphate 

dehydrogenase  

G-CSF: Granulocyte-Colony Stimulating 

Factor  

GDNF: Glial cell-Derived Neurotrophic 

Factor 

GDPB: Granular Deproteinized Bovine 

Bone  

Glu/Gln: Glutamate/ Glutamine 

GM-CSF: Granulocyte Macrophage 

Colony-Stimulating Factor  

GMP: Good Manufacturing Practices 

GRO(pan): Growth-regulated protein  

GTN: Gastrocnemius muscle 

h: human derived cells 

HA/TCP/Ch: Hydroxyapatite/tricalcium-

phosphate/chitosan  

HA: Hydroxyapatite  

HGF: Hepatocyte Growth Factor 

His: Histidine 

HLA: Huma Leukocyte Antigen 

HT-PCL: Hyaluronic acid-Tricalcium 

phosphate - Polycaprolactone  

IFN: Interferon 

IGF: Insulin-like Growth Factor  

IGFBP-7: Insulin-like Growth Factor-

Binding Protein 7  

IL: Interleukin  

IP-10: Interferon gama-induced Protein 10  

ISCT: International Society for Cellular 

Therapy  

ITS: Insulin-Transferrin-Sodium selenite  

IU: International Units 

KH2PO4: Potassium dihydrogen phosphate  

LAC: Laceration injury model 

Lac: Lactate 

LIF: Leukaemia Inhibitory Factor 

Lip: Lipids 

LPS: Lipopolysaccharide  

LSCD: Limbal Stem Cell Deficiency  

Lys/Arg: Lysine/Arginine 
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M ± SD: Mean ± Standard Deviation 

M ± SEM: Mean ± Standard Error of the 

Mean 

m: murine/ mouse derived cells 

Max: maximum 

MCP: Monocyte Chemotactic Protein 

MDC: Macrophage-Derived Chemokine  

MDPSCs: Mobilized dental pulp stem cells  

MDSCs: Skeletal Muscle-derived 

Mesenchymal Stem/ Stromal Cells 

MEPE: Matrix Extracellular 

Phosphoglycoprotein  

MHC: Major Histocompatibility Complex 

MI: Myocardial Infarction  

Min: minimum 

MIP: Macrophage Inflammatory Protein 

mm: millimetre 

mM: millimolar 

mm2: area in square millimetre 

MPCs: Muscle Progenitor Cells 

MRFs: myogenic regulatory factors 

ms: milliseconds 

MSCs: Mesenchymal Stem/ Stromal Cells  

NGF: Nerve Growth Factor 

nHA: nano Hydroxyapatite  

nHAC/PLA: nano-Hidroxiapatite/ 

Colagen/poli-L-Lactic acid  

nm: nanometres 

NMR: Nuclear Magnetic Resonance 

NT: Neurotrophin 

NURR1: Nuclear receptor related 1 protein  

o: ovine derived cells 

O2: Oxygen  

OCN: Osteocalcin  

OD: Optical Density 

OLIG2: Oligodendrocyte transcription 

factor  

ON: Osteonectin  

OPN: Osteopotin  

ORO: Oil Red O 

OSX: Osterix  

P: culturing passage 

Pax7: Muscle-specific paired box7 

PCA: Principal Component Analysis 

PCL: Polycaprolactone  

PDGF: Platelet Derived Growth Factor  

PDL: Periodontal ligament  

PDL-MSCs/ PDLSCs: Periodontal 

Ligament-derived Mesenchymal Stem/ 

Stromal Cells 

PDT: Population Doubling Time 

pg/mL: picograms per millilitre 

PheAla: Phenylalanine 

PI: Propidium Iodine 

PICs: PW1+/ Pax7- interstitial cells 

PLA: Poly Lactic acid  

PLGA: Poly-lactic-glycolic acid  

pM: picomolar 

PNS: peripheral Nervous System  

ppm: Parts Per Million 

Pro: Proline 

PRP: Platelet Rich Plasma  

qPCR: Quantitative Polymerase chain 

reaction 

r: rat/ rodent derived cells 

ra: rabbit derived cells 

RA: Retinoic Acid  

RANTES or CCL5: chemokine (C-C motif) 

ligand 5 

RBC: Red Blood Cells 

RGD: Arginylglycylaspartic acid  

rhBMP-2: recombinant human Bone 

Morphogenetic Protein 2  
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RICE: rest, ice/ cold, compression and 

elevation 

RNA: Ribonucleic Acid  

RQ: Relative Quantification 

RT-PCR: Reverse Transcriptase 

Polymerase Chain Reaction 

RUNX: Runt Related Transcription Factor2  

SC: Schwann Cells (Chapter II) 

sCD40L: soluble CD40 ligand 

SCs: Satellite Cells 

SD: Standard Deviation 

SDF-1: Stromal Derived Growth Factor 

SEM: Standard Error of the Mean 

SHEDs: Stem cells from Human Exfoliated 

Deciduous teeth  

SkM-MSCs: Skeletal Muscle-derived 

Mesenchymal Stem/ Stromal Cells 

SL: Soleus muscle 

SMF: Static magnetic field  

SM-MSCs: Synovial Membrane-derived 

Mesenchymal Stem/ Stromal Cells 

SPP1: Secreted Phosphoprotein 1  

STRO-1: Stromal Cell Precursor Surface 

Antigen  

SVDs: Singular value Decomposition 

TA: Tibialis anterior muscle 

TCP: Tricalcium phosphate  

TGF: Transforming Growth Factor 

Thr: Threonine 

TNC: Total Nucleated Cells 

TNF: Tumoral Necrosis Factor 

Try: Tryptophan 

TSP: Sodium Trimethylsilyl-[2,2,3,3-d4]-

Propionate 

Tyr: Tyrosine 

U/mL: units per millilitre 

UCB: Umbilical Cord Blood  

UCB-MSCs: Umbilical Cord Blood-derived 

Mesenchymal Stem/ Stromal Cells 

UCBP: Umbilical Cord Blood Plasma 

UCB-PRP: Umbilical Cord Blood-derived 

Platelet Rich Plasma 

UCBS: Umbilical Cord Blood Serum 

UC-MSCs: Umbilical Cord Stroma/ 

Wharton’s Jelly-derived Mesenchymal 

Stem/ Stromal Cells 

UCT: Umbilical Cord Tissue 

Val/Leu/Ile: Valine, Leucine, Isoleucine  

VCAM-1: Vascular Cell Adhesion Protein 1  

VEGF: Vascular Endothelial Growth Factor 

VGFR: VEGF receptor  

VML: Volumetric Muscle Loss/ Lesion 

model 

WBC: White Blood Cells 

xg: number of times the gravitational force 

α-Glu: α-Glucose 

αMEM: Minimum Essential Medium Eagle 

- Alpha Modification 

α-SMA: alfa Smooth Muscle Actin 

β-Glu: β-Glucose 

μg/mL: micrograms per millilitre 

μL: microliter 

μM: micromolar 
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Resumo geral 

Os sistemas biológicos possuem uma capacidade intrínseca de reparação e 

regeneração tecidual, mas a eficácia dessa resposta pode ser limitada por múltiplos 

fatores, resultando na regeneração incompleta ou inadequada dos tecidos. Apesar de 

importantes desenvolvimentos técnicos e científicos alcançados nesta área nas últimas 

décadas, não foram ainda identificadas estratégias definitivas para superar as limitações 

dos mecanismos orgânicos nativos ou das técnicas médicas e cirúrgicas atualmente 

disseminadas. Mais recentemente, o reconhecimento do papel das populações de 

Células Estaminais/ Estromais Mesenquimatosas nas estratégias regenerativas 

impulsionou uma nova linha de investigação para a otimização dos processos de 

reparação e regeneração tecidual. 

O presente projeto teve como objetivo contribuir para o avanço do conhecimento 

científico na área de investigação da Medicina Regenerativa, focando o 

desenvolvimento de sistemas celulares inovadores para aplicação terapêutica, visando 

a regeneração de tecidos moles problemáticos, como os tecidos neuromusculares. 

Primeiramente, os mecanismos que presidem aos processos de regeneração tecidual 

foram investigados e o estado da arte das abordagens regenerativas foi definido para 

cada tecido-alvo (Chapter I – Section 1.1 - Mesenchymal Stem/ Stromal Cells 

application for skeletal muscle repair and regeneration e Section 1.2 - 

Mesenchymal Stem/ Stromal Cells application for peripheral nerve repair and 

regeneration). Globalmente, a associação de populações de natureza estaminal/ 

estromal mesenquimatosa resultou em vantagem regenerativa por meio de ações 

específicas em cada um dos estágios de reparação/ regeneração do tecido muscular 

esquelético e do sistema nervoso periférico. 

Considerando a multiplicidade de fontes celulares reportadas, a investigação 

concentrou-se na seleção das fontes celulares mais adequadas, considerando os 

requisitos técnicos e biológicos impostos para a aplicação terapêutica efetiva dos 

sistemas desenvolvidos. As Células Estaminais/ Estromais Mesenquimatosas derivadas 

do tecido da polpa dentária foram, portanto, propostas como candidatas, e métodos 

adequados para o seu isolamento e cultura foram propostos e validados (Chapter II - 

Section 2.1 - Dental Pulp Stem/ Stromal Cells as an innovative source for therapies 

development). Determinou-se que o método de explante seria o mais adequado para 

o isolamento celular, principalmente devido à limitação na quantidade de tecido pulpar 

disponível para processamento em cada dente. Foram isoladas populações de 

proliferação rápida, cromossómicamente estáveis, que demonstraram possuir as 
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características fenotípicas e funcionais desejadas das populações estaminais/ 

estromais mesenquimatosas (expressão de marcadores de superfície, incluindo das 

principais moléculas de histocompatibilidade, e capacidade de diferenciação em tecidos 

específicos). 

Após a confirmação de que as populações isoladas apresentavam as características 

necessárias, a investigação prosseguiu no sentido do refinamento do sistema celular, 

para atender aos requisitos regulatórios aplicáveis para sua utilização clínica, e para 

compreender os mecanismos que presidem aos seus efeitos regenerativos. Em ambas 

as perspetivas, o sistema derivado de células dentárias foi avaliado em comparação 

com a população derivada do estroma do cordão umbilical, previamente estabelecida e 

explorada pelo grupo de investigação. 

Visando a implementação de métodos de cultura isentos de xeno-elementos, o plasma 

do sangue do cordão umbilical foi proposto como um substituto para o suplemento 

convencionalmente utilizado em cultura celular, o soro fetal bovino. Para o efeito, foram 

utilizadas técnicas de ressonância magnética nuclear, a fim de avaliar a composição 

metabolómica dos suplementos (Chapter III – Section 3.1. - Metabolomic profile of 

human Umbilical Cord Blood Plasma and Foetal Bovine Serum, and their effects 

on human Mesenchymal Stem/ Stromal Cells populations, Part I). Ambos os 

suplementos apresentaram perfis de metabolitos comparáveis, com exceção para o teor 

de glucose (isoformas α e β), o qual foi determinado como o principal componente 

divergente entre os dois suplementos, tendo sido detetado em maiores quantidades nas 

amostras de plasma do sangue do cordão umbilical. Outras diferenças subtis também 

foram destacadas, como os níveis de lactato, treonina, valina/ leucina/ isoleucina 

(aminoácidos essenciais), alanina, glutamato/ glutamina e prolina (aminoácidos não 

essenciais), que foram predominantemente identificados no soro fetal bovino. Quanto 

ao conteúdo em fatores bioativos, os suplementos foram analisados através da análise 

por multiplexação (Chapter III – Section 3.2 - Bioactive factors content of human 

Umbilical Cord Blood Plasma and Foetal Bovine Serum: a preliminary comparative 

characterization). Foram apenas extraídas conclusões preliminares deste ensaio, 

devido às diferentes espécies de origem dos suplementos analisados e à disponibilidade 

limitada de métodos reativos entre espécies. Os resultados sugeriram que o plasma do 

sangue do cordão umbilical forneceria níveis superiores de diversos fatores bioativos, 

incluindo o TGF-β1, o GROpan, a MCP-1, o MDC, o PDGF-AA, o PDGF-BB e RANTES. 

Adicionalmente, o desempenho comparativo dos suplementos foi investigado para a 

cultura das populações de Células Estaminais/ Estromais Mesenquimatosas derivadas 

do estroma do cordão umbilical e da polpa dentária (Chapter III – Section 3.1 - 
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Metabolomic profile of human Umbilical Cord Blood Plasma and Foetal Bovine 

Serum, and their effects on human Mesenchymal Stem/ Stromal Cells populations, 

Part II). O plasma do sangue do cordão umbilical proporcionou taxas de proliferação 

superiores às obtidas com soro fetal bovino, sem induzir atividade senescente nas 

células em cultura. No entanto, o plasma do sangue do cordão umbilical foi associado 

ao aumento dos eventos de apoptose precoce e morte celular, acompanhando o 

crescente conteúdo de suplemento no meio. Estes eventos foram particularmente 

observados nas Células Estaminais/ Estromais Mesenquimatosas derivadas do estroma 

do cordão umbilical. Ambas as populações demonstraram manter o padrão de 

expressão de marcadores fenotípicos, embora tenham sido observadas modificações 

internas na expressão génica, em resposta às diferentes formulações de meio. Também 

se determinou que a capacidade de diferenciação multilinhagem das populações 

celulares foi afetada pelo plasma do sangue do cordão umbilical, que bloqueou a 

diferenciação osteogénica enquanto promoveu a diferenciação adipogénica. Observou-

se ainda que a cultura de micromassa mantida em meio suplementado com plasma do 

sangue do cordão umbilical (controlos indiferenciados) apresentou maior deposição de 

matriz condrogénica em relação às células suplementadas com soro fetal bovino. As 

diferenças observadas foram atribuídas ao teor diferencial de glucose observado nas 

duas opções de suplemento, que se relacionaram fortemente com os métodos utilizados 

para a colheita do sangue do cordão umbilical utilizado para a produção do plasma, bem 

como devido ao teor distinto de fatores bioativos presente. 

Considerando que a secreção de fatores bioativos é sugerida como a principal via para 

o efeito regenerativo das Células Estaminais/ Estromais Mesenquimatosas no músculo 

esquelético e no tecido nervoso periférico, a capacidade secretora das Células 

Estaminais/ Estromais Mesenquimatosas do estroma do cordão umbilical e da polpa 

dentária foi investigada (Chapter IV – Section 4.1: Metabolomic and Bioactive 

Factors Secretory profile of human Mesenchymal Stem/ Stromal Cells 

populations). A espectroscopia por ressonância magnética nuclear foi aplicada ao meio 

condicionado produzido pelas Células Estaminais/ Estromais Mesenquimatosas, 

observando-se a dinâmica dos metabolitos energéticos durante o período de 

condicionamento. Uma avaliação adicional do conteúdo de fatores bioativos do 

secretoma foi realizada visando um amplo painel de fatores de crescimento, quimiocinas 

e citocinas, que incluiu moléculas pró-angiogénicas, anti-apoptóticas, pró-mitogénicas, 

antifibróticas e quimiotáticas. As diferenças mais significativas na secreção das duas 

populações celulares foram encontradas nos níveis de FST, HGF, G-CSF, IL-8 e MCP-

1 (secretadas de forma mais expressiva pelas células derivadas do estroma do cordão 
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umbilical), enquanto as células derivadas da polpa dentária proporcionaram elevados 

níveis de VEGF-A (e FST). O potencial regenerativo do secretoma foi investigado em 

relação aos efeitos pró-angiogénico e quimiotático de seus conteúdos. Concluiu-se que 

o perfil secretório distinto não resultou em efeitos significativamente diferentes no 

comportamento de populações de células endoteliais (proliferação in vitro, migração e 

capacidade de formação de tubos) e que ambos os perfis de secreção preveniram a 

senescência e a apoptose, e promoveram a quimiotaxia das próprias populações 

celulares. 

Os resultados individuais de cada tarefa do projeto foram finalmente integrados e 

discutidos, e foram propostas direções futuras para a continuação de desenvolvimento 

de conhecimentos (Chapter V – General Discussion, Conclusions and Future 

directions). Em resumo, foi demonstrado que populações apresentando as 

características de Células Estaminais/ Estromais Mesenquimatosas podem ser 

facilmente isoladas de dentes adultos, apresentando características comparáveis às 

originadas de outros tecidos, nomeadamente do estroma do cordão umbilical. Estas 

populações celulares demonstraram ainda serem suscetíveis de se integrar em métodos 

de cultura isentos de xeno-elementos, particularmente utilizando produtos derivados do 

sangue do cordão umbilical (plasma) em substituição de componentes derivados de 

animais, classicamente utilizados na cultura de células de mamífero. Os métodos 

isentos de xeno-elementos demonstraram sustentar a proliferação celular, mas também 

demonstraram afetar as populações em estudo, nomeadamente quanto à sua 

expressão génica e capacidade de diferenciação, vinculando o desenvolvimento 

posterior destes sistemas a uma investigação profunda do impacto de tais modificações 

na segurança e desempenho regenerativo dos sistemas celulares. Em relação aos 

mesmos sistemas celulares utilizando métodos clássicos de cultura (suplementação 

soro fetal bovino), uma extensa análise do secretoma foi apresentada, sendo pioneira 

na abordagem comparativa da metabolómica e da secreção de fatores bioativos das 

duas fontes celulares. Apesar das diferenças significativas identificadas no perfil de 

secreção de fatores bioativos, os ensaios in vitro e in vivo indicaram que ambas as 

populações celulares projetam ter um desempenho semelhante na promoção dos 

eventos angiogénicos em múltiplos cenários regenerativos, incluindo o músculo 

esquelético e nervo periférico. Esses sistemas inovadores podem ser adicionalmente 

desenvolvidos visando não apenas a aplicação em medicina humana, mas também 

considerando outras espécies veterinárias clinicamente relevantes, como equinos e 

canídeos, que apresentam patologias e desafios terapêuticos semelhantes.  
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General abstract 

Biological systems hold an inherent capacity for tissue repair and regeneration, but the 

effectiveness of this response may be limited by multiple factors, resulting in suboptimal 

regenerative outcomes. Despite relevant technical and scientific developments on the 

topic over the last decades, no definitive strategies have yet been proposed to overcome 

the limitations of the native organic mechanisms or currently employed medical and 

surgical techniques. More recently, the reconnaissance of the role of Mesenchymal 

Stem/ Stromal Cells populations in the regenerative strategies propelled a new line of 

research towards optimised tissue repair and regeneration. 

The current project aimed to contribute to scientific advancements in the Regenerative 

Medicine field of research, towards the development of innovative cellular systems for 

therapeutic application, targeting the regeneration of challenging soft tissues, such as 

the neuromuscular tissue.  

In the first instance, the mechanisms presiding to the tissue regeneration processes were 

investigated, and the ‘state of the art’ on regenerative approaches was defined for each 

tissue target (Chapter I – Section 1.1 - Mesenchymal Stem/ Stromal Cells application 

for skeletal muscle repair and regeneration and Section 1.2 - Mesenchymal Stem/ 

Stromal Cells application for peripheral nerve repair and regeneration). General 

observations indicated that the association of populations of mesenchymal stem/ stromal 

nature resulted in improved regenerative outcomes by specific effects impacting on each 

of the repair/ regeneration stages in skeletal muscle and peripheral nervous systems. 

Considering the multitude of cellular sources reported, research focused on the selection 

of suitable cellular sources considering the technical and biological requisites imposed 

for the effective therapeutic application of the developed systems. The dental pulp tissue 

derived Mesenchymal Stem/ Stromal Cells were therefore selected as candidates, and 

isolation and culturing methods were proposed and validated (Chapter II - Section 2.1 

- Dental Pulp Stem/ Stromal Cells as an innovative source for therapies 

development). It was determined that the explant/ outgrowth method would be the most 

adequate for cellular isolation, mostly due to the limited dental pulp tissue available for 

processing in each tooth. Fast expanding populations were obtained, while maintaining 

their chromosomal stability, and determined to present the phenotypical and functional 

characteristics desired of such populations (surface markers expression, including that 

of major histocompatibility molecules, and tissue-specific differentiation capacities).  

Once determined that the populations isolated presented the necessary characteristics, 

research followed towards the refinement of the cellular system, to comply with the 
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regulatory requisites applicable for clinical application, and to understand the 

mechanisms presiding to its regenerative effects. In either perspective, the dental-

derived system was assessed in comparison to the classical umbilical cord stroma-

derived population, previously established and explored by the research group. 

Aiming at the implementation of xeno-free culturing methods, the umbilical cord blood 

plasma was proposed as a substituent for the conventional xenogeneic culture 

supplement, foetal bovine serum. For the purpose, nuclear magnetic resonance 

techniques were employed to assess on the metabolomic composition of the 

supplements (Chapter III – Section 3.1. - Metabolomic profile of human Umbilical 

Cord Blood Plasma and Foetal Bovine Serum, and their effects on human 

Mesenchymal Stem/ Stromal Cells populations, Part I). Both supplements presented 

comparable metabolite profiles, except for the glucose (α and β isoforms) content, which 

was determined as the principal component to distinguish the two supplements. This 

metabolite was detected in higher amounts in the umbilical cord blood plasma samples. 

Other subtle differences were also highlighted, such as in lactate, threonine, 

valine/leucine/isoleucine (essential aminoacids), alanine, glutamate/ glutamine and 

proline (non-essential aminoacids), which were dominantly identified in the foetal bovine 

serum. Regarding the bioactive factors content, the supplements were assayed through 

multiplexing analysis (Chapter III – Section 3.2 - Bioactive factors content of human 

Umbilical Cord Blood Plasma and Foetal Bovine Serum: a preliminary comparative 

characterization). Only preliminary conclusions were drawn from this assay, due to the 

distinct species origin of the sampled supplements and limited availability of cross-

species reactive methods. The umbilical cord blood plasma was suggested to provide 

superior levels of diverse bioactive factors, including TGF-β1, GROpan, MCP-1, MDC, 

PDGF-AA, PDGF-BB and RANTES. Further, the comparative performance of the 

supplements was investigated for the culturing of the umbilical cord stroma- and dental 

pulp-derived Mesenchymal Stem/ Stromal Cells populations (Chapter III – Section 3.1 

- Metabolomic profile of human Umbilical Cord Blood Plasma and Foetal Bovine 

Serum, and their effects on human Mesenchymal Stem/ Stromal Cells populations, 

Part II). The umbilical cord blood plasma provided superior proliferations rates than 

foetal bovine serum, while not inducing senescent activity in the cultured cells. However, 

the umbilical cord blood plasma was associated with increased early apoptosis and 

cellular death, accompanying increasing media content of the supplement. These events 

were particularly observed in the umbilical cord stroma-derived Mesenchymal Stem/ 

Stromal Cells. Both populations demonstrated to maintain their phenotypical markers 

expression pattern, although internal modifications in gene expression in response to the 
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different media formulations were observed. The multilineage differentiation capacity 

was also determined to be impacted by the umbilical cord blood plasma, which hindered 

osteogenic differentiation and promoted adipogenic differentiation. It was further 

observed that the micromass cultured maintained in umbilical cord blood plasma 

supplemented media (undifferentiated controls) presented increased chondrogenic 

matrix deposition as compared to foetal bovine serum supplemented cells. The observed 

differences were attributed to the differential glucose content observed in the two 

supplement options, that significantly related to the collection methods of the umbilical 

cord blood utilised for the plasma production, as well as to the bioactive factor differential 

content. 

Considering that the secretion of bioactive cues is suggested as the main pathway for 

the regenerative effect of Mesenchymal Stem/ Stromal Cells on skeletal muscle and 

peripheral nervous tissue, the secretory capacity of the umbilical cord stroma- and dental 

pulp-derived Mesenchymal Stem/ Stromal Cells was investigated (Chapter IV – Section 

4.1: Metabolomic and Bioactive Factors Secretory profile of human Mesenchymal 

Stem/ Stromal Cells populations). Nuclear magnetic resonance spectroscopy was 

applied to the conditioned media produced by the Mesenchymal Stem/ Stromal Cells. 

The dynamics of energetic metabolites was observed and discussed through the 

conditioning period. Additional evaluation of bioactive factors content of the secretome 

was endured (through multiplexing techniques) targeting an extensive panel of growth 

factors, chemokines and cytokines, which included pro-angiogenic, anti-apoptotic, pro-

mitogenic, antifibrotic, and chemoattractant molecules. The most significant differences 

in the secretion of both cellular populations were found on FST, HGF, G-CSF, IL-8 and 

MCP-1 (most expressively secreted by umbilical cord stroma-derived cells), while dental 

pulp-derived cells provided high levels of VEGF-A (and FST). The regenerative potential 

of the secretome was further investigated towards the pro-angiogenic and chemotactic 

effects of its contents. It was concluded that the distinct secretory cocktail did not result 

in significantly different effects on endothelial cell populations behaviour (in vitro 

proliferation, migration and tube formation capacity) and that both secretome profiles 

forestalled senescence and apoptosis, and presented chemoattractant properties for the 

cellular populations themselves. 

Individual results of each task of the project are finally integrated and discussed, and 

future directions for continued knowledge development are proposed accordingly 

(Chapter V – General Discussion, Conclusions and Future directions). In brief, it 

was demonstrated that populations presenting Mesenchymal Stem/ Stromal Cells 



 

xxxviii   Doctoral Thesis – Ana Rita Caseiro Santos 

characteristics could be easily isolated from adult teeth, presenting comparable features 

to those originating from other organic tissues, namely from the umbilical cord stroma. 

These cellular populations were further demonstrated to be amenable of integration in 

xeno-free culturing methods, particularly utilising umbilical cord blood products (plasma) 

in substitution of animal-derived components classically employed in mammalian cell 

culture. The xeno-free methods demonstrated to sustain cellular proliferation, but were 

also demonstrated to affect Mesenchymal Stem/ Stromal Cells populations, namely 

regarding their gene expression and multilineage differentiation capacity, binding further 

development to a deep investigation of such modifications and on their impact on the 

safety and regenerative performance of the cellular systems. Regarding the same 

cellular systems using classical culturing methods (foetal bovine serum 

supplementation), an extensive analysis on the metabolomic and bioactive factor 

secretion profile was presented, pioneering on the comparative approach on the 

metabolomic and bioactive factor secretion of the two cellular sources. Despite the 

significant differences identified in the bioactive secretion profile, in vitro and in vivo 

assays indicated that both cellular populations are expected to perform similarly in the 

promotion of the angiogenic events in regenerative scenarios in multiple tissues, 

including the skeletal muscle and peripheral nerve. These innovative systems can be 

further developed targeting not only human application but also considering other 

clinically relevant veterinary species, such as equine and canine, that present similar 

pathologies and therapeutic challenges. 
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Introductory note 

In the event of tissue damage, intrinsic healing mechanisms are activated, and direct 

cellular actions are driven towards the restoration of the native tissue structure and 

function. However ubiquitous in all body tissues, these mechanisms may be inherently 

limited (as is the case of central and peripheral nervous systems) or be precluded by the 

extent or duration of the damage events (as occurs in the skeletal muscle or bone 

tissue)(Pereira Lopes et al., 2006, Walsh and Midha, 2009, Merritt et al., 2010). In either 

scenario, tissue healing capacity may be further inhibited by host-related factors, such 

as age, gender and general health status (Jarvinen et al., 1983, Pola et al., 2004, 

Gopinath and Rando, 2008, Giordani and Puri, 2013). Current therapeutic approaches 

(of medical/ conservative or surgical nature) fail to achieve the desired recovery in most 

cases (Järvinen et al., 2005, Hoke, 2006, Järvinen et al., 2007) and, as such, new 

strategies are being explored.  

One of the fast-expanding fields aiming at new therapeutic developments is the 

Regenerative Medicine through which innovative biomaterials, cellular systems and 

bioactive cues are being explored as independent or combined strategies to optimise 

tissue repair and regeneration. 

In the cellular systems universe, the most obvious cellular sources to explore would be 

derived from native tissue populations, of either differentiated or undifferentiated nature 

(Koning et al., 2009, Tedesco et al., 2010, Armada-da-Silva et al., 2014). However, 

significant limitations preclude the widespread utilisation of this approach, due to the very 

limited availability and complex isolation methods. There is also reported loss of 

regenerative potential of these local populations when ex vivo cultured (Yaffe, 1968, 

Pereira Lopes et al., 2006, Page et al., 2011). These and other factors exacerbated the 

need to pursue alternative sources (Tamaki et al., 2005, Pereira Lopes et al., 2006, Page 

et al., 2011). 

Mesenchymal Stem/ Stromal Cells (MSCs) present themselves as promising cellular 

systems to address this need. They can be obtained from a variety of tissue sources and 

have been investigated and demonstrated to bare noteworthy benefits to tissue 

regeneration in vivo (Maurício et al., 2011, Pereira et al., 2014). A dominant part of these 

beneficial effects is assigned to the secretory capacity of these cells, through which they 

produce and release an array of bioactive molecules that impact the course of tissue 

healing (Caplan and Dennis, 2006, da Silva Meirelles et al., 2009). 
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Regarding the nomenclature of these populations as Stem or Stromal cells, a debate 

field is open within the scientific community. The classical and widely accepted definition 

is the one proposed by the International Society for Cellular Therapy (ISCT), in which 

Mesenchymal Stem Cells present plastic adherence when ex vivo cultured, expression 

of cluster of differentiation (CD) 105, CD73 and CD90 surface molecules and absence 

of hematopoietic markers (CD45, CD14, CD19, CD34 and Human Leukocyte Antigen 

(HLA)-DR), and the capacity for trilineage differentiation (into adipocytic, osteocytic and 

chondrocytic lineages)(Dominici et al., 2006). In parallel, an alternative scientific current 

regards these as not representing ‘true’ stem cells, since indisputable evidence of some 

critical features has not yet been presented, such as the asymmetric cell division and 

complete lineage renewal. Therefore, the term Mesenchymal Stromal Cell is proposed 

to better describe the conventionally isolated populations (Prockop and Oh, 2012). This 

dispute is well represented in the presented work, as earlier publications did reflect the 

classical trend of Mesenchymal Stem Cells definition, while most recent works 

acknowledge the conflicting visions on the correct term do define the cellular populations 

herein explored.  

In this Chapter, a detailed review of literature on the potential application of MSCs-based 

therapy in neuromuscular lesions is addressed, individually covering the particularities 

of the skeletal muscle and peripheral nerve tissues, as potential target tissues to newly 

developed systems application. 

The particular repair and regenerative mechanisms of each tissue are explored, 

substantiating on the significant bioactive factors for each healing stage, since this is the 

process in which MSCs are proposed to interact and modulate, thus resulting in boosted 

regenerative outcomes.  
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Introductory note 

 
From the earliest descriptions of MSCs populations (Lajtha, 1967, Friedenstein et al., 

1968, Friedenstein et al., 1970), numerous features have been debated and attributed 

to this particular cell family, from their proliferative capacities and multilineage 

differentiation (Chamberlain et al., 2007) to their immunologic and immunomodulatory 

profiles (Le Blanc and Ringden, 2005, Caplan and Dennis, 2006, Caplan, 2009, Kim et 

al., 2013).  

These quiescent populations can be identified in virtually all the body tissues (Lajtha, 

1967, Triffitt, 2002, da Silva Meirelles et al., 2006), but the bone marrow remains the 

‘gold standard’ for stem/ stromal cell research and clinical translation of disclosed 

advancements. However, the bone marrow donation process is painful, and resulting 

cellular isolates vary widely in numbers and ‘quality’, reflecting the age, health and other 

characteristics of the donors (Fossett and Khan, 2012). These and other concerns 

preclude the development and clinical application of MSCs-based therapies and 

motivate the search for alternative sources, that implicate less invasive collection 

methods, as well as ensuring ethical considerations on the process of donation. Amongst 

these conscious sources, the umbilical cord stroma (Gärtner et al., 2013) and the dental 

pulp (Kawashima, 2012) are worth highlighting. 

The umbilical cord stromal tissue as a source of MSCs bares advantages for the non-

invasive nature of its collection and its classification as medical waste. In the last decade, 

cryopreservation services have expanded and, to date, millions of infants have viable 

samples of umbilical cord tissue and cells safely preserved and available for therapeutic 

usage if necessity arises. The research group framing the present work has strenuously 

dedicated to the development and validation of protocols for the isolation and culturing 

of MSCs from this tissue, and demonstrated its potential on tissue engineering 

applications for neuromuscular regeneration (Gartner et al., 2012, Ribeiro et al., 2013, 

Pereira et al., 2014, Pereira et al., 2014, Pereira et al., 2014, Ribeiro et al., 2014, Ribeiro 

et al., 2015, Caseiro et al., 2016, Silva et al., 2016). 

Populations isolated from dental tissues present similar advantages, and 

cryopreservation options for infants and adult individuals are increasingly available 

(Perry et al., 2008, Woods et al., 2009). This option widens the possibility for the 

cryopreservation of MSCs baring tissues for an extended age group that did not have 

the possibility to benefit from umbilical cord preservation services. 
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The first part of this Chapter presents an extensive literature review on dental tissue-

derived stem/ stromal cells. Primarily, it focuses in detail on these MSCs features and 

capacities, as well as on the isolation and culturing techniques reported.  

Throughout the research on the topic, an evident aptitude of these populations towards 

mineralised tissue regeneration was substantiated, which was deemed worth 

summarising, and is well patent on the title of the resulting final publication. Therefore, 

and although the drive for the currently presented work is the development of advanced 

therapeutic systems for soft tissue (skeletal muscle and peripheral nerve) regeneration, 

the disclosure of their recognised potential for mineralised tissue regeneration presented 

itself appropriate. 

From the scrutiny of the available literature, protocols for the isolation and culturing of 

dental pulp derived populations were designed and are herewith presented, in the 

second section of the Chapter. The MSCs character of the isolated cells was then 

validated, according to the criteria defined by the international scientific community.  
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2.2. Dental Pulp Stem/ Stromal Cells 

Protocol selection and validation 
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1. Introduction 

To develop the DPSCs-based cellular system for tissue regeneration application basic 

protocols were designed, relying on available literature revised and detailed in the 

previous section, and validated for the isolation of this cellular population (Figure 1). 

Further, the isolated cells were characterised regarding the minimal criteria for the 

acceptance as a mesenchymal stem cell population, as recommended by the ISCT 

(Dominici et al., 2006). Extensive MSCs characterisation was performed in cellular 

populations from healthy teeth from two randomly selected donors at Passage 5. 

 

 

Figure 1: Schematic of the procedure for the isolation and maintenance of DPSCs. 

 

 

2. Materials and Methods 

Selected protocols for the isolation and culture of 

dental derived Stem/ Stromal Cells 

 

 Selection criteria 

Tooth donations were accepted upon informed consent from the patients or legal tutors. 

Selected donor were healthy individuals, aged 17-30 years of age (considered young 

adults), irrespective of gender. Samples of healthy and unhealthy teeth (mostly 

presenting with caries) were equally processed. However, the later were maintained in 

a quarantine incubator and were not cryopreserved or further manipulated (after 

isolation). 
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 Sample transportation 

Following exodontia procedure, performed by partnering Medical Dentists, teeth were 

collected and placed individually in a sterile container, with transportation medium. The 

transportation medium was composed of DMEM + GlutaMAX™ (21885-025, Gibco®) 

supplemented penicillin (300 U/mL) - streptomycin (300 μg/mL)(151140-122, Gibco®), 

and amphotericin B (5 μg/mL)(15290-026, Gibco®). The collected samples were then 

stored at 4°C for approximately 24 hours (maximum storage time of approximately 48 

hours). 

 

 Decontamination and microbiological analysis 

Upon arrival to the laboratory, each tooth was individually transferred into a 100 mm 

glass petri dish with 10 mL DPBS (14190-086, Gibco®) and primarily washed. Remaining 

debris and the periodontal ligament were thoroughly removed using a periodontal scaler, 

scrapping towards the root tip (away from the dentin-enamel junction). The tooth was 

then washed with DPBS and its outside surfaces wiped with 70% ethanol swabs.  

For the microbiological analysis, the external surface of the tooth was swabbed with a 

flexible stainless-steel file (K-files 25mm 3525010, Sendoline®). The file was placed in 

Brain-Heart Infusion Broth (BHI-T, 42081, BioMérieux SA), hermetically sealed and 

maintained at room temperature (Figure 2). Samples were shipped and tested by a 

credited laboratory (LabCo, Portugal) within 24 hours.  

 

Figure 2: Samples for microbiological analysis: Brain-Heart Infusion Broth (BHI-T) 

containing the flexible stainless-steel file used to swab the external surface of the tooth. 
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 Isolation of dental pulp tissue from fresh teeth 

Once decontaminated, the teeth were manipulated in a sterile environment, in a laminar 

flow hood (Figure 3A). The tooth was held by the crown with a large haemostat. Several 

perforations were carefully performed right below the dentin-enamel junction using a 

fissure burr, avoiding cutting into the pulp tissue (Figure 3B). Overheating of the tissue 

was avoided by keeping the surface wet in ice-cold DPBS. The perforations were then 

joined together, forming a ridge along the perimeter of the tooth (Figure 3C). With the 

aid of a second haemostat (holding the root), the two portions of the tooth were separated 

with a twisting movement. The exposed pulp (Figure 3D) was removed from its cavity 

with a 24G needle and placed onto a sterile petri dish (Figure 3E). Tissue desiccation 

was prevented by immersing in sterile DPBS (Figure 3F). 

 

 

Figure 3: Cleaned and decontaminated tooth (A); perforations right below the dentin-

enamel junction (B) that are joined together, forming a ridge along the perimeter of the 

tooth (C); exposed pulp cavity and pulp tissue (D); isolated dental pulp (E) immersed in 

DPBS to prevent desiccation (F). 

 

 Explant isolation of Dental Pulp Stem/ Stromal Cells 

The isolated pulp tissue was cut into small fragments (1-2 mm2) and transferred to a 6 

well tissue culture treated plate (10062-892, VWR®)(or equivalent), 1 to 2 fragments per 

well. Fragments were allowed to adhere to the well surface for 5-10 minutes, air dry. 
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Once attached, fragments were covered with culture medium [MEM-α + GlutaMAX™ 

(32561-029, Gibco®) supplemented with FBS (20% (v/v))(A31608-01, Gibco®), HEPES 

buffer (1% (v/v))(15630-049, Gibco®), penicillin (100 U/mL) - streptomycin (100 μg/mL) 

and amphotericin B (2,5 μg/mL)]. 

Explants were incubated at 37°C, 5% CO2 humidified atmosphere. 

 

 Cell passaging 

Cells were allowed to migrate into the culture plate and proliferate until 80-90% 

confluence (covered culture surface). In order to detach the migrating cells from the 

current culture vessel, the culture medium was removed, and the cells were gently 

washed two (2) times, by adding and discarding DPBS (at room temperature). The DPBS 

was removed, and Trypsin (Trypsin-EDTA 0.25%, 25200-072, Gibco®) was added and 

incubated for 3-4 minutes, at 37°C. Cell detachment was promoted by gentle tapping of 

the culture vessel and visually confirmed in the inverted phase-contrast microscope 

(Axiovert 40 CFL, Zeiss). 

Culture medium was added to arrest the enzymatic process, and detached cells were 

transferred into a 15mL centrifuge tube. Cellular suspension was centrifuged at 275 xg 

for 7 minutes, to promote the formation of a cell pellet at the base of the tube. The 

supernatant was discarded, and the remaining cell pellet resuspended in fresh culture 

medium. Cells could then be cryopreserved or re-plated. 

 

 Cryopreservation 

To cryopreserve the cells, an appropriate number of 2 mL cryovials were labelled 

[indicating species source, cellular population, passage, date, cell numbers and 

cryopreservation media]. Cellular concentration in the suspension was determined using 

Trypan Blue exclusion dye (10µL Trypan Blue (T10282, Invitrogen®): 10µL of cell 

suspension) and cell counting was performed by the Countess II FL Automated Cell 

Counter (Thermo-Fisher Scientific®). 

Cellular concentration was tuned to 1 to 2 x106 cells/mL, and a volume of 900 μL of cell 

suspension added to each cryovial. A volume of 100 μL of DMSO (D2650, Sigma®) was 

slowly added to each vial (10%(v/v)). Vials were capped and transferred into the 

designated places on the freezing container (Mr FrostyTM, Thermo Scientific™), and 

placed at -80°C, for 3 days. For longtime storage, vials were transferred to liquid nitrogen 

storage (−195.79 °C) and maintained until necessary. 
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 Thawing 

To thaw cryopreserved cells, the culture medium was warmed, and a new vessel 

prepared. The vial was selected from the nitrogen container and quickly placed in a 37°C 

water bath, care being taken not to submerge the cap. The cellular suspension should 

thaw within 1 minute until only a small crystal of ice remains. The tube was wiped sterile, 

placed into the laminar flow hood and opened. The contents were carefully transferred 

to a 15mL centrifuge tube, and warm culture medium slowly added (drop-by-drop). 

Cellular suspension was centrifuged at 275 xg for 7 minutes, and the supernatant was 

discarded. Cells were re-suspended and counted or directly plated onto the new culture 

vessel. 

 

Validation of isolated populations as dental derived 

Stem/ Stromal Cells 

 

 Growth dynamics and Population Doubling Times 

Isolated cells at Passage 5 were expanded in standard culture conditions in a T75 flask 

(initial seeding of 8000 cells/cm2), using MEM-α + GlutaMAX™ (32561-029, Gibco®) 

supplemented with FBS (10% (v/v)), HEPES buffer (1% (v/v)), penicillin (100 U/mL) - 

streptomycin (100 μg/mL), and amphotericin B (2.5 μg/mL). Cells were expanded at a 

temperature of 37 °C in a 5% CO2 humidified atmosphere until approximately 80% 

confluence was reached. Then, cells were passed and seeded onto 24 well tissue 

culture-treated plates at 6.000 cells/cm2. Standard culture media was changed every 3 

days. Cells were harvested and counted daily, in duplicates, for 10 days (initial set up of 

20 wells).  

For daily recovery, duplicate wells were washed with DPBS once and incubated with 

Trypsin for 3-4 minutes. Culture media was added and transferred to 2mL tubes. Final 

volume was recorded, and cells counted using Trypan Blue exclusion dye assay (10µL 

Trypan Blue: 10µL of cell suspension). Triplicate counting was performed by the 

Countess II FL Automated Cell Counter. 

Results were plotted using the GraphPad Prism version 6.00 for Mac OS X (GraphPad 

Software, La Jolla California USA). Obtained results were represented as Mean ± 

Standard Deviation (M±SD). Groups were compared using two-tailed unpaired T-test 
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(IC95%), and differences were deemed as statistically significant when P≤0.05. 

Significant results between groups were indicated using one, two, three or four of the 

symbols (*) which correspond to 0.01<P≤0.05, 0.001<P≤0.01, 0.0001<P≤0.001 e 

P≤0.0001, respectively. 

 

The population doubling time (PDT), or generation time, is the average time required for 

a cellular population to double in number. This assessment is recommended the 

exponential growth phase, through the formula: 

 

𝑃𝐷𝑇 =
𝑡 𝑙𝑛2

ln (
𝑛f
𝑛i

)
 

 

Where ‘t’ is the incubation time; ‘nf’ is the number of cells at the end of the incubation 

period, and ‘ni’ is the number of cells at the beginning of the incubation period. 

 

 Karyotype analysis 

Chromosome analysis was carried out for the assessment of the numeric and structural 

stability of the chromosomes, through karyotype analysis G-band staining. 

Cells were expanded and cultured in a humidified atmosphere of 5% CO2 at 37ºC. Once 

in the exponential growth phase and approaching 80% confluency, the cells were 

exposed to colcemid solution (0.4 µg/mL, 15212-012, Gibco®) for 2-4 hours at 37ºC for 

cell cycle arrest at metaphase. Cells were then collected and suspended in hypotonic 

treatment (KCl 0.75M, 15 min at 37ºC). Following centrifugation (270xg, 7 minutes), the 

cells were fixated (6:1 methanol to acetic acid), centrifuged and resuspended in 3:1 

methanol to acetic acid. Cell smears were prepared onto a glass slide, air-dried and 

stained with Giemsa (4%, 6 minutes) using a routine laboratory procedure. Karyotype 

analysis was performed as recommended by the International System for Human 

Cytogenetic Nomenclature (2016). 
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 Mesenchymal Stem/ Stromal Cells Phenotypic identity 

 

2.11.1. Flow cytometry for surface markers expression 

Cultured cells were detached using a variation of the previously detailed protocol, as the 

enzymatic detachment solution classically utilised (Trypsin) was replaced by AccutaseTM 

Cell detachment solution (561527, BD Biosciences®) and suspended in Stain Buffer 

(554676, BD Biosciences®). Cellular suspensions were then incubated with anti-negative 

marker (CD34, CD11b, CD19, CD45, MHC class II) and anti-positive (CD90, CD105, 

CD44) antibodies, as per manufacturer’s instructions (Human MSC Analysis Kit, 562245, 

BD Biosciences®). Data were acquired using BD FACSCalibur™ 3 CA Becton Dickinson, 

BD Biosciences®, and processed using FlowJo Engine X10.4 (v3.05478, LLC).  

 

2.11.2. Immunocytochemistry for ‘stemness’ markers 

Expanding cells were routinely detached and suspended in warm DPBS. The 

suspension was centrifuged, the supernatant discarded and Shandon™ Cytoblock™ 

Cell Block Preparation System (Thermo Scientific, USA) was added, aiming at a 

concentration of 1x105 cells/mL. The formed gel cone (shaped by the bottom of the 50mL 

centrifuged tube) was collected and processed for immunocytochemistry. Antigen 

retrieval was completed on deparaffinised sections by immersion in Target Retrieval 

Solution (DakoTM, Glostrup, Denmark) in a water bath for 20 minutes. The Novolink™ 

Max-Polymer detection system (Novocastra, UK) was used for visualisation as per 

manufacturer’s instructions. Appropriate controls were performed for each antibody. The 

prepared slides were incubated for 2 hours, at room temperature, with listed monoclonal 

antisera (Table 1).  

 

Table 1: Monoclonal antibodies for the Immunochemical staining of ‘stemness’ markers 

in the isolated populations 

Antigen/ Marker 
Antibody Clone 

(Manufacturer) Dilution 

STRO-1 
STRO-1 clone (Invitrogen, 

Zymed laboratories) 
1:200 

vimentin clone V9 (Dako) 1:500 

CD117 (c-Kit) A4502 (DakoCytomtion) 1:450 

NANOG-1 clone MAB (ABGent) 1:50 

CD31 clone JC70A (Dako) 1:50 
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 Multilineage differentiation 

Osteogenic differentiation: Cells were harvested and re-plated onto 24-well plates 

(8000 viable cells/cm2) and allowed to grow in standard culture media until achieving 70-

80% confluence. Wells were then transitioned to osteogenic medium (StemPro™ 

Osteogenesis Differentiation Kit, A1007201, Gibco®). Controls were maintained in 

expansion culture media. Culture media was replaced every 3 days. 

Von Kossa staining was performed to asses for osteogenic differentiation and mineral 

matrix deposition after 21 days. Cells were fixated, dehydrated (increasing ethanol 

concentrations) and air-dried. Upon re-hydration, wells were incubated with 2% Silver 

nitrate solution (85193, Sigma Aldrich®), while exposed to Ultra-violet light. Afterwards, 

wells were incubated for 3 minutes in Sodium thiosulfate 5% (72049, Sigma Aldrich®). 

Wells were thoroughly rinsed, and photographic record obtained. 

Adipogenic differentiation: As for the osteogenic lineage differentiation, cells were 

harvested and re-plated onto 24-well plates (8000 viable cells/cm2) and allowed to grow 

in standard culture media until achieving 70-80% confluence. At that moment, expansion 

media was replaced by adipogenic medium (StemPro® Adipogenesis Differentiation kit, 

A10070-01, Gibco®). Differentiation and control media were refreshed every 3 days.  

After 14 days in culture, cells under adipogenic differentiation were fixated using 4% 

paraformaldehyde (3.7-4% buffered to pH7, 252931.1315, Panreac AppliChem®) and 

stained with Oil Red O (ORO)(O0625, Sigma-Aldrich®) working solution for 10-20 

minutes. Wells were thoroughly washed to remove excess dye. Lipid droplet formation 

was observed in differentiated cells under the inverted microscope. 

Chondrogenic differentiation: Chondrogenic differentiation was induced in micromass 

cultures, by seeding at 2x104 viable cells/well at the centre the well on a 96-well plate. 

Cells were allowed to adhere and expanded for 48 hours before replacing expansion 

medium for chondrogenic specific culture medium (StemPro® Chondrogenesis 

Differentiation kit, A10071-01, Gibco®). Differentiation and control media were replaced 

every other day. 

After 14 days, Alcian Blue stain was used to assess for proteoglycan’s synthesis, 

indicative of chondrogenic matrix deposition. Cells were fixated and stained with Alcian 

Blue (A9186, Sigma®) solution. The dye was removed, and wells were repeatedly rinsed 

with acetic acid at 3% (v/v)(A6289, Sigma Aldrich®). Distilled water was added to 

neutralise acidity, and stained matrix was observed under the inverted microscope.  
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3. Results 

 Isolation of dental pulp tissue from fresh teeth (from sample 

transportation to Dental Pulp Stem/ Stromal Cells isolation and 

culturing) 

A total of forty (40) tooth samples were donated and received at the laboratory and 

proposed for isolation, which included eighteen (18) incisor, nine (9) pre-molar, eight (8) 

molar and five (5) canine teeth. 

Five (5) potential donors were excluded due to existing systemic diseases and five (5) 

due to extended transportation periods, exceeding 72 hours post collection. Further, 

incisor teeth were excluded due to the minimal amount of dental pulp amenable for 

collection for cellular isolation. Ten (10) samples of molar and pre-molar teeth were 

therefore processed. 

Microbiological analysis of the tooth surface swabs after the decontamination protocol 

indicated two (2) positive (contaminated) samples. One (1) sample presented aerobic 

contamination (Streptococcus mitis / Streptococcus oralis and Staphylococcus warmer) 

and the second resulted from anaerobic organism (Lactobacillus gasseri), indicating a 

decontamination success of 80%. 

Since microbiological analysis does not provide immediate results, all the samples were 

processed for dental pulp isolation through tissue explants culture. All but one sample 

resulted in successful migration of cells from the explant, presenting fibroblast-like 

shape, and rapidly proliferating through the culturing surface (Figure 4). The first cells 

migrating from the explant were recorded between the 10th and 15th days in culture (13.20 

± 2.10 days, M±SD). The sample that did not result in adherent cells isolation was 

cultured for a maximum of 25 days, with frequent medium refreshment. Cells were further 

allowed to migrate/ expand for additional 7-10 days (depending on the number of tissue 

fragments in the culture surface) and were then passaged for the first time, for further 

expansion. Cells directly resulting from explant migration were considered Passage 0 

populations (P0). 
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Figure 4: Explant isolation of adherent cells from dental pulp tissue fragments, after 17 

days in culture (first evidence of adherent cells at the edge of the explant at day 15), 

Magnification 40x. 

 

The sample that did not result in successful cell isolation presented signs of enamel 

damage and dental perforation and was later determined as positive in microbiologic 

control. Nevertheless, no signs of contamination in the explant culture were observed. 

On the other hand, the remaining sample that was determined as positive in the 

microbiologic control did result in successful isolation of adherent and proliferative 

populations and did not display signs of culture contamination. 

All samples were successfully detached and passaged to a larger vessel for further 

expansion (Passage 1). 

 

 Validation of isolated populations as dental derived Stem/ Stromal Cells 

3.2.1. Growth dynamics and Population doubling times 

Upon the first passage, two (2) samples were randomly selected from the samples 

presenting negative microbiologic control and expanded for further characterisation. 

Cells at Passage 5 were individually counted and plated and counted daily, and their 

growth curves were plotted.  

Both donors revealed very similar growth dynamics for up to 10 days. Culture 

observation indicated that complete confluence was reached after 7 days in expansion, 

although a slight increase in cell numbers was still accounted until the 10th day of 

counting (Figure 5). No statistical difference was identified in the cell yield from each 
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donor.

 

Figure 5: Growth curve of isolated cells at Passage 5, for up to 10 days of culture (left 

panel); Population Doubling Time of the exponential phase of cellular growth (2nd – 7th 

day) (right panel); results presented as Mean ± SD. 

 

Population doubling times were calculated on the cell yield numbers for each day (Table 

2). Between days 2 and 7 (the exponential phase of cellular growth), Donor #1 presented 

a PDT of 40.96 ± 1.91 hours, and Donor #2 presented PDT of 46.95 ± 7.06 hours. 

Additionally, the global doubling time of the exponential phase of cellular growth was 

calculated for each donor. No statistical difference was encountered on the PDT from 

each donor. 

 

Table 2: Population Doubling Times of the 10 days of expansion of isolated cellular 

populations. 

Population Doubling 
Time (hours) 

day 1 day 2 day 3 day 4 day 5 

Donor #1 51.12 ± 29.18 92.11 ± 92.27 25.12 ± 10.13 164.59 ± 145.81 87.64 ± 55.45 

Donor #2 35.78 ± 14.49 96.04 ± 159.99 46.44 ± 17.57 96.50 ± 40.08 74.06 ± 50.35 

  
  

 
  

 
  

 
  

 
  

Population Doubling 
Time (hours) 

day 6 day 7 day 8 day 9 day 10 

Donor #1 104.58 ± 129.92 68.39 ± 29,29 129.87 ± 135.77 101.46 ± 106.85 217.33 ± 227.06 

Donor #2 91.97 ± 157.95 78.96 ± 70,79 109.07 ± 81.05 302.38 ± 509.45 171.84 ± 239.08 

 

 



Chapter II – Dental Pulp Stem/ Stromal Cells as an alternative system for  

regenerative therapies development 

146   Doctoral Thesis – Ana Rita Caseiro Santos 

3.2.2. Karyotype analysis 

In the chromosome analysis, a total of 17 metaphases were assessed. They all 

presented a total of 46 chromosomes (2n), and no numerical abnormalities were 

identified. Gender chromosomes indicated that the donors were male (XY) (Figure 6). 

No other alterations were identified in the addressed metaphases.  

Figure 6: Chromosome analysis of isolated cells from Donor #2, depicting characteristic 

human karyotype (2n=46), of male gender (XY). 

 

 Mesenchymal Stem/ Stromal Cells Phenotypic identity  

3.3.1. Flow cytometry for ‘stemness’ surface markers 

Isolated cells were assessed for characteristic MSCs phenotypical markers, based on 

the recommendations of the ISCT (Dominici et al., 2006). Assessed populations 

presented ≥ 99% positive cells for CD105 and CD44, ≥ 90% positive staining for CD90, 

and ≤ 1% global negative staining for CD34, CD11b, CD19, CD45 and MHC II 

(cocktail)(Figure 7).  

Figure 7: Surface marker expression for characteristic phenotypical markers of MSCs 

in the isolated population from Donor #1, assessed by Flow cytometry. 
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3.3.2. Immunocytochemistry for ‘stemness’ markers 

The Cytoblock™ technique was used to suspend detached cells in a three-dimensional 

jellified matrix for the handling and staining of the cells through conventional 

immunocytochemical procedures. The isolated cells presented intense staining 

(indicated by the brown immunostaining) for vimentin and STRO-1, moderate to intense 

staining to NANOG-1, and weaker immunostaining for c-kit. As expected, the 

hematopoietic/ endothelial marker CD31 was not evidenced in the isolated populations 

(Figure 8). 

 

Figure 8:  Immunocytochemical staining of isolated cells processed using the 

Cytoblock™ technique, for the detection of characteristic mesenchymal and ‘stemness’ 

markers (STRO-1, vimentin, c-kit, NANOG-1; negative controls in the upper left panel of 

each figure), and for the endothelial marker CD31; 200x magnification. 

 

 Multilineage differentiation 

Differentiation capacity of the isolated cells was evaluated towards the three mesodermal 

lineages (Figure 9).  

After 21 days in osteogenic medium, the culture populations demonstrated mineral 

matrix deposition, evidenced by the dark pigment that stained the cellular surface 

following the Von Kossa protocol. Macroscopic observation suggested no noteworthy 

staining of undifferentiated controls. Microscopic assessment confirmed the staining of 

mineralised matrix in the differentiated wells. The pigment was deposited within and 

above the cellular monolayer, formed by the continued proliferation (until fully confluent) 

of the differentiating cell verified after transition to the differentiation medium. Control 

wells presented complete coverage of the culture surface, with cellular staking on more 

than one layer. No evidence of dark pigment was confirmed in the undifferentiated 

controls. Macroscopic assessment did not indicate evident uptake of ORO by the 

cultured cells in either differentiated or control groups. However, microscopic 

amplification denoted occasional populations of cells depicting intracellular red-stained 
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vacuole. Suspended droplets of unwashed dye were still apparent but could be 

distinguished from the intracellularly fixed dye as they floated when hydrating medium 

was agitated. In the differentiated wells, cell confluency was of about 50%, indicating an 

arrest on cellular proliferation upon differentiation medium addition. Control wells 

presented the same multi-layered cellular coverage as the controls for the osteogenic 

differentiation, and no intracellular vacuole were observable. 

In the chondrogenic differentiation wells, micromass cultures in the centre of the well 

further aggregated along the 14 days of differentiating culture. The micromass margins 

retracted, forming ‘mountain-like’ cellular masses that remained attached to the bottom 

of the well. In the control group, retraction and elevation phenomena were less 

pronounced. Indeed, cells proliferated slightly towards the margins of the well but did not 

reach to cover the culture surface. Microscopic observation of the Alcian Blue stained 

wells indicated intense staining of the differentiated wells, more pronounced towards the 

centre of the micromass, where cells assumed a more polygonal shape. In the controls, 

slight Alcian Blue retention was observed in the centre of the micromass, but cell retained 

an elongated spindle shape, stacked on countless superimposed layers. 

 

Figure 9: Multilineage differentiation of isolated cells into mesodermal lineages following 

culture in Chondrogenic (upper left panel), Adipogenic (upper entre panel) and 

Osteogenic (upper right panel) differentiating and control (lower panels, respectively) 

media; blue open arrow: Oil Red O droplets in suspension, black closed arrow: Oil Red 

O dye retention by intracellular lipid droplets; Magnification: 40x (Chondrogenic and 

Osteogenic) and 120x (Adipogenic). 
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4. Discussion and Conclusions 

The currently presented protocols were developed aiming at the isolation of 

DPCSs, for the application in tissue regeneration strategies. The protocols were 

designed on the basis of available literature, in which interesting research has 

already been endured concerning isolation techniques, expansion media and 

supplementation, or even cryopreservation strategies.  

The prepared protocols were successfully employed for the isolation of adherent 

fast proliferating population, that were later confirmed to display features 

characteristic of MSCs. 

The selection criteria defined for patient selection resulted in ten (10) samples 

adequate for cellular isolation. 

Due to the native commensal populations of the oral cavity, collected tooth 

samples are assumed as highly contaminated and transported accordingly. As 

recommended in the literature (Yildirim, 2013), the first decontamination step can 

be started on the transport media, adjusting the antibiotic and antimycotic 

components to 3% (regular supplementation is 1% for culturing purposes, when 

employed). Secondly, the thorough striping of any tissue debris remaining from 

the extraction process should the scrapped down and, finally, the smooth surface 

wiped with disinfecting solution (70% ethanol or other aseptic solution). By 

combining the three-step decontamination, an 80% success rate was achieved, 

as only 2 (two) of the 10 (ten) samples assessed presented microbial growth. 

Remarkably, none of the isolated populations displayed sign of contamination 

while in culture, although this is regarded as a limitation of DPCSs isolation and 

culture, even when employing standard antibiotic and antimycotic concentrations 

(1%)(Perry et al., 2008). 

Although teeth with the most robust anatomy (molar and pre-molar teeth) were 

selected, the amount of pulp tissue isolated from each sample was very limited, 

which led to the selection of the outgrowth (explant) as the method of isolation. 

Although specific literature is dominated by the enzymatic isolation protocols (as 

summarised in the first part of this Chapter), the choice of isolation method does 

not impact on the isolated DPSCs features (Hilkens et al., 2013), and the explant 

method proved to be adequate for the defined purpose.  
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As described, the major downside is the extended time required for the detection 

of first adherent cells and subsequent proliferation, which in turn bares increased 

contamination risks. The first cells were observed in the explant’s borders 

between the 10th and 15th days, which is consistent with the lowest limits of the 

times reported in literature (Alliot-Licht et al., 2005, Pierdomenico et al., 2005, 

Struys et al., 2010, Ikeda et al., 2011), that can go as long as 21 days (Lizier et 

al., 2012). Only one (1) of the ten (10) samples did not successfully result in cell 

isolation, resulting in a 90% success rate of the proposed protocol. The sample 

that did not result in cell isolation presented signs of enamel damage and dental 

perforation and later came as positive in microbiologic control. Nevertheless, no 

signs of contamination in the explant culture were observed. 

The isolated populations were further expanded and characterised and 

demonstrated to comply with the reported features of DPSCs isolated by other 

research groups. They depicted the classical ‘fibroblast-like’ shape (although 

narrower and more elongated than the UC-MSCs usually handled in the 

laboratory), and were firmly adherent to the culture surface, resisting to 

mechanical stress (from the culture washing with DPBS) and trypsin-induced 

detachment. It was experienced the need to perform two (2) to three (3) washes 

with DPBS prior to trypsin addition (versus the one (1) wash generally required 

for cell detachment) to maintain the incubation time within 3 minutes and avoid 

cellular membrane damage and loss of cell viability. 

The isolated cells also displayed the expected proliferative dynamics, with PDT 

under 50 hours at P5. Additionally, chromosomal analysis confirmed the stability 

of the isolated cells, presenting the 46 chromosomes (2n) characteristic of the 

human species, absent of any numerical or structural abnormalities (Suchánek 

et al., 2007). 

Isolated cells were assessed for characteristic MSCs phenotypical markers, 

based on the recommendations issued by the experts panel of the ISCT (Dominici 

et al., 2006) which proposed that populations had to be adherent to plastic 

substrates when maintained in standard culture conditions using tissue culture 

flasks, to express specific surface antigen (Ag) identity, namely, be mostly 

positive for CD105, CD73 and CD90, and lack major expression of CD45, CD34, 
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CD14/ CD11b, CD79a/ CD19 and HLA class II, assessed by flow cytometry. 

Additionally, these cells should be capable of at least undergo trilineage 

differentiation into osteogenic, adipogenic and chondrogenic phenotypes.  

The populations herein isolated did majorly comply with the listed requisites and 

can, therefore, be classified as MSCs. The isolated cells exceeded ≥ 99% 

population expression for CD105 and CD44 (an alternative to CD73), ≥ 90% 

expression for CD90, and ≤ 1% global negative expression of CD34, CD11b, 

CD19, CD45 and MHC II (negative identity cocktail).  

In parallel, an immunocytochemical study of the isolated cells was conducted, 

where the mesenchymal nature of the isolates (staining positive for vimentin) and 

the absence of staining for the hematopoietic marker CD31 (which assumes great 

relevance in the profiling of blood or marrow-derived isolates) were confirmed. 

The populations also presented positivity to additional markers often associated 

with MSCs pluripotency: STRO-1, NANOG-1 and c-kit. NANOG-1 expression in 

MSCs is associated with (although not directly regulating) the transition from in 

vivo quiescence to adaptation to in vitro growth condition, being detected only in 

proliferating cells, and not in MSCs induced to differentiate (Pierantozzi et al., 

2011). STRO-1 expression has been reported in 9 to 23% of isolated DPSCs (Shi 

and Gronthos, 2003, Wei et al., 2007, Lee et al., 2010, Bakopoulou et al., 2011), 

considerably relating to their colony-forming capacity (Shi and Gronthos, 2003). 

A weaker positive expression of c-kit was also observed. This gene is associated 

with high proliferative profiles as well as to multilineage differentiation capacity 

(Blazquez-Martinez et al., 2014). 

Finally, the populations demonstrated to differentiate towards the three (3) 

representative mesodermal lineages. The DPSCs are described as particularly 

prone to osteogenic differentiation (Gronthos et al., 2000, Struys et al., 2010). 

Indeed, Bakopoulou and colleagues reported spontaneous differentiation of 

cultured DPSCs in standard culture (control) conditions (Bakopoulou et al., 2011), 

which was not observed in the isolated populations. The very discrete 

development of intracellular lipidic vesicles herein observed upon adipogenic 

differentiation suggests that, in line with the other reported works, DPSCs do 
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differentiate toward adipocyte, but might do so with limited efficiency (Struys et 

al., 2010). 

The isolated and characterised cells have been utilised in routine laboratory 

assays, presenting >90% viability upon thawing, and maintaining their 

proliferative, phenotypic and differentiation capacities throughout. 

Therefore, the proposed protocols were herein validated for the isolation of MSCs 

populations from fresh adult dental pulp tissue, which were further explored for 

their potential towards the clinical application in advanced cell-based 

regenerative techniques. 
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Introductory note 

 

The emergence of MSCs as one of the pillars for advanced therapeutic systems entailed 

the necessity to develop and optimise isolation, expansion, and cryopreservation 

protocols. The MSCs-based systems are perceived by the European Medicines Agency 

(EMA) and European Commission regulation [EC 1394/2007 of the European 

Commission] as medicinal products, and must therefore comply with good manufacturing 

practices (GMP), amongst other requisites (Fekete et al., 2012), implying the utilization 

of fully traceable clinical grade and xeno-free reagents (Bieback et al., 2009, Pereira et 

al., 2014, Pham et al., 2014). The guidelines that apply to human-derived cellular 

products are clearly defined, but the standards applicable to veterinary products still care 

for definition by the international regulatory agencies. The EMA’s Committee for 

Medicinal Products for Veterinary Use (CVMP) has recently created the Ad Hoc Expert 

Group on Veterinary Novel Therapies (ADVENT), whose purpose is to defined adequate 

regulatory references for the market approval of nouvel therapeutic approaches, in which 

Veterinary MSCs systems are included. 

Widespread methods for mammalian cell culture in research rely on Foetal Bovine 

Serum (FBS) supplementation, which however bare noteworthy concerns when aiming 

at clinical application, namely the potential immunogenicity and infectiousness 

(Friedenstein et al., 1970, Phinney, 2007, Phinney and Prockop, 2007, Simonetti et al., 

2007, Tekkatte et al., 2011, Pereira et al., 2014, Pereira et al., 2014), as well as  the 

heavy ethical burden on animal welfare (Pereira et al., 2014). Completely serum-free 

culturing conditions and methods are being explored, but the general unawareness of 

the detailed composition of FBS makes it extremely challenging to develop synthetic 

versions containing each particular compound in suitable concentrations (Van der Valk 

et al., 2010). 

These concerns foster the search for substituent cell culture medium supplements, such 

as the umbilical cord blood serum or plasma (UCBS or UCBP, respectively). These 

haemoderivate products are suggested to provide the essential factors for MSCs 

culturing (Bieback et al., 2009, Huang et al., 2011, Hong et al., 2014), addressing many 

of the disadvantages of the FBS. Additionally, the umbilical cord blood (UCB) can be 

safely collected from both human and veterinary species upon birth (Bartholomew et al., 

2009, Sultana et al., 2018, Roberts et al., 2019), deeming it an interesting option for the 

development of xeno-free systems for the translation into clinical application in both 

medical fields. 
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In this Chapter, the potential of the human UCBP for the development of MSCs-based 

therapeutic systems is addressed. Particularly, the metabolite content of hUCBP is 

investigated through Nuclear Magnetic Resonance (NMR). Further, the FBS substitution 

by hUCBP is explored for UC-MSCs and DPSCs culturing, enlightening on its impact on 

cell viability and senescence, surface marker and gene expression, and tri-lineage 

differentiation capacity. An additional study on the detailed bioactive factors content of 

the proposed supplement is presented, to further comprehend the growth factors and 

cytokines combination provided to culturing cells.  
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3.1. Metabolomic profile of human Umbilical Cord Blood 

Plasma and Foetal Bovine Serum, and their effects on 

Mesenchymal Stem/ Stromal Cells populations 

 

 

 

Human Umbilical Cord Blood Plasma as an Alternative to Animal Sera for 

Mesenchymal Stromal Cells In vitro Expansion for Clinical Applications – 

a Multicomponent Metabolomic Analysis 

 

by AR Caseiro, G Ivanova, SS Pedrosa, MV Branquinho, P Georgieva, PP Barbosa, 

JD Santos, T Pereira, AC Maurício 

in PLOS One. 2018 

https://doi.org/10.1371/journal.pone.0203936 
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Supporting information: 

 

S1 Table: UCB Samples Analysis. Initial WBC count, performed before the volume 

reduction with the AXP automated system (cells x109 per liter) and the final WBC count 

(cells x109 per liter), performed after the volume reduction procedure of the UCB 

samples, values obtained by using the hematology auto-analyzer (Ac T diff2™, Beckman 

Coulter, Inc.). Total number of viable leucocytes (CD45+) per liter, the percentage (%) of 

viable leucocytes (CD45+), the total number of viable CD34+ cells per µl, and the % of 

viable CD34+, measured by flow cytometry of the UCB samples used for 1H-NMR 

analysis. The average (Mean), the maximum (Max) and minimum (Min) values, standard 

deviation (SD) and the standard error of the mean (SEM) of N=13 are also presented. 

*Count using the hematology auto-analyzer. #Extrapolated values considering that the 

collected hUCBP volume comprises of approximately 1/3 of the volume remaining after 

the removal of the Buffy coat layer, Microbiological analysis were performed after volume 

reduction and before cryopreservation and tested for microbiological contamination 

using an automated blood culture system (BacT/ALERT®, BioMérieux) at 35°C for 14 

days. 
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hUCBP#1 8.15 12.45 10.00 95.39 40.00 95.68 51.06 10.15 negative 

hUCBP#2 7.00 17.30 14.30 97.99 43.33 94.08 70.10 16.47 negative 

hUCBP#3 8.50 17.80 10.80 85.19 66.34 95.18 59.24 12.81 negative 

hUCBP#4 15.70 52.60 27.50 89.32 158.49 95.05 78.92 19.34 negative 

hUCBP#5 8.00 25.80 15.80 97.87 44.93 97.26 84.09 21.13 
Actinomyces 

meyeri 

hUCBP#6 15.30 54.80 29.90 84.80 17.66 96.86 98.27 25.79 negative 

hUCBP#7 7.00 37.60 19.90 90.98 27.29 98.56 124.10 34.37 negative 

hUCBP#8 11.10 43.90 27.90 85.41 168.05 98.85 125.23 34.81 negative 

hUCBP#9 6.80 12.60 9.10 91.91 29.34 80.90 47.30 8.87 negative 

hUCBP#10 8.30 34.65 19.60 87.22 40.57 95.83 105.53 28.24 negative 

hUCBP#11 8.70 15.60 10.90 90.65 17.02 86.67 51.44 10.21 negative 

hUCBP#12 7.80 16.40 9.90 88.46 15.72 77.56 60.54 13.21 negative 

hUCBP#13 12.60 40.95 24.40 81.12 191.45 98.25 87.61 22.27 negative 

Mean 9.61 29.42 17.63 89.72 66.17 93.13 80.26 19.82 

 

SD 2.96 14.79 7.27 4.96 60.19 6.65 26.90 8.95 

SEM 2.50 13.54 6.56 4.08 49.18 5.27 7.46 2.48 

Max 15.70 54.80 29.09 97.99 191.45 98.85 34.81 34.81 

Min 6.80 12.45 9.10 81.12 15.72 77.56 8.87 8.87 

n 13 13 13 13 13 13 13 13 
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S2 Table: Corrected absorbance assessed by PrestoBlue® viability assay of 

hMSCs (UC-MSCs and DPSCs), in the presence of supplemented medium with FBS_II 

or variable concentrations of hUCBP for up to 9 days. Results presented as Mean ± 

SEM. 

 

PrestoBlue® Cell 

Viability Assay 

hUC-MSCs 

FBS 10% hUCBP 2% hUCBP 4% hUCBP 6% hUCBP 8% 

24 hours (1 day) 0.0086 ± 0.0043 0.0052 ± 0.0006 0.0257 ± 0.0038 0.0119 ± 0.0007 0.0144 ± 0.0009 

72 hours (3 days) 0.0134 ± 0.0003 0.0233 ± 0.0029 0.0226 ± 0.0033 0.0038 ± 0.0022 0.0178 ± 0.0020 

120 hours (5 days) 0.1743 ± 0.0033 0.1333 ± 0.0029 0.1773 ± 0.0134 0.1651 ± 0.0135 0.1299 ± 0.0016 

168 hours (7 days) 0.5022 ± 0.0084 0.3807 ± 0.0206 0.5982 ± 0.0190 0.5288 ± 0.0104 0.5097 ± 0.0030 

216 hours (9 days) 0.3637 ± 0.0055 0.2914 ± 0.0084 0.3531 ± 0.0101 0.2942 ± 0.0098 0.2391 ± 0.0007 

                

 hDPSCs 

 FBS 10% hUCBP 2% hUCBP 4% hUCBP 6% hUCBP 8% 

24 hours (1 day) 0.0173 ± 0.0006 0.0198 ± 0.0008 0.0179 ± 0.0014 0.0167 ± 0.0010 0.0132 ± 0.0004 

72 hours (3 days) 0.0147 ± 0.0028 0.0377 ± 0.0029 0.0341 ± 0.0015 0.0350 ± 0.0020 0.0288 ± 0.0014 

120 hours (5 days) 0.1557 ± 0.0056 0.1489 ± 0.0004 0.1579 ± 0.0009 0.1626 ± 0.0037 0.1406 ± 0.0038 

168 hours (7 days) 0.3487 ± 0.0076 0.0741 ± 0.0048 0.2712 ± 0.0065 0.3273 ± 0.0090 0.3188 ± 0.0048 

216 hours (9 days) 0.2386 ± 0.0021 0.0829 ± 0.0009 0.1323 ± 0.0054 0.1542 ± 0.0065 0.1748 ± 0.0028 

 

 

 

S3 Table: β-Galactosidase activity assay (OD405nm) on hUC-MSCs and hDPSCs at 

3, 5 and 7 days. Results presented as Mean ± SEM. 

 

β-Galactosidase 

(OD405nm) 

hUC-MSCs 

hUCBP 4% hUCBP 6% hUCBP 8% FBS 10% 

3 days 0.145 ± 0.005 0.146 ± 0.000 0.143 ± 0.001 0.141 ± 0.001 

5 days 0.144 ± 0.001 0.155 ± 0.002 0.146 ± 0.001 0.156 ± 0.005 

7 days 0.138 ± 0.004 0.149 ± 0.002 0.149 ± 0.003 0.132 ± 0.005 

 hDPSCs 

 hUCBP 4% hUCBP 6% hUCBP 8% FBS 10% 

3 days 0.136 ± 0.000 0.137 ± 0.000 0.137 ± 0.001 0.145 ± 0.003 

5 days 0.138 ± 0.000 0.138 ± 0.000 0.137 ± 0.000 0.140 ± 0.001 

7 days 0.138 ± 0.000 0.143 ± 0.000 0.142 ± 0.001 0.144 ± 0.002 
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S4 Table: Annexin V/ PI detection on hUC-MSCs and hDPSCs after 5 days of culture 

in hUCBP or FBS supplemented media. Results presented as Mean ± SEM. 

 

Annexin V/ PI detection 

(% cells) 

hUC-MSCs 

hUCBP 4% hUCBP 6% hUCBP 8% FBS 10% 

Late apoptosis (An-PI+) 0.05 ± 0.02 0.07 ± 0.01 0.06 ± 0.04 0.05 ± 0.00 

Dead cells (An+PI+) 0.14 ± 0.06 0.11 ± 0.05 0.59 ± 0.23 0.10 ± 0.04 

Early apoptosis (An+PI-) 0.29 ± 0.03 0.40 ± 0.04 6.42 ± 0.53 0.47 ± 0.07 

Viable cells (An- PI-) 99.50 ± 0.10 99.40 ± 0.06 92.93 ± 0.52 99.37 ± 0.13 

 hDPSCs 

  hUCBP 4% hUCBP 6% hUCBP 8% FBS 10% 

Late apoptosis (An-PI+) 0.03 ± 0.02 0.03 ± 0.01 0.02 ± 0.01 0.02 ± 0.02 

Dead cells (An+PI+) 0.08 ± 0.05 0.06 ± 0.03 0.16 ± 0.07 0.06 ± 0.04 

Early apoptosis (An+PI-) 0.14 ± 0.01 0.33 ± 0.07 0.38 ± 0.12 0.11 ± 0.02 

Viable cells (An- PI-) 99.73 ± 0.07 99.57 ± 0.03 99.43 ± 0.09 99.80 ± 0.06 

 

 

 

S5 Table: Total RNA extracted from hUC-MSCs and hDPSCs cultured in hUCBP or 

FBS supplemented media, readings at 260 and 280 nm. 

 

Total extracted RNA 
 

 Concentration 

(ng/μg) 

Absorbance ratio 

(260/280 nm) 

hUC-MSCs 

hUCBP 4% 400 2.04 

hUCBP 6% 386 2.05 

hUCBP 8% 372 2.44 

FBS 10% 338 2.04 

hDPSCs 

hUCBP 4% 196 2.09 

hUCBP 6% 210 2.02 

hUCBP 8% 202 2.10 

FBS 10% 190 2.16 
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S6 Table: Quantitative PCR of hUC-MSCs and hDPSCs cultured in hUCBP or FBS 

supplemented media. Avg ΔCq: average quantification cycle (differential expression of 

target and housekeeping genes); ΔΔCq: differential expression of sample (4%, 6% and 

8% hUCBP) and reference sample (FBS 10%) genes; RQ: relative quantification (fold 

change compared to the FBS 10% group), in mean fold change ± SEM; nd: not detected; 

na: not applicable; ↑: up-regulated over 2-fold; ↓: down-regulated under 0.5 fold. 

 

 

 

 

 

 

 

 

 

hUC-MSCs 

Target gene 
FBS 10% hUCBP 4% hUCBP 6% hUCBP 8% 

Avg ΔCq Avg ΔCq ΔΔCq RQ Avg ΔCq ΔΔCq RQ Avg ΔCq ΔΔCq RQ 

CD34 nd nd na na nd na na nd na na 

CD105 6.8 6.0 -0.7 0.6 ± 0.1  5.8 -0.9 0.5 ± 0.0  6.2 -0.6 0.7 ± 0.1  

CD117 12.1 11.8 -0.4 0.8 ± 0.0  12.4 0.2 1.2 ± 0.0  12.4 0.2 1.2 ± 0.2  

Sox2 nd nd na na nd na na nd na na 

CD166 6.0 6.3 0.3 1.2 ± 0.0  6.0 0.0 1.0 ± 0.0  6.4 0.4 1.3 ± 0.0  

CD90 4.2 2.9 -1.4 0.4 ± 0.0 ↓ 2.8 -1.4 0.4 ± 0.0 ↓ 3.0 -1.3 0.4 ± 0.0 ↓ 

CD73 6.8 6.8 0.0 1.0 ± 0.1  6.6 -0.3 0.8 ± 0.0  6.9 0.1 1.0 ± 0.0  

MHC I 5.7 3.7 -2.0 0.2 ± 0.0 ↓ 3.9 -1.8 0.3 ± 0.0 ↓ 3.9 -1.8 0.3 ± 0.0 ↓ 

MHC II nd 18.4 na na ↑ 19.3 na na ↑ 15.9 na na ↑ 

OCT 4 15.6 15.3 -0.3 0.8 ± 0.2  14.0 -1.6 0.3 ± 0.1 ↓ 14.2 -1.4 0.4 ± 0.1 ↓ 

      
 

     
 

     
 

 

hDPSCs 

Target gene 
FBS 10% hUCBP 4% hUCBP 6% hUCBP 8% 

Avg ΔCq Avg ΔCq ΔΔCq RQ Avg ΔCq ΔΔCq RQ Avg ΔCq ΔΔCq RQ 

CD34 nd nd na na nd na na  nd na na 

CD105 7.1 6.9 -0.2 0.9 ± 0.0  6.9 -0.2 0.9 ± 0.1  7.7 0.6 1.5 ± 0.0  

CD117 11.3 10.2 -1.1 0.5 ± 0.0  10.8 -0.5 0.7 ± 0.0  11.1 -0.2 0.9 ± 0.3  

Sox2 nd nd na na nd na na nd na na 

CD166 4.6 4.5 -0.1 1.0 ± 0.0  4.7 0.2 1.1 ± 0.0  4.9 0.3 1.3 ± 0.3  

CD90 5.9 5.9 -0.1 1.0 ± 0.0  5.8 -0.1 0.9 ± 0.1  6.5 0.6 1.5 ± 0.0  

CD73 4.6 5.7 1.1 2.1 ± 0.2 ↑ 5.9 1.2 2.3 ± 0.1 ↑ 6.6 2.0 4.0 ± 0.2 ↑ 

MHC I 4.3 3.3 -1.0 0.5 ± 0.0  3.2 -1.1 0.5 ± 0.0  3.6 -0.7 0.6 ± 0.1  

MHC II 11.2 8.9 -2.3 0.2 ± 0.0 ↓ 9.4 -1.8 0.3 ± 0.0 ↓ 9.9 -1.4 0.4 ± 0.1 ↓ 

OCT 4 14.2 15.8 1.5 2.9 ± 0.4 ↑ 16.3 2.1 4.2 ± 0.0 ↑ 15.5 1.3 2.5 ± 1.5 ↑ 
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S7 Table: Osteogenic differentiation. Alizarin Red S concentration (μM) after 21 days. 

Control: Undifferentiated control; Osteo Diff: Osteogenic Differentiation. Results 

presented as Mean ± SEM.  

Alizarin Red S 

(μM) 

hUC-MSCs 

hUCBP 4% hUCBP 6% hUCBP 8% FBS 10% 

Osteo Diff 68.45 ± 1.20 74.48 ± 0.32 72.14 ± 0.27 1449.57 ± 0.00 

Control 81.85 ± 0.00 87.21 ± 0.00 78.72 ± 0.45 89.44 ± 0.45 

             

 hDPSCs 

 hUCBP 4% hUCBP 6% hUCBP 8% FBS 10% 

Osteo Diff 68.79 ± 0.82 71.13 ± 0.00 73.81 ± 0.00 2299.31 ± 7.35 

Control 61.31 ± 0.45 62.65 ± 0.45 60.86 ± 0.45 68.45 ± 0.00 

 

 

S8 Table: Statistical Significance in Alizarin Red S concentration (μM) after 21 days. 

C: Undifferentiated control; D: Osteogenic Differentiation. Significance of the results is 

indicated according to P values with one, two, three or four of the symbols (*) 

corresponding to 0.01≤P<0.05; 0.001≤P< 0.01; 0.0001≤P<0.001 and P<0.0001, 

respectively; ns, not significant. 

ARS Assay 

Statistical 

significance 

hUC-MSCs hDPSCs 

hUCBP 

4% 

hUCBP 

6% 

hUCBP 

8% 
FBS 10% 

hUCBP 

4% 

hUCBP 

6% 

hUCBP 

8% 
FBS 10% 

D C D C D C D C D C D C D C D C 

h
U

C
-M

S
C

s
 

hUCBP 

4% 

D   **** ns **** ns *** **** **** ns ns ns ns ns * *** ns 

C     * ns *** ns **** ns **** **** *** **** ** **** **** **** 

hUCBP 

6% 

D       **** ns ns **** **** * **** ns **** ns **** **** ns 

C         **** * **** ns **** **** **** **** **** **** **** **** 

hUCBP 

8% 

D           ns **** **** ns *** ns ** ns *** **** ns 

C             **** ** *** **** * **** ns **** **** ** 

FBS 

10% 

D               **** **** **** **** **** **** **** **** **** 

C                 **** **** **** **** **** **** **** **** 

h
D

P
S

C
s

 

hUCBP 

4% 

D                   ns ns ns ns ns **** ns 

C                     ** ns **** ns **** ns 

hUCBP 

6% 

D                       ** ns *** **** ns 

C                         *** ns **** ns 

hUCBP 

8% 

D                           **** **** ns 

C                             **** ns 

FBS 

10% 

D                               **** 

C                                 
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S9 Table: Adipogenic differentiation. Oil Red O (OD570nm) after 14 days. Control: 

Undifferentiated control; Adipo Diff: Adipogenic Differentiation. Results presented as 

Mean ± SEM. 

Oil Rel O 

(OD 570 nm) 

hUC-MSCs 

hUCBP 4% hUCBP 6% hUCBP 8% FBS 10% 

Adipo Diff 0.158 ± 0.007 0.149 ± 0.001 0.151 ± 0.004 0.164 ± 0.001 

Control 0.121 ± 0.007 0.107 ± 0.003 0.113 ± 0.001 0.077 ± 0.001 

             

 hDPSCs 

 hUCBP 4% hUCBP 6% hUCBP 8% FBS 10% 

Adipo Diff 0.158 ± 0.007 0.149 ± 0.001 0.151 ± 0.004 0.164 ± 0.001 

Control 0.121 ± 0.007 0.107 ± 0.003 0.113 ± 0.001 0.077 ± 0.001 

 

 

S10 Table: Statistical Significance in Oil Red O (OD570nm) after 14 days. C: 

Undifferentiated control; D: Adipogenic Differentiation. Significance of the results is 

indicated according to P values with one, two, three or four of the symbols (*) 

corresponding to 0.01≤P<0.05; 0.001≤P< 0.01; 0.0001≤P<0.001 and P<0.0001, 

respectively; ns, not significant. 

 

ORO Assay 

Statistical 

significance 

hUC-MSCs hDPSCs 

hUCBP 4% hUCBP 6% hUCBP 8% FBS 10% hUCBP 4% hUCBP 6% hUCBP 8% FBS 10% 

D C D C D C D C D C D C D C D C 

h
U

C
-M

S
C

s
 

hUCBP 

4% 

D   **** ns **** ns **** ns **** ns **** ns **** ns **** ns **** 

C     ** ns **** ns **** **** **** ns ** ns ns *** **** **** 

hUCBP 

6% 

D       **** ns **** ns **** ns ** ns **** ns **** ns **** 

C         **** ns **** ** **** ns **** ns **** ns **** ** 

hUCBP 

8% 

D           **** ns **** ns *** ns **** ns **** ns **** 

C             **** *** **** ns **** ns **** ns **** *** 

FBS 10% 
D               **** ns **** ns **** ns **** ns **** 

C                 **** **** **** ** **** *** **** ms 

h
D

P
S

C
s
 

hUCBP 

4% 

D                   **** ns **** ns **** ns **** 

C                     ** ns *** ns **** **** 

hUCBP 

6% 

D                       **** ns **** ns **** 

C                         **** ns **** ** 

hUCBP 

8% 

D                           **** ns **** 

C                             **** *** 

FBS 10% 
D                               **** 

C                                 
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S11 Table: Chondrogenic differentiation. Sulfated GAGs production (μg/mL) after 14 

days, assessed by Blyscan™ Glycosaminoglycan Assay (Biocolor, UK). Control: 

Undifferentiated control; Chondro Diff: Chondrogenic Differentiation. Results presented 

as Mean ± SEM. 

 

GAGs content 

(µg/mL) 

hUC-MSCs 

hUCBP 4% hUCBP 6% hUCBP 8% FBS 10% 

Chondro Diff 7.92 ± 0.86 6.74 ± 0.79 7.91 ± 0.87 6.91 ± 0.39 

Control 5.32 ± 0.58 4.84 ± 0.43 4.97 ± 0.16 2.15 ± 0.62 

 

 hDPSCs 

 hUCBP 4% hUCBP 6% hUCBP 8% FBS 10% 

Chondro Diff 7.23 ± 0.36 7.56 ± 0.23 6.74 ± 0.16 8.29 ± 0.58 

Control 2.80 ± 0.17 3.31 ± 0.06 3.07 ± 0.77 3.03 ± 0.02 

 

S12 Table: Statistical Significance Differences in Sulfated GAGs production 

(μg/mL) after 14 days, assessed by Blyscan™ Glycosaminoglycan Assay (Biocolor, 

UK). C: Undifferentiated control; D: Chondrogenic Differentiation. Significance of the 

results is indicated according to P values with one, two, three or four of the symbols (*) 

corresponding to 0.01≤P<0.05; 0.001≤P< 0.01; 0.0001≤P<0.001 and P<0.0001, 

respectively; ns, not significant. 

GAGs Assay 

Statistical 

significance 

 hUC-MSCs hDPSCs 

 
hUCBP 

4% 

hUCBP 

6% 

hUCBP 

8% 
FBS 10% 

hUCBP 

4% 

hUCBP 

6% 

hUCBP 

8% 
FBS 10% 

 D C D C D C D C D C D C D C D C 
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hUCBP 

4% 

D   ns ns * ns * ns **** ns *** ns ** ns ** ns ** 

C     ns ns ns ns ns * ns ns ns ns ns ns ns ns 

hUCBP 

6% 

D       ns ns ns ns ns ns * ns ns ns * ns * 

C         * ns ns ns ns ns ns ns ns ns ns ns 

hUCBP 

8% 

D         ns ns ns ns *** ns ** ns ** ns ** 

C           ns ns ns ns ns ns ns ns ns ns 

FBS 10% 
D               ** ns * ns ns ns * ns * 

C                 ** ns *** ns ** ns **** ns 
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hUCBP 

4% 

D                   * ns ns ns ns ns * 

C                     * ns ns ns ** ns 

hUCBP 

6% 

D                       * ns * ns * 

C                         ns ns ** ns 

hUCBP 

8% 

D                           ns ns ns 

C                             ** ns 

FBS 10% 
D                               ** 

C                                 
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3.2. Bioactive factors content of human Umbilical Cord 

Blood Plasma and Foetal Bovine Serum: a preliminary 

comparative characterisation 
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1. Introduction 

 

Pairwise with the investigation of the metabolite mixture provided by the media 

supplements to the culturing cells, the knowledge on other bioactive factors supplied 

presents great relevance to the comprehension of cellular dynamics. 

The detailed composition of FBS remains virtually unknown (Van der Valk et al., 2004), 

turning the mission of finding an adequate replacement an even greater quest. 

Bieback and colleagues (Bieback et al., 2009) recognised the relevance of the specific 

media composition for the cellular populations and performed an interesting study, where 

they attempted a comparative analysis of human-derived culture supplements and FBS, 

in search for their growth factors profiles. They assessed media formulated at a 10% 

supplementation of FBS, human serum (HS), thrombin-activated platelet releasate in 

plasma (tPRP) and human platelet lysate (pHPL). From a panel of 174 growth factors, 

cytokines and chemokines they detected signals for 48 of these compounds, including 

bFGF, EGF, MCP-1, PDGFs, RANTES and VEGF. These and other factors are 

recognised regulators of MSCs activity (Rodrigues et al., 2010), and their presence and 

concentration in culture influence MSCs in vitro behaviour (Bieback et al., 2009).  

More recently, the hUCBP was proposed as an additional potential substitute for the 

FBS, and it was preliminarily determined if its metabolomic and bioactive factors content 

would suit the purpose (Pereira et al., 2014). Fair amounts of TGF-β1-3, GRO, MDC, 

PDGF-AA and -BB, sCD40L, MCP-1 and RANTES were detected and compared its 

profile to that of Conditioned Media produced by hUC-MSCs. Ding and colleagues  (Ding 

et al., 2013) also detected relative levels of a panel of growth factors in hUCBP (including 

FGFs, HGF, SCF, IGF-1, IGFBPs, and PDGFs), and further tested it as FBS substituent 

in hUC-MSCs culturing and differentiation. Ehrhart and colleagues (Ehrhart et al., 2018)  

compared the bioactive factors content of the hUCBP with that of peripheral blood serum 

or plasma, reporting the first to present low levels of pro‐inflammatory cytokines (IL‐2, 

IL‐6, IFN‐γ, and TNF‐α) while baring more expressive concentrations of IL‐8, VEGF, G‐

CSF, EGF and bFGF. 

Therefore, the bioactive factors content of the cell culture supplements was further 

explored, to complement on the metabolomic characterisation of the standard FBS 

supplement and proposed substitute (hUCBP) and aid the interpretation of the differential 

effects observed on the hUC-MSCs and hDPSCs populations. 
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2. Materials and Methods 

 

Samples of FBS and hUCBP were prepared alongside the samples analysed through 

NMR, as thoroughly detailed in the previous section (Caseiro et al., 2018). Supplement 

samples were centrifuged 1800xg for 10 min, to remove debris and preserved at -80°C. 

Samples were transported in dry ice and maintained frozen until analysis. 

 

2.1. Bioactive Factors Detection and Quantification 

For the detection and quantification of the bioactive factors, Multiplexing LASER Bead 

Analysis was performed by Eve Technologies (Calgary, Alberta, Canada) using the Bio-

Plex™ 200 system (Bio-Rad Laboratories, Inc., Hercules, CA, USA)(Pereira et al., 2014). 

A multispecies panel of bioactive factor was selected [Discovery Assay® TGFβ 3-Plex 

Cytokine Array (Eve Technologies Corp)] targeting the detection of Transforming growth 

factor-beta 1, 2 and 3 (TGF-β 1, -2, and -3).  

An additional panel was performed, to widen the number of factors investigated - Human 

Primary Cytokine Array/Chemokine Array 41-Plex Panel, which included cytokines, 

chemokines and growth factors: epidermal growth factor (EGF), eotaxin-1, fibroblast 

growth factor 2 (FGF-2), fms-related tyrosine kinase 3 ligand (Flt-3L), fractalkine, 

granulocyte colony-stimulating factor (G-CSF), granulocyte macrophage colony-

stimulating factor (GM-CSF), GRO(pan), interferon- alpha 2 (IFNα 2), interferon-gama 

(IFNγ), several interleukins (IL-1α, IL-1β, IL-1ra, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-8, IL-

9, IL-10, IL-12(p40), IL-12(p70), IL-13, IL-15, IL-17A), interferon gama-induced protein 

10 (IP-10), monocyte chemotactic protein-1 (MCP-1), monocyte chemotactic protein-3 

(MCP-3), macrophage-derived chemokine (MDC), macrophage inflammatory protein- 1 

alpha (MIP-1α), macrophage inflammatory protein-1 beta (MIP-1β), platelet-derived 

growth factor – AA (PDGF-AA), platelet-derived growth factor – AB/BB (PDGF-AB/BB), 

chemokine (C-C motif) ligand 5 (RANTES or CCL5), soluble CD40 ligand (sCD40L), 

transforming growth factor alpha (TGFα), tumor necrosis factor alpha (TNFα), tumor 

necrosis factor beta (TNFβ), vascular endothelial growth factor A (VEGF-A). 

For data quantification purpose, and subsequent interpretation and statistical analysis, 

measurements inferior to the assay’s detection limits (evidenced by n.d.) were 

corresponded to 0 pg/mL. 

 

2.2. Statistical Analysis 

Quantitative data was statistically analysed through one-way ANOVA, followed by 

pairwise comparison Tukey’s HSD post hoc test. Statistical analysis was performed 
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using the GraphPad Prism version 6.00 for Mac OS X (GraphPad Software, La Jolla 

California USA), and significance defined for P<0.05, represented using respectively 

one-four (*) referring to 0.01≤P<0.05; 0.001≤P< 0.01; 0.0001≤P<0.001 and P<0.0001. 

 

3. Results 

A multispecies panel was selected considering the species of origin of the supplements 

under analysis. Significantly higher quantity of TGF-β1 is highlighted in hUCBP when 

compared to FBS samples, and to TGF-β2 and -β3 isoforms (Table 1 and Figure 1). 

 

Table 1: TGF-β isoforms detection and quantification (pg/mL) calculated from 

Multiplexing LASER Bead Analysis of hUCBP and FBS.  Data presented in Mean ± SEM. 

(pg/mL) hUCBP FBS 

TGF-ß1 5680.66 ± 824.93 790.29 ± 41.06 

TGF-ß2 581.27 ± 138.09 299.80 ± 4.99 

TGF-ß3 131.75 ± 79.14 4.61 ± 0.63 

 

Figure 1: TGF-β isoforms detection and quantification (pg/mL) calculated from 

Multiplexing LASER Bead Analysis of hUCBP and FBS. Data presented in Mean ± SEM. 

Significance of the results is indicated according to P values with one, two, three or four 

of the symbols (*) corresponding to 0.01≤P<0.05; 0.001≤P< 0.01; 0.0001≤P<0.001 and 

P<0.0001, respectively. 

 

Considering that hUCBP and FBS containing media are prepared using distinct 

supplementation percentages, the growth factor content in each formulation was 

extrapolated (Table 2). 
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Table 2: TGF-β isoforms concentration (pg/mL) in formulated media, extrapolated from 

Multiplexing LASER Bead Analysis of hUCBP and FBS.  Data presented in Mean ± SEM. 

(pg/mL) hUCBP 4% hUCBP 6% hUCBP 8% 10% FBS 

TGF-ß1 227.23 ± 33.00 340.84 ± 49.50 454.45 ± 65.99 79.03 ± 4.11 

TGF-ß2 23.25 ± 5.52 34.88 ± 8.29 46.50 ± 11.05 29.98 ± 0.50 

TGF-ß3 5.27 ± 3.17 7.90 ± 4.75 10.54 ± 6.33 0.46 ± 0.06 

 

Regarding the Human Primary Cytokine Array/Chemokine Array 41-Plex Panel, hUCBP 

demonstrated to bare supplementation of a wide variety of bioactive factors. Eight of the 

addressed molecules were not detected in >50% of the thirteen (13) samples analysed 

(Flt-3L, IL13, IL15, IL1β, IL-2, IL-4, MCP-3 and TNF-β) and other three (3) were found in 

very residual amounts (IL-5, IL-7, IL-9). The most expressive factors, presenting >400 

pg/mL in the hUCBP were GROpan, MCP-1, MDC, PDGF-AA, PDGF-BB, RANTES and 

sCD40L. The rather large SD of the observed Mean concentrations suggest great 

variability, which is confirmed through individual sample data analysis (Figure 2 and 

Table 3). 

 

Figure 2: Bioactive factors detection and quantification (pg/mL) in hUCBP, calculated 

from Multiplexing LASER Bead Analysis. Data presented in Mean ± SEM. 
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Concerning the FBS samples, a very sensible approach to data interpretation must be 

made, since the employed array is specific for human molecules detection and, to date, 

no parallel bovine panel or cross-reactivity studies are available to validate the obtained 

data (based on literature research and information kindly provided by Eve Technologies, 

Canada). Therefore, in the data withdrawn from this panel, no statistical comparison 

between the human and non-human derived samples was performed. 

Nevertheless, the analysis of the FBS samples in light of the human-specific array, it is 

suggested that FGF-2, IL-4, MCP-3, MDC, PDGF-BB and VEGF-A are the dominant 

bioactive molecules encountered. The suggested concentrations are far inferior to those 

patent in the hUCBP, not exceeding 25 pg/mL. Fourteen (14) of the assayed molecules 

were not detected in >50% of the samples. 

 

4. Discussion and Conclusions 

The in-depth analysis of the bioactive factors content of the FBS and hUCBP provided 

relevant information on the formulation they vehiculate to the culturing MSCs, and on the 

effects they may be exerting on these. 

The fact that the supplements under comparison derive from distinct species poses an 

additional challenge and limit the available assays that are simultaneously for human 

and non-human proteins. This evidence also poses a limitation to future studies on the 

individual and comparative studies on the composition of veterinary species-derived 

products, such as the equine or canine derived UCBP. 

A multispecies array is available for the detection and quantification of TGF-β family 

members. This data was preliminarily discussed in the previous section of this Chapter 

(Caseiro et al., 2018). The comparative analysis of the hUCBP indicates superior levels 

of isoforms 1 to 3 of TGF-β, respectively presenting 7-, 2- and 28-fold increased 

concentration when compared to the FBS supplement. Bieback and colleagues (Bieback 

et al., 2009) also reported the detection of TGF- βs in FBS samples. However, they only 

discussed on signal intensities and did not titrate to the observed concentrations. They 

observed increased TGF-β1 signal in the human-derived samples (serum, thrombin-

activated platelet releasate in plasma and platelet lysate) over the FBS, which coincides 

with the concentration profile we observed in the hUCBP. Regarding TGF-β2, all of the 

supplements are suggested to be similarly detected, and to a greater extent than TGF-

β1, contrarily to the present assessment, where TGF-β1 was present in significantly 

higher amounts than TGF-β2. As for TGF-β3, they interestingly reported negligible signal 

in all the samples, while a concentration in the range of 100 pg/mL on hUCBP samples 

was herein observed.  
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As discussed previously, the expressive concentration of TGF-β1 in the hUCBP 

supplemented media may counterpart the inhibitory effects of the high glucose levels 

towards the chondrogenic differentiation of hMSCs. The rich TGF-β content may also 

relate to the apparent spontaneous differentiation observed in the hUC-MSCs 

maintained in hUCBP supplemented media. 

The Human Primary Cytokine Array/Chemokine Array provided additional detail on the 

hUCBP constitution. Bieback and colleagues (Bieback et al., 2009) faced the same 

interpretation dilemma due to the species specificity of the array panel and comparably 

decided on a conscious approach to the FBS data analysis/ interpretation. They 

observed that PDGF-AA, PDGF-AB/BB and RANTES were the most prominently 

detected signals/ concentrations in the hUCBP samples. In fact, a similar signal 

magnitude was observed in FBS samples for PDGF-AB/BB. The same compound was 

observed in the FBS, but to a much smaller magnitude than the one found in hUCBP. 

They also report IL-6 and IL-8 expression in the human-derived supplement options. 

Basic FGF was also identified in both sample types, and EGF was mostly observed in 

human-derived options. They do not report very expressive detection of GRO, which was 

one of the dominant factors in this assessment. MCP-1 and MDC displayed similar 

expression, both more relevant in FBS than in hUCBP samples. 

The individual bioactive factors quantification on the hUCBP samples clearly reflects the 

extensively reported inter-donor variability, as earlier discussed in the Metabolomic study 

section, regarding the umbilical cord blood haematology and metabolite profile. 

Ehrhart and colleagues (Ehrhart et al., 2018) also observed low pro-inflammatory 

cytokine content in the UCBP samples (IL1-β, IL‐2, IL‐6, and IFN‐γ). Regarding TNF‐α, 

the present study observed far superior cytokine concentration (≈ 22x), as occurred to 

most of the growth factors concurrently assayed (bFGF, EGF, GM-CSF; ≈ 3 to 8x).  Both 

studies identified moderate IL‐8 presence (ranging from 10-20 pg/mL). Interestingly, 

VEGF was identified in relatively low concentration (≈ 7 pg/mL) in the study, contrasting 

to the mean value of 60,77 pg/mL (VEGF-A – approximately 8x) herein quantified.  

However, the targeted VEGF isoform is not detailed in the study, precluding further 

discussion. 

Many of the bioactive factors herein identified are well recognised as regulators of MSCs 

survival, proliferation (Rodrigues et al., 2010) and differentiation (Lee et al., 2011). Some 

factors, like PDGF, RANTES, are potent mitogens to MSCs (Ponte et al., 2007, Kroeze 

et al., 2009) and are present in very significant amounts in the hUCBP, which may relate 

to the observation that the hUCBP supplementation is required in much smaller 

concentrations than FBS, granting similar or improved proliferative rates in the cultured 

hUC-MSCs and DPSCs. Additionally, this detailed characterisation provides additional 
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information for the comprehension of the deleterious impact on osteodifferentiation 

observed in the hUCBP supplemented cultures, reported in the previous section (Caseiro 

et al., 2018). The osteodifferentiation capacity impairment could also potentially result 

from the presence of substantial concentrations of PDGF in the media (Tamama et al., 

2006). 

Other molecules presenting greater concentration in human-derived components, like 

members of the EGF family, have been demonstrated to promote mitogenesis of MSCs 

and prevent their differentiation, maintaining the population in self-renewal rather than 

differentiative pathways (Krampera et al., 2005). BasicFGF is another well described 

mitogen for MSCs expansion. It is however reported to result in the induction of 

chondrogenic differentiation in long term exposure (Tsutsumi et al., 2001). An apparent 

spontaneous induction of chondrogenesis was observed in the hUCBP cultured hUC-

MSCs, but it is not suggested to derive from the action of bFGF since its extrapolated 

concentrations would be similar to those observed in the FBS group, which did not 

differentiate when not induced. Instead, this observation is expected to relate to the TGF-

β presence.  

In brief, the Multiplexing LASER Bead Analysis approach was proved useful in the 

screening of growth factors, cytokines and chemokines found in the proposed hUCBP 

supplement. Although several species-specific panels are available, the challenge of 

interpreting data from different species remains. 

This detailed analysis enabled the profiling of 44 bioactive factors in the raw supplement 

options prior to media formulation. It substantiated the richness that was empirically 

attributed to this haemoderived by-product. Further, a comparative approach with FBS 

composition can be preliminarily introduced. The hUCBP is herein suggested to provide 

far superior amounts of a variety of bioactive molecules described to influence MSCs 

dynamics. 

Complementing the metabolomic characterisation previously endured, the bioactive 

factors profile analysis assisted on the comprehension of the in vitro behaviour of hUC-

MSCs and hDPSCs systems observed in the presence of hUCBP as a substitute of the 

classical FBS supplement. 
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Introductory note 

 

The role of MSCs in regenerative events is globally assigned to two major mechanisms 

of action: the lineage-specific differentiation, substituting the damaged cells in their 

functions, and the secretion of paracrine factors, that modulate the intrinsic tissue 

responses. 

The lineage-specific differentiation pathway of MSCs has been well established for hard 

tissue regeneration (da Silva Meirelles et al., 2009, Doorn et al., 2012). In bone tissue 

applications, implanted MSCs have been demonstrated capable of long-term 

engraftment, osteogenic differentiation and specific tissue matrix production (Graziano 

et al., 2008, Seo et al., 2008). 

In tissues of a softer nature, this pathway does not present as dominant in the 

regenerative process. As previously detailed, MSCs systems applied to skeletal muscle 

tissue undergoing regeneration display limited engraftment efficiency and are rarely 

observed as individually differentiated entities or hybrid muscular fibres (Natsu et al., 

2004, de la Garza-Rodea et al., 2011, Grabowska et al., 2013). Rather, they are 

assigned to contribute to the satellite cells’ pool (native skeletal muscle regenerative 

populations) and to remain in close proximity to the lesion, in an undifferentiated state 

(Rossi et al., 2011). In peripheral nerve, implanted MSCs are also observed in the vicinity 

of the regenerating site, not generally penetrating the recovering nervous structure itself 

(Pan et al., 2007, Han et al., 2016).  

Therefore, evidence strongly supports that the regenerative mechanisms of MSCs on 

neuromuscular tissue primarily rely on their capacity to secrete relevant paracrine factors 

(Natsu et al., 2004, Pan et al., 2007, de la Garza-Rodea et al., 2012, Pereira et al., 2014), 

leading to the necessity of addressing the specific composition of the secreted arrays, to 

substantiate on their interactions with the host environment (and vice-versa). 

In both components of the neuromuscular complex, literature reports are convergent in 

the beneficial effects observed: modulation of inflammatory environment and 

degenerative events, acceleration of tissue formation and improvement of structural 

organisation, optimised re-vascularisation of the lesion site and reduction of the fibrotic 

scarring. 

The re-vascularisation events are ubiquitous for successful tissue regeneration (few 

exceptions to be noted, such as cartilage regeneration (Santos et al., 2013)), irrespective 

of the tissue source from which MSCs systems were obtained. 



Chapter IV – The paracrine pathway of Mesenchymal Stem/ Stromal Cells  

regenerative effect 

222   Doctoral Thesis – Ana Rita Caseiro Santos 

 

 

 

 

Extensive research has elaborated on the effective composition of the MSCs secretion 

(Chen et al., 2008, Lai et al., 2010, Timmers et al., 2011, Pereira et al., 2014), aiming at 

the identification of tissue-specific modulators (myogenic or neurogenic bioactive factors) 

or transversal actions regulators, such as fibrosis and angiogenesis. 

Previous research demonstrated UC-MSCs to secrete a broad range of proliferative/  

anti-apoptotic factors and chemokines known to impact on neuromuscular regenerative 

events (Pereira et al., 2014).  

The present Chapter presents a comparative analysis of the metabolomic and bioactive 

factors components of the secretome of the previously explored UC-MSCs and the newly 

implemented DPSCs. This study intends to characterise the metabolite profile of these 

populations and contribute to the comprehension of the metabolic pathways presiding to 

the conditioning process. The composition of the secretome in terms of bioactive factors 

was also addressed, investigating the presence and concentration of a panel of 

regulatory growth factors, cytokines and chemokines. Finally, in light of the reported 

impact of MSCs implantation on local vascularisation, the effects of these MSCs 

secretion products were analysed in vitro and in vivo through angiogenic/ vasculogenic 

assays.  

 

 

 

  



Chapter IV – The paracrine pathway of Mesenchymal Stem/ Stromal Cells  

regenerative effect 

Doctoral Thesis – Ana Rita Caseiro Santos   223 

 

 

 

 

 

 

4.1. Metabolomic and bioactive factors secretory profiles of 

Mesenchymal Stem/ Stromal Cells populations 

 

 

 

Mesenchymal Stem/ Stromal Cells metabolomic and bioactive factors profiles: 

 a comparative analysis on the Umbilical Cord and Dental Pulp derived 

Stem/ Stromal Cells secretome 

 

by AR Caseiro, SS Pedrosa, G Ivanova, MV Branquinho, A Almeida, F Faria, 

I Amorim, T Pereira, AC Maurício 

In PLOS One. 2019 

http://doi.org/10.1371/journal.pone.0221378 
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S2 Table: Statistically significant differences on detected Bioactive factors (pg/mL) 

calculated from Multiplexing LASER Bead Analysis of UC-MSCs and DPSCs 

Conditioned Media after 24 and 48 hours of conditioning. Significance of the results is 

indicated according to P values with one, two, three or four of the symbols (*) 

corresponding to 0.01≤P<0.05; 0.001≤P<0.01; 0.0001≤P<0.001 and P<0.0001, 

respectively; ns, not significant. 

 

 

 

 

 

 

 

 

  

Bioactive 
Factor  

Statistical significance 

UC 24h vs DP 24hvs UC 24h vs UC 48h vs 

UC 48h DP 48h DP 24h DP 48h 

Eotaxin-1 **** ns ns **** 

FGF-2 **** ns ns **** 

Follistatin - ns ns - 

Fractalkine **** ns ns **** 

GRO pan * ** ns ns 

HGF ns - - - 

IFNα2 **** ns ns **** 

IL-1α *** - - *** 

IL-6 **** ns ns **** 

IL-8 ns ns ns ns 

MCP-1 **** - - - 

MCP-3 **** ns ** **** 

PDGF-BB **** ns ns **** 

RANTES **** - - **** 

TGF-β1 *** ns ns *** 

TGF-β2 - - - - 

VEGF-A **** ns ns **** 

VEGF-C **** ns ns **** 
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S3 Table: Significance of the results of the Presto Blue® Assay of UVECs, at 24, 48, 72 

and 96 hours of expansion in control or CMs supplemented media, according to P values 

with one, two, three or four of the symbols (*) corresponding to 0.01≤P<0.05; 

0.001≤P<0.01; 0.0001≤P<0.001 and P<0.0001, respectively; ns, not significant. 

 

24 hours 
Complete 

medium 
Control 

UC-MSCs 

CM 

DPSCs 

CM 

  
48 hours 

Complete 

medium 
Control 

UC-MSCs 

CM 
DPSCs CM 

  

Complete medium   ns ns ns   Complete medium   ns * ** 

Control     ns *   Control     ** *** 

UC-MSCs CM       ns   UC-MSCs CM       ns 

DPSCs CM           DPSCs CM         

            

72 hours 
Complete 

medium 
Control 

UC-MSCs 

CM 

DPSCs 

CM 

  
96 hours 

Complete 

medium 
Control 

UC-MSCs 

CM 
DPSCs CM 

  

Complete medium   ns **** ****   Complete medium   ns ns ns 

Control     **** ****   Control     ns * 

UC-MSCs CM       ns   UC-MSCs CM       ns 

DPSCs CM           DPSCs CM         

 

S4 Table: Significance of the results of the Apoptosis (Annexin-V/ PI) assay of UVECs, 

after 48 hours of expansion in Complete, Control or CMs supplemented media, according 

to P values with one, two, three or four of the symbols (*) corresponding to 0.01≤P<0.05; 

0.001≤P<0.01; 0.0001≤P<0.001 and P<0.0001, respectively; ns, not significant. 

Viable Cells 
Complete 

medium 
Control 

UC-MSCs 

CM 
DPSCs CM 

  Early 

Apoptosis 

Complete 

medium 
Control 

UC-MSCs 

CM 

DPSCs 

CM   

Complete media   **** ns ns   Complete media   **** * ns 

Control     **** ****   Control     **** **** 

UC-MSCs CM       *   UC-MSCs CM       * 

DPSCs CM           DPSCs CM         

            

Late 

Apoptosis 

Complete 

medium 
Control 

UC-MSCs 

CM 
DPSCs CM 

  
Dead Cells 

Complete 

medium 
Control 

UC-MSCs 

CM 

DPSCs 

CM   

Complete media   **** ns ns   Complete media   ns ns ns 

Control     ** **   Control     ns ns 

UC-MSCs CM       ns   UC-MSCs CM       * 

DPSCs CM           DPSCs CM         
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Biological systems are inherently programmed to face injury, but the extent or recidivism 

of the aggression events may challenge the efficiency of the healing mechanism. This 

finite capacity for tissue repair and regeneration may ultimately lead to organ and/or 

system failure, posing a risk for the health and well-being of individuals.  

Technical and scientific developments through the years have addressed this issue, and 

therapeutic methodologies have been proposed and implemented, such as tissue and 

organ transplantation. However, impending limitations present, such as the shortage of 

healthy organs for donation, the high biological risk associated to potential disease 

transmission, and significant social and ethical concerns, that preclude these from being 

portrayed as a definitive solution. 

The Tissue Engineering and Regenerative Medicine field of research arose from the 

lacunae found on such strategies, focusing on the comprehension and replication of the 

endogenous healing mechanisms or the substitution of damaged tissues, with the 

ultimate goal of complete function restoration. This integrated approach relies on the 

combination of three major “pillars” or research fronts, that combine biomaterials, cellular 

systems and bioactive cues for the development of therapeutic innovations (Berthiaume 

et al., 2011). 

From the earliest forays into Tissue Engineering and Regenerative Medicine, the 

importance of the ‘living’ entities of the regenerative systems has been well recognised, 

and the development of cellular systems has been granted fair attention through the 

years (Murphy et al., 2013).   

The current project framed itself within this scope, aiming to contribute to scientific 

advancements towards the development of innovative cellular systems for therapeutic 

application, targeting the regeneration of challenging soft tissues, such as the 

neuromuscular tissue.  

For such, the mechanisms presiding to the tissue regeneration processes were 

investigated, and the ‘state of the art’ on regenerative approaches was defined for each 

tissue target. 

Then, research focused on the selection of suitable cellular sources considering the 

technical and biological requisites imposed for the effective therapeutic application of the 

developed systems. A new tissue source was therefore introduced within the research 

group, derived from the dental pulp tissue, and isolation and culturing methods were 

proposed and validated.  

Further, this project targeted the development of a cellular system compliant with the 

regulatory requisites that dictate its potential approval for final clinical application and 

considered the utilisation of xeno-free protocols. 
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Complementarily, this project investigated the mechanisms of action of the cellular 

systems in the regenerative scenarios. Literature suggested that the major effects of 

MSCs systems reside on their capacity to produce bioactive molecules that modulate 

local tissue responses. As such, bioactive molecules produced by these populations 

were profiled and their effects assessed in vitro and in vivo. 

The most relevant observations and results of each Chapter are hereafter briefly 

discussed. 

 

The therapeutic potential of Mesenchymal Stem/ Stromal Cells 

in Regenerative Medicine 

Profound knowledge of the intrinsic healing mechanisms is essential to understand why 

suboptimal outcomes are so often observed and to determine strategic directions to 

develop therapeutic approaches to address the issue. In the particular situation of 

skeletal muscle and peripheral neural tissue, herein addressed as prospective 

therapeutic targets that drove the presented research, the healing/ regenerative 

mechanisms take place in sequentially interconnected stages. The first stage entails the 

insulted tissue earliest response in which haemorrhage, damaged tissues degeneration/ 

destruction occurs, and inflammatory cells invade the site. In the second phase, the 

wounded area is invaded by matrix producing fibroblastic populations, and vascular 

networks are restored, to supply the final remodelling stage. In this last stage, the non-

specific matrix is progressively replaced by tissue that closely tries to mimic the native 

structure and function. 

As extensively revised in Chapter I – Section 1.1 - Mesenchymal Stem/ Stromal Cells 

application for skeletal muscle repair and regeneration and Section 1.2 - 

Mesenchymal Stem/ Stromal Cells application for peripheral nerve repair and 

regeneration, the application of native and non-native tissue cellular systems has been 

addressed by diverse research groups. Gathered knowledge indicates that populations 

of mesenchymal stem/ stromal nature bring advantage to the regenerative outcomes by 

specific effects impacting on each of the repair/ regeneration stages in skeletal muscle 

and peripheral nervous systems. The research group within which this project was 

developed has long focused on the application of these cellular populations on both 

therapeutic perspectives, in several publications. 

In the earliest works targeting the peripheral nerve tissue, it was observed that neural 

derived populations employed as the therapeutic system did not significantly benefit 

regenerative process in neurotmesis injuries (Amado et al., 2008, Luis et al., 2008, Luis 
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et al., 2008, Amado et al., 2010). Adding to the challenges of harvesting and culturing of 

such populations, the search for alternative methods was stimulated. 

Hence, alternative cellular populations were hypothesised considering the harvesting 

and preparation constraints and the potential beneficial effects on the biological systems. 

This search resulted in the selection of the post-natal mesenchymal stem/ stromal cells 

derived from the umbilical cord tissue. One of the strongest points cementing the 

selection of this population was the ease of collection of the source tissue, which did not 

require specific intervention, as this is a natural result of childbirth. Ethically, it bared 

advantages to the collection of other tissue sources for the isolation of the cellular 

fractions (e.g. the classical bone-marrow) that imply specific interventions, adding pain 

and other risks to the donation process. Furthermore, the timing was paired with the 

emergence and dissemination of umbilical cord blood and tissue banking options, turning 

tissue available for cellular isolation throughout an extended period of an individual’s life. 

So, MSCs derived from the umbilical cord tissue were proposed and investigated, aiming 

at the regeneration of peripheral nerve injuries. 

The methods for isolations and culturing were optimized (Gärtner et al., 2013) and the 

resulting cellular systems were applied in the regeneration of nervous lesions of different 

severity (from crush - axonotmesis, to complete nerve section - neurotmesis), in 

combination to diverse biomaterials (Gärtner et al., 2012, Gärtner et al., 2012, Gärtner 

et al., 2014, Caseiro et al., 2015, Ribeiro et al., 2015), to ensure structural reconstruction 

of the tissue and guide functional regeneration. 

These combined approaches provided interesting observations on the specific effects of 

the MSCs in the regeneration scenario (Gärtner et al., 2012, Gärtner et al., 2012, Gärtner 

et al., 2014, Caseiro et al., 2015, Ribeiro et al., 2015). In acute scenarios, the presence 

of MSCs in the regenerative setup was related to the moderation of the Wallerian 

degeneration events, reducing initial tissue destruction in response to injury, and 

promoting improved newly forming fibres’ organisation and alignment. It also resulted in 

diminished fibrotic events, that contribute down the line for facilitated matrix remodelling. 

As healing time progressed, the chronic effects associated with the MSCs application 

included increased numbers of regenerating fibres penetrating distally through the nerve 

lesion, accompanied by increased myelin sheaths thickness, indication supporting 

neuroglial cells recovery. These structural features were often accompanied by sensory 

and motor function indicators recovery over the study periods, as well as on the regain 

of gait normality (through kinematics analysis), suggesting the recuperation of complex 

integrated peripheral neural functions. 
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The observation of such indications of regenerative advantage in the peripheral nerve 

tissue led to the investigation of the applicability of the same UC-MSCs system targeting 

other complex soft tissue: the skeletal muscle.  

In this approach, the UC-MSCs and their products of secretion (obtained through 

conditioning protocol) were combined with biomaterial vehicles to address severe 

skeletal muscle lesions. The hybrid cellular-biomaterial approaches lead to interesting 

morphologic (histologic) and functional outcomes, particularly through less evident scar 

tissue formation. The most striking observation was the improved histological scores 

presented by the cell-free system (containing secretion products alone) when compared 

to the UC-MSCs containing groups (Pereira et al., 2014). These observations suggested 

that the conditioned media containing MSCs secretion products could be considered as 

an alternative to the in vivo transplantation of the cells themselves. To substantiate this 

hypothesis, the content of the secretion of UC-MSCs was explored, and a variety of 

bioactive factors with relevant roles in tissue regeneration were identified (Pereira et al., 

2014). 

More recently, a nouvel source for the isolation of MSCs was proposed, that posed 

comparable positive ethical boundaries to the UC-MSCs: the stem/ stromal cells derived 

from the dental pulp. This population entailed an additional advantage: the collection of 

the source tissue was not limited to a very specific event in life (birth, in the case of the 

UC-MSCs), enabling their retrieval from individuals of an extended age interval. 

These alternative MSCs were therefore hypothesised to present comparable features to 

those of the UC-MSCs, and that they could similarly suit the purpose of being a base for 

the development of advanced therapeutic systems for regenerative medicine. 

 

Dental Pulp Stem/ Stromal cells as an alternative system for regenerative 

therapies development 

Extensive literature research on dental pulp stem/ stromal cells (DPSCs) revealed that 

this cellular population shared inherent features with other MSCs populations, as 

discussed in detail in Chapter II - Section 2.1 - Dental Pulp Stem/ Stromal Cells as 

an innovative source for therapies development. Indeed, strong evidence has been 

reported regarding their positive impact on tissue regeneration, with particular emphasis 

to hard tissue applications, such as bone and dental tissue regeneration. 
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However, limited attention had been granted to the application of DPSCs in the 

regeneration of tissues of a softer nature, such as the skeletal muscle and the peripheral 

nerve. This work aimed to bring new insight into the herein targeted application, 

reinforcing the pertinence of the research. 

The first step to embody the application and knowledge of this innovative tissue source 

as a nouvel regenerative tool was to define and validate suitable cell isolation and 

proliferation protocols. These protocols were prospected to distinct from the ones 

previously defined for the isolation of populations from the umbilical cord stroma due to 

the different anatomy and histology of the native tissues. Optimisation of dental samples 

transportation conditions in addition to the isolation protocols were detailed and 

discussed in Chapter II - Section 2.2 - Dental Pulp Stem/ Stromal Cells Protocol 

selection and validation. 

Although ex vivo isolation and culture of adherent populations can be achieved through 

three methods (mechanic destruction, enzymatic digestion and explant/ outgrowth 

culturing method) the sparse amount of tissue (dental pulp) obtainable from each donor 

is considered a major limitation, and therefore explant/ outgrowth method was selected 

accordingly. This method implicates lower manipulation levels of the tissue/cells and the 

usage of fewer reagents, which have been described as possible factors affecting MSCs 

features and capabilities. Isolated cell populations were characterised for their replication 

dynamics and chromosomal stability, and demonstrated to be comparable to the data 

reported in the literature. Also, adherent populations were further characterised as to 

their phenotypical and functional nature, to verify their fitness to be termed as an MSCs 

population. They demonstrated to exhibit the classical CD115, CD73, CD90 markers of 

the MSCs identity. On the other hand, the isolates lacked representation of phenotypical 

markers assigned to hematopoietic / non-mesenchymal populations (CD45, 34, 14/11b, 

79a/19) and MHC-II. In particular, MHC-II represents the main marker/antigen of one's’ 

identity, being the principal responsible for the donor-recipient histocompatibility match 

requirements for interindividual (allogeneic) organ/ tissue/ cell transplantation. This 

feature is one of the hallmarks of MSCs as cellular therapeutic systems, facilitating 

donor-recipient paring and providing that those therapies can be applied not only in an 

autologous perspective but also in an allogeneic approach. This provides that DPSCs 

can not only be obtained from a broader spectrum of donors through a more extensive 

time frame in life, but that can also benefit recipients other than the donor. Finally, these 

cells were confirmed to present multilineage differentiation capacity towards the standard 

mesenchymal lineages to form osseous, adipose and chondral tissues.  
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Once determined that the populations isolated from the dental pulp tissues were of an 

MSCs nature (as the previously explored UC-MSCs), research focused on two essential 

fronts, to follow the requirements that would impose envisioning the ultimate goal of 

clinical application of the developed cellular system, and to understand the regenerative 

mechanisms of this cell population through their differentiation ability, metabolic and 

secretory profiles.  

Looking towards the prospective clinical application of these cellular populations, the 

utilisation of xeno-free culture supplementation and how it would sustain and impact on 

cellular expansion and features were investigated. 

Simultaneously, understanding the regenerative mechanisms of these cellular 

populations is of key importance. As classically established, the UC-MSCs were selected 

as a comparative model to DPSCs to comprehend the MSCs secretome content in ex 

vivo culturing settings, and to compare on the potential of the two cell types for in vivo 

regeneration of the soft tissues under study. Also, the definition of the secretome profiles 

of populations cultured in standard conditions would contribute with a baseline to 

understand the effect of the proposed xeno-free media formulations. 

 

Xeno-free cellular systems for Clinical application in Regenerative Medicine 

The third Chapter (Chapter III - Xeno-free cellular systems for Clinical application in 

Regenerative Medicine) describes the experimental work developed targeting the 

formulation of a suitable xeno-free medium for the expansion of MSCs. 

The vast majority of scientific research in cellular systems development (irrespective of 

the species, tissue source, cellular type or therapeutic target) rely on the usage of FBS 

as a xenogeneic supplement to the cell culture media. Most scientific breakthroughs in 

the field are based on these culturing methods, precluding their direct translation to 

clinical application since the reported cellular systems are not fully compliant with the 

regulatory requirements for approval. 

The first step was to investigate supplementation alternatives obtained from the same 

species (in the case: human) or from a fully synthetic nature. General unawareness of 

FBS detailed composition turns difficult to mimic its formulation or its effects through 

chemically defined formulations. Human-derived biological alternatives, such as 
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peripheral blood serum or plasma-derived formulations, have been investigated as 

prospected alternatives, but conclusive results are still sparse. 

As previously discussed, the ethical framework in which biological products are obtained 

is of considerable significance, which lead to the procurement of a supplement option 

that would fit this perspective - the umbilical cord blood plasma. As for the cord tissue 

from which the stromal cells are isolated, the umbilical cord blood is collected at birth. 

After that, cellular and plasma fractions are separated and cryopreserved. Previously to 

the implementation of collection and preservation of these tissues (for research or 

banking purposes), the umbilical cord tissue and blood were conventionally discarded 

as medical waste. 

Aiming at the implementation of FBS substitution in MSCs culturing, it was first 

investigated the metabolomic and biological factors constitution of the UCBP and how 

they compare to the FBS. The metabolomic composition and bioactive factor content of 

the human UCBP had been previously addressed (Pereira et al., 2014) but had not 

approached the direct comparison with FBS, to substantiate it as a truly suitable 

alternative substitute.  

Nuclear magnetic resonance techniques were employed to detect and determine the 

relative quantities of 24 metabolites, as presented and discussed in detail in Chapter III 

– Section 3.1. - Metabolomic profile of human Umbilical Cord Blood Plasma and 

Foetal Bovine Serum, and their effects on human Mesenchymal Stem/ Stromal 

Cells populations, Part I. Overall, the FBS and UCBP presented comparable 

metabolite profiles, providing similar relative quantities of relevant compounds, such as 

several essential and non-essential aminoacids and lipids. Glucose (α and β isoforms) 

was determined through PCA analysis as the principal component to distinguish the two 

supplements, and its relative quantity was found to be about 5x higher in the hUCBP 

samples. Lactate was found in UCBP in inferior relative quantities. FBS was identified 

as containing superior levels of threonine, valine/leucine/isoleucine (essential 

aminoacids), alanine, glutamate/ glutamine and proline (non-essential aminoacids).  

To further compare the bioactive factors content of FBS and UCBP, multiplexing analysis 

resources were employed. For this analysis, a primary challenge has presented as the 

available panels are species-specific, and the serum/plasma samples derived from 

different species.  

The limited availability of cross-species reactive kits precludes a broad comparative 

analysis of the two supplements, but interesting observations can be highlighted, as 
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disclosed in Chapter III – Section 3.2 - Bioactive factors content of human Umbilical 

Cord Blood Plasma and Foetal Bovine Serum: a preliminary comparative 

characterisation. 

The TGF-β (1,2 and 3 isoforms) is preserved through mammal species, and the 

presence and content of the 3 isoforms were assessed in both supplements. The UCBP 

was demonstrated to include superior concentrations of TGF-β1 (7x the amount 

identified in FBS). The remaining isoforms also presented apparent superior amounts. A 

panel of human-specific factors was also performed on both sample types. The human-

derived supplement was demonstrated to provide very significant concentrations of 

(>400 pg/mL) of GROpan, MCP-1, MDC, PDGF-AA, PDGF-BB and RANTES. The FBS 

samples assayed using the same panels expressed seemingly inferior bioactive factors 

concentration. This preliminary comparative assay may suggest that UCBP contains a 

wider variety of bioactive factors and in greater concentrations than FBS. Unfortunately, 

technique limitations preclude a more conclusive analysis. 

Overall, this methodological approach indicated that UCBP displayed a comparable 

metabolic profile to that observed in the conventional supplement FBS (with exception 

to the glucose content). The bioactive factors quantification also ensured that UCBP was 

able to provide relevant bioactive stimuli to the cultured cells. 

The UCBP was then tested as the culturing supplement to develop regulation-compliant 

cell culturing protocols. At this stage the UC-MSCs cellular system previously developed 

within the research group was recovered and assessed in parallel to the newly validated 

DPSCs, as presented in Chapter III – Section 3.1 - Metabolomic profile of human 

Umbilical Cord Blood Plasma and Foetal Bovine Serum, and their effects on 

human Mesenchymal Stem/ Stromal Cells populations, Part II. 

In summary, it was observed that UC-MSCs and DPSCs were both amenable of 

expansion in culture media containing 4-8% of hUCBP in substitution to the classical 

10% FBS and that the new media formulation promoted increased proliferation rates. 

Senescence and apoptosis events were also investigated in response to the culturing 

media formulation. Senescence indicator (β-galactosidase) expression and activity was 

not elicited by the UCBP supplemented cells. On the other hand, early apoptosis events 

presented a correlated increase in respect to the increasing media content on UCBP. 

Indeed, MSCs populations (particularly UC-MSCs) cultured in 8% supplemented UCBP 

medium displayed increased cellular death. 
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Both populations demonstrated to maintain their phenotypical markers expression 

pattern, although qPCR suggests internal modifications in mRNA expression in response 

to the different media formulations (including slight up and downregulation of surface 

markers gene expression). Other pluripotency related genes demonstrated different up 

and downregulation patterns, indicating distinct responses induced by the supplement in 

each population. 

Finally, the effects of FBS substitution in multilineage differentiation capacity were 

addressed. Osteogenic differentiation was demonstrated to be hampered by the UCBP 

presence. Obstruction to adipogenesis was not herein observed, but rather an 

exacerbated lipid droplet disposition to that of the FBS was observed. Lastly, cells 

expanded in UCBP and induced towards chondrogenesis successfully produced tissue-

specific matrix. In the UC-MSCs populations, it was further observed that the micromass 

cultured in UCBP supplemented media (undifferentiated controls) presented increased 

sGAG content as compared to FBS supplemented cells. The DPSCs maintained in 

undifferentiating conditions did not respond differently to the undifferentiated controls 

media, and chondral matrix production remained comparable within all groups. 

The interpretation and discussion of these observations proved itself challenging given 

the sparse literature available on the topic and the high number of variables (i.e. 

metabolites and bioactive factors) to address. Focusing on the major differences in the 

supplements’ composition, glucose was hinted as a possible factor contributing to the 

observed responses. Glucose is in fact reported to be a critical factor in cell functions, 

and deleterious effects on MSCs have been reported under extreme high glucose 

culturing conditions (Stolzing et al., 2006, Cramer et al., 2010, Chang et al., 2015, Zhang 

et al., 2017). Additionally, Ding et al. (Ding et al., 2013) reported to have successfully 

expanded and differentiated UC-MSCs in 10-15% UCBP supplemented media. Although 

no specific data on the metabolic profile of those UCBP samples, one detail on the blood 

samples processing may shed light on the differential results observed: the anticoagulant 

present in the UCB collection system. While Ding et al. collected the blood samples into 

heparinised systems, the UCB samples analysed herein were collected in Citrate 

Phosphate Dextrose (CPD) containing systems. Therefore, the high levels of glucose 

(synonym of dextrose) observed report directly to the collection methods employed. This 

information adds to the discussed role of glucose in the deleterious effects observed in 

the UC-MSCs and DPSCs populations exposed to comparably lower concentrations of 

UCBP. Similarly, massive TGF-β1 content in the UCBP can also influence cellular 

behaviour and differentiation (Tsutsumi et al., 2001, Tamama et al., 2006). 



Chapter V – General Discussion, Conclusions and Future directions 

 

276   Doctoral Thesis – Ana Rita Caseiro Santos 

The presented research relied on the investigation of human-derived cells and 

supplements since the available techniques are mostly developed towards human (and 

laboratory rodents) research and diagnostics applications, with few specific assays 

targeting other mammalians species. Nevertheless, the finding herein presented and 

discussed stand as the basis for the investigation of these innovative approaches for 

advanced therapeutic approaches in Veterinary Medicine. 

The collection of UCB has been described in clinically relevant veterinary species. The 

collection of UCB upon birth has been described in equine (Bartholomew et al., 2009), 

but aiming only at the isolation of UCB-derived MSCs (Roberts et al., 2019). No literature 

on the composition or application of the UCBP or UCBS was encountered by the author. 

Canine UCB collection has also been described for the same purpose and, although the 

procedure is technically more challenging than in equine individuals (due to the 

dimension of the umbilical vessels and the volume of UCB), it is increasingly feasible, 

due to the increasing number of cesarean sections performed in veterinary practice 

(Sultana et al., 2018). 

 

The paracrine pathway of Mesenchymal Stem/ Stromal Cells regenerative effect  

While dedicating to the validation of the nouvel culturing protocols, a deeper 

characterisation of the UC-MSCs and DPSCs on their current formulations was endured, 

questioning whether the cells from the two tissues would perform similarly in 

regenerative scenarios. Also, this approach aimed to define the baseline to understand 

the effects of the new xeno-free system on their regenerative potential. 

Considering the target tissues that encouraged this project (skeletal muscle and 

peripheral nerve tissue), evidence indicates that therapeutic cellular systems interact 

with the host tissue not through specific lineage differentiation but rather through active 

secretion of a variety of bioactive cues. This evidence has even driven to the utilisation 

of the products of MSCs secretion as the therapeutic approach, alone. 

As such, work was first focused on the secretory capacity of the UC-MSCs and DPSCs, 

from both the metabolomic and bioactive factors content perspectives, in Chapter IV – 

Section 4.1: Metabolomic and Bioactive Factors Secretory profile of human 

Mesenchymal Stem/ Stromal Cells populations. This aimed at the comprehension of 

the similarities and differences in the general features and content of the CM produced 

by both cell populations, and how those ought to impact on its regenerative potential. 
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Regarding the differentiation capacity of these populations, a distinct aptitude towards 

osteogenic lineages was observed, with DPSCs outperforming UC-MSCs in mineralised 

tissue formation capacity. On the other hand, adipogenesis and chondrogenesis 

propensity did not differ significantly.   

Further, both UC-MSCs and DPSCs presented comparable expression of specific genes 

(ALP, c-kit and Nanog) related to the proliferative capacity of undifferentiated MSCs and 

pluripotency/ multilineage differentiation capacity (Pierantozzi et al., 2011, Blazquez-

Martinez et al., 2014, Stefkova et al., 2015). Oct-4 was expressed to a lower extent in 

both cellular populations. 

Addressing the secretion products obtained through the conditioning period, NMR 

spectroscopy techniques lead to the identification of glucose as the dominant metabolite 

in both spectra. Significant glucose consumption was not observed, and UC-MSCs 

presented an increase in both α- and β-glucose content, suggesting that conditioning 

cells do not rely exclusively on glycolytic pathways for energy production. Pyruvate was 

also identified and maintained its concentration in the media, which suggest intrinsic 

production by the MSCs, as does the presence of acetate, and accumulation of choline 

and formate, indicating the engagement of energy production through the citric acid 

cycle. Ethanol and lactate are also suggestive of pyruvate metabolism, but rather through 

anaerobic fermentation pathways. GlutaMAXTM, a glutamate analogous supplied in 

commercial culture media formulations, is subtly consumed in the first 24 hours in culture 

but boosts after 48 hours. Additionally, UC-MSCs seem to entail on this metabolic 

pathway faster than DPSCs. 

Additional evaluation of bioactive factors content of the UC-MSCs and DPSCs 

secretome (through multiplexing techniques) enabled the identification of a series of pro-

proliferative/ anti-apoptotic factors (TGFβs, FGF-2, G-CSF, HGF and VEGFs), 

chemokines (RANTES, GRO, MCP and MDC) and cytokines (IL-6 and IL-8). Other 

factors previously described in the literature were not herein identified (such as GM-CSF 

and PDGF)(Rehman et al., 2004, Tran-Hung et al., 2008). 

The specific functions of the identified factors are extensively discussed in Chapter IV – 

Section 4.1: Metabolomic and Bioactive Factors Secretory profile of human 

Mesenchymal Stem/ Stromal Cells populations, but most of the identified factors 

present reported pro-angiogenic (Ferrara et al., 2003, Di et al., 2014), anti-apoptotic, pro-

mitogenic (Nakamura and Mizuno, 2010), antifibrotic (Genovese et al., 2009), and 

chemoattractant (for endogenous or delivered MSCs)(Kroeze et al., 2009, 
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Sumanasinghe et al., 2009, Smith et al., 2011, Hocking, 2015, Tang et al., 2015) 

features, that contribute to the overall regenerative milieu.  

Particularly, differential detection of VEGF isoforms was evident in this study, and 

DPSCs demonstrated to predominantly secrete VEGF-A (that connects to endogenous 

re-vascularization response (Mecollari et al., 2014)), while UC-MSCs depicted stronger 

VEGF-C secretion (prone to neurogenesis induction, without exerting angiogenic effects 

(Shin et al., 2010)). These observations will contribute to the interpretation of further data 

on the effective impact of each cellular system in specific tissue regeneration 

applications. Another significant observation was the strong expression of TGF-βs 

(particularly TGF-β1) by UC-MSCs that bare direct stimulatory features of fibroblastic 

populations, while major antifibrotic effects are assigned to this particular MSCs 

population. This final effect probably results from the combined secretion with 

antagonistic molecules, such as HGF and Follistatin, also expressively produced by 

these cells (Genovese et al., 2009).  

When comparing the secretion power of both cellular populations, the major differences 

are found in the levels of FST, HGF, G-CSF, IL-8 and MCP-1, which are dominant in the 

UC-MSCs secretion, while VEGF-A and FST are prominently produced by DPSCs. 

Considering the specific regenerative path of neuromuscular tissues, in vitro validation 

of the regenerative potential of the MSCs CM was directed towards the pro-angiogenic 

and chemotactic potential (also suggested by the secretory content), aiming to 

understand the impact of the distinct secretory profiles on targeted cells behaviour. 

It was concluded that the distinct secretory cocktail did not result in significantly different 

effects on endothelial cell populations behaviour (in vitro proliferation, migration and tube 

formation capacity) and that both CMs forestalled senescence and apoptosis. 

Additionally, both CMs provided migratory stimuli of the MSCs themselves. This assay 

also indicated that UC-MSCs responded not only to the CM supplied stimuli but also to 

the bioactive factors produced by themselves during the migration assay. 

To the authors knowledge, this represents the first comparative approach to these MSCs 

populations metabolomic and bioactive secretion profiles, that sets a baseline for further 

research on the contents of the MSCs secretome, as well as on the effects of system 

optimization approaches (such as the FBS substitution by UCBP), on the potential and 

performance in the regeneration of the targeted neuromuscular tissues. 



Chapter V – General Discussion, Conclusions and Future directions 

 

Doctoral Thesis – Ana Rita Caseiro Santos   279 

The reported findings also set a starting point for an inter-species comparative approach, 

aiming at the translation of human targeted scientific and technical developments 

towards other clinically relevant veterinary species, such as equine and canine, that 

present pathologies comparable to those of human patients. 
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5.2. Future Perspectives 
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Rather than providing definitive answers to the original questions, most research works 

perpetuate through the emergence of additional questions, stimulating continuous 

knowledge development. 

Concerning the validated isolation methodologies developed in Chapter II, the 

comparative analysis of cellular yield, proliferative rate and the intrinsic cellular features 

of cellular populations isolated through the outgrowth method (herein presented) and the 

enzymatic digestion approach are worth addressing. Other variables should be 

considered, namely the application of the UCBP (or other non-xenogeneic supplement) 

in the complete streamline for the cellular systems preparation, quality and safety (from 

collection to patient application). 

The therapeutic advancements herein proposed are amenable of translation into not only 

towards human clinical application but also for the purpose of presenting innovative 

therapeutic options in the Veterinary Medicine field. This opportunity turns the 

preparation of Veterinary targeting systems into a hot topic to pursue. Equine and 

Canine-derived cellular systems are currently being optimised, focusing on the sourcing 

of both UC-MSCs and DPSCs. Preliminary isolations (using a reduced number of 

donated samples) indicate that MSC-like populations can be isolated from both source 

tissues (umbilical cord stroma and the dental pulp) in both species, utilising the same 

explant method described in Chapter II. Additionally, adherent cellular populations were 

also obtained from the equine umbilical cord tissue following enzymatic digestion 

procedures (Collagenase and Dispase cocktail). These populations present good 

proliferative capacity and have been successfully differentiated towards the standard 

mesenchymal lineages (osteogenic, adipogenic and chondrogenic). Karyotype analysis 

on the isolated samples is also being addressed, indicating adequate chromosomal 

profiles in the earliest passages (equine 2n=64 chromosomes and canine 2n=78 

chromosomes), but that tend to present alterations in later passages (assayed until 

Passage 9, to date). Immunohistochemical staining has already demonstrated these 

populations as being of a mesenchymal/ stromal origin (staining positive for Vimentin, 

while absent of AE1/AE3, an epithelial marker). The equine and canine derived 

populations are also required to be characterised regarding the phenotype identity, but 

the selection of the reference panels for the validation of veterinary MSCs is itself a 

challenge. A consensual profile of surface markers expression has not yet been defined 

for each species (unlike for human-derived MSCs (Dominici et al., 2006)), and conflicting 

findings are often reported (Devireddy et al., 2017). 
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Another significant line of work would be the investigation of the effect of isolations and 

culturing protocols on the paracrine factors production by the MSCs, which is recognised 

to vary in response to exogenous stimuli. This question would continue the work 

developed in Chapter IV, in which the baseline of secretion for UC-MSCs and DPSCs 

was determined under standard conditions. 

The assessment of the secretory capacity of equine and canine-derived MSCs is also 

up for investigation, to better understand their therapeutic potential. Preliminary 

quantifications suggest de secretion of IL-6 and IL-8 by MSCs isolated from the umbilical 

cord and, to a smaller extent, from the dental pulp. However, a significant obstacle has 

precluded a more in-depth secretome characterisation, since very limited panels are 

available targeting equine and canine-specific growth factors, cytokines and chemokines 

(as discussed for the samples analysed in Chapter III). 

The research presented in Chapter III indicates that UCBP is capable of sustaining the 

expansion of MSCs populations as xeno-free systems. However, it was also 

demonstrated that UCBP supplementation affects MSCs population in multiple extents. 

Therefore, further research is imperative and should focus on the impact of the observed 

cellular responses on safety and regenerative efficacy. Particularly, it would be of great 

relevance to address possible immunophenotype modulation and its effect of the cell-

host interactions (as well as on the engraftment capacity). Since the UCB collection 

procedures also seem to assume a critical role in the supplement performance, the 

innovation and validation of more suitable methodologies ought to also be observed, in 

strict collaboration with the presiding regulatory entities.  

Ongoing work is addressing the applicability of the UCBP as adjuvant in the 

cryopreservation process, replacing FBS or FBS containing media formulations or 

synthetic derivates currently utilised. Preliminary results on MSCs derived from synovia 

and dental tissues from veterinary species (canine and equine) indicate that human 

UCBP grants improved cellular viability of the cryopreserved cells upon thawing (versus 

autologous serum). Additionally, it allowed the conservation of fully prepared formulation 

under refrigeration temperatures (±4°C) for extended periods of time (up to 72 hours), 

maintaining adequate cellular viability. This study was performed by DVM Cláudia Costa 

in her MSc Thesis “Cryopreservation and Thawing Protocol of Mesenchymal Stem 

Cells for use in Veterinary Medicine Cell Therapy”, supervised by Professora Doutora 

Ana Colette Pereira de Castro Osório Maurício (Lead Supervisor) and the PhD candidate 

Ana Rita Caseiro Santos (Co-Supervisor). Further work will investigate the applicability 
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of these methods in species matched populations (equine MSCs with equine UCBP, as 

an example), and on the performance of the thawed systems. 

The DPSCs were not herein investigated on their capacity to differentiate towards 

myogenic or neural/ neuroglial phenotypes which, although not being reported as an 

essential requisite for regenerative effects in situ, still presents an interesting direction of 

research, especially in the understanding of the effects of lineage-specific differentiation 

on the immunophenotype and paracrine secretion capacity and content. It would also be 

relevant to explore the reciprocal effect of induced modulation of secretive patterns and 

active lesion sites environment (mimicking the clinical lesion scenarios), which often 

differ from experimental setups. 

The UC-MSCs and DPSCs and their respective CMs are currently being addressed for 

the regeneration of skeletal muscle lesions, utilising in vivo rodent models of laceration 

and volumetric muscle lesions, and their combination with different biomaterial matrices. 

Preliminary data converge to the findings previously published (Pereira et al., 2014), 

cementing that the application of the MSCs CM results in blunted tissular reaction to the 

implanted biomaterials (Tisseel®, Matrigel® and ‘in-house’ developed Chitosan hydrogel), 

and in decreased lesion site fibrosis. The UC-MSCs are suggested to present inferior 

scores to those provided by DPSCs or their CM, proposing a superior inflammatory and 

fibrosis modulation capacity. Further analysis is being carried to validate these 

observations and to address the vascularization efficiency of the lesion sites, the skeletal 

muscle regenerative indexes (myotube formation, Myogenin, Myo-D and/or Myf-5 

expression) and , as well as on the interaction of the delivered systems with the native 

muscular satellite cells (Pax-7+) populations. 

The DPSCs are currently being explored within the research group, as therapeutic 

options to the regeneration of severe peripheral nerve injury (neurotmesis). Early 

observations indicate that the addition of the DPSCs to the biomaterial positively 

influences the recovery of functional parameters of biomaterial enveloped nerves, in 

complement to the end-to-end suturing. Preliminary measurements on the effect on the 

skeletal muscle neurogenic atrophy, however, indicate no significant effect additive 

benefit bared by the DPSCs, whose results compare to the nerves enveloped by the 

biomaterial alone (although both present superior to the sutured groups alone). 

Remaining data on the structural/ stereological analysis of the regenerated nerve 

structures and gait analysis (kinematics) will substantiate the observed effects. 
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The DPSCs system has already been successfully employed for in vivo bone 

regeneration in combination to Bonelike® (as osteogenic granular matrix). The combined 

approach granted overall superior new bone formation in an ovine model of non-critical 

bone defects at 30, 60 and 120 days post-implantation, as recently published in Campos 

JM, Sousa AC, Caseiro AR, Pedrosa SS, Pinto PO, Branquinho MV, Amorim I, 

Santos JD, Pereira T, Mendonça CM, Afonso A. Dental pulp stem cells and 

Bonelike® for bone regeneration in ovine model. Regenerative biomaterials. 2018 

Dec 22;6(1):49-59. 

The absolute end goal of the presented research is the clinical application of the cellular 

systems developed, in which ‘real’ human and veterinary patients will benefit from the 

new advanced systems. For this purpose, and since no ideal in vitro models are available 

to date, research must scale-up the validated in vivo models of disease. This would 

approximate scientific data to lesion scenarios closer to the medical reality in which 

therapies aim to be applied. Here, animal models would not only serve as translational 

models to human application but would also comprise relevant therapy targets directly 

benefiting from the tested therapies, in the fast-evolving Veterinary Medicine field 

(specifically considering companion and sports animals). 
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