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Resumo 

Uma potencial alternativa para o transplante de tecidos é a engenharia de 

tecidos. Células-tronco mesenquimais e scaffolds eletrofiados são comumente 

utilizados nesta área devido à capacidade multipotente de diferenciação destas 

células e à rede de poros interconectados destas estruturas fibrosas. Além disso, 

bioreatores de perfusão podem ser utilizados para melhorar o transporte de nutrientes 

e reduzir o acúmulo de metabolitos tóxicos. Neste contexto, uma maneira de estudar 

e otimizar o sistema de cultivo é utilizar técnicas de modelagem para descrever 

interações ou processos individuais envolvidos no crescimento celular. Deste modo, 

o objetivo geral deste estudo é realizar o cultivo de células-tronco mesenquimais da 

polpa de dente decíduo (DPSCs) utilizando scaffolds tridimensionais eletrofiados de 

policaprolactona (PCL), biorreatores e técnicas de modelagem. Inicialmente foram 

testadas diferentes misturas de solventes (clorofórmio e metanol), a fim de produzir 

scaffolds com poros adequados ao cultivo tridimensional. Os diâmetros de fibra e de 

poro foram determinados por microscopia eletrônica de varredura (MEV). O 

crescimento e o metabolismo das células foram avaliados através da determinação da 

atividade metabólica e das concentrações de glicose e lactato do meio de cultivo, e a 

infiltração celular foi observada com a marcação do núcleo celular. Depois de 

estabelecidos os parâmetros de eletrofiação, o efeito da perfusão direta no 

desprendimento de DPSCs de scaffolds eletrofiados de PCL foi estudado. A 

atividade metabólica das células foi determinada para diferentes tempos de adesão, 

vazões e densidades de semeadura, e a tensão de cisalhamento na parede do poro foi 

calculada para cada vazão. A morfologia das células foi avaliada através de imagens 

de microscopia confocal e MEV. Paralelamente, foram realizadas simulações 

utilizando o software OpenFOAM para estudar como os parâmetros e variáveis de 

entrada (concentração inicial de glicose, porosidade e espessura do scaffold) afetam 

as saídas (fração volumétrica de células e concentração de substrato) de um modelo 

de proliferação celular que considera a difusão e o consumo de glicose. As 

contribuições do teor de oxigêno na cinética de crescimento de Contois e da variação 

da porosidade com o tempo devido à degradação do polímero também foram 

avaliadas. Inicialmente, foi observado que apenas um tamanho de poro maior que o 

diâmetro da célula permitiu a infiltração das células no scaffold. Então, observou-se 

que o aumento do tempo de adesão acarretou em maior espalhamento das células e, 

assim como a diminuição da densidade de semeadura e da tensão de cisalhamento, 

resultou em uma redução do desprendimento das células sob perfusão. Quanto ao 

modelo fenomenológico, observou-se maior sensibilidade à concentração inicial de 

glicose e à porosidade do scaffold, e aos parâmetros adimensionais relacionados à 

proliferação e morte celular e ao consumo de nutrientes. Além disso, o número 

inicial de células apresentou maior impacto no transporte de massa do que no 

crescimento celular. Neste estudo, foi possível obter scaffolds eletrofiados e 

conduções de cultivo dinâmico adequadas ao cultivo tridimensional de DPSCs, e 

elucidar os efeitos da limitação do transporte de massa e do oxigênio no crescimento 

celular, e da degradação do polímero no transporte de massa.  

 

Palavras-chave: células-tronco da polpa de dente, electrospinning, policaprolactona, 

biorreator de perfusão, modelagem computacional. 
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Abstract 

A potential alternative to tissue transplant is tissue engineering. Mesenchymal 

stem cells and electrospun scaffolds are commonly used in this field due to the 

multipotent differentiation capacity of these cells and the interconnected pore 

network of these fibrous structures. In addition, perfusion bioreactors can be used to 

enhance nutrient transport and reduce the accumulation of toxic metabolites. In this 

context, one way to study and optimize the culture system is to use modeling 

techniques to describe interactions or individual processes involved in cell growth. 

Thus, the objective of this study is to perform the three-dimensional culture of 

mesenchymal stem cells of dental pulp (DPSCs) using electrospun polycaprolactone 

(PCL) scaffolds, bioreactors and modeling techniques. Initially, different solvent 

mixtures (chloroform and methanol) were tested to produce scaffolds with pores 

suitable to three-dimensional culture. Fiber and pore diameter was determined using 

a scanning electron microscope. Cell growth and metabolism were evaluated through 

the metabolic activity and the culture medium concentration of glucose and lactate, 

and the cell infiltration was observed with cell nuclei staining. After the 

establishment of the elesctrospinning parameters, the effect of direct perfusion on 

DPSCs detachment from PCL electrospun scaffolds was investigated. The metabolic 

activity of the cells was determined for different adhesion times, flow rates and 

seeding densities and the pore wall shear stress was calculated for each flow rate. 

The cell morphology was evaluated through scanning electron and confocal 

microscopy imaging. In parallel, simulations with the software OpenFOAM were 

performed to study how parameters and inputs (initial glucose concentration, 

porosity and thickness of the scaffold) affect the outputs (cell volume fraction and 

substrate concentration) of a model of cell proliferation and glucose diffusion and 

consumption. The contribution of the oxygen in the Contois growth kinetics and the 

porosity variation with time due to polymer degradation was also evaluated. Initially, 

it was observed that only a pore size higher than the cell diameter allowed the 

infiltration of the cells through the scaffold. Then, it was observed that a higher 

adhesion time leaded to higher cell spreading in static conditions and, similar to 

smaller seeding densities and shear stresses, reduced cell detachment under 

perfusion. Regarding the phenomenological model, it was observed that the model is 

more responsive to the initial glucose concentration and scaffold porosity, and to the 

dimensionless parameters related to cell proliferation, death and nutrient uptake. 

Furthermore, the initial cell number had a more significant impact on mass transport 

than on cell growth. In this study, it was possible to obtain an electrospun scaffold 

and dynamic culture conditions suitable for the three-dimensional culture of DPSCs, 

and to elucidate the effects of transport limitations and of oxygen on cell growth, and 

of polymer degradation on mass transport were elucidated.  

 

Keywords: dental pulp stem cells, electrospinning, polycaprolactone, perfusion 

bioreactor, computational modeling. 
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Capítulo 1  
 

Introdução 
 

A engenharia de tecidos, ciência multidisciplinar que aplica princípios básicos de 

engenharia para restauração, manutenção e/ou aperfeiçoamento funcional de tecidos 

representa uma alternativa potencial aos transplantes. Um desafio desta ciência é o 

desenvolvimento de um suporte (scaffold) para proliferação, diferenciação e migração celular 

que seja capaz de mimetizar as propriedades da matriz extracelular do tecido a ser regenerado. 

Uma das técnicas utilizadas para a produção de scaffolds com poros interconectados é a 

eletrofiação. Esta técnica permite a utilização de uma ampla faixa de polímeros naturais e 

sintéticos, sendo um deles a policaprolactona (PCL), a qual tem sido bastante utilizada na 

engenharia de tecidos devido às suas propriedades mecânicas (força e elasticidade). Entre as 

diferentes células utilizadas na engenharia de tecidos, destacam-se as células-tronco 

mesenquimais, devido a sua capacidade de se auto-renovar e de se diferenciar em diferentes 

tipos celulares. A utilização de células-tronco em estudos experimentais deve atender a muitos 

requisitos quanto à contaminação e reprodutibilidade, de modo que sistemas dinâmicos 

podem ser utilizados para reduzir o esforço experimental e superar limitações de transporte de 

massa. Modelos preditivos também podem ser utilizados para simular diferentes experimentos 

ou estratégias de tratamento que possuem custo elevado ou que são eticamente impraticáveis. 

Além disso, modelos matemáticos podem elucidar as ciências básicas do crescimento celular 

e do transporte de massa dentro de scaffolds porosos, o que favorece a identificação de 

componentes-chave na regeneração de tecidos e o desenvolvimento de melhores estratégias de 

tratamento. Assim, torna-se interessante o desenvolvimento de scaffolds eletrofiados de PCL e 
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de biorreatores para o cultivo de células-tronco mesenquimais de dente, assim como a 

modelagem fenomenológica da proliferação celular e do transporte de massa para o estudo do 

desenvolvimento de tecidos.  

1.1 Relevância e objetivos 
O transplante de órgãos e de tecidos é uma terapia amplamente aceita para o 

tratamento de pacientes com órgãos e tecidos danificados em casos de acidentes, traumas ou 

câncer. No entanto, o transplante autólogo é limitado pela morbidade no sítio doador, pelo 

risco de infecção e pela exposição do paciente ao ser submetido a uma segunda cirurgia. 

Fontes alternativas de tecidos com origem de outro indivíduo ou animal também apresentam 

restrições, principalmente devido à resposta imunológica do paciente quanto ao implante e à 

escassez de doadores compatíveis. Essas questões têm motivado muitos estudos envolvendo o 

cultivo de células-tronco mesenquimais em scaffolds tridimensionais para a engenharia de 

tecidos.  

No cultivo de células em scaffolds tridimensionais tem-se a formação de gradientes de 

concentração dos diferentes compostos presentes no processo, de modo que a disponibilidade 

e a distribuição dos nutrientes influenciam no metabolismo celular. Muitos estudos buscam a 

minimização destas limitações de transporte através do uso de biorreatores e de técnicas de 

modelagem. No entanto, a maioria dos estudos utiliza estruturas com poros de tamanho médio 

superior a 100 μm para o cultivo de células-tronco mesenquimais em scaffolds 

tridimensionais. Além disso, não foram encontrados estudos do transporte de massa e da 

proliferação de células-tronco em scaffolds tridimensionais eletrofiados que considerassem o 

gradiente de concentração de nutrientes na determinação da taxa de consumo de nutrientes.  

Neste contexto, o presente estudo foi desenvolvido considerando as hipóteses listadas 

a seguir. 

→ O crescimento celular é modulado pela disponibilidade de nutrientes. 

→ A célula é capaz de migrar através de uma estrutura 3D com poros de diâmetro 

maior que o diâmetro da célula em suspensão. 

→ A célula é capaz de se proliferar com a perfusão direta do meio de cultivo, contanto 

que a tensão de cisalhamento não ultrapasse um limite crítico. 

→ A perfusão do meio de cultivo proporciona maior disponibilidade de nutrientes ao 

longo do scaffold. 
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→ A técnica de electrospinning é capaz de produzir scaffolds de PCL com fibras 

micrométricas e poros grandes o suficiente para permitir a infiltração das células 

para dentro da matriz. 

Desta forma, o objetivo geral deste trabalho é realizar o cultivo de células-tronco 

mesenquimais da polpa de dente decíduo utilizando scaffolds tridimensionais eletrofiados de 

PCL, biorreatores e técnicas de modelagem. De acordo com esta meta geral, os objetivos 

específicos deste estudo são: 

a. estabelecer o protocolo de eletrofiação de scaffolds com poros de diâmetro 

adequados para o cultivo tridimensional de DPSCs; 

b. comparar o tempo de dobramento e as taxas de consumo de glicose e de produção 

de lactato das células em cultivos bidimensionais e tridimensionais; 

c. estabelecer protocolo de cultivo dinâmico de células-tronco mesenquimais da polpa 

de dente em scaffolds de PCL; 

d. modelar a proliferação celular e o transporte de massa em scaffolds porosos; 

e. realizar análise de sensibilidade (simulação com diferentes valores de parâmetros e 

entradas) para determinar os parâmetros significativos do modelo; 

f. avaliar a contribuição da adição de complexidade ao modelo e estabelecer os 

fenômenos que devem ser descritos; 

1.2 Estrutura da Tese 
Este trabalho apresenta-se dividido em oito capítulos, conforme descrito a seguir. 

 O Capítulo 1 trata da introdução ao tema a ser abordado na tese, dos objetivos e da 

relevância do estudo. Neste capítulo também são esclarecidas as hipóteses iniciais da tese e é 

apresentada a estrutura do trabalho. 

No Capítulo 2 é feita uma revisão bibliográfica acerca dos principais fenômenos 

envolvidos no desenvolvimento de um tecido e da utilização de técnicas de modelagem para a 

análise destes fenômenos. Com foco em células-tronco mesenquimais e scaffolds 

tridimensionais, são revisados o transporte de massa e outros processos, como a síntese da 

matriz extracelular, a vascularização, a proliferação, a adesão, a migração, a morte e a 

diferenciação celular.  

No Capítulo 3, são revisadas as propriedades dos scaffolds e as condições de 

semeadura e de cultivo que afetam a atividade de células-tronco mesenquimais em scaffolds 
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eletrofiados. Além disso, foi discutida utilização de técnicas de modelagem computacional 

para a otimização destes fatores. 

 O Capítulo 4 apresenta um estudo acerca do efeito da adição de metanol como não-

solvente na morfologia e tamanho das fibras produzidas através da eletrofiação de uma 

solução de PCL e clorofórmio. Também foi discutido o tamanho dos poros e a influência da 

concentração de PCL no diâmetro das fibras. Por fim, é avaliada a influência do substrato no 

metabolismo e no crescimento celular. 

 O Capítulo 5 apresenta o estudo do efeito da vazão de perfusão no arraste de células-

tronco mesenquimais de polpa de dente decíduo, pré-aderidas em scaffolds eletrofiados de 

PCL. O efeito do tempo de adesão, em condições estáticas, na força de adesão também é 

abordado, assim como a influência da densidade de células da semeadura estática no posterior 

arraste de células sob perfusão.  

 O Capítulo 6 apresenta a análise de sensibilidade de um modelo de transporte de 

massa, consumo de glicose e crescimento celular em meio poroso em cultivo estático. 

Também foi avaliada a influência da densidade inicial de células, da concentração inicial de 

glicose, da espessura e da porosidade do scaffold na fração volumétrica de células e na 

concentração de glicose do meio ao longo do tempo.  

 O Capítulo 7 apresenta um estudo comparativo entre três modelos matemáticos do 

crescimento celular e do transporte de massa em scaffolds tridimensionais, para engenharia de 

tecidos. Uma análise do efeito das variáveis de entrada na concentração de nutrientes e na 

fração volumétrica de células foi realizada a fim de averiguar a contribuição da adição da 

concentração de oxigênio na cinética de proliferação de Monod e da variação da porosidade 

com o tempo devido à degradação do scaffold.  

No capítulo de considerações finais, (Capítulo 8) é feita uma retomada do tópico, 

objetivos, questões de pesquisa e hipóteses, e apresentado um resumo dos principais 

resultados obtidos e as conclusões gerais sobre o tema de pesquisa.  

Por fim, no Capítulo 9 são discutidas as limitações do estudo e apresentadas as 

perspectivas para trabalhos futuros. 

Os experimentos foram realizados no Laboratório de Hematologia e Células-Tronco 

da Faculdade de Farmácia da UFRGS. As simulações foram realizadas com o apoio do Centro 

Nacional de Supercomputação (CESUP), da UFRGS. A Figura 1 apresenta um fluxograma 

das etapas deste estudo que elucida a relação dos capítulos do trabalho descritos a seguir com 

os objetivos específicos apresentados anteriormente.  
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Figura 1.1: Fluxograma das etapas do projeto destacando os objetivos a serem atingidos em 
cada etapa 
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Capítulo 2  
 

Fenômenos biológicos relevantes para o 
desenvolvimento de tecidos e modelagem 
fenomenológica 

 

Um dos principais objetivos da engenharia de tecidos é reproduzir a complexidade 

natural de um tecido. Este capítulo tem como objetivo esclarecer a importância de alguns 

fenômenos envolvidos no desenvolvimento de tecidos in vitro. Inicialmente, é feita uma breve 

discussão acerca da utilização de células-tronco mesenquimais na engenharia de tecidos. Na 

sequência, são revisados os processos biológicos que governam a atividade celular e sua 

relação com o transporte de massa dentro de scaffolds tridimensionais. Por fim, é discutida a 

importância da modelagem dos diferentes fenômenos envolvidos no desenvolvimento de 

tecidos. Este capítulo está na forma de artigo de revisão, na língua inglesa, o qual foi 

submetido para a revista Mathematical Biosciences e está sendo analisado pelos revisores.  
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Abstract 

 

A potential alternative for tissue transplants is tissue engineering, in which the interaction of 

cells and biomaterials can be optimized. Tissue development in vitro depends on the complex 

interaction of several biological processes such as extracellular matrix synthesis, 

vascularization and cell proliferation, adhesion, migration, death, and differentiation. The 

complexity of an individual phenomenon or of the combination of these processes can be 

studied with phenomenological modeling techniques. This work reviews the main biological 

phenomena in tissue development and their mathematical modeling, focusing on 

mesenchymal stem cell growth in three-dimensional scaffolds.  

 

Keywords: stem cells, biological processes, tissue development, three-dimensional scaffolds, 

phenomenological modeling. 
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2.1 Introduction 

Tissue and organs are composed of cells and well-organized networks called 

extracellular matrix (ECM) [1]. The general approach to engineer tissue is to cultivate cells in 

a scaffold, a device that provides an environment for tissue regeneration [2]. Scaffold 

properties can be determined by the material and by the method of fabrication. Several 

techniques can be used to manufacture scaffolds, such as gas foaming, fiber extrusion and 

bonding, electrospinning, solid free-form fabrication, three-dimensional printing, phase 

separation, solvent casting/particulate leaching, freeze-drying and emulsion freeze-drying [3]. 

In tissue engineering, transplanted cells can be removed from the same individual that 

is going to receive the engineered tissue transplant (autologous cells). However, in addition to 

the invasive nature of autologous cell sampling, the tissue biopsy does not always provide 

enough cells for further expansion or transplantation [4,5]. For instance, in cases of end-stage 

organ failure, stem cells can be applied due to their capacity of differentiation in several cell 

types [6]. Furthermore, mesenchymal stem cells have been used in clinical studies for tissue 

regeneration due to its high proliferative capacity and immunosuppressive properties [5,7,8]. 

To engineer a tissue, the stem cells must first proliferate to increase the pool of cells 

and the tissue mass, while they modify the micro-environment by the secretion of factors that 

induce tissue repair to further differentiate in the required cell type that will generate new 

tissue [9]. In the case of biodegradable materials, extracellular matrix synthesis and deposition 

occurs in a concurrent manner with scaffold degradation [10], affecting the nutrient transport 

and cell viability [11]. One way to describe the interactions or individual processes involved 

in tissue development or to optimize the culture system is to use mathematical and 

computational modeling techniques [12]. In this review, the main phenomena involved in 

tissue development in vitro are discussed with an emphasis on the culture of mesenchymal 

stem cells in three-dimensional (3D) porous scaffolds. Moreover, mechanistic modeling 

applications in tissue engineering are reviewed.  

2.2 Stem cells 

Stem cells can be multi-or pluripotent (Figure 2.1), meaning that they are able to 

differentiate to cells from their original dermal layer or in cells from the three embryonic 

germ layers (endo-, meso- and ectoderm), respectively [13].  
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Figure 2.1: Diagram of stem cell hierarchy 

Human embryonic stem cells (hESCs) are capable of self-renewing indefinitely while 

maintaining their capacity of differentiation in all adult human tissue, being classified as 

pluripotent cells [14]. However, hESCs are usually derived from blastocyst-stage embryos 

from in vitro fertilization treatment [15]. Despite the fact that the majority of countries which 

develop scientific research around the world allow the use of human embryonic stem 

cells [16,17], there are ethical and legislation constraints for the derivation of hESC’s lines 

from excess in vitro fertilization embryos in many countries, such as Austria, Bulgaria, Costa 

Rica, Germany, Italy, Lithuania, Portland and Tunisia [18].  Furthermore, due to the allogenic 

nature of embryonic stem cells and differentiated derived cells, they can lead to rejection by 

the immune system of the transplanted tissue [19].  

Induced pluripotent stem cells (iPSs) can be acquired by reprogramming adult cells 

with embryonic transcription factors (Oct3/4, Sox2, c-Myc, and Klf4) [20]. These cells can be 

autologous and have morphology, proliferation, gene expression, differentiation potential in 

vitro, and telomerase activity similar to the ones of hESCs [21]. Nevertheless, these cells can 

lead to tumor like teratoma formation, and acquire genetic and epigenetic modifications [22]. 

In addition, both autologous and allogenic IPS’s and derivatives can lead to immune rejection 

[23,24]. Gao et al. [25] reported that both embryonic stem cells and IPS’s can form tumors in 

mouse brains and lead to immune cell infiltration, while adult stem cells (mesenchymal and 

neural stem cells) presented no evidence of tumor formation and immune rejection.  

Adult stem cells (ASCs) can be hematopoietic (HSCs), neural (NSCs) or mesenchymal 

(MSCs), and are multipotent due to their capacity to differentiate into blood and immune 

system cell types (HSCs), astrocytes, neurons and oligodendrocytes (NSCs), osteoblasts, 

chondrocytes, myocytes and adipocytes (MSCs), respectively [18,26]. HSCs can be found in 
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bone marrow, mobilized peripheral blood, and umbilical cord blood (in limited cell number), 

but their transplantation requires human leukocyte antigen (HLA) matching between the 

donor and the patient with the lack of compatible donors there is a current limitation for their 

clinical application [27]. NSCs can be obtained from developing and adult central nervous 

system tissue (e.g. brain and spinal cord), but insufficient cell quantities and heterogeneity of 

in vitro culture of NSCs are the main drawbacks for their use in tissue regeneration [28].   

On the other hand, MSCs do not present tumor formation after transplantation [29] and 

can be obtained from several human organs and tissue  – brain [30], pancreas [31], liver [32], 

lung [33], skin [34], placenta [35], bone marrow [36], umbilical cord blood [37], adipose 

tissue [38], gingival connective tissue [39], periodontal ligament [40], dental pulp and follicle 

[41]. Due to the non-invasive nature of dental MSCs sources and the capacity of 

differentiation into osteogenic, adipogenic and neurogenic cell lineages, dental MSC’s can be 

a potential and promising alternative cell source for tissue engineering research [42].  

Human MSCs are characterized by adherence to plastic, in vitro differentiation in to 

osteoblasts, adipocytes, chondroblasts, and specific surface antigen expression – positive 

phenotype expression (presented by ≥ 95 % of the cell population) of the markers CD105, 

CD90, CD 271, CD73; negative (not presented by ≤ 98 % of the cell population) expression 

of CD34, CD45, CD14 or CD11b, CD79a or CD19, MHC-II molecules, mainly HLA-DR 

[43,44]. Human MSCs (hMSCs) present high levels of HLA class I and major 

histocompatibility complex (MHC) class I, and can suppress the proliferation of T 

lymphocytes, natural killer (NK), T and B cells by cell contact and secretion of soluble 

immunomodulatory factors. hMSCs can also induce a more anti-inflammatory or tolerant 

phenotype by affecting the secretion of T cells and NK cells [45]. Despite these 

immunomodulatory properties, allogeneic MSCs (so termed when the cells come from 

another person) can provoke the immune system rejection and present limited persistence in 

vivo [46,47]. Furthermore, the success of the application of MSCs in tissue regeneration might 

be due to secretion of cytokines, chemokines and growth factors that promote paracrine 

actions. These paracrine mechanisms are related to the protection of the host tissue cells (by 

secreting anti-apoptotic and anti-oxidative factors), alteration of the extracellular matrix (e.g. 

inhibiting collagen synthesis), induction of neovascularization (through secretion of 

angiogenic factors) and stimulation of tissue regeneration through differentiation and cell 

fusion with native cells [48]. In addition to the suppression of inflammation, MSCs also play 

an important role in detection and elimination of pathogens during the initial phase of 
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inflammatory response [49,50]. For these reasons, the use of MSCs is one of the main 

alternatives in tissue engineering and regenerative medicine.  

 

2.3  Main biologic processes involved in tissue development   

In the process of tissue development, there are several phenomena that interrelate and 

govern cell behavior and response in three-dimensional matrixes. Thus, the main phenomena 

involved in tissue development and how they relate to the different variables affecting cellular 

response are discussed bellow.  

2.3.1. Cell proliferation 

Adherent cells in culture stop or reduce their proliferation when they reach confluence, 

which occurs at a characteristic population density and as the cells completely cover the 

surface on which they are being cultivated [51]. The mechanisms involved are the result of a 

combination of cell-cell contact, local or global deficiency of nutrients (e.g. glucose, oxygen) 

or growth factors, and production/accumulation of growth inhibitors (e.g. lactate, ammonia) 

[52]. According to Gray et al. [53], cell–cell contact stimulates RhoA signaling, which 

increases the formation of actin stress fibers and, as a result, enhances cell proliferation until it 

reaches a cell density in which  the degree of cell contact with the surface is reduced, down-

regulating proliferation.  

The basal medium composition and the serum amount and type used in cell cultures 

affects the cell density, it being required that the medium provides the appropriate amount of 

nutrients and growth factors and is free of toxins and growth inhibitors. Mammalian cell 

growth is usually enhanced using a culture medium containing fetal bovine serum (FBS). FBS 

is added to the basal medium because it contains amino acids, fatty acids, lipids, hormones, 

vitamins, transport and adhesion proteins, and growth factors that stimulate cell adhesion and 

proliferation [54]. Despite the fact that its composition is not totally defined and presents lot-

to-lot variability, FBS is the most used supplement in cell culture since it is easily obtained 

and is more economic than defined commercial culture media. 

While cell proliferation can be inhibit by irradiation or mitomycin [55], growth factors 

and mitogens, such as hepatocyte growth factor (HGF) [56], epidermal growth factor (EGF) 

[57] and erythropoietin (EPO) [58], can be used to enhance MSCs proliferation. However, 

many growth factors concurrently affect other processes (e.g. cell migration, differentiation, 
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and survival): insulin-like growth factor-1 (IGF-1) and platelet-derived growth factor (PDGF) 

can stimulate cell migration [59,60]; fibroblast growth factor (FGF) can promote 

vasculogenesis [61], reduce cell death [62] and increase chondrogenic differentiation potential 

[63]; and nerve growth factor (NGF) can promote angiogenesis [64]. In addition, mammalian 

cell growth is also affected by physiological parameters such as pH (ideal range from 7.2 to 

7.4), temperature (optimal at 37 °C) and osmolality (ideal range from 260 to 320 mOsm /kg) 

[52].  

2.3.2. Extracellular matrix synthesis 

Every tissue is composed of a cellular and an extracellular component, the latter being 

termed extracellular matrix (ECM). The ECM of a tissue is usually formed by different types 

of collagen, laminin, fibronectin, hyaluronic acid, proteoglycans and growth factors [65]. In 

scaffolds, adherent cells can secrete proteins that bind the material surface and form a layer of 

ECM [66]. While ECM molecules are mainly secreted by fibroblasts in several connective 

tissues, they can be produced by chondroblasts and osteoblasts in specialized connective 

tissues such as bone and cartilage [67]. However, endothelial [68–70], epithelial [68] and 

muscle [71,72] cells are also known to synthesize ECM, mostly through collagen, adhesion 

proteins (such as fibronectin) and/or glycosaminoglycans secretion and incorporation into an 

organized matrix. Furthermore, MSCs have shown their ability to synthesize EMC as well 

[73].  

Growth factors, such as transforming growth factor β (TGF-β) [74–76], connective 

tissue growth factor (CTGF) [77,78] and hepatocyte growth factor (HGF) [79], can act as 

regulators of ECM synthesis for several cell types (e.g. chondrocytes, fibroblasts, endothelial 

and epithelial cells). While HGF can reduce collagen production and increase hyaluronic acid 

secretion of fibroblasts [79], TGF-β can increase collagen synthesis of fibroblasts [76] and 

epithelial cells [74], and stimulate proteoglycan synthesis by endothelial cells [69]. In 

addition, TGF-β have also been shown to increase fibroblasts collagen and fibronectin 

production under hypoxic conditions [75]. Moreover, CTGF can mediate the stimulation of 

ECM synthesis by TGF-β [78] and have been shown to enhance fibroblasts collagen secretion 

by itself [77].      

ECM synthesis can also be stimulated by mechanical forces [80] and in dynamic 

culture systems (through shear stress) [81,82]. Besides this, other factors such as nutrient 

concentration and scaffold pore size can affect ECM deposition in a synthetic matrix. For 
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instance, cultures with high glucose concentrations [70,83] and low oxygen tensions [84,85] 

can increase ECM production from several cell types. On the other hand, the combination of 

hypoxic conditions with low glucose concentrations enhanced glycosaminoglycans and 

collagen production by bone marrow MSCs [86]. In addition, scaffolds with large pore sizes 

reduce cell growth and collagen synthesis, probably due to cell-cell interaction stimulation 

and growth inhibition by contact [87].   

2.3.3. Cell adhesion 

In the case of adherent cells, cell adhesion to a surface is critical for cell viability and 

growth because it precedes cell spreading and migration [88]. In addition, this process has an 

important role in cell organization in three-dimensional cell complexes and in the physiologic 

function of tissues and organs. Cells can adhere to one another and to the scaffold through 

surface receptors and extracellular matrix (ECM) proteins adhered on the biomaterial surface 

(Figure 2.2), respectively [89].  

 

Figure 2.2: Cell-cell and cell-matrix adhesion  

Cells can interact with each other using adhesion molecules (e.g. cadherins) to create a 

selective permeability wall and control substances transport to enhance the mechanical 
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resistance of the tissue or to communicate chemically [89]. These junctions can be dismantled 

in cell growth to allow cell movement, and in cell apoptosis to avoid damage to neighbor 

cells. In addition, the loss of adhesion can lead some adherent cells to a specific type of 

programmed death [90].  

The adhesion of a cell to a biomaterial can be affected by several factors, such as 

roughness, hydrophobicity/hydrophilicity, electrical charges, stiffness and chemical 

composition of the biomaterial [91–93]. Synthetic scaffolds usually lack biological cues, but 

they are coated by a protein layer (which includes adhesion proteins) in vivo and in vitro when 

purified proteins or serum are added to the culture medium [94]. The shape and movement of 

the cells and the organization of the cytoskeleton are influenced by the interaction of ligands 

present on adhesion proteins (fibronectin, collagen, laminin, vitronectin) with adhesion 

receptors (integrins, syndecans) present in the cell membrane [91,95].  

Integrins are the major cell adhesion receptor, whereas syndecans collaborate with 

integrins to regulate the formation of focal adhesions [96,97]. While integrins can present 

high specificity concerning their ligands, a single protein can have several ligand binding sites 

and bind with various integrins. Human MSC’s can bind to collagens, laminins, fibronectin 

and vitronectin through the corresponding integrins α1β1/α2β1, α3β1/α7β1, α4β1/α5β1, and 

αVβ3/αVβ5, respectively [94].   

2.3.4. Cell migration 

The cell migration process is initiated with the polymerization of actin filaments and 

consequent polarization and extension of cell membrane protrusions towards a cue 

(Figure 2.3a). These protrusions are stabilized by adhesion through the interaction of the actin 

cytoskeleton with the ECM proteins (Figure 2.3b). Actomyosin contraction (Figure 2.3c) 

provokes traction forces on the ECM surface and the disassembly of adhesions at the rear of 

the cells (Figure 2.3d), inducing actin cytoskeletal reorganization and cell movement [95].  
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Figure 2.3: Cell migration steps: cell protrusion (a), formation of new adhesion (b), cell 

contraction (c) and loss of adhesion at the rear (d)          

MSC migration can be induced by physical cues – ECM topography, stiffness, 

roughness and hydrophobicity – and chemical cues – ECM ligands, adherent molecules and 

chemoattractant gradients, which  interact with cell membrane receptors to modulate cell 

mobility [95,98].  Shear stress produced by fluid flow in a parallel flow chamber system can 

also induce cell migration through the upregulation of stromal-derived factor-1 (SDF-1) 

secretion, which stimulate the CXC chemokine receptor 4 (CXCR4) expression in hMSCs 

[99].  

Proteins Rac (ras-related C3 botulinum toxin substrate), Rho (ras homolog family), 

CDC42 (cell division control protein 42), and tyrosine phosphorylation are involved in signal 

transduction events that modulate actin polymerization and myosin generated tension [95]. On 

the other hand, bone morphogenetic proteins (BMPs) are able to increase cell migration and 

promote the rearrangement of the actin filaments through the activation of the CDC42 and α-

isoform of the phosphoinositide 3-kinase (PI3Kα) [100]. Furthermore, other growth factors 

can induce MSC migration, such as hepatocyte growth factor (HGF) [101] and insulin-like 

growth factor-1 (IGF-1) [59].  

Other molecules such as chemokines and glycoproteins have been used to promote cell 

migration. Stromal-derived factor-1 (SDF-1), a chemokine protein that binds CXCR4, can 

induce MSC migration [102] and have been shown to promote bone formation in PCL/gelatin 

electrospun scaffolds implanted in rat cranial defects [103]. By the regulation of the 

CXCR4/SDF-1 axis, the interleukin-3 (IL-3) has shown to enhance human bone marrow-
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derived mesenchymal stem cells migration [104]. The cytokine tumor necrosis factor alpha 

(TNF-α) stimulates dental pulp stem cell migration by upregulating the integrin alpha-6 [105].   

Fibronectin is a glycoprotein of the ECM that binds to cell membrane receptors 

(integrins) and has been shown to enhance MSC migration in fibronectin-coated surfaces. 

MSC adhesion to fibronectin depends on α5β1-integrin binding, which activates platelet 

derived growth factor receptor (PDGFR-β), and as a result, promotes phosphorylation of 

phosphoinositide 3-kinase (PI3K) and Akt, actin reorganization and cell migration [106].  

Oxygen concentration gradients can induce cell migration towards more oxygenated 

sites, presenting higher cell growth rate and viability in these regions [107]. Similarly, due to 

enhanced actin–integrin adhesion complex formation in acidic regions, pH gradients can 

induce cell migration toward acid [108]. Furthermore, matrix pore diameter, adhesivity and 

elasticity can also have an influence in cell migration in three-dimensional scaffolds [109]. 

However, in environments with no gradients of mechanical, physical and/or chemical cues to 

promote the cell movement in one specific direction, cell migration is usually random [110]. 

2.3.5. Cell differentiation 

In order to differentiate, stem cells undergo an asymmetric cell division, which results 

in one identical cell to the mother cell and another cell that differentiates into a specialized 

cell [111]. Cell differentiation is genetically regulated and stimulated by specific transcription 

factors, such as Runx2 (Runt-related transcription factor 2) [112], Sox9 (Sex-determining 

region of Y chromosome-related high-mobility-group box 9) [113] and PPARγ (Peroxisome 

proliferator-activated receptor gamma) [114] for osteoblastic, chondrogenic and adipogenic 

differentiation, respectively.  

Conditioned medium can be used to induce cell differentiation in vitro due to the 

presence of secreted factors that can affect cell fate. Conditioned medium obtained from a 

culture of chondrocytes has been shown to promote chondrogenic differentiation of human 

bone marrow-derived mesenchymal stem cells [115]. Notochordal cell conditioned medium 

can also induce human mesenchymal stem cell from bone marrow toward a chondrogenic 

phenotype, but the presence of specific soluble factors result in cells with similar 

characteristics to nucleus pulposus cells [116]. Other conditioned medium such as the one 

obtained with retinal pigment epithelium cells, can stimulate the differentiation of 

mesenchymal stem cells toward cells with the phenotype of the cells used to produce the 

conditioned medium [117]. Recently, a conditioned medium from Sertoli cells has shown to 
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differentiate Wharton's jelly mesenchymal stem cells to germ-like cells when combined with a 

appropriated dosage of retinoic acid [118].  

Cytoskeletal organization determines cell shape and has been shown to play an 

important role in cell differentiation [119,120]. Inhibition of cytoskeletal tension can reduce 

MSCs spreading, maintaining the cells in a round shape (Figure 2.4a) and thus favoring 

adipogenic and chondrogenic differentiation [119,121]. On the other hand, differentiation 

toward osteogenic lineages is favored when the cells present a spread and elongated shape 

(Figure 2.4b), being dependent on cytoskeletal tension and actomyosin contraction to form 

thick stress fibers [119,120].  

 

Figure 2.4: Cell shape types: round (a) and elongated (b) 

Because interactions between ECM and the cell surface can affect cell shape and 

organization, scaffolds can be designed to transmit biophysical signals – topography [122], 

stiffness [123] and roughness [124] – and induce cell differentiation into a specific cell type. 

Furthermore, cell-cell contact [125] and the application of mechanical forces as shear, strain, 

compression and culture medium flow can also regulate and enhance cell differentiation 

[126,127].  

For in vitro cultures, MSC differentiation can be induced by the addition of 

appropriate growth factors in the culture medium, such as bone morphogenetic proteins 

(BMP), transforming growth factor beta (TGFβ) and fibroblast growth factor (FGF) 

[63,125,128].  Moreover, the addition of serum to the culture medium can affect the 

differentiation potential of stem cells due to the presence of growth factors and hormones in 

their composition [129–131]. In addition, while hypoxic conditions are known to maintain the 

undifferentiated state of stem cells, the combination of low oxygen concentrations with other 

factors can induce cell differentiation towards specific lineages [131,132]. 
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2.3.6. Cell death  

Cell death can play an important role in developing and adult tissues, whether  in cell 

number regulation, tissue remodeling or in maintaining tissue size and shape [133]. Cells can 

undergo different death types such as apoptosis, autophagy and necrosis, each with a 

particularity such as cellular shrinkage (Figure 2.5b), extensive presence of vesicles (Figure 

2.5c), or generalized swelling of membranous organelles (Figure 2.5d), respectively [134].  

 

Figure 2.5: Cell morphology characteristics for different cell death types: normal cell (a), 

apoptotic cell (b), autophagic cell (black ellipses as vesicles) (c), necrotic cell (d) 

Apoptosis is the main form of programmed cell death and is responsible for the 

removal of cells that are no longer necessary or that can be harmful to tissue development 

[135].  This death type is important because it does not induce inflammatory response and 

damage to neighbor cells, like other proinflammatory processes such as necrosis, and because 

it allows for the recycling of organic components of the dead cells through phagocytosis by 

neighboring cells or macrophages. Apoptosis depends on caspase activation through either an 

intrinsic or an extrinsic pathway. In intrinsic activation, the mitochondria is damaged and 

releases proteins such as cytochrome c into the cytosol, whereas in extrinsic activation an 

extracellular stimuli (involving death ligands such as tumor necrosis factor – TNF – 

superfamily and TNF-related apoptosis-induced ligands – TRAIL) activates death receptors 

on the cell surface [133,134,136]. Cytochrome c release is regulated by the inhibition of 

antiapoptotic proteins – by e.g. B-cell lymphoma 2 (BCL-2) and BCL-xL – and by the 

induction of proapoptotic proteins – BCL-2 associated protein x (Bax), BCL-2 homologues 

antagonist/killer (Bak), and BCL-2 homology 3 (BH3) interacting-domain death agonist (Bid) 

[136].  

Several factors such as DNA damage and low concentration of growth factors can 

activate the intrinsic apoptotic pathway [134]. MSCs can undergo apoptosis when treated with 

homocysteine [137] or hydrogen peroxide [138] via activation of Jun N-terminal kinase 

(JNK) signal induced by reactive oxygen species (ROS). Apoptosis can also be promoted by 
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serum deprivation in MSC culture [139]. Combined serum deprivation and hypoxia (SD/H) 

has shown to induce MSC apoptosis, mostly due to the lack of growth factors essentials to cell 

activity and survival [140]. It is also important to observe that MSCs, as adherent cells, can 

undergo cell death when detached from their substrate or from other cells through an 

apoptotic response called anoikis [141]. 

Autophagy is another type of noninflammatory programmed cell death, but with 

cellular components degradation within the dying cell in autophagic vacuoles [142]. The 

process of autophagy is regulated by Atg (AuTophaGy-related) genes, and involves the 

lipidation of light chain 3 protein (LC3) and attachment of the lipidated LC3 (LC3-II) to the 

autophagosome membrane [134]. This process can enhance MSC survival under SD/H 

combined conditions by decreasing apoptosis [143]. Hypoxia itself has shown to induce 

MSC’s autophagy and survival via activation of extracellular signal-regulated kinase ½ 

(ERK½) [144]. In addition, high glucose concentrations can stimulate ROS production, which 

leads to oxidative stress and activates autophagy, thus inducing MSC senescence [145]. 

Senescence is a process in which cell growth is irreversibly arrested with no cell death and in 

the case of MSC, this process can also be activated by heat shock and chemotherapeutic 

agents [146]. 

High levels of ROS can damage intracellular molecules and organelles and lead to 

DNA damage, activating p53, which may result in apoptosis, and poly (ADP-ribose) 

polymerase (PARP), which may cause necrosis by inhibiting glucose catabolism [147]. 

Necrosis is an important process in tissues with sustained damage or invasion because it 

allows for a defensive or reparative cellular response and it is characterized by swelling of the 

organelle, rupture and leakage of the plasma membrane and loss of adenosine triphosphate 

(ATP) production [147,148]. This proinflammatory process occurs through the caspase-

independent loss of mitochondrial function promoted by the opening of the mitochondrial 

permeability transition pore (MPTP), which can be mediated by cyclophilin D (CypD), Bax 

and Bak [148].  

Necrosis can be triggered by increased ROS generation, intracellular calcium increase, 

activation of calpains and cathepsins, and/or lack of co-factors required for ATP production 

[147]. In addition, extreme physical, chemical and/or mechanical stress factors by, for 

example irradiation, heat, osmotic shock, freezing, thawing, high levels of hydrogen peroxide, 

hypoxia, restricted nutrients supply, cytokines, pathogens and toxin exposure have been 

shown to promote cell necrosis [134]. 
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2.3.7. Vascularization 

The main challenges of tissue engineering are related to mass transport limitations, for 

both in vitro development and in vivo graft integration. In natural tissue formation, transport 

limitations are surpassed by new blood vessel formation (vasculogenesis), which occurs 

mainly in embryonic development, and by the expansion of the existing vascular network 

(angiogenesis). While the mass transport from the vessels to the capillary network occurs by 

perfusion, the transfer from the capillaries to the tissue occurs by diffusion [149].  

Vascularization has an important role in nutrient and gases exchange, metabolic 

processes and removal of the residues of cell activity [150]. In vitro developed tissues need to 

allow nutrients to be transported in vivo, vascularization being a process of extreme 

importance for the graft integration and function.  To enhance mass transfer inside the tissue, 

vascularity can be introduced by scaffold functionalization with angiogenic growth factors 

[151,152], or by the co-culture of endothelial and mesenchymal stem cells to stimulate the 

secretion of angiogenic factors [153,154].  

In vitro capillary formation in MSC culture can be induced by several angiogenic 

factors, such as the vascular endothelial growth factor (VEGF) [153], nerve growth factor 

(NGF) [64], angiopoietin proteins (Ang) [155], erytropoietin (EPO) [156], basic fibroblast 

growth factor (bFGF) [61] and hepatocyte growth factor (HGF) [157]. These factors bind 

usually to cell receptors with tyrosine kinase activity, stimulating signaling pathways that 

regulate the activity of endothelial cells present in the existing vessels [64,158–161]. In 

addition, hypoxic or low oxygen concentration conditions enhance the cells production of 

angiogenic growth factors as VEGF [132,162], what can be related to the increased 

expression of hypoxia inducible factor (HIF)-1α under these conditions [163]. 

 2.4 Modeling for tissue engineering  

The biomechanical and biochemical environmental control of cell growth in scaffolds 

requires the knowledge of the complex interactions between the phenomena that rule tissue 

development process in vitro. However, these phenomena, described in the previous section, 

are extremely complex and so are the interactions between them. Additionally, some related 

parameters are difficult to obtain experimentally due to limitations of the available techniques, 

which constitute a serious drawback for model selection and validation of computational 

results. Consequently, at the current state of the art, the development of a complete model for 
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tissue growth in scaffolds is not yet possible. On the other hand, simplified models can be 

applied to capture specific features of the system behavior, despite the fact that  it cannot 

represent all the events that occur experimentally [164]. For this reason, different modeling 

options and computational simulation techniques have been employed in tissue engineering to 

predict tissue development, reducing experimental costs and suggesting new investigation 

pathways [165,166].  

2.4.1. Biological processes analysis 

One the aspects to be considered in the modeling of tissue growth in scaffolds  is the 

development of models for the analysis of the several biological processes involved, such as 

cell growth [167,168], ECM synthesis [169–172], cell adhesion and migration [173–176], cell 

differentiation [177,178], cell death [179–181], and angiogenesis [182,183].   

2.4.1.1. Cell proliferation 

Cell growth has been widely described through simplified models based on cell 

contact inhibition and nutrient availability. Mancuso et al. [168] studied the proliferation of 

MSC in monolayer cultures and compared a phenomenological logistic approach and a one-

dimensional (1D) population balance model, based on contact inhibition at confluence. It was 

found that the population balance model could predict the experimental data better than the 

phenomenological logistic model. Galban and Locke [167] compared the Moser and the 

modified Contois models and an nth-order heterogeneous model of growth kinetics in the 

prediction of cell growth in porous structures. However, experimental data indicated that cell 

growth could not be described appropriately by any of the studied models, mainly due to the 

assumption of the non-variation of parameters in time and space. In 3D environments, nutrient 

transport can affect its distribution inside the matrices, being cell growth regulated by nutrient 

availability [184]. 

2.4.1.2. Extracellular matrix synthesis 

ECM secretion is an important process in tissue development and its interaction with 

cell growth and mass transport has been investigated using mathematical models.  The study 

of Saha and Mazumdar [169] proposed a mathematical model of cell growth and ECM 

synthesis which includes the ECM stimulation of cell growth and a negative feedback control 

mechanism for ECM formation (decay of the deposition of ECM components with increased 
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ECM synthesis). The model could predict that the ECM deposition presents an initial 

increasing concentration until reaching a maximum (overshoot) and subsequent with further 

slight decay to a final constant concentration of ECM.  Recently, Lewis et al. [172] developed 

a mathematical model for the proteoglycans production as a function of the nutrient 

concentration, considering the mass transport of nutrients and proteoglycans inside a pellet of 

cells. The production of proteoglycans and the consumption of nutrients were described by 

the Michaelis-Menten kinectics, but cell proliferation and death were not considered. The 

results indicated that the heterogeneity of the ECM production could be associated to the 

nutrient gradient inside the pellet. Causin et al. [170] modeled the glycosaminoglycans (GAG) 

synthesis as a function of cell density and nutrient concentration and considered an inhibition 

term based on the saturation level of GAG. The amount of biomass inside the pore of a 

scaffold was considered to be dependent on the GAG content. The calculated biomass 

thickness was used to predict parameters such as porosity, effective permeability and 

diffusivity for a model of mass transfer to evaluate the oxygen delivery inside a direct 

perfusion bioreactor. These different models involving ECM synthesis could be used to 

predict ECM synthesis in different systems regarding cell type, matrix properties and culture 

type (static or dymanic). 

2.4.1.3. Cell adhesion and migration 

Because cell adhesion is important for the process of cell migration, cell-cell and cell-

matrix adhesion models are usually included in migration models. Rey and García-Aznar 

[175] proposed a model of bi-dimensional (2D) cell migration considering the force that one 

cell exerts on another cell (cell-cell interaction), the force that the substrate exerts on the cell 

in opposition to its movement (drag), and the reaction of the propulsion force that one cell 

actively exerts on the substrate. Cell-cell interaction was modeled as a function of the distance 

between two cells because cell behavior can be regulated by mechanic-chemical signals. Cell 

propulsion was described as a combination of force magnitude, dependent on ECM stiffness, 

with the direction given by the polarization vector, defined in the beginning of the simulation 

as random or in a specific pattern of interest. This model could be used to understand 2D 

collective cell migration in monolayer cell cultures or in wound healing studies.  

According to Zaman et al. [176], other mechanisms can affect cell migration other 

than matrix stiffness, such as the asymmetry of the cell, adhesive capacity of the matrix, and 

numbers of available ECM ligands and cell surface receptors. The authors described 3D cell 
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migration as the result of traction, drag and protrusion forces. The first was modeled as a two 

component force (traction in the forward and backward direction) dependent on the ligand-

receptor complex. The force of this complex was described as a function of the matrix elastic 

modulus (stiffness), whereas the number of available receptors, the concentration of ligands, 

and binding strength between receptors and ligands was accounted for by an adhesion 

parameter. The drag force was proportional to the cell speed and the protrusion force was 

considered to have constant magnitude and random direction. The model could predict that 

the maximum migration speed is achieved at intermediate values of adhesiveness, and at high 

values of ECM stiffness and cell asymmetry.  

Frascoli et al. [173] also considered the influence of the drag and traction forces on 

cell migration. Similarly to Zaman et al. [176], they described the traction force as a function 

of the force per ligand-receptor complex and of the number of interacting cell-matrix sites, 

and the drag force, of the cell speed. A distance dependent cell-cell interaction was accounted 

for in a similar way as in the work of Rey and García-Aznar [175], but the attraction and the 

repulsion forces were considered separately, and an overlapping term was included in the 

attraction model. The model was applied to study the behavior of two cells under several 

conditions, emphasizing the role of the force magnitude and number of sites of cell-cell and 

cell-matrix binding in determining cell aggregation and break-up events.  

Another important type of migration is chemotaxis, which is regulated by chemical 

gradients and has been modeled by Painter [174]. The author used a continuous macroscopic 

partial differential equation model to describe cell migration of a two-population system. The 

continuous model was derived based on the populations’ chemotatic efficiency and random 

motility in crowded and uncrowded regions. The model was capable of predicting cell 

migration into the ECM free space and into the occupied regions through displacement of 

other cells as a response to signal gradients.  

Figure 2.6 presents all the main factors considered in the migration and adhesion 

models discussed above. 
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Figure 2.6: Hierarchic diagram of factors considered in mathematical models of cell adhesion 

and migration 

2.4.1.4. Cell differentiation 

The differentiation mechanism can be used to model tissue development in vitro. 

Lemon et al. [177] formulated a model based on the relation between human MSC growth, 

differentiation and ECM synthesis inside porous scaffolds. The model was solved analytically 

and could predict ECM stimulation of cell proliferation and down-regulation of cell 

differentiation as observed in experimental data under hypoxia (with lower secretion of 

ECM). The increased cell differentiation under normoxia, characterized by higher secretion of 

ECM was also captured by the model. In order to reduce the model complexity, cell division 

and differentiation were treated as independent processes and it was assumed that all cells 

divide and differentiate at the same rate. This model could be used in cases where it is 

important to predict the number of undifferentiated cells and where cell activity is mainly 

regulated by or could be associated with ECM synthesis.   

MSC differentiation has also been modeled as a function of strain magnitudes and 

fluid velocities. Stops et al. [178] used a CFD model of cell proliferation and differentiation to 

describe cell response in scaffolds subjected to mechanical strain and flow perfusion. The 

combination of different strains and inlet velocities was studied, suggesting operational 
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regions that could favor the expression of a specific cell phenotype for cell culture in 

perfusion bioreactors with mechanical loading.  

2.4.1.5. Cell death 
Regarding cell death, Broome and Coleman [179] studied the process of apoptosis in 

multiple sclerosis using the biochemical systems theory, a method that generates 

mathematical models with mechanisms and initial values from the literature. The model was 

based on inflammatory response activation (T-cells and macrophages activation) and calcium 

accumulation, which stimulates the production of reactive oxygen and nitrogen species and 

the release of caspases, and on death complex formation, which opens the permeability 

transition pore (PTP), releasing apoptotic factors into the cytoplasm and activating the caspase 

cascade. The model was used to study disease and treatment scenarios, and showed that by 

manipulating the levels of T-cells cytokines production and the opening/closing of the PTP, 

the cell death could be avoided by the regulation of reactive oxygen and nitrogen species 

formation, DNA/RN, mtDNA amd/or protein damage, lipid peroxidation, caspase activation 

and apoptotic factors release.   

Jin and Lei [180] proposed a starvation induced autophagy model considering the 

logistic growth kinetics and nutrient transport. At low nutrient levels, normal cells were 

considered to enter the autophagy phase, where each autophagic cell generates monomeric 

units that serve as nutrients for the normal cells. The model predicted that cell autophagy 

could regulate and maintain the cell number in cultures with extremely low nutrient 

conditions by secretion of nutrients and inhibition of cell death. The model can be used to 

determine appropriate levels of autophagy and avoid the decrease of cell numbers as a result 

of excessive cell death.  

Tavassoly et al. [181] developed a model of the interaction of autophagic and 

apoptotic processes in mammalian cells. The model was based on mechanisms that regulate 

the expression of BCL-2 proteins and the calcium signaling in the endoplasmatic reticulum 

and mitochondria to account for the crosstalk between the two types of cell death. Besides the 

direct induction of apoptosis by the upregulation of proapoptotic proteins, cytoplasmatic 

calcium ions were considered to inhibit mTOR and lead to the cleavage of autophagic 

proteins, mechanisms that downregulate the autophagosome formation. The expression of 

BCL-2 proteins in the endoplasmatic reticulum and the activation of caspases were considered 

to inhibit and cleave Beclin-1, respectively, a protein required for autophagosome formation. 

On the other hand, BLC-2 in the endoplasmatic reticulum inhibited the inositol-1,4,5-



28 2. FENÔMENOS RELEVANTES PARA O DESENVOLVIMENTO DE TECIDOS E MODELAGEM  

 
trisphosphate receptor (IP3R) release of calcium ions. The model could predict the cell 

response to a cytotoxic drug exposure, and could be used to optimize therapeutic protocols 

and to predict the balance between cell death and survival in clinically relevant scenarios.  

2.4.1.6. Vascularization  

Recently, Bookholt et al. [183] simulated early stages of angiogenesis by modeling 

endothelial cell motility due to chemotaxis and durotaxis (migration directed by the matrix 

stiffness gradient). The model was composed of reaction-diffusion equations for several 

proteins that regulate the basement membrane, the fibrin matrix and cell migration. Lemon et 

al. [182] proposed a model of the vascularization of a porous scaffold seeded with stem cells, 

considering the infiltration of macrophages, fibroblasts and pericytes from the vascular tissue 

after implantation in vivo. Stem cell division and death was modeled as a function of oxygen 

concentration; cell proliferation was dependent on the availability of free space inside the 

scaffold. Macrophages were treated as infiltrating cells with no proliferation inside the 

scaffold, the death of which occurs in the absence of oxygen. Fibroblasts infiltration was 

considered to be stimulated by the presence of macrophages due to the production of the 

chemoattractant PDGF-BB, while their division and death were a function of oxygen 

concentration. Immature capillary formation and apoptosis were modeled, taking into 

consideration the endothelial cells infiltration, angiogenic growth factor concentration, ECM 

volume fraction, and pericytes association and disassociation with the vessel wall (related to 

vessel maturation). Pericytes death was modeled as the other cells, but their infiltration and 

proliferation were dependent on the immature capillary volume fraction due to their secretion 

of PDGF-B. The ECM secretion was a function of oxygen concentration, and also, as with the 

ECM degradation, of the volume fraction of stem cells, fibroblasts and pericytes. With this 

model it was shown that the scaffold could be prevascularized by seeding both stem cells and 

vascular cells to avoid cell loss due to slow in vivo infiltration.    

2.4.2. Mass transport analysis 

Modeling of mass transport inside porous scaffolds and its interaction with cell growth 

constitutes another important subject in the understanding and control of cell growth in 

scaffolds. Nutrient availability inside three-dimensional scaffolds affects cell activity directly 

(migration, proliferation, death and ECM synthesis) and indirectly (differentiation and 

angiogenesis), and its interaction with biological processes is summarized in Figure 2.7.  
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Figure 2.7: Scheme of the interconnections between different biological processes and 

nutrient availability that have been transcribed in mathematical modeling 

Many studies consider oxygen as the cell growth limiting nutrient due to its low 

solubility in polymeric porous matrixes [185–189]. According to Freed et al. [190], oxygen 

diffusion in 3D cultures can be insufficient to allow relevant cell growth inside the scaffold. 

Thus, modeling of oxygen transport can help the study of alternatives to ensure an appropriate 

oxygen supply in thick scaffolds. On the other hand, Lin, Lin and Chung [191] performed a 

computational study of glucose and oxygen transport in cartilage scaffolds and observed that 

glucose was the nutrient responsible for low cell density inside thick scaffolds in static 

cultures. Glucose acts as a direct source of carbon and is a nutrient required for energy 

production and cell proliferation in mammalian cells [192]. Consequently, many studies 

include glucose transport in cell proliferation kinetic [193–204].  

In order to produce energy through a glycolytic metabolism, cells degrade glucose into 

pyruvate, which is further converted in lactate, and this process can occur with parallel 

consumption of oxygen (aerobic glycolysis) or not (anaerobic glycolysis). Because lactate 

production provokes the acidification of the culture medium and can be harmful to the cells 
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[205], several studies consider the lactate production effect on cell growth model 

[199,201,204].   

Nutrient transport modeling in scaffolds usually considers the consumption rate of 

differentiated cells such as chondrocytes [185,187,191,204,206], cardiomyocytes [207], 

hepatocytes [208], and osteoblasts [189]. In addition, most modeling studies of cell growth 

and nutrient transport employ kinetic parameters from literature for differentiated cells – 

chondrocytes [170,194,196,209–211], fibroblasts [212] and immortalized cells [213] – or for 

a generic cell type [214].  

Human mesenchymal stem cell growth in vitro has been analyzed with a mathematical 

model based on mass balance of viable cells, glucose, lactate, glutamine and glutamate [199]. 

However, since the cells were cultivated statically in monolayers and not in scaffolds, the 

model considered average reaction and degradation rates. Another model was used to simulate 

the shear stress, hematopoietic cells growth and glucose and oxygen transport inside the 

scaffolds in a perfusion rotating wall bioreactor [200]. In this case, several cell types were 

considered in proliferation kinetics but no validation with experimental data was presented.  

In order to predict oxygen distribution in regular scaffolds seeded with embryonic 

stem cells in a perfusion bioreactor, a one-dimensional model can be used [189]. However, 

model validation with experimental data is not always presented. Mesenchymal stem cells 

growth and nutrient distribution in 3D scaffolds were modeled and validated in a perfusion 

bioreactor for cell differentiation to obtain bone grafts [186,193]. However, nutrient 

consumption rates were based on chondrocyte data [186] or on average values [193], without 

the consideration of the spatial influence of nutrient concentration on metabolic kinetics. 

Because of the gradient formation in 3D scaffolds, the availability and distribution of 

nutrients affect cell metabolism. Thus, it is more appropriate to use a kinetic model of nutrient 

consumption that includes the effect of spatial nutrient concentration [184].  

2.5 Conclusions 

The main biological processes in tissue development are related to cell behavior 

(proliferation, adhesion, migration, differentiation and death) and to the interaction of cells 

with the scaffold for tissue remodeling (vascularization, ECM synthesis). Although significant 

progress has been achieved in the last decades regarding the understanding and modeling of 

each of these processes separately, the development of a complete model for tissue growth in 

scaffolds still constitutes a major scientific challenge. One of the main challenges of tissue 
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engineering is to optimize mass transport inside the scaffolds as this process can regulate and 

affect several biological phenomena. Some phenomenological models presented in the 

literature show great potential to be applied to study and/or control the interaction between 

these different processes. However, more definitive evaluations of the relative potential of 

these models will always require experimental measurements for the specific cell type of 

interest, due to the kinetic parameters and behavior variations from one cell type to another. 

This is especially true to the case of tissue development with stem cells, where the amount 

and type of experimental data available is still limited. Therefore, future progress in this area 

will depend strongly on an intimate and interdisciplinary interplay between modeling experts 

and experimentalists, aiming the development of new measurement techniques and the 

generation of greater amount of experimental data to be as basis for model selection and 

validation. 
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Capítulo 3 

 

Condições de cultivo e propriedades do 

scaffold relevantes para o cultivo de células e 

modelagem fenomenológica 

 

A pesquisa na área de engenharia de tecidos cresceu muito na última década, a qual foi 

caracterizada por inúmeros avanços na tecnologia de biomateriais e na obtenção de células-

tronco. Este capítulo tem o objetivo de esclarecer a importância das condições de cultivo e das 

propriedades dos scaffolds no desenvolvimento de tecidos in vitro. Inicialmente, é feita uma 

breve discussão acerca dos tipos de scaffolds e da importância de utilizar a técnica de 

electrospinnig nessa área. Na sequência, é discutida a aplicação de diferentes técnicas de 

semeadura e cultivo. Por fim, é discutida a importância da modelagem na engenharia de 

tecidos. Este capítulo está na forma de artigo de revisão, na língua inglesa, o qual foi 

submetido para a revista Journal of Biological Physics e está sob revisão. 
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Abstract 

 

Tissue engineering is a multidisciplinary field of research, in which the cells, biomaterials and 

processes can be optimized to develop a tissue substitute. Three-dimensional (3D) 

architecture features from electrospun scaffolds such as porosity, tortuosity, fiber diameter, 

pore size and interconnectivity have a great impact on cell behavior. Regarding tissue 

development in vitro, culture conditions such as pH, osmolality, temperature, nutrient and 

metabolites concentrations dictate cell viability inside the constructs. The effect of different 

electrospun scaffold properties, bioreactor designs, mesenchymal stem cell culture parameters 

and seeding techniques on cell behavior can be studied individually or combined with 

phenomenological modeling techniques. This work reviews the main culture and scaffold 

factors that affect tissue development in vitro regarding the culture of cells inside 3D 

matrices. The mathematical modeling of the relationship between these factors and cell 

behavior inside 3D constructs has also been critically revised, focusing on mesenchymal stem 

cell culture in electrospun scaffolds.   

 

Keywords: stem cells, tissue development, electrospun scaffolds, phenomenological 

modeling. 
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3.1 Introduction 

Tissue engineering is a potential alternative for tissue transplants and applies basic 

principles of engineering to restore, preserve and/or enhance tissue function [1].  In tissue 

engineering, biomaterials can be engineered to produce scaffolds that mimic the extracellular 

matrix environment, considering appropriate architecture, biodegradability, biocompatibility 

and mechanical properties [2]. 

There are commercial devices available for tissue engineering but their high cost can 

impair the treatment of large tissue damage [3]. In addition, according to the regulated 

commercial products presented by Place, Evans and Stevens [4], 87 % of these products use 

animal derived materials  (e.g. porcine, bovine, equine or rat collagen or decellularized 

tissue), 37% present nutrient diffusion limitations (products in sheet form), and only 25% 

contain cells (e.g. MACI, Hyalograft C autograft and CaRes contain chondrocytes, and 

TransCyte, Apligraf and Dermagraft contain human fibroblasts). In order to reduce risks of 

adverse immunological response and animal component contamination and pathogen 

transmission, many efforts are being made to develop low cost xeno-free (with no animal-

derived components) devices [5,6]. 

The combination of different scaffold fabrication techniques – freeze-thawing [7], 

knitting [8], braiding [9], fused deposition modelling [10] – and biomaterials – natural [11], 

synthetic [7,9,10], hybrid [8] – have been explored in several commercial products. After an 

initial focus on the development of skin substitutes for burns treatment, the engineering and 

availability of devices for other tissue, such as bone [12], cartilage [13], vascular [14] and 

nerve [15], have become possible. 

Many tissue-engineering strategies are based on the culture of autologous cells in 

scaffolds – BioSeed-C, CaRes, Hyalograft C autograft, MACI, Neo-bladder, VascuGel [4,13]. 

However, autologous cell sampling requires an invasive procedure and may not provide a 

sufficient cell number for expansion or transplant techniques [16,17].  Meanwhile, 

mesenchymal stem cells (MSCs) are a potential alternative for tissue regeneration because of 

their differentiation potential and highly proliferative and immune privileged characteristics 

[17–20]. 

However, the success of cell culture in three-dimensional scaffolds requires adequate 

culture conditions. Beyond cell viability, the culture parameters should be able to provide 

chemical, electrical and mechanical stimuli to induce specific cell responses and generate 

functional tissue [21,22]. In this review, the main scaffold architecture and culture conditions 
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features affecting tissue development in vitro are discussed with an emphasis on the culture of 

mesenchymal stem cells in electrospun scaffolds. Furthermore, tissue engineering applications 

of several bioreactor systems and seeding techniques are synthesized.  Regarding these 

process variables, mechanistic modeling applications in tissue engineering are reviewed.  

3.2 Scaffolds  

Several types of biomaterials can be used as scaffolds in tissue engineering, such as 

films, beads and porous three-dimensional matrices (Figure 3.1).  

 

Figure 3.1: Types of structures for cell attachment and culture: film (a), beads (b), porous 

scaffold (c) 

Films can be used as bi-dimensional (2D) scaffolds and, along with MSCs, can be 

employed to develop substitutes for vascular tissue [23]. However, 2D scaffolds are unable to 

support in vitro cell growth and organization in a tissue-like structure because in vivo the 

extra-cellular matrix (ECM) provides a three-dimensional (3D) microenvironment for the 

cells [24]. While 2D cultures are not affected by biophysical properties of the matrix, 3D 

scaffolds provide physical and chemical signals to guide tissue development [25]. In this 

context, the interaction of MSCs with biomaterials can be investigated using a 2D platform to 

determine suitable models for further investigation in 3D structures for bone engineering [26]. 

In addition, porous films seeded with cells can be stacked to engineer a 3D corneal substitute 

[27]. 

Three-dimensional scaffolds have been fabricated in the form of beads or blocks with 

a defined shape [28]. Beads are usually  alginate [29], collagen [30], calcium phosphate – e.g. 

tricalcium phosphate [29] –, and polymer [31] based spherical structures designed for further 

molding into a 3D defined shape [30–32] or for injection for minimally invasive treatment to 

repair bone defects [29]. Beads and injectable hydrogels have also been used as soft tissue 

fillers in adipose [33] and cartilage [34] tissue engineering. Hydrogels are composed of 
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crosslinked hydrophilic polymer chains and can be produced in specific shapes other than 

microspheres. However, their application is usually limited to soft tissue due to their poor 

mechanical properties [35].   

MSCs have been cultivated in ceramic [36], metallic [37] and polymeric [38] porous 

3D solid scaffolds to develop substitutes for load-bearing tissue. However, metals are non-

resorbable [37] and ceramics present low fracture toughness and brittleness [39]. On the other 

hand, synthetic biodegradable polymers have be used to develop 3D porous scaffolds for hard 

[40] and soft [41] tissue engineering due to their adequate mechanical properties and 

degradability.  

The use of biodegradable polymer blends in tissue engineering allows for adjustment 

of the scaffold performance in terms of biocompatibility, processability, mechanical 

resistance and degradation rate [42]. Aliphatic polyesters, such as polycaprolactone (PCL), 

polylactic acid (PLA), polyglycolic acid (PGA) and their copolymers degrade mostly by the 

hydrolysis of the ester bonds in acid monomers that can be removed from the body by 

metabolic routes, characterizing them as bioresorbable materials [43,44]. However, 

degradation byproducts can affect the medium acidity, and consequently, cell viability, 

migration and angiogenesis [45]. The local accumulation of these byproducts can be avoided 

with a perfusion culture system, which can also reduce the polymer degradation rate [46]. 

The fabrication process can determine the architecture and mechanical properties of 

the scaffold. The more common techniques to produce polymeric porous 3D structures for 

tissue engineering are gas foaming, fiber extrusion and bonding, electrospinning, solid free-

form fabrication, three-dimensional printing, phase separation, solvent casting/particulate 

leaching, freeze-drying and emulsion freeze-drying [41]. However, interconnectivity and pore 

size and shape are not always controllable with most of these methods [47].  

According to Pulikkot et al.[48], when compared to non-porous and microporous 

polycaprolactone scaffolds, microfibrous matrices enhanced cell proliferation as a result of 

the higher surface roughness and area available for cell adhesion. Electrospinning is a 

technique capable of producing micro and nanofibrous scaffolds with interesting 

characteristics for tissue engineering, allowing for the use of a wide range of polymers. The 

self-organization process of the fibers is induced by electrostatic repulsion forces (Figure 3.2), 

assigning to the technique high versatility in terms of morphology, surface topology and fiber 

properties control [49]. 
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Figure 3.2: Electrospinning setup scheme 

Electrospun scaffolds have high packing density (ratio of surface area to total volume), 

highly interconnected pore network and fibers with diameters similar to the dimensions of the 

extracellular matrix protein networks [50]. Besides this, electrospinning also enables the fiber 

thickness to be controlled through the manipulation of process variables, allowing for the 

study of the impact of the porous matrix spatial architecture on cell behavior [51].  

Due to their unique features, the use of nanofibrous electrospun scaffolds in tissue 

engineering is expanding rapidly. Polycaprolactone/collagen/hydroxyapatite (PCL/col/HA) 

(Phipps et al., 2011), fibrinogen/polydioxanone (Fg/PDO) (Francis et al., 2016) and 

polycaprolactone/polylactic acid (PCL/PLA) (Yao et al., 2017) nanofibrous electrospun 

scaffolds have been shown to promote bone regeneration in vitro when seeded with human 

MSCs. In diabetic animal models, 3D poly(lactic acid-co-glycolic acid) (PLGA) electrospun 

scaffolds have been used for chronic wound repair [55], while poly-L-lactide acid (PLLA) 

electrospun devices have been able to improve insulin secretion [56]. Polymeric nanofibrous 

electrospun scaffolds have also been applied in clinical trials for the treatment of cutaneous 

leishmaniasis [57], diabetic foot ulcers [58], and for human pelvic floor reconstruction [59].   

3.3 Scaffold architecture impact on cell behavior  

The chemical nature and architecture of a 3D scaffold can affect cell proliferation and 

differentiation due to their importance in cell adhesion and migration and in mass transport 

within the matrix [60].  
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The scaffold porosity has a direct impact on the supply of nutrients to the cells, 

metabolite dispersion, pH local stability and cell signaling [61]. Higher porosities are known 

to support larger cell densities and to enhance cell proliferation and differentiation [62,63]. In 

addition, scaffolds with higher porosity often present higher permeability and cell infiltration 

[64,65]. However, a larger void fraction can lead to poor mechanical resistance [64]. Thus, the 

biomaterial porosity must be optimized to allow for cell interaction and provide the 

mechanical properties required for the intended application.  

Tortuosity is another factor that has an impact on mass transport, affecting the 

nutrients effective diffusivity and the cell migration rate within the scaffold [61]. The 

tortuosity refers to the path that the culture medium has to take through the interconnected 

pores to get from one extremity of the scaffold to another. Thus, scaffolds with high tortuosity 

present high resistance to fluid passage through the porous structure, resulting in low 

permeability.  

Pore size should also be appropriate to allow for cell spreading and network formation 

and its optimal value usually depends on the material of the scaffold and on the cell type [25]. 

According to Fu and Wang [66], the optimal mean pore diameter is the approximate diameter 

of the cell. This is because pore size establishes the proximity between the cells in the initial 

stages of the culture and the space available for their three-dimensional organization during 

tissue development [61]. Although large pores can enhance cell proliferation, excessively 

large pores can be prejudicial to the mechanical properties of the structure [67] and 

discourage the extracellular matrix synthesis between the fibers [68]. 

In fibrous scaffolds, mean fiber diameter can affect the porosity and pore size mean 

values and distribution. In a range from 1 to 2.5 μm, electrospun scaffolds with higher fiber 

diameters can be associated with higher porosity [69]. However, in a range of 1 to 10 μm, 

fiber thickness may not present a linear correlation with the porosity [70–72]. Elsayed et al. 

[69] observed the highest cell infiltration and migration through the electrospun scaffolds with 

the largest pore size and greatest porosity. In addition, scaffolds with smaller fiber diameters 

present smaller pores [71,73], which can hinder cell migration and colonization [50]. 

Furthermore, while electrospun scaffolds with smaller fiber diameters can present higher 

human MSC densities at the beginning of the in vitro cell culture, larger fiber diameters 

scaffolds can influence the cellular phenotype and differentiation [74].  

Figure 3.3 presents a scheme of a porous structure where the architectural features 

discussed above are illustrated. 
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 Figure 3.3: Architectural features of three-dimensional scaffolds. The porosity (void 

fraction) is indicated by the amount of blank space and the pore size and geometry is 

represented by the size and geometry of the blank spaces; the tortuosity is illustrated by the 

paths signaled with black arrows  

3.4 Culture conditions 

The culture conditions directly affect cell behavior and tissue development in vitro. 

Parameters such as pH, osmolality and temperature should be kept in an optimal operating 

range to ensure the viability of the cells. Other factors, like nutrient and metabolites 

concentrations can be used to induce a specific cell reaction. Thus, some key culture variables 

that influence the cell culture are discussed below.  

3.4.1. pH and osmolality 

The most appropriate pH for the majority of mammalian cells is between 7.2 and 7.4. 

The decrease of the pH of the culture medium leads to lower cell proliferation and glucose 

uptake rate [75]. The main reason for pH variation in the culture medium is the production of 

carbon dioxide by metabolic processes. A buffer of bicarbonate-carbon dioxide provides an 

excellent control of the pH while the cell culture remains in an incubator (usually with 5 % 

CO2) [76].  

Cells need an isotonic environment because of the necessity to maintain the osmotic 

pressure over the culture, usually between 260 e 320mOsm/kg. Hypo and hyperosmotic 

cultures, when compared to cultures with a physiologic osmolality, can present smaller 
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extracellular matrix (ECM) synthesis and reduced cell metabolism, and in extreme cases lead 

to cell death [77]. 

3.4.2. Oxygen concentration 

Oxygen levels lower than the atmospheric concentration (21%, v/v) can characterize a 

hypoxia condition and are part of the physiologic conditions found in vivo in the 

microenvironment of several stem-cell types (1 - 8%, v/v). Under hypoxia, oxygen is not only 

a nutrient but becomes a signaling molecule that acts on cell development and organization 

[78]. Human MSCs under hypoxia initiate the exponential phase of growth earlier and have 

reduced nutrient uptake and inhibitory metabolite production, when compared to cell cultures 

in normoxia [79].  

Culture of human MSCs under hypoxia can modify the conversion of glucose in 

lactate (gradual accumulation of lactate) and change the energy production metabolism from 

aerobic to anaerobic [80]. Cell expansion under this condition can also affect the 

differentiation potential of MSCs through the up-regulation of the transcriptional expression 

of hypoxia-inducible factor-2 alpha (HIF-2α) [81]. While the HIF-2α can promote the 

proliferation of MSC [82], HIF-1α, a similar transcription factor mediating the cellular 

response to hypoxia, can stimulate proliferation, migration and angiogenesis of MSC [83]. 

Low oxygen tensions can be used in rotating bioreactors but can lead to reduced and non-

uniform ECM component deposition and, consequently, smaller tissue size [84]. 

3.4.3. Glucose concentration 

Glucose is an important metabolic fuel and a limiting nutrient for MSC culture 

because their ATP production occurs mainly through glycolysis, which leads to the 

degradation of glucose into pyruvate [85]. According to Machado [86], glucose 

concentrations of approximately 5mM propitiate higher viability and proliferation of human 

dental stem cells. The glucose can also affect the oxygen uptake rate of chondrocytes, 

resulting in near anoxia region formation in scaffolds cultivated with low glucose medium 

[87]. Furthermore, cell viability has shown to be hindered by carbon sources and not oxygen 

availability in three-dimensional tumors [88].  

Glucose concentration can drop drastically to 0.5 or 1.5 mM, within three days in cell 

cultures with low glucose medium, under hypoxia and normoxia, respectively, leading to 

reduced cell viability [89]. According to Deschepper et al. [80], combined low oxygen and 
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glucose depletion leads to cell shrinking and decreased cell viability and ATP production. 

Furthermore, not a single viable cell is observed after 3 days in cultures with no glucose with 

or without bovine fetal serum addition (which contains a small glucose concentration).  

On the other hand, high glucose conditions can suppress bone-marrow MSC 

proliferation and migration. This condition can activate glycogen synthase kinase-3β 

(GSK3β), which inhibits the expression of cyclin D through the Wnt/β-catenin pathway, 

reducing cell proliferation. Simultaneously, the migration ability of the cells is reduced by the 

activation of GSK3β, which can decrease C-X-C chemokine receptor type 4 (CXCR4) 

expression via stromal cell-derived factor 1 (SDF-1)/CXCR4 signaling [90]. 

3.4.4. Toxic metabolite concentration 

In glycolysis, cells convert pyruvate by lactate dehydrogenase (LDH) to lactate and 

can lead to lactate accumulation at high glycolytic rates due to the increase of lactate 

production and efflux from the cells [91]. Mammalian cells, including MSCs, can also 

produce energy through glutaminolysis, generating ammonia and glutamate by hydrolysis of 

glutamine and lactate or alanine by further conversion of pyruvate [92]. The accumulation of 

toxic metabolites such as lactate and ammonia can change the pH and the osmolality of the 

culture medium and inhibit cell growth. Lactate concentrations up to 20 mM inhibit MSC 

growth from the fifth day of cultivation [93]. According to Schop et al. [92], the source of the 

MSCs can influence cell metabolism and the capacity of the cells to tolerate high 

concentrations of toxic metabolites. 

Metabolite concentration can also affect cell morphology, changing the fibroblast form 

of the MSCs to a more stretchy or cubic morphology. This can be related to the alkalinization 

or acidification of the cytoplasm, induced by high lactate and ammonia concentrations, 

respectively. However, human MSCs do not lose their differentiation potential when their 

growth is hindered by high amounts of lactate or ammonia in the culture medium [92].  

3.5 Bioreactors 

Dynamic culture systems, such as spinner flask, rotating systems and perfusion 

bioreactors (Figure 3.4), can be used to reduce mass transport limitations in vitro and/or to 

optimize a specific process, such as cell expansion, differentiation, extracellular matrix 

(ECM) synthesis or growth factor secretion. A dynamic culture more efficiently mimics the 

natural environment in which the scaffold will be transplanted afterward because it can 
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regulate the cell microenvironment and simulate different conditions of oxygen and shear 

stress. Furthermore, bioreactors can be designed to control time and spatial cell signaling 

through the incorporation of biological or physical stimuli [94]. 

Spinner flask and stirred tank bioreactors (Figure 3.4a) have been widely used to 

expand MSCs in commercial microspheres which are also called microcarriers, due to the 

enhanced mass transport inside the constructs and resultant higher cell growth [95]. In order 

to optimize MSCs growth, different microcarriers [96], culture medium [96–98] and shear 

stress levels [99] have been studied in stirred bioreactors. However, contrary to microcarriers, 

tissue substitutes require appropriate geometry and functions, usually being cultivated in 

dynamic systems with perfusion and rotation (Figure 3.4b-f). Regarding engineered 3D 

scaffolds, the use of bioreactors in tissue engineering constitutes an alternative for providing 

appropriate nutrient supply, residual removal, gas exchange and mechanical forces stimulus 

for cells [60]. 

 

Figure 3.4: Bioreactor types for cell culture in tissue engineering (culture medium in grey, air 

in white): spinner flask (a), rotating wall (b), rotating bed (c), perfusion (d), rotating bed 

perfusion (e) and hollow fiber (f) 

Rotating wall bioreactors (Figure 3.4b) provide mechanical stress stimulation, which 

induces osteogenic and chondrogenic differentiation [100]. This system involves lower shear 

stress than other dynamic culture systems, while also resulting in homogeneous cell 

distribution due to enhanced mass transport. In a similar way, bioreactors with a rotating bed 
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(Figure 3.4c), where the scaffold rotates instead of the bioreactor wall, have been used to 

cultivate human umbilical vein smooth muscle cells in tubular electrospun scaffolds. Elsayed 

et al. [69] showed that a rotation dynamic system promoted cell infiltration through the 

scaffold thickness and increased cell proliferation when compared to a static culture.  

Other bioreactors use flow perfusion (Figure 3.4d) to provide higher nutrient transport, 

leading to enhanced cell viability and uniform distribution through 3D scaffolds [101]. Higher 

cell growth, osteoblastic differentiation induced by the shear stress [63,102–104], and cell 

migration [105–108] are often observed in perfusion bioreactors when compared to static 

culture. Furthermore, oxygen concentration gradients can be produced in perfusion 

bioreactors to mimic in vivo ECM conditions and enhance cell migration and growth [109].   

Direct perfusion bioreactors have also been shown to enhance ECM deposition and 

distribution [104,110]. Liao et al. [111] used perfusion bioreactors to generate an ECM coated 

in electrospun microfibrous scaffolds by cultivating chondrocytes and then decellularizing the 

construct. The constructs were later used for MSC chondrogenic differentiation under serum-

free conditions and with no transforming growth factor beta 1 (TGF-β1) addition. Thibault et 

al. [112] also used perfusion flow to induce ECM deposition by MSCs in an electrospun 

scaffold followed by decellularization of the construct and reseeding with MSCs, but used 

osteogenic medium and focused on osteogenic differentiation.  

In direct perfusion systems, it is important to establish an optimal perfusion flow rate 

to avoid cell death due to high shear stress [103]. Small pores can also result in high shear 

stress levels, with bioreactor cultures being mainly performed with porous matrixes with 

mean pore sizes in the range of 100 to 500μm, which are not possible in electrospun scaffolds 

(maximum mean pores of 45μm reported by Pham et al. [71]). The perfusion culture of 

human MSCs seeded in electrospun nanofibers can lead to initial round-shaped morphology 

and may result in cell proliferation, chondrogenic differentiation and ECM synthesis similar 

to those obtained in static culture [113]. Gugerell et al. [114] also obtained no improvement 

with direct perfusion of MSCs seeded in hydrogels or on top of the bottom layer in stacked 

electrospun scaffolds. 

One alternative to reduce shear stress inside the pores in perfusion systems is to use a 

bypass to release pressure build-up [115]. Fixed bed fibrous bioreactors can also allow for 

lower shear stress inside electrospun scaffolds [116]. Yeatts et al. [117] used an indirect 

perfusion system with flow through a packed bed of electrospun scaffolds seeded with human 

MSCs to produce tissue substitutes for further subsequent implantation into rat femoral 
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condyle defects. Kim and Ma [118] compared two indirect perfusion systems with parallel 

flow and transverse flow for growth factor secretion by human MSCs in 3D constructs. It was 

verified that parallel flow allowed for cell secreted basic fibroblast growth factor (FGF-2) 

accumulation in the scaffolds whereas transverse flow increased the mass transport through 

the scaffold and affected FGF-2 redistribution in the construct.  

For direct perfusion, da Silva et al. [113], Grayson et al. [119], Dahlin et al. ) [120], 

and Santoro et al. [121] used a system in which the flow split in several channels, reaching 

lower flow rates and reducing shear stress in electrospun scaffolds. However, the culture 

medium was the same for all the scaffolds and it was not possible to control the individual 

metabolite production, nutrient consumption and flow because each scaffold has a random 

geometry and consequently results in a different resistance to flow, as pointed out by Dahlin 

et al. [120].  

On the other hand, medium perfusion and scaffold rotation can be combined in a direct 

perfusion bioreactor with rotating bed (Figure 3.4e). Diederichs et al. [122] compared the 

culture of human MSCs seeded in macroporous ceramic scaffolds in static conditions and in a 

direct perfusion bioreactor with rotating bed. Under the proposed dynamic conditions, high 

glucose consumption and lactate production indicated increased cell proliferation. In addition, 

the bioreactor promoted enhanced osteogenic differentiation. Neumann et al. [123] also 

expanded human MSCs in a perfused rotating bed (cell carrier slides), but used a disposable 

bioreactor. Their dynamic culture scheme provided low shear stress and high cell yields while 

maintaining MSC morphology and stemness characteristics (specific MSC surface markers 

and osteo/adipo/chondro lineages differentiation potential).  

Tubular electrospun scaffolds have also been seeded with human MSCs for cultivation 

in rotating bed perfusion bioreactors with alternate exposure to air and culture medium 

phases. This dynamic culture system, when combined with appropriate growth factors and 

serum amounts, stimulated MSC differentiation into a smooth muscle cell phenotype. The 

bioreactor culture also increased the ECM synthesis and deposition and the homogeneity of 

cell distribution on the scaffold surface it also presented cell colonization inside the scaffold – 

which was not observed in static culture due to small pore size [124].  

Another dynamic system that has been used to produce bone tissue substitutes with 

MSCs is the hollow fiber bioreactor (Figure 3.4f), in which cells are seeded in the 

extracapillary space and culture medium flows inside the hollow fiber lumen [125]. 

Furthermore, higher cell density, proliferation and osteogenic differentiation can be achieved 
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by 3D scaffolds seeded with MSC cultures in bioreactors with combined perfusion and cyclic 

compression [126]. Furthermore, in order to generate functional tissue responsive to both 

mechanical and electrical signaling, MSCs have been incorporated in electrospun fibers and 

cultivated in bioreactors with dynamic uniaxial strain and electrical stimulus [21].  

3.6 Cell seeding 

The seeding density of cells can influence tissue development because high cellularity 

increase the cell-cell contact and communication. However, its effect is not so evident when 

cells become confluent with culture time, which occurs with high cell concentrations in long-

term cultures [127]. Cell seeding methods can be static (droplet or suspension) or dynamic 

(agitation, vacuum, centrifugation, stirring, rotational, and perfusion), observing that in some 

cases (stirred, rotational and perfusion) bioreactors can be used for cell seeding by using a cell 

suspension instead of the culture medium [128]. As the seeding methods affect the quantity 

and the distribution of viable cells adhered to the scaffolds at the beginning of the culture, the 

main features of these seeding methods, schematized in Figure 3.5 (except for stirring, 

rotational, and perfusion, already presented in Figure 3.4), are discussed below. 

Figure 3.5: Seeding methods (cell suspension in grey): droplet (a), suspension (b), agitated 

(c), centrifugation (d), vacuum (e) 

Static methods by droplet (Figure 3.5a) or suspension (Figure 3.5b) are simpler but 

have a low level of efficiency and superficial adhesion. The droplet seeding, for instance, can 
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lead to 20 to 50 % of cells not attached to the scaffold due to breakup of the cell suspension 

and further floating of the cells [68]. Yamanaka et al. [129] used an alternative droplet 

seeding, in which the floating of MSCs was avoided by using an absorbent surface under the 

scaffold to force the flow of the cell suspension from the top to the bottom of the scaffold. 

However, there is no evidence that this would be an effective solution for electrospun 

scaffolds as they used scaffolds produced by solvent casting and particulate leaching, with 

large and interconnected pores.   

Other methods, such as vacuum seeding (Figure 3.5e) [130] and centrifugation seeding 

(Figure 3.5d) [131,132] require small cell quantities and can be applied to reduce the time of 

the procedure, increase cell infiltration and homogenize their distribution in 3D scaffolds. 

However, scaffold porosity and pore size may affect the results of both vacuum [133] and 

centrifugation [132] seeding. Accordingly, different systems and protocols result in distinct 

seeding efficiencies and even optimized protocols for these methods can lead to results 

inferior to those with static seeding [129]. Furthermore, Griffon et al. [128] studied MSC 

attachment with several seeding techniques and verified that the scaffold material and 

structure could be determinant in seeding efficiency.  

Regarding electrospun scaffolds, Wanasekara et al. [134] observed that nanofiber and 

microfiber structures presented different fibroblast infiltration and may require distinct 

vacuum pressures to optimize cell distribution inside the scaffolds. In addition, epithelial cells 

have presented higher viability with the centrifugal method than with static seeding [135].  

The most widely used dynamic methods are stirred (Figure 3.4a), agitated (Figure 

3.5c) and perfusion (Figure 3.4d) seeding. The first two have higher efficiency levels than 

static methods, but the amount of adhered cells depends on the cell concentration in the 

seeding solution [136]. Perfusion systems have higher efficiency levels and lower standard 

deviations for the number of cells adhered to scaffolds than static seeding methods [137]. 

When compared to droplet or stirred seeding, perfusion presents higher cell viability and 

uniformity of cell distribution [138]. A rotating bed scheme (Figure 3.4e) can be used in 

perfusion bioreactors to increase the homogeneity of the cell distribution inside 3D scaffolds 

[110]. Besides this, perfusion seeding can be optimized considering the inverse correlation 

between flow rate and cell seeding efficiency. Due to these characteristics, perfusion 

bioreactors have been used for seeding in a variety of systems, including ceramic scaffolds 

with goat MSCs [110], fibrous scaffolds with human MSCs [139], electrospun scaffolds with 

human fibroblasts [137] and rat MSCs [140] for subsequent cultivation. 
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The thickness of electrospun scaffolds is limited by the reduction of fiber deposition 

efficiency caused by the insulating effect of deposited fibers and consequent reduction of 

electrostatic force applied on the polymeric solution [141]. For applications that require high 

volume of tissue, thin scaffolds can be assembled in a multilayer form to obtain the desired 

thickness [142–146]. According to Ardakani et al. [147], cells cannot detach from one layer 

and adhere to an adjacent layer naturally, especially when there is liquid between the surfaces. 

Thus, in multilayered configurations, the position and disposition of the seeding surfaces can 

be important for the final cell distribution and the drag of cells with the passage of the flow. 

3.7 Modeling scaffold properties and impacts  

Modeling methods are mainly used to determine 3D scaffold architectural properties 

or analyze their impact on nutrient transport and cell growth, adhesion, deformation and 

detachment [148–156]. In addition, the process of scaffold degradation can also be studied 

and modeled to evaluate tissue development [157–162]. 

Truscello et al. [155] used a computational fluid-dynamic (CFD) model to predict 3D 

scaffolds permeability with different pore sizes and resulting different porosities. Santamaría 

et al. [154] also used CFD modeling to determine permeability and wall shear stress under 

diverse flow rates for heterogeneous 3D structures with different pore sizes and 

interconnectivity. Mechanical and biological properties of electrospun nanofibrous scaffolds 

can also be estimated with mathematical models. Gómez-Pachón et al. [150] predicted the 

effective Young’s modulus of scaffolds with aligned or random fiber disposition, while 

Decuzzi and Ferrari [149] estimated the cellular adhesion strength as a function of the 

scaffold roughness and surface energy. These models can be helpful in the design of scaffolds 

and bioreactors and in situations where experimental measurements of these parameters are 

not available. 

Coletti et al. [148] evaluated the effect of scaffold porosity and permeability variation 

due to cell density on cell growth and mass transport in 3D perfusion cultures. Simulation 

results showed that nutrient availability and cell density decrease with time in deeper sections 

of the scaffold as a result of the pore volume occupation by cells as they proliferate and 

consequent reduction of the scaffold porosity and permeability. This could indicate that initial 

cell density and distribution must be optimized in accordance with the scaffold pore size in 

order to generate homogeneous tissue. Figure 3.6 shows different pore obstruction and size 

reduction as a result of cell adhesion and growth. 
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Figure 3.6: Pore obstruction with cell growth: dashed circles represent the reduction of the 

pore size with cell adhesion on the pore walls; the “x” symbol denotes the obstruction of 

superficial small pores with cell adhesion on the scaffold surface and the “+” symbol indicates 

pore obstruction due to cell growth and full occupation of the pore space 

Jungreuthmayer et al. [151] used CFD modeling to study cell drag and shear stress 

through scaffolds with different pore sizes under flow perfusion. It was observed that cells 

with bridged morphology (adhered to more than one strut) were up to 500 times more 

deformed when subjected to the same shear stress than cells with a flat morphology (adhered 

to only one strut). Thus, cell morphology when adhered on the scaffold pore could determine 

its detachment under perfusion. Mccoy and O’Brien [153] studied the influence of scaffold 

pore size in cell attachment and detachment under different perfusion flow rates, and 

correlated cell deformation with cell detachment through experimental and computational 

techniques. The proposed model could predict cell loss under different flow perfusion as a 

function of the initial cell number, mean pore size and mean shear stress, and included a 

constant for cell growth in static cultures. Thus, their model could be used to determine the 

conditions that minimize the effect of pore obstruction with cell proliferation. 

Ma et al. [152] evaluated the effect of porosity in perfusion flow through scaffolds, 

and observed that smaller porosities and pore sizes presented higher velocities due to the 

restriction of available space for fluid flow and consequent increase of pressure drop. In 

addition, low porosity scaffolds presented higher oxygen volume fraction, indicating reduced 

consumption and thus smaller cell growth. Yan et al. [156] studied the effect of different 

initial porosities and flow rates on glucose and oxygen transport and on cell growth within 3D 

scaffolds, taking into consideration the increase of the scaffold porosity due to polymer 

degradation. It was observed that high initial porosities can reduce nutrient effective 

diffusivity and availability with time due to the occupation of the void space by cells and, as a 

result, affect cell distribution inside the scaffold. This model could be useful for scaffolds 

with rapid degradation times and corroborates with the results of Coletti et al. [148] and 

Mccoy and O’Brien [153].  
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Scaffold degradation has also been studied using complex models. Chen et al. [157] 

developed a mathematical model of the hydrolysis reaction and autocatalysis and considered 

the effect of mass transport to evaluate the polymeric degradation of microparticles and tissue 

scaffolds. The stochastic hydrolysis process was described based on a pseudo first-order 

kinetic equation. The probability of hydrolysis of a single element was modeled as a 

probability density function dependent on the structural porosity and on the average molecular 

weight loss. The autocatalytic contribution was modeled as an exponential function of the 

acid catalyst. The model was able to predict the experimental behavior of degradation and 

erosion of bulk-erosive polymer structures and evaluated the impact of scaffold architecture 

and mass transfer on the degradation of porous structures.  

Heljak et al. [160] modeled the aliphatic polyester hydrolytic degradation of a 3D 

porous scaffold using reaction-diffusion equations for the concentrations of ester bounds and 

monomers, and also considered the autocatalytic effect of soluble monomers. The model 

could predict the degradation time and changes in the molecular weight and mass of a bone 

scaffold. At a later date, these authors used this model to study the effect of different 

porosities on the degradation process of a poly(DL-lactide-co-glycolide) scaffold under 

dynamic or static conditions. Simulation results indicated that high porosity, fluid flow or 

periodic replacement of the medium (in static conditions) could reduce polymeric scaffold 

degradation [159]. The model could be used to optimize scaffold porosity and to determine 

when medium replacement is necessary in static culture, based on the accumulation of 

degradation by-products.  

Shazly et al. [161] developed a computational model of bulk hydrolysis of 

bioresorbable vascular poly(L-lactide) scaffolds in a post-implantation in vivo environment. 

The authors studied the degradation by-product transport via diffusion and convection by 

considering the blood flow (in the lumen and the porous arterial wall) when the erodible 

scaffold is implanted within the arterial wall. The polymer degradation and autocatalysis was 

modeled as a first-order reaction with a system of reaction-diffusion equations that considered 

the systematic formation of four oligomer groups and lactic acid. The metabolism of lactic 

acid in a healing zone with varying diffusivity (to account for tissue remodeling) and in the 

arterial wall was described as a first-order reaction and incorporated in reaction-diffusion-

convection equations. The model could predict the levels of lactic acid that accumulate in 

local tissue by coupling its production with convective and diffusive transport and metabolic 

elimination. It was observed that the interplay between the tissue remodeling and the 
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hydrolysis process regulate the levels of degradation by-products within the tissue and that 

mass transport is a more effective by-product clearance mechanism than metabolic 

elimination.This model was later used to evaluate the effect of polydispersity, initial degree of 

crystallinity and lactide doping in the degradation, erosion and by-product accumulation. It 

was observed that only the erosion process was sensitive to crystallinity and that all processes 

were responsive to lactide doping [158].  

Akalp et al. [162] proposed a model of tissue growth, enzymatic degradation of an 

enzyme-sensitive hydrogel and ECM molecules transport within the hydrogel scaffold. 

Enzymes released by the cells were considered to diffuse through the polymer network and 

degrade the hydrogel through cross-link cleavage with a Michaelis-Menten kinectics. The 

transport and deposition of ECM molecules secreted by the cells were modeled with a 

convection-diffusion-reaction system, considered an inhibition term for ECM deposition. It 

was shown that an appropriate relationship between scaffold degradation and ECM transport 

and deposition is necessary to maintain the mechanical properties of the structure. The 

discussed degradation models could be used in scaffold design to optimize the relationship 

between architectural and degradation properties.  

3.8 Modeling for bioreactors, seeding methods, and culture 
conditions analysis 

Modeling can also be used as a tool for bioreactor design [163–167], seeding process 

analysis [143,168–170] and culture condition analysis and optimization [22,119,148,171–

179]. 

Singh et al. [167] used CFD modeling to study the velocities and wall shear stress 

inside and outside a scaffold under uni-axial and bi-axial flow schemes in a rotational 

bioreactor. It was observed that bi-axial rotations were capable of increasing fluid velocities 

and shear stress within the scaffolds by combining rotational velocity vectors. This model 

could be useful in rotational bioreactor design and optimization in a simplified study, as 

nutrient transport and cell growth are not considered.   

Pathi et al. [165] studied parallel perfusion bioreactors with different liquid layer 

thicknesses above a porous scaffold seeded with granulocyte progenitor cells.  Oxygen supply 

was increased with a larger liquid layer thickness, due to the higher oxygen delivery through 

hydrodynamic flow, with little contribution of the oxygen permeability of the outer 

membrane. Through computational modeling it was possible to verify that convective oxygen 
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delivery provided by culture medium perfusion could overcome diffusion limitations and 

enhance cell growth. 

Devarapalli et al. [163] used CFD modeling to simulate several perfusion bioreactor 

designs with rectangular or circular shapes and different inlet and outlet flow configurations 

in order to evaluate the resulting shear stress and pressure drop in porous scaffolds. 

Homogenous shear stress distribution could be achieved in circular bioreactors with 

semicircular inlet and outlets. Hidalgo-Bastida et al. [164] also performed CFD simulations to 

compare circular and rectangular shape perfusion bioreactors, but did not evaluate diverse 

inlet and outlet shapes. On the other hand, a proposal was made for a mixed design with a 

rectangular holder for circular scaffolds and a safe distance between the scaffold and the inlet 

and output to guarantee uniform flow and shear stress through the scaffold.  

Schirmaier et al. [166] used mathematical models to determine optimum values for 

impeller speeds and local shear stress in stirred single-use bioreactors for human adipose 

tissue-derived MSC expansion under low-serum conditions. With the help of simulation 

results it was possible to scale-up microcarrier-based cell cultures from spinner flasks to 

large-scale stirred single-use bioreactors. Thus, CFD modeling could be used not only in the 

design step but also in the scale-up of bioreactors to guarantee the required conditions for cell 

expansion and tissue development. 

The generation of homogeneous tissue can also be affected by the seeding process 

with an initial homogeneous cell distribution not necessarily being the best alternative in 

tissue engineering. Doagǎ et al. [169] proposed a non-linear kinetic model of cell adhesion in 

porous scaffolds based on the Langmuir’s theory of adsorption to describe cell seeding in a 

stirred bioreactor. Cell attachment was considered a two-step process with initial recovery of 

the cell integrin function – inhibited after the trypsinization required for cell detachment from 

the culture flask for cell counting before cell seeding – and further integrin binding with 

scaffold sites available for cell attachment. The model was able to represent the experimental 

process of cell adhesion and reinforced the higher cell seeding efficiencies obtained in 

protocols with alternative cell detachment treatments other than trypsinization.  

Dunn et al. [143] proposed an alternating cell seeding strategy for multilayer matrices 

to surpass oxygen depletion in the inner core of the scaffold, verified with computational 

simulations. Modeling cell growth and nutrient transport in a homogeneously seeded scaffold 

showed the formation of hypoxic regions with time as the cell consumption became higher 

than oxygen delivery through diffusion. Chung et al. [168] compared the result of various 
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seeding modes in cell growth in scaffolds and proposed that cell seeding in only the middle 

portion of the scaffold could increase nutrient availability and homogenize cell distribution 

and growth in tissue engineered constructs.  

In addition, Jeong et al. [170] evaluated the effect of different seeding strategies on 

cell growth, and identified an optimal set of parameters for obtaining a homogeneous cell 

distribution in five stacked scaffolds through mathematical modeling. It was observed that the 

interplay between cell growth and nutrient consumption could be optimized by alternating 

seeding between unseeded and partially cell-seeded scaffolds (with cells seeded in concentric 

annulus) (Figure 3.7). These models could be used to develop new strategies for optimal cell 

seeding based on specific cell proliferation, migration and nutrient consumption. 

 

Figure 3.7: Different cell seeding strategies proposed by Jeong et al. [170]: seeded scaffold 

(grey) intercalated with non-seeded scaffolds (black) (a) and scaffolds seeded in alternating 

concentric annulus regions (b) 

Several modeling applications aim to evaluate and /or identify optimal culture 

conditions (flow rate, shear stress, fluid velocity, oxygen tension, electrical potential) within 

scaffolds cultivated in bioreactors. Raimondi et al. [176] used CFD modeling to predict shear 

stress and fluid velocity in 3D fibrous structures under perfusion. Grayson et al. [119] 

optimized medium perfusion rate for a direct perfusion bioreactor by predicting the shear 

stress inside the scaffold. Through mathematical modeling it was possible to evaluate the 

oxygen transport and verify if the oxygen levels and cell viability were maintained in a range 

of flow rate values. These models could be used to characterize the bioreactor conditions that 

cannot always be experimentally measured, such as shear stress and oxygen concentration.  

Flaibani et al. [172] used mathematical modeling to identify an optimum flow rate for 

reaching a maximum cell volume fraction inside 3D scaffolds under perfusion. To achieve 

this, cell growth was modeled as a function of pore size distribution and oxygen 
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concentration. It was observed that low flow rates could inhibit cell growth by leading to very 

low oxygen concentrations (hypoxia) inside pores with different diameters. On the other hand, 

high flow rates resulted in elevated shear stress levels that could inhibit cell growth or induce 

cell detachment. This model could be used to estimate cell growth and distribution inside 

heterogeneous porous scaffolds. 

Another option to account for scaffold microorganization was reported by Porter et al. 

[175]. The authors used microcomputed tomography imaging to define scaffold 

microarchitecture. Local shear stress was then estimated at various perfusion flow rates to 

determine an optimal value through association with experimental data of cell growth in the 

literature. A peak in shear stress of 57 mPa was observed and associated with cell death 

within the constructs. This model could be used to define limiting and optimal values of local 

shear stress for cell growth as a function of scaffold microarchitecture. 

Chung et al. [179] predicted shear stress levels inside a scaffold under direct perfusion 

as a function of pore size and its reduction with cell growth. It was observed that the macro 

average stresses could have a 5 fold increase and that the overall permeability could be 

reduced dramatically with a slight overall cell volume fraction increase. These changes were 

associated with the reduction of the scaffold void space with pore occupation by cell and 

ECM volumes. In the same context, Lesman et al. [173] developed a CFD model to predict 

the shear stress and pressure drop with different flow rates in 3D cultures under direct 

perfusion. A cell-layer thickness was considered to account for cell growth impact on the pore 

space reduction and on the scaffold mass transport. The simulations shows that shear stress 

average values increased with time due to cell growth and thickening of the cell-layer inside 

the pores, which corroborates with the time decrease of scaffold permeability constant 

obtained experimentally. These models could be used to predict permeability and shear stress 

values for scaffolds with high density of cells or small pore sizes.  

Sacco et al. [180] proposed a model where the cells and the ECM compose a biomass 

phase and the maximum biomass growth rate of the Monod kinetics is a function of shear 

stress. However, nutrient concentration and shear stress variation in time and space were not 

considered. Liu et al. [174] compared static and dynamic cultures under direct perfusion with 

different flow rates using a CFD model that considers both nutrient availability and shear 

stress stimulation on cell growth kinetics. The cells and the ECM components secreted by the 

cells were also considered one single phase in a way whereby it is possible to use these 
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models to consider the shear stress effect on cell growth by stimulation of the ECM synthesis 

under perfusion.  

Zhao et al. [178] used a mathematical model to predict shear stress and oxygen levels 

inside 3D poly (ethylene terephthalate) (PET) scaffolds under perfusion; three matrices were 

assembled in series in each perfusion chamber. The simulation results indicated that different 

flow rates did not yield changes in oxygen levels that could affect cell growth and 

metabolism. Furthermore, while increased human MSC growth and ECM deposition were 

observed at low flow perfusion, higher flow rates could upregulate the osteogenic 

differentiation potential of the cells. Thus, this model was helpful to indicate that shear stress 

levels could be an important factor regulating human MSC development in 3D scaffolds.  

Coletti et al. [148] simulated two flow conditions in a perfusion bioreactor – partial 

flow (flow channelized through a gap between the scaffold and the bioreactor wall) and total 

flow perfusion through the scaffold. They studied their impact on oxygen transport and cell 

growth. The channeling of flow perfusion can occur experimentally as a result of the lack 

(when this bypass is required and designed to reduce shear stress levels inside the scaffold) or 

insufficiency of the sealing system. Simulation results were compared and showed that partial 

perfusion could affect oxygen delivery by reducing convection inside the scaffold and as a 

consequence could reduce the construct cell density.  Thus, this model could be used to 

evaluate operational flaws and also to design bioreactor bypasses in order to optimize flow 

conditions and cell growth inside 3D scaffolds.  

One example of a partial perfusion bioreactor is given by Campolo et al. [171], where 

a gap around the scaffold is designed to serve as a by-pass flow. The authors proposed a 

modeling approach to determine an appropriate flow rate to obtain homogeneous cell 

distribution in 3D scaffolds under indirect perfusion. Mass transport and reaction information 

was used in association with flow regime characteristics to calculate the required perfusion 

flow to maintain a target cell growth rate.  

In addition to flow perfusion, electrical variables have also been modeled in 

bioreactors for tissue engineering purposes. Maidhof et al. [22] characterized the electrical 

potential of a perfusion bioreactor by modeling its generation and evaluating the electrical 

field where cardiac constructs were placed. It was observed that the electric potential drop 

was quite linear and constant through the scaffold length. This model was helpful in 

validating the generation of scaffolds as functional cardiac constructs exposed to the same 

electrical field. 
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3.9 Concluding remarks 

The main tissue engineering challenges are related to scaffold design, mass transport 

and cell infiltration and colonization within the scaffolds. In addition, culture conditions affect 

cell behavior and vary from one study to another, making the comparison of different 

experiments difficult. In order to control and study these conditions, bioreactors and modeling 

techniques can be applied. Regarding the dynamic culture of mesenchymal stem cells in 

electrospun scaffolds, the cell proliferation and differentiation, and the secretion of growth 

factors and extracellular matrix components have been studied in different systems and under 

several culture conditions. Bioreactors with electrical and mechanical stimulation have also 

recently been studied for the development of functional tissue responsive to these stimuli. 

However, tissue vascularization, which is important for the maintenance of cell viability in 

vivo after transplantation, is not always evaluated in bioreactor studies. In addition, the co-

culture of stem cells and other cell types in bioreactors could reveal important features of 

tissue function as shear stress and other factors present in dynamic conditions could affect the 

development of multicellular 3D cultures. While the bioreactor design has to be optimized 

according to the scaffold and cell characteristics, modeling has its own challenges. There are 

limitations in measurement techniques, which makes it difficult to validate the model with 

respect to variables that cannot be measured directly. Thus, the combination of modeling and 

electrospun scaffolds for stem cell culture still requires research and improvement to fulfill its 

potential for optimizing tissue development.   
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Capítulo 4  

 

Crescimento, metabolismo e infiltração celular 

em scaffolds eletrofiados de PCL com 

diferentes tamanhos de poro 

 

A técnica de electrospinning é geralmente utilizada para a produção de nanofibras, 

embora possa ser utilizada para produzir scaffolds com microfibras dependendo do polímero e 

dos solventes utilizados. De modo a determinar a composição de solvente adequada e os 

parâmetros de eletrofiação, as seguintes questões de pesquisa foram respondidas neste 

capítulo: 

→ É possível eletrofiar scaffolds de PCL com poros de diâmetro adequado para a 

infiltração de DPSCs?  

→ O cultivo tridimensional afeta o crescimento, o consumo de nutrientes e produção 

de metabólitos das células? 

Neste capítulo, é apresentado o estudo relacionado com a determinação dos 

parâmetros de eletrofiação e do sistema de solvente para obtenção de scaffolds com fibras 

micrométricas com poros adequados para a infiltração de células-tronco da polpa de dente 

decíduo. Além disto, também é exibida a influência do substrato no metabolismo e no 

crescimento celular. Este capítulo está na forma de artigo científico, na língua inglesa, e ainda 

está sob revisão dos autores.   
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Abstract 

Electrospinning is an attractive alternative to mimic the extracellular matrix. However, the 

performance of electrospun scaffolds depends strongly on its pore size distribution, which is 

dictated by the diameter of the fibers. The aim of this work has been to study dental pulp stem 

cell growth, distribution and metabolism (glucose uptake, lactate production) in electrospun 

polycaprolactone (PCL) scaffolds with different fiber diameters. Pure chloroform (Solution I) 

and chloroform/methanol mixtures in the proportions of 9:1 (Solution II) and 5:1 (Solutions 

III and IV) were used to prepare the PCL electrospinning solutions. Dental pulp stem cells 

were seeded on each scaffold and the cell number was determined with a Cell Counting Kit-8 

(WST-8, Sigma–Aldrich) after 1, 4 and 7 days of culture. Glucose uptake and lactate 

production were quantified by enzymatic methods ( K082 and K084-2, Bioclin), and cell 

distribution was analyzed through cell nuclei staining with DAPI. All scaffolds presented 

similar results for cell growth, at all times smaller than that found for the well group, possibly 

due to reduced cell adhesion and doubling time. Regarding cell energy metabolism, the pore 

size did not seem to affect glucose uptake and lactate production in the range of fiber 

diameters studied. Even though these rates were higher in scaffolds than in the well group 

(control), the lactate/glucose ratio was similar among all groups. Furthermore, it was observed 

that only Solution II was capable of producing scaffolds with fiber and pore diameters 

appropriated for infiltration and three-dimensional culture of mesenchymal stem cells.  

Keywords: electrospinning, tissue engineering, scaffold, pore diameter, dental pulp stem cell. 
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4.1 Introduction 

Electrospun scaffolds have high packing density, interconnected pore network and 

fibers with diameters comparable to the dimension of the protein network present in the 

extracellular matrix [1]. Besides, electrospinning is a technique that makes it possible to 

control fiber thickness through manipulation of the process variables, being useful to study 

the impact of the porous matrix spatial architecture on cellular behavior [2].
 

Pore size must be appropriate to allow cell spreading and network formation, the 

optimal size being dependent on the scaffold material and cell type [3]. The optimal mean 

pore diameter is generally close to the diameter of the cells in suspension [4], because the 

pore size establishes the proximity between cells in the initial stages of culture and the space 

the cells will have to organize themselves three-dimensionally during tissue development [5]. 

Oversized pores lead to structures with low mechanical resistance and can discourage 

extracellular matrix synthesis between the fibers, despite the positive effect on cell growth [6].
 

In fibrous scaffolds, the average fiber diameter can affect porosity and pore size, with 

a non-linear correlation between fiber thickness and porosity being reported in the range 

1-10 μm of diameter [2,7,8]. Furthermore, the smaller the fiber diameter, the smaller the pores 

in the scaffolds [2,9], which can hinder cell migration [1]. There are strategies that can be 

used to increase the pore size in electrospun scaffolds, such as selective fiber removal [10], 

addition of microparticles[11] and low temperature electrospinning (crioelectrospinning) [12]. 

However, depending on the polymeric solution properties and on the electrospinning 

parameters, it is also possible to electrospin microfibers and to obtain a mesoporous matrix. 

Synthetic polymers have been widely applied in tissue engineering as biomaterials, 

because their mechanical properties and degradation can be controlled to attend specific needs 

of a certain application[13]. The choice of the appropriate polymer must take into account 

chemical, physical and biological properties of the material. Polycaprolactone (PCL) is an 

biodegradable polyester, commonly used in tissue engineering due to its mechanical 

properties (strength and elasticity) [14]. Furthermore, it has FDA (Food and Drug 

Administration) approval for biomedical applications and its degradation products are non-

toxic [9].  

Chloroform is a solvent widely used to electrospin PCL microfibers, due to its low 

dielectric constant. Pham et al. [2] used a non-standard electrospinning setup to produce PCL 

scaffolds from methanol solutions. Their electrospinning setup employed a copper wire ring 

between the capillary tip and the collector, characterizing a variation with a dual electrode 
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setup. They combined different volume ratios of chloroform and methanol with PCL 

concentrations from 80 to 140 kgm
-3

 to electrospin microfibers with diameters from 2 to 

10 μm (pore diameters ranging from 10 to 45 μm) by varying the collector distance, voltage, 

flow rate and needle gauge.  

Concerning the production of electrospun PCL fibers using the conventional single 

electrode mode, Van der Schueren et al. [15] and Del Gaudio et al. [16] used chloroform 

solutions with PCL concentrations of 100 and 140 kgm
-3

, respectively, producing fibers with 

a mean diameter of approximately 4 μm, corresponding to a mean pore diameter of nearly 

12 μm. Luo et al. [17] verified that the addition of methanol to a 100 kgm
-3

 solution of PCL 

in chloroform at methanol:chloroform volumetric ratios of 1:1, 1:3 and 1:5 reduced the mean 

fiber diameter from 6.67 μm to 1.19, 2.28 and 3.65 μm, respectively. However, the results 

presented by these authors only include fibers collected for 10 s after stabilizing the jet for 

60 s, resulting in a small number of fibers that does not characterize a three-dimensional 

scaffold. Therefore, the effect of the non-solvent ratio on the fiber morphology has still not 

been studied for three-dimensional PCL scaffolds produced from chloroform solutions with 

the standard electrospinning setup.  

Regarding cell growth kinetics in electrospun scaffolds, the effect of pore size on 

growth rate depends on the capability of the structure to allow for proper cell infiltration. 

Soliman et al. [8] observed increase of the cell growth rate with the fiber diameter in three 

scaffolds of different mean fiber diameter (0.3 μm, 2.6  μm and 5.2  μm), but the small pores 

(0.2 μm, 5.1 μm, 14.9 μm, respectively) of the scaffolds did not allowed the infiltration of the 

mTERT mesenchymal stem cell (diameter between 50 and 70 μm). On the other hand, cell 

infiltration through the inside of microfiber three-dimensional scaffolds may not always be 

maximized with larger pores [18]. Furthermore, since the pore size affects the permeability 

and diffusion phenomena inside three-dimensional scaffolds, it is also interesting to 

investigate if this design parameter has influence on glucose uptake and lactate production. 

Thus, in order to optimize scaffold design and tissue development, it is important to study 

how the fiber and pore diameter influence mesenchymal stem cell growth, infiltration and 

metabolism in PCL scaffolds electrospun with a single electrode system. 
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4.2 Experimental 

Scaffold fabrication 

Four PCL solutions were prepared using pure chloroform or chloroform/methanol 

mixtures as solvent, using the PCL concentrations and volumetric ratios of 

chloroform/methanol described in Table 4.1.  For the preparation of the solutions 

polycaprolactone (with a number average molecular weight of 70-90 kDa, 440744, Sigma-

Aldrich, USA) was added to the corresponding solvent mixture and stirred at room 

temperature for 24 h. 

Table 4.1: Composition of the PCL solutions in chloroform 

PCL Solution I II III IV 

PCL concentration (kgm
-3

) 130 160 160 140 

Non solvent (methanol) no Yes Yes yes 

Chloroform/methanol volumetric ratio --- 9:1 5:1 5:1 

The scaffolds were electrospun under a controlled humidity and temperature 

environment, using a single electrode electrospinning apparatus (EC-CLI, IME Technologies, 

Netherlands). The solution concentration and the electrospinning parameters (flow rate, 

distance between needle and collector, voltage, humidity and temperature) used for each 

solution were specified in a preliminary set of tests.  These preliminary tests were performed 

to identify adequate electrospinning conditions, i.e, conditions in which no instabilities in the 

fiber and scaffold formation (such as beading, electrospraying, dripping from the syringe tip, 

oscillating streaming jet, small deposition area) occur. The parameters used to electrospin the 

fibers, which were selected based on a battery of previous tests, are presented in Table 4.2. 

Table 4.2: Experimental parameters used to electrospin the scaffolds 

Solution I II III IV 

Flow rate (×10
10

 m
3 
s

-1
) 2.8 16.7 13.3 13.3 

Distance (cm) 30 35 15 15 

Voltage (kV) 29 17 25 25 

Relative humidity (%) 38.5 38.5 38.5 38.5 

Temperature (K) 298.15 292.15 292.15 292.15 

Needle inner diameter (×10
4 
m) 8 8 8 8 
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Scaffold characterization 

The morphology and diameter of the fibers were estimated using a scanning electron 

microscope (SEM; JEOL - JSM 6060, JEOL Ltd., Japan). The samples were prepared by 

collection of the fibers on 15 mm glass coverslips, coated with platinum, and then mounted on 

aluminum stubs for SEM analysis using an accelerating voltage of 10 kV. For each of the four 

forming solutions under considerations, 3 samples were produced (in different days), and 3 

images (different regions of the sample) were acquired by sample, resulting in a total of 9 

images for each system. The resulting scanning electron microscopy images were analyzed 

with the open source software ImageJ. The diameter of each fiber in the image (at least 10 

fibers per image) was determined manually using the “Measure” tool of ImageJ. Pore 

diameters were determined according to the following steps: (i) visual identification of 

individual pores, specified as closed polygons whose sides are fibers contained in adjacent 

layers; (ii) determination of the area of the respective polygon using the “Polygon Selection” 

and “Measure” tools of ImageJ; (iii) estimation of the pore diameter as the diameter of a circle 

with equivalent area, as proposed by McHugh et al. [19].    

Cell culture 

Dental pulp stem cells were obtained from human deciduous teeth with physiologic 

root resorption with the approval (project number33177214.1.3001.5330) of the Ethics 

Committee of the Universidade Federal do Rio Grande do Sul. After dental pulp tissue 

removal, thecells were isolated using mechanic and enzymatic digestion with 0.2 % type I 

collagenase (Gibco, Grand Island, NY) and then incubated for 60 min in a 37° C bath. Non-

adherent cells were removed by medium exchange and the cells were cultured at 37 °C and 

5 % CO2 in Dulbecco’s modified Eagle’s culture medium (DMEM) supplemented with 10 % 

fetal bovine serum (FBS) (Gibco, Grand Island, NY) and 100 U/mL penicillin and 100 

mg/mL streptomycin (Gibco, Grand Island, NY). The medium was exchanged every 4 days. 

The cells were trypsinized until reaching a confluence of 90 %. 

In order to determine the cell number, the cell metabolic activity was evaluated by a 

water-soluble tetrazolium salts assay (WST-8, 2-(2-methoxy-4-nitrophenyl)-3-(4-

nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium]). Therefore, after culture medium 

removal, the samples were incubated (at 5 % CO2 and 37°C) with 180 µL of fresh medium 

and 20 µL of Cell Counting Kit-8 solution (CCK-8, Sigma–Aldrich, USA) for 1 h. Then, a 

microplate reader (Multiskan FC, Thermo Scientific, USA) was used for absorbance (450 nm) 
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detection and a calibration curve was used for each culture to estimate the cell number (three 

primary culture cells were used). 

Glucose uptake and lactate production 

Glucose concentrations were quantified by an enzymatic colorimetric assay  based on 

the glucose oxidation by glucose oxidase (K082, Bioclin, Quibasa, Brazil), whereas lactate 

concentrations were determined with an UV enzymatic assay based on lactate oxidation by 

dehydrogenase lactate (K084, Bioclin, Quibasa, Brazil). Culture medium samples were 

collected at the days 1, 4 and 7, mixed with the respective monoreagent containing the 

enzymatic reagent of each assay according to the manufacturer's instructions. Glucose and 

lactate concentrations were calculated based on absorbance detection with a microplate reader 

(Multiskan FC, Thermo Scientific, USA) at 340 nm and 570 nm, respectively.  

Cell distribution  

After 7 days of culture, the samples were fixed in 4 % (w/v) paraformaldehyde 

(Sigma-Aldrich, USA) for 30 min, washed with phosphate buffered saline (PBS) and stained 

with 5 mg mL
-1

 4',6-diamidino-2-phenylindole (DAPI) for 5 minutes. After washed again 

with PBS, sections of 30 µm were obtained in a cryostat for further imaging with an optical 

microscope Eclipse Ti-S (Nikon). 

Statistical analysis 

Statistical analysis was performed using Gnu PSPP statistical software (version 

0.10.5). Normal distribution was verified with the combination of Shapiro–Wilk test and 

visual inspection of Q-Q plots. Statistical comparison between samples was performed using 

either the one-way ANOVA with post-hoc Tukey test or the Mann-Whitney-Wilcoxon test, 

depending on the samples distribution.  

4.3 Results and Discussion 

Aiming to facilitate the understanding and visualization of the results that will be 

discussed in this section, only one of the nine scanning electron microscope images collected 

for fibers obtained from Solutions I, II, III and IV are depicted in Figures 4.1, 4.2, 4.3 and 4.4, 

respectively. Their respective fiber and pore size distribution are given in Figures 4.5 and 4.6, 
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followed by the results regarding cell growth, distribution and metabolism, presented in 

Figures 4.7, 4.8, 4.9, 4.10 and 4.11.   

 

Scaffold characterization 

It was experimentally observed that the addition of methanol improved the 

electrospinnability of the PCL solution, increasing the spreading of the fibers throughout the 

collector and reducing the heterogeneity of the fiber diameters. The latter is clearly observed 

in Figures 4.2-4.4, where the fibers are notably more homogeneous in diameter than those 

obtained with Solution I (Figure 4.1). 

 

Figure 4.1: Scanning electron microscope images of the scaffolds produced from Solution I: 

chloroform and polycaprolactone (130 kgm
-3

). Images with decreasing magnification A: 

x2700 magnification, B: x1000 magnification, C: x270 magnification 
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Figure 4.2: Scanning electron microscope images of the scaffolds produced from Solution II: 

chloroform:methanol (9:1) and polycaprolactone (160 kgm
-3

). Images with decreasing 

magnification A: x2700 magnification, B: x1000 magnification, C: x270 magnification 
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Figure 4.3: Scanning electron microscope images of the scaffolds produced from Solution III: 

chloroform:methanol (5:1) and polycaprolactone (160 kgm
-3

). Images with decreasing 

magnification A: x2700 magnification, B: x1500 magnification, C: x270 magnification 
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Figure 4.4: Scanning electron microscope images of the scaffolds produced from Solution 

IV: chloroform:methanol (5:1) and polycaprolactone (140 kgm
-3

). Images with decreasing 

magnification A: x2700 magnification, B: x1000 magnification, C: x270 magnification 

The fiber size distributions obtained with the Solutions I, II, III and IV are shown in 

Figure 4.5, where the frequencies are given as a percentile of the total number of fibers 

measured for each solution, and are plotted at the midpoint of each interval of fiber diameter.  
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Figure 4.5: Scaffold fiber diameter distribution obtained using Solutions I, II, III and IV 

In Figure 4.5, it can be observed a very heterogeneous distribution of fiber diameter 

obtained with the Solution I, where 65 % of the fibers had a diameter from 0 to 1.5 μm, 24 % 

within 1.5 and 6 μm, and 11 % within 6 to 21 μm. The PCL solutions with both chloroform 

and methanol (II, III and IV) presented narrower normal-like fiber diameter distributions, with 

68 %, 59 % and 69 % frequency within the intervals 1.5 and 3 μm, 1.5 and 3 μm and 3 and 

4.5 μm, respectively. The decrease of the distribution width with the increase of the methanol 

amount and of the concentration (Solution III) can be explained by the increase in 

electrospinnability due to higher electrical conductivities [20]. 

According to the Shapiro–Wilk test and visual inspection of Q-Q plots, only the fibers 

obtained with Solution I presented a non-normal distribution of diameters. Besides, using the 

Mann-Whitney-Wilcoxon test, it was observed that the mean fiber diameter obtained with 

Solution I was significantly different from the ones obtained with Solutions II, III and IV 

(p<0.0001). With the Student’s t-test, it was observed that the mean fiber diameters obtained 

with the Solutions II, III and IV were significantly different from each other (p<0.0001). 

The fiber size distribution parameters obtained with the fiber-forming solutions used 

are shown in Table 4.3.  
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Table 4.3: Fiber diameter obtained for each polymeric solution 

Solution I II III IV 

Mean (μm) 1.96 3.95 1.59 1.83 

Standard deviation (µm) 2.67 0.73 0.45 0.65 

Minimum (μm) 0.02 1.98 0.47 0.30 

Maximum (μm) 20.15 5.62 2.69 3.55 

The scaffold mean fiber diameter obtained from Solution II was higher than that from 

Solution I, which could be expected as the former had a higher polymer concentration and, 

consequently, higher viscosity. However, the maximum fiber diameter was higher for 

Solution I, which can be related to the poor electrospinnability of the solution using only 

chloroform, leading to a very heterogeneous fiber distribution. 

As can be seen in Table 4.3, the mean diameter of fibers obtained from Solution III, 

with higher PCL concentration (160 kgm
-3

) and methanol addition, is smaller than the one 

from Solution I (130 kgm
-3

), with pure chloroform. This indicates that in the studied system 

the decrease of diameter resulting from the addition of non-solvent overcomes the effect of 

the increase of viscosity due to the increase in polymer concentration. These results are in 

agreement with those presented by Luo et al. [17] for the electrospinning of PCL, who 

showed that the higher the addition of non-solvents with high dielectric constant, such as 

methanol, to solvents with low dielectric constant, like chloroform, the smaller the fiber 

diameter obtained. Accordingly, Solution II, with lower methanol content in the solvent 

mixture, led to higher values of the fiber diameter (minimum, maximum and mean) than 

Solution III, which had the same polymer concentration. On the other hand, the reduction of 

the polymer concentration (Solution IV) led to thicker fibers in comparison to those obtained 

with Solution III, which can also be explained based on the effect of the polymer 

concentration on the forming-solution conductivity, as discussed earlier. Similar behavior 

effect has been reported for several fiber-forming solutions, including polyvinyl butyral 

(PVB) in ethanol[20], PVB in isopropanol[21], polyethylene glycol in a 2:1 

chloroform:methanol mixture[22], and polycaprolactone/gelatin in formic acid[23]. 

Yalcinkaya[20] suggested that the presence of a polar group promotes increase of the 

electrical conductivity with the increase of the polymer concentration and that this effect 

overcomes the effect of the simultaneous increase of viscosity, resulting in smaller fiber 

diameters. 
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Besides the effect on the fiber diameter distribution, the addition of methanol to the 

forming solution also affected the morphology of the produced fibers, mainly with relation to 

the characteristics of the fiber surface and to the fiber shape (straight or curled).  

In accordance with Figure 4.1, the scaffolds obtained with pure chloroform 

(Solution I) presented voids on fiber surface. This morphology can be explained by the high 

volatility of chloroform as solvents that evaporate rapidly lead to more porous fibers [24]. 

Besides, a curly morphology and presence of thick microfibers among the nanofibers can be 

observed, suggesting a bimodal fiber size distribution. This can be caused by an irregular jet-

like ejection, as verified by Gomez-Sanchez et al. [25] in the electrospinning of poly(lactic 

acid)/polyhedral oligomeric silsesquioxane nanocomposites at a low feeding rate and with a 

large distance between the electrodes    

The effect of the addition of methanol on the characteristics of the surface is evident 

when comparing Figure 4.1A to Figures 4.2A and 4.3A. This comparison shows a gradual 

evolution of a smooth surface with voids (Figures 4.1A and 4.2A) to a rough surface 

(Figure 4.3A). This behavior may be related to a change in the phase separation process due 

to the addition of the non-solvent. The higher polymer concentration and lower temperature 

used to electrospin Solutions II and III, when compared to the correspondent values used to 

electrospin Solution I, could also have affected phase separation.  

Regarding the shape of the formed fibers, a reduction of curliness is observed even 

with the addition of small proportion of methanol the sequence of the fibers, as indicates the 

comparison of Figure 4.1C and 4.2C. Then, the fibers obtained with Solution III (Figure 

4.3C), i.e, with higher content of methanol, are nearly straight. This effect is probably due to 

the increase of electrical conductivity with the increase of the content of methanol in the 

forming solution, since methanol is drastically more conductive than chloroform. This 

behavior was also verified by Xue et al. [26]
 
for gelatin dissolved in a mixture of acetic acid 

and ethyl acetate, where a high conductivity polymeric solution leads to whipping instability, 

forming curly fibers. 

In Figure 4.4, the images show that the fibers obtained with Solution IV are also 

curlier than the ones obtained with Solution III. This is probably related to the decrease of the 

fiber-forming solution conductivity due to the lower PCL concentration of Solution IV in 

comparison to Solution III. Poly(vinyl butyral) (PVB) nanofibers produced with different 

solvents have shown increased solution conductivities with the increase of the polymer 

concentration from 80 to 100 kgm
-3 

[27]. 
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The pore diameters distributions of each PCL solution are shown in Figure 4.6, where 

the frequencies are given as a percentile of the total number of pores measured for each 

solution, and are plotted at the midpoint of each interval of pore diameter. 

 

Figure 4.6: Scaffold pore diameter distribution obtained using Solutions I, II, III and IV 

In accordance with Figure 4.6, the homogeneity of the pore size distribution is 

enhanced with a lower PCL concentration, since the Solution IV (5:1 chloroform:methanol, 

140 kgm
-3

) produced scaffolds with a pore diameter distribution more homogeneous than the 

Solution III (5:1 chloroform:methanol, 160 kgm
-3

). An increased homogeneity was also 

observed with a smaller proportion of methanol, given that Solution II presented a more 

homogeneous pore diameter distribution than Solution III (5:1 chloroform:methanol, 160 

kgm
-3

). The Solution III produced scaffolds with a more heterogeneous distribution of pore 

diameter.  

By visual inspection of Q-Q plots, it was verified that the pore diameters obtained with 

the Solutions I and II were not normally distributed. Using the Student’s t-test, it was 

observed that the mean pore diameters obtained with the Solutions III and IV were not 

significantly different from each other. According the Mann-Whitney-Wilcoxon test, it was 

observed that only the mean pore diameter obtained with Solution II was significantly 

different from the ones obtained with Solutions I, III and IV (p<0.0001). 
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Table 4.4 presents the results regarding the pore size and the ratio between the fiber 

and pore diameters for the Solutions I, II, III and IV.  

Table 4.4: Pore diameter and ratio between the fiber and the pore sizes 

Solution I II III IV 

Mean pore diameter (μm) 10.89 21.35 9.38 10.01 

Pore diameter standard deviation (µm) 3.31 8.89 2.76 3.49 

Maximum pore diameter (μm) 15.92 38.06 14.77 19.97 

Minimum pore diameter (μm) 5.64 5.78 2.05 1.62 

Mean ratio fiber diameter/pore diameter 5.54 5.40 5.89 5.48 

As it can be seen in Table 4.4, the values of mean pore diameter followed the same 

trend as values of the mean fiber diameter presented in the Table 4.3, with scaffolds obtained 

from Solutions II, I, IV and III appearing in descending order of mean pore size. On the other 

hand, the pore diameter standard deviation was lower for Solution I (around 30 % of the mean 

pore size), when compared to the ones obtained for the fiber diameter (around 130 % of the 

mean value). This can be attributed to the wide fiber diameter distribution obtained for this 

system, since the nanofibers produced with Solution I end up accommodating in the network 

formed by the microfibers, reducing the pore diameters. In addition, the scaffolds produced 

without the addition of methanol (Solution I) resulted in a ratio fiber diameter/pore diameter 

close to the value of 6.0 found by Hussain et al. [28] for an electrospun scaffold of 

polyacrylonitrile (PAN) and N,N-dimethylformamide (DMF) with bimodal fiber diameter 

distribution.  

With the addition of methanol to the forming solution (Solutions II, III and IV), 

presented ratios of fiber diameter and pore diameter close to the value of 5.0 reported by 

Hussain et al. [28] for mean capillary pore size of a nonwoven scaffold with unimodal fiber 

diameter distribution obtained from a PAN and DMF spinning solution.   

Cell growth and infiltration 

The cell growth in the scaffolds produced with each PCL solution is shown in 

Figure 4.7A. It can be observed that is a similar cell number in all scaffold types studied (no 

statistical difference was observed between the groups) at the initial days of culture (days 1-

4). Regarding the scaffolds, statistical difference (p<0.05) was only observed between the 

number of cells at day 7 in scaffolds produced with the Solution I and the ones produced with 
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the Solution IV. This could be associated with the smaller fibers present in the scaffolds 

produced with the first solution, which can provide a higher surface area for cell spreading 

and proliferation. Chen et al. [29] also obtained higher growth kinetics in PCL scaffolds with 

smaller fiber diameter than with larger fibers. Furthermore, the cell numbers in the wells 

(control group) were statistically higher than in the scaffolds at all time points, what was 

expected since the well’s polystyrene surface can be considered a gold standard for adherent 

cell culture [30]. In addition to the smaller adhesion of the cells on the PCL surface of the 

electrospun scaffolds, the scaffolds (considering the results obtained with the four PCL 

solutions) presented a statistically different doubling time – 7.06 ± 2.07 days – when 

compared to the well – 3.18 ± 0.41 days (p<0.05), even though no statistical difference 

between the groups was observed when each scaffold group was compared individually 

(Figure 4.7B). Brennan et al. [31] also obtained a smaller growth rate for human 

mesenchymal stem cells in a PCL electrospun scaffold than in the control group (well). 

According to Liu et al. [32], a smaller human mesenchymal stem cell density can lead to a 

reduced doubling time, what can explain the smaller doubling time in the scaffold groups. The 

Figures 4.7C, 4.7D and 4.7E show similar cell growth for Culture I, II and III, with a behavior 

analogous to the one depicted in Figure 4.7A. 
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Figure 4.7: Cell growth in the scaffolds obtained with the Solutions I, II, III and IV, with the 

well as the control group (well). A: mean cell number between cultures over time, B: mean 

doubling time between cultures for each group, C, D and E: cell number for Culture I, II and 

III over time, respectively. Results expressed as mean ± standard error of the mean and compared by one-

way ANOVA with Tukey post-hoc test. The symbols * and # represents significant difference (p<0.05) with all 

the other groups within the same time point and with all the other time points within the same group, whereas 

capital letters and $ indicate significant difference between two groups within the same time point and two time 

points within the same group, respectively 

A 

C 

E 

B 

D 
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Figure 4.8 presents the images of the cell nuclei staining, through which it can be 

observed the cell distribution along the scaffold thickness. It can be seen that the higher and 

smaller cell infiltration occurred in the scaffold with the higher and smaller mean pore size 

(given in Table 4.4), produced with the Solution II and III, respectively. Regarding cell 

culture requirements, the pore size should be small enough to allow cell adhesion among the 

fibers, and sufficiently large to promote cell infiltration. Since solution III formed mostly 

small pores, with nearly 70 % of them smaller than 10.5 µm, it could be more favorable for 

tissue engineering applications that admit a two-dimensional cell growth. As it can be 

observed in Figure 4.8C, the cells remained only on the surface of the scaffold. Scaffolds 

produced with Solutions I and IV, with 58 %  and 40 % of the pores within 10.5 and 16.5 µm, 

respectively, could be suitable for the culture of bovine chondrocytes (average cell diameters 

of 10.8 µm) [33,34], human placenta and umbilical cord cells (cell diameters between 10 and 

15 µm) [35]. The diameter of mesenchymal stem cells (MSCs) have been reported between 

14 and 16 μm for human dental pulp stem cells (hDPSCs) [36] and human bone-marrow 

derived stem cells (hBMSCs) [37,38], with higher values for human (21.59 μm) [39], mouse 

(28 µm) [40] and whale (29 µm) [39] stem cells derived from adipose tissues. With only 16 % 

and 13 % of the pores with diameters higher than 14 µm, the scaffolds produced Solutions I 

and IV did not present a relevant cell infiltration, as presented in Figures 4.8A and 4.8D. 

However, these scaffolds could be applied for wound healing and skin tissue engineering, 

since they allow cell adherence and growth on the surface [41]. Wang et al. [42] also did not 

observed the infiltration of NIH3T3 cells, which have a diameter in the range of 10-18 µm 

[43], in electrospun PCL scaffolds with pore sizes from 13 to 16 µm. With 35 % of the pore 

diameters between 15 and 25 µm and 40 % higher than 25 µm, the scaffolds produced with 

Solution II allowed human MSCs infiltration, as shown in Figure 4.8B. Furthermore, it is 

possible these scaffolds could also support the growth of MSCs derived from animal adipose 

tissues at some extent, given that 20 % of the pore diameters obtained with Solution II were 

between 30 and 38 µm. Wang et al. [42] could only observe cells infiltration in electrospun 

scaffolds with poly(ethylene oxide) microparticles as porogen, in which the pore diameter was 

higher than 31 µm [43]. 
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Figure 4.8: Cell nuclei staining with DAPI (filled rounded shapes) indicating cell distribution 

in the scaffolds (background lines) obtained with the Solutions I (A), II (B), III (C) and IV (D) 

after 7 days. Magnification 100x 

Glucose uptake and lactate production 

Figure 4.9 shows the data of glucose uptake in the scaffolds groups and in the control 

group (well). There was a significant difference between all the scaffold groups and the 

control in the time intervals 0-1 and 1-4 days. In the time interval 4-7 days only the scaffolds 

produced with Solutions I and IV presented significant difference with the control group 

(well). Also, the scaffolds from Solution II and the control group presented a significant 

smaller glucose uptake in the time intervals 1-4 and 4-7 days when compared to the initial 

time interval. Despite the discrepancies among the cultures (Figures 4.9B, 4.C and 4.D), the 

tendencies and behavior of the cells were depicted in Figure 4.9A.  
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Figure 4.9: Glucose uptake in the scaffolds obtained with the Solutions I, II, III and IV, with 

the well as the control group. A: mean glucose uptake between cultures, B, C and D: glucose 

uptake for Culture I, II and III, respectively. Results expressed as mean ± standard error of the mean and 

compared by one-way ANOVA with Tukey post-hoc test. The symbols * and # represents significant difference 

(p<0.05) with all the other groups within the same time point and with all the other time points within the same 

group, whereas capital letters and $ indicate significant difference between two groups within the same time 

point and two time points within the same group, respectively 
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The lactate production was also higher in some of the scaffold groups – Solution I, in 

all time intervals, and Solutions II and III, in the interval 1-4 days – than in the control (well) 

(Figure 4.10). Furthermore, there was a significant reduction in the lactate production in all 

groups with time (Figure 4.10A), what can be also observed in the different cell cultures 

individually (Figured 4.10B, 4.C and 4.D). Murphy et al. [44] observed decreased glucose 

uptake and lactate production with increasing number of MSC per spheroids, possibly due to 

reduced extracellular matrix (ECM) synthesis. This could explain the results observed in the 

present study, since the scaffold groups presented reduced cell number. 
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Figure 4.10: Lactate production in the scaffolds obtained with the Solutions I, II, III and IV, 

with the well as the control group. A: mean lactate production between cultures, B, C and D: 

lactate production for Culture I, II and III, respectively. Results expressed as mean ± standard error of 

the mean and compared by one-way ANOVA with Tukey post-hoc test. The symbols * and # represents 

significant difference (p<0.05) with all the other groups within the same time point and with all the other time 

points within the same group, whereas capital letters and $ indicate significant difference between two groups 

within the same time point and two time points within the same group, respectively 
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As presented in Figure 4.11, the resultant lactate/glucose ratios presented no 

significant difference between the scaffold groups and the well, indicating anaerobic 

glycolysis. In addition, there was significant difference between the ratios in the initial and 

final intervals for the scaffolds produced with the Solution I and IV and for the control group 

(well). Hamon et al. [45], also observed an anaerobic metabolism with a decrease in 

lactate/glucose ratio from day 4 to 14 of culture of fetal liver cells in polydimethylsiloxane 

membranes. Due to the small pore size of the scaffolds produced with Solutions I and IV, the 

cell growth occurred only on the surface of these scaffolds, similar to the bidimensional 

growth of the control group and of the Hamon et al. [45] membranes. Liu et al. [32] observed 

a smaller lactate/glucose ratio for a high density culture of human mesenchymal stem cells 

when compared to a low density culture. It is possible that these groups (Solutions I and IV 

and control) presented a higher cell-cell contact, and thus, a behavior similar to the one of a 

high density population on the day 7.       

 
Figure 4.11: Mean lactate/glucose ratio between cultures in the scaffolds obtained with the 

Solutions I, II, III and IV, with the well as the control group. Results expressed as mean ± standard 

error of the mean and compared by one-way ANOVA with Tukey post-hoc test. The symbols * and # represents 

significant difference (p<0.05) with all the other groups within the same time point and with all the other time 

points within the same group, whereas capital letters and $ indicate significant difference between two groups 

within the same time point and two time points within the same group, respectively 
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4.4 Conclusions 

The effect of the addition of a non-solvent on the fiber diameter of the 

polycaprolactone (PCL) scaffolds resulted in a more homogeneous fiber diameter distribution 

and improved electrospinnability of the solution. In addition, the solution with higher 

methanol content in the solvent mixture resulted in lower values of fiber diameter and 

straighter fibers. Therefore, the addition of methanol as a non-solvent in the PCL solution 

decreases the mean value and the width of the fiber diameter distribution of PCL electrospun 

scaffolds. The pore size did not affected cell growth, glucose uptake or lactate production in 

scaffolds.  However, the scaffolds presented reduced cell adhesion and doubling time, and 

higher glucose uptake and lactate production than the control group (well). Finally, it was 

observed that the combination of methanol and chloroform at a rate of 9:1 in a 16 % PCL 

solution is capable to produce scaffolds with fiber and pore diameters appropriated for the 

infiltration and three-dimensional culture of mesenchymal stem cells. 
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Capítulo 5  

 

Adesão e arraste celular em scaffolds sob 

perfusão direta   

 

De acordo com a revisão da literatura realizada, existe um limite crítico de tensão de 

cisalhamento com a passagem de fluxo pelo scaffold em que as células se desprendem da 

superfície em que estão aderidas. A fim de determinar a vazão máxima de operação do 

sistema em que seja minimizado o arraste das células com a perfusão de meio, este capítulo 

buscou responder às seguintes questões de pesquisa: 

→ É possível minimizar o arraste de DPSCs de um scaffold eletrofiado de PCL 

sob perfusão diminuindo a vazão?  

→ Qual a vazão máxima ou ótima de operação?  

Com o andamento dos experimentos, verificou-se que a tensão de cisalhamento não 

era a única variável que influenciava o arraste das células, de forma que foi formulada a 

seguinte questão de pesquisa: 

→ O tempo de semeadura e a densidade das células afetam o processo de adesão e 

o posterior arraste das células?  

Com o trabalho apresentado neste capítulo, visou-se a determinação de limites 

operacionais para viabilizar o estabelecimento do protocolo de cultivo dinâmico. O texto está 

estruturado na forma de artigo científico, na língua inglesa.  Este artigo foi submetido e aceito 

pela revista Brazilian Journal of Medical and Biological Research, mas ainda não foi 

publicado.  
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Abstract 

Cell adhesion in three-dimensional scaffolds plays a key role in tissue development. However, 

stem cell behavior in electrospun scaffolds under perfusion is not fully understood. Thus, an 

investigation was made on the effect of flow rate and shear stress, adhesion time and seeding 

density under direct perfusion in polycaprolactone electrospun scaffolds on human dental pulp 

stem cell detachment. Polycaprolactone scaffolds were electrospun using a solvent mixture of 

chloroform and methanol. The viable cell number was determined at each tested condition. 

Cell morphology was analyzed by confocal microscopy after various incubation times for 

static cell adhesion with a high seeding density. Scanning electron microscopy images were 

obtained before and after perfusion for the highest flow rate tested. The wall pore shear stress 

was calculated for all tested flow rates (0.005 - 3 mL/min). An inversely proportional relation 

between adhesion time with cell detachment under perfusion was observed. Lower flow rates 

and lower seeding densities reduced the drag of cells by shear stress. However, there is an 

operational limit for the lowest flow rate that can be used without compromising cell viability, 

indicating that a flow rate of 0.05 mL/min may be more suitable for the tested cell cultures in 

electrospun scaffolds under direct perfusion.  

Keywords: Cell adhesion; Perfusion; Shear stress; Stem cell; Electrospun scaffolds. 
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5.1 Introduction 

In tissue engineering, scaffolds are used as substitutes for damaged tissue and act as a 

support for cell proliferation, differentiation and migration. In order to promote the formation 

of natural extracellular-matrix, a scaffold must be designed with appropriate biocompatibility, 

biodegradability, architecture and mechanical properties [1].  

An important class of scaffolds for tissue engineering is based on electrospun 

polymer-based structures comprising solid microfibers or nanofibers, which can present high 

packing density and interconnected pore network [2].  Nanofiber scaffolds favor higher 

mesenchymal stem cell viability than smooth surfaces [3]. However, nanofiber scaffolds 

usually present small pores [4] that can hinder cell infiltration through three-dimensional 

structures [2]. On the other side, microfiber scaffolds can provide structures with bigger 

pores, allowing the cell migration and colonization inside the matrix
 
[5]. 

Perfusion culture systems enhance mass transfer in scaffold-containing bioreactors and 

provide increased nutrient transport and cell viability [6], migration [7], growth and 

differentiation [8]. In addition, perfusion bioreactors can reduce the accumulation of toxic 

metabolites and degradation byproducts and the polymer degradation rate [9]. Nevertheless, 

high shear stress can provoke cell detachment followed by cell death [10]. Consequently, the 

cell number in three-dimensional (3D) scaffolds under perfusion is influenced by the cell 

detachment provoked by shear stress [11] and the capability of the cells to remain adhered to 

the scaffold and to proliferate, differentiate, and migrate is strongly dependent on the flow 

rate and the pore size employed. This is important because in order to obtain a homogeneous 

and effective regeneration of damaged tissue, it is essential to produce a biomaterial with an 

adequate cell number for implantation. Therefore, it is necessary to quantify the cell drag and 

the final cell number in perfusion bioreactors to produce tissue substitutes that fit the quality 

standard required in a medical environment. Despite this, many studies on perfusion systems 

based on 3D scaffolds focus on the flow rate and shear stress effect on nutrient transport and 

stem cell proliferation and differentiation [12–14],
 
without evaluating the cell detachment 

from the scaffold. 

This work addresses the reduction of the shear stress effects inside the scaffold pores 

under perfusion, in order to produce cellularized electrospun structures for clinical 

application. An investigation was made of flow rate and shear stress under direct perfusion in 

polycaprolactone electrospun scaffolds on human dental pulp stem cell detachment. The 

influence of the adhesion time on cell adhesion and detachment under static conditions was 
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also evaluated. Different seeding densities were tested under perfusion to evaluate the 

detachment. 

5.2 Materials and Methods 

Scaffold production 

The scaffolds were produced in an electrospinning apparatus with temperature and 

humidity control (EC-CLI, IME Technologies, Netherlands). A 16 % w/w solution of 

polycaprolactone (Sigma-Aldrich, Mw 70-90 kDa) in a chloroform:methanol 9:1 vol% 

mixture was electrospun at 38 % humidity, 19 °C, 35 cm distance between the needle and the 

collector, flow rate of 0.1 mL/min, and voltage of 17 kV. The scaffolds were cut into 16 mm 

diameter disks and sterilized by ultraviolet radiation (UV) for 1 h. 

Cell isolation and expansion 

Human deciduous teeth pulp was used to obtain dental pulp stem cells with the 

approval of the Research Committee and the Ethics Committee of the Universidade Federal 

do Rio Grande do Sul (project number33177214.1.3001.5330), according to the methodology 

described by Werle et al. [15]. Human deciduous teeth with physiologic root resorption were 

extracted and immersed in DMEM (Dulbecco’s modified Eagle’s culture medium)/Hepes 

(Sigma-Aldrich, St. Louis, MO) supplemented with 10 % fetal bovine serum (FBS) (Gibco, 

Grand Island, NY), 100 U/mL penicillin and 100 mg/mL streptomycin (Gibco, Grand Island, 

NY), for transportation. The dental pulp tissue was removed with the use of endodontic 

instruments and the cells were isolated from the pulp by mechanic and enzymatic process. 

The isolated cells were incubated for 24 h at 37 °C and 5 % CO2. The primary cultures and 

further passages were subcultivated when a confluence of 90 % was reached, with medium 

exchange every 3 or 4 days. Five primary culture cells (between the third to eighth passage) 

were used in this work. The cells were characterized as mesenchymal stem cells in terms of 

immunophenotypic profile and differentiation potential, as presented in the supplementary 

material (Table 5.S1 and Figure 5,S1, respectively). 

Cell viability 

A colorimetric assay with water-soluble tetrazolium salts (WST-8, [2-(2-methoxy-4-

nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium]) was used to determine 

the number of viable cells. As opposed to other common colorimetric assays, the WST-8 
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assay does not kill the cells, which allows continuous culturing of the cells, performing other 

assays with the living cells and preserving the samples after the measurements. For this test, 

the culture medium was removed and the scaffolds were incubated with 20 µL of Cell 

Counting Kit-8 solution (CCK-8, Sigma–Aldrich, USA) and 180 µL of fresh culture medium 

at 5 % CO2 and 37°C for 1 h. The absorbance was read in 450 nm in a microplate reader 

(Multiskan FC, Thermo Scientific, USA). Standard curves relating absorbance readings (450 

nm) with cell number were constructed for each cell culture for the determination of the 

viable cell number.  

Cell morphology 

After the viability assay, the scaffolds were washed with phosphate-buffered saline 

solution (PBS) and fixed with 4 % (w/v) paraformaldehyde (PFA) (Sigma-Aldrich, USA) for 

30 minutes. The PFA was then removed and the scaffolds were washed again with PBS. 

Cytoskeleton and nuclei cells were stained with 50 µg/mL rhodamine-phalloidin (Molecular 

Probes, USA) for 40 minutes and 0.5 µg/mL 4',6-diamidino-2-phenylindole (DAPI) for 

5 minutes, respectively, for further imaging using a confocal microscope (Olympus FV1000, 

Japan). For scanning electron microscopy (SEM) (JEOL JSM 6060, Japan), the scaffolds were 

washed with PBS, fixed with 3 % glutaraldehyde and dehydrated in graded ethanol baths 

before being sputtered with gold and imaged. 

Scaffold properties 

The porosity of the scaffolds was calculated from the volume of fibers and the total 

volume of the scaffold. The volume of the fibers (Vfibers) of the scaffold was determined by 

dividing the weight of the scaffold by the PCL density, and the total volume of the scaffold 

(Vtotal) was determined taking into account its geometry. The total porous fraction (θ) is given 

by Equation 5.1. 

 
total

fiberstotal

V

VV 
  (5.1) 

The average shear stress on the wall of the pores was calculated considering a 

cylindrical pore approximation [16], using the Equation 5.2. 
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where μ is the medium viscosity (Pa.s) (similar to that of water at 37 °C), dp is the pore 

diameter (m) (measured through analysis of SEM images of the scaffolds with the software 

ImageJ), Q is the flow rate (m
3
/s) , and D is the scaffold diameter (m). 

Cell adhesion and drag  

Initially, 1.5×10
5 

or 0.5×10
5 
cells were seeded in each scaffold and the volume was 

completed to 1 mL with culture medium in each well. Different adhesion times – 3 h [17], 6 h 

[18] and 24 h [19,20] – were used for mesenchymal stem cell attachment in the 3D scaffolds. 

In order to evaluate the impact of the adhesion time on cell adhesion and morphology, the 

cells were then incubated at 5 % CO2 and 37°C for 3, 6 and 24 h for cell adhesion. Three cell 

cultures were used in this experiment and the number of scaffolds analyzed for each adhesion 

time was 3 per culture. 

Firstly, the scaffolds seeded with 0.5×10
5 
cells and incubated for 3, 6 and 24 h were 

perfused with culture medium for 18 h at 0.05 mL/min, in order to evaluate the adhesion 

strength of each adhesion time group. Two scaffolds per culture were analyzed for each 

adhesion time under flow and three cell cultures were used. The bioreactor system used for 

the culture medium perfusion is shown in Figure 5.1.    
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Figure 5.1: Perfusion bioreactor system: medium reservoir (1), silicon tubing (2), peristaltic 

pump (3), perfusion chamber (4) 

Taking into consideration that increased cell adhesion and spreading have been 

reported in the literature with longer adhesion times [19–21], the effect of the flow rate in cell 

detachment was evaluated following an adhesion time of 24 h under static conditions, in order 

to guarantee that the cells were fully adhered and would not be detached with flow perfusion 

due to poor adhesion. In addition, the perfusion time used in further experiments was changed 

from 18 to 24 h to guarantee that maximum cell drag was achieved. Therefore, the scaffolds 

with 24 h cell adhesion were transferred to the bioreactor chambers (Figure 5.1) and incubated 

at 5 % CO2 and 37°C for 24 h of perfusion in a bioreactor system.   

As the cell drag was expected to increase with the flow rate, the scaffolds with high 

and low cell densities were perfused at high and low flow rates, respectively, to guarantee that 

the viability measurements remained above the detection limit. Thus, the scaffolds seeded 

with 0.5×10
5 
cells were perfused with culture medium at the flow rates of 0.005, 0.01, 0.05 

and 0.1 mL/min (as presented in Figure 5.2), while those seeded with 1.5×10
5 
cells were 

perfused at 0.75, 1.5 and 3 mL/min (as presented in Figure 5.3). Two cell cultures were used 

in these experiments and the number of scaffolds analyzed for each flow rate was 4 per 

culture. 

The schemes of the experimental procedure for cell adhesion and perfusion 

experiments are presented in Figures 5.2 and 5.3, with an indication of the steps in which cell 

viability and morphological characteristics were determined.   
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Figure 5.2: Scheme of the experimental procedure for cell culture with seeding density of 

1.5×10
5 
cells/scaffold (WST-8, PFA, GTA and DAPI are the viability assay, 

paraformaldehyde, glutaraldehyde, and 4',6-diamidino-2-phenylindole, respectively) 

 

Figure 5.3: Scheme of the experimental procedure for cell culture with seeding density of 

0.5×10
5 
cells/scaffold (WST-8 is the viability assay) 

It was also considered that with the reduction of the flow rate, the time required to fill 

the perfusion system increased. Hence, if the culture medium arrival to the scaffold occurs 

with an increased delay, the cells could starve due to the lack of nutrients. Thus, at low flow 

rates (0.005 – 0.1 mL/min), the perfusion chambers were at first partially filled with culture 

medium at a higher flow rate (0.5 mL/min). The flow rate was then decreased to 0.005, 0.01, 

0.05 or 0.1 mL/min before the fluid reached the scaffold in any of the chambers.  
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The average drag ratio was calculated by subtracting the average cell number 

(determined with the CCK-8 kit) after perfusion from the control average cell number (non 

perfused scaffolds), normalizing this difference with the control average cell number.  

Statistical analysis 

Normal distribution was verified with the combination of the Shapiro–Wilk test and 

visual inspection of Q-Q plots. Statistical analyses were performed using one-way ANOVA 

followed by Tukey's post hoc test, and were carried out with  R Statistical Software (version 

3.3.2; R Foundation for Statistical Computing, Vienna, Austria). 

 

5.3 Results and Discussion 

Cell morphology  

Figure 5.4 presents the confocal images of scaffolds seeded with 1.5×10
5 

cells and 

incubated for 3, 6 and 24 h. Additionally, a similar set of images with smaller magnification 

were supplied as supplementary material (Figure 5.S2) to show the effects observed in Figure 

5.4 do not depend on the specific focused region. By reference to the images in Figure 5.4, it 

can be observed that the cell shape is still round after 3 h of adhesion (Figure 5.4A). At 6 h 

(Figure 5.4B), the area of actin fibers stained with phalloidin is higher and after 24 h of 

adhesion, a spread morphology can be observed (Figure 5.4C). These results indicate that 

cytoskeleton spreading is increased with longer adhesion times. As larger cell spreading has 

been associated with increased focal adhesion size [22] and strength [23], it can be expected 

that after 24 h adhesion, the cells are more strongly attached to the fibers of the scaffold.  
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Figure 5.4: Confocal images of stem cells from Culture I in scaffolds seeded with 1.5×10
5 

cells and stained with rhodamine-phalloidin (cell cytoskeleton in red) and DAPI (cell nuclei in 

blue) after 3 (A), 6 (B) and 24 h (C) cell adhesion. Magnification x40 

In order to evaluate the cell distribution on the scaffold surface, SEM analysis was 

performed before and after perfusion. Figure 5.5 presents the SEM images of the scaffolds 

seeded with 1.5×10
5 

cells after 24 h cell adhesion and after 24 h cell adhesion followed by 

24 h perfusion. As can be seen in Figure 5.5A, after 24 h adhesion, the cells organize 

themselves in agglomerates, forming regions containing a layer of cells on the matrix surface, 

obstructing the pores. Several studies support that the pore size is responsible for cell 

infiltration and shear stress is applied to the cells due to the passage of flow in perfusion 

bioreactors [24,25]. In this study, the porosity (93 ±1 %) and pore diameter of the scaffolds 

(11.97±4.36 µm) does not necessarily limit cell penetration into the scaffold, if the cell 

diameter range of 12.2-16.6 μm is considered, as suggested by Suchanek et al.[26]. However, 

with the static seeding, the cells adhered on the fibers covering the scaffold surface and 
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occupying the pore spaces (as shown in Figure 5.5A). Due to fluid flow, the cells obstructing 

large pores were detached and dragged with the culture medium under high velocities (Figure 

5.5B), and eventually detached because of the shear stress applied, even under low flow rates. 

 

Figure 5.5: SEM images of scaffolds seeded with 1.5×10
5 
cells for 24 h with cell culture V 

before (A) and after (B) culture medium perfusion for 24 h with a flow rate of 1.5 mL/min. 

Magnification x500 

Cell adhesion and drag  

Figure 5.6 presents the results of the cell number, determined by WST-8, for the 

adhesion times of 3, 6 and 24 h, for the scaffolds seeded with a low seeding density (0.510
5 

cells/scaffold) with the cell cultures I, III and IV (Figure 5.6A) and with a high seeding 

density (1.510
5 
cells/scaffold) with the cell cultures I and II (Figure 5.6B).  For low seeding 
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density (Figure 5.6A), there was no significant effect of adhesion time on the cell number 

determined by cell viability for cultures III and IV, while for culture I a significant (p < 0.05) 

decrease of mean cell number occurred after 24 h adhesion when compared to the lower 

adhesion times (3 and 6 h). For high seeding density (Figure 5.6B), there was no significant 

difference between the values of the mean cell number obtained at the different adhesion 

times for Culture I, while for Culture II a decrease of this parameter was also observed 

between 6 and 24 h, after an initial increase between the adhesion times of 3 and 6 h. 

However, these results are probably exhibiting a behavior related to the intrinsic 

characteristics of this specific cell culture, what can be an outcome with primary cell cultures 

due to the variability between donors. Donor-to-donor variability can occur due to several 

factors such as donor age and gender, and it has been reported in several studies with primary 

cultures of human mesenchymal stem cells [27–31].  Harumi Miyagi et al. [31] observed 

donor-to-donor variation of the expression of extracellular matrix proteins with different 

human dental pulp stem cells from deciduous teeth, what could justify the different adhesion 

behavior between the cultures presented in Figure 5.6.This is in agreement with the fact that 

mesenchymal stem cells, as anchorage-dependent cells, can undergo cell death by the lack of 

appropriated attachment to a substrate [32].  
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Figure 5.6: Cell number for different adhesion times for cell cultures I, III and IV seeded 

with 0.510
5 
cells (A) and for cell cultures I and II seeded with 1.510

5 
cells (B). The 

different capital letters represent significantly different means for the groups with the same 

adhesion time. The different lowercase letters preceded by the culture number represent 

significantly different means for the groups of the same culture with different adhesion times 

(One-way ANOVA with post-hoc Tukey test, p<0.05) 

A further aspect to mention in relation to Figure 5.6 is that both at low and high 

seeding density, significant differences between the cultures regarding the number of cells 

were observed. This can be as a result of the use of cells derived from different individuals, as 

already discussed before.  

Figure 5.7 presents the cell drag percentage calculated from the viable cell numbers 

(determined by WST-8) obtained for the scaffolds seeded with 0.5×10
5 

cells and perfused at a 

flow rate of 0.05 mL/min for 18 h. As can be seen, there is no effect of adhesion time in cell 

loss under perfusion at 0.05 mL/min for cultures I and IV because no significant difference 

was observed for the different adhesion time groups. In addition, mean cell drag, calculated as 

the average drag from the three cultures, presented no significant difference between the 
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different adhesion time groups (mean cell drag of 17±11, 20±28 and 5±6 % for scaffolds with 

3, 6 and 24 h of adhesion time, respectively). However, culture III presented significantly 

different cell drag when seeded with 6 h adhesion when compared to the other cultures with 

the same adhesion time (p < 0.001), and to the same culture with other adhesion times 

(p < 0.001). Furthermore, culture I presented no cell loss for 6 and 24 h (0 % cell drag). These 

reduced cell losses can be related to a higher cell spreading observed at 6 and 24 h adhesion, 

observed in Figure 5.4.  Similar results to those obtained for cultures I and IV were observed 

by van Kooten et al.[33] in bi-dimensional studies using parallel-plate flow chambers, where 

tangential flow was used to induce shear stress and detach a cell population from a surface. 

The authors observed that cell adhesion strength, determined as the shear stress level that 

promotes 50 % of cell detachment, was not sensitive to the adhesion time. However, a three-

dimensional (3D) attachment results in different cell morphology (bridged form) than cell 

adhesion in 2D structures (flat shape) [34]. Furthermore, reduced cell adhesion strength and 

resistance to shear stress can be observed in 3D scaffolds under perfusion conditions because 

the cells can adhere in an orientation normal for the flow and lead to increased cell 

detachment under low flow rates [35]. However, cell attachment in bi-dimensional structures 

result in flat form morphology [34]. In this study, with the increase of adhesion time, the cells, 

initially adhered to the fibers (Figure 5.4A), stretched through the fibers and the pore space to 

adhere to other cells and fibers (Figure 5.4C). This is in accordance with the bridged form 

morphology (cells attached to more than one fiber) obtained by Binulal et al. [34] for cell 

attachment in three-dimensional (3D) electrospun scaffolds. Furthermore, since the cells 

adhered, filling the pore space (Figure 5.5), the main orientation to cell attachment in the 

studied system is expected to be perpendicular to the flow direction, which differs from the 

parallel flow used by van Kooten et al. [33]. According to McCoy and O’Brien [35], reduced 

cell adhesion strength and resistance to shear stress can be observed in 3D scaffolds under 

perfusion conditions, because cells can adhere in an orientation normal for the flow and lead 

to increased cell detachment under low flow rates. This could explain the mechanism of cell 

drag in a direct perfusion system and the distribution of the cells after perfusion, observed in 

Figure 5.5B. Thus, it can be that cultures I and IV presented no enhancement in adhesion 

strength, with larger adhesion times due to this relation between cell morphology and flow 

direction.   
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Figure 5.7: Cell drag in scaffolds seeded with 0.5×10
5 
cells with different adhesion times and 

perfused with a flow rate of 0.05 mL/min (shear stress of 2.1 mPa) for 18 h. The different 

capital letters represent significantly different means for the groups with the same adhesion 

time. The different lowercase letters preceded by the culture number represent significantly 

different means for the groups of the same culture with different adhesion times (One-way 

ANOVA with post-hoc Tukey test, p<0.05) 

Figure 5.8 presents the values of cell drag percentage calculated from the viable cell 

numbers (determined with WST-8) in the scaffolds from cell cultures I, III and IV, seeded 

with 0.5×10
5
 cells and perfused with flow rates varying from 0.005 to 0.1 mL/min (Figure 

5.8A) and from cultures I, II, III and V, seeded with 1.5×10
5
 cells and perfused with flow 

rates from 0.75 to 3 mL/min (Figure 5.8B). In all cases, the cell drag percentages were 

determined after 24 h adhesion followed by 24 h perfusion. As can be seen in Figure 5.8A, at 

low seeding density, higher flow rates lead to a significant increase in cell loss for Culture IV 

(p < 0.001). This was also observed for the scaffolds seeded (0.5×10
5 

cells) with Cultures I 

and III (p <  0.01), when compared to the results with flow rates of 0.05 and 0.1 mL/min. On 

the other hand, Culture I, when seeded at a low density, presented higher cell loss for the flow 

rate of 0.005 mL/min, when compared to the flow rate of 0.05 mL/min (p < 0.0001). For very 

low flow rates as 0.005 mL/min, the loss of cell viability (observed for Culture I) is probably 

not provoked by shear stress but by the reduction of oxygen delivery inside the perfusion 

chamber, as a result of the decreased convection. Decreased oxygen concentrations have 

already been reported with reduced convection in perfusion bioreactors [36,37]. Furthermore, 

the cell drag differences observed between the cultures can be a result of the use of cells 

derived from different individuals, as previously mentioned. Interestingly, at higher flow rates 
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and seeding density there was no significant difference in cell loss between the different 

groups with different flow rates and/or cultures (Figure 5.8B). This can be due to the higher 

seeding density, which results in higher cell number at the beginning of the perfusion and in 

an initial reduction of the permeability of the scaffold due to superficial pore obstruction. 

With less free space for fluid flow, the pore diameter and porosity of the scaffold are reduced, 

increasing shear stress levels (as in accordance with Equation 5.2) and cell drag. Additionally, 

it was observed that as cells are detached by the passage of flow through the pores, the 

amount of cells and debris in suspension is increased (results not shown). It is possible that, 

with a high flow rate, the high quantity of cellular particles in suspension affected the 

viscosity of the culture medium, also increasing the shear stress levels (as in accordance with 

Equation 5.2). The combination of these factors with the variability in seeding efficiency 

between the cultures with high seeding density (observed in Figure 5.6B) could have 

homogenized the cell drag with different flow rates.  
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Figure 5.8: Cell drag percentage in scaffolds seeded with 0.5×10
5 
cells from cell cultures I, 

III and IV, perfused with flow rates varying from 0.005 to 0.1 mL/min (a), and in scaffolds  

seeded with 1.5×10
5 
cells from cultures I, II, III and V, perfused with flow rates from 0.75 to 

3 mL/min (b), with 24 h of adhesion and perfused for 24 h. The different capital letters 

represent significantly different means for the groups with the same adhesion time. The 

different lowercase letters preceded by the culture number represent significantly different 

means for the groups of the same culture with different adhesion times (One-way ANOVA 

with post-hoc Tukey test, p < 0.05) 

Table 5.1 shows the values of mean cell drag percentage and shear stress (Equation 

5.2) obtained with the scaffolds seeded with 0.5 and 1.5×10
5 

cells for 24 h adhesion and 

perfused with flow rates from 0.005 to 3 mL/min for 24 h. The lowest cell drag (24 %) was 

obtained with a flow rate of 0.05 mL/min, which results in a shear stress of 2.1 mPa on the 

pore walls. This result indicates that there is an optimal flow rate value for each system, 

providing this flow rate does not provoke cell starvation or high cell detachment. However, no 

significant difference was observed for mean cell drag with different flow rates, what can be 
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due to the high standard deviation of each group and donor-to-donor variability. Fibrous (but 

not electrospun) scaffolds with fiber diameters of 20 µm presented cell detachment values 

(62 % and 69 %) at flow rates of 0.5 and 1 mL/min [38] similar to those presented in Table 

5.1 at flow rates of 0.75 and 1.5 mL/min. On the other hand, high shear stresses – values up to 

56 and 57 mPa, which are close to those that calculated in this work for a flow rate of 

1.5 mL/min, have been proved to provoke cell wash out and apoptosis [10,39]. This could 

justify the high cell loss presented in Table 5.1 at high flow rates, as cell drag was calculated 

based on cell viability, being the possible reason for the general trend reported in direct 

perfusion systems (i.e., increase in cell detachment with the increase of the flow rate) [40] 

was not observed in the present work. 

Table 5.1: Mean cell drag and shear stress in scaffolds seeded with 0.5 and 1.5×10
5
 cells with 

24 h of cell adhesion and perfused for 24 h 

Seeding density (×10
5
 cells) 0.5 1.5 

Flow rate (mL/min) 0.005 0.01 0.05 0.1 0.75 1.5 3 

Shear stress (mPa) 0.2 0.4 2.1 4.1 30.9 61.9 123.7 

Mean cell drag (%) 63 44 24 65 54 50 78 

Standard deviation (%) 35 30 29 13 9 18 26 

Cultures I, IV III, IV I, III I, III I, III  I, III, V II, V 

The detachment of human dental pulp stem cells from polycaprolactone electrospun 

scaffolds under direct perfusion was studied for different flow rates, adhesion time and 

seeding densities. Higher adhesion time lead to higher cell spreading in static conditions and 

reduced cell detachment under perfusion. The seeding density was revealed to affect cell 

distribution on the scaffold surface and the sensibility of the cells to the flow rate. High shear 

stress and flow rate values resulted in high cell detachments, but too low flow rates were 

closer to operational constraints that could result in loss of cell viability. Thus, the lowest flow 

rate within a safe operating range may be more suitable for the culture of human dental pulp 

stem cells in electrospun scaffolds.  
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5.6 Supplementary material 

Table 5.S1: Flow cytometric immunophenotyping analysis of human dental pulp stem cells 

(data are expressed as mean ± standard error, n=3) 

Surface Marker Positive Percentage (%) 

CD90 98 ± 3 

CD29 98 ± 2 

CD73 99 ± 0.5 

CD14 < 0.5 

CD34 < 0.5 

HLA-DR < 0.5 

CD45 < 0.5 

 

 

Figure 5.S1: Differentiation of human dental pulp stem cells in osteogenic (A) – Alizarin red 

staining –, adipogenic (B) – Oil red O staining – and chondrogenic (C) – Alcian blue staining 

– lineages. Magnification x200 
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Figure 5.S2: Confocal images of stem cells from Culture I in scaffolds seeded with 1.5×10
5
 

cells and stained with rhodamine-phalloidin (cell cytoskeleton in red) and DAPI (cell nuclei in 

blue) after 3 (A), 6 (B) and 24 h (C) cell adhesion. Magnification x10 

 

 



Capítulo 6  

 

Análise de um modelo do desenvolvimento de 

tecidos  

  

A fim de determinar os parâmetros e as variáveis significativas de um modelo 

amplamente estudado na engenharia de tecidos, foi realizada uma análise de sensibilidade 

com relação aos parâmetros e às variáveis de entrada, respondendo as seguintes questões de 

pesquisa: 

→ Qual o efeito dos parâmetros e das variáveis de entrada nas variáveis de saída do 

modelo? 

→ O modelo estudado é adequado para representar o sistema experimental deste 

estudo? 

Neste capítulo, está apresentado o estudo sobre modelagem da proliferação celular e 

do transporte de massa em scaffolds porosos, e a realização de análise de sensibilidade para 

determinar os parâmetros e as variáveis de entrada significativos do modelo. O capítulo está 

estruturado na forma de artigo científico, na língua inglesa, o qual foi submetido para a revista 

The Canadian Journal of Chemical Engineering e está sob revisão.  
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Abstract 

Phenomenological models can help in the study of the relation between mass transport and 

cell growth in three-dimensional porous scaffolds, which is one of the main challenges of 

tissue engineering. Thus, using a model for cell proliferation and glucose diffusion and 

consumption, the dimensionless parameters and input variables were varied to determinate 

those which affect the model output the most. The simulations were performed with the 

software OpenFOAM, and the results were compared through a sensitivity analysis for the 

parameters. It was observed that the model is more sensitive to the dimensionless parameters 

related to cell proliferation, death and nutrient uptake, and that dimensionless initial glucose 

concentration and scaffold porosity had a higher impact on cell volume fraction and on 

dimensionless glucose concentration. When compared to data from experimental studies, the 

computational results showed that the studied model is capable of represent the phenomena 

involved in tissue development in vitro.   

Keywords: computational model, tissue engineering, sensitivity analysis, mass transport, cell 

growth. 
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Symbols 

A scaffold area perpendicular to nutrient transport 

CG dimensionless glucose concentration  

CG
’ 

glucose concentration in the fluid phase
 

CG,0  initial nutrient concentration in the ambient culture medium 

CG,0,max maximum value used for the average glucose concentration in the fluid 

Dα,  dimensionless diffusivity in the cell phase 

Dα
’ 

glucose diffusivity in the cell phase
 

Dβ,  dimensionless diffusivity in the fluid phase  

Dβ
’ 

glucose diffusivity in the fluid phase
 

Dcell cell diffusion coefficient 

H scaffold thickness 

Hmax maximum value used for the scaffold thickness 

Kc Contois saturation coefficient 

Keq cellular and fluid phases equilibrium partition coefficient 

Rd cell death rate 

Rg maximum cell growth rate 

Rm  dimensionless glucose uptake parameter 

Rm’ glucose uptake rate 

Greek letters 

α dimensionless cell diffusion parameter  

ε scaffold porosity 

εβ  fluid phase volume fraction 

εcell  cell phase volume fraction 

εcell,0 initial volumetric fraction of cells 

εcell,0,maxmaximum value used for the initial number of cells  

εmax maximum value used for the scaffold porosity 

εscaffold volume fraction occupied by the scaffold 

η  dimensionless Contois parameter 

λ  dimensionless  cell death parameter 

ρcell average mass density of the cell phase 
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6.1 Introduction 

The application of phenomenological models in tissue engineering allows to describe 

highly interconnected phenomena as mass transport [1–7], cell growth [8–20], and 

extracellular matrix synthesis [21]. Computational modeling can assist in the study of physical 

[22–27], chemical [28–32] and biological [33] mechanisms of tissue development. It can also 

contribute to the estimation of parameters and variables that cannot be measured 

experimentally and in hypothesis tests [34].  

The main challenges in tissue engineering are related to mass transport limitations that 

occur both, in cultures in vitro and in the integration of the implant in vivo. Since diffusion is 

commonly the main mechanism of mass transport into the tissue, nutrient distribution is 

heterogeneous and leads to the spatial variation of cell density and viability, according to 

nutrient gradients [35]. Chung et al. [10] developed a mathematical model to describe nutrient 

consumption and chondrocytes growth and diffusion on polyglycolic acid (PGA) scaffolds 

under static conditions. They used the experimental data from Freed et al. [36] for estimation 

of parameters and model validation [10]. However, only the effect of the dimensionless 

parameter related to cell diffusion coefficient in the growth equation was evaluated by Chung 

et al. [10].  

The model of Chung et al. [10] is one of the simplest models of tissue development 

and has served as a basis for several other works, which include other terms related to nutrient 

transport in the fluid phase [37–39], description of the nutrient uptake by the Michaelis-

Menten model [12,37,38], extracellular matrix synthesis [37,38], oxygen uptake [38,40] or 

lactate production [12]. Liu, Chua and Leong [40] and Chung et al. [12] used a similar 

equation derivation (volume averaging) for a perfusion instead of a static culture system. 

Izadifar [41] proposed a numerical solution for a cylindrical scaffold and performed a 

sensitivity analysis of cell proliferation with relation to the inputs scaffold dimension and 

initial glucose concentration, but the effect of the model parameters was not evaluated.  

Although experimental validation is actually the best way of evaluating the ability of a 

model to represent the real system, it is sometimes a hard task, due to experimental limitations 

and cost. In this sense, also due to the complexity of the models used in tissue engineering, 

sensitivity analysis is an interesting tool for use in this field, since it may provide a 

computational evaluation of the predictive capacity and robustness of computational models 

and identification of the critical parameters of a model [42,43]. Sensitivity analysis can be 

used to study the role of each parameter variation in tissue development [44], to clarify the 
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mechanisms that most affect the studied phenomenon [45], to optimize the computational 

mesh [17], to analyze the effect of different culture conditions [46], and to evaluate the 

influence of additional factors and processes to the model [47]. In addition, it can be used for 

the simplification of a model through the identification of input variables whose variation 

does not result in a significant change on the outputs of the model. 

A complete sensitivity analysis, contemplating both input variables and parameters, is 

not currently available for the model proposed by Chung et al. [10]. Nevertheless, before 

incorporating a new phenomenon in this model and/or sophisticating the description of a 

particular mechanism, it is important to study the impact of different porosities and 

parameters values on the model, and evaluate the effect of the input variables on the output 

variables.  

In the present work, a new dimensionless arrangement of the model proposed by 

Chung et al. [10] is used as basis for a sensitivity analysis aiming to identify which of the 

considered dimensionless parameters and input variables (namely, initial cell density and 

glucose concentration, scaffold thickness and porosity) have more pronounced effect on the 

outputs of the model (cell volume fraction and glucose concentration). 

6.2 Methodology 

Modeling 

Chung and colleagues’ model was based on the volume average method proposed by 

Wood, Quintard and Whitaker [48], considering a biphasic porous medium with a cell and a 

fluid phase. Thus, the nutrient concentration in the fluid phase is given by the following 

equation.  

 

                
 

   
        

            
     

        
   

                   (6.1) 

where εcell and εβ are the cell and fluid volume fraction, respectively, CG
’
 is the glucose 

concentration in the fluid phase, Keq is the cellular and fluid phases equilibrium partition 

coefficient, Dβ
’
 is the glucose diffusivity in the fluid phase, Dα

’
 is the glucose diffusivity in the 

cell phase, and Rm’ is the glucose uptake rate. 

For the cell mass conservation, Chung et al. [10] assumed a constant average mass 

density of the cell phase (ρcell). Thus, the cell volume fraction time derivative is given by the 

following equation. 
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                          (6.2) 

The first term on the right-hand side of the Equation 6.2 represents the cell flux, where 

Dcell is the cell diffusion coefficient, assuming that cells have mobility due to random walking 

[10]. The second term on the right-hand side describes cell growth with the Modified Contois 

kinetics [49], which considers the effect of nutrient saturation and the cell amount 

dependence. In this term, Rg is the maximum cell growth rate and Kc is the Contois saturation 

coefficient. The third term on the right-hand side represents cell death and Rd is the cell death 

rate. 

Adopting the inverse growth rate Rg
-1

, the scaffold thickness H, and the initial nutrient 

concentration in the ambient culture medium CG,0 as characteristic scales for time, length, and 

nutrient concentration, respectively, Chung et al. [10] proposed the following dimensionless 

expression for cell mass conservation Equation 6.2: 

      

  
            

  

         
                                             (6.3) 

where CG is the dimensionless glucose concentration (CG
’
/ CG,0), and the dimensionless 

parameters α, η, and λ, are given by Equations 6.4, 6.5, and 6.6, representing the cell 

movement, the cell growth kinetics and the cell death, respectively. 

   
     

   
                                                                 (6.4) 

  
       

       
                                                               (6.5) 

  
  

  
                                                                   (6.6) 

where A is the scaffold area perpendicular to nutrient transport [10], given by the Equation 

6.7. 

                                               (6.7) 
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To consider scaffold porosities other than 100 %, the volume fraction occupied by the 

scaffold (εscaffold) must be included in the model (ε = 1 - εscaffold) [40]. Thus, the volume 

fraction of the fluid phase (εβ) is given by the following equation: 

                                                           (6.8) 

Chung et al. [10] proposed a dimensionless form for nutrient equation (Eq. (6.1)) 

where all the dimensionless parameters were dependent on the glucose diffusivity in the fluid 

phase.  In order to analyze separately the effects of the nutrient uptake and of the nutrient 

diffusion, we rearranged the dimensionless form of the nutrient transport equation as follows: 

  

                

  
                                                    (6.9) 

where the dimensionless parameters Dβ, Dα, and Rm are given by Equations 6.10, 6.11, and 

6.12, representing the glucose transport in the fluid and in the cell phase, and the glucose 

consumption, respectively. 

   
  

 

   
                                                             (6.10) 

   
  

 

   
                                                             (6.11) 

   
     

 

  
                                                         (6.12) 

The boundary conditions are the same as those proposed by Chung et al. [10]: zero cell 

mass flux on the boundaries, and nutrient concentration at the extremities of the scaffold 

surface equal to the bulk concentration of the medium surrounding the scaffold. Thus, the 

nutrient transport occurs from the extremities to the center of the scaffold.  

 

Model implementation and sensitivity analysis 

The model equations were implemented in a finite volume code using the open source 

CFD package OpenFOAM and the algorithm PIMPLE [50] for the solution of the transient 

process. The reference values of the dimensionless parameters are presented in Table 6.1.  
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Table 6.1: Dimensionless parameters, based on the parametric values proposed by Chung et 

al. [10] 

Parameter Value Equations involved 

Keq 0.1 6.1, 6.3, 6.7, 6.10 

  62 6.3, 6.5 

  0.00011 6.1, 6.2, 6.5 

  0.021 6.1, 6.4 

Dβ 6.67 6.5, 6.7, 6.8 

Dα 0.67 6.5, 6.7, 6.9 

Rm 196 6.7, 6.10 

Four bi-dimensional rectangular geometries corresponding to the cases with thickness 

of 0.307 cm, 0.169 cm, 0.116 cm, and 0.088 cm were employed. The proportions between the 

dimensionless values of x and y in each of these geometries were of 3.26 × 1, 5.95 × 1, 8.62 × 

1, and 11.36 × 1, respectively. The 2 meshes presented in Table 6.2, generated with the 

blockMesh tool of the OpenFOAM package, were studied. 

Table 6.2: Mesh analysis 

Refinement 
Number of cells in each direction 

X Y 

I 163 50 

II 82 25 

The sensitivity analysis was made by varying one of the dimensionless parameters 

values at a time by 25 % and 50 % positively and negatively, while maintaining the all the 

other parameters constant. The model sensitivity to each parameter was then calculated as the 

ratio of the change in the output variables to the normalized variation of the parameters (- 0.5 

to + 0.5).  

The relation between the inputs (initial volumetric fraction of cells (εcell,0), scaffold 

porosity (ε), scaffold thickness (H), and initial average glucose concentration in the fluid 

phase (CG,0)) and the output variables (volumetric fraction of cells and glucose concentration 

in the scaffold) was studied with the set of input values shown in Table 6.3, expressed in 

terms of percentage of the maximum value used for each input. The sensitivity was not 

calculated using the dimensionless ratio defined in the previous paragraph for the analysis of 
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the parameters, due to the variation of more than one variable at the same time in most of the 

studied cases (G to U). 

Table 6.3: Percentile input values for the different studied cases  

Case  εcell,0/εcell,0,max (%) ε/εmax (%) H/Hmax (%) CG,0/CG,0,max (%) 

A 40 100 100 100 

B 10 100 100 100 

C 100 100 100 100 

D 40 100 100 22.22 

E 40 80 100 100 

F 40 60 100 100 

G 20 100 28.95 100 

H 20 100 38.16 100 

I 20 100 55.26 100 

J 20 80 28.95 100 

K 20 80 38.16 100 

L 20 80 55.26 100 

M 20 60 28.95 100 

N 20 60 38.16 100 

O 20 60 55.26 100 

P 20 80 28.95 22.22 

Q 20 80 38.16 22.22 

R 20 80 55.26 22.22 

S 20 60 28.95 22.22 

T 20 60 38.16 22.22 

U 20 60 55.26 22.22 

The maximum values used for the initial number of cells, scaffold porosity, scaffold 

thickness and average glucose concentration in the fluid (εcell,0,max, εmax, Hmax and CG,0,max, 

respectively) are given in Table 6.4.  

Table 6.4: Maximum input values and the equations involved 

Input Maximum value Equations involved 

εcell,0 (cells) 1×10
7 
 6.1, 6.6, 6.7 
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ε (%) 100 6.6,  6.7 

H (cm) 0.304  6.1, 6.2, 6.5, 6.7, 6.8, 6.9 

CG,0 (gcm
-3

) 4.5×10
-3

  6.1, 6.3, 6.7 

 

6.3 Results and Discussion 

Table 6.5 presents the maximum and minimum values of cell volume fraction and 

dimensionless glucose concentration at the final time for case A with meshes I and II.  

Table 6.5: Output values at the final time for meshes I and II 

Mesh εcell, min εcell, max CG,min  CG,max 

I 0.234 0.448 0.358 1 

II 0.235 0.448 0.358 1 

According to the results presented in Table 6.5, a higher refinement on the directions x 

and y (I) did not change radically the maximum and minimum values of cell volume fraction 

and dimensionless glucose concentration at the final time. These results indicate that for Mesh 

II the convergence was already achieved. Thus, the sensitivity analysis was conducted with 

Mesh II.  

Figures 6.1 and 6.2 present the time evolution of mean cell volume fraction and 

dimensionless glucose concentration sensitivities to the dimensionless parameter η. It can be 

seen that η has a significant impact on cell volume fraction and glucose concentration over the 

entire culture time. This could be because the parameter η is related to growth kinetics 

(Contois saturation coefficient) and to initial conditions (glucose concentration in the media). 
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Figure 6.1: Time evolution of mean cell volume fraction sensitivity to dimensionless 

parameter η 

 

Figure 6.2: Time evolution of mean dimensionless glucose concentration sensitivity to 

dimensionless parameter η 

Figures 6.3 and 6.4 present the sensitivity of the maximum absolute value of mean cell 

volume fraction and dimensionless glucose concentration to the model parameters. According 

to these figures, the model is not very sensitive to the parameters α, Dα and Keq in the studied 

range (absolute values of sensitivity smaller than 0.005). It can be noticed that the absolute 



6. ANÁLISE DE UM MODELO DO DESENVOLVIMENTO DE TECIDOS 151 

 

values of mean cell volume fraction sensitivity to all parameters, except to η, were smaller 

than 0.15, with the same applying to the sensitivity of the mean dimensionless glucose 

concentration to Dα, λ, α and Keq. 

 

Figure 6.3: Maximum absolute value of mean cell volume fraction sensitivity to the model 

parameters 

 

Figure 6.4: Maximum absolute value of mean dimensionless glucose concentration 

sensitivity to the model parameters 
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Moreover, glucose concentration showed a higher sensitivity to Dβ than cell volume 

fraction, which can be attributed to the fact that Dβ is the dimensionless parameter that 

represents the nutrient transport in the model. This parameter could be varied by changing the 

culture media conditions or the nutrient considered in the model, altering the diffusivity of the 

nutrient on the fluid phase. On the other hand, Dβ can also be influenced by modifications on 

the cross-sectional area for nutrient transport (or scaffold thickness) and on the cell growth 

kinetics.  

The model has a certain sensitivity to Rm, being all the sensitivities negative in the 

studied range. This parameter can be modified by a change in the equilibrium of the cellular 

and fluid phases (Keq), on cell metabolism (maximum nutrient consumption rate), or on the 

growth kinetics (Rg). 

Also, the model presents higher sensitivity to smaller values of λ, since negative 

variations of 50 and 25% (in this order), resulted in higher sensitivity values than positive 

variations of λ (Figures 6.3 and 6.4). It can be implied that an increase in λ has a negative 

effect on cell volume fraction and a higher positive effect on glucose concentration. The 

higher cell death or smaller cell proliferation, the smaller the cell volume fraction and the 

uptake of glucose and the higher the glucose concentration. Since the cell death rate and the 

maximum cell growth rate are associated to cell kinetics, λ could be varied by changes in the 

culture conditions.  

Figure 6.5 presents the distribution of mean cell volume fraction and dimensionless 

glucose concentration for the case A (0.307 cm of thickness). The effect of transport 

limitation on cell volume fraction distribution (Figure 6.5a) follows the glucose concentration 

behavior (Figure 6.5b), with smaller values at the center of the scaffold. This trend was 

similar for all cases (results not shown).  
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Figure 6.5: Distribution of mean cell volume fraction and dimensionless glucose 

concentration at the final time for a scaffold thickness of 0.307 cm 

Figures 6.6 and 6.7 present the time evolution of mean cell volume fraction and the 

dimensionless glucose concentration for the cases A to F (0.307 cm of thickness). It can be 

seen that lower initial glucose concentration led to reduced cell growth and consequent 

smaller glucose consumption (case D when compared to case A). Besides this, the initial cell 

volume fraction did not present a significant impact on the model, since the curves of cell 

volume fraction and dimensionless glucose concentration corresponding to the cases A, B and 

C are overlapped at the final time. Also, lower porosities presented lower mean cell volume 

fractions and lower mean glucose concentration over time (cases E and F when compared to 

case A), what could be due to higher transport limitation. 

 



154 6. ANÁLISE DE UM MODELO DO DESENVOLVIMENTO DE TECIDOS 

 

 

Figure 6.6: Time evolution of mean cell volume fraction for scaffold thickness of 0.307 cm. 

A: [εcell,0/εcell,0,max  ε/εmax  CG,0/CG,0,max] = [40 100 100], B: [εcell,0/εcell,0,max  ε/εmax  CG,0/CG,0,max] = 

[10 100 100], C: [εcell,0/εcell,0,max  ε/εmax  CG,0/CG,0,max] = [100 100 100], D: [εcell,0/εcell,0,max  ε/εmax  

CG,0/CG,0,max] = [40 100 22.22], E: [εcell,0/εcell,0,max  ε/εmax  CG,0/CG,0,max] = [40 80 100], F: 

[εcell,0/εcell,0,max  ε/εmax  CG,0/CG,0,max] = [40 60 100] 
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Figure 6.7: Time evolution of mean dimensionless glucose concentration for a scaffold 

thickness of 0.307 cm. A: [εcell,0/εcell,0,max  ε/εmax  CG,0/CG,0,max] = [40 100 100], B: 

[εcell,0/εcell,0,max  ε/εmax  CG,0/CG,0,max] = [10 100 100], C: [εcell,0/εcell,0,max  ε/εmax  CG,0/CG,0,max] = 

[100 100 100], D: [εcell,0/εcell,0,max  ε/εmax  CG,0/CG,0,max] = [40 100 22.22], E: [εcell,0/εcell,0,max  

ε/εmax  CG,0/CG,0,max] = [40 80 100], F: [εcell,0/εcell,0,max  ε/εmax  CG,0/CG,0,max] = [40 60 100] 

Figures 6.8 and 6.9 present the time evolution of mean cell volume fraction and 

dimensionless glucose concentration for the cases G to O (0.088, 0.116 and 0.168 cm of 

thickness, with high initial glucose concentration). The same trend was observed for thickness 

of 0.088 (cases G, J and M), 0.116 (cases H, K and N) and 0.168 (cases I, L and O), but the 

profiles of mean cell volume fraction and dimensionless glucose concentration over time were 

further away from reaching the plateau with the increase of the scaffold thickness (cases I, L 

and O did not reach the plateau in the studied time). In addition, the increase of the mean cell 

volume fraction and the decrease of the mean glucose dimensionless concentration over time 

were smaller with thicker scaffolds (cases I, L and O). This can be due to the reduction in cell 

volume fraction with the increase of scaffold volume and no variation on initial cell number, 

what results in smaller local nutrient consumption (smoother profiles) and higher mean 

glucose concentration at the final time.  It can also be observed that the profiles of both output 

variables were steepest for smaller porosities (cases M, N and O), what could be due to higher 

nutrient diffusion limitation.  

 



156 6. ANÁLISE DE UM MODELO DO DESENVOLVIMENTO DE TECIDOS 

 

 

  

Figure 6.8: Time evolution of mean cell volume fraction for scaffold thickness of 0.088, 

0.116 and 0.168 cm, with high initial glucose concentration. G: [ε/εmax  H/Hmax] = [100 28.95], 

H: [ε/εmax  H/Hmax] = [100 38.16], I: [ε/εmax  H/Hmax] = [100 55.26], J: [ε/εmax  H/Hmax] = [80 

28.95], K: [ε/εmax  H/Hmax] = [80 38.16], L: [ε/εmax  H/Hmax] = [80 55.26], M: [ε/εmax  H/Hmax] = 

[60 28.95], N: [ε/εmax  H/Hmax] = [60 38.16], O: [ε/εmax  H/Hmax] = [60 55.26] 
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Figure 6.9: Time evolution of mean dimensionless glucose concentration for scaffold 

thickness of 0.088, 0.116 and 0.168 cm, with high initial glucose concentration. G: [ε/εmax  

H/Hmax] = [100 28.95], H: [ε/εmax  H/Hmax] = [100 38.16], I: [ε/εmax  H/Hmax] = [100 55.26], J: 

[ε/εmax  H/Hmax] = [80 28.95], K: [ε/εmax  H/Hmax] = [80 38.16], L: [ε/εmax  H/Hmax] = [80 55.26], 

M: [ε/εmax  H/Hmax] = [60 28.95], N: [ε/εmax  H/Hmax] = [60 38.16], O: [ε/εmax  H/Hmax] = [60 

55.26] 

Figures 6.10 and 6.11 present the time evolution of mean cell volume fraction and 

dimensionless glucose concentration for the cases P to U (0.088, 0.116 and 0.168 cm of 

thickness, with low initial glucose concentration). For the low glucose concentration medium, 

the decrease of the dimensionless glucose concentration was higher for the cases with 60 % of 

porosity (cases S, T and U), indicating that a decrease in scaffold porosity increased transport 

limitations, since the mean cell volume fraction presented similar results when porosity was 

reduced from 80 to 60 % (cases P and S, Q and T, R and U, for scaffold thicknesses of 

0.088 cm, 0.116 cm, and 0.168 cm, respectively). With low glucose medium, the presence of 

less substrate reduced the effect of the transport limitation on the proliferation. In addition, the 

cell growth was lower with low initial glucose concentration than for the cases with high 

glucose concentration medium (presented in Figure 6.8). 
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Figure 6.10: Time evolution of mean cell volume fraction for scaffold thickness of 0.088, 

0.116 and 0.168 cm, with low initial glucose concentration. P: [ε/εmax  H/Hmax] = [80 28.95], 

Q: [ε/εmax  H/Hmax] = [80 38.16], R: [ε/εmax  H/Hmax] = [80 55.26], S: [ε/εmax  H/Hmax] = [60 

28.95], T: [ε/εmax  H/Hmax] = [60 38.16], U: [ε/εmax  H/Hmax] = [60 55.26] 
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Figure 6.11: Time evolution of mean dimensionless glucose concentration for scaffold 

thickness of 0.088, 0.116 and 0.168 cm, with low initial glucose concentration. P: [ε/εmax  

H/Hmax] = [80 28.95], Q: [ε/εmax  H/Hmax] = [80 38.16], R: [ε/εmax  H/Hmax] = [80 55.26], S: 

[ε/εmax  H/Hmax] = [60 28.95], T: [ε/εmax  H/Hmax] = [60 38.16], U: [ε/εmax  H/Hmax] = [60 55.26] 

In addition to the above analysis, the results were compared to the experimental data 

plotted by Chung et al. [10]. Figure 6.12 presents the relative error of cell volume fraction 

with this data for the different input variations. Comparing the cases with equivalent initial 

conditions, regarding the experimental data (A, E, F; G, J, M; H, K, N; I, L, O), only case G 

presented less deviation when compared to the cases with porosity values lower than the 

100%. This can indicate that a porosity of 100 % may not fully represent the experimental 

condition, as proposed by Chung et al. [10].  
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Figure 6.12: Percent relative error of calculated mean cell volume fraction at the final time, 

for input variation cases. The cases A to F have H/Hmax = 100. A: [εcell,0/εcell,0,max  ε/εmax  

CG,0/CG,0,max] = [40 100 100], B: [εcell,0/εcell,0,max  ε/εmax  CG,0/CG,0,max] = [10 100 100], C: 

[εcell,0/εcell,0,max  ε/εmax  CG,0/CG,0,max] = [100 100 100], D: [εcell,0/εcell,0,max  ε/εmax  CG,0/CG,0,max] = 

[40 100 22.22], E: [εcell,0/εcell,0,max  ε/εmax  CG,0/CG,0,max] = [40 80 100], F: [εcell,0/εcell,0,max  ε/εmax  

CG,0/CG,0,max] = [40 60 100]. The cases G to U have εcell,0/εcell,0,max = 20, the cases G to O have  

CG,0/CG,0,max = 100. G: [ε/εmax  H/Hmax] = [100 28.95], H: [ε/εmax  H/Hmax] = [100 38.16], I: 

[ε/εmax  H/Hmax] = [100 55.26], J: [ε/εmax  H/Hmax] = [80 28.95], K: [ε/εmax  H/Hmax] = [80 

38.16], L: [ε/εmax  H/Hmax] = [80 55.26], M: [ε/εmax  H/Hmax] = [60 28.95], N: [ε/εmax  H/Hmax] = 

[60 38.16], O: [ε/εmax  H/Hmax] = [60 55.26]. The cases P to U have CG,0/CG,0,max = 22.22. P: 

[ε/εmax  H/Hmax] = [80 28.95], Q: [ε/εmax  H/Hmax] = [80 38.16], R: [ε/εmax  H/Hmax] = [80 55.26], 

S: [ε/εmax  H/Hmax] = [60 28.95], T: [ε/εmax  H/Hmax] = [60 38.16], U: [ε/εmax  H/Hmax] = [60 

55.26] 

In Figure 6.12, it can also be seen that cases F (60 % porosity), K and L (porosity of 

80 %) presented the smallest percent relative errors of mean cell volume fraction at the final 

time from the experimental data. This could be due to the slight increase in transport 

limitation (smaller void fraction) and consequent reduction of cell volume fraction, what can 

balance an overestimation of cell growth rate (observed in cases A, B, C, E, H, and I). 

The deviations for the cases with different initial conditions compared to the 

experimental ones provide information about the model prediction capacity. As can be seen in 
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Figure 6.10, different initial cell numbers (cases B and C) with relation to the experimental 

one (case A) led to different final cell volume fractions. Also, the reduction of initial glucose 

media concentration led to high and negative deviation, as it implies a radical reduction of 

glucose availability when compared to the experimental one (high glucose culture media), and 

consequent decrease of cell growth (cases D, P, Q, R S, T, and U).  

With the exception of case G, the cases with 0.088 cm of thickness (J, M, P, and S) 

presented higher deviations with relation to the experimental data when compared to the cases 

with higher thickness. The fact of the errors all being negative could be due to the 

underestimation of maximum cell growth rate for this thickness, which was convenient only 

for the case with 100 % porosity (G).  

Positive variations (increase) of Rm, η and/or λ, and the negative variations (decrease) 

of Keq, Dβ, Dα and/or α, considering the reference values for the dimensionless parameters 

presented in Table 6.1, reduced the percent relative error between the experimental and 

calculated mean cell volume fractions, when compared to the relative error obtained with the 

reference values. The dimensionless parameter variations presented in Table 6.6 led to the 

higher deviations from the reference case concerning the relative error between the 

experimental and calculated mean cell volume fractions at the final time.  

Table 6.6: Percent reduction of the relative error between the experimental and calculated cell 

volume fractions at the final time, with dimensionless parameter variation 

Dimensionless 

parameter 

Dimensionless 

parameter variation (%) 

Reduction in the relative error between the 

experimental and calculated cell volume 

fractions at the final time (%) 

Rm + 50 54.6 

Db - 50 93.2 

η + 25 91.6 

λ + 50 98.8 

According to the results in Table 6.6, with the increase in λ, higher the cell death or 

smaller the cell proliferation. Higher η requires smaller glucose concentration or higher 

Contois saturation coefficient, what would reduce the effect of glucose on cell growth. A 

positive variation of Rm could be associated to higher glucose uptake or higher transport 

limitations (smaller Dβ), which would affect cell growth negatively. Thus, all the variations 

that reduced the relative error, with relation to the experimental data, led to the reduction of 
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the final cell volume fraction value. Since in the experiments performed by Freed, Vunjak-

Novakovic and Marquis [36] there was media exchange over the culture that was not 

considered in the model, perhaps the cell growth rate was overestimated to account for the 

higher glucose availability and the consequent slight increase in cell growth that occurred 

every time the medium was replaced.    

According to Chung et al. [10] and Vunjak-Novakovic and Marquis [36], volumetric 

cell growth rate decreases for higher scaffold thickness. Therefore, different maximum cell 

growth rates - proposed by Chung et al. [10] - were used in this study for each scaffold 

thickness. Moreover, different initial cell densities did not change significantly the growth 

rate in the present computational study, as occurred in the experiments of Vunjak-Novakovic 

and Marquis [36]. 

According to Vunjak-Novakovic and Marquis [36], cell growth rate decreases with the 

increase of cell density over time. The model captured this behavior, once the glucose uptake 

increased with time due to proliferation and higher cell number, and consequently, the glucose 

concentration decreased, leading to a reduction of cell growth rate over time.   

According to Gomes, Holtorf, Reis and Mikos [51], higher porosities lead to higher 

cell proliferation, due to higher diffusion of nutrients and metabolic waste removal. The 

model also captured this behavior, since higher glucose concentrations and cell volume 

fractions were observed for higher porosities. 

6.4 Conclusions 

Through a sensitivity analysis, it was observed that the model is more sensitive to the 

dimensionless parameters related to cell proliferation (η), death (λ) and nutrient uptake (Rm), 

in this order of importance. The impact of different input variables on the model output 

variables was also studied. It was possible to analyze the effects of transport limitations and of 

the glucose availability on cell growth. The model presented higher sensitivity to initial 

glucose concentration and scaffold porosity. When compared to experimental studies, the 

results showed that the model is capable of representing the phenomena involved in tissue 

development in vitro.  
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Capítulo 7  

 

Comparação entre modelos do 

desenvolvimento de tecidos  

 

A partir de um modelo bastante utilizado na engenharia de tecidos, foram analisadas 

contribuições sugeridas por outros trabalhos da literatura. Desta forma, este capítulo buscou 

responder a seguinte questão de pesquisa: 

→ Qual a contribuição do oxigênio e do aumento da porosidade com a degradação do 

polímero ao modelo em estudo sob diferentes cenários (variação nas variáveis de 

entrada)?  

O trabalho apresentado neste capítulo teve o objetivo de avaliar a contribuição da 

adição de complexidade ao modelo, através da variação temporal da porosidade e da 

associação do consumo e transporte de oxigênio com a cinética dupla de Contois, para poder 

estabelecer os fenômenos que devem ser descritos pelo modelo. O capítulo está estruturado na 

forma de artigo científico, na língua inglesa, o qual foi submetido para a revista Brazilian 

Journal of Chemical Engineering e está sob revisão. 
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Abstract 

Computational modeling has been proven to be very useful in tissue engineering over the past 

years. Because the model is a simplification of the experimental system, the processes 

accounted in the model should be analyzed carefully. However, new and complex models are 

usually proposed without a clear comparison with the basic ones. In this study, the 

contribution of oxygen in Contois growth kinetics and porosity variation with time due to 

polymer degradation was evaluated through a sensitivity analysis. The effect of initial glucose 

concentration, porosity and thickness of the scaffold on the cell volume fraction and substrate 

concentration was analyzed for three models. Even with the inclusion of oxygen concentration 

in the model, the output variables are more affected by the initial cell number, while the 

model with variable porosity is considerably robust to variations on the input variables.  

Keywords: computational modeling, tissue engineering, scaffold porosity, mass transport, 

cell growth 
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Symbols 

Cg,β,  average glucose concentration in the fluid phase  kgm
-3

 

Co
  

average oxygen concentration in the fluid phase  molm
-3 

Cg,0,β   initial average glucose concentration in the fluid phase kgm
-3

 

Cg,0,β,max maximum value used for the initial average glucose concentration in 

the fluid phase         kgm
-3

 

Co,0   initial average oxygen concentration     molm
-3

 

Dg,eff   glucose effective diffusivity in the tissue scaffold  m
2
 s

-1
 

Do,eff   oxygen effective diffusivity in the tissue scaffold  m
2
 s

-1
 

Dg,σ
  

glucose diffusivity in the cell phase    m
2
 s

-1 

Dg,β
  

glucose diffusivity in the fluid phase    m
2
 s

-1 

Do
  

oxygen molecular diffusivity in the fluid phase  m
2
 s

-1 

Dg,eff,σ   glucose effective diffusivity in the cell phase   m
2
 s

-1
 

Do,eff, σ   oxygen effective diffusivity in the cell phase   m
2
 s

-1
 

Dg,eff,β   glucose effective diffusivity in the fluid phase   m
2
 s

-1
 

Do,eff,β   oxygen effective diffusivity in the fluid phase   m
2
 s

-1
 

Deff,cell  coefficient for random migration of cells   m
2
 s

-1
 

H  scaffold thickness      m 

Hmax  maximum value used for the scaffold thickness  m 

Kc  Contois saturation coefficient      

Keq  equilibrium of the cellular and fluid phases coefficient  

Rd  cell death rate   s
-1

 

Rg  cell growth rate      s
-1

 

Sg   volumetric rate of cell consumption for glucose  kg∙s
-1

∙m
-3
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So   volumetric rate of cell consumption for oxygen mol∙s
-1

∙cell
-1

 

Rm  glucose uptake rate     s
-1

 

Rgm  maximum glucose metabolic rate   kg∙s
-1

∙m
-3

 

Rom  maximum oxygen metabolic rate   mol∙s
-1

∙cell
-1

 

Kgm  glucose saturation coefficient    kg∙m
-3

 

Kom  oxygen saturation coefficient    mol∙m
-3

 

Greek letters 

α  parameter from Maxwell formula for glucose effective diffusivity 

ε  scaffold porosity 

ε0  initial scaffold porosity 

εβ   fluid phase volume fraction 

εσ  volumetric fraction of cells in the scaffold 

εσ,0  initial number of cells     cells 

εσ,0,max  maximum value used for the initial number of cells  

εmax  maximum value used for the scaffold porosity 

ρcell  single cell mass density    cell∙m
-3

 

μmax  maximum cell growth rate    s
-1

 

τ  scaffold tortuosity 

Ω  degradation coefficient s 
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7.1 Introduction 

Modeling techniques have been used recently to determine scaffold properties and/or 

to analyze the impact of them on tissue development. The properties considered in these 

works include porosity [1,2], permeability [1,3,4], mean pore size [3,5], surface energy [6], 

roughness [6] and effective Young's modulus [7]. Besides this, modeling techniques have also 

been used in the comparison of different bioreactor designs [8–10] and seeding techniques 

[11–13]. The processes most studied in tissue development are nutrient diffusion and 

convection [1,2,14–20], cell growth [1–3,14–20], cell adhesion strength [6], morphology [5], 

and cell deformation and detachment [5].  

Galban and Locke [21] used moving boundary equations to develop a mathematical 

model for cell growth in a porous polymeric matrix. The computational results were 

compared to the experimental data from Freed et al. [22], which studied chondrocyte growth 

kinetics on polyglycolic acid (PGA) scaffolds under static and well-mixed conditions. The 

authors then improved this model by the inclusion of a nutrient diffusion term to study the 

performance of different kinetic functions on the prediction of the rate of cell growth [15]. 

Using this model, the authors evaluated the impact of spatial variation of cell numbers and 

nutrient and product concentrations on cell growth [14].  

Chung et al. [16] developed a mathematical model to describe chondrocyte growth in a 

porous scaffold. In addition to cell growth kinetics and nutrient consumption, their model 

included a term of cell diffusion. Chung et al. [12] considered both glucose and collagen 

modulation on chondrocyte culture and used the Michaelis–Menten model to describe the 

glucose uptake. Lin et al. [20] adapted this model to evaluate the simultaneous effects of 

glucose and oxygen on cartilaginous constructs under static culture. In these three works the 

computational results have also been compared with the experimental data from Freed et al. 

[22]. However, in the three cases, this comparison was only performed graphically by means 

of figures where model predictions and experimental points are plotted together, and without 

including any comparison with predictions of the other models. 

Highly porous scaffolds are desirable for tissue engineering applications because they 

can support cellular migration and adhesion, promote vascularization, and also encourage 

angiogenesis. However, the porosity must be optimized because scaffolds with too high void 

fractions cannot maintain enough mechanical integrity and become unable to support cellular 

growth [23]. The models based on the volume average method, such as the model proposed 

by Chung et al. [16], usually consider the reduction of space for the culture media due to the 
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increase in the cell volume fraction. However, with scaffold degradation and extracellular 

matrix formation, it becomes interesting to also consider the porosity variation in 

mathematical models. 

Yan et al. [2] incorporated the effect of scaffold degradation on the porosity of the 

construct. The data of chondrocytes growth in PGA scaffolds in rotating bioreactors from 

Freed et al. [24] were adopted to obtain a porosity function. Although they evaluated the 

effect of different porosities considering the perfusion of the medium through the scaffold, the 

model was validated only with the static culture data of Freed et al. [22]. In addition, the 

behavior obtained for static condition was less similar to the experimental data from Freed et 

al. [22], when compared to the results from Chung et al. [12] and Lin et al. [20]. 

As can be seen, the models for tissue development available in the literature differ 

greatly from one another with respect to the mechanisms considered and the specific model 

used for a given mechanism. However, in most cases, each of these models was presented 

without a detailed comparison with the others, in such a way that the contribution of each 

model improvement in terms of adequacy or predictive capacity is not completely understood. 

The overall objective of this work has been to evaluate the contribution of the oxygen 

transport in Contois proliferation kinetics and the porosity variation with time due to polymer 

degradation, using the model of Chung et al. [16] considering the Michaelis-Menten model 

for the nutrient consumption. A sensitivity analysis was used to compare the models and to 

verify the impact of each variable on the model outputs. 

7.2 Methodology 

7.2.1. Modeling 

The governing equations for cell growth, considering only the effect of random walk 

on cell diffusion, can be described by the following equation [2,16,19]: 

   

  
                                                           (7.1) 

where Deff,cell is the coefficient for random migration of cells, εσ is the volumetric fraction of 

cells in the scaffold, Rg is the cell growth rate, and Rd is the cell death rate. 

The classical Contois growth model is widely used for cell growth kinetics [16] and is 

given by Equation 7.2: 

   
        

   
                

                                              (7.2) 
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where μmax is the maximum cell growth rate, Cg,β is the average glucose concentration in the 

fluid phase, Keq is the equilibrium of the cellular and fluid phases coefficient, ρcell is the single 

cell mass density and Kc is the Contois saturation coefficient.  

When more than one substrate can limit growth kinetics, a double-Contois can be used 

[2]. Therefore, considering combined oxygen and glucose modulation on cell growth rate, this 

model can be written as: 

       
  

            

    

   
                

                               (7.3) 

where Co is the average oxygen concentration in the fluid phase.  

The governing equations for glucose and oxygen transport in static culture are given 

by Equations 7.4 and 7.5: 

                 

  
                                             (7.4)  

   

  
                                                                (7.5) 

where Cg,β and Co, Dg,eff  and Do,eff, and Sg and So are, respectively, the concentration in the 

culture media, the effective diffusivity in the tissue scaffold, and the volumetric rate of cell 

consumption for glucose (subindex g)and oxygen (subindex o). 

The volume fraction of the fluid phase (εβ) is given by: 

                                                   (7.6) 

where ε is the scaffold porosity. 

For the glucose volumetric rate of cell consumption, Chung et al. [16] used the 

following expression: 

                                                                   (7.7) 

while the corresponding expression by the Michaelis-Menten kinetic is given by [2,20]: 

    
       

        
                                                      (7.8) 

where Rgm is the maximum glucose metabolic rate and Kgm is the glucose saturation 

coefficient. 

Similarly, the oxygen cell consumption is given by: 

    
     

      
                                                      (7.9) 

where Rom is the maximum oxygen metabolic rate and Kom is the oxygen saturation coefficient.  
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For effective diffusivity, Chung et al. [16] used the following expression: 

                                                            (7.10) 

where      and      are the diffusivities of the glucose in the cells and in the fluid phase, 

respectively. 

Conversely, Yan et al. [2] evaluated the effective diffusivity as: 

       
         

 
                                                         (7.11) 

where τ is the scaffold tortuosity, and Di,eff,m is the component i effective diffusivity in the 

phase m (cell or fluid), which is evaluated by the Maxwell formula for glucose and oxygen:  

               
      

  

 
       

    
  

 
       

              
      

  
 
 

   
  
 
 

                       (7.12) 

where α = Keq∙Dg,σ∙Dg,β
 -1

 and Do, is the oxygen molecular diffusivity in the fluid phase. 

The time evolution of the scaffold porosity was evaluated using the function adopted 

by Yan et al. [2], which is given by Equation 7.13: 

           
                                                     (7.13) 

where ε0 is the initial porosity of the scaffold, and Ω is the degradation coefficient.  

Based on the previously described set of equations, three models of different levels of 

complexity were obtained. The mechanisms and equations included in each of these models 

are summarized in Table 7.1. 
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Table 7.1: Models 

Model Mechanisms Equations 

I 
Glucose limitation of cell growth (Contois) 7.2 

Glucose transport (Michaelis-Menten) 7.8 

II 
Glucose and oxygen limitation of cell growth (double Contois) 7.3 

Glucose and oxygen transport (Michaelis-Menten) 7.8, 7.9 

III 

Glucose and oxygen limitation of cell growth (double Contois) 7.3 

Glucose and oxygen transport (Michaelis-Menten) 7.8, 7.9 

Time dependence of the scaffold porosity 7.13 

Model I is basically the same as that proposed by Chung et al. [16], but including the 

Michaelis-Menten kinetic for glucose transport. Model II is similar to the model suggested by 

Lin et al. [20], including limitation of growth and the Michaelis-Menten kinetic for both 

glucose and oxygen. Finally, Model III also includes the time dependence of the scaffold 

porosity as a variable, such as in the model of Yan et al. [2]. 

As proposed by Chung et al. [16], the following boundary conditions were specified: 

(i) zero cell mass flux on the boundaries, and (ii) nutrient concentration at the extremities of 

the scaffold surface equal to the bulk concentration of the medium surrounding the scaffold. 

Thus, the nutrient transport occurs from the extremities to the center of the scaffold. 

7.2.2. Implementation and Sensitivity Analysis 

Models I-III were implemented in a finite volume code using the open source 

OpenFOAM package. The numerical scheme used in the simulations was the algorithm for 

transient processes PIMPLE [25]. Four rectangular geometries were studied, with proportions 

between length and height of 3.26 × 1, 5.95 × 1, 8.62 × 1 and 11.36 × 1, corresponding to the 

cases with thicknesses of 3.07×10
-3

 m, 1.69×10
-3

 m, 1.16×10
-3

 m and 0.88×10
-3

 m, 

respectively. The meshes were created with the tool blockMesh with 100 elements per 

dimensionless unit of length in each direction, what satisfies the convergence condition, as 

established preliminarily.  

The processes of cell proliferation and nutrient transfer through a PGA scaffold 

seeded with chondrocytes reported by Freed et al. [22] was used as the basis of analysis, 

considering a culture time of 21 days. The set of model parameters used in the simulations is 

given in Table 7.2. A static seeding efficiency of 60% was assumed. 
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Table 7.2: Values of parameters used in the simulations 

Parameter Value Unit Reference 

Dg,β 1×10
-8

 m
2
∙s

-1
 [16] 

Dg,σ 1×10
-7

 m
2
∙s

-1
 [16] 

Do 3.093×10
-7

 m
2
∙s

-1
 [20] 

τ 1.93 --- [2] 

μmax 1.6-4.5×10
-6

 s
-1 

[16] 

ρcell 0.182×10
6
 cell∙m

-3
 [16] 

Rom 1.86×10
-18

 mol∙s
-1

∙cell
-1

 [1] 

Rgm 8×10
-3

 kg∙s
-1

∙m
-3

 [20] 

Kom 6×10
-3

 mol∙m
-3

 [20] 

Kgm 6.3×10
-2

 kg∙m
-3

 [20] 

Kc 0.154 --- [16] 

Ω 2.1×10
6
 s [2] 

Rd 3.3×10
-7

 s
-1

 [16] 

Rm 3×10
-2

 s
-1

 [16] 

Vcell 5.49×10
-16

 m
3
∙cell

-1
 [16] 

Keq 0.1 --- [16] 

Deff,cell 1.7×10
-12

 m
2
∙s

-1
 [16] 

In the input sensitivity analysis of Models I-III, the influence of four inputs - initial 

number of cells (εσ,0), scaffold porosity (ε), scaffold thickness (H), and initial average glucose 

concentration in the fluid phase (Cg,0,β) - on the output variables (glucose and oxygen 

concentrations, and volumetric fraction of cells in the scaffold) was evaluated. The set of 

different combinations of input values used for the sensitivity analysis are presented in Table 

7.3, expressed in terms of percentage of the maximum value used for each input. The 

maximum values used for the initial number of cells, scaffold porosity, scaffold thickness, and 

average glucose concentration in the fluid phase were, respectively, εσ,max = 1×10
7 
cells, 
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εmax = 100 %, Hmax = 3.07×10
-3

 m, and Cg,0,β,max = 4.5 kgm
-3

. In all cases an initial oxygen 

concentration of 0.119
 
molm

-3
 was used. 

Table 7.3: Cases for the sensitivity analysis 

Case εσ/εσ,max (%) ε/εmax (%) H/Hmax (%) Cg,0,β/Cg,0,β,max (%) 

A 40 100 100 100 

B 10 100 100 100 

C 100 100 100 100 

D 40 100 100 22.22 

E 40 80 100 100 

F 40 60 100 100 

G 20 100 28.95 100 

H 20 100 38.16 100 

I 20 100 55.26 100 

J 20 80 28.95 100 

K 20 80 38.16 100 

L 20 80 55.26 100 

M 20 60 28.95 100 

N 20 60 38.16 100 

O 20 60 55.26 100 

 

7.3 Results and Discussion 

Figure 7.1 presents the time evolution of εσ predicted with Model I for the cases with 

scaffold thickness of 3.07×10
-3

 m (Cases A to F). It can be observed that porosity did not have 

a significant impact on the cell volume fraction for the Cases A, E and F. According to Gomes 

et al. [26], the enhanced cell growth related with highly porous scaffolds is associated to a 

higher diffusion of nutrients and metabolic waste removal. Thus, in the range of porosity 

values considered in this work (100- 60 %) the decrease of porosity could not decrease the 

nutrient transport sufficiently to affect cell growth. In addition, the production and/or 

accumulation of toxic metabolites were not considered in this work. Furthermore, with less 

glucose in the medium at the beginning of the culture (Case D), cell growth is not much 

higher than the cell death, resulting in an almost constant cell volume fraction. 
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Figure 7.1: Model I time evolution of mean cell volume fraction for scaffold thickness of 

3.07×10
-3

 m. A: [εcell,0/εcell,0,max  ε/εmax  CG,0/CG,0,max] = [40 100 100], B: [εcell,0/εcell,0,max  ε/εmax  

CG,0/CG,0,max] = [10 100 100], C: [εcell,0/εcell,0,max  ε/εmax  CG,0/CG,0,max] = [100 100 100], D: 

[εcell,0/εcell,0,max  ε/εmax  CG,0/CG,0,max] = [40 100 22.22], E: [εcell,0/εcell,0,max  ε/εmax  CG,0/CG,0,max] = 

[40 80 100], F: [εcell,0/εcell,0,max  ε/εmax  CG,0/CG,0,max] = [40 60 100] 

In Figure 7.2, the dimensionless glucose concentration distribution over the scaffold 

width at the final time is presented for cases with 3.07×10
-3

 m of thickness to Model I. The 

increase of mass transport limitation with smaller porosities can be observed through the 

higher difference between the glucose concentrations at the extremities and at the center of 

the scaffold observed for Cases E and F when compared to Case A. 
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Figure 7.2: Distribution of dimensionless glucose concentration for scaffolds with 3.07×10
-

3
 m thickness at the final time using Model I. A: [εcell,0/εcell,0,max  ε/εmax  CG,0/CG,0,max] = [40 100 

100], B: [εcell,0/εcell,0,max  ε/εmax  CG,0/CG,0,max] = [10 100 100], C: [εcell,0/εcell,0,max  ε/εmax  

CG,0/CG,0,max] = [100 100 100], D: [εcell,0/εcell,0,max  ε/εmax  CG,0/CG,0,max] = [40 100 22.22], E: 

[εcell,0/εcell,0,max  ε/εmax  CG,0/CG,0,max] = [40 80 100], F: [εcell,0/εcell,0,max  ε/εmax  CG,0/CG,0,max] = [40 

60 100] 

Mean cell volume fraction presented an increase of 2.3, 4.2, and 9.5 fold in 30 days 

(corresponding to a 4.15 dimensionless time) for initial cell numbers of 1 × 10
7
, 4 × 10

6
 and 

1 × 10
6 
cells (Cases C, A and B, respectively). This is in agreement with the behavior 

observed experimentally by Freed et al. [22], for which initial cell numbers of 4 × 10
7
, 2 × 10

7
 

and 0.5 × 10
7
 presented increases of 2.7, 4.2 and 15.8 fold. The increase of cell growth for 

smaller initial cell density could be due to the higher availability of glucose caused by the 

smaller consumption. Higher glucose concentrations for Case B (when compared to Cases A 

and C), with the smallest initial cell number, can be observed in Figure 7.3, which presents 

the mean dimensionless glucose concentration evolution in time.  
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Figure 7.3: Model I time evolution of mean dimensionless glucose concentration for scaffold 

thickness of 3.07×10
-3

 m. A: [εcell,0/εcell,0,max  ε/εmax  CG,0/CG,0,max] = [40 100 100], B: 

[εcell,0/εcell,0,max  ε/εmax  CG,0/CG,0,max] = [10 100 100], C: [εcell,0/εcell,0,max  ε/εmax  CG,0/CG,0,max] = 

[100 100 100], D: [εcell,0/εcell,0,max  ε/εmax  CG,0/CG,0,max] = [40 100 22.22], E: [εcell,0/εcell,0,max  

ε/εmax  CG,0/CG,0,max] = [40 80 100], F: [εcell,0/εcell,0,max  ε/εmax  CG,0/CG,0,max] = [40 60 100] 

Figure 7.4 presents the time evolution of εσ of these cases for Model I. It can be seen 

that the effect of the porosity on the mean cell volume fraction was much lower than that of 

the scaffold thickness, as scaffolds of the same thickness presented similar mean cell volume 

fraction evolution for the three levels of porosity considered: 0.88×10
-3

 m (G, J and M), 

1.16×10
-3

 m (H, K and N), and 1.69×10
-3

 m (I, L and O).  
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Figure 7.4: Model I time evolution of mean cell volume fraction for scaffold thickness of 

0.88, 1.16 and 1.68 ×10
-3

 m. G: [ε/εmax  H/Hmax] = [100 28.95], H: [ε/εmax  H/Hmax] = [100 

38.16], I: [ε/εmax  H/Hmax] = [100 55.26], J: [ε/εmax  H/Hmax] = [80 28.95], K: [ε/εmax  H/Hmax] = 

[80 38.16], L: [ε/εmax  H/Hmax] = [80 55.26], M: [ε/εmax  H/Hmax] = [60 28.95], N: [ε/εmax  

H/Hmax] = [60 38.16], O: [ε/εmax  H/Hmax] = [60 55.26] 

As can be observed in Figure 7.4, the increase in scaffold thickness reduces the initial 

cell volume fraction as the initial cell number is maintained. Thus, the mean cell volume 

fraction at the final time is smaller for thicker scaffolds, which is observed for Cases G to I, J 

to L and M to O. The mean cell volume fraction after 30 days in a scaffold with thickness of 

0.88×10
-3

 m (Case G) is 2.26 fold that obtained with a scaffold of 1.68×10
-3

 m (Case I), which 

is nearly the fold increase of 2.25 observed by Freed et al. [22]. Because Model I does not 

include oxygen concentration, Model II was used to evaluate the mean dimensionless oxygen 

concentration evolution in time of scaffolds with 3.07×10
-3

 m, which is shown in Figure 7.5. 

The observed changes of oxygen concentration over time were below 1 %. The same occurred 

for other cases with different thicknesses and also when using Model III. This could be due to 

a small maximum oxygen consumption rate, which should be estimated for the experimental 

system in study to check if this parameter is in an acceptable range. 
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Figure 7.5: Model II time evolution of mean dimensionless oxygen concentration for 

scaffold thickness of 3.07×10
-3

 m. A: [εcell,0/εcell,0,max  ε/εmax  CG,0/CG,0,max] = [40 100 100], B: 

[εcell,0/εcell,0,max  ε/εmax  CG,0/CG,0,max] = [10 100 100], C: [εcell,0/εcell,0,max  ε/εmax  CG,0/CG,0,max] = 

[100 100 100], D: [εcell,0/εcell,0,max  ε/εmax  CG,0/CG,0,max] = [40 100 22.22], E: [εcell,0/εcell,0,max  

ε/εmax  CG,0/CG,0,max] = [40 80 100], F: [εcell,0/εcell,0,max  ε/εmax  CG,0/CG,0,max] = [40 60 100] 

Figure 7.6 presents the maximum values of mean cell volume fraction deviation 

obtained with Models II and III when compared to the results obtained with Model I (Figures 

7.1 to 7.4). The values of cell volume fraction predicted by Model II were slightly smaller 

than those predicted by Model I, being the maximum deviation of approximately 24 % for the 

thinnest scaffolds (Case G, J and M). Thus, scaffold thickness was the factor that most 

affected the difference between the predictions of Models I and II, followed by initial glucose 

concentration and initial cell density. This may be related to the inclusion of oxygen 

contribution to the cell growth in the Contois equation, which reduced the effect of glucose 

concentration on cell growth, and also to the fact that the smaller the scaffold thickness the 

higher the cell growth and glucose consumption, increasing the difference between the two 

models.  
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Figure 7.6: Maximum values of Model II and III mean cell volume fraction deviation from 

Model I for all cases. The cases A to F have H/Hmax = 100. A: [εcell,0/εcell,0,max  ε/εmax  

CG,0/CG,0,max] = [40 100 100], B: [εcell,0/εcell,0,max  ε/εmax  CG,0/CG,0,max] = [10 100 100], C: 

[εcell,0/εcell,0,max  ε/εmax  CG,0/CG,0,max] = [100 100 100], D: [εcell,0/εcell,0,max  ε/εmax  CG,0/CG,0,max] = 

[40 100 22.22], E: [εcell,0/εcell,0,max  ε/εmax  CG,0/CG,0,max] = [40 80 100], F: [εcell,0/εcell,0,max  ε/εmax  

CG,0/CG,0,max] = [40 60 100]. The cases G to O have εcell,0/εcell,0,max = 20 and  CG,0/CG,0,max = 

100. G: [ε/εmax  H/Hmax] = [100 28.95], H: [ε/εmax  H/Hmax] = [100 38.16], I: [ε/εmax  H/Hmax] = 

[100 55.26], J: [ε/εmax  H/Hmax] = [80 28.95], K: [ε/εmax  H/Hmax] = [80 38.16], L: [ε/εmax  

H/Hmax] = [80 55.26], M: [ε/εmax  H/Hmax] = [60 28.95], N: [ε/εmax  H/Hmax] = [60 38.16], O: 

[ε/εmax  H/Hmax] = [60 55.26] 

Cell volume fractions predicted by Model III were also smaller when compared to 

those obtained with Model I, with maximum deviation of approximately 38 % for Case M 

(thinnest and less porous scaffold), as it can be seen in Figure 7.6. Besides this, the 

differences between the models increased with time and reached the maximum value at the 

final time for all cases, except for Case M with Model III. In Case M, with smaller porosity at 

the beginning of the culture, the cell growth was lower, resulting in higher deviation at the 

middle of the culture time. As the porosity increase with time, the cell growth increased, 

reaching the final time with a smaller divergence from Model I.   

When the mean cell volume fraction at the final time was compared for different 

porosities, the effect of the porosity in Model I was slightly more accentuated than that in 
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Models II and III. This could be due to the low oxygen consumption and consequent 

attenuation of glucose diffusion limitation impact on cell growth with the inclusion of a term 

related to the oxygen concentration in the model (Models II and III). It is important to observe 

that this effect could be significant with a higher cell growth rate. With polymer degradation 

and increasing void fraction (Model III), the initial porosity effect was reduced with time. 

Figure 7.7 presents the percent relative errors for the simulation results obtained for 

the three models when compared to the experimental data of Freed et al. [22]. Model I 

presented higher relative errors for intermediate times for Cases A, B, D, E, F, I, L, and O and 

smaller errors at the final time, except for Cases C, M, H, K and N. Case C presented the 

highest relative error at the smallest time, which could be related to the consideration of a 

higher initial cell volume fraction. For Model III, relative error decreased with time except for 

Cases K and N, for which the minimum error occurred for the cell volume fraction at the 

sixteenth day of cultivation.  

Figure 7.7: Percent relative errors for Model I, II and III. The cases A to F have H/Hmax = 

100. A: [εcell,0/εcell,0,max  ε/εmax  CG,0/CG,0,max] = [40 100 100], B: [εcell,0/εcell,0,max  ε/εmax  

CG,0/CG,0,max] = [10 100 100], C: [εcell,0/εcell,0,max  ε/εmax  CG,0/CG,0,max] = [100 100 100], D: 

[εcell,0/εcell,0,max  ε/εmax  CG,0/CG,0,max] = [40 100 22.22], E: [εcell,0/εcell,0,max  ε/εmax  CG,0/CG,0,max] = 

[40 80 100], F: [εcell,0/εcell,0,max  ε/εmax  CG,0/CG,0,max] = [40 60 100]. The cases G to O have 

εcell,0/εcell,0,max = 20 and CG,0/CG,0,max = 100. G: [ε/εmax  H/Hmax] = [100 28.95], H: [ε/εmax  

H/Hmax] = [100 38.16], I: [ε/εmax  H/Hmax] = [100 55.26], J: [ε/εmax  H/Hmax] = [80 28.95], K: 
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[ε/εmax  H/Hmax] = [80 38.16], L: [ε/εmax  H/Hmax] = [80 55.26], M: [ε/εmax  H/Hmax] = [60 28.95], 

N: [ε/εmax  H/Hmax] = [60 38.16], O: [ε/εmax  H/Hmax] = [60 55.26] 

The smallest mean relative errors obtained with Models II and III were of 

approximately 16 %, for the cases with scaffold thickness of 1.16×10
-3

 m. Regarding Model I, 

the smallest errors (around 17 %) were found for Cases A, E, F, G and J. This is probably due 

to the fact that the parameter estimation performed by Chung et al. [16] with the model 

without the oxygen term in the Contois equation and was based on experimental conditions 

more similar to those of Case A. The higher mean relative errors obtained for scaffold 

thicknesses of 1.68 and 1.16×10
-3

 m may be associated to the inclusion of the Michaelis-

Menten equation and the consequent changes on the cell volume fraction profile due to the 

variable glucose consumption rate. Models II and III seemed to capture the experimental 

behavior of the cells in scaffolds with 1.16×10
-3

 m of thickness, which may be related to their 

smaller cell growth in the initial times.  

The highest mean relative errors were of approximately 65 % for the case with the 

smallest initial cell number (B) for Models I and II, and of 26 % for the cases with scaffold 

thickness of 1.68×10
-3

 m (L and O) for Model III. Thus, models I and II can be said to be 

more affected by the initial cell number, while Model III is quite robust to variations on the 

input variables.  

7.4 Conclusions 

The contribution of oxygen in the Contois growth kinetics and the porosity variation 

with time due to polymer degradation was evaluated through a sensitivity analysis. The 

inclusion of oxygen concentration in the model affected both the cell volume fraction and the 

glucose concentration. In addition, the oxygen concentration behavior was not modified by 

considering a variable porosity on the model. On the other hand, the initial cell number had a 

more significant impact on mass transport than on cell growth. The inclusion of different 

processes in the model led to significant differences on the predictions. This indicates that, in 

order to achieve definitive conclusions in terms of model adequacy and selection, more 

extensive experimental data generation and specific measuring techniques development is 

required. 
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Capítulo 8  

 

Considerações finais  

 

Nas últimas décadas, o cultivo de células-tronco mesenquimais em scaffolds 

tridimensionais tem sido utilizado para o desenvolvimento de diversos tipos de tecidos. No 

entanto, um dos desafios do cultivo tridimensional é a formação de gradiente de nutrientes. 

Visando a otimização do processo, as limitações de transporte de massa podem ser estudadas 

e minimizadas através do uso de biorreatores e de técnicas de modelagem. 

Neste trabalho, foi estudado o cultivo de células-tronco mesenquimais da polpa de 

dente decíduo em scaffolds eletrofiados de PCL. Para isto, foram desenvolvidos protocolos de 

cultivo estático e dinâmico, para posterior comparação dos fenômenos de transporte de massa 

e de crescimento e metabolismo celular nos dois tipos de cultivo. Além disso, um modelo 

bastante referenciado na literatura foi analisado para verificar a capacidade do mesmo em 

representar o sistema experimental deste estudo.  

Inicialmente, buscou-se estabelecer os parâmetros de eletrofiação e a composição da 

solução polimérica (concentração, solvente) de modo a produzir scaffolds com fibras 

micrométricas. As questões de pesquisa, hipóteses e objetivo referentes a esta etapa estão 

listadas a seguir.  

→ Questões de pesquisa: É possível eletrofiar scaffolds de PCL com poros de diâmetro 

adequado para a infiltração de DPSCs? O cultivo tridimensional afeta o 

crescimento, o consumo de nutrientes e produção de metabólitos das células? 
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→ Hipótese: A técnica de electrospinning é capaz de produzir scaffolds de PCL com 

fibras micrométricas e poros grandes o suficiente para permitir a infiltração das 

células para dentro da matriz.  

→ Objetivos específicos:  

a. estabelecer o protocolo de eletrofiação de scaffolds com poros de diâmetro 

adequados para o cultivo tridimensional de DPSCs;  

b. comparar o tempo de dobramento e as taxas de consumo de glicose e de produção 

de lactato das células em cultivos bidimensionais e tridimensionais.  

Foi observado que a adição de metanol melhorou a eletrofiabilidade da solução de 

clorofórmio e PCL, e diminuiu o diâmetro médio de fibra e de poro do scaffold (conforme 

apresentado nas Figuras 4.5 e 4.6). De acordo com a Figura 4.8, apenas a solução de PCL com 

uma proporção de clorofórmio/metanol de 9:1 foi capaz de produzir uma estrutura com poros 

adequados para a infiltração celular. Assim, com diâmetro de fibra de 3,95±0,73 µm 

(conforme Tabela 4.3) e de poro de 21,35±8,89 µm (conforme Tabela 4.4), os scaffolds 

produzidos com esta solução foram utilizados nos experimentos posteriores de cultivo de 

DPSC (diâmetro da célula entre 12,2 e 16,6 μm).  

Apesar de apresentarem diferentes distribuições celulares, os diferentes scaffolds 

testados tiveram tempos de dobramento e taxas específicas de consumo de glicose e de 

produção de lactato similares, diferenciando-se apenas do controle (poço). É provável que o 

baixo número de células aderidas nos scaffolds não tenha propiciado uma situação de 

competitividade por espaço e nutrientes, não sendo possível evidenciar a influência da 

arquitetura do scaffold na atividade celular. Quando uma densidade de semeadura mais alta 

foi utilizada nos scaffolds que permitiam a infiltração celular, a disposição das células após a 

adesão se deu de forma a cobrir a superfície do scaffold, obstruindo os poros. Isto ficou 

evidente após análises de microscopia confocal (Figura 5.4) e de MEV (Figura 5.5a).   

Então foram estabelecidas as condições de cultivo dinâmico no biorreator de perfusão. 

Neste processo, buscou-se responder as seguintes questões de pesquisa: 

→ É possível minimizar o arraste de DPSCs de um scaffold eletrofiado de PCL sob 

perfusão diminuindo a vazão?  

→ Qual a vazão máxima ou ótima de operação?  

→ O tempo de semeadura e a densidade das células afetam o processo de adesão e o 

posterior arraste das células?  
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De acordo com a literatura, contanto que a tensão de cisalhamento não atinja um limite 

máximo dentro dos poros, não irá ocorrer desprendimento e arraste das células com a perfusão 

de meio. Desta forma, é necessário determinar a vazão máxima de operação para minimizar o 

arraste sob perfusão, o que está relacionado com a seguinte hipótese: 

→ a célula é capaz de se proliferar com a perfusão direta do meio de cultivo, contanto 

que a tensão de cisalhamento não ultrapasse um limite crítico. 

No entanto, com a passagem de fluxo, as células que ocupavam os poros da superfície 

do scaffold eram arrastadas independentemente da vazão de perfusão (Figura 5.5b e Figura 

5.8b), indicando que a tensão de cisalhamento não era a única variável a influenciar o arraste 

das células. Assim sendo, a metodologia utilizada para a adesão das células foi revista, e 

novas hipóteses foram formuladas: 

→ com o aumento do tempo de adesão é possível favorecer a formação de adesão 

focal entre as células e as fibras do scaffold, diminuindo o arraste de células; 

→ com a diminuição da densidade de semeadura é possível reduzir o preenchimento 

dos poros da superfície. 

O aumento do tempo de adesão possibilitou maior espalhamento em condições 

estáticas (Figura 5.4) e reduziu o arraste das células sob perfusão (Figura 5.7). Já a diminuição 

da densidade de semeadura diminuiu o arraste das células (Figura 5.8a).  Sendo assim, as 

hipóteses acima foram validadas e o protocolo de cultivo dinâmico foi estabelecido a uma 

densidade de semeadura de 0,5×10
5 
células por scaffold e uma vazão de 0,05 mL/min, 

atingindo o seguinte objetivo específico: 

c. estabelecer protocolo de cultivo dinâmico de células-tronco mesenquimais da polpa 

de dente em scaffolds de PCL; 

Paralelamente a estes experimentos in vitro, foram realizados testes in silico. Para 

poder comparar os cultivos estático e dinâmico, inicialmente foi estudado um modelo de 

proliferação celular e transporte e consumo de nutrientes sob condições estáticas. Nesta etapa, 

visou-se responder as seguintes questões de pesquisa: 

→ Qual o efeito dos parâmetros e das variáveis de entrada nas variáveis de saída do 

modelo?  

→ O modelo estudado é adequado para representar o sistema experimental deste 

estudo? 

O estudo do efeito dos parâmetros e entradas no modelo é de extrema importância para 

verificar se o comportamento das seguintes hipóteses pode ser representado pelo modelo: 



192 8. CONSIDERAÇÕES FINAIS 

 

→ o crescimento celular é modulado pela disponibilidade de nutrientes; 

→ a célula é capaz de migrar através de uma estrutura 3D com poros de diâmetro 

maior que o diâmetro da célula em suspensão. 

Conforme pode ser observado no Capítulo 6, este comportamento é representado pelo 

modelo. Através de uma análise de sensibilidade, foi possível determinar os parâmetros e as 

variáveis de entrada com maior impacto no modelo em estudo. Verificou-se que os 

parâmetros relacionados aos processos de proliferação e morte celular e ao consumo de 

nutrientes (Figuras 6.3 e 6.4), assim como as variáveis de entrada relacionadas à 

disponibilidade de nutrientes (concentração adimensional de glicose inicial e porosidade do 

scaffold) (Figuras 6.6 a 6.11), tiveram maior impacto nas variáveis de saída do modelo (fração 

volumétrica de células e concentração adimensional de glicose). Nesta etapa foi possível 

atingir os seguintes objetivos específicos: 

d. modelar a proliferação celular e o transporte de massa em scaffolds porosos; 

e. realizar análise de sensibilidade (simulação com diferentes valores de 

parâmetros e entradas) para determinar os parâmetros significativos do modelo. 

O segundo estudo in silico realizado buscou responder a seguinte questão de pesquisa: 

→ Qual a contribuição do oxigênio e do aumento da porosidade com a degradação do 

polímero ao modelo em estudo em diferentes cenários (variação nas variáveis de 

entrada)?  

Este trabalho foi realizado para verificar se a determinação da concentração de 

oxigênio e da variação da porosidade com a degradação do polímero poderia trazer uma 

contribuição significativa para a posterior validação do modelo. Foi verificado que a inclusão 

da concentração de oxigênio no modelo afetou as variáveis de saída, enquanto o modelo com 

porosidade variável se mostrou consideravelmente robusto a variações nas variáveis de 

entrada (Figura 7.6). Nesta etapa atingiu-se o objetivo específico a seguir: 

f. avaliar a contribuição da adição de complexidade ao modelo e estabelecer os 

fenômenos que devem ser descritos. 

Desta forma, a primeira principal conclusão deste estudo é que a técnica de 

electrospinning permite a produção de scaffolds com poros adequados para a infiltração de 

DPSCs. A segunda, que a tensão de cisalhamento não é a única variável que influencia no 

desprendimento das células no sistema dinâmico em estudo, visto que foi possível minimizar 

o arraste aumentando o tempo de adesão e diminuindo a densidade de semeadura. Com as 

simulações, pôde-se concluir que o modelo em estudo é sensível às variáveis de entrada 
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concentração inicial de nutrientes e porosidade do scaffold, e aos parâmetros adimensionais 

relacionados à atividade celular (proliferação e morte, e consumo de nutrientes).  

A validade de se incorporar ao modelo termos que considerem a concentração de 

oxigênio e o aumento da porosidade com a degradação do scaffold depende do 

comportamento observado experimentalmente para o sistema em estudo. Como o PCL possui 

um tempo de degradação relativamente prolongado, espera-se que a variação temporal da 

porosidade apresente uma contribuição ainda menor do que a observada nas simulações. Além 

disso, tendo em vista a capacidade de adaptação das células-tronco mesenquimais, a 

concentração de oxigênio pode não influenciar significativamente a modulação da atividade 

celular como previsto nas simulações com condrócitos. Por fim, a perfusão direta, combinada 

com a semeadura estática e scaffolds eletrofiados, foi capaz de propiciar um ambiente 

favorável para o crescimento celular.  No entanto, mais testes com um maior número de 

culturas e de amostras são necessários para reduzir o erro experimental e gerar dados para a 

validação de um modelo fenomenológico.  
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Capítulo 9  

 

Perspectivas  

 

Cabe ressaltar que o este estudo buscou combinar as técnicas de electrospinning e de 

modelagem com o cultivo de células-tronco em biorreatores, o que acarretou em limitações 

específicas para este sistema. Esta pesquisa pode ser ampliada para sistemas com outros tipos 

de scaffolds, células e biorreatores, o que possibilita a realização de inúmeros trabalhos 

futuros, como:  

 verificar se é possível minimizar o arraste em scaffolds através da funcionalização 

do scaffold para aumentar a adesão celular;  

 realizar o cultivo de células-tronco mesenquimais em outros tipos de biorreatores;  

 realizar o co-cultivo de células-tronco mesenquimais e células diferenciadas nos 

biorreatores;  

 realizar o cultivo dinâmico nos scaffolds eletrofiados de PCL com outros tipos de 

células; 

 realizar o cultivo dinâmico das células-tronco mesenquimais em scaffolds 

produzidos a partir de outros polímeros; 

 realizar o cultivo dinâmico das células-tronco mesenquimais em scaffolds 

produzidos a partir de outras técnicas. 
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