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Numerical optimization of cell colonization modelling inside scaffold for perfusion bioreactor: A multiscale model

Part of clinically applicable bone graft substitutes are developed by using mechanical stimulation of flowperfusion into cell-seeded scaffolds. The role of fluid flow is crucial in driving the nutrient to seeded cells and in stimulating cell colonization. A common numerical approach is to use a multiscale model to link some physical quantities (wall shear stress and inlet flow rate) that act at different scales. In this study, a multiscale model is developed in order to determine the optimal inlet flow rate to cultivate osteoblast-like cells seeded in a controlled macroporous biomaterial inside a perfusion bioreactor system. We focus particularly on the influence of Wall Shear Stress on cell colonization to predict cell colonization at the macroscale. Results obtained at the microscale are interpolated at the macroscale to determine the optimal flow rate. For a macroporous scaffold made of interconnected pores with pore diameters of above 350 µm and interconnection diameters of 150 µm , the model predicts a cell colonization of 325% after a 7-day-cell culture with a constant inlet flow rate of 0.69 mL • min -1 . Furthermore, the strength of this protocol is the possibility to adapt it to most porous biomaterials and dynamic cell culture systems.

Introduction

In the area of bone grafting, large bone deficits can arise from traumas, diseases, injuries or congenital defects. A bone graft substitutes is a scaffold in which cells are seeded. Cells need to grow to ensure a good densification of the grafts. Consequently, the bone graft substitutes need nutrients and waste removal. The static cell culture is the most common and the simplest way to develop bone graft substitutes [START_REF] Mccoy | Influence of flow rate and scaffold pore size on cell behavior during mechanical stimulation in a flow perfusion bioreactor[END_REF][START_REF] Farrell | A comparison of the osteogenic potential of adult rat mesenchymal stem cells cultured in 2-D and on 3-D collagen glycosaminoglycan scaffolds[END_REF][START_REF] Kim | Influence of macroporous protein scaffolds on bone tissue engineering from bone marrow stem cells[END_REF][START_REF] Keogh | Substrate stiffness and contractile behaviour modulate the functional maturation of osteoblasts on a collagen-gag scaffold[END_REF] . However, the static cell culture has some drawbacks. First, the mechanical stimulation, an important parameter in cell growth [START_REF] Morey | Inhibition of bone formation during space flight[END_REF][START_REF] Zerwekhand | The effects of twelve weeks of bed rest on bone histology, biochemical markers of bone turnover, and calcium homeostasis in eleven normal subjects[END_REF] , is neglected. Second, this method is not suitable for large bone substitute. Indeed, for large substitutes, nutrients cannot be delivered to the center of the scaffold and waste cannot be removed, leading to cell necrosis. One solution is the use of a device called a bioreactor that can generate dynamic cell culture [START_REF] Yu | Bioreactor-based bone tissue engineering: the influence of dynamic flow on osteoblast phenotypic expression and matrix mineralization[END_REF][START_REF] Martin | The role of bioreactors in tissue engineering[END_REF][START_REF] Allori | Dynamic cell culture for vascularized bone engineering[END_REF][START_REF] Da Silva | Importance of dynamic culture for evaluating osteoblast activity on dense siliconsubstituted hydroxyapatite[END_REF] . This process provides both the necessary mechanical stimulation (pressure drop, shear stress) and the nutrient availability to cells [START_REF] Martin | The role of bioreactors in tissue engineering[END_REF][START_REF] Plunkett | Osteoblast response to rest periods during bioreactor culture of collagenglycosaminoglycan scaffolds[END_REF] . There are numerous types of bioreactors. Direct perfusion bioreactors (DPB) efficiency is demonstrated in the enhancement of human cell growth and survival. These effects are mainly due to the constant renewal of the culture medium and the beneficial effect of fluids on cell activity [START_REF] Navarro | Perfusion of medium improves growth of human oral neomucosal tissue constructs[END_REF][START_REF] Goldstein | Effect of convection on osteoblastic cell growth and function in biodegradable polymer foam scaffolds[END_REF][START_REF] Carrier | Perfusion improve tissue architecture of engineered cardiac muscle[END_REF] .

Another important entity to study is the bone graft substitutes itself and its influence on cell culture. It would be unrealistic to give an exhaustive list of bone substitutes. In this paper, the study is limited to the case of a specific bioceramic. Due to the similar properties shared with human bones, bioceramics are nowadays widely used in bone grafting or in tissue engineering [START_REF] Harris | Recent progress in CAD/CAM laser direct-writing of biomaterials[END_REF][START_REF] Olivier | In vitro culture of large bone substitutes in a new bioreactor: importance of the flow direction[END_REF] . In particular, bioceramics based on calcium phosphate as hydroxyapatite (HA) or tricalcium phosphate (TCP) are highly developed due to their biocompatibility and osteoconductivity [START_REF] Hench | Bioceramics: from concept to clinic[END_REF][START_REF] Suchanek | Processing and properties of hydroxyapatite-based biomaterials for use as hard tissue replacement implants[END_REF] . HA is used in this study for its law rate of biodegradation and therefore the stability of the macroporous structure of scaffold. An increasing number of studies provide a generous amount of details about their applications in bone grafting [START_REF] Luo | Sustained release of adiponectin improves osteogenesis around hydroxyatite implants by suppressing osteoblast activity in ovariectomized rabbits[END_REF][START_REF] Lee | In vitro and in vivo evaluation of the bioactivity of hydroxyapatite-coated polyetheretherketone biocomposites created by cold spray technology[END_REF][START_REF] Wen | Hydroxyapatite/titania solgel coating on titaniumzirconium alloy for biomedical applications[END_REF][START_REF] Lakstein | Enhanced osseointegration of grit-blasted, NaOH-treated and electrochemically hydroxyapatite-coated ti6al4v implants in rabbits[END_REF][START_REF] Wang | Comparison of enhanced of bone ingrowth into hydroxyapatite ceramics with highly and poorly interconnected pores by electrical polarization[END_REF] .

Cell culture takes place in a saturated bioceramic with culture medium. The biological fluid flows through the pores of the bioceramic material and induces a specific pressure on cells called Wall Shear Stress (WSS). This stress is a fundamental parameter affecting cell growth and survival [START_REF] Davisson | Perfusion increases cell content and matrix synthesis in chondrocyte three-dimensional cultures[END_REF] . In this study, wall shear stress is estimated on the walls of the scaffold. Wall Shear Stress depends on fluid velocity and this velocity is linked to the flow rate selected on the DPB. If the inlet flow rate is too low, mass transfer limitations cannot be overcome and nutrients cannot be present at the
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Wall shear stress (Pa) ε porosity centre of the scaffold. If the inlet flow rate is too high, the velocity inside the pores is consequently also too high and the seeded cells in the scaffold could be dead or detached [START_REF] Jungreuthmayer | A comparative study of shear stresses in collagen-glycosaminoglycan and calcium phosphate scaffolds in bone tissue-engineering bioreactors[END_REF] .

Finally, another important point to be studied is the oxygen supply for cell culture. A low oxygen concentration could be a limiting effect on cell culture. The biological fluid contains dioxygen that flows inside the porous material. Therefore, fluid mechanics equations at the macroscale must be coupled with diffusion equations and oxygen consumption equations to ensure a whole distribution of nutrients inside the porous media. Because of the process of perfusion into a scaffold t akes too much time during the in vitro experiment and due to the fact that the manipulations are complex and the process takes time and is expensive. The optimal flow rate for cell proliferation is very difficult to identify through trial-and-error.

In this paper, and in order to save time in cell culture optimization inside bioceramics, a numerical method to identify the optimal flow rate is presented. The numerical method is based on a multiscale approach and Computational Fluid Dynamics (CFD). The multiscale approach is a common approach in CFD studies because in most cases calculus stations have not enough computational capacity to solve the entire problem from a complete microscale description. Our numerical protocol is composed of six steps. Each step can be treated separately and provides key numerical physical quantities (i.e local velocities, global Darcy velocities and wall shear stress). Therefore, each step is not an integral part of a global method, but part of a stack of numerical methods that can be separately improved or treated on various calculus stations without disrupting the operating protocol. Another advantage of this protocol is that it can be adapted to various kinds of scaffolds (geometry, porosity) submitted to dynamic cell culture.

The present work focuses on dynamic cell culture into direct perfusion bioreactor . A scaffold commonly used as bone graft substitutes, with a controlled porosity, has therefore been deliberately chosen for the study [START_REF] Descamps | Synthesis of macroporous beta-tricalcium phosphate with controlled porous architectural[END_REF] . This scaffold is used because of its good properties in term of cells colonization on the surface, of nutrient supply to cells and of waste evacuation. The aim of this research is to determine the optimal flow rate of a direct perfusion bioreactor in order to enhanced cell proliferation and to improve an upcoming bone reconstruction.

Materials and methods

In our works, we consider an entire system used to carry out dynamic cell culture. The system is so composed of:

• A DPB for which the flow rate of biological fluid can be adjusted.

• Macroporous bioceramics defined at the microscale by pores arrangement (pore size, interconnection diameter, structure) and at the macroscale by the global size and shape of the scaffold.

• A biological fluid considered as an incompressible Newtonian fluid.

• Target cells for bone substitute.

These elements are those taken into account to carry out numerical simulations.

To understand the mechanical behaviour of cell growth into a bioceramic scaffold submitted to dynamic cell culture, a Computational Fluid Dynamic (CFD) analysis on two scales is performed. A model of spherical packaging and REV was implemented using Python (Python Software Foundation. Python Language Reference, version 2.7) and its Numpy and Scipy modules [START_REF] Millman | Python for scientists and engineers[END_REF] . At the Representative Elementary Volume (REV) scale (microscale) the mechanical stress and WSS distribution identification was performed using finite volume method (ANSYS-Fluent). ANSYS-Fluent code is used because of its advantage in memory usage and solution speed especially when working with common calculus station. Then, the statistical analysis necessary to identify the optimal range of growth stress is developed into a Python code. Finally, velocity and stress into the macroscopic bioceramic material is computed thanks to a finite element analysis with COMSOL, and more specifically the mathematics module that allows users to implement custom model. The mathematics module is so used to solve both equations based on fluid mechanics and on biology in an easier fashion than with a finite volume method. Concerning the scaffold, a classic biodegradable porous material with 10 0% open pores architecture is used [START_REF] Descamps | Synthesis of macroporous beta-tricalcium phosphate with controlled porous architectural[END_REF] .

Concerning the Wall Shear Stress at the pores scale (microscale) is calculated inside a REV. The REV is composed of a fluid part and a solid part, represented by a dozen of spherical interconnected pores. REV is built with a random distribution in order to imitate the real pore distribution of manufactured bioceramics made at the LMCPA (Laboratoire des Matériaux Céramiques et Procédés Associés, Biocetis ® product of type HA40-P090825). The shear stress distribution is evaluated as a function of inlet flow rate (Q). The model used at the microscale is based on Navier-Stokes equation for an incompressible Newtonian fluid. Thanks to a previous study [START_REF] Nugyen | Numerical approach of the permeability of a macroporous bioceramic with interconnected spherical pores[END_REF] we can give an expression of Darcy velocity from a Wall Shear Stress distribution and the evaluation of permeability into porous bioceramics with spherical interconnected pores. The published literature gives the optimal range of values of Wall Shear Stress that cells need for their growth, e.g values of WSS between 5e-3 Pa and 1e-2 Pa [START_REF] Zhao | Effects of shear stress on 3-D human mesenchymal stem cell construct development in a perfusion bioreactor system: experiments and hydrodynamic modeling[END_REF][START_REF] Porter | 3-D computational modeling of media flow through scaffolds in a perfusion bioreactor[END_REF][START_REF] Raimondi | The effect of hydrodynamic shear on 3D engineered chondrocyte systems subject to direct perfusion[END_REF][START_REF] Xu | The growth of stem cells within beta-TCP scaffolds in a fluid-dynamic environment[END_REF][START_REF] Li | Effects of flow shear stress and mass transport on the construction of a large-scale tissue-engineered bone in a perfusion bioreactor[END_REF][START_REF] Sandino | A finite element study of mechanical stimuli in scaffolds f or bone tissue engineering[END_REF] . These studies are all numerical ones. Indeed, with the exception of Doppler Optical Coherence Tomography (DOCT), and even if improvements on experimental methods used to measure the wall shear stress are tangible, there are no currently available accurate experimental methods able to determine the wall shear stress on bioceramics in connection with our study case (at least to our knowledge). The DOCT was used with success on porous scaffold with a mean Wall Shear Stress between 3.8e-2 and 4.9e-2 Pa [START_REF] Yjia | Doppler optical coherence tomography imaging of local fluid flow and shear stress within microporous scaffolds[END_REF] but without any analysis of Wall Shear Stress on cell necrosis, so we cannot use experimental data to target the optimal range of Wall Shear Stress . μPIV methods are also in constant development and seem to be suitable for the determination of velocities. Furthermore, the correlations between experimental and numerical data are good [36] . In fact, with the μPIV A sensitivity analysis on maximal Wall Shear Stress is carried out to confirm the grid independence to main variables.

Statistical analysis -Microscale

The statistical analysis is necessary to identify the process of identifying the optimal range of WSS for cell growth which is implemented in Python code using Numpy and Scipy modules. All the data from the CFD computation are stored into a table that contains mesh elements, their volumes and surfaces and the associated Wall Shear Stress . WSS and elements surfaces are extracted from elements that correspond to pores surfaces. For a given element, the Wall Shear Stress contribution is just computed as follows ( Eq. ( 2) ).

P e τ [%] = S e τ S i × 10 0 ( 2 
)
Where e is a volume element, S e τ the value of the surface of the volume element at the interface between solid phase and fluid phase, S i the value of the total surface of the interface and so P e τ the percentage of a computed Wall Shear Stress corresponding to the surface element.

The first step is to plot a histogram of the percentage of surface experiencing a particular range of Wall Shear Stress range as a function of the inlet flow rate. Most of the data can be represented by statistical functions such as Log-Normal function for example. The aim of this step is to identify a function from several points to describe the entire distribution of Wall Shear Stress for a given flow rate.

With the existing calculus stations, the identification of the exact value of τ ⋆ requires a prohibitive computational cost. Even the use of a sliding window analysis remains a prohibitively costly solution considering the vast amount of data. So, an initial range of Wall Shear Stress (from 1e-5 Pa to 1e-2 Pa) could be subdivided into smaller ranges where statistical analysis are carried out. More specifically, by inversion, for each range of Wall Shear Stress , the optimal flow rate, i.e. the flow rate for which the distribution of a given range of Wall Shear Stress is maximized, can be easily identified.

When the kind of statistical function is known, parameters need to be identified ( Fig. 1 ). There are numerous algorithms to identity these parameters (direct inversion when possible, genetic algorithm, Simplex, etc.). For this analysis a Simplex algorithm is be used to fit the function [START_REF] Powell | An efficient method for finding the minimum of a function of several variables without calculating derivatives[END_REF] . With the parameters known, a distribution function of Wall Shear Stress related to inlet flow rate Q is established. The next step is to link the inlet flow rate Q and Darcy velocities inside the REV to establish a connection between the microscale and the macroscale.

Relation between WSS and Darcy velocities -From microscale to macroscale

The advantage of understanding the physical laws inside a REV is to make an assembly of several REV that will both describe any kind of geometry and address the issue of fluid mechanics problem. If an element, as in finite element method, is considered as a REV, physical quantities (like velocities) inside this element are represented by a mean value of the physical quantities. In [START_REF] Kim | Influence of macroporous protein scaffolds on bone tissue engineering from bone marrow stem cells[END_REF] Thanks to the relation between Q and u D and therefore between u D and the Wall Shear Stress , it is possible to calculate the percentage of surface on which τ is greater than 1 . 5 × 10 -2 Pa for a given inlet flow rate Q . It should be recalled that the chosen value of τ corresponds to a value over which cells are necrotized. The percentage that represents an acceptable threshold limit is arbitrarily chosen. The symbolic value of 50% of living cells is chosen, i.e. the inlet flow rate must not induce more than 50% of necrotized cells [START_REF] Olivier | In vitro culture of large bone substitutes in a new bioreactor: importance of the flow direction[END_REF] and so the WSS must be not greater than 1.5e-2 Pa for half of the total pores surfaces ( Table 1 ).

a • Q = u D = ε V u d V t n Dupuit -F orcheimerrelat ion
In order to know the critical inlet flow rate, the percentage of necrotized cells as a function of inlet flow rate must be plotted. Then, thanks to the previous equation ( Eq. ( 3) ), the critical value of Darcy velocity in the macroscopic study can be found. In short, the protocol is the following.

1. Calculation of Darcy velocities u D in a REV for a given inlet flow rate Q ( Eqs. ( 1) and ( 3) ). At the end of this step, the relation between the inlet flow rate and the Wall Shear Stress is established. At the macroscale, the scaffold geometry can be represented and the fluid mechanics problem can be solved. However, an equation that describes cells growth and necrosis is needed to find the optimal flow rate.

Calculation of parameters of the correlation function f for

u D = f (Q ) .

Optimal flow rate identification -Macroscale

In this final step, two complementary approaches must be carried out.

• Cells must receive the adequate stress.

• Cells must be fed.

The macroscopic model used ( Fig. 4 ) comprises a fluid part and a porous material (a cylinder in our case). Because of the symmetries on geometries and boundaries conditions an axisymmetric 

D cell 5 × 10 -9 cm 2 • s -1
Coefficient of cell diffusion into the scaffold [START_REF] Croll | Modelling oxygen diffusion and cell growth in a porous, vascularising scaffold for soft tissue engineering applications[END_REF] model is used. The mesh is structured and composed of quadrangle elements. Sensitivity analysis based on optimal flow rate evaluation is carried out to confirm the grid independence to numerical solutions. Fluid part contains nutrients to be brought to the cells. In our case, the nutrient is dioxygen. The porous material is constituted of a fluid part that contains cells to be fed and a solid part in which the Wall Shear Stress is calculated. In the fluid part, i.e. outside the porous material, Navier-Stokes equations and an evolution of concentration of dioxygen law are used ( Eqs. ( 4) -( 6) ).

∇ • = 0 (4) ρ ∂ u ∂t + ( u • ∇ ) u = ρ g -∇ p + μ u (5) ∂c O 2 ∂t = -(∇ • c O 2 u ) + ∇ • (D O 2 ∇c O 2 ) ( 6 
)
Where u is velocity in the fluid part, ρ the density of the biological fluid, p the pressure, μ the dynamic viscosity of the biological fluid, c O 2 the dioxygen concentration and D O 2 the diffusion coefficient of dioxygen.

Inside the scaffold, f our equations ( Eqs. ( 7) -( 9) ) are used to describe the fluid incompressibility, the Darcy law, the dioxygen consumption and the evolution of cell density.

∇ • u D = 0 (7) ∇ p = μ K u D (8) ∂c O 2 ∂t = -(∇ • c O 2 u D ) + ∇ • (D e -O 2 ∇c O 2 ) + R O 2 ∂ρ cell ∂t = (R c -R d ) ρ cell 1 - ρ cell ρ max -∇ (D cell ∇ ρ cell ) (9) 
Where u D is the Darcy velocity, K the permeability of the scaffold, D e -O 2 the effective diffusion coefficient of dioxygen, R O 2 the consumption velocity of nutrient by cells, ρ cell the cell density, D cell the coefficient of cell diffusion in the scaffold, R c the rate of cell growth, R d the apoptosis rate and ρ max the maximum value of cell density that can be reach in the scaffold. The effective diffusion D e -O 2 is given by the Maxwell equation ( Eq. ( 10)) [START_REF] Obradovic | Glycosaminoglycan deposition in engineered cartilage: experiments and mathematical model[END_REF] .

D e -O 2 = D O 2 2 ε 3 -ε (10)
Dioxygen consumption must satisfy the Michaelis-Menten kinetics equation of ( Eq. ( 11) ) [START_REF] Obradovic | Glycosaminoglycan deposition in engineered cartilage: experiments and mathematical model[END_REF][START_REF] Haselgrove | Computer modeling of the oxygen supply and demand of cells of the avian growth cartilage[END_REF][START_REF] Coletti | Mathematical modeling of three--dimensional cell cultures in perfusion bioreactors[END_REF] .

R O 2 = -ρ cell × c O 2 c m + c O 2 Q m ( 11 
)
where c m is the Michaelis constant and Q m the maximum velocity of dioxygen consumption by a cell. The main work is to describe R c , a function that contains the relation between WSS and cell colonization. Without dioxygen there is no colonization. However, there is also a cell colonization induced by dioxygen only without WSS. So R c can be written as follows ( Eq. ( 12) ).

R c = F (c O 2 ) + F (W SS) F (c O 2 ) (12) F ( c O 2
) is already described by the Contois equation ( Eq. ( 13) ) [START_REF] Galban | Analysis of cell growth kinetics and substrate diffusion in a polymer scaffold[END_REF] , [START_REF] Coletti | Mathematical modeling of three--dimensional cell cultures in perfusion bioreactors[END_REF] . [START_REF] Goldstein | Effect of convection on osteoblastic cell growth and function in biodegradable polymer foam scaffolds[END_REF] where F max c is the maximum of cell colonization due to dioxygen consumption, K c the Contois parameter, ρ c the specific density of one cell and V c the volume of one cell.

F (c O 2 ) = F max c c O 2 K c ρ cell V c ρ c + c O 2
Then, the F ( WSS ) function can be described in three ranges of values. Beside a value of WSS (fewer than 1e-5 Pa), there is no cell colonization. Inside the optimal range of stress, the cell colonization can be described by a statistical function f ( Q ) adjusted by the percentage k of cells that received the optimal stress. If the WSS is too important (greater than 4e-2 Pa), the cells die and F ( WSS ) must be negative. So, from Eq. ( 12) R c it can be written as ( Eq. ( 14) ).

R c = [1 + F (W SS)] • F (c O 2 ) = [ G { 1 + f (Q ) } ] • F (c O 2 ) ( 14 
)
where G is a function that takes the value of 1 when u D is less than u Dmax and a quick transition to the value of -1 otherwise ( Eq. ( 15)).

G = -tanh (10 5 • (u D -u Dmax )) + 1 (15)
Finally, solving this problem needs a last step, i.e. to take into account the evolution of permeability of the scaffold as a function of cell density. In a previous work [START_REF] Nugyen | Numerical approach of the permeability of a macroporous bioceramic with interconnected spherical pores[END_REF] , a relation between porosity and permeability has been established ( Eq. ( 16) ) thanks to the following Carman-Kozeny equation.

K(ε, t ) = 9 . 956 × 10 -11 ε(t) 3 (1 -ε(t)) 2 (16) 
Using a Taylor series expansion, the porosity of the scaffold as a function of time can be written as follow ( Eq. ( 17) ). 

ε(t) = ε(t 0 ) exp - ρ cell (t) • V c ε( t 0 )

Table 3

Synthesis of identified parameters with the numerical protocol for a bioceramic with interconnected pores (pore diameter of 350 µm and interconnection diameter of 150 µm .

Parameter Value

REV porosity

ε 0.71 REV volume V REV ≃ 8 mm 3 Permeability K = 2 . 1 × 10 -10 m 2 Relation between Q and u D u D = 0 . 727 × 10 -3 Q Optimal range of WSS τ = [10 -3 . 3 Pa ; 10 -3 . 0 Pa ] ( Section 2.4 ) Optimal flow rate Q = 0 . 69 mL • min -1
Maximum growth rate of cell density 325% (7 days)

The Table 3 sums up the results for the different steps of the numerical protocol. The optimal range of WSS is identified thank to the computational protocol detailed in Section 2.4 .

Discussion

The aim of our protocol is to predict cell growth inside a given macroporous scaffold put in a perfusion bioreactor. Cells are considered as osteoblasts and the scaffold is a 20 mm diameter and 20 mm high cylinder. Cell phenotype and scaffold di-mensions are chosen to be consistent with our future standards in vitro analysis. The numerical protocol implementation needs several steps in which one or more key physical quantities are identified. By using a numerical protocol based on REV, the scaffold pore architecture is a critical design variable in the prediction of the development of cells. The size of our REV is close to analogue studies on perfusion inside porous media [START_REF] Boschetti | Prediction of the micro-fluid dynamic environment imposed to three-dimensional engineered cell systems in bioreactors[END_REF][START_REF] Tourlomousis | Numerical investigation of dynamic microorgan devices as drug screening platforms. part ii: microscale modeling approach and validation[END_REF][START_REF] Lacroix | Computer-aided design and finite-element modelling of biomaterial scaffolds for bone tissue engineering[END_REF][START_REF] Sanz-Herrera | On scaffold designing for bone regeneration: a computational multiscale approach[END_REF][START_REF] Freitas | Perfusion bioreactor fluid flow optimization[END_REF] i.e. around 5 to 10 mm 3 .In several works a structured pores architecture is studied [START_REF] Boschetti | Prediction of the micro-fluid dynamic environment imposed to three-dimensional engineered cell systems in bioreactors[END_REF][START_REF] Lacroix | Computer-aided design and finite-element modelling of biomaterial scaffolds for bone tissue engineering[END_REF][START_REF] Sanz-Herrera | On scaffold designing for bone regeneration: a computational multiscale approach[END_REF] . This could be relevant when using micro-structured arrangement of scaffold [START_REF] Takagi | Fabrication of bioceramic scaffolds with ordered pore structure by inverse replication of assembled particles[END_REF][START_REF] Tan | Fabrication of channeled scaffolds with ordered array of micro-pores through microsphereleaching and indirect rapid prototyping technique[END_REF][START_REF] Wang | Topological design and additive manufacturing of porous metals for bone scaffolds and orthopaedic implants: a review[END_REF][START_REF] Mohanty | Fabrication of scalable tissue engineering scaffolds with dual-pore microarchitecture by combining 3D printing and particle leaching[END_REF][START_REF] Cavo | Scaffold microstructure effects on functional and mechanical performance: integration of theoretical and experimental approaches for bone tissue engineering applications[END_REF][START_REF] An | Design and 3D printing of scaffolds and tissues[END_REF][START_REF] Munaz | Three-dimensional printing of biological matters[END_REF] but most of time scaffold are generally randomly structured. Our packing spheres generation based on random structures allows for variable use on both structured and unstructured internal architecture. However, another interesting approach is to use microCT scans to obtain the true internal architecture of porous media [START_REF] Mccoy | Influence of flow rate and scaffold pore size on cell behavior during mechanical stimulation in a flow perfusion bioreactor[END_REF][START_REF] Grayson | Optimizing the medium perfusion rate in bone tissue engineering bioreactors[END_REF][START_REF] Andreaus | Optimal bone density distributions: numerical analysis of the osteocyte spatial influence in bone remodeling[END_REF][START_REF] Costantini | Correlation between porous texture and cell seeding efficiency of gas foaming and microfluidic foaming scaffolds[END_REF] . In this case, the CFD analysis could be more accurate than the one used in our protocol but the computational time and material used are much more expensive and nowadays difficult to value against standard clinical methods. The permeability identification step is used to link physical quantities like velocities and pressure at both microscale and macroscale. The method developed by Nugyen and colleagues [START_REF] Nugyen | Numerical approach of the permeability of a macroporous bioceramic with interconnected spherical pores[END_REF] is capable to deal with any kind of porous material, even anisotropic scaffold, with full open porosity (spherical pores, foam, non-wooden structures. . .).

Stress on full open porosity is a limit in our protocol but, in most cases, scaffolds are built in order to have a full open porosity to ensure whole cell colonization. The permeability identification step also shows the permeability as a function of inlet flow rate. The protocol is written for a permeability considered as a constant to validate our relation between microscale and macroscale via the Darcy Law. To keep permeability as a constant, velocities inside pores must not exceed 1.9 mm • s -1 . This value correspond to a pressure gradient of above 10 0 0 Pa • m -1 which represents an inlet flow rate of our bioreactor of above 36 mL • min -1 . This is much greater than the values consistent with standard in vitro experiments i.e. between 0.1 and 10 mL • min -1 [START_REF] Mccoy | Influence of flow rate and scaffold pore size on cell behavior during mechanical stimulation in a flow perfusion bioreactor[END_REF][START_REF] Boschetti | Prediction of the micro-fluid dynamic environment imposed to three-dimensional engineered cell systems in bioreactors[END_REF][START_REF] Grayson | Optimizing the medium perfusion rate in bone tissue engineering bioreactors[END_REF] and the hypothesis of a constant permeability is justified. The next step is the study of the Wall Shear Stress (WSS). Although the previous steps could be replaced by experimental analysis, at the present time, it is very difficult to carry out experimental measurements in porous media to identify Wall Shear Stress at microscale. Some 3D analysis [START_REF] Mack | Real-time maps of fluid flow fields in porous biomaterials[END_REF][START_REF] Xu | Study on flow field in new bioreactor by PIV in lower onflow state[END_REF] using Particle Image Velocimetry (PIV) are encouraging but need to be improved to complete with CFD studies. So, because it is not possible to measure the WSS experimentally, the optimal value of WSS for a given porous scaffold is not accurately known. Numerical studies are thus based on key quantities found in literature such as in Tab.1 to evaluate the optimal WSS. the highest cell colonisation rate. In other words, for a given scaffold internal architecture and a given cell phenotype, only the last step of the protocol must be carried out (one day of computation) to identify an optimal inlet flow rate. In the final step, the nutrient diffusion is taken into account. This step is found in some studies evaluating cell growth [START_REF] Tourlomousis | Numerical investigation of dynamic microorgan devices as drug screening platforms. part ii: microscale modeling approach and validation[END_REF][START_REF] Grayson | Optimizing the medium perfusion rate in bone tissue engineering bioreactors[END_REF][START_REF] Santoro | On-line monitoring of oxygen as a non-destructive method to quantify cells in engineered 3D tissue constructs[END_REF][START_REF] Yu | A 3D analysis of oxygen transfer in a low-cost micro-bioreactor for animal cell suspension culture[END_REF][START_REF] Patrachari | Application of computational fluid dynamic in tissue engineering[END_REF] . Indeed, the identification of optimal range of WSS alone is not able to predict the cell proliferation rate for a given period of time because nutrient diffusion is not considered. Several studies have highlighted that oxygen concentration can be modelled and used to accurately predict cell growth rate [START_REF] Grayson | Optimizing the medium perfusion rate in bone tissue engineering bioreactors[END_REF][START_REF] Ferroni | Modeling the fluiddynamics and oxygen consumption in a porous scaffold stimulated by cyclic squeeze pressure[END_REF][START_REF] Santoro | On-line monitoring of oxygen as a non-destructive method to quantify cells in engineered 3D tissue constructs[END_REF][START_REF] Yu | A 3D analysis of oxygen transfer in a low-cost micro-bioreactor for animal cell suspension culture[END_REF] . As expected, the consumption of nutrient and consequently cell growth is higher at the top of the scaffold and a gradient of oxygen consumption is observed inside the scaffold. This main result using simulation is in accordance with in vitro tests [START_REF] Ferroni | Modeling the fluiddynamics and oxygen consumption in a porous scaffold stimulated by cyclic squeeze pressure[END_REF][START_REF] Bergemann | Cellular nutrition in complex three-dimensional scaffolds: a comparison between experimentsand computer simulations[END_REF][START_REF] Sinlapabodin | An axial distribution of seeding, proliferation, and osteogenic differentiation of mc3t3-e1 cells and rat bone marrow-derived mesenchymal stem cells across a 3d thai silk fibroin/gelatin/hydroxyapatite scaffold in a perfusion bioreactor[END_REF] in which the gradient is observed. The information on cell growth is quantitative and shows an optimal colonization of 325% for a 7-day-cell culture for an inlet flow rate of 0.69 mL • min -1 . The present model have some drawbacks such as the computational time for the first steps and its great dependence to porous architecture and cell phenotype that makes it necessary to carry out the entire protocol if another kind of scaffold or cell phenotype needs to be studied. The model requires that the cell type used be osteoblasts. Indeed, the choice of cell phenotype is a limitation of the model to ensure accuracy and predictability in vitro experiments. The cell type also significantly affects the in vitro results. In terms of accuracy in the description of hydrodynamic phenomena the model must be improved to take into account heterogeneous structures like foam with porosity gradient [START_REF] Miao | Graded/gradient porous biomaterials[END_REF] . Furthermore, even if the model is able to consider the changes in porosity and permeability due to the cell growth, the consequent changes on Wall Shear Stress is not taken into account. This is a limitation of the model that can be solved by adding a new CFD step at the microscale between two optimisations at the macroscale. The new CFD step needs to rescale and to mesh again the pores assembly in order to evaluate the WSS distribution. This, however, requires a significant effort in terms of calculus costs. However, the major criticism of the model described in this paper is obviously the lack of experimental validation such as in vitro tests. The comparison between the model and in vitro tests will be produced in a future paper. The main aim of this paper is to clearly detail an entire numerical protocol and give the keys to adapt it to various cell cultures. In fact, for an alternative scenario, the parameters changes determine what part of the protocol must but carried out. If pores sizes and interconnexion change, all steps of the protocol need to be carried because of the impact of pores arrangement on permeability. If cell phenotype changes, the range of WSS must be reconsidered (determination of optimal range of WSS). The kind of bioreactor could also be consider to select a range of inlet flow rates (perfusion or rotating flow could be considered). The determination of the relation between WSS and Darcy velocities is the same for all scenarios. The optimal flow rate identification also depends on cell phenotype and mainly on oxygen consumption. On the mathematical models, others convectiondiffusion laws can be added if needed. So, main parameters are pores arrangement, cell phenotype (needed stress and nutrients) and range of inlet flow rate that the bioreactor can provide. As stated above in previous works [START_REF] Martin | The role of bioreactors in tissue engineering[END_REF][START_REF] Boschetti | Prediction of the micro-fluid dynamic environment imposed to three-dimensional engineered cell systems in bioreactors[END_REF][START_REF] Costantini | Correlation between porous texture and cell seeding efficiency of gas foaming and microfluidic foaming scaffolds[END_REF][START_REF] Sinlapabodin | An axial distribution of seeding, proliferation, and osteogenic differentiation of mc3t3-e1 cells and rat bone marrow-derived mesenchymal stem cells across a 3d thai silk fibroin/gelatin/hydroxyapatite scaffold in a perfusion bioreactor[END_REF][START_REF] Sun | Recent development on computer aided tissue engineering -a review[END_REF][START_REF] Liu | Microfluidics in systems biology -h y p e or truly useful?[END_REF] the determination of optimal flow conditions of a bioreactor "should be supported by simulation methods".

Conclusion

To conclude, our results show that an adapted protocol may be useful to preliminary tests instead of a trial-and-error approach. However, the computational protocol is built in a way that any part of the protocol could be replaced by experimental tests so as not to close the door to possible future experimental methods more suitable and easier to implement. The strong point of our method is its versatility.

  our analysis, a relation between Wall Shear Stress and flow rate Q and then between Wall Shear Stress and Darcy velocities is established. Darcy velocities are calculated from Dupuit-Forcheimer relation. The plot of Darcy velocities as a function of inlet flow rate gives us a function like u D = f (Q ) . In most cases, the function f can be written as f (Q ) = a • Q with a a real number ( Eq. (3) ). Consequently, Q can be replaced by u D in the statistical equation identified in the
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 4 Fig. 4. Details of the macroscopic axisymmetric model: (a) dimensions (b) Boundary and numerical study conditions.
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 3 The threshold of cell necrosis is chosen. 4. Identification of critical inlet flow rate Q . 5. Identification of critical Darcy velocity.
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 7 Fig. 7. (a) Histogram of WSS distribution for a given inlet flow rate, (b) Comparison between numerical data and log-normal function fitted, (c) Maximum of distribution and optimal inlet flow rate estimation.
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 8 Fig. 8. Darcy velocity calculated in the REV as a function of flow rate Q .

Table 2

 2 Parameter table for the macroscopic study.

	Variable	Value	Units		Explanation	References
	ε( t 0 )	0.71			Porosity at initial time	[26]
	ρ	893	kg • m 3		Density of biological fluid	[42]
	μ	8 . 3 × 10 -4	Pa • s		Dynamic viscosity	[42,43]
	D O 2	1 . 4 × 10 -5	cm 2 • s -1	Dioxygen diffusion	[39]
	c O 2 ( t 0 )	0.199	mol • m -3	Dioxygen concentration at initial time	[38,44]
	c m	0.0058	mol • m -3	Michaelis Constant	[39]
	Q m	16 . 3 × 10 -18	mol • cell -1 • s -1	Maximum velocity of dioxygen consumption by a cell	[45,46]
	ρc	1072-1086	kg • m 3		Specific density of a cell	[47,48]
	V c	2 . 801 × 10 -18	m 3		Volume of a cell	[49]
	ρ cell ( t 0 )	3 × 10 6	cell • ml	-1	Initial cell density value
	F max c	1 . 337 × 10 -6	s -1		Maximum of cell colonization	[3]
	K c	0.154			Contois Parameter	[42]
	R d	3 . 85 × 10 -7	s -1		Rate of cell death	[42]
	ρmax	5 × 10 14	cell • m -3	Maximum of cell density inside the scaffold	[50,51]

[START_REF] Hench | Bioceramics: from concept to clinic[END_REF] Parameters used for the computational modelling are referenced in Table2.
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