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Abstract
Tissue engineering scaffolds are potential candidates to develop bone grafts with autologous properties. Scaffolds mimic the bone extracellular matrix playing an active role in tissue formation. Scaffold architecture must be controlled to deliver the adequate mechanical stimuli onto cells. Rapid prototyping methods have been widely used to fabricate scaffolds with controlled regular internal microstructure. However, inaccuracies in the fabrication process could deviate the actual scaffold from its intended design leading to variations in the micromechanical cell environment and thereby final tissue properties. In this thesis, a computational inspection protocol was developed to evaluate the quality and the reproducibility of rapid prototyping scaffolds. A commercially available scaffold with three-dimensional regular microstructure was selected and none of the inspected samples replicated the intended design. In addition, variability among samples at the pore level in terms of wall shear stress and fluid velocities was found. This could potentially lead to perturbations in cell activity and affect the transport of cells during cell seeding. Scaffold cell seeding determines the initial conditions for tissue growth and the control of this process is essential towards the automatization and translation of scaffold-based therapies into clinical treatments. Micro-particle image velocimetry and cell tracking experiments were performed to characterise cell motion during hydrodynamic seeding. These experimental data were employed for the development of a computational model to predict cell transport and cell deposition onto 3D scaffolds under fluid flow. This computational model was applied to explore in vitro cell seeding experiments. It was found that cells tend to follow the fluid streamlines reducing the probability of cell interception with scaffold substrate and therefore cell adhesion. Force due to gravity and secondary flows were identified as the main mechanisms of cell deposition during cell seeding. Flow rate and geometry of the scaffold and the microfluidic chamber are key factors to control these mechanisms of cell deposition and enhance cell seeding efficiency.
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[bookmark: _Toc420596676][bookmark: _Toc310605571][bookmark: _Toc310605866][bookmark: _Toc440823165]Introduction

Summary
This chapter introduces the current surgical procedures for bone grafting in clinical practice. Tissue engineering is presented as a promising alternative to overcome the limitations of current treatments and provide patient-specific grafts with excellent biomechanical properties. This emerging field is developing towards the translation into the clinics and in silico methods can help to understand tissue regeneration processes and define the steps involved in tissue engineering. The thesis proposal is presented including general objectives and specific aims targeted throughout the chapters of this thesis.
[bookmark: _Toc440823166]Tissue engineering
Repairing skeletal defects has been the concern of mankind for thousands of years. There are evidences that bone grafting existed back to the prehistoric period. A skull dating from 2,000 BC from the prehistoric people known as Khurits was examined. A bone graft from an animal was found to be implanted at the injured site and the anthropologists could establish that there was bone regrowth around the graph [1]. In addition, there are studies suggesting that Egyptians treated fractures and that they performed what it could be the oldest intravital limb prosthesis [2]. In modern clinical practice, surgeons consider autologous grafts the gold standard treatment for bone injury. Autographs show excellent biological properties in terms of osteoinduction, osteoconduction and supply of bone forming cells [3]. However, there is risk of morbidity at the donor site due to the invasive surgery required to harvest the graft [4]. Allografts avoid the need of additional surgery on the patient. Furthermore, allographs from cadavers exhibit osteoconductive and osteoinductive properties and they can be available in different sizes and shapes. However, allographs lack of viable cells and they require sterilization prior to clinical application to avoid immune rejection and pathogen transmission [5]. Synthetic bone scaffolds avoid the risk of disease transfer and donor site morbidity. Nevertheless, their biological performance to stimulate bone growth is inferior to autographs and allografts. Synthetic scaffolds made of osteoconductive biomaterials are potential candidates to become the gold standard solution for bone fracture repair [6].
Bone implant technology has to cope with the high demand of bone grafting operations; 400,000 and 600,000 are performed annually in Europe and United States respectively [7]. Effective treatments must be ensured to avoid persistent non-union fractures that can be caused by infection, tumors or musculoskeletal disorders such as arthritis or osteoporosis. Nowadays in the United Kingdom, direct costs from long treatments due to non-union fracture are between £7,000 and £79,000 per patient [8]. Due to the high life expectancy, the number of patients presenting non-union fractures can be expected to increase causing a negative financial impact in healthcare systems and most importantly in people’s lifestyle. High costs can also come from healing delay. It has been shown that delayed surgical interventions (considered as performed after 12 hours of trauma) result in later bone union than early interventions (before 12 hours) increasing the overall cost of treatments [9]. The development of synthetic scaffolds with the biological performance of autologous bone grafts could accelerate the healing process and guarantee full bone restoration. Furthermore, an advancement of synthetic biomaterials could provide a virtually unlimited source of bone grafts for orthopaedic surgery. However, further investigations are required in order to reveal the fundamental mechanisms of bone tissue regeneration and produce synthetic bone scaffolds able to generate an advantageous economic impact in healthcare systems and improve people’s quality of life.
Tissue engineering (TE) emerges as a promising field that applies the principles of engineering and life sciences to design and fabricate living structures able to restore, maintain or replace body parts [10, 11]. The classical TE paradigm consists on placing mesenchymal stem cells from the patient onto a degradable three-dimensional (3D) bio-template and then expanding those cells by in vitro culturing inside a bioreactor to produce a functional biological substitute for patient implant [12]. These templates, commonly known as scaffolds, mimic the extracellular bone matrix (ECM) to guide tissue regeneration and degrade at specific rates to allow the replacement of newly formed tissue. In the last years, the number of bone repair treatments using 3D scaffolds in Europe has increased [13]. However, the process to produce cost-effective patient-specific bone grafts based on autologous cells is still challenging. TE should develop towards reproducible and automated manufacturing systems approved by regulatory agencies such as the Food and Drug Administration (FDA) in order to achieve the commercialization of TE scaffolds and to upscale their clinical application [14].
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[bookmark: _Ref312106239][bookmark: _Toc438590787][bookmark: _Toc445718793][bookmark: _Toc367971053]Figure 1‑1 Classical bone tissue engineering approach. Cells from the patient are implanted onto 3D structures that mimic the extracellular matrix and guide the forming tissue. Then, seeded scaffolds are cultured in bioreactors to enhance tissue growth. The engineered-bone graft is implanted at the fracture site and will degrade leaving only natural tissue.
On the other hand, the governing factors of bone tissue regeneration need to be identified. Currently, the use of in vivo tests to understand bone regeneration holds ethical concerns. As an alternative, in vitro experiments can recreate in vivo scenarios where different conditions can be investigated in order to generate essential knowledge and reproducible methods before the translation into the clinics. Nevertheless, due to the limited explanatory power of in vitro experiments in silico methods have emerged to create computer simulations able to supplement and extend current TE experimental techniques [15].
[bookmark: _Toc440823167][bookmark: _Toc420596678][bookmark: _Toc310605573][bookmark: _Toc310605868]In silico tissue engineering 
Computational modelling has been introduced in TE to better understand cellular processes inside scaffolds during tissue regeneration. As opposed to experimental protocols that are based on trial and error approach without early time point information, computational tools enable predictions of the in vitro or in vivo behaviour. Therefore, computational modelling is a great strategy for the design of TE products such as scaffolds and bioreactors, and the optimization of the processes that regulate and enhance biological tissue growth [16].
Finite Element (FE) modelling is a numerical technique that provides approximate solutions to partial differential equations. The domain is divided into a number of finite elements and the response of these elements in terms of strain and stress to structural loading is computed. FE simulations can be used to understand how the scaffold transfers global mechanical loading onto cells and relate the scaffold structural design to cell response [17]. Computational Fluid Dynamic (CFD) modelling also plays an important role to describe TE processes. CFD simulations can provide predictions of fluid flow through scaffold pores allowing the quantification of fluid-induced stresses at the cellular level and the transport of nutrients and oxygen onto cells [18]. Moreover, the lattice approach that divides the domain into a discrete grid of points can be employed in order to describe individual cellular activity such as cell proliferation and migration within the scaffold domain [19]. Furthermore, the advancement of imaging techniques such as μ-Computed Tomography (CT) enables the inclusion of digitalised 3D scaffolds into computational simulations yielding into more realistic results [20].
It is noteworthy that TE should be tackled as a bidirectional multiscale problem (bottom-up and top-down) between the bioreactor macroscale conditions and the sub-cellular scale and both, mechanics and biology, should be included. The increase of computational power could potentially lead to models able to address these issues and predict tissue growth and phenotype. Nevertheless, computational models require comparison and validation with experimental findings which generally involves complex procedures requiring the development of specific experimental scenarios [21].
[bookmark: _Toc440823168]Thesis proposal
TE products should be manufactured in a cost-effective manner ensuring safety and quality. In addition, more standard and automated manufacturing methods should be developed towards the translation of TE products into clinical application. Lack of control during the manufacturing process could deviate the fabricated scaffold from its intended design. To date, no quality criteria has been established by regulatory agencies to determine what tolerances in scaffold geometry are acceptable. Herein it is argued that the accuracy of fabrication methods should be defined by their capability to replicate the scaffold design without variability in the expected performance and therefore cell response. Variability in the geometry of scaffold products should not be underestimated without evaluating its impact on tissue growth. Small variations at the mesoscale could become more important when transferring down to the cell level perturbing cell behaviour. Thus, unexpected cell activity could lead to undesired tissue properties at higher scales. It is noteworthy that building the scaffold and placing cells onto it are the first steps in tissue construction. Scaffold geometry and the spatial distribution and density of cells are the initial conditions from which tissue starts developing. Lack of control at this stage could trigger undesired tissue implant outcomes. Irregularities in the geometry of the scaffold could influence the distribution of cells within the scaffold unit and the generated micromechanical stimuli throughout the scaffold microstructure. The interest of this thesis relies on the use of computational methods to gain understanding and control of this initial step in TE. In silico models can contribute to better control the scaffold fabrication process and the seeding of the scaffold with cells. The aim is to develop a computational approach to inspect fabricated scaffolds able to detect variations in the architecture and consequently in the initial conditions for cell seeding. The morphological inspection can help to identify the inaccuracies during the scaffold fabrication process and their repercussion on the local fluid dynamics during in vitro seeding. Thus, this methodology could give manufacturers valuable feedback to improve fabrication techniques and it could serve TE researchers to identify the possible source of noise during laboratory experiments originated by scaffold imperfections. In addition, the presented computational approach aims to explore and describe the mechanisms of cell deposition onto to these inspected geometries. Therefore, this in silico tool could provide realistic descriptions of this initial stage in the TE process. Furthermore, this computational framework would generate valuable information for TE researchers that is inaccessible in experimental setups. In fact, the development of such predictive in silico tool could help to design and optimise in vitro seeding methods avoiding expensive experimental trials and cell waste.  
The general objectives of this thesis are investigated throughout the chapters addressing the following aspects:
· In Chapter 2, the main concepts of TE scaffolds and in vitro bioreactors are discussed. Moreover, CFD strategies for the design and optimization of scaffold-bioreactor strategies are reviewed with more emphasis on cell seeding approaches. In addition, a brief review of experimental methods for the formulation and validation of CFD models in TE is presented. 
· In Chapter 3, a novel computational approach is presented for the inspection of regular Rapid Prototyping (RP) scaffolds. The methodology analyses the effect of inter-sample structural variability of fabricated scaffolds on the fluid dynamics at the cell microenvironment. A 3D porous scaffold available in the market and presented as a product with regular and controlled internal microstructure is inspected with the proposed CFD-based protocol. Five samples are investigated to quantify inter-sample variability and deviations from the CAD (Computer Aided Design) design.
· Chapter 4 presents an experimental approach using μ-Particle Image Velocimetry (PIV) to measure the local fluid dynamic conditions and cell motion inside a 3D scaffold. The experimental data is used to formulate and validate a CFD approach able to predict fluid flow behaviour and cell path at the scaffold pore level under hydrodynamic conditions.
· In Chapter 5, the CFD model developed in Chapter 4 is applied to explore real in vitro cell seeding scenarios. Static and dynamic seeding strategies are investigated with good agreement with the experimental findings. The CFD simulations served to describe cell deposition under in vitro realistic conditions suggesting potential improvements in the experiments for the enhancement of cell seeding efficiency. In addition, the predictive power of the model is evaluated in order to define new pathways towards more realistic simulations.
· Chapter 6 is dedicated to the general discussion of the thesis summarising the contributions and the limitations encountered.
·  In Chapter 7, the key findings and limitations are revised and future prospects of this thesis are presented. 
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[bookmark: _Toc310605576][bookmark: _Toc310605871][bookmark: _Toc440823169]Literature review
[bookmark: _Toc420596682]
Summary
[bookmark: _Toc310605577][bookmark: _Toc310605872]This chapter reviews key aspects of TE for bone regeneration. Scaffold architecture and material selection are critical for the delivery of the adequate mechanical and biological performance during tissue development. The main strategies and challenges in scaffold design and fabrication are presented including the current state of TE scaffolds towards clinical application. In vitro bioreactors based on dynamic fluid flow are explained. These devices aim to provide the adequate mechanical and biological environment while tissue is forming within the scaffold. Computational techniques employed to optimise bioreactor-scaffold strategies are reviewed. Furthermore, this chapter includes a review of experimental methods for the characterization and measurement of fluid flow and cell motion inside microfluidic systems. 
[bookmark: _Toc440823170]Introduction
[bookmark: _Toc310605578][bookmark: _Toc310605873][bookmark: _Toc440823171]Bone structure and functionality
Bone as part of the musculoskeletal system has an important role to provide support in the human body, protect the organs, allow leverage, blood cell production and store minerals. To fulfil these functions, bone is organised in a complex and hierarchical structure which basic building block is mineralized collagen fibril. At the microscopic level, mineralized collagen fibrils can be arranged randomly forming woven bone or in regular alignments commonly known as lamellar bone found in healthy adult bone. At the tissue level, layers of lamellae are organised concentrically forming the osteons. Osteons are the main unit of the cortical bone tissue which is found at the outer part of bones and mainly in the diaphysis in long bones. Osteons enclose the Haversian canals that provide blood and nerve supply coming from the periosteum through the Volkmann canals. Furthermore, they contain mineral bone matrix which is maintained by the osteocytes that are located inside the lacunae found between layers of lamellae and communicated by canaliculi to other osteocytes. On the other hand, lamellar bone can also be arranged by rods forming a connected network known as trabeculae that resembles a sponge. This spatial arrangement of lamellae forms the cancellous bone tissue found in the epiphysis and metaphysis and the interior of the short and flat bones. The empty spaces between the trabeculae are filled with red marrow that supplies cells with nutrients in the lamellae and yellow marrow that stores lipids as energy reserve for the human body. Inside the trabeculae, osteocytes are embedded within the bone matrix as found in cortical tissue [22]. 
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[bookmark: _Toc438590788][bookmark: _Toc445718794]Figure 2‑1 Bone tissue structure (Copyright © 2007 Pearson Education, Inc., publishing as Benjamin Cummings).
Both bone tissue types are subjected to constant remodelling which consists on replacing the old micro-damaged bone by new one. In this manner, bone is capable to cope with stresses placed on it due to everyday physical activities. Moreover, bone remodelling allows maintaining bone strength and calcium homeostasis. Osteoclasts are responsible for bone resorption and osteoblasts synthesise new bone matrix that eventually will surround and isolate them becoming osteocytes. To sum up, osteoblasts form new bone tissue which is maintained by osteocytes and resorbed by osteoclasts [23].
[bookmark: _Toc310605579][bookmark: _Toc310605874][bookmark: _Toc440823172]Bone healing
In addition to the remodelling capabilities, bone also has regenerative properties and it can restore bone shape and function in the event of bone fracture. After bony disruption, indirect bone healing occurs if there is relative motion between bone fragments. This process involves three different overlapping phases. First, there is the inflammatory phase where the blood vessels are ruptured and hematoma forms. At this stage, fibroblasts, small blood vessels and inflammatory cells infiltrate the hematoma forming granulation tissue [24]. This soft callus around the fracture side undergoes tissue differentiation during the reparative phase; intramembranous ossification initiates at the cortical bone and cartilage forms at the centre of the fracture to stabilise it [25]. Then after vascular invasion, cartilage is transformed into woven bone via endochondral ossification. Eventually, the hard callus bridges the fracture fragments while the remodelling phase takes place in order to transform woven bone into lamellar bone and to adapt bone to its original structure and mechanical strength [26].
The mechanical stimuli sensed by cells during healing can modify the pathways of tissue differentiation. Therefore, the mechanical environment at the fracture site can strongly influence the healing outcome [27]. Different theories have been proposed in the literature to define these mechanoregulatory processes. Pauwels [28] was the first to hypothesise that mechanical forces guide bone healing suggesting that hydrostatic pressure and shear strain were the stimuli responsible for connective tissue differentiation. After him, other mechanoregulatory theories were presented such as the one of Claes and Heigle [29] where qualitative values of strain and hydrostatic pressure determined tissue phenotype or Prendergast et al. [30] who considered the stimuli due to the relative velocity of the interstitial fluid as a mechanical stimulus regulating tissue differentiation. Unfortunately, the type of mechanical stimuli as well as the magnitude that helps bone to regenerate is still unknown. Ideally, by identifying the mechanoregulatory routes of bone healing, fracture fixation methods could be optimised to provide the most suitable biomechanical milieu in order to accelerate and ensure fracture union [31].
[bookmark: _Toc310605580][bookmark: _Toc310605875][bookmark: _Toc440823173]The role of tissue engineering in bone fracture repair
Unfortunately, inappropriate fracture mechanical stability [32] and other factors such as infection or tumors can be the cause of healing delay or open fracture [33]. In order to bridge and repair open fracture, the gold standard solution for surgeons is the implantation of autographs due to its biocompatibility. However, the donor source is limited and in the case of allographs they present risk of pathogen transmission. On the other hand, artificial prosthesis can be a viable solution although their performance can be altered over time due to implant wear [34]. As a promising alternative, the interdisciplinary TE field emerged to provide solutions for tissue creation, restoration and repair. TE aims to develop functional biological tissue substitutes based on patient-specific cells [11].
In TE, scaffolds-based strategies seem to be a promising solution to generate biological bone substitutes. Scaffolds can stabilise the fracture while guiding tissue formation by means of biophysical cues. More importantly, scaffolds serve as temporal supports that will be fully replaced ultimately by newly-formed tissue. The mechanical forces that govern tissue differentiation during tissue development inside scaffolds are not well understood yet; scaffold material and architecture determine the stimuli at the cell level thereby playing an important role to promote cell activity and bone formation. This chapter aims to provide an overview of the main requirements of scaffold design and fabrication to deliver the expected mechanical performance. It also reviews the methods presented in the literature to find the best solution towards its clinical application.
It is noteworthy that the environment to which scaffold and cells are exposed during tissue growth is generally controlled by bioreactors. Bioreactors are devices in which biological processes carry out under monitored and controlled operating conditions [35]. These devices can help to optimise TE processes such as scaffold cell seeding which represents a critical step in tissue formation [36]. However at this stage, more work needs to be done to fully exploit their potential for bone tissue regeneration. In this chapter, static and dynamic bioreactor designs are reviewed as well as the computational methods developed in order to improve the bioreactor conditions for scaffold cell seeding.
[bookmark: _Toc310605581][bookmark: _Toc310605876][bookmark: _Toc440823174]Scaffolds
Scaffolds aim to mimic the bone extracellular matrix and serve as temporal support for cells to form new tissue. Scaffolds should be able to promote and guide cell attachment, cell growth and cell differentiation under laboratory settings. Moreover after implantation, scaffolds are expected to support angiogenesis, cope with physiological loadings and degrade at proper rates so the newly formed tissue can assume its indented function [37]. To achieve these goals, scaffolds should meet the following requirements: suitable surface morphology and physicochemical properties to enhance cell attachment and cell signalling, high porosity and pore interconnectivity to allow cell ingrowth, adequate cell nutrient-waste exchange and neovascularization, optimal pore size and geometry to encourage tissue regeneration, nontoxic degradable material to avoid implant rejection, and optimal mechanical properties to stand in vivo forces [38].
[bookmark: _Toc310605582][bookmark: _Toc310605877][bookmark: _Toc440823175]Scaffold architecture
Scaffold architecture is responsible for transferring the global mechanical loadings to cells. By controlling scaffold architecture it is possible to identify the influence of structural parameters in the cell mechanical environment and cellular responses. TE scaffolds can be designed using CAD methods to have control over key architectural factors such as scaffold porosity, pore shape and pore size. In addition, CAD designs can be directly manufactured by rapid prototyping methods (see section 2.2.3). However, the elaboration of CAD-based designs can be time-consuming as it involves complex manual handling. As a solution, Chua et al. [39] developed a parametric library based on polyhedral unit cells that can be sized and assembled to form different scaffold architectures. On the other hand, other researchers preferred to design continuous and optimised cells based on triply minimal surfaces such as gyroid or diamond architectures [40] arguing that those shapes can be found in nature. The performance of CAD and triply minimal surfaces designs were investigated by Olivares et al. [41]. The mechanical and mass transport properties of a hexagonal prism-based design and a scaffold with gyroid pores were examined by FE and CFD methods. As a result, gyroid-based structures seem to provide better access for the fluid which facilitates cell seeding and the transport of nutrients and oxygen for cells. On the other hand, hexagonal prism pores result in more homogeneous mechanical stimuli on the scaffold surface so less variability in cell response can be expected.
In addition to FE and CFD methods, scaffold properties can be calculated based on the unit cell design using the asymptotic homogenization theory that scales up physical variables of interest from the unit cell to the effective global scaffold properties [42]. However, quantifying scaffold properties after the design stage can lead to a time-consuming trial and error approach. Dias et al. [43] developed a topology optimization tool based on the homogenization theory in order to generate new architectures to attain target scaffold permeability and elastic properties. The cell unit is defined by distributing the material within a given design domain to optimise permeability with constraints in mechanical properties or on the other way around. Finally, the unit cell is repeated periodically assuming bone as regular porous media.
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[bookmark: _Toc438590789][bookmark: _Toc445718795]Figure 2‑2 Scaffold designs evaluated by Olivares et al. [41] based on hexahedral prism units (a) and gyroid pores (b).
Nevertheless, bone tissue consists of a hierarchical structure with mechanical properties that change at different levels. Hence, scaffold design needs to ensure control over different scales in order to understand the mechanical properties of bone material. Yoo [44] presented a novel hierarchical scaffold design tool that combines recursive intersection Boolean operations and triply periodic minimal surface based pore geometries that controls porosity and pore architecture gradients. In addition to the hierarchical architecture, this method can also design a scaffold that fits within an anatomical shape by using the distance field technique. Therefore, the principles of designing a personalised implant with a geometry that has a good fit inside the defect and an internal architecture that provides optimised scaffold mechanical properties were introduced.
It is noteworthy that scaffold degrades while being replaced by neo-tissue so its architecture will vary during time. Therefore, scaffold should provide an optimal performance over time. The degradation rates depend on the material selected for scaffold fabrication which in combination with the architecture design will determine the mechanical properties during the regeneration process [45, 46].
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[bookmark: _Toc438590790][bookmark: _Toc445718796]Figure 2‑3 Effect of the designed unit cell (a) on the effective normalised elastic moduli (b) and permeability (c) calculated by the homogenization theory [42].
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[bookmark: _Toc438590791][bookmark: _Toc445718797]Figure 2‑4 Hierarchical bone scaffold design proposed by Yoo et al. [44] based on triply periodic numeric surface based geometries that fits within the fracture site.
[bookmark: _Toc310605583][bookmark: _Toc310605878][bookmark: _Toc440823176]Scaffold material
Another concern related to the scaffold design is the selection of the biomaterial. Most important are ceramics, natural polymers and synthetic biodegradable polymers. Ceramics such as hydroxyapatite (HA) and tri-calcium phosphate (TCP) have been used for bone regeneration applications due to the chemical and structural similarity to the mineral phase of native bone. However, their clinical application is limited because of their brittleness and difficulty of shaping for implantation [47]. Natural polymers such as collagen and fibrin are biological active and biocompatible but they exhibit poor mechanical properties and require screening and purification to avoid pathogen transmission [48]. Synthetic polymers have potential advantages over natural polymers in terms of load-bearing properties and also fabrication flexibility that enables a tailored architecture, controllable degradation characteristics and surface properties. The most extensively used are Poly-(glycol-acid) (PGA), Poly-(latic-acid) (PLA), Polycaprolactone (PCL) and Pelyethylene Glycol (PGE) [49] from which PGA, PLA and their co-polymer poly(lactic-co-glycolic acid) (PLGA) have obtained approval for certain biomedical application [50]. Despite their good mechanical performance, these materials lack of biological cues and osteoconductive properties.
Ceramics, natural polymers and synthetic polymers present certain advantages and specific drawbacks individually. By the appropriate combination of these materials it is possible to overcome their limitations and create hybrid materials with improved mechanical, chemical and biological properties [51, 52]. Hybrid materials permit to tune the desired properties in order to produce optimal scaffolds for tissue engineering. Ahn et al. [53] produced a hybrid 3D scaffold compounded by PCL and collagen struts in order to combine the good mechanical properties of the PCL and the biological capabilities of the collagen. Moreover, the hybrid scaffold was compared to pure PCL and collagen scaffolds; the hybrid scaffold exhibited higher Young’s modulus than the only collagen scaffold and higher biological activity of osteoblast-like cells (MG63) than the PCL-based scaffold. A similar hybrid scaffold was presented by Lee et al. [54] with a regular distribution of PCL struts but instead collagen appeared as crosslinked nanofibres filling the empty voids. The hybrid scaffold showed better mechanical properties and cellular response than the pure PCL scaffold and the way the collagen fibres were distributed enhanced cell attachment and proliferation inside the scaffold. A different approach was followed by Yu et al. [55] that mixed PCL and PGA nanofibres using a electrospinning 2-eject system and investigated the effect of the PGA content on the global mechanical and chemical properties of the structure. As a result, by increasing the PGA concentration it was possible to increase the average diameter, porosity, hydrophilicity and tensile strength of the nanofibrous scaffold. Another design was presented by Igwe et al. [56] consisting of a combination of a composite polymer of PLGA/nano-HA with Arginine-Alanine-Aspartic Acid-Alanine4 (RADA-16) self-assembling peptide hydrogel. In vitro results confirmed the osteoinductivity potential of the scaffold due to the native environment inside the scaffold pores provided by the presence of hydrogel which contained bone morphogenetic protein 2 (rhBMP2). In addition, the scaffold porous matrix could support bone formation mechanically with a compressive modulus (65.38 ± 16 MPa) and strength (5.1 ± 0.97 MPa) in the lower range of trabecular bone in humans. Mikael et al. [57] argued that matching the mechanical properties of PLGA scaffolds with human cortical bone remains challenging. Therefore, they developed a strategy were a PLGA microsphere 3D scaffold was reinforced with carbon-nanotubes at the weak microsphere-to-microsphere contact regions increasing the Young’s modulus up to 510.99 ± 108 MPa and the compressive strength up to 35.24 ±1.6 MPa. Furthermore, the scaffold was being able to deliver good cellular behaviour and biocompatibility during in vivo tests. However, less emphasis has been placed into hybrid materials which constituents are bioceramics. Torres et al. [58] proved the potential that hold these materials for bone tissue engineering if modified with polymers. A β-TCP/HA scaffold which mineral composition mimics the bone tissue native structure was coated with alginate to reduce the brittleness, increase osteoblast activity and improve the mechanical properties to match cancellous bone values (compressive strength 3181 ± 561.93 MPa).
It is noteworthy the material makes the scaffold an active participant during the tissue regeneration process and it is at the surface where cell-scaffold interactions occur. Hence, the design of nanoscale materials seems a promising strategy to control a variety of cellular events at the scaffold surface [59]. Nanomaterials can resemble the bone nanostructure and provide a suitable environment to transmit signals to cells enabling the control of cell behaviour. These materials exhibit higher surface area to volume ratio and wettability than micro-structure materials promoting protein adsorption and cell function although this could eventually lead to toxicity. In addition, scaffold nanotopography can modulate cell activity due to cells adjusting its cytoskeleton in response to the presence of nanofeatures [60, 61]. Roohani et al. [62] presented a biphasic calcium phosphate (BCP) scaffold coated with a nanofibrous silk layer mimicking the nanostructure of the ECM. However, a PCL layer had to be introduced as an intermediate layer in order to adhere the silk layer to the ceramic scaffold and increase the mechanical strength. This illustrates the difficulty to deliver a hierarchical design from the nano level able to generate the adequate strength. A more sophisticated nanostructure was elaborated by Guo et al. [63] where HA nanorods were coated by chitosan (CS) fibres. The nanorods were perpendicularly oriented to the CS fibre in order to increase the mechanical properties of the composite scaffold. Furthermore, the HA nanostructure at the scaffold surface improved osteoconductivity and showed higher alkaline phosphatase activity and mineralization deposition than on the pure CS scaffold. However, the inclusion of this HA layer decreased the pore size and permeability of the scaffold. As a consequence, the fabrication of scaffolds with nanofeatures while matching desired properties at the macro level remains challenging.
[bookmark: _Toc310605584][bookmark: _Toc310605879][bookmark: _Ref438585435][bookmark: _Toc440823177]Scaffold manufacturing
Scaffold manufacturing methods should deliver patterned architectures while processing biomaterials suitable for bone regeneration. RP techniques can fabricate controlled architectures since they build a physical model directly from the CAD data in a layer-by-layer manner. In addition, these methods have shown their potential to fabricate scaffolds with a wide range of materials achieving weight-bearing characteristics and high biological activity [64]. The major RP techniques to fabricate scaffolds are: adhesion bonding, laser sintering, photo-polymerization and melt extrusion deposition.
In adhesion bonding, powder particles are selectively bonded at each layer by a binder material which is deposited via ink-jet printing. 3D printing is an example of this method which can build scaffolds with designed porous interconnected geometries although the binding material can limit the resolution of the fabrication process and generally the pore size cannot go below 300 μm. In addition, in some cases the binder residue can cause alterations during sintering and lead to toxicity [65]. Binder solutions need to be optimised; Inzana et al. [66] formulated a phosphoric acid-based solution with 8.75 wt% concentration to maximise biocompatibility and mechanical strength and Butscher et al. [67] demonstrated that the binder has to be carefully selected with regard to the wettability of the powder material as it strongly influences the final resolution and mechanical properties.
Selective laser sintering (SLS) technique is another category of RP manufacturing that consists of an infrared laser beam that hits on a layer of powder at pre-defined positions raising the local temperature to reach the glass transition temperature thereby causing particle-to–particle bonding. This technique can fabricate composite scaffolds as shown by the study of Tan et al. [68] who built a polymer-ceramic scaffold made of Polyetheretherketone and HA. Duan et al. [69] also fabricated a hybrid scaffold based on nanocomposite spheres with 800 μm scaffold pore size and a surface nanotopography suitable for cellular activity. Furthermore, a conventional SLS system was modified by Shuai et al. [70] in order to achieve scaffold shapes based on non-uniform rational B-Spline which hold the potential to fabricate scaffolds that fits the fracture site.
Another method employed for the fabrication of scaffolds is the spatial controlled photo-polymerization of liquid photo-sensitive resins. Stereolithography (SLA) was the first commercially available RP technique of this category and it has been extensively used for the fabrication of regular scaffolds. Hybrid scaffolds can be also built by this method, for instance Arcaute et al. [71] developed a multimaterial SLA system applied to photocrosslinkable biopolymers enhancing the scaffold properties and resolving features down to 500 µm. The resolution of the SLA system depends on the beam diameter which can go down to 500 nm [72]. Because SLA can only be employed to photo-curable materials, indirect SLA has been investigated in order to fabricate scaffolds with a large variety of biomaterials and well defined internal microstructures. This method consists of producing a negative resin mold by SLA first, casting the material inside the mold and finally sacrificing the mold to obtain the desired scaffold [73].
Photocurable resins typically do not have approval for clinical commercialisation and biodegradable polymers shows better advantages for TE applications. A wide range of thermoplastic polymers can be processed by Fused Deposition modelling (FDM) for scaffold fabrication; the material is pre-heated into a semi molten temperature and then extruded through a nozzle forming strands. Some studies have shown the capability of this method to fabricate hybrid scaffolds, for example Korpela et al. [74] built a PCL-bioactive glass scaffold which showed biocompatibility and mechanical integrity. However, the high temperatures involved in the process are detrimental for scaffold material bioactivity. As an alternative, low temperature deposition manufacturing liquefies the material without the need of heating and then it extrudes and deposits the material on the working platform. This process involves temperatures under 0°C which preserves scaffold bioactivity [75]. An important drawback of melting extrusion techniques is the smoothness present on the surface of the fibres not suitable for cell attachment and proliferation. In order to overcome this barrier, melting extrusion has been complemented with conventional techniques such as electrospinning where high voltage is applied to a melt solution to produce a non-woven nano or micro-structure that mimics the ECM [76]. This combination allows control over architecture from the nano to macro scaffold levels. Nandakumar et al. [77] developed a system to create the skeleton of the scaffold by melting extrusion deposition at the same time electrospinning is applied to coat the scaffold struts with a mesh that resembles the ECM. A similar method was presented by Seon Kim and Kim [78] but the scaffold fibres were coated by wet electrospinning which provides a better spatial distribution of the nanofibres. Instead, Kim et al. [79] applied electrohydrodynamic direct writing to print microsized threads on the surface of PCL struts in order to stimulate cell response. In summary, these hybrid manufacturing methods can control scaffold architecture and mechanical properties by RP and cellular microenvironment through conventional methods.
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[bookmark: _Toc438590792][bookmark: _Toc445718798]Figure 2‑5 a) Fused Deposition Modeling platform. b) The material is extruded through a nozzle forming struts. c) Regular scaffold fabricated by FDM [80].
On the other hand, the direct printing of proteins and cells can be applied in scaffold fabrication. Xu et al. [81] developed a hybrid printing system where a electrospinning device is combined with an inkjet printing platform. Hence, cells suspended in hydrogel can be deposited into PCL nanofibres which form the main scaffold structure. However, the mechanical properties of the nanostructured scaffold were only suitable for cartilage tissue replacements. Electrospinning nanofibres are deposited randomly on the receptor which complicates the ability to control scaffold architecture and mechanical properties. Chanthakulchan et al. [82] fused the concepts of electrospinning and FDM to develop a system able to align the nanofibres in pre-defined patterns although further investigations are required to improve control over scaffold thickness and thereby mechanical characteristics.
The material chosen can restrict the manufacturing technique so RP methods are evolving towards the generation of hybrid systems able to deliver composite scaffolds with control from nano to macro-scale . RP techniques hold great potential for the future of tissue engineering but scaffolds must be manufactured as all medical devices; in a way that ensures both the safety of the product as well as the reproducibility and high quality standard of the production. This includes design, materials used and the whole process of production. Scaffold manufacturing should be defined as a process chain with demands on documentation, including inspection plan, and quality control [83].
[bookmark: _Toc440823178]Scaffold characterization
Fabricated scaffolds should be characterised and inspected in order to evaluate the real outcome of the whole design and production process. The resulting samples are expected to replicate the design architecture and deliver the intended biomechanical performance. RP techniques for scaffold production are currently developing and valuable feedback from the fabricated samples can enhance such manufacturing techniques. RP methods must ensure the fabrication of samples that meet the CAD design specifications, pre-defined mechanical and permeability properties and desired cellular behaviour. Moreover, the fabrication process should produce samples without variability among them or from batch-to-batch. Herein, more emphasis will be applied to the architectural and mechanical characterization of fabricated scaffolds.
[bookmark: _Ref438585953][bookmark: _Toc440823179]Scaffold architecture
Some studies have characterized fabricated scaffolds by scanning electron microscopy (SEM) that provides two-dimensional (2D) images with high resolution and contrast [84]. However, despite the great magnification of this method scaffold samples need to be coated with gold by using a sputter coater before the image acquisition and in order to obtain internal morphological information the samples need to be cut. In addition, this invasive method does not permit the full characterization of 3D samples. µCT-scanning is a non-destructive solution widely used by researchers for the entire scaffold characterization since it permits the generation of a 3D stack from a serial of sample cross-sectional images [85]. Magnetic resonance imaging (MRI) also allows the development of 3D models from a series of 2D images. However, this technique generally provides less resolution than µCT imaging and it is more effective to differentiate soft tissues in clinical scenarios. Mather et al. [86] compared the previous imaging techniques with terahertz pulsed imaging showing the good contrast image data of this method although the terahertz radiation is not as penetrating in the scaffold material as the x-rays resulting in low lateral resolution.
Imaging segmentation softwares allow converting the generated µCT/MRI images into 3D data. The acquired images represent sample cross-sections compounded by grey-scale pixels. These images are stacked to recreate the scanned volume and the scaffold region is segmented by selecting the pixels within a specific threshold of grey-scale values [87]. To fully characterize scaffold architecture, key parameters such as pore size, porosity, interconnectivity, volume and surface area need to be quantified from the segmented scaffold region. Despite the advantage of current imaging techniques to offer accurate 3D representations of actual scaffolds, sometimes the methods applied for the structural characterization of µCT-based models are not that accurate and need to be further developed. Many studies carry out manual measurements of structural variables such as pore size throughout the entire scaffold [88]. This is a time consuming approach that can become a significant source of error due to human handling. Other studies applied specific algorithms from the same commercial softwares used for µCT reconstructions to characterize scaffolds. For instance, Melchels et al. [89] used the GE MicroView software (General Electric) to fit the largest sphere in each empty void which diameter corresponds with the pore size. This data was later used to quantify other structural factors such as porosity using numerical algorithms in Matlab. 
Nevertheless, the 3D characterization of scaffold surface topography is also necessary as it has a strong impact on cellular activity. Unfortunately, current scaffold digitalization methods present limitations in terms of resolution to include the surface topography. Moreover, improving resolution to include smaller geometrical features implies a decrease on the captured field of view. Atomic Force Microscopy (AFM) has been used for the generation of 3D surface topography maps. A cantilever beam is in contact with the surface specimen and by measuring its deflection the surface topography can be scanned [90].
[bookmark: _Toc440823180]Scaffold performance 
Scaffold mechanical behaviour can be evaluated through compression tests. Luczynski et al. [91] carried out a multiple uniaxial loading-unloading test on a regular PLLA-TCP scaffold fabricated by FDM. Strain-stress characteristic were extracted during loading arguing the importance of assessing scaffold elasticity since it determines the spatial stress distribution in porous architectures. Moreover, due to the fact that classical mechanical testing could eventually lead to plastic deformation at the load transfer platens as a consequence of friction, they compared this method with a non invasive ultrasound test finding good agreement. Wieding et al. [92] characterised mechanically SLS-fabricated scaffolds based on Ti6A4l4V with different orientation of the struts with regard to the load direction. The specimens were tested under axial compression until mechanical failure in order to evaluate the mechanical properties including structural modulus, ultimate compressive strength and strain. Compression tests were also applied by Eshraghi and Das [93] to investigate the effect of loading a pure PCL scaffold with HA on the compressive effective stiffness. Moreover, a FE model was developed in order to predict the bulk mechanical properties of composite scaffolds with different loadings. However, this model was developed based on the ideal CAD geometry. By the inclusion of the μCT-based scaffold geometry in the FE simulations it is possible to quantify the mechanical behaviour of the actual scaffold in a wide range of scenarios. FE simulations have the potential to substitute experimental tests in order to characterize scaffold mechanical performance after the fabrication process. Ren et al. [94] carried out μCT-based FE simulations to report the mechanical properties of an interconnected porous HA scaffold after animal implantation over time. Lohfeld et al. [95] compared FE results based on μCT scans with experimental mechanical tests for the analysis of a group of PCL-TCP scaffolds produced by SLS with different architecture designs. In this case, they discovered that the lack of predictive power of the FE model for some of the models was due to the input elastic modulus. The same input was applied to all models and it was found to be dependent on the energy density applied during the sintering of the powder material which determines the powder binding strength. To better understand this, nanoindentation tests were proposed to determine the local elastic moduli and generate more accurate FE models.
On the other hand, permeability determines the mass and species transport properties of porous scaffolds. In addition, it influences the biophysical stimuli at the cell level induced by the fluid flowing through the scaffold pores. Permeability is related to the scaffold porosity and pore interconnectivity and it determines the ease at which the fluid flows through the scaffold pores. Experimental methods have been employed to assess the permeability of fabricated scaffolds. For instance, Ochoa et al. [96] calculated the permeability of a bioglass-based foam scaffold by generating a controlled flow through the scaffold using a peristaltic pump in combination with a fluid damper. Permeability could be obtained by Darcy’s law knowing the pressure drop that occurs due to the resistance of the scaffold to the flow under the specific flow rate applied. Truscello et al. [97] applied a similar method to calculate the permeability of a regular RP Ti6A4l4V scaffold which served to test the predictive power of a CFD model based on μCT data. CFD simulations can characterise the performance of scaffolds under fluid flow avoiding time consuming and expensive experimental trials. Shear stress and pressure distributions over scaffold surface can be calculated through μCT-based simulations reporting local variations at the cell scale [98, 99]. Moreover, the access to these measurements during experimental trials is limited due to the scaffold geometry and channels size where only mean shear stress values can be reported by analytical approaches [100, 101].
[bookmark: _Toc440823181]Scaffold production standardization and inspection protocols
Despite the fact that RP methods have demonstrated their feasibility to build scaffolds with control over architecture and attain biophysical properties, the scalability of the production process for commercialization purposes and the translation into the clinics remain challenging. The steps involved in the production of scaffolds need to conform the regulations established by the FDA for clinical application [102]. One of the key translational aspects is the regulation of the manufacturing process which must ensure quality and reproducibility. Control over fabrication parameters such as laser beam energy density in SLS is essential to deliver the expected design and ensure the consistency among scaffold samples [95]. Domingos et al. [103] performed a sensitive analysis of the process parameters of a FDM system reporting significant effect of the temperature and fibre deposition velocity on the scaffold porous microstructure. Moreover, inspection of the fabricated scaffolds is required to guarantee that they represent the intended design. Garret et al. [104] built a regular scaffold by indirect 3D printing and reported mismatch between the fabricated sample and the intended design. According to them, that was the reason for the disagreement found between CAD-based FE analyses and compression tests performed on the sample. 
Scaffold design, manufacture and inspection require well defined protocols to meet Good Manufacturing Practice (GMP) and safety standards. However, there are no clear standard guidelines yet from the FDA to control the fabrication process and assess final scaffold products. Podshivalov et al. [105] proposed a regulatory procedure to fabricate patient-specific scaffolds; designing a patient-specific scaffold from CT data, fabrication by RP methods and scaffold shape and mechanical properties verification. Nevertheless, drafting a regulatory model for the FDA approval is challenging. For instance, Morrison et al. [106] proposed the design and production of a tracheobronchial splint to treat tracheobronchomalacia based on GMP conditions. For such purpose, they confronted the challenges involved in the regulatory pathway towards its clinical application. This medical device was considered as a class III device therefore it had to pass Humanitarian Use Device program and Investigational Device Exemption approval for a FDA-regulated human clinical trial prior to its commercialization. However, it consists of an isolated case and more standard protocols should be designed for a wide range scaffold-based therapies.
[bookmark: _Toc310605586][bookmark: _Toc310605881][bookmark: _Toc440823182]Bioreactors
To mitigate static culture limitations, in vitro bioreactors have been designed to improve cell seeding on 3D scaffolds and enhance metabolic delivery through dynamic culture and controlled environmental conditions. Furthermore, cells can be exposed to shear stress which plays a beneficial role for ECM deposition and cell response and phenotype. These devices that benefit from fluid dynamics can be divided into four main groups: rotating wall vessels, spinner flasks, compression force-induced suction devices and perfusion systems (see Figure 2‑6). Rotating wall vessels are comprised of two concentric cylinders. The stationary inner cylinder is responsible for gas exchange and the outer cylinder rotates generating a dynamic laminar flow. The induced hydrodynamic environment enhances the mixing properties of scaffolds freely suspended in culture medium at the annular space [107]. In spinner flasks, scaffolds are fixed to needles and exposed to convective forces induced by a magnetic stirrer placed at the bottom of the cylindrical flask. Vunjak-Novakovic et al. [108] investigated the potential of these systems to enhance cell seeding in 3D scaffolds. As a result, scaffolds were exposed to an uniform and well-mixed cell suspension increasing seeding kinetics over static methods. Later, Bueno et al. [109] demonstrated that the use of wavy walls in conventional spinner flasks promotes secondary motion in the radial direction thereby increasing mixing properties and improving scaffold cell seeding efficiency. A comparison between static, spinner flask and rotating vessels-based culture methods was performed by Sikavitsas et al. [110] reporting higher calcium deposition for the case of spinner flask although the mass transport properties inside the scaffold were limited. Xie et al. [111] presented an alternative system that reduces the long operation time required by the previously mentioned approaches. A loading and unloading compression force applied on the scaffold generates an inflow that carries the cell solution to the interior of the porous scaffold. In addition, Hoffmann et al. [112] developed a system based on this principle capable of applying compressive physiological loading to a seeded-3D scaffold which turned into an increase of ECM mineralization. However, this technique can only be applied for mechanically deformable scaffolds. A wider range of scaffold models can be used in perfusion systems [113, 114] . A pressure gradient induces the medium to flow directly through the interconnected scaffold pores. Perfusion systems enhance mass transport of oxygen and nutrients and waste removal while exposing cells to shear stress. Furthermore, perfusion systems seem the most preferable solution for in vitro cell seeding and culture since they overcome the diffusion limitations in the interior of scaffolds presented by the other hydrodynamic-based bioreactors [115].
[bookmark: _Toc440823183]Bioreactor fluid flow modelling
CFD simulations allow researchers to investigate how the design of bioreactors and scaffolds influences the biophysical cell microenvironment by means of quantitative and visual results. This information at the cellular level is not accessible by laboratory experiments; therefore computational experiments seem to be a preferred strategy for the design of bioreactor systems and 3D scaffolds. CFD enables the characterisation of flow fields and nutrient concentrations in bioreactors at scaffold-pore scale.
In early studies, fluid flow through scaffolds was modelled assuming the scaffold microstructure as a continuous porous medium that obeys Darcy´s law [116]. This approach does not allow to calculate local shear stress values within the scaffold microstructure. The evolving µCT technology allows the creation of µCT–based CFD models that permit to quantify the scaffold local mechanical stimuli under fluid flow as well as its relationship with the actual scaffold microstructure.
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[bookmark: _Ref438585896][bookmark: _Toc438590793][bookmark: _Toc445718799]Figure 2‑6 Hydrodynamic based bioreactors used for the developemnt of 3D tissue constructs based on scaffold-cell structures. a) Spinner flask. b) Rotating wall vessel. c) Compression force-induced suction device. d) Perfusion system [35].
One of the main challenges in creating a µCT-CFD model is the generation of a mesh that represents the fluid domain around a complex µCT-based geometry. Some studies have used commercial softwares such as Acosta Santamaría et al. [117] who imported the µCT scaffold in Icem Ansys (Ansys, Pittsburgh, USA) to build the CAD-channel boundary conditions and generate a mesh between the scaffold and the channel wall boundaries. Cioffi et al. [118] used Amira (TGS, San Diego, CA) to reconstruct the scaffold and to mesh the empty scaffold voids or Mechels et al. [89] that used Mimics to obtain the volumetric fluid mesh. Other researchers developed their own algorithms such as Zermatten et al. [119] who generated an initial mesh with large elements followed by successively refinements on the small scaffold features. These studies employed the finite volume method to solve the 3D Navier-Stokes equations in the generated computational meshes. The most common numerical tools for CFD simulations are Fluent and CFX from Ansys [120] and Comsol Multiphysics (COMSOL Inc., Burlington, MA) [121]. A different approach from conventional CFD methods was followed by Porter et al. [122] who used the Lattice-Boltzmann (LB) model where the fluid volume is broken into a grid of nodes along where particles that conform the fluid will propagate depending on the local mass distribution function and collide conserving mass and momentum.
These CFD models can serve to optimise the hydrodynamic variables involved in cell seeding and culture in in vitro bioreactors while avoiding expensive and time consuming trial and error experiments. For instance, Melchels et al. [123] studied the effect of scaffold pore architecture on the local shear rate and its impact on cell deposition on scaffold substrate. Zermatten et al. [119] compared the flow field inside scaffolds with regular and irregular pore network microstructure showing that in the irregular one the streamlines follow preferable channels whereas in the regular scaffold they cross the scaffold in a homogeneous manner. Furthermore, scaffold location inside the bioreactor with regard to the inlet and outlet boundaries in combination with the applied flow rate are key parameters in perfusion bioreactors as demonstrated by Papantoniou et al [124]. The geometry of the chamber where the scaffold is placed also influences the flow profile inside the scaffold pores as shown as by the study of Bastida et al. [125] where a circular and a rectangular bioreactor-system were compared. 
[bookmark: _Toc440823184]Cell seeding modelling
Many computational studies have focused on in vitro culture of 3D scaffolds assuming that they were previously seeded [126, 127, 128, 129] whereas only few investigations have exploited CFD techniques to optimise cell seeding in dynamic bioreactors. Cell seeding precedes all culture steps and achieving initial uniform cell density and spatial distribution throughout the scaffold is essential for the adequate tissue development [130, 131]. Furthermore, cell seeding efficiency should be maximised as cell donor is limited [132]. Flow rate, scaffold morphology and cell adhesion phenomena are crucial factors in cell seeding which can be explored by CFD modelling for the development of successful cell seeding strategies using dynamic bioreactors.
Olivares and Lacroix [133] proposed a novel methodology to simulate cell seeding under direct perfusion conditions. Cells were modelled as sphere particles dragged by the fluid flow following a Lagrangian multiphase discrete approach. The main limitation of this model is related to the cell-scaffold interactions. Cells were assumed to adhere as soon as they hit the scaffold substrate. The results agreed well with experiments suggesting that fluid conditions might be the main factor of cell deposition. However, further validation will be required to fully consolidate the model. An alternative design for cell seeding by direct perfusion was developed by Govil et al. [134]. This compact perfusion system applies the vacuum induced suction effect generating a pressure gradient that drags the cell suspension into a cavity where the scaffold is placed. Adebiyi et al. [135] introduced a time dependent CFD model able to optimise the performance of this device. Unfortunately, their CFD model was unable to determine the location of attached cells in the scaffold and lacked of experimental validation.
None of these models accounted for scaffold substrate effects on cell seeding. From a microscale point of view, cell adhesion is a complex process influenced by the physicochemical properties of scaffold surface. Coupling cell-substrate interactions in macroscale models would potentially help to optimise bioreactors for dynamic cell seeding. However cell adhesion to scaffold substrate is not well understood and coupling micro/macro scales is still challenging. Spencer et al [136] proposed a computational model of a bone tissue bioreactor able to describe dynamic cell seeding of human Mesenchymal Stem Cells (hMSCs) as a diffusion-convection transport of species coupled to the fluid flow solved by the LB method. Cell-scaffold surface interactions were incorporated by a receptor-ligand model to represent the first monolayer of cell attachment to the scaffold surface. This approach seems a promising predictive tool; however, it requires experimental validation.
An important condition that researchers should consider in forthcoming studies is the time-dependant porosity. Cells attached to the scaffold and newly formed tissue should be included into the scaffold boundary geometry over time as that may affect the hydrodynamic flow surrounding the cells [137]. Future studies including these factors could yield predictive simulations that could serve as inputs for subsequent cellular proliferation and differentiation simulations.
[bookmark: _Toc310605590][bookmark: _Toc310605885][bookmark: _Toc440823185]Experimental techniques for model formulation and validation
µPIV experimental data can help to understand the physics involved in microfluidic systems for TE applications. Even more, well characterised µPIV data can be used to formulate and validate CFD models that in turn will have the potential to substitute physical experiments becoming a virtual unlimited source of trials. For such purpose, Song et al. [138] extracted the flow fields at the cell scale in order to assess the ability of CFD to predict the local fluid-induced microenvironment around cells. De Boodt et al. [139] used µPIV measurements not only for CFD validation but also as feedback to improve the definition of the CFD model; they found significant differences between µPIV and CFD results mainly due to the use of an idealized CAD geometry in the computational model instead of considering the actual scaffold geometry. The inclusion of the real scaffold geometry in CFD models can be performed for instance through digital reconstruction using μCT data as discussed in section 2.2.4.1.
[bookmark: _Toc440823186]µ-Particle Image Velocimetry
The flow environment inside 3D porous scaffolds modulates key aspects of in vitro tissue formation such as the transport of cells to scaffold substrate during seeding or the fluid shear stress exerted on cells that affects cell response. Therefore, the acquisition of the spatial fluid flow conditions inside scaffolds is essential to understand the fluid-induced cell behaviour and control tissue development. µPIV has been widely used to quantify local fluid velocities and derived properties in microflows. Conventional µPIV consists of illuminating the fluid flow that contains tracer particles with a pulsed laser and capturing the reflected light with a high speed camera in double frame images under a specific time step. Then, vector maps are generated by applying PIV cross-correlation methods. µPIV is a method that needs optical access to the region of interest inside the scaffold, however, most of TE scaffolds are made of non-transparent materials. Despite this barrier, different approaches have been followed to extract representative fluid flow data from 3D scaffolds. For instance, Jae et al. [140] used a µPIV technique to calculate the shear stress and its effect on cell differentiation on transverse and axial scaffold sections which exemplify the main 3D architectural features of the scaffold (see Figure 2‑7.a). It is noteworthy to mention that classical µPIV only permits 2D measurements. However, 3D flow environments are found inside scaffolds. Furthermore, it has been shown in literature that the response of cells under the same shear stress can differ significantly from 2D to 3D environments [141]. For this reason, De Boodt et al. [139] claimed that µPIV experiments cannot be performed on 2D substrates and they introduced the 2D+ concept by using a patterned substrate based on a unit cell of a 3D RP scaffold as where in-plane velocities could be measured (see Figure 2‑7.b). A similar strategy was followed by Provin et al. [142] investigating a microstructure compounded by a pillar bundle in a parallel plate chamber to optimise scaffold design and achieve a trade-off between high supply of medium for cells and low shear stress values (see Figure 2‑7.c).
[bookmark: _Toc440823187]Particle Tracking Velocimetry
 Particle Tracking Velocimetry (PTV) methods have been applied to study cell motion in physiological fluids such as blood flow. These methods follow a similar principle to the µPIV but instead cells are tracked individually in a lagrangian manner. Lima et al. [143] used PTV in combination with confocal microscopy to analyse the dynamic flow behaviour of red blood cells (RBCs) in different channel depths by optical sectioning. They found an increase of lateral displacement of cells when moving away from the plane at the centre of the microtube. Sugii et al. [144] explored blood rheology in microcirculation using a multiphase flow approach where two sets of colour filters obtain separate images from fluorescent labelled RBCs and tracer particles. Oshima and Oishi [145] followed a similar approach although to obtain the motion of RBCs, the cell membrane was marked by attaching on the surface electrically fluorescent particles of 0.2 μm diameter. In this way, the deformation and the movement of the cells could be captured as well as the velocity distribution of the corresponding surrounding flow.
3D velocities can be derived from other optical techniques such as the stereoscopic PIV [146] by using more than one capturing system in a stereoscopic arrangement, however, this leads to optical access constraints when investigating 3D scaffolds. Nevertheless, this method was successfully applied to calculate the fluid dynamics around a 3D scaffold in a stirring bioreactor where the effect of the bioreactor rotation rate was related to mixing properties [147]. Other promising methods such as the defocusing method can also detect 3D particles displacements, although to the author’s knowledge, it has not been applied yet to investigate TE scaffolds. It consists of an aperture located on the objective lens that contains 3 pinholes forming an equilateral triangle. The light from the particle passes the aperture and then reaches 3 different positions at the image plane being able to determine the particle position with respect to the focus plane by measuring the distance between the projected triangle vertices [148]. It is noteworthy to mention that nuclear magnetic resonance can measure 3D flows inside opaque materials as shown by Mack et al. [149] who captured the local hydrodynamics inside a 3D porous scaffolds made of PCL, however, 1 mm3 of spatial resolution was not enough to calculate the local mechanical stimuli at the cell level.
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[bookmark: _Ref438470786][bookmark: _Toc438590794][bookmark: _Toc445718800]Figure 2‑7 a) Transverse axial section representing the main architectural features of the 3D scaffold used by Jae et al. [139] in μPIV experiments. b) Unit cell of a 3D scaffold designed by De Boodt et al. [138] to introduce the +2D μPIV concept. c) Pillar bundle in a parallel plate chamber investigated by Provin et al [141] to find the optimal scaffold pore size for medium supply and local shear stress.
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Summary
RP is a powerful manufacturing technique to fabricate TE scaffolds as it provides control over scaffold architecture while processing biomaterials. For the successful integration of TE scaffolds in clinical applications, the manufacturing process needs to meet GMP standards delivering quality and reproducibility. Unexpected variations in the scaffold micro-structure due to limitations in the fabrication process could lead to undesired mechanical stimuli at the cell level. Thus, if cell activity is affected, tissue growth will be perturbed. In this chapter, an in silico protocol to analyse fabricated scaffolds is presented and used to evaluate a commercial regular porous scaffold from 3D Biotek. The actual µCT-based morphology of five fabricated samples was analysed and then integrated into computational fluid dynamics simulations to analyse the local fluid flow conditions. The fabricated samples present variations in the internal micro-structure and in the local fluid dynamics compared to the CAD scaffold. In addition, the five samples show intersample variability as well as internal variability from pore to pore. It is demonstrated that geometrical imperfections can deviate scaffold performance from the intended purpose. In this chapter it is shown that in silico methods can be part of standard inspection protocols for tissue engineering applications.
[bookmark: _Toc310605594][bookmark: _Toc310605889][bookmark: _Toc440823189]Introduction
[bookmark: _Toc310605595][bookmark: _Toc310605890][bookmark: _Toc440823190]Good manufacturing practice of scaffolds
Scaffolds aim to provide a native environment for cells replicating the bone ECM and delivering the adequate biomechanical cues to guide tissue formation. Scaffolds should provide weight-bearing properties while transferring the loads placed onto them to the cell level enhancing cell activity. The mechanical properties of scaffolds depend on key structural factors such as porosity, pore size and pore interconnectivity. In addition to the mechanical properties, these factors are essential to allow homogeneous tissue ingrowth and the formation of new blood vessels that will ensure the right exchange of nutrients, oxygen and cell wastes. In the last years, RP techniques have shown the potential to fabricate scaffolds with controllable porous architectures. This group of techniques consist of building a pre-generated digital CAD geometry in a layer by layer fashion. For this, the CAD model is converted into the standard stereolithography (STL) format and sliced into layers prior to the physical fabrication [42]. The manner in which the physical layers are formed during the building process have served to categorize RP techniques in these major approaches; SLS, 3D printing, SLA and melting extrusion [38]. Besides the ability of these techniques to build customised scaffold geometries, they are also able to process a wide range of scaffold biomaterials such PGA [150], PLA [151], PCL [84] and PGE [152] that stimulate biological activity. Furthermore, scaffold material must be biocompatible to avoid risk of rejection, and they must degrade at specific rates to let the newly formed tissue occupy the fracture gap.
Scaffold production must follow GMPs in order to fabricate scaffolds within regulated tolerances that ensure the intended mechanical performance and therefore the right stimulation for bone growth. Many efforts have been made for the optimization of scaffold design such as controlling scaffold architecture over scales or delivering patient-specific geometries [43]. Nevertheless, all these efforts are useless if the fabrication process is not accurate enough. Furthermore, a consistent fabrication process will minimise and control variability among samples in batch production thereby providing always the same micromechanical environment for cells. Unfortunately, to date there are no regulatory protocols for the compliance of such standards. Despite the promising capability of RP techniques to build scaffolds with pre-defined architectures using biomaterials suitable for TE applications, scaffold fabrication still needs to follow regulatory pathways for the successful commercialization and translation of TE scaffolds into the clinics [105].
[bookmark: _Toc440823191]Comparing designed structure with real scaffold
Various studies have made efforts to identify and eliminate technical limitations in the scaffold fabrication process. Van Bael et al. [153] evaluated fabricated samples morphologically and mechanically in order to adjust the fabrication parameters until the expected scaffold properties were achieved. Domingos et al. [103] studied the fabrication of PCL scaffolds with the FDM technique and showed that the speed of extrusion and temperature are critical factors that potentially determine the final scaffold shape. Garrett et al. [104] analysed a regular 3D printed Titanium scaffold using µCT scanning and compared it with its CAD model reporting significant variability in the scaffold micro-structure and response during fatigue analysis. These studies show that RP methods need further optimization and the importance of inspecting fabricated scaffolds in a more systematic manner. Podshivalov et al. [105] proposed an approach from patient-specific scaffold design up to its implantation at the fracture side with the inclusion of an inspection step to verify whether the final scaffold meet the design criteria (see Figure 1‑1). The integration of inspection protocols could help to optimise scaffold design and manufacturing. Furthermore, it could avoid undesired mechanical stimuli at the cell level due to variations in the final scaffold shape.
Current non-invasive imaging techniques such as µCT-scanning are crucial to reverse-engineer fabricated scaffolds and assess their actual geometry. In addition, by the inclusion of digitalized scaffolds in FE and CFD simulations it is possible to quantify the resulting scaffold mechanical performance [154, 155]. However, the majority of these studies report average values missing relevant information at the cell level.
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[bookmark: _Ref440558743][bookmark: _Toc438590795][bookmark: _Toc445718801]Figure 3‑1 Workflow proposed by Podshivalov et al. [105] for scaffold-based treatments from the design of a patient-specific scaffold up to its implantation at the fracture site. It includes scaffold geometry verification to ensure that the fabrication process delivers the expected scaffold design.
The aim of this chapter is to propose a novel computational protocol able to inspect scaffolds at the microscale and compared them at specific regions throughout the entire scaffold microstructure. This method provides a more accurate way to analyse scaffolds in order to relate variability in cell response to inaccuracies in the fabrication process. Moreover, the proposed protocol holds the potential to be a standard procedure able to inspect other RP scaffolds. This protocol includes the generation of the 3D digital representation of a RP fabricated scaffold, the analysis of scaffold micro-structure and the mechanical performance under perfusion conditions. More specifically, a commercial regular scaffold from 3D Biotek (New Jersey, USA) made of PCL will be investigated; the scaffold geometry variability due to the fabrication process is related to its fluid dynamic microenvironment. Five samples will be compared with their CAD design and also among them to report the quality and repeatability of the manufacturing process respectively. Local values of wall shear stress (WSS) and fluid velocities will be calculated and compared from scaffold-to-scaffold at the same location within the pore level.
[bookmark: _Toc310605597][bookmark: _Toc310605892][bookmark: _Toc440823192]Materials and Methods
[bookmark: _Toc310605598][bookmark: _Toc310605893][bookmark: _Ref312105053][bookmark: _Ref312105060][bookmark: _Toc440823193]Scaffold
A commercial scaffold from 3D Biotek (New Jersey, USA) made of PCL was used for this study. The scaffold has a regular porous design compounded by layers of cylindrical fibers with 300 µm diameter and with a distance of 300 µm between fibers. It has six layers with an offset of 90 degrees in the orientation of the fibers from layer-to-layer. In addition, there is a gap of 300 µm among alternative layers. The scaffold has a cylindrical shape with 5 mm diameter and 1.5 mm height (see Figure 3‑2). 
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[bookmark: _Ref312106429][bookmark: _Toc438590796][bookmark: _Toc445718802]Figure 3‑2 PCL scaffold design specifications.
[bookmark: _Ref312110965][bookmark: _Toc440823194]µCT scanning of fabricated samples
Five fabricated samples were scanned with a µCT scanner (Skyscan1172, Materialise, Belgium) at 59 kV voltage and 149 µA beam current. The samples were not treated prior to scanning. First, consecutive scans were performed reducing the voxel size until the µCT-based geometry was independent from the voxel size selected (see results in section 3.3.1). As a result, 7x7x7 µm3 was the maximum voxel size that could accurately capture the scaffold geometry without compromising the size of the µCT data size.
[bookmark: _Ref312115914][bookmark: _Ref312178714][bookmark: _Toc440823195]µCT-images reconstruction
The µCT images data in TIFF format were reconstructed with Simpleware (Exeter, UK). The noise of the raw images was reduced using the median filter. This filter computes each output pixel as the statistical median of the neighbourhood of values around the corresponding input pixel. The radius of the neighbourhood where the statistical median value was calculated was between one and three times the pixel spacing. Once the raw images were filtered, the region of interest was segmented by selecting the pixels that were within the threshold of greyscales values that represent the scaffold region (see Figure 3‑3). The mask created in the segmentation process was smoothed using the recursive Gaussian filter in order to reduce outliers and facilitate the surface meshing process. 
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[bookmark: _Ref312106336][bookmark: _Toc438590797][bookmark: _Toc445718803]Figure 3‑3 The stack of µCT-images (left) was segmented to obtain the scaffold geometry (right) within the raw data.
The radius of the neighbourhood selected to apply the Gaussian filter was between one and three times the voxel size. A final binarisation filter was applied to the mask in order to cancel the connection between the background images and the segmented mask. Then, a triangular mesh was generated on the surface mask to represent the µCT-based scaffold geometry. The surface mesh was exported in STL format.
[bookmark: _Toc440823196]CAD scaffold
The CAD scaffold shown in Figure 3‑4 was generated in Ansys Design Modeler based on the manufacturer’s design specifications previously shown in Figure 3‑2.
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[bookmark: _Ref440559113][bookmark: _Toc438590798][bookmark: _Toc445718804]Figure 3‑4 a) 3D CAD model of the scaffold. b) Side view.
[bookmark: _Toc440823197]Structural analysis
Key structural factors such as pore size, porosity, surface area and volume were reported for all scaffolds. The five µCT-reconstructed scaffolds were characterised using the Simpleware statistics and measuring package and the CAD scaffold in Ansys Design Modeler (see results in section 3.3.2).
[bookmark: _Ref312115955][bookmark: _Ref312159692][bookmark: _Toc440823198]Meshing the fluid domain
The STL scaffolds and the CAD scaffold were imported into Icem Ansys. The scaffold was located in the middle of a cylinder generated with a radius of 2.72 mm and 28 mm length (Figure 3‑5). These cylinder dimensions were selected to be able to enclose the five samples and the CAD scaffold ensuring no scaffold-cylinder intersection, as that could complicate the meshing process.
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[bookmark: _Ref312106560][bookmark: _Toc438590799][bookmark: _Toc445718805]Figure 3‑5 Physical boundaries of the fluid volume mesh.
The fluid domain between the scaffold and cylinder wall boundaries was meshed with tetrahedral elements using the robust octree algorithm from Icem Ansys. This method ensures refinement near the scaffold while maintaining larger elements where possible. A grid independency study was carried out by calculating the impact of the maximum length of the edge of the triangular faces of the tetrahedral elements inside and outside the scaffold on velocity and wall shear stress values (see results in section 3.3.3). As a result, around 10 million tetrahedral elements represented the fluid domain with maximum element length of 20 µm inside the scaffold and maximum length of 1 mm outside it. Despite the fact that elements outside the scaffold can be up to 50 times larger than the ones inside it, the meshing algorithm applied provides a smooth transition from the elements far from the scaffold to the elements close to it as shown in Figure 3‑6.
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[bookmark: _Ref312106827][bookmark: _Toc438590800][bookmark: _Toc445718806]Figure 3‑6 Wire representation of the fluid mesh to observe the adaptation of the element size towards the scaffold.
[bookmark: _Toc310605599][bookmark: _Toc310605894][bookmark: _Ref312158908][bookmark: _Ref312179680][bookmark: _Toc440823199]CFD model setup and simulations
The fluid flow was described by the equation of continuity (equation 3-1) and Navier-Stokes (equation 3-2) for incompressible steady flows where v, p, ρ µ are the velocity, pressure, density and viscosity of fluid respectively. The equations were resolved using the commercial finite volume method of Ansys Fluent 15.0 (Ansys, Pittsburg, USA). The fluid was modelled as an incompressible Newtonian fluid with a viscosity of 0.001 Pa·s and a density of 1000 kg/m3. Steady state conditions were simulated for a laminar fluid flow. 
[bookmark: _Ref312107890][bookmark: _Ref438138713][bookmark: _Toc310621718][image: ] 					      [3‑1]
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An average velocity of 1mm/s was applied at the inlet with a 3D parabolic profile to ensure that the fluid flow was fully developed at the scaffold entrance. The parabolic profile was described in a User Defined Function (UDF) written in the programming language C++. The UDF was interpreted in Fluent and hooked at the inlet boundary. Zero pressure was applied at the outlet of the cylinder and non-slip wall condition was modelled at the cylinder and scaffold surfaces.
For the numerical calculations, the Fluent pressure-based coupled solver was selected where the continuity and momentum equations are solved simultaneously. The second order upwind scheme was applied for the interpolation of the momentum and pressure variables. For spatial discretization the gradient least square cell based method was selected. Non-convergence criterion was imposed for the residuals so the numerical solution progressed until it reached a plateau.
A benchmark study of the computational model was carried out on a supercomputer (Iceberg, University of Sheffield). Serial and parallel calculations were performed to select the most cost-effective computational set-up to resolve the presented CFD model (see results in section 3.3.4). Finally 8 partitions were selected in a node with 16 cores and 8 memory channels. The mesh was partitioned to assign one mesh part per machine core in order to speed-up the numerical calculations.
[bookmark: _Toc440823200]CFD post-processing
The data solution from the CFD simulations was first analysed in CFD-post Ansys. Velocity and WSS data were extracted at the pore level in all the scaffolds and exported in Excel (Microsoft Office). The collected data were organised by scaffold layers using an in house Matlab (Natick, Massachusetts, The MathWorks Inc.) code. Once the data were organised according to scaffold locations, 3D contours of velocity and WSS values were plotted to characterize the fluid flow inside the scaffold at different layers (see Figure 3‑7). These 3D plots allow the comparison of the fluid flow conditions of all the scaffolds at the same location within the pore level (see Figure 3‑8). In addition, diagrams of frequency bars were plotted to see quantitatively the number of times a velocity or shear stress value is repeated in each scaffold at specific regions and compare these frequencies among scaffolds.
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[bookmark: _Ref312108219][bookmark: _Toc438590801][bookmark: _Toc445718807]Figure 3‑7 The local velocity (a) and WSS (b) values extracted in CFD-Post and then arranged and plotted by layers with a Matlab code.
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[bookmark: _Ref312108236][bookmark: _Toc438590802][bookmark: _Toc445718808]Figure 3‑8 Velocity profiles extracted from all scaffold levels.
[bookmark: _Toc310605600][bookmark: _Toc310605895][bookmark: _Toc440823201]Results
[bookmark: _Toc310605601][bookmark: _Toc310605896][bookmark: _Ref312106294][bookmark: _Toc440823202]µCT sensitivity analysis
Decreasing the voxel size from 7x7x7 µm3 results in an increase of the noise background making the reconstruction process more laborious without gaining accuracy as shown in Table 3‑1.
[bookmark: _Toc310605602][bookmark: _Toc310605897][bookmark: _Ref312106480][bookmark: _Ref312106484][bookmark: _Toc440823203]Structural analysis
The five samples and the CAD scaffold have 100% pore interconnectivity. The porosity, surface area and volume values of the five samples and the CAD scaffold are presented in Table 3‑2. The porosity of the five samples is 45.4 ± 5.5 %, the surface area is 206.4 ± 12.54 mm2 and the volume is 16.1 ± 1.32 mm3. On the other hand, the deviation of these mean values from the CAD scaffold in terms of porosity, surface area and volume are 0.6, 16.4 and 2.4 respectively. The surface area and volume of the CAD scaffold are smaller than the five fabricated samples.

[image: ]
[bookmark: _Ref312105852][bookmark: _Toc440822951]Table 3‑1 Sensitivity analysis results of the effect of the voxel size on scaffold surface area and volume. 
Other important structural aspects are the fibre diameter and fibre spacing that will determine the final pore geometry and size. The fibre diameter and spacing of the five µCT-based samples is 220 ± 100 µm whereas in the CAD scaffold this value is constant and equal to 300 µm. The internal distribution of fibres was also investigated; the five samples present a different fibre layout from the CAD scaffold that represents the design arrangement specified by the manufacturer. The µCT-reconstructed scaffolds present almost no fibre displacement between the first two alternative layers although there is the expected offset between the last two alternative layers (see Figure 3‑9). This pattern is repeated in all the samples but in one where the pattern is on the contrary as shown in Figure 3‑10 (see also Figure A‑I). This could be explained by the fact that the sheets of fibres were punched from a different side.
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[bookmark: _Ref312105931][bookmark: _Toc438590803][bookmark: _Toc445718809]Figure 3‑9 Structural comparison between CAD (a) and a µCT-reconstructed scaffold (b). Cross-sections from planes A (i) and B (ii) show the internal spatial arrangement of fibres. The two scaffolds are compared at all layers so the structural limitations of the fabrication process can be identified.
In addition, the fibres are overlapping from layer to layer but not with the same depth inside the same sample, so scaffold height in fabricated samples is irregular and can vary from 1 mm up to 1.5 mm. The five samples show a truncated cone shape therefore they have a variable diameter from ~5 mm at the bottom layer to ~4.5 mm at the top of the scaffold. This resulting shape can be due to the punching process that also provokes geometrical irregularities at the scaffold side.
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[bookmark: _Ref312063161][bookmark: _Toc440822952]Table 3‑2 Porosity, surface area and volume of the five µCT-based scaffolds and the CAD scaffold.
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[bookmark: _Ref312105958][bookmark: _Toc438590804][bookmark: _Toc445718810]Figure 3‑10 Internal micro-structure shown at the cross-sections specified in Figure 3‑9 of the sample with different fibre distribution from the other samples.
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[bookmark: _Toc438590805][bookmark: _Toc445718811]Figure 3‑11 Scaffold irregularities due to the punching process shown in a µCT-reconstructed scaffold.
[bookmark: _Toc310605603][bookmark: _Toc310605898][bookmark: _Ref312106710][bookmark: _Ref312106715][bookmark: _Toc440823204]Mesh independence test
The scaffold has a complex internal micro-structure and the size of the tetrahedral mesh elements inside the scaffold is critical for the accurate calculation of the local hydrodynamic conditions at the scaffold pore level. The study of the effect of the grid size inside the scaffold on the local velocities suggests that imposing a maximum length for the triangular faces of the tetrahedral elements of 20 µm provides an accurate solution without compromising the computational cost. The results show that increasing the length value from 20 µm to 30 µm the velocity changes 5% whereas reducing the length down to 10 µm the velocity only changes 1% (see Figures 3-12 and 3-13). However, 10 µm requires four times the computational time needed for the case of 20 µm length as shown in Table 3‑3.
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[bookmark: _Ref440562288][bookmark: _Toc438590806][bookmark: _Toc445718812]Figure 3‑12 Velocity profile on a scaffold cross-section. Fluid velocity data is extracted from line 1 which crosses a series of scaffold pores.
WSS is another variable of interest in this study and the effect of the grid size on the scaffold local values has also been investigated. For this, the average WSS at the scaffold surface was measured for each mesh. As a result, it was found that the average WSS increases when reducing the element size up to 30 µm (see Figure 3‑14). The relative change between the meshes with 20 µm and 30 µm element size is less than 1%. Therefore, the 20 µm element size mesh that converged for the fluid velocity also provides an accurate solution for WSS. 
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[bookmark: _Ref312106128][bookmark: _Toc438590807][bookmark: _Toc445718813]Figure 3‑13 Effect of the element size within the scaffold region on the local fluid velocities. The data is extracted from line 1 shown in Figure 3‑12.
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[bookmark: _Ref312108277][bookmark: _Toc438590808][bookmark: _Toc445718814]Figure 3‑14 Effect of the element size on the average WSS at the scaffold surface.
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[bookmark: _Ref312106156][bookmark: _Toc440822953]Table 3‑3 Number of mesh elements and computational time for the five element sizes invesigated inside the scaffold.
The effect of the mesh element size outside the scaffold on the local fluid dynamics at the scaffold region has been studied. Two edge lengths outside the scaffold have been tested (1 and 0.1 mm) while maintaining the maximum edge length inside the scaffold as 20 µm. As a result, both meshes provide similar maximum edge length ratios, 5.28 and 6.24 respectively. This is due to the fact that the robust octree meshing method regulates the aspect ratio between adjacent elements thereby smoothing the mesh as long as approaching to the scaffold surface where smaller elements are imposed. The difference between both meshes in terms of velocity values in the scaffold pores is up to 2% (see Figure 3‑15) and outside the scaffold (see Figures 3-16 and 3-17) is up to 4 %. The final edge length allowed outside the scaffold was 1 mm that results in a mesh that can provide accurate results in the region of interest that is the scaffold as well as performing effectively in the computational simulations as shown in Table 3‑4. 
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[bookmark: _Ref312108469][bookmark: _Toc438590809][bookmark: _Toc445718815]Figure 3‑15 Effect of the element size outside the scaffold on the fluid velocities in the scaffold pores. Data extracted from line 1.
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[bookmark: _Ref312160907][bookmark: _Toc438590810][bookmark: _Toc445718816]Figure 3‑16 Line 2 from where the velocity values were extracted.
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[bookmark: _Ref312108531][bookmark: _Toc440822954]Table 3‑4 Number of mesh elements and computational time for the two element sizes investigated outside the scaffold.
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[bookmark: _Toc438590811][bookmark: _Toc445718817]Figure 3‑17 Effect of the element size outside the scaffold on the fluid velocities from the inlet to the outlet passing through the scaffold pores. Data extracted from line 2 shown in Figure 3‑16.
[bookmark: _Toc310605604][bookmark: _Toc310605899][bookmark: _Ref312108127][bookmark: _Toc440823205]Computational model benchmark
The computational performance of the presented CFD model in a 2*8-core Intel E5-2670 machine with 256 GB of memory has been investigated. Serial and parallel simulations were compared to solve the CFD model that requires a maximum virtual memory of 21 GB. Partitions in 2, 4 and 8 cores were carried out and it can be observed that the computing time is reduced until 8 partitions as shown in Figure 3‑18. Finally, eight partitions were selected since it solved the numerical problem in less time than the other set-ups with the available resources.
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[bookmark: _Ref312108556][bookmark: _Toc438590812][bookmark: _Toc445718818]Figure 3‑18 CPU and wall-clock time required to solve the CFD case depending on the number of partitions.
[bookmark: _Toc310605605][bookmark: _Toc310605900][bookmark: _Toc440823206]Local fluid dynamics analysis
[bookmark: _Toc440823207]Fluid flow velocities (CFD)
The calculated velocity profiles in all the layers of the CAD scaffold are regular with high repeatability for velocity values between 2.5 and 5 mm/s. In addition, there is no variability inside the CAD scaffold between the layer-profiles as observed in Figure 3‑19. On the other hand, the five samples present irregular profiles different from the CAD ones at all layers with velocity values from close to nil velocity up to 10 mm/s. 
Furthermore, there is no common pattern between samples. If comparing all the scaffold samples at the same layer such as layer 3, it can be observed that in sample 1 there is a clear repeatability of pore velocities between close to zero values and 5 mm/s; sample 2 has a similar description although some local velocities reach 10 mm/s at the periphery of the scaffold; in sample 3 there is an increase of the pore velocities with values higher than 5 mm/s; sample 4 presents pore velocities up to 5 mm/s with the maximum values found at the centre as well as in sample 5 but with values up to 7.5 mm/s. 
Besides the inter-sample variability, each sample shows internal variability from layer-to-layer. In sample 1, the local velocities increase at the scaffold side from layer 1 to 5. In sample 2 pore velocities decrease in the middle of the scaffold and increase at the outer part when advancing from layer 1 to layer 5. In sample 3, the profiles with highest velocities are in layers 1 and 5. In sample 4, velocities increase from layer 1 to layer 4 and decrease again in layer 5. In sample 5, layers 1 and 2 show similar profile with low velocities, layer 3 is the one with highest velocities and layers 4 and 5 are similar but with higher values than layers 1 and 2.
[bookmark: _Toc440823208]WSS (CFD)
All the CAD WSS profiles are regular with high repeatability of the WSS values that are between 0.05 and 0.1 Pa. In addition, no interlayer variability is found. 
None of the five samples shows the WSS distribution found in the CAD scaffold. Furthermore, there is variability among samples as observed in Figure 3‑20. For example, if the five samples are compared at the same location such as layer 4, it can be observed that samples 1 and 2 have similar profiles with lower WSS than the other samples with values up to 0.1 Pa. Values in sample 5 are also up to 0.1 Pa although the maximum WSS is found at the centre of the scaffold and not at the external part as in samples 1 and 2. Sample 3 shows more repeatability between 0.05 and 0.15 Pa, sample 4 is the one with highest WSS values and sample 5 shows the most regular profile.
With respect to the inter-layer variability inside the samples, samples 1 and 2 show higher WSS in the centre for the first layers and then higher at the edges. In sample 4 and sample 5, the WSS values increase from layer 1 on although in sample 4 higher values are reached. In the case of sample 3, the location of the highest WSS values vary from layer to layer.
[bookmark: _Toc440823209]Statistical analysis
An unbalanced two-way Anova test was carried out to confirm the variability found among the five samples. The sample itself and the layer number are considered as the two independent factors that could affect the velocity and WSS that in this case are the dependant variables. The statistical analysis corroborates that the dependant variables vary from sample-to-sample at different scaffold layers with a significance of P<0.001.
[bookmark: _Toc310605606][bookmark: _Toc310605901][bookmark: _Toc440823210]Sensitivity analysis for the methodology applied
[bookmark: _Toc440823211]Structural analysis
One scaffold sample was reconstructed and characterised five times. It is noteworthy that the sample characterised five times is a different one from the five samples used in the intersample variability analysis. As a result, porosity, surface area and volume are 56 ± 1.03 %, 126.96 ± 0.34 mm2 and 12.97 ± 0.3 respectively. There is less variability between the five analyses based on the same sample than in the structural analysis of the five reconstructed samples. The standard deviation of porosity, surface area and volume of the five analyses based on the same sample are much lower than for the five reconstructed samples as shown in Table 3‑5.
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[bookmark: _Ref312108770][bookmark: _Toc440822955]Table 3‑5 Mean and standard deviation of the porosity [%], surface area [mm2] and volume [mm3] obtained from the intersample variability study and the sensitive analysis study performed in one sample.
[bookmark: _Toc440823212]Local fluid velocities (CFD)
There is low variability between the five analyses performed on the same µCT-reconstructed scaffold. In general, the five analyses agree well on the fluid velocity profiles (see Figure 3‑21). In layers 1 and 2, all analyses show high repeatability between 2.5 and 5 mm/s although in the fifth analysis the most repeated values are in a wider range between close to zero and 5 mm/s. At layer 3, the profiles are similar but analyses 3, 4 and 5 results in velocities up to 7.5 mm/s and in analyses 1 and 2 up to 5 mm/s. In layers 4 and 5 there is almost no variability in the velocity profiles among the five analyses. 
[bookmark: _Toc440823213]WSS (CFD)
Good agreement in the WSS profiles is found in all layers for the five analyses (see Figure 3‑22). In layers 1 and 2 the most repeated values are within 0.05 and 0.1 Pa, in layers 3 and 4 values are more spread between 0.05 and 0.15 Pa and in layers 5 and 6 WSS values are found within 0.05 and 0.1 Pa.
[bookmark: _Toc440823214]Statistical analysis
An unbalanced two-way Anova test was carried out to test the variability found among the five analyses performed on the same sample. The analysis number and the layer number are considered as the two independent factors that could affect the velocity and WSS that in this case are the dependant variables. The statistical analysis for the variability in terms of fluid velocity results in a P value of 0.23 so the difference between the five analyses is not statistically significant. However, there is significant statistical difference between the five analyses when comparing them by layers. In terms of WSS, the statistical analysis shows that the dependant variable varies according to the sample and the layer within the sample with a significance of P<0.001. To sum up, the method shows good repeatability when measuring fluid velocities if taking into account the whole sample and for the WSS there is no good repeatability statistically.
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[bookmark: _Ref312108630][bookmark: _Toc438590813][bookmark: _Toc445718819]Figure 3‑19 a) Velocity profiles and frequency diagram bars (b) of the CAD scaffold (left) and the five reconstructed samples (right) at all scaffold layers from layer 1 (top) to layer 5 (bottom).
[bookmark: _Ref312108709][image: ]
[bookmark: _Ref440448459][bookmark: _Toc438590814][bookmark: _Toc445718820]Figure 3‑20 a) WSS profiles and frequency diagram bars (b) of the CAD scaffold (left) and the five reconstructed samples (right) at all scaffold layers from layer 1 (top) to layer 6 (bottom).
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[bookmark: _Ref312110008][bookmark: _Toc438590815][bookmark: _Toc445718821]Figure 3‑21 a) Velocity profiles and velocity frequency diagram bars from the five analyses performed on the same reconstructed sample at all scaffold layers from layer 1 (top) to layer 5 (bottom).
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[bookmark: _Ref312110057][bookmark: _Toc438590816][bookmark: _Toc445718822]Figure 3‑22 a) WSS profiles and velocity frequency diagram bars from the five analyses performed on the same reconstructed sample at all scaffold layers from layer 1 (top) to layer 6 (bottom).




[bookmark: _Toc310605607][bookmark: _Toc310605902][bookmark: _Toc440823215]Discussion 
The fabrication of TE scaffolds is a challenging step that requires the control over scaffold micro-architecture and the capability to process different biomaterials. RP methods have been introduced in the last years in the TE field due to their feasibility to meet those requirements. However, the fabrication method of RP scaffolds needs to be further investigated for the successful implantation in real clinical scenarios. The fabricated scaffold is aimed to represent the design geometry and performance during in vitro tissue development and after patient-implantation. Limitations in the fabrication process could lead to unexpected variations in the scaffold architecture affecting the mechanical microenvironment and cell activity. A commercial RP scaffold from 3D Biotek was investigated to identify potential limitations of the fabrication process and their repercussion on tissue development. Five samples were analysed to show the ability of the fabrication method to replicate the original CAD design with no variability from sample-to-sample. The internal structure of the five samples was characterised as well as the local mechanical stimuli under fluid flow.
[bookmark: _Toc310605608][bookmark: _Toc310605903][bookmark: _Toc440823216]Structural analysis
The commercial scaffold selected for this study was fabricated using the FDM method. The PCL is preheated into a semi-molten temperature and extruded through a nozzle building layers of fibres on top of each other. Once the sheets of fibres are solidified punching is applied to extract the cylindrical scaffolds. The five samples were digitally reconstructed using the collected µCT-image data. All of them show a cone truncated shape instead of a cylindrical geometry. This is due to the punching process that also damages the side part of the samples. This undesired shape served in this study to select the top of the truncated cone scaffold as the first layer of fibres counting up to the sixth layer at the bottom of the scaffold. Furthermore, the five samples show a different internal distribution of fibres from the CAD scaffold. Alternative layers should present a fibre separation of one fibre diameter distance; however, the separation is only observed at the last two alternative layers at the bottom. This shows the lack of accuracy of the fabrication process to apply the expected fibre separation when building the scaffold bottom-up layer by layer. Furthermore, one of the five samples presents a different internal pattern from the others showing the fibre separation at the upper first two alternative layers and not at last two bottom ones. This could be due to the sheets of fibres being punched on the other side. In addition, the fibres are not perfect cylinders and the fibre diameter is not constant varying up to 200 µm from fibre to fibre as also shown in literature [119]. This modification in the shape of the fibres occurs while they solidify as the gravity acts and deforms them. In fact, while the fibres solidify they overlap with the fibres from adjacent layers to maintain inter-layer adhesion. However, the depth of overlap between fibres is not constant, thus the fibres that belong to the same layer are not well aligned.
[bookmark: _Toc310605609][bookmark: _Toc310605904][bookmark: _Toc440823217]CFD study
The architecture of the five samples does not match with the CAD design as shown in the structural analysis. The local scaffold geometry is one of the factors that strongly determine the mechanical stimuli under fluid flow at the cell level. Therefore, in this study it was hypothesised that variations on the geometry of fabricated scaffolds due to the manufacturing process would alter the initial intended-mechanical performance and thereby cell response. To investigate this, a computational methodology was developed to compare the fluid flow velocity and WSS values of the fabricated samples and the CAD design. An in vitro microfluidic scenario under laminar flow was represented in the CFD model since laminar conditions are the most suitable for bone tissue growth as demonstrated in literature [129, 149]. The CFD solution supports this assumption as the local Reynolds number inside the scaffold pores is 10. The CFD study shows that the velocity and WSS profiles inside the CAD scaffold are regular and constant in all layers. As the pore size and pore distribution vary inside the five samples they all present irregular velocity and WSS profiles that differ from layer-to-layer and also among samples. The fact that no similar patterns are found between samples highlights the lack of repeatability in the fabrication process. 
The same cylinder dimensions were used to enclose all the µCT- reconstructed samples and the CAD scaffold. In the case of the CAD scaffold, the distance between the wall cylinder and the scaffold side was constant around it as it has a perfect circular profile. However, this does not occur to the five samples since the damage caused during punching at the scaffold periphery makes the scaffold diameter and the cylinder-scaffold gap irregular. These irregularities at the scaffold-cylinder side alter the velocity and WSS profiles; higher values are found at the outer part in a random manner. This variability can also be found in in vitro experiments in the same manner. In cell culture studies, scaffold samples are fitted in commercial standard tubes with fixed diameter however they could present empty spaces between the wall of the tube and the scaffold due to irregularities in the scaffold geometry inducing the fluid flow passing by, instead of perfusing the scaffold pores. 
µPIV data from an in vitro model would be necessary for the validation of the CFD simulations. However, the purpose of this study was to assess the variability in the local fluid dynamics due to scaffold geometry rather than predicting the physiological conditions. Thus, the exact same boundary conditions were applied regardless of being realistic or not to all scaffolds, ensuring that the only source of variability is the scaffold geometry which is the key aspect of this study. It is noteworthy to mention that the final geometry of µCT-based scaffolds could be affected by the partial-volume effect generated by the voxel size selected. Moreover, this effect becomes more significant for the adequate digital reconstruction of the scaffold substrate roughness that could potentially induce different cell response.
[bookmark: _Toc310605610][bookmark: _Toc310605905][bookmark: _Toc440823218]Sensitivity analysis of the methodology presented
Variability in the local fluid dynamics of the five samples due to the fabrication process is reported. However, the methodology developed to analyse the five samples may contribute to the variability found in this study. The analysis of the samples involved few steps from the µCT scanning up to the data collection in the CFD post processing. Each step could be a source of error such as the filtering and segmentation of the µCT raw images or the extraction of velocity or WSS data from locations manually picked. Therefore, the same sample was investigated five times to assess the level of uncertainty that could be originated from the methodology proposed. The same sample was reconstructed five times from scratch and a new CFD analysis was performed each time. When observing the velocity and WSS profiles of the five analyses it seems that there is no significant variability although the statistical analyses only proved significant agreement between the five cases in terms of fluid velocities, but no WSS. The sensitivity analysis shows that the main source of variability comes from the CFD-post processing especially from the WSS measurements. The WSS values are extracted from the scaffold at the intersection of a plane crossing the centre of fibres within one layer with the scaffold surface as shown in Figure A‑I in the appendix. Due to the irregular overlapping between layers as observed in the structural analysis, the intersections from where the WSS values are extracted cross different parts of the fibres which complicates the comparison between the five analysis at the same location. These results identify the key aspects to be improved in the inspection protocol presented in order to design a consistent methodology able to report the variability due to the morphology of the samples.
[bookmark: _Toc310605611][bookmark: _Toc310605906][bookmark: _Toc440823219]Variability in cell response
It is unknown whether the variations found herein in terms of WSS would imply cell response variability. In the literature, there is no agreement yet on what range of shear stresses could alter cell behaviour. A multishear perfusion device was developed by Weiliang et al. [156] to address this question permitting the analysis of cell constructs at different shear stress levels. It was found that the proliferation and differentiation as well as the expression of Runx2 of MCT3T3-E1 cells can be enhanced by applying low shear stresses (1.5-52.6·10-6 Pa). On the other hand, fluid-induced stresses over 4.12·10-4 Pa have contrary effects. Zhao et al. [113] investigated the effect of shear stresses ranging from 1·10-5-1·10-4 Pa on hMSCs stating that lower shear values promote proliferation and higher values upregulate osteogenesis. Levels of shear stress within the same order of magnitude that the ones calculated in this study were imposed by Rotenberg et al. [157] to human umbilical vein endothelial. Cells showed shear dependent expression levels of intercellular adhesion molecule-1 and the endothelial nitric oxide synthetase from static conditions up to 0.9 Pa. Another study also investigated the effect of shear stress values within this order of magnitude on the differentiation of MSCs. It was found that when subjected to 0.25 Pa they differentiate into endothelial cells whereas under 1 Pa they showed high markers levels linked to smooth muscle cells [158]. These studies suggest that the range of WSS variability reported in this chapter could induce changes in cell mechano-response. However, there is no clear understanding on how shear stress under fluid flow modifies the cell mechanoresponse. Moreover, the fact that cells hold intrinsic variability being able to respond differently under identical conditions makes more difficult to tackle this question.
The variability of local velocities can also influence cell response. Pore velocities affect the transport of nutrients and oxygen to the cells attached to the scaffold substrate. Therefore, in the case of irregular velocity profiles not all the cells will be exposed to an adequate amount of solutes required to ensure their viability. In addition, cell seeding under heterogeneous velocity profiles can result in an irregular distribution of cells inside the scaffold and those cells in direct contact with the fluid could induce variations in the local fluid flow.
Despite the potential of the methodology presented to evaluate the variability of the local mechanical stimuli due to imperfections in the scaffold geometry, this study lacks of experimental validation to determine the actual repercussion on cell activity. The use of the same five samples reconstructed with µCT images in in vitro experiments would be advantageous in order to relate the calculated shear stresses to cellular events throughout the entire scaffold structure. A first approach was followed by Jae et al. [140] by measuring the genetic markers of cells under the applied shear stress that was previously calculated with CFD so a reference library of mechanical stimuli and cell phenotype could be created.
[bookmark: _Toc310605612][bookmark: _Toc310605907][bookmark: _Toc440823220]Impact of the study
TE researchers aim to generate the knowledge and methods to construct patient-specific tissues that can be used in the clinical practice. However, these methods need to be regulated and standardised for the adequate incorporation in hospitals as common treatments while reducing the economic impact. In a future perspective, industry will play an important role; the knowledge and methodology will be transferred from academia to companies able to fabricate patient-specific tissues in an automatic and cost-effective manner. In order to regulate the fabrication of engineered tissues, inspection tools should be incorporated to ensure the quality and the reproducibility of the process. One of the key aspects for the formation of tissue is the architecture of the scaffold; thus, every fabricated sample should be inspected to guarantee the expected performance otherwise scaffold variability could trigger undesired tissue outcomes. 
Furthermore, geometrical defects on scaffold structure may not be noticed with the naked eye and at the same time, they can become critical as long as transferring down to cell scale. For this, in silico methods using the µCT-reconstructed scaffolds can provide access to the internal scaffold microstructure as well as allowing the measurement of the mechanical stimuli sensed by cells otherwise not possible under laboratory settings. The computational method presented in this chapter is a new protocol that calculates the fluid flow velocities and shear stresses inside fabricated scaffolds and reports the differences from the original design as well as the variability from sample to sample. This study shows the importance of working towards the conversion of TE approaches into more standard processes for the successful application in real clinical scenarios. 
It is noteworthy that the presented protocol only investigates the scaffold performance under fluid flow. Other aspects during tissue formation need to be explored such as the actual mechanical stimuli that the scaffold structure transfers to cells from the mesoscale level. For that, FE-based models could also serve as potential tools to develop inspection protocols able to report the effect of the fabricated scaffold mechanical properties on cell behaviour.
[bookmark: _Toc310605613][bookmark: _Toc310605908][bookmark: _Toc440823221]Conclusions 
Fabricated scaffolds could present variations from the intended-design purpose caused by limitations in the manufacturing process. In this chapter, current imaging techniques and in silico methods with great potential to inspect scaffolds are discussed. µCT-scanning permits the digitalization of the actual shape of scaffolds for their structural characterization. Current available computational tools are developing towards the automation of µCT-data reconstruction as well as the full shape characterization avoiding manual handling that could become a source of error. In addition, the inclusion of µCT-based scaffolds in CFD models allows the calculation of local fluid flow variables relating them to the actual scaffold geometry. In this study, a novel computational protocol to evaluate fabricated scaffolds in a systematic way was presented. A commercial RP scaffold was investigated by combining current technology to analyse scaffold micro-structure and its effect on the fluid dynamics. Five samples were analysed and significant variations from the initial design were quantified as well as variability from sample-to-sample. The inability of the fabrication process to replicate the scaffold design in a reproducible manner highlights the fact that fabricated scaffolds need to be analysed prior to any in vitro or clinical trial. The new proposed approach can be applied to any RP scaffold identifying any variation from the original design that could become a source of noise yielding to unexpected scaffold performance and tissue development. Furthermore, there is not a consensus yet in the literature about the ranges of shear stress values that can induce different cell responses so any level of scaffold variability should not be underestimated as it could be detrimental for cell activity and tissue growth. Scaffold geometry can only be considered regular if there is no unexpected tissue development and tolerances of the fabrication process should be subjected to the final tissue properties. Moreover, inspections methods can serve as feedback for further optimization of the fabrication methods.
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[bookmark: _Toc310605614][bookmark: _Toc310605909][bookmark: _Ref312176967][bookmark: _Ref312177003][bookmark: _Toc440823222]µ-Particle Image Velocimetry and Computational Fluid Dynamics study of cell seeding within a 3D porous scaffold

Summary
Perfusion systems can help to drive cells to scaffold substrate with regular distribution and high efficiency. However, it is difficult to predict experimentally which are the best bioreactor conditions for such outcomes. In this chapter, a CFD model is developed to predict the local fluid flow conditions inside the scaffold and a discrete phase representing the cells is included to describe cell motion near the scaffold substrate. The computational model is developed in combination with particle tracking experiments performed inside a 3D scaffold in order to configure and validate the model with well characterized experimental data. The study showed that the computational model can describe the velocity profiles inside the scaffold as well as cell path. It was found that cells mainly follow the fluid streamlines passing throughout all scaffold pores. High permeability in scaffolds is beneficial to distribute cells; however, it does not guarantee the deposition of cells on the scaffold substrate and cell adhesion. The presented CFD model can help to design and optimise perfusion systems to reach the desired cell distribution and density which will affect the final tissue properties. 
[bookmark: _Toc310605615][bookmark: _Toc310605910][bookmark: _Toc440823223]Introduction
Tissue growth and functionality in 3D scaffolds are strongly related to the initial spatial distribution and density of cells. It is crucial to achieve homogeneous cell distribution during cell seeding so that uniform tissue growth can be expected [159]. Furthermore, maximum cell seeding efficiency is essential since donor cells are limited and sufficient cell density in the scaffold unit is required to promote ECM formation and cell proliferation [160].
Traditional static methods for cell seeding such as manual pipetting, where gravity-driven cell deposition occurs, generally result in irregular cell density with higher number of cells on the outer part. In addition, there is a lack of cell viability since nutrients and oxygen do not always reach the centre of the 3D structure [161]. As an alternative, different dynamic flow strategies have been presented such as spinner flasks [108], wavy-walled bioreactors [109], rotating vessels [107], compression force-induced suction techniques [111] and perfusion systems [113]. Among all these hydrodynamic-based strategies perfusion seems the most promising solution since it enhances mass transfer inside the scaffold in comparison with the other approaches [161, 162, 163]. However, perfusion methods for cell seeding need further development and optimization. Many researchers have used CFD techniques to optimise the parameters involved in scaffold cell seeding in perfusion bioreactors in order to find the most suitable hydrodynamic conditions while avoiding expensive and time consuming trial and error experiments. Melchels et al. [123] studied the effect of scaffold pore size on the shear rate and its effect on cell adhesion. Zermatten et al. [119] compared the flow field inside a scaffold with regular microstructure and another with an irregular pore network showing that in irregular scaffold networks the streamlines follow preferable channels so no regular distribution of cells can be reached. Furthermore, scaffold location inside the bioreactor and flow rate are also key parameters in perfusion systems as demonstrated by Papadimitropoulos et al. [124]. The geometry of the chamber can also modify the flow profile inside the scaffold as shown by Bastida et al. [125] where a circular and a rectangular bioreactor-system were compared. 
The combined use of perfusion systems with CFD tools can provide the most favourable fluid dynamic conditions to drive cells inside all scaffold pores as well as oxygen and nutrients to guarantee the viability of cells attached. However, the fact that cells penetrate in all scaffold regions during perfusion does not necessarily imply cell deposition on scaffold substrate. Cell deposition from suspension flow during perfusion is a complex mechanism that is not well understood yet. It can involve inertial impaction, interception, sedimentation and London-Vander Waals forces [164].
The effect of the local dynamics on deposition of cells on scaffold substrate needs to be further understood. Little has been explored on how CFD can predict cell transport inside perfusion systems and 3D scaffolds. Adebiyi et al. [135] used the Fluent Ansys Discrete Phase Model (DPM) to simulate scaffold cell seeding on a vacuum based bioreactor, however the scaffold was simulated as a porous region that obeyed Darcy’s law; therefore, real cell-substrate interaction was not investigated. Olivares and Lacroix [133] also applied the Fluent Ansys DPM model on the real scaffold structure by including the CT-based geometry in the model. However, the velocity of the particles was not compared and validated with the velocity of the cells in the real experiment. In addition, the model does not account for cell-scaffold interactions on the contrary as Spencer et al. [136] who developed a CT-based scaffold model to predict the local fluid flow as well as transport of species and cell adhesion. However, no experimental validation was carried out and cells were modelled as suspension concentrations being unable to predict individual cell behaviour.
The aim of this study was to develop a multiphase-based CFD model able to predict how perfusion-bioreactor conditions modulate the local fluid dynamics and cell deposition on scaffold substrate. Despite the potential of CFD, some studies have claimed the importance of complementing computational models with well characterized experimental data such as PIV to optimize and make them more reliable [139]. Thus, the CFD model was developed in combination with PIV and PTV experiments using a commercial 3D regular scaffold. The goal of the experiments was to quantify the fluid flow and cell motion at the pore level inside the scaffold. The experimental data from the actual 3D scaffold was used to build and validate the presented CFD model that holds great potential to optimize cell seeding hydrodynamic-based systems in order to achieve maximum efficiency.
[bookmark: _Toc310605616][bookmark: _Toc310605911][bookmark: _Toc440823224]Materials and Methods
[bookmark: _Toc310605617][bookmark: _Toc310605912][bookmark: _Toc440823225]Scaffold and Polydimethylsiloxane (PDMS) chamber
A commercial PCL scaffold from 3D Biotek (New Jersey, USA) was selected for this study (see description of the scaffold in section 3.2.1). The cylindrical scaffold was trimmed and located inside a micro-channel with rectangular profile to allow optical access to the PIV system inside the scaffold and therefore quantify the flow field near the scaffold fibres. The depth of field of the PIV system permitted to focus the working plane within the first layer of pores that consisted of series of vertical and horizontal fibres arranged in 3D (see Figure 4‑1). The micro-chamber was made of PDMS with the following dimensions; 3x1x40 mm3. The chamber was mounted on a surface glass by plasma-activated bounding. A machined mould made of Poly(methyl methacrylate) was used to build the chambers thereby ensuring reproducibility among experimental trials.
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[bookmark: _Ref312104857][bookmark: _Toc438590817][bookmark: _Toc445718823]Figure 4‑1 a) Microfluidic chamber made of PDMS mounted on the microscope stage. The trimmed scaffold (b) was placed inside the rectangular channel to allow optical access to the µPIV system.
[bookmark: _Toc310605618][bookmark: _Toc310605913][bookmark: _Toc440823226]Characterization of the local fluid flow inside the scaffold
[bookmark: _Toc440823227]Experimental methods
[bookmark: _Toc440823228]Microfluidic system
1 m diameter polystyrene fluorescent particles (orange, 540/560 nm) were diluted in deionized water with a concentration of 2108 beads/ml. A syringe pump was connected at the inlet of the chamber to infuse the working fluid with a constant flow rate of 18 l/min corresponding to 0.1 mm/s at the scaffold entrance. The outlet of the chamber was connected to a tube that drove the fluid towards a reservoir. 
[bookmark: _Toc440823229]PIV experimental procedure
The microfluidic chamber was placed on top of an inverted Olympus IX71 microscope stage with 10X optics magnification. A synchronised laser (Nd:YAG 532 nm) was used to excite the tracer particles at two time points with an interval of 10,000 µs. The emitted light from the particles was recorded by a camera (Power View 4M, 2048 x 2048 pixels) in double frame images. The time interval was selected to obtain particles displacement of 6-12 pixels from frame to frame to facilitate further post-processing.  50 double frame images were combined to reach at least five particles per interrogation region in order to calculate the velocity field accurately. The field of view was 0.94 x 0.94 mm2 and the regions investigated were in the vicinity of the fibres in order to understand the effect of the local fluid dynamics on cell-surface deposition. 
However, due to the optics and the size of the tracer particles, out-of-focus particles within a specific depth could contribute to the velocity correlations algorithm. This depth is commonly known as depth of correlation (DOC) and for this setup it is ~25 µm which was calculated using equation 4-1 proposed by Olsen and Adrian [165]:
[bookmark: _Ref312110203][bookmark: _Toc310621720][image: ]  			[4‑1] 
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]where, magnification, M= 10; wavelength of the light emitted by the particles, λ= 0.532 µm; diameter of the particles, dp= 10 µm; threshold value to determine the contribution of a particle to the measured velocity, ε=0.01 and focal number, f# is calculated by [166]:


  				[4‑2]
where no, refractive index=1 and numerical aperture, NA=0.3.
As the depth of the pore was around 300 µm, the effect of calculated DOC on the velocity measurements was considered negligible.
A preliminary study in a simple scenario was carried out to determine the accuracy of the system by comparing the µPIV measured velocities of a laminar flow inside the rectangular channel without scaffold with the analytical and CFD solutions (see results in section 4.3.1.1.1).
[bookmark: _Toc440823230]PIV data post-processing
Noise background was subtracted from raw images and the resulting images were processed with a Gaussian filter. Velocity vector maps were calculated by using 25% overlap with the Recursive Gaussian algorithm of Insight 3G (TSI Incorporated, Minneapolis, USA). The calculated velocity fields were analysed in Tecplot. 
[bookmark: _Toc440823231]Computational methods
[bookmark: _Toc440823232]µCT scanning of trimmed scaffold
The trimmed scaffold was scanned using CT with 7x7x7 m3 of voxel size following the procedure explained in section 3.2.1.1 (see Figure 4‑2).
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[bookmark: _Ref440619416][bookmark: _Toc438590818][bookmark: _Toc445718824]Figure 4‑2 3D digital reconstruction of the trimmed scaffold using µCT data.
[bookmark: _Toc440823233]µCT-images reconstruction
The µCT images data were reconstructed with Simpleware. A median filter was applied to the raw images to reduce the noise level and then the images were segmented to extract the scaffold region. The mask created in the segmentation process was smoothed using the recursive Gaussian filter and a final binarisation filter was applied to the mask in order to eliminate the connection between the background images and the segmented mask. Then, a surface triangular mesh was generated to represent the µCT-based scaffold geometry. The surface mesh was exported in STL format. This reconstruction process is explained with more details in section 3.2.1.2.
[bookmark: _Toc440823234]Fluid volume mesh generation
The STL mesh of the trimmed scaffold was imported into ICEM Ansys and located inside a CAD-based rectangular channel following the specifications of the experimental microfluidic chamber (see Figure 4‑3). The fluid domain was meshed with tetrahedral elements using the robust octree algorithm (see section 3.2.1.5). Mesh sensitivity analysis was carried out by calculating the impact of the maximum length of the edge of the triangular faces of the tetrahedral elements inside the scaffold region and the maximum length for the elements outside it on velocity values (see results in section 4.3.1.2.1). As a result, around 4 million elements represented the fluid domain with maximum element length of 20 µm inside the scaffold and maximum length of 0.1 mm outside it. Despite of the fact that the elements outside the scaffold can be up to five times bigger than the ones inside it, the meshing algorithm applied provides a smooth transition from the elements far from the scaffold to the elements close to it.
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[bookmark: _Ref312149712][bookmark: _Toc438590819][bookmark: _Toc445718825]Figure 4‑3 Geometrical boundary conditions of the CFD model.
[bookmark: _Toc440823235]CFD model setup and simulations
The fluid mesh was modelled in Fluent Ansys 15.0 as an incompressible Newtonian fluid with dynamic viscosity of 0.001 Pa·s and density of 1000 kg/m3 representing the deionized water from the experiments. The fluid flow was described by the 3D Navier Stokes equation and a steady state laminar flow was simulated with a mass flow rate of 18 l/min at the inlet which corresponds to an average velocity of 0.1 mm/s at the scaffold entrance, zero pressure at the outlet and non-slip wall condition.
For the numerical calculations, the Fluent pressure-based coupled solver was selected where the continuity and momentum equations are solved simultaneously (see equations 3-1 and 3-2). The second order upwind scheme was applied for the interpolation of the momentum and pressure variables and for the spatial discretization the least square cell based approach was used. Non-convergence criterion was imposed for the residuals so the numerical calculations were stopped when reaching a plateau.
A benchmark study of the computational model was carried out on the Iceberg high performance computing facilities centrally provided by the University of Sheffield. The computational performance of the presented CFD model was investigated for a 2*8-core Intel E5-2670 machine with 256 GB of memory. Serial and parallel calculations were performed to select the most cost-effective computational set-up to solve the presented CFD model. A maximum of 8 partitions were tested and the mesh was partitioned to assign one mesh part per machine core in order to speed-up the numerical calculations.
[bookmark: _Toc310605619][bookmark: _Toc310605914][bookmark: _Toc440823236]Analysis of cell transport inside the scaffold 
[bookmark: _Toc440823237]Experimental methods
[bookmark: _Toc440823238]Cell culture and labelling
MG63 cells were cultured in T-flasks under standard culturing conditions at 37C and 5% CO2 in an atmosphere of 99 % humidity. The culture medium was compounded by DMEM (Dulvecco's Modified Eagle Medium, Sigma D5671) supplemented with 1 mM sodium pyruvate, 10 mM HEPES buffer, 100 U/mL penicillin, 0.1 mg/mL streptomycin, 2 mM glutamine and 10% FBS (Fetal Bovine Serum). Media was refreshed every 48 hours and when confluency was reached, cells were trypsinized prior to the experiment.
Cells were labelled with orange CMTMR fluorescent dye (Life Technologies) using 10 µM concentration in serum free medium. Cells were incubated for 45 min. Then, cells were centrifuged to remove the cell tracker working solution. Labelled cells were resuspended in culture media before the experiments. The final cell concentration for each experimental trial was 1.106 cells/mL.
[bookmark: _Toc440823239]Microfluidic system configuration
A time dependent flow pattern using a programmable syringe pump (NE-500, New Era Pump Systems, Farmingdale, NY, US) was selected. At the beginning a 300 l/min flow rate was selected to carry cells to the scaffold to avoid cell sedimentation in the channel. Then, the flow rate was changed from 90 to 50 l/min every 0.125 seconds. Above 50 l/min cells could be maintained in suspension so cells could be observed inside the scaffold, however if the flow rate was higher than 90 L/min the camera frame rate did not permit to track them. 
[bookmark: _Toc440823240]Cell tracking procedure
PTV methods follow a similar principle to the µPIV but instead cells are tracked individually in a lagrangian manner. Single laser pulses were synchronised with the camera to capture the reflected light from the labelled cells in suspension in single frame images with a frequency of 14.5 Hz. The same optical parameters from the µPIV experiments were applied for the PTV tests. However, the fact that cells are ten times bigger than the tracer particles increases the DOC up to ~ 50 µm. Recorded images were imported to ImageJ where manual tracking was carried out using the plugin MJTrack based on the bright centroid criteria. 
[bookmark: _Toc440823241]Computational methods
[bookmark: _Toc440823242]Continuous phase modelling
The fluid phase represented the culture medium that was considered as an incompressible Newtonian fluid with a viscosity of 0.001 Pa·s and a density of 1000 kg/m3. The fluid is a continuum phase that was solved by the continuity and Navier-Stokes momentum equations 3-1 and 3-2. Transient laminar flow was simulated with a varying mass flow rate; during the first 10 seconds of the simulation the inlet flow rate was 300 µl/min and then it changed continuously between 50 to 90 µl/min every 0.125 seconds during 5 seconds. This mass flow rate was applied by hooking at the inlet boundary a UDF written in C++. Zero pressure was set at the outlet and non-wall slip condition was imposed on the wall boundaries.
[bookmark: _Ref312161092][bookmark: _Toc440823243]Discrete phase modelling
Cells were modelled as a discrete phase of inert microsphere particles with 10 m diameter suspended within the continuous phase. DPM model of Fluent Ansys 15.0 tracks the particles along the previously calculated continuous phase in a Lagrangian formulation described in equation 4-3. Only one-way coupling was considered between both phases so the fluid phase could only affect the discrete phase. The discrete phase was sufficiently diluted that the effect of particle volume fraction on the continuum phase could be neglected. The same applies to particle-particle interactions as the particles were too dispersed to intercept each other. The trajectories of the particles were computed individually at specified time steps during the fluid phase calculation. The trajectory of the discrete phase was calculated by integrating the force balance acting on the particle as shown in 4-4 where the particle inertia is equal to the sum of the forces acting on the particle.
[bookmark: _Toc310621721][bookmark: _Ref312153847][image: ] 					 [4‑3] 

			 [4‑4]
The first term on the right of equation 4-4 is the drag force where η is the fluid dynamic viscosity, ρ is the fluid density, ρp is the density of the particle, dp is the diameter of the particle and Re is the relative Reynolds number defined in equation 4-5. The drag force is based on Stokes’ law and it is due to the relative velocity of the particle and the fluid. The drag force was originally calculated for creeping flows where the inertia effects are negligible for Re<<1.
[bookmark: _Ref312155680][bookmark: _Toc310621723][image: ] 					 [4‑5] 
However, the drag force can be accounted for over the entire range of Reynolds by expressing it in terms of an empirical drag coefficient factor for spherical particles Cd. This factor is described in equation 4-6 where the constants a1, a2 and a3 define the range of Re as specified by Morsi and Alexander [167]. In the presented model the fluid flow is laminar as the maximum fluid Re number is ~10 and Cd approximates to 24/Re. 
[bookmark: _Ref312155785][bookmark: _Toc310621724][image: ]					[4‑6] 
The second term on the right of equation 4-4 considers the gravity effect and thereby the buoyancy force. This term contributes to the calculation of the trajectory of the particle as cell density is assumed to be different from the density of the fluid phase with a value of 1130 kg/m3 [168, 169].
Brownian forces were neglected due to the size of the particles that exceeds 0.03 µm of diameter. It is noteworthy that Saffman’s lift force, which is the lift due to shear, could affect the deposition of the particles. However, this force could not be accounted for since Fluent only implements it for submicron particles.
The surface injection method was applied where one cell is injected per mesh element face at the inlet boundary. The inlet face presents 1,000 surface elements so 4 injections were required to inject a total of 4,000 cells in the fluid domain. The cells were injected with zero initial velocity. To model the interaction of cells with scaffold surface, cells were trapped as soon as they were in contact with the scaffold or channel surfaces. 
[bookmark: _Toc440823244]Numerical simulations
The continuous phase was resolved every 0.01 seconds and cells were progressing at the end of each time step. 60 iterations per time step were imposed in the numerical calculations for the residuals to stabilize. A total of 15 seconds were simulated as shown in Figure 4‑4. The four injections were performed during the first four time steps of the simulation. Discrete phase data was saved every time step in order to visualize cell path and to measure key variables such as cell velocity during the simulation. In addition, the total number of cells trapped at the scaffold including their position was recorded at each time step. 
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[bookmark: _Ref312150999][bookmark: _Toc438590820][bookmark: _Toc445718826]Figure 4‑4 Simulation strategy. Four injections of cells are performed at the beginning of the simulation with temporal space of 0.01 seconds. Then, the cells progress every 0.01 seconds during 10 seconds under 300 µl/min fluid flow conditions. At 10 seconds, the fluid flow conditions vary from 90 to 50 µl/min every 0.125 seconds during 5 seconds. The cells progress every 0.01 seconds during those 5 seconds.
The fluid phase was solved under the same settings specified in section 3.2.2. Discrete phase motion was solved with a tolerance for accuracy control of 10-5 and the tracking scheme was set to change automatically between high order trapezoidal discretization and implicit low order, depending on target accuracy and the stability of both schemes. The CFD model was run in parallel with 64 partitions in the Iceberg high performance computing facilities centrally provided by the University of Sheffield after a benchmark study (see results in section 4.3.1.2.2). 
[bookmark: _Toc440823245]Results
[bookmark: _Toc440823246]Characterization of the fluid flow inside the scaffold
[bookmark: _Toc310605621][bookmark: _Toc310605916][bookmark: _Toc440823247]Experimental results
[bookmark: _Ref312110908][bookmark: _Toc440823248]Accuracy of the µPIV system
The maximum velocity of a laminar flow inside a rectangular duct is not exactly double the average velocity as in circular pipes. For this reason, Martineli and Viktorov [170] presented the formula seen in equation 4-7, where h and w are the height and width respectively, to calculate the ratio of maximum velocity to average velocity as a function of the channel aspect ratio (h/w) for incompressible flows:
[bookmark: _Ref312156766][bookmark: _Ref312158986][bookmark: _Toc310621725][image: ] 			[4‑7] 
The average inlet velocity is 1 mm/s for this test and the channel aspect ratio is 1/3; therefore, the expected maximum velocity at 1.5 mm distance from the lateral channel wall, corresponding to the centre of the channel, should be 1.82 mm/s. The CFD calculates a maximum velocity of 1.83 mm/s at the centre of the channel so it agrees well with the analytical value calculated using the formula in equation 4-7. In the case of µPIV, the velocity extracted from the pink line in Figure 4‑5 reaches 1.89 mm/s at 0.9 mm distance from the channel wall, as seen in Figure 4‑6, whereas the CFD value at that location is 1.73 mm/s. Assuming that the CFD can predict with accuracy the fluid flow velocities, the expected error from the µPIV to calculate fluid velocities is ~10% for the specific experimental scenario implemented in this study.
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[bookmark: _Ref312159142][bookmark: _Toc438590821][bookmark: _Toc445718827]Figure 4‑5 Velocity vectors from a plane located in the middle of the rectangular channel calculated using µPIV (left) and CFD (right) methods. The pink dotted lines show from where the velocity values were extracted to compare both techniques numerically. 

[image: ]
[bookmark: _Ref312159184][bookmark: _Toc438590822][bookmark: _Toc445718828]Figure 4‑6 The blue line and green lines represent the velocity values extracted from the profiles shown in Figure 4‑5 for the µPIV and CFD tools respectively. The red line is the maximum fluid velocity calculated analytically that can be reached inside the rectangular channel.
[bookmark: _Toc440823249]Local fluid velocities inside the scaffold measured with µPIV
Two regions of interest were considered to characterize the fluid flow inside the scaffold pores. The fluid flow passing between the vertical fibres was observed, as well as the fluid flow underneath the horizontal fibre, as shown in Figure 4‑7.
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[bookmark: _Ref312159258][bookmark: _Toc438590823][bookmark: _Toc445718829]Figure 4‑7 a) Representation of a scaffold pore where the flow field is analysed. b) Region observed within the pore in order to assess the fluid flow passing between the two vertical fibres. c) Three planes observed underneath the horizontal fibre within the scaffold pore.
The velocity of the fluid flow passing between the vertical fibres (see Figure 4‑7.b) shows maximum values at the centre of the pore and it decreases towards the wall of the fibres as shown in Figure 4‑8. On the other hand, three different working planes were set to investigate the velocity gradients when moving down away from the horizontal fibre (see Figure 4‑7.c). The measured velocities increase as the distance of the focus plane to the fibre increases. If observing the area inside the pink box shown in Figure 4‑9.a, the non-slip wall effect on the fluid velocities is reduced when moving away from the horizontal fibre. Moreover, the velocity maps are closer to the expected continuity as the fluid velocity has to increase when it is forced to flow through a smaller area (Figure 4‑9.b and Figure 4‑9c).
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[bookmark: _Ref312159508][bookmark: _Toc438590824][bookmark: _Toc445718830]Figure 4‑8 Velocity map between vertical fibres calculated with µPIV.
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[bookmark: _Ref312159529][bookmark: _Toc438590825][bookmark: _Toc445718831]Figure 4‑9 Velocity vectors from the 1st (a), 2nd (b) and 3rd (c) planes underneath the horizontal fibres calculated with µPIV.
[bookmark: _Toc310605622][bookmark: _Toc310605917][bookmark: _Toc440823250]Computational results
[bookmark: _Ref312149667][bookmark: _Toc440823251]Mesh independence test
The study of the effect of the grid size imposed inside the scaffold on the local velocities suggests that a maximum length for the triangular faces of the tetrahedral elements of 20 µm provides an accurate solution without compromising the computational cost. The results show that when the length value is increased from 20 µm to 30 µm, the velocity values from the line shown in Figure 4‑10 change up to 15%; whereas reducing the length down to 10 µm, they change less than 1% with the disadvantage of requiring four times the computational time needed for the case of 20 µm length (see Figure 4‑11 and Table 4‑1).
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[bookmark: _Ref312159625][bookmark: _Toc438590826][bookmark: _Toc445718832]Figure 4‑10 Line 1 is where the velocity values were extracted in order to analyse the effect of the grid size imposed inside the scaffold on velocity values at the scaffold pores.
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[bookmark: _Ref440624593][bookmark: _Toc440822956]Table 4‑1 Number of mesh elements and computational time for the three element sizes investigated inside the scaffold.
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[bookmark: _Ref312159642][bookmark: _Toc438590827][bookmark: _Toc445718833]Figure 4‑11 Velocity values extracted from line 1 shown in Figure 4‑10 from three different meshes with imposed element size inside the scaffold of 30, 20 and 10 µm.
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[bookmark: _Ref440807680][bookmark: _Toc438590828][bookmark: _Toc445718834]Figure 4‑12 Line 2 is where the velocity values were extracted in order to analyse the effect of the maximum element size imposed outside the scaffold on the fluid velocities.
Once the optimal element size inside the scaffold is determined, the effect of the mesh element size outside the scaffold on the local fluid dynamics at the scaffold region needs also to be investigated. Three meshes with maximum edge lengths of 1, 0.1 and 0.05 mm outside the scaffold were generated, while maintaining the maximum edge length inside the scaffold as 20 µm. As a result, all meshes provide maximum edge length ratios around 5. As mentioned in section 3.2.1.5, this is due to the fact that the robust octree meshing method regulates the aspect ratio between adjacent elements, thereby smoothing the mesh when approaching the scaffold surface where smaller elements are imposed. The difference between these meshes in terms of velocity values at the scaffold pores is less than 1 % (see Figure 4‑13). However, outside the scaffold (see Figure 4‑12 and 4-14) the mesh with maximum global element length of 1 mm shows up to 27 % difference with respect to the other two. For the two cases of 0.1 and 0.05 mm the fluid flow is developed and at the centreline of the channel the fluid flow reaches the expected maximum velocity of 1.8 mm/s, as explained in section 4.3.1.1.1. The final edge length selected outside the scaffold was 0.1 mm which results in a mesh that can provide the same results as if using 0.05 mm edge length but performing more effectively in the computational simulations, as shown in Table 4‑2. 
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[bookmark: _Ref312159927][bookmark: _Toc438590829][bookmark: _Toc445718835]Figure 4‑13 Velocity values extracted from the line 1 from three different meshes with element sizes outside the scaffold of 1, 0.1 and 0.05 mm.
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[bookmark: _Ref312159740][bookmark: _Toc440822957]Table 4‑2 Number of mesh elements and computational time for the three element sizes investigated outside the scaffold.
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[bookmark: _Ref312159941][bookmark: _Toc438590830][bookmark: _Toc445718836]Figure 4‑14 Velocity values extracted from the centreline of the channel that goes from the inlet (0 mm) to the outlet (40 mm) passing through the scaffold (19-21 mm) from three different meshes with element sizes outside the scaffold of 1, 0.1 and 0.05 mm.
[bookmark: _Ref312158954][bookmark: _Toc440823252]Computational model benchmark
Serial and parallel simulations were compared to resolve the CFD model that requires a maximum virtual memory of 13 GB. Partitions in 2, 4 and 8 cores were carried out. It can be observed that the computing time is reduced until 4 partitions as shown in Figure 4‑15. Finally, 8 partitions were selected since it solved the numerical problem in less time than the other set-ups with the available resources.
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[bookmark: _Ref312160165][bookmark: _Toc438590831][bookmark: _Toc445718837]Figure 4‑15 CPU and wall-clock time required to solve the CFD model depending on the number of partitions.
[bookmark: _Toc440823253]Validation with µPIV results
The CFD results agree well with the velocity profiles calculated using the PIV system in the scaffold regions seen in Figure 4‑16, Figure 4‑18 and Figure 4‑20. First, both approaches show that peak velocities are found at the centre of the pore defined by the vertical fibres as observed in Figure 4‑16 and they decrease when approaching the wall fibres. The good agreement between the experimental and computational approaches is not only qualitative but also in terms of velocity magnitude which is due to the fact that the fluid velocity component in the depth direction is almost zero so fluid velocity vectors mostly fall in the focus plane. There is only a maximum difference of 12 % in velocity magnitude inside the pore. However, when reaching the fibres walls, the µPIV velocities are non-zero on the contrary to the CFD where non-slip condition was applied (see Figure 4‑17). 
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[bookmark: _Ref312160233][bookmark: _Toc438590832][bookmark: _Toc445718838]Figure 4‑16 Velocity vectors from a plane inside a pore between the vertical fibres calculated using µPIV (right) and CFD (left) methods. The pink dotted line shows where the velocity values were extracted to compare both techniques numerically.
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[bookmark: _Ref312160294][bookmark: _Toc438590833][bookmark: _Toc445718839]Figure 4‑17 The blue and red lines represent the velocity values extracted from the profiles shown in Figure 4‑16 for the µPIV and CFD respectively.
The CFD and µPIV results show the same trend underneath the horizontal fibre as observed in Figure 4‑18; the fluid velocity increases when approaching to the horizontal fibre and then decreases just before entering in the pore formed by the vertical fibres. The region where the velocity drops is the closest part of the focus plane to the horizontal fibre; thus, the non-slip wall effect reduces the fluid velocity.  In theory, the velocity of the incompressible fluid should increase as travelling towards the pore formed by the two vertical fibres where the area through which the fluid flows is smaller. Therefore, the velocity should increase to obey continuity. In terms of velocity magnitude, the agreement between both techniques becomes poorer as the fluid enters the pore with up to 70 % difference (Figure 4‑19).
In addition, the CFD and the µPIV results agree well also on the fact that the velocity starts increasing in the region where the flow encounters the horizontal fibre on its path as shown in Figure 4‑20. When observing in Figure 4‑21, both techniques reach the same peak velocity value at the central position corresponding to the centre of the pore formed by the two vertical fibres. In addition, in both methods the velocities decrease as moving away from the centre of the pore, although velocity values can differ up to 46%.
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[bookmark: _Ref312160236][bookmark: _Toc438590834][bookmark: _Toc445718840]Figure 4‑18 Velocity vectors from a focus plane underneath the horizontal fibre calculated using µPIV (right) and CFD (left) methods. The pink dotted lines shows where the velocity values were extracted to compare both techniques numerically.
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[bookmark: _Ref312160325][bookmark: _Toc438590835][bookmark: _Toc445718841]Figure 4‑19 The blue and red lines represent the velocity values extracted from the profiles shown in Figure 18 for the µPIV and CFD respectively. 
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[bookmark: _Ref312160238][bookmark: _Toc438590836][bookmark: _Toc445718842]Figure 4‑20 Velocity vectors from a focus plane underneath the horizontal fibre calculated using µPIV (right) and CFD (left) methods. The pink dotted lines shows where the velocity values were extracted to compare both techniques numerically.
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[bookmark: _Ref312160438][bookmark: _Toc438590837][bookmark: _Toc445718843]Figure 4‑21 The blue and red lines represent the velocity values extracted from the profiles shown in Figure 20 for the µPIV and CFD respectively.
[bookmark: _Toc310605623][bookmark: _Toc310605918][bookmark: _Toc440823254]Cell transport inside the scaffold
[bookmark: _Toc310605624][bookmark: _Toc310605919][bookmark: _Toc440823255]Experimental results
[bookmark: _Toc440823256]PTV results
The manual tracking performed using ImageJ shows that cells mainly follow fluid streamlines. No cell adhesion was observed. In the presented experiments, fluid streamlines seem preferable channels for cells to travel inside the scaffold; during cell tracking up to 10 cells can be observed passing by the same fluid streamline. In addition, higher frequency of cells traveling is found in the streamlines that pass by the centre of the pores, where fluid velocities are higher, as shown previously in Figure 3‑16. In Figure 4‑22, it can be seen that in region 1 the velocities of cells are lower and they increase in region 2 where the cells travel towards the first pore. 
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[bookmark: _Ref312160935][bookmark: _Toc438590838][bookmark: _Toc445718844]Figure 4‑22 1) Cells approach to the horizontal fibre. 2) Cells travel towards the centre of the pore in the middle of the two vertical fibres. 3) Cells are in the centre of the pore and start deviating either towards the next left or right pore (4).
In region 3 where the first pore is found, cells decrease their velocity and then they move either to the left pore or the right one. More cells travel to the right pore as this pore is bigger yielding in an irregular distribution of cells during seeding. 
The measured velocities of cells showed significant difference from region to region inside the same scaffold with up to fifty times difference. In the region shown in Figure 4‑25-a.1 values are within ~50-100 µm/s and in the region observed in Figure 4‑25-a.2 the values are between 100 and 500 µm/s.
[bookmark: _Toc310605625][bookmark: _Toc310605920][bookmark: _Toc440823257]Computational results
[bookmark: _Toc440823258]Computational model benchmark
For the CFD model described in the section 4.2.3.2.2, a benchmark study was carried out to test the optimal number of partitions. This is a more expensive computational model since it includes the discrete phase and transient simulations with a small time step. For this reason, only parallel simulations were tested starting from 8 partitions. The wall clock computational time is reduced by increasing the number of partitions (see Figure 4‑23) although parallel overhead is increased from 16 partitions on as seen in Figure 4‑24. The final number of partitions selected was 64 which could resolve 1,400 CPU hours in 21 wall-clock hours with maximum virtual memory of 20 GB.
[bookmark: _Toc440823259]Validation with PTV results
The CFD results show that the particles follow the fluid streamlines with higher cell velocities at the centre of the pores as observed in the experiments. As a consequence, only 3% of the cells injected intercepted the scaffold substrate during the simulation; particles were either lost in the channel due to sedimentation or travelled through the scaffold without touching it passing mainly by the centre of the pores. Despite the fact that CFD results show the same tendency of cells to follow the fluid streamlines as in the PTV experiments, they do not agree in terms of velocity values. Velocity values found in the CFD simulations can be from two to ten times higher than the values found in the PTV experiments.  However, the CFD results from the same two scaffold regions that were investigated in the PTV tests also captured the significant increment of cell velocities from region to region with values up to ten times higher (see Figure 4‑25-b.1 and b.2). 
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[bookmark: _Ref312161297][bookmark: _Toc438590839][bookmark: _Toc445718845]Figure 4‑23 Wall clock time to solve the CFD model depending on the number of partitions.
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[bookmark: _Ref312161311][bookmark: _Toc438590840][bookmark: _Toc445718846]Figure 4‑24 CPU time required to solve the CFD model depending on the number of partitions.
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[bookmark: _Ref312160991][bookmark: _Toc438590841][bookmark: _Toc445718847]Figure 4‑25 Cell motion and velocity in two scaffold regions (1) and (2) using PTV (a) and CFD (b) methods.
[bookmark: _Toc310605626][bookmark: _Toc310605921][bookmark: _Toc440823260]Discussion
[bookmark: _Toc310605627][bookmark: _Toc310605922][bookmark: _Toc440823261]Characterization of the local fluid flow inside the scaffold
[bookmark: _Toc440823262]PIV experiments
First, the initial fluid flow conditions for cell seeding inside a non-transparent 3D scaffold were investigated by PIV methods. The depth of field of the PIV system permitted to focus the working plane within the first layer of pores of the trimmed scaffold that consisted of a series of vertical and horizontal fibres arranged in 3D. Despite the 3D configuration of the observed pores and the expected 3D displacements of the tracer particles, the velocity of the fluid flow mainly had in-plane components. The observed region was sufficiently close to the flat surface at the bottom of the channel which induces the local fluid flow to be parallel to this surface and to the working focus plane. Thus, the conventional PIV system used in this study that only can measure 2D particles displacements could serve to analyse the fluid flow velocities inside the 3D pores of the selected scaffold. The main velocity profiles inside the scaffold were described; the fluid velocities between the vertical fibres are higher at the centre of the pore and the effect of the horizontal fibre on the velocity gradients over the pore depth could be observed.
[bookmark: _Toc440823263]Computational simulations and comparison with PIV experimental results
The scope of this study was to investigate the capability of the CFD model to predict the local fluid velocities and to obtain representative data of the effect of the pore geometry on the fluid flow. However, as discussed by Campos Marin and Lacroix [171] variability in terms of pore velocities can be expected from pore to pore and from scaffold to scaffold due to alterations in scaffold micro-architecture during the fabrication process. For this reason, the CT-based geometry of the scaffold used in the experiment was included in CFD model to be able to analyse the same region using both techniques. As a result, the CFD could predict well the main velocity behaviour found using the PIV system showing the potential of this CFD tool to define the initial fluid flow conditions at the pore level for cell seeding. However, in terms of velocity magnitude, it is observed that close to the walls PIV-calculated velocities are non-zero. This can be explained by the scaffold brightness which contributes to the velocity maps calculations. As consequence, the PIV doesn't have enough resolution to resolve the velocity field close to the walls. In addition, when analysing the velocity maps close to the horizontal fibre, the selection of the exact PIV focus plane in the CFD is critical for the adequate comparison of both methods. Furthermore, the realistic position of the trimmed scaffold inside the channel is unknown and cannot be incorporated in the CFD model. Empty spaces between the scaffold and the channel walls or the scaffold orientation with respect to the channel and the flow direction could significantly alter the local fluid dynamics. This could explain some of the disagreements found in terms of velocity magnitude. Nevertheless, these velocity profiles are expected to be repeated in all scaffold pores although with possibly significant variance in terms of magnitude in the presence of geometrical defects or microstructural variability. The analysis of more pores would be beneficial to obtain statistical significant data but the working fluid stained the scaffold over time thereby being unable to re-use the scaffold in more experiments. 
[bookmark: _Toc310605628][bookmark: _Toc310605923][bookmark: _Toc440823264]Cell transport inside the scaffold
[bookmark: _Toc440823265]PTV experiments
To measure the motion of cells inside the scaffold labelled cells suspended in culture media were infused in the micro-channel and tracked along time and space by following a PTV approach. No cell adhesion on scaffold surface was observed in the experiments. Cells mainly followed the fluid streamlines showing that the main driving force on cell motion is the fluid drag force that overcomes other possible physical factors such as Vander Waals forces, Brownian motion or electrostatics. It is noteworthy that experimental conditions were not the most suitable for cell attachment since the scaffold surface was not treated to promote cell adhesion, the experiments were not performed under controlled temperature and humidity conditions and no scaffold sterilization was performed. However, cells do not impact the fibres due to the strong effect of the fluid flow on cell motion so even under the most adequate bio-chemical seeding conditions if there is no interception between cells and scaffold substrate no chemical signalling for cell adhesion could occur. Nevertheless, a sensitivity analysis where the bio-chemical conditions are controlled would provide a deeper insight in the actual effect of the fluid drag force over other forces. 
As shown in Chapter 3, pore size is not constant throughout the scaffold microstructure and this affects cell seeding as more cells tend to travel to bigger pores resulting in irregular distribution of the cells inside the scaffold. In principle, the scaffold used for this study should provide a regular microstructure so homogeneous cell seeding would be expected. In addition to the irregular distribution of cells, higher frequency of cells traveling is found in the streamlines that pass by the centre of the pores far from the scaffold substrate where fluid velocities are higher, as shown previously in Figure 4‑19. This fact reduces the possibility of cells to interact with scaffold substrate preventing cell adhesion. However, a better insight into the interaction between the fluid flow and cell motion could be obtained by combining tracer particles and labelled cells in the working fluid simultaneously. Unfortunately, this strategy normally requires more than one filter to separate the fluorescence from labelled cells and tracer particles. 
In this study, a manual method for cell tracking was applied using MtrackJ plugin from ImageJ. However, in the literature there are other studies where automatic tracking methods were developed such as Pinho et al. [172] who proposed a method able to compute multiple trajectories in a time effective manner providing measurements with no significant difference with the manual tracking used herein. Nevertheless, the development of automatic tracking algorithms was out of the scope of this study and MtrackJ was considered accurate enough to track labelled cells. Regarding the measured velocities of cells, it is noteworthy that the DOC is increased from 25 m up to 100 m when using cells as cell size is ten times bigger than the tracer particles used for the PIV experiments. Thus, cells moving away with perpendicular component to the focus plane can be observed in the captured images and this can lead to misleading cell velocity measurements. For instance, cell velocity in region 1 from Figure 4‑22 is lower than in region 2 although the path observed in region 1 can be merely the projection of an out of plane trajectory of the cell that moves around the horizontal fibre. This limitation could be addressed by using calibration methods for PTV applications such as the one presented by Winer et al. [173] where the particle z-position is correlated to its apparent diameter. 
Even though only 2D velocities could be measured, the velocities of cells were calculated for each sequence. Significant differences were found in terms of velocity magnitude with up to 50 times difference when analysing different regions inside the same scaffold. That can be again consequence of the intrinsic scaffold variability yielding in undesired cell seeding outcomes.
[bookmark: _Toc440823266]Computational simulations and comparison with PTV experimental results
The initial CFD model was further developed to predict cell motion inside the scaffold under perfusion conditions by introducing a discrete phase of particles that represent the cells. The experimental tests with cells were essential to understand the effect of the local fluid dynamics on cell transport and cell deposition on scaffold fibres and to configure the final CFD model. First, as cell sedimentation was observed, this effect was included in the computational DPM model by defining the micro particles with higher density than the culture media. Few studies in literature have attempted to measure the density of cells finding that values for cells such as human lung cancer cells (H1650), mouse lymphoblastic leukemia (L1210) or yeast cells are slightly higher than culture media (1000 kg/m3) [168, 169]. By accounting for this density difference between cells and culture media the model could predict cell sedimentation with regard to the inlet flow rate selected to infuse cells. Both the experiments and the computational model agreed on the fact that for the micro-channel used in this study, flow rates below 50 L/min are detrimental for maintaining cells in suspension. Hence, gravity and buoyancy effects were considered in the simulations yielding in realistic results according to the experiments. To model cell-scaffold interactions, cells were set to attach as soon as they impacted on the scaffold wall. This is not a realistic condition since a complex chain of events are involved in cell adhesion phenomena. However, if cells do not contact with the scaffold surface they will never adhere. So by knowing the number of cells that are intercepted on the scaffold wall in the computational model, the probability of cell attachment during experiments can be predicted. The CFD results showed that the cells follow the fluid streamlines with higher velocities at the centre of the pores as observed in the PTV experiments. In addition, a low percentage of cells contacting the scaffold substrate was found in the computational model; cells were either lost in the channel due to sedimentation or travelled through the scaffold without touching it passing mainly by the centre of the pores. 
The disagreement between the PTV and CFD in terms of cells velocity magnitude can be a consequence of different factors such as the limitation of the µPIV system used in this study to measure 3D displacements but also the difficulty of recreating the exact geometrical boundary conditions in the CFD model. The real location of the scaffold with regard to the channel walls is unknown so there is possibility of finding gaps that can potentially affect the local fluid dynamics and therefore the motion of suspended cells. Furthermore, the µCT-based scaffold used in the CFD model was not the same scaffold from the PTV experiments as it could not be re-used due to the increase of its brightness after the first µPIV experiment. The new scaffold was trimmed manually resulting in a different shape from the one used in the CFD so the exact same scenario could not be replicated. Thus, the geometrical boundary conditions of the scaffold used in the CFD can vary from the one of the experiments. Also, repeated PTV experiments on the same scaffold could help to gain statistical significance but the working fluid with labelled cells stained the scaffold as occurred in the µPIV experiments. It is important as well to consider the real time response of cells to changes in the fluid flow that can be different from the time response of the sphere particles simulated in the CFD model. This parameter depends on the cell density that herein has been estimated based on literature data, and on the fluid viscosity that has not been experimentally measured (particle time response explained in detail in section 5.3.4.2.1). Nevertheless, this presented computational model shows the potential to predict cell path but it also corroborates the key role of fluid dynamics in cell transport during scaffold cell seeding.
It is noteworthy to add that the CFD model does not account for cell-cell interactions. This effect becomes significant when cell density increases so there is more probability of cell collision deviating cells from their path and reducing their velocity leading to cell sedimentation or an increase of cells impacting on scaffold substrate. However, the volume fraction ratio of cells in the fluid domain inside the rectangular channel selected for the CFD model is low enough that cell interactions can be neglected. The density of cells suspended in the media in the CFD model couldn’t be matched to the one of the PTV experiments due to an increase of computational cost when adding more cells in the model. Nevertheless, the high density of cells in the PTV experiments and therefore possible cell-to-cell interactions could be another reason why cell velocity calculated in the PTV experiments is lower than in the CFD results.
[bookmark: _Toc310605629][bookmark: _Toc310605924][bookmark: _Toc440823267]Computational methods for the optimization of perfusion bioreactors
Bioreactors need to be designed to promote cell-scaffold collision in order to enhance cell seeding efficiency. In the scenario of this study where more cells travel in the middle of the pores far from the fibres, the combination of perfusion with the rotation of the bioreactor or scaffold could help cells to collide with the scaffold [174]. This idea has been implemented in the study of Melchels et al. [175] to analyse the seeding performance in a scaffold with regular pore network similar to the one used in the present study. A homogeneous cell distribution was found showing the benefit of this type of configuration for seeding. However, the static seeding showed the negative effect of the permeability in the open scaffold where most of the cells travel throughout the scaffold driven by the gravity in the fluid flow without cell attachment. Nonetheless, scaffold permeability is essential to distribute nutrients and oxygen to cells to ensure cell viability. A good solution to maintain scaffold permeability as well as enhance cell entrapment has been presented by Papadimitropoulos et al. [176] who increased the surface area in a regular open scaffold using collagen network as filling material. The computational model presented in this study can help researchers to stop seeing perfusion bioreactors as black boxes and providing potential hints for the optimization and design of hydrodynamic cell seeding bioreactors. 
[bookmark: _Toc310605630][bookmark: _Toc310605925][bookmark: _Toc440823268]Conclusions
The combination of regular permeable scaffolds with perfusion systems enhances mass transfer inside the scaffold during cell seeding. However, this does not necessarily imply cell deposition on scaffold substrate. The aim of this study was to investigate the local fluid flow conditions and the transport of cells inside a 3D scaffold during perfusion cell seeding. To the author’s knowledge, this is the first time that fluid flow and cell seeding are observed and quantified inside a 3D porous scaffold by performing PIV and PTV experiments. Furthermore, these data served to formulate and validate a CFD model able to predict the fluid flow inside the scaffold pores and cell path. The PIV results show that the CFD model can describe the velocity maps at the scaffold pore level. Moreover, the PTV experiments and the CFD model agree that cells follow the fluid streamlines and more cells pass by the centre of the pores where local fluid velocities are higher. Thus, cells travel far from the scaffold substrate reducing the possibility of cell-scaffold interception and cell adhesion. Despite the advantage of regular porous scaffolds to transport cells to all scaffold regions, it doesn’t guarantee that cells intercept with scaffold substrate. This study reveals that fluid drag force and sedimentation are the main mechanisms on cell transport under perfusion and these findings can serve researchers to design new strategies to promote cell deposition on scaffold substrate. In addition, the presented computational model could be used to exploit different cell seeding conditions in order to find the optimal configuration to maximise cell seeding efficiency. Nonetheless, the computational model requires further validation as significant differences were found in terms of cell velocity magnitude between the CFD model and the PTV experiments. Further experiments using devices able to track 3D displacements could provide valuable data to gain better insight into the cell transport phenomena and validate the CFD model. On the other hand, more efforts should be made to obtain better geometrical representations of the experimental setup in the CFD model since small variations could significantly alter the results of the local fluid flow.
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[bookmark: _Toc420596725][bookmark: _Toc310605631][bookmark: _Toc310605926][bookmark: _Ref312169526][bookmark: _Toc438592388][bookmark: _Toc440823269]In silico model for scaffold cell seeding case study

Summary
The model developed in Chapter 4 was employed to investigate a real in vitro cell seeding scenario. The microfluidic chamber boundary conditions were based on experimental specifications and the scaffold µCT geometry was included in the seeding chamber. Static and dynamic cell seeding configurations were investigated and the main mechanisms of cell deposition were identified. In static seeding, cells sediment due to gravity until they reach an obstacle. In the dynamic cell seeding simulations, different flow rates were explored under the presence and the absence of gravity. Gravity and secondary flow were found to be the key factors of cell deposition. Seeding efficiencies calculated in the simulations agreed well with the experimental data; static seeding results in higher efficiency than dynamic perfusion. In addition, the same trend on the seeding efficiency results with regard to the flow rate imposed in the dynamic seeding was found. This model permits to understand cell transport inside hydrodynamic-based experimental setups and find the best configuration to enhance cell deposition on scaffold substrate.
[bookmark: _Toc310605632][bookmark: _Toc310605927][bookmark: _Toc440823270]Introduction	
During scaffold cell seeding the visual access inside the scaffold is limited and therefore the quantification of key factors such as cell deposition rates during seeding trials is normally restricted. Furthermore, the availability of resources to repeat experiments and data collection can be limited so the number of strategies that can be tested is constraint. The use of the developed computational model from Chapter 4 based on experimental data allows the investigation of unlimited scenarios in a cost-effective manner and give internal access to the scaffold in order to understand the complex mechanisms that occur during seeding under perfusion. The presented CFD model can calculate individual cell path under fluid flow and the maximum probability of cell deposition on scaffold substrate under hydrodynamic conditions. The relationship between scaffold and bioreactor geometrical boundary conditions and fluid flow parameters with cell seeding outcome can be identified. Thus, the key variables involved in perfusion cell seeding can be manipulated to find the best conditions in order to enhance seeding efficiency. 
Previous studies used relevant feedback from numerical simulations to optimise the seeding process. For instance, Olivares and Lacroix [133] reported the optimal seeding time under specific seeding conditions in order to perform time-effectively without losing resources. In addition, they provided hints for scaffold design by reporting the effect of the pore size on the final distribution of cells inside the scaffold. In the case of Adebiyi et al. [135] who also studied cell seeding with a multiphase model, the pressure values to achieve a homogenous cell distribution were evaluated.
Nevertheless, these models are tested for specific scenarios and their versatility to explore other setups should be investigated. The model of Olivares and Lacroix does not consider the influence of gravity on cell transport. However, this could strongly impact cell deposition when subjected to different fluid velocities. Adebiyi et al. does not incorporate the actual scaffold geometry so their model cannot be used to explore the effect of scaffold geometry on cell seeding. Herein, it is argued that a computational model should be able to provide relevant information for the optimization of experimental processes in a large range of configurations. More specifically, cell seeding models should be able to adapt to different bioreactor and scaffold designs, fluid flow inputs or even cell type. 
The main goal of this chapter is to use the computational model described in Chapter 4 to study in vitro cell seeding experiments by replicating the exact same boundary conditions. This will allow the identification of the main critical aspects of the seeding system and propose specific improvements for that particular experiment. More specifically, static and dynamic seeding by perfusion are compared and the effects of flow rate and gravity on cell deposition are studied. The use of the computational model from Chapter 4 in a new set up can expose it to new questions that the model may not be able to address.  In this way, the versatility of the model as well as its real potential are investigated to expand its capability to predict and optimise cell seeding processes. 
[bookmark: _Toc310605633][bookmark: _Toc310605928][bookmark: _Toc440823271]Materials and methods
[bookmark: _Toc310605634][bookmark: _Toc310605929][bookmark: _Toc440823272]In vitro cell seeding experiments 
A microfluidic chamber made of PDMS was built with the dimensions indicated in Figure 5‑1. Static and dynamic approaches were investigated for scaffold cell seeding [177]. For the static case, a 20 µl drop of hMSCs suspended in medium with 106 cells/mL concentration was located at the top of the scaffold. Then, the results were analysed after 1.5 hours incubation under standard culture conditions to evaluate the effect of cell sedimentation due to gravity as well as cell proliferation. 
For the dynamic strategy, cell seeding by perfusion during 2 hours was investigated for three different flow rates: 12, 120 and 600 µl/min. Two syringe pumps were connected at the inlet and outlet to generate an alternate flow that changed direction every 500 µl of dispensed fluid in order to maintain cells inside the microfluidic chamber and force them to pass by the scaffold pores several times.
[bookmark: _Toc310605635][bookmark: _Toc310605930][bookmark: _Toc440823273]CAD microfluidic chamber model 
The boundary conditions of the in vitro microfluidic system were recreated for the computational model using the Design modeller workpackage from Ansys. The CAD model is shown in Figure 5‑1 and described in Figure 5‑2.
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[bookmark: _Ref312177400][bookmark: _Toc438590843][bookmark: _Toc445718848]Figure 5‑1 CAD model design specifications.
[bookmark: _Toc310605636][bookmark: _Toc310605931][bookmark: _Toc440823274]µCT-based scaffold 
One of the five µCT-based scaffolds from Chapter 3 was employed in this study to analyse computationally the seeding process in such geometry. The reconstruction of the µCT data using Simpleware is explained in detail in section 3.2.1.2. The triangular mesh generated on the mask surface, shown in Figure 5‑3, which represents the scaffold geometry was exported in STL format.
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[bookmark: _Ref312178497][bookmark: _Toc438590842][bookmark: _Toc445718849]Figure 5‑2 CAD model of the microfluic chamber used for the in vitro cell seeding experiments.
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[bookmark: _Ref440723157][bookmark: _Toc438590844][bookmark: _Toc445718850]Figure 5‑3 Scaffold geometry reconstructed using µCT data.
[bookmark: _Toc310605637][bookmark: _Toc310605932][bookmark: _Toc440823275]Fluid volume mesh
The CAD geometry created in Design Modeller was imported into Icem Ansys in STEP format in order to generate a mesh with tetrahedral elements to represent the fluid volume. The geometry of the chamber presents different aspect ratios so a specific mesh element size may not provide an accurate solution for all chamber regions. A mesh sensitivity test using the Octree meshing method was performed to find the most adequate mesh element size that satisfies the three regions of interest inside the chamber shown in Figure 5‑4 (see results in section 5.3.1). A maximum length for the side of the tetrahedral elements of 50 µm was finally considered the most adequate value to provide an accurate solution in all chamber regions.
Once the optimal global element size for the microfluidic chamber was determined, the µCT-based scaffold was imported into Icem Ansys in STL format. The scaffold was located in the middle of the cylinder in region 1. The diameter of the cylinder was increased from 2.5 to 2.72 mm to avoid scaffold-cylinder intersection which could complicate the meshing process. The fluid domain between the scaffold and chamber wall boundaries was meshed applying a maximum length for the side of the tetrahedral elements of 50 µm and 20 µm for the elements outside and inside the scaffold, respectively. The maximum element size imposed inside the scaffold pores was the one suggested in previous analysis as described in Chapters 3 and 4. As a result, around 15 million tetrahedral elements represented the fluid domain. Despite of the fact that the elements outside the scaffold can be three times bigger than the ones inside, the use of the robust octree algorithm ensures a smooth transition from the elements far from the scaffold to the elements close to it. This method ensures refinement near the scaffold while maintaining the larger element size outside the scaffold.
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[bookmark: _Ref312178830][bookmark: _Toc438590845][bookmark: _Toc445718851]Figure 5‑4 The three regions of interest where the mesh element size can have a different impact due to the geometry.
However, this mesh only guaranteed the convergence of the fluid phase so its performance to resolve the discrete phase needs further investigation. For that, the final mesh of 15 million that includes the scaffold was refined up to 50 million elements in order to understand the effect of the mesh size on the transport of cells in the computational model.
[bookmark: _Toc310605638][bookmark: _Toc310605933][bookmark: _Toc440823276]CFD model setup and simulations
[bookmark: _Toc440823277]Continuous phase modelling
The culture medium was modelled with water properties and the fluid flow was described by the continuity and 3D Navier Stokes equations as explained in section 3.2.2. Non slip wall condition was considered at the channel boundaries and on the scaffold surface.
In the static simulation, a steady case with zero velocity at the inlet and outlet boundaries was established. For the dynamic seeding, 12, 120 and 600 µl/min flow rates were applied to analyse the three seeding experimental scenarios. These three flow rates correspond with a fluid velocity at the scaffold entrance of 0.1, 1 and 5 mm/s respectively. The fluid flow was imposed to change the direction of the flow every 500 µl of fluid dispensed. This is equivalent to change the direction of the flow every 2,500, 250 and 50 seconds for the flow rates 12, 120 and 600 µl/min respectively. These flow rate conditions were controlled using a UDF function written in C++ that was hooked at the inlet and outlet boundaries.
[bookmark: _Toc440823278]Discrete phase modelling
Cells were described as a discrete phase of sphere particles with the same diameter and density as explained in section 4.2.3.2.2. One-way coupling between phases was modelled where only the fluid phase had effect on the discrete phase and not on the contrary. This assumption was made since the total volume of cells is 7.5 % within the fluid domain. In addition to the fact that cells represent a dilute phase, cell-cell interactions were neglected considering that cells have sufficient time to respond to the local dynamic forces before any collision.
For the static seeding the only force responsible for the transport of cells was the gravity whereas in the dynamic seeding, the forces involved were the fluid drag and gravity (see equation 4-4). It is noteworthy that the effect of gravity depends on the density of the two phases that in this case is different. Also, in the case where the two phases have the same density and therefore gravity has no effect on cell transport was also studied in section 5.4.4.1. Other forces such as the Saffman lift force that moves particles perpendicular to the direction of the flow in shear flows could not be considered as Fluent Ansys can only apply this force for sub-micron particles, therefore not suitable for cells. Brownian forces were neglected as the diameter of cells is larger than 0.03 µm. 
The surface injection method was applied which consists of injecting one cell per surface mesh element. For the static seeding, 20,000 cells were injected in the static fluid domain from the top of the cylinder where the scaffold is located as shown in Figure 5‑5.
In the dynamic seeding, 20,000 cells were injected in the fluid domain at the inlet face (see Figure 5‑5). This face has 274 surface elements so 72 injections were required to inject 20,000 cells in the fluid domain. At the beginning of the simulation and before changing the direction of the flow for the first time, 274 cells were injected every 15, 1.25 and 0.35 seconds for the 12, 120 and 600 µl/min flow rate cases respectively. For static and dynamic seeding cells were injected with zero initial velocity.
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[bookmark: _Ref312180383][bookmark: _Toc438590846][bookmark: _Toc445718852]Figure 5‑5 Boundary conditions of the CFD model. In the dynamic seeding cells are injected at the inlet whereas in the static seeding they are injected from the green surface on top of the chamber where the scaffold is located. The fluid velocity is imposed at the inlet and outlet boundaries with a UDF to alternate the direction of the flow in the dynamic seeding.
Regarding the cell-scaffold interactions, cells were trapped in the scaffold wall boundary as soon as they contacted the scaffold wall. The same condition was applied in the chamber walls with the exception of the inlet and outlet boundaries where the cells were subjected to reflection. The coordinates of the trapped cells in the scaffold surface and chamber walls were registered in text files during simulations for further post-processing.
[bookmark: _Toc440823279]Numerical calculations
For the static seeding, the fluid flow was previously resolved and then the cells were advanced every second in the steady flow until they were trapped either in the scaffold or at the bottom of the chamber.
In the dynamic seeding, transient simulations were applied to inject cells and calculate cell path along the fluid domain. At every time step, the continuous phase was calculated with 100 iterations which was sufficient for the residuals to stabilise. Then, the cells were advanced in the resolved fluid flow at the end of the time step. The time step during the injection time was set to every 15, 1.25 and 0.35 seconds for the 12, 120 and 600 µl/min flow rate cases respectively. Once the injections were completed, the time step was set to 2,500, 250 and 50 seconds corresponding to the time to change the direction of the flow. Two hours were simulated as that was the seeding time employed in the laboratory experiments. 
These models were resolved in Fluent Ansys 15.0. The continuum phase was solved using the pressure-based coupled solver to calculate the continuous phase where the continuity and momentum equations are solved simultaneously. The second order upwind scheme was applied for the interpolation of the momentum and pressure variables and for the spatial discretization the least square cell based approach was selected. A convergence criterion was imposed for the continuity equation of the fluid phase with 10-6 accuracy and also for the velocity equations with 10-7. Discrete phase motion was solved with a tolerance for accuracy control of 10-5. The tracking scheme was set to change automatically between high order trapezoidal discretization and implicit low order depending on target accuracy and the stability of both schemes.
Parallel calculations were performed to solve the CFD model with 32 cores in the Iceberg high performance computing facilities centrally provided by the University of Sheffield. Results of the benchmark study are shown in section 5.3.2. The model was also tested with the latest version of Ansys Fluent 16.1 available at the time. 
[bookmark: _Toc310605639][bookmark: _Toc310605934][bookmark: _Toc440823280]Results
[bookmark: _Toc310605640][bookmark: _Toc310605935][bookmark: _Ref312178927][bookmark: _Ref438394736][bookmark: _Toc440823281]Mesh independence test
Six element sizes (see Table 5‑1) were investigated in the three regions of the microfluidic chamber previously shown in Figure 5‑4 without the scaffold.
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[bookmark: _Ref312180429][bookmark: _Toc440822958]Table 5‑1 Number of mesh elements and computational time for the six global element sizes investigated in the microfluidic chamber without the scaffold.
· Region 1 
The six element sizes provide the same solution in region 1 as seen in Figure 5‑8, 5-9 and 5-10. However, when approaching to region 2 in line 2 only the meshes with 50 and 20 µm element size converge exhibiting a 2% change in terms of velocity magnitude (Figure 5‑9).
· Region 2 
The velocity values for the mesh with element size of 50 µm differ from the finest mesh with 20 µm element size up to 5% and presents relative changes with respect to the 100 µm mesh of 15%. Therefore, the mesh with 50 µm element size provides an accurate solution for region 2 as well as an adequate computational cost (see Figure 5‑12, 5-13 and 5-14).
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[bookmark: _Ref312180876][bookmark: _Toc438590847][bookmark: _Toc445718853]Figure 5‑6 Lines 1 and 2 where velocity values were extracted to analyse the effect of different mesh element sizes inside region 1.
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[bookmark: _Ref312180967][bookmark: _Toc438590848][bookmark: _Toc445718854]Figure 5‑7 Line 3 where velocity values were extracted to analyse the effect of different mesh element sizes inside region 1.
· Region 3 
In region 3, the mesh with element size of 50 µm converges with relative changes to the finest mesh of less than 1%, and 5% with respect to the mesh with 100 µm element size (see Figure 5‑16 and 5-17).
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[bookmark: _Ref312180631][bookmark: _Toc438590849][bookmark: _Toc445718855]Figure 5‑8 Velocity values from line 1 shown in Figure 5‑6 for the six meshes analysed.
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[bookmark: _Ref312180653][bookmark: _Ref312180641][bookmark: _Toc438590850][bookmark: _Toc445718856]Figure 5‑9 Velocity values from line 2 shown in Figure 5‑6 for the six meshes analysed.
Among the six mesh sizes studied, a global element edge length of 50 µm results in a mesh that provides an accurate solution in the three regions for the fluid phase with an adequate compromise in terms of computational cost. The final mesh including the scaffold geometry was generated with a maximum size of 50 µm and 20 µm for the elements outside and inside the scaffold respectively. The maximum element size imposed inside the scaffold was the one suggested in previous analyses from Chapters 3 and 4. As a result, around 15 million tetrahedral elements mesh was required to solve accurately the fluid phase.
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[bookmark: _Ref312180655][bookmark: _Toc438590851][bookmark: _Toc445718857]Figure 5‑10 Velocity values from line 3 shown in Figure 5‑7 for the six meshes analysed.
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[bookmark: _Ref312181288][bookmark: _Toc438590852][bookmark: _Toc445718858]Figure 5‑11 Lines 1, 2 and 3 where velocity values were extracted to analyse the effect of different mesh element sizes in region 2.
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[bookmark: _Ref312181232][bookmark: _Toc438590853][bookmark: _Toc445718859]Figure 5‑12 Velocity values from line 1 shown in Figure 5‑11 for the six meshes analysed.
Nevertheless, the influence of the mesh size on the discrete phase needs also to be studied. Cell deposition can be affected by the resolution of the mesh in the vicinity of the wall boundaries. The discrete phase was investigated for the meshes with global element sizes of 50 and 20 µm which resulted in 15 and 50 million elements respectively. 
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[bookmark: _Ref312181234][bookmark: _Toc438590854][bookmark: _Toc445718860]Figure 5‑13 Velocity values from line 2 shown in Figure 5‑11 for the six meshes analysed.
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[bookmark: _Ref312181236][bookmark: _Toc438590855][bookmark: _Toc445718861]Figure 5‑14 Velocity values from line 3 shown Figure 5‑11 for the six meshes analysed.
A simple discrete phase model case was applied to compare the performance of both meshes; a single injection was set at the inlet and 15 cycles were applied to transport the cells towards the scaffold and the outlet and then back consecutively. 

[image: ]
[bookmark: _Ref312181470][bookmark: _Toc438590856][bookmark: _Toc445718862]Figure 5‑15 Lines 1 and 2 where velocity values were extracted to analyse the effect of different mesh element sizes inside region 3.
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[bookmark: _Ref312181434][bookmark: _Toc438590857][bookmark: _Toc445718863]Figure 5‑16 Velocity values from line 1 shown in Figure 5‑15 for the six meshes analysed.
This model was used for five different flow rates. In all the cases the model with 50 million elements mesh reported lower cell deposition on the wall boundaries as shown in Figure 5‑18. Thus, the 15 million elements mesh converges for the fluid phase but not for the discrete phase.
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[bookmark: _Ref312181437][bookmark: _Toc438590858][bookmark: _Toc445718864]Figure 5‑17 Velocity values from line 2 shown in Figure 4‑15 for the six meshes analysed.
However, the computational cost of the mesh with 50 million elements is much higher. Moreover, it will be more expensive when tracking 20,000 cells in the fluid domain as required in the seeding experiments. For this reason, the simulations where carried out with the 15 million elements mesh which allowed identifying the main mechanisms of transport and deposition of cells in a perfusion system although the deposition rate was significantly overestimated. The effect of mesh density on cell deposition is further discussed in section 5.4.5.
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[bookmark: _Ref312181519][bookmark: _Toc438590859][bookmark: _Toc445718865]Figure 5‑18 Total number of cells attached on chamber and scaffold walls for different flow rates for 15 and 50 million elements meshes.
[bookmark: _Toc310605641][bookmark: _Toc310605936][bookmark: _Ref312182454][bookmark: _Toc440823282]Computational model benchmark
Partitions in 8, 16, 32 and 64 cores were carried out reducing the computing time when the number of partitions was increased (see Figure 5‑19). The parallel overhead remains constant up to 64 partitions (see Figure 5‑20). Finally, 32 partitions were selected since it solved the numerical problem in an affordable quantity of time permitting the use of the computational resources available to solve more than one CFD model at the same time. All the simulations required a maximum virtual memory of around 12 GB.
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[bookmark: _Ref312182634][bookmark: _Toc438590860][bookmark: _Toc445718866]Figure 5‑19 Wall-clock time required to solve the CFD case depending on the number of partitions.

           [image: ]
[bookmark: _Ref440726774][bookmark: _Toc438590861][bookmark: _Toc445718867]Figure 5‑20 CPU time required to solve the CFD case depending on the number of partitions.
The simulations were firstly resolved using Fluent Ansys 15.0 although at the latest stage it was possible to compare the performance of the model using the last version available at the time Fluent Ansys 16.1. A simple case with a single injection and 15 cycles was selected to compare the effect of these two versions of Ansys on the discrete phase deposition (see Figure 5‑21). Different flow rates were studied and for each case the results between versions varied in different manners. For instance in the case of 120 µl/min flow rate, the number of cells attached on the wall boundaries varies 1.67 % whereas for the case of 600 µl/min the difference is 22.5%.
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[bookmark: _Ref312182660][bookmark: _Toc438590862][bookmark: _Toc445718868]Figure 5‑21 Total number of cells attached on chamber and scaffold walls for different flow rates when solving the CFD model using the versions of Fluent Ansys 15.0 and 16.1.
[bookmark: _Toc310605642][bookmark: _Toc310605937][bookmark: _Toc440823283]Static cell seeding simulation
In the static seeding, cells were injected from the top of the cylindrical chamber and they travelled down towards the scaffold due to gravity with a constant velocity of 0.01 mm/s. Cells advance following a straight path until they attach to the first obstacle they intercept on their way, either the scaffold substrate or the bottom of the chamber (see Figure 5‑22). It is noteworthy to mention that cells are represented with spheres ten times bigger than the real size of cells in all figures to improve visibility. Cells attached to the scaffold fibres are found at the side of the fibres that face the injection surface and no cells are found at the opposite face as seen in Figure 5‑23. 85 % of cells attached to the scaffold. However, there is no homogeneous distribution of cells throughout the scaffold microstructure as shown Figure 5‑24; the majority of cells are attached on the top of the first, second and fifth layers as there are no other obstacles along cell path before these fibres. For the third and fourth layers, cells are only found at the sides of the fibres as these are aligned with the fibres on top, which cells encounter first. In the last layer of fibres, there are no cells as these fibres are completely covered by the ones above. Moreover, cells only attached at the top or on sides of the fibres with no cells found at the side that faces the bottom of the chamber. On the other hand, the cells that do not intercept the scaffold substrate reach the bottom of the chamber through the gap between the scaffold and the wall chamber.
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[bookmark: _Ref312182681][bookmark: _Toc438590863][bookmark: _Toc445718869]Figure 5‑22 a) Cell path from the injection surface at the top of the cylinder up to the first obstacle found. Cells travel with a constant velocity of 0.01 mm/s. b) Cells attached to the first obstacle found. The cells are represented with spheres ten times bigger than the real size of cells to improve visibility.
The time for cells to settle on scaffold substrate after their injection was between 300 and 600 seconds. The cells that did not intercept with the scaffold reached the bottom of the channel between 1,000 and 1,100 seconds after the injection (see Figure 5‑25).
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[bookmark: _Ref312182697][bookmark: _Toc438590864][bookmark: _Toc445718870]Figure 5‑23 All cells attached to the scaffold are found on the side that faces the injection surface (a) whereas the side that faces the bottom of the chamber (b) does not present any cell attached to it. The cells are represented with spheres ten times bigger than the real size of cells to improve visibility.
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[bookmark: _Ref312183024][bookmark: _Toc438590865][bookmark: _Toc445718871]Figure 5‑24 a) Side view of the scaffold with transparency applied in the fibres to visualize the internal distribution of cells from the top to the bottom layers. Most of the cells are found at the first layers as the last ones are covered by the ones on top. b) Internal view of the scaffold fibres and cell distribution. The cells are represented with spheres ten times bigger than the real size of cells to improve visibility.
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[bookmark: _Ref312183141][bookmark: _Toc438590866][bookmark: _Toc445718872]Figure 5‑25 Number of cells suspensed in the fluid media during time. At the initial time point, around 20,000 cells are injected in the chamber, after 300 seconds the cells start attaching to the scaffold substrate, then 1,000 seconds after the injection cells reach the bottom of the chamber and after that no more cells suspended in the fluid are found.
[bookmark: _Toc310605643][bookmark: _Toc310605938][bookmark: _Toc440823284]Dynamic cell seeding simulations
[bookmark: _Toc440823285]Fluid flow velocities
12, 120, and 600 µl/min were imposed at the inlet surface corresponding to 1, 10 and 50 mm/s of average velocity respectively. The fluid velocity is reduced two orders of magnitude from the inlet to the scaffold entrance since the fluid pass through an area hundred times larger than the inlet surface one. In all cases, the fluid streamlines pass homogeneously through the scaffold microstructure and the average velocity inside the scaffold pores is twice the average fluid velocity at the scaffold entrance (see Figure 5‑26).
[bookmark: _Toc440823286]Discrete phase results without considering gravity
[bookmark: _Ref312169716][bookmark: _Toc440823287]Cell motion
For the three flow rates applied, cells follow the fluid streamlines and their velocities are within the same values found for the fluid velocities (see Figure 5‑27).
The characteristic time of cells is the time required for them to respond to changes in the fluid flow and it is defined by equation 5-1:
[bookmark: _Ref312190363][bookmark: _Toc310621726][image: ]					[5‑1]
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[bookmark: _Ref312183162][bookmark: _Toc438590867][bookmark: _Toc445718873]Figure 5‑26 Fluid streamlines for the flow rates 12, 120 and 600 µl/min throughout the entire microfluidic system (left) and inside the cylinder and scaffold pores (right).
where ρc is the cell density, D is the cell diameter and µf is the dynamic viscosity of the fluid. In this study cell time response is 6.3 µs. The Stokes number is defined in equation 5-2 and it is a non dimensional parameter that relates the tc to the characteristic time associated with the flow field tf. If Stk<<1, cell time response is less than the flow field characteristic time so cells will follow the fluid flow. On the other hand if Stk>>1, inertia dominates cell motion as cells will not have time to respond to fluid velocity variations so they will detach from the flow. tf is described in equation 5-3 and it depends on the geometry of the obstacle Lo and the flow velocity far from the obstacle Uo. In this case, tf will vary throughout the seeding chamber. 
[bookmark: _Ref312190913][bookmark: _Toc310621727][image: ] 					[5‑2] 
[bookmark: _Ref312190949][bookmark: _Toc310621728][image: ]   					[5‑3] 
The maximum Stk that can be found in this study corresponds to the highest flow rate 600 μl/min when passing from region 2 to region 1 (regions shown in Figure 5‑4), where Uo is 50 mm/s and Lo is 5 mm. Thus, Stk corresponds to 0.000063 and cells will follow the fluid streamlines for the three flow rates investigated.
Cells are injected during the first half period when 500 µl of media is dispensed. Despite the fact that cells are injected over time, almost all cells reach the outlet before reversing the fluid flow for the three flow rates applied. For instance, when applying 12 µl/min, 2,500 seconds are required to dispense 500 µl. Cells take around 1,250 seconds travelling from the inlet to the outlet, therefore the last cells injected can travel 1,250 seconds before the direction of the flow is changed (see Figure 5‑28).
[bookmark: _Toc440823288]Cell deposition 
In principle, the higher the flow rate the more probable is to find secondary flow which moves away from the main flow stream. In cell seeding, secondary flow can be the mechanism that carries cells towards the walls promoting cell deposition. This can especially occur when there are sudden changes in the geometry along the fluid path so the inertia of the fluid leads to secondary flow.
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[bookmark: _Ref312183216][bookmark: _Toc438590868][bookmark: _Toc445718874]Figure 5‑27 Cell path of one injection of cells released from the inlet surface for the flow rates 12, 120 and 600 µl/min along the entire microfluidic system (left) and inside the cylinder and scaffold pores (right). Cell path is coloured by cell velocity values.
Two hours cell seeding was simulated for 12, 120 and 600 µl/min flow rate as performed in the laboratory experiments. It is noteworthy that the three flow rates cannot be compared in a fair manner since during 2 hours experiments each flow rate results in a different number of cycles. Therefore, cells do not pass by the scaffold and channels the same number of times. 600 µl/min is the highest flow rate that results in 144 cycles during the 2 hours experiment as less time is required to dispensed 500 µl than for 12 and 120 µl/min flow rates, which result in 3 and 28 cycles respectively.
In addition to the fact that for 600 µl/min there is more probability for cells to attach to the scaffold as cells pass more times through it, high cell deposition is also expected as it is the flow rate with the strongest secondary flow. However, cell deposition is higher on scaffold and Part 3 walls (Part 3 defined in Figure 5‑29) for 120 µl/min flow rate as shown in Figure 5‑30. The reason why cell deposition does not increase with higher flow rate in this particular setup is explained in the following section 5.3.4.2.1. Moreover, as observed in Figure 5‑32, deposition rate is higher for 600 µl/min although it reaches a plateau around 15 minutes experiment and the total number of cells suspended in the fluid flow for 120 µl/min decreases below that plateau after 1.3 hours of cell seeding. For the case of 12 µl/min, where the flow reverses only twice and the secondary flow is weaker than in the other two cases, almost no cells are attached on the channel walls or scaffold surface (see Figure 5‑33).
The interest of this study is the efficiency of cell seeding on scaffold substrate. 120 µl/min is the flow rate that results in the highest efficiency although with a low value of 8.6% (see efficiency results in Figure 5‑31). It is noteworthy that there are no preferable zones in the scaffold for cells to attach. Irregular distribution of cells is found for the three cases and in the case of 120 µl/min where more cells are attached, cells are found throughout the scaffold depth. This is contrary to the static seeding where cells were only found at the top layers.
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[bookmark: _Ref312181726][bookmark: _Toc438590869][bookmark: _Toc445718875]Figure 5‑28 Cell path of one injection of cells released from the inlet surface coloured by the time of the simulation. The maximum time plotted in the three cases is the time needed to dispense 500 µl of fluid for each flow rate.
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[bookmark: _Ref312191315][bookmark: _Toc438590870][bookmark: _Toc445718876]Figure 5‑29 Characteristic regions of the microfluidic chamber where cell deposition is studied.
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[bookmark: _Ref312191456][bookmark: _Toc438590871][bookmark: _Toc445718877]Figure 5‑30 Number of cells attached on Parts 1, 2 and 3 and scaffold surfaces (shown in Figure 5‑29) depending on the flow rate applied.
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[bookmark: _Ref312193352][bookmark: _Toc438590872][bookmark: _Toc445718878]Figure 5‑31 0.03, 8.6 and 2.5% scaffold cell seeding efficiency for 12, 120 and 600 µl/min respectively.
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[bookmark: _Ref312193252][bookmark: _Toc438590873][bookmark: _Toc445718879]Figure 5‑32 Number of cells suspended in the fluid flow during the 2 hours experiment for the three flow rates applied. At the beginning the number of cells increases as cells are injected in the microfluidic system until a peak is reached. From that point on, no more cells are injected and cells deposite on the boundaries while they travel back and forward in the fluid domain.
0. [bookmark: _Ref312193203][bookmark: _Toc440823289]Detailed study of the effect of fluid inertia on cell deposition
To investigate the actual effect of the secondary flow on cell deposition a simpler model was applied with one single injection of around 4,000 cells. For that, the surface mesh at the inlet was refined by increasing the number of surface mesh elements from 274 to 4,358. Cells were released from the inlet and the flow was reversed only once so only one cycle was simulated. In addition, more flow rates were applied to better understand how variations on the flow rate affect cell deposition. More specifically, 12, 120, 360, 480, 600, 720 and 840 µl/min were applied in the model described above.

[image: ]
[bookmark: _Ref312193323][bookmark: _Toc438590874][bookmark: _Toc445718880]Figure 5‑33 Cells attached on the boundaries of the cell seeding system including scaffold substrate for the three flow rates applied. 12 µl/min is the case with less number of cells attached and cells are mostly found at Part 3. 120 µl/min is the case where more cells are found in Part 3 and scaffold. 600 µl/min is the flow rate that results on more cells attached in Part 1. The cells are represented with spheres ten times bigger than the real size of cells to improve visibility.
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[bookmark: _Toc438590875][bookmark: _Toc445718881]Figure 5‑34 Side view of the scaffold. Transparency is applied to the scaffold surface to visualize the cells attached inside the microstructure for the three flow rates applied. Irregular distribution of cells throughout scaffold depth is found for the three cases. The cells are represented with spheres ten times bigger than the real size of cells to improve visibility.

[image: ]
[bookmark: _Toc438590876][bookmark: _Toc445718882]Figure 5‑35 Top view of the scaffold. Transparency is applied to the scaffold surface to visualize the cells attached inside the microstructure for the three flow rates applied. Irregular distribution of cells is found throughout scaffold diamater in all cases. The cells are represented with spheres ten times bigger than the real size of cells to improve visibility.
The results show that by increasing the flow rate from 12 to 480 µl/min more cells deposit along the entire perfusion system. Higher flow rates (600, 720 and 840 µl/min) do not show this behaviour anymore especially in the scaffold where the number of cells attached is even less than for the lowest flow rate investigated, 12 µl/min (see results in Figure 5‑36). 
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[bookmark: _Ref312193544][bookmark: _Toc438590877][bookmark: _Toc445718883]Figure 5‑36 Number of cells attached on Parts 1, 2, 3 and scaffold surface (parts defined in Figure 5‑29) depending on the flow rate applied.
Above 480 µl/min flow rate, two vortexes are found inside the cylinder where the scaffold is located (see Figure 5‑37). In addition, the shape of the vortexes changes when increasing the flow rate from 600 to 840 µl/min as well as the path of the cells that enter in these vortexes. These vortexes have a negative effect on cell seeding efficiency as cells are recirculating inside them when the flow is due to reverse (see Figure 5‑39). Thus, cells trapped in the vortexes will not cross the scaffold reducing the probability of cell attachment on it. When the direction of the flow is changed and the fluid flows from Part 3 to Part 2 (Parts 3 and 2 defined in Figure 5‑29) similar vortexes form underneath the scaffold. These vortexes will also prevent cells coming from the outlet (outlet defined in Figure 5‑29) to cross the scaffold which also has a negative impact on scaffold cell seeding. When increasing the number of cycles, the presence of vortexes near the scaffold will lead to more inconsistent results as observed in the results of 2 hours cell seeding experiment with 600 µl/min flow rate (see results in Figure 5‑30).
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[bookmark: _Ref312193586][bookmark: _Toc438590878][bookmark: _Toc445718884]Figure 5‑37 Velocity profile above the scaffold showing the recirculation formed when the fluid enters Part 2 from Part 1 (Part 1 and 2 defined in Figure 5‑29) for the flow rates 480, 600, 720 and 840 µl/min. The recirculation region increases with flow rate as well as the peak velocity at the centre of the vortexes. For the case of 480 µl/min the recirculation is negligible.
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[bookmark: _Ref312195332][bookmark: _Toc438590879][bookmark: _Toc445718885]Figure 5‑38 Cell path inside Part 2 (Part 2 defined in Figure 5‑29) when cells are released from the inlet and travel towards the outlet. Inside the green box there is the path of the cells that are trapped inside the fluid recirculation regions. Cell path inside these regions changes with flow rate; for 600 µl/min the recirculation path is shorter than for higher flow rates and in the case of 840 µl/min the vortexes are closer to the scaffold than for slower flow rates.
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[bookmark: _Ref312193609][bookmark: _Toc438590880][bookmark: _Toc445718886]Figure 5‑39 Cell path plotted from the time when the flow would be due to change direction up to 200 seconds (keeping the same flow direction). For 600 and 720 µl/min the time when the flow would reverse is 50 and 40 s respectively. At those time points, some cells are still recirculating in the vortexes and even after 200 seconds they will not cross the scaffold. For 840 µl/min, the flow would reverse after 35 seconds and at that time almost all cells have exited from the vortexes although many cells still have not reached the scaffold.
[bookmark: _Toc440823290]Discrete phase results considering gravity
[bookmark: _Toc440823291]Cell motion
The effect of gravity on cell motion becomes more significant for low flow rates deviating cells from the fluid streamlines (see Figure 5‑40). For the lowest flow rate, 12 μl/min, gravity has the strongest impact on cell motion so just few cells reach the scaffold. The majority of cells deposit on the inlet channels before arriving to the cylindrical chamber where the scaffold is placed. The cells that enter in the cylindrical chamber reach the scaffold or the bottom of the chamber at the side closer to the inlet. Moreover, no cells reach the outlet. For 120 μl/min, many cells arrive to the cylindrical chamber and cross the scaffold although due to gravity some cells do not reach the outlet being lost at the bottom of the chamber. For the flow rate of 600 μl/min, cells are less affected by gravity so they mainly follow the fluid streamlines. The distribution of cells passing throughout the scaffold is more homogeneous than for the 120 μl/min case where more cells pass through the scaffold pores closer to the inlet. The effect of gravity on cell path depending on the flow rate applied can be better observed in Figure 5‑41.
Cells are injected in 72 time points during the first half period when 500 µl of media is dispensed. For 12 μl/min, by the time the flow reverses all the cells injected have deposited in Parts 1 and 2 (Parts 1 and 2 defined in Figure 5‑29) or on the scaffold surface. For 120 μl/min, the injection time is 125 seconds and the flow changes direction after 250 seconds, by that time even the last cells injected have attached to a boundary or reached the outlet. For 600 μl/min, injection time is 25 seconds and the flow changes direction after 50 seconds. Some cells require more than 30 seconds to either attach to a boundary or reach the outlet so when the flow reverses some cells especially the ones from the last injections will be suspended on the flow (see results in Figure 5‑42). It is noteworthy that in the case of 600 μl/min the gravity force prevents cells to enter in the fluid recirculation zones shown in Figure 5‑38.
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[bookmark: _Ref312193847][bookmark: _Toc438590881][bookmark: _Toc445718887]Figure 5‑40 Cell path of one injection of cells released from the inlet surface for the flow rates 12, 120 and 600 µl/min along the entire microfluidic system (left) and inside the cylinder and scaffold pores (right). Cell path is coloured by cell velocity values.
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[bookmark: _Ref312193888][bookmark: _Toc438590882][bookmark: _Toc445718888]Figure 5‑41 Cell path (pink) and fluid streamlines (blue) along the cylinder and scaffold pores (side view) for the three flow rates. Gravity effect on cell motion is stronger for lower flow rates especially for 12 µl/min where cell path detaches from the fluid streamlines. For higher flow rates such as 600 µl/min cells travel along the fluid streamlines as the effect of the gravity force is less strong.
0. [bookmark: _Toc440823292]Cell deposition
The flow rate that provides the highest cell seeding efficiency is 120 μl/min. A high number of cells pass by the scaffold pores and the gravity deviates the cells from the fluid streamlines sufficiently in order to intercept the scaffold substrate. Despite the fact that this flow rate provides the highest number of cells attached on the scaffold, the seeding efficiency is low with a value of 14%. Most of the cells attach in Parts 1 and 3 as seen in Figure 5‑43. The lowest scaffold seeding efficiency is 2.2% for the flow rate of 12 µl/min. In this case, cell sedimentation is significantly higher and most of the cells attach to Part 1 before arriving to the scaffold. In the case of 600 µl/min, the efficiency is lower than for 120 µl/min since the drag force overcomes the gravity effect; therefore, cells do not deviate from the streamlines preventing their interception with the scaffold substrate (see efficiency results in Figure 5‑44). This flow rate still provides higher efficiency than 12 µl/min as more cells reach the scaffold so the probability of cells to attach is higher. Cell distribution on the microfluidic system walls is shown in Figure 5‑45.
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[bookmark: _Ref312195300][bookmark: _Toc438590883][bookmark: _Toc445718889]Figure 5‑42 Cell path of one injection of cells released from the inlet surface coloured by the time of the simulation. The maximum time plotted in the three cases is the time needed to dispense 500 µl of fluid for each flow rate.
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[bookmark: _Ref312195355][bookmark: _Toc438590884][bookmark: _Toc445718890]Figure 5‑43 Number of cells attached on Parts 1, 2 and 3 and scaffold surface (Parts 1, 2 and 3 defined in Figure 5‑29) depending on the flow rate applied.
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[bookmark: _Ref312195367][bookmark: _Toc438590885][bookmark: _Toc445718891]Figure 5‑44 2.2, 14 and 3.7 % scaffold cell seeding efficiency for 12, 120 and 600 µl/min respectively.
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[bookmark: _Ref312195395][bookmark: _Toc438590886][bookmark: _Toc445718892]Figure 5‑45 Cells attached on the boundaries of the cell seeding system including scaffold substrate for the three flow rates applied. In 12 µl/min, almost all cells deposit on Part 1. In 120 µl/min, more cells arrive to Part 2 and the scaffold and few of them reach the outlet. 600 µl/min is the case where more cells arrive to Part 3. The cells are represented with spheres ten times bigger than the real size of cells to improve visibility.
Regarding the distribution of cells inside the scaffold, for 12 µl/min the cells attach to the scaffold at the region closer to the inlet (see Figure 5‑46). 120 µl/min results in the best spatial distribution of cells throughout the scaffold although with less presence of cells at the region far from the inlet. For 600 µl/min, some cells are found at the region of the scaffold closer to the outlet as cells can travel longer distance since they are less affected by gravity (see Figure 5‑47). For the three cases, cells can be found in all levels along scaffold depth.
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[bookmark: _Ref312195551][bookmark: _Toc438590887][bookmark: _Toc445718893]Figure 5‑46 Cell distribution inside the scaffold for the three flow rates investigated. Transparency is applied to the scaffold geometry to observe cell attachment inside the porous structure. The higher the flow rate the more cells can be found at the right part of the scaffold (region closer to the outlet) as cell motion is less affected by gravity. The cells are represented with spheres ten times bigger than the real size of cells to improve visibility.
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[bookmark: _Ref440733844][bookmark: _Toc438590888][bookmark: _Toc445718894]Figure 5‑47 Cell path (a) when approching to the scaffold and cells attached on scaffold surface (b) (top view). As long as increasing the flow rate cells can travel longer distance and reach positions inside the scaffold far from the inlet. The cells are represented with spheres ten times bigger than the real size of cells to improve visibility.
Two hours of cell seeding were simulated and the number of cells suspended in the fluid flow over time was tracked for the three flow rates applied as shown in Figure 5‑48. For 12 µl/min, the maximum number of cells found in the fluid domain after the injection phase (1,250 seconds) is only 1,500 cells out of 20,000 injected since most of them sediment just after being injected. In addition, after 1 hour of seeding no cells are found suspended in the microfluidic chamber. For 120 µl/min, around 12,000 cells can be found after the injection time (125 seconds) and then they attach during up to half an hour when no more cells are found in suspension. For the case of 600 µl/min, at the end of the injections (after 25 seconds) 18,000 cells are found in the fluid volume. After that, cells attach to the wall boundaries over time with a lower deposition rate than in the case of 120 µl/min. This is due to the fact that cells are less affected by gravity when 600 µl/min is applied. Therefore, cells follow the fluid streamlines which makes difficult the interception of cells with the scaffold fibres or channel walls. After 15 minutes, cell seeding reaches a plateau with almost 4,000 cells traveling inside the microfluidic chamber.
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[bookmark: _Ref312195610][bookmark: _Toc438590889][bookmark: _Toc445718895]Figure 5‑48 Number of cells in suspension in the fluid during the 2 hours of cell seeding experiment for the three flow rates investigated.
[bookmark: _Toc440823293]In silico vs. in vitro cell seeding experiments
[bookmark: _Toc440823294]Static cell seeding
The static cell seeding laboratory experiments performed in five scaffolds reports 55 ± 5 % of efficiency on the scaffold [177] whereas the simulation overestimates cell attachment with 85% efficiency (see results in Figure 5‑49).
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[bookmark: _Ref312195750][bookmark: _Toc438590890][bookmark: _Toc445718896]Figure 5‑49 Comparison of scaffold cell seeding efficiency using static methods between the laboratory experiments and the simulations.
[bookmark: _Toc440823295]Dynamic cell seeding
The highest efficiency found in the in vitro experiments after two hours of dynamic seeding is 11 ± 0.61 % corresponding to 120 µl/min flow rate [177]. For 12 µl/min no cells are found in the scaffold and for 600 µl/min the efficiency is 6.5 ± 0.61  %. The same trend is found in the simulations performed accounting for gravity and in the ones without gravity; the highest efficiency is for 120 µl/min and the lowest for 12 µl/min (see Figure 5‑50). For 12 µl/min, in the simulations where gravity is considered cells sediment before reaching the scaffold and in case of no gravity cells just cross the scaffold three times in two hours experiment reducing the probability for cells to attach. For 120 µl/min, in the simulations accounting for gravity cells are carried to the scaffold and the force due to gravity deviates them from the flow path enhancing cell-scaffold interception. For the case of no gravity, the cycles within the 2 hours experiment are sufficient for cells to attach to the scaffold by means of secondary flow. For 600 µl/min, in the simulations with gravity high cell transport properties on the scaffold are found. However, the gravity effect on cell motion is weaker than in 120 µl/min so cell-scaffold interception is low. When gravity is not accounted for, cells are trapped in recirculation regions before entering the scaffold so cell-scaffold deposition can’t occur.
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[bookmark: _Ref312195776][bookmark: _Toc438590891][bookmark: _Toc445718897]Figure 5‑50 Comparison of scaffold cell seeding efficiency between the laboratory experiments and the simulations with and without gravity for the dynamic seeding.
[bookmark: _Toc310605644][bookmark: _Toc310605939][bookmark: _Toc440823296]Discussion
The computational model developed in the previous chapter was used to investigate different in vitro seeding strategies. The main disadvantages of each in vitro experiment are reported along with the limitations of the computational model. These computational simulations provide valuable feedback that could be applied to enhance the efficiency of cell seeding experiments. Furthermore, new hints are presented to expand the computational model towards more accurate simulations that at the same time will help to design and improve cell seeding processes. 
[bookmark: _Toc310605645][bookmark: _Toc310605940][bookmark: _Toc440823297]Cell adhesion to scaffold substrate 
The discrete phase model served to investigate the role of fluid dynamics on cell deposition on scaffold substrate and microfluidic channels. However, when cells are deposited on the scaffold or channels walls, they adhere to the boundary as soon as they intercept it. Hence, this model can only report the maximum cell seeding efficiency on a scaffold within a microfluidic system. In vitro experiments are more complex scenarios where cell adhesion is not always guaranteed. For instance, cells that contact the scaffold substrate may not adhere to it due to incompatibility with scaffold material or unsuitable stiffness of the substrate. Furthermore, cells that are already adhered can detach from the scaffold if they are exposed to high fluid-shear stresses provoking the rupture of cell focal adhesions. Moreover, the model does not capture cell viability of adhered cells which needs to be ensured so the next steps for the formation of new tissue such as proliferation and differentiation can occur.
It is noteworthy that scaffold coating is generally used during in vitro cell seeding since it can promote cell adhesion. In that case, new forces may be involved on driving cells towards the scaffold substrate such as electrostatic forces. However, these newly induced forces would need to overcome stronger forces due to fluid drag in order to deviate cells from the fluid streamlines. 
[bookmark: _Toc310605646][bookmark: _Toc310605941][bookmark: _Toc440823298]Cell-to-cell interactions
Cells interactions were not modelled as the cell phase represented a low fraction of volume in the fluid phase. This assumption can be critical when cells are driven to the same scaffold region. In the computational model, cells can overlap and attach at the same location. However in the experiments, cells can form clusters which can alter cell response during seeding and the first stages of tissue formation. In addition, clusters of cells at the scaffold surface become a new physical boundary with higher surface area for cells to attach. Moreover, this new boundary can alter the local fluid dynamics. Consequently, the formation of clusters can have an important impact on cell seeding and this could be further investigated with the Brinkman equation [137].
[bookmark: _Toc310605647][bookmark: _Toc310605942][bookmark: _Toc440823299]Static seeding
A heterogeneous distribution of cells was found due to the irregular spatial arrangement of fibres inside the scaffold as discussed in Chapter 3 which prevents cells to reach the deepest layers of fibres. Moreover, cells were only found at the side of the fibres that faced the injection region at the top of the chamber. If the chamber is rotated so the initial bottom face of the cylindrical chamber becomes the top and thereby the injection face, an additional injection at this side could help to seed cells on the deepest fibres. However, during the 1.5 hours of the in vitro experiment cells also proliferate to the deeper and empty regions inside the scaffold. Thus, better cell distribution can be expected after the static seeding experiment than in the computational results. On the other hand, cells located at the top of the scaffold can form clusters while sedimentation occurs and block the upper pores preventing cells to advance through the scaffold. 
The seeding time reported in the simulations can change if a different cell material density is selected; the larger the value with respect to the fluid density the earlier the cells will sediment. Therefore, the model can be more cell type-specific and provide more realistic results.
[bookmark: _Toc310605648][bookmark: _Toc310605943][bookmark: _Toc440823300]Dynamic seeding
[bookmark: _Ref312182402][bookmark: _Toc440823301]Cell deposition when gravity is not considered
By removing the effect of gravity in the simulations, the impact of the flow rate on cell deposition could be investigated more extensively. Cell inertia is sufficiently low that cells follow the fluid streamlines for all the flow rates investigated. Therefore, the fluid needs to flow towards the wall boundaries for cells to deposit. As long as the flow rate is increased, secondary flow becomes more significant so more cells can be dragged towards the scaffold or channel surfaces. It has been shown that cell deposition is enhanced with the presence of secondary flow. However, above a certain value of flow rate the fluid flow can form vortexes trapping cells and preventing them from passing through the scaffold.
It is important to mention that different flow rates result in different number of cycles as each flow rate requires different amount of time to dispense 500 µl. Lower flow rates result in less number of cycles within 2 hours experiment thereby reducing the number of times that cells cross the scaffold. This could be improved by increasing the number of cycles although that would require longer experiments. In fact, the long exposure of cells to shear stress can be detrimental for cell viability and induce cell detachment.
[bookmark: _Toc440823302]Cell deposition when gravity is considered
It has been shown that gravity promotes cell attachment as cells are deviated from the fluid streamlines so cells can intercept the scaffold wall. The lower the fluid velocities the higher is the effect of gravity, however, low fluid velocities can result in poor transport of cells towards the scaffold. Therefore, a trade-off between fluid velocities and force due to gravity needs to be found to increase cell seeding efficiency.
[bookmark: _Toc310605649][bookmark: _Toc310605944][bookmark: _Ref312182578][bookmark: _Toc440823303]Limitations of the computational model that affect cell deposition
Mesh density can affect the deposition of the discrete phase on the wall boundaries so different mesh convergence studies should be carried out for the discrete and the carrier phases as shown in section 5.3.1. Frank-Ito et al. [178] presented a two-stage mesh refinement approach to simulate accurately the deposition of particles on human sinonasal cavities for post-surgery nebulized drug delivery applications. The transport of particles in airflow was modelled using the DPM model of Fluent Ansys in different unstructured tetrahedral meshes with varying density. They reported that the discrete phase required higher mesh density to converge than the air/carrier phase as also shown herein. In this chapter, the discrete phase does not converge for the mesh employed in the simulations and cell deposition was overestimated. Unfortunately, the computational cost required to solve the full model with denser meshes becomes unaffordable. This has a consequence on the prediction of cell seeding efficiency although the same efficiency trends found in the experiments were reported.
Furthermore, they also studied the performance of hybrid meshes on particle deposition concluding that the inclusion of prisms layers at the wall boundaries in tetrahedral meshes reduces the deposition of particles (see Figure 5‑51). In the present study, only tetrahedral elements were used. Mesh refinement studies on hybrid meshes become more complex as particle deposition is also sensitive to the thickness of the prism zone and the number of layers. 
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[bookmark: _Ref312195688][bookmark: _Toc438590892][bookmark: _Toc445718898]Figure 5‑51 Cell deposition for different particle sizes calculated in tetrahedral and hybrid meshes with different levels of refinement [178].
Another aspect to be further explored in the computational model is the advancement of cells when the fluid flow reverses direction. While the flow direction is reversed, fluid velocities are decreased and then increased again to move in opposite direction. As cells respond rapidly to changes in the fluid flow, cell velocity will also be reduced and later increased following the fluid flow. If cell velocity is reduced during this transition, gravity force can overcome fluid drag forces and induce cell deposition. However in the present model, the fluid phase at each time step was resolved in the opposite direction and completely developed before cells were advanced in the fluid domain. As a result, the impact of reversing the fluid flow until reaching a steady state on cell transport was not captured.
It is noteworthy that if cells reach the inlet and outlet boundaries they are reflected preventing them from escaping from the fluid domain. Nevertheless in the in vitro experimental scenario, cells travel out of the chamber towards the syringe and may not be back inside the microfluidic chamber and cross the scaffold pores again. Consequently, the model calculates cell seeding efficiency out of all cells that were initially injected so it can overestimate seeding efficiency results.
[bookmark: _Toc440823304]Dynamic vs. static seeding
In the computational simulations, the highest efficiency was reported for the static seeding case and a significant difference was found with respect to the dynamic strategy. However in case of large scaffolds, static seeding lacks of mass transport properties so even carrying out static seeding on both sides of scaffold, the internal regions will be empty. As cells proliferate and move towards empty regions, it is worthy to explore with computational models the best injection points to seed cells and evaluate the final outcome after cell proliferation. In this manner, injection strategies could be tailored for different scaffold geometries in order to achieve homogeneous cell distribution and high seeding efficiency.
In the dynamic seeding, cells can reach deeper regions but cell deposition on scaffold substrate is lower than in static seeding. Rotating the chamber or performing the experiment on a shaking platform could promote cell deposition while benefiting from the good transport properties of dynamic seeding.
[bookmark: _Toc310605650][bookmark: _Toc310605945][bookmark: _Toc440823305]In vitro vs in silico cell seeding
For static cell seeding, the efficiency calculated in the simulations was 35% higher than in the experiments. That is due to the limitation of the model to simulate realistic cell adhesion events or formation of cell clusters. Furthermore, cells were injected with a regular distribution in the simulations whereas in the in vitro experiments a drop of media with cells is placed on top of the scaffold where the initial cell distribution is unknown. Five scaffolds were seeded statically in vitro whereas only one scaffold was studied computationally. Static seeding simulations should be performed in other µCT-scaffolds in order to gain statistical significance and also report the effect of intersample variability on cell distribution. 
Dynamic cell seeding experiments show similar efficiencies than in the simulations. However, the factors that yield those efficiencies are different depending whether gravity is considered or not. When the simulations account for gravity, the force due to gravity helps cells to detach from the flow stream which results in high efficiency if the adequate flow rate is applied. When gravity is neglected, the flow rate determines whether secondary flow carries cells towards the walls. In summary, gravity and secondary flow are key factors for cell deposition however they have been explored separately. As a consequence, the real contribution of each of them on cell deposition during in vitro experiments is still unknown. In addition, different cell density values will alter the influence of gravity on cell transport. It is noteworthy that five scaffolds were seeded in vitro dynamically per each flow rate, whereas in the simulations only one scaffold per flow rate was investigated. More scaffolds should be seeded computationally in order to obtain more reliable results.
[bookmark: _Toc310605651][bookmark: _Toc310605946][bookmark: _Toc440823306]Conclusions
The discrete phase model developed in Chapter 4 was adapted to a real in vitro cell seeding experiment. This computational model permitted to investigate the effect of different boundary conditions on scaffold cell seeding inside a microfluidic chamber. Static seeding where cells are driven by the force due to gravity showed the best efficiency although the disadvantage of cells to travel to deep regions inside the scaffold could result in low efficiency in case of larger scaffolds. On the other hand, dynamic seeding by perfusion can overcome the poor transport properties of static seeding. However, cells do not intercept scaffold substrate as they follow the fluid streamlines resulting in low seeding efficiency. Gravity and secondary flow were identified as the main factors to drive cells to the scaffold surface and increase cell attachment. This computational tool can help to explore real in vitro experiments in order to find the best configuration to achieve maximum cell seeding efficiency and avoid expensive trails and cell waste. Furthermore, the model allows understanding the main mechanisms that drives cells towards scaffold substrate under fluid flow and provides hints for the design of seeding experiments. Nevertheless, this model does not include cell detachment and realistic cell behaviour during adhesion so it can only report maximum cell seeding efficiency. In addition, the model needs to address other limitations such as the inclusion of cell-to-cell adhesion which eventually could result in cell clusters altering significantly cell seeding conditions and outcome. 
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[bookmark: _Toc420596731][bookmark: _Toc310605652][bookmark: _Toc310605947][bookmark: _Toc440823307]General discussion

The emerging TE field holds the potential to incorporate patient-specific grafts with the same performance as autologous grafts into the clinics. At this stage, TE researchers are working to generate the knowledge and the methods to prove the feasibility of the TE concept and its translation into clinical scenarios. One of the current challenges is the production of TE grafts in an automatic and cost-effective manner. Industry will play an important role for the commercialization of TE grafts and their integration into hospitals as standard treatments. Unfortunately, there is still a gap between academia and industry; the methods developed in research should evolve towards GMP and safety standards ensuring the quality and reproducibility of the products. Regulatory agencies such as the FDA should establish guidelines for the production of TE grafts and inspection protocols with defined quality criteria. However, tailoring regulatory pathways for TE processes remains a complex task. Morrison et al. [106] defined and proposed the steps for the production of a tracheobronchial splint to treat tracheobronchomalacia following GMP standards. The proposal had to pass various phases to obtain approval for a FDA-regulated human clinical trial. This study illustrates the challenges involved in the regulation of TE processes prior to the introduction into the market. Nonetheless, it consists of an isolated case and more standard protocols should be designed for a wide range of scaffold-based therapies.
The development of TE strategies should be accompanied by efforts to produce scaffolds ensuring quality and reproducibility. Scaffold is an active participant during tissue growth, and the material and the architecture determine its actual role. Therefore, scaffold fabrication should deliver the expected microstructure and performance in vitro and in vivo.  RP methods have been extensively used to fabricate scaffolds with pre-defined geometries and biomechanical properties. However, limitations in the fabrication process could lead to variations in the scaffold geometry altering the mechanical environment at the cell level, and thereby cell behaviour. For instance in SLS, the energy density applied during the sintering of the powder material determines scaffold microporosity and local mechanical properties [95]. Domingos et al. [103] reported the sensitivity of FDM scaffolds to the temperature and deposition velocity when forming struts. Consequently, fabricated scaffolds should be inspected to identify the limitations in the manufacturing process and the geometrical irregularities. Generally, RP scaffolds are assumed to be regular as they are printed directly from a digital design. Inspection methods such as digital reconstruction have been widely used for the characterization of irregular porous scaffolds with less emphasis for the assessment of regular-intended scaffolds. 
In Chapter 3, a novel computational approach was presented to inspect RP scaffolds in a systematic way. Scaffold architecture is characterised at the pore level and the local mechanical stimuli is mapped throughout the scaffold structure. Hence, the methodology allows the comparison of various scaffolds at multiple regions to report variability among samples and also the deviation of fabricated samples from the intended design. A regular PCL scaffold manufactured by FDM was investigated using the proposed methodology. This is a commercial scaffold from 3D Biotek that in principle should meet GMP standards. The samples were digitally reconstructed using  µCT. The architecture of the samples shows an unexpected cone-truncated shape due to the punching process. In addition, scaffolds present irregular pore size and distribution as a consequence of the time required for the fibres to solidify and the lack of control over fibre deposition. The structural analysis also reported morphological variability with regard to the CAD scaffold and among fabricated samples. By including the µCT geometry in CFD simulations, the fluid velocities and WSS at the pores could be obtained for all the samples. The irregular scaffold geometry influences the velocity maps and WSS distribution inside the scaffolds. High variability at the outer part of the scaffolds is found due to the geometrical defects originated in the punching process. Furthermore, the irregular pore size distribution and spatial arrangement lead to variability in the fluid flow conditions from pore to pore within samples. In addition, no common patterns were found among fabricated samples and all of them differed from the CAD performance. At this stage, a clear criteria should decide whether the variability found can be neglected or not. From the author’s perspective, the quality criteria for scaffold fabrication should be determined by cell activity and phenotype. The presented study should be extended by comparing the distribution of fluid flow velocities and WSS with the properties of the tissue formed within the scaffold. The same sample could be scanned with µCT and included in the simulations prior to the in vitro experiment. In this way, it could be established whether the variability found at the mechanical microenvironment affects cell response and it could be linked to scaffold geometry. Meanwhile, the studies presented in the literature suggest that the range of WSS values found herein could result in different cell behaviour from pore to pore and among samples [156, 157]. 
Cell response can be also influenced by the scaffold morphology at the surface. Variability in surface topography could strongly induce heterogeneous cell behaviour. The acquisition of surface topography by µCT scanning was restricted due to the resolution of the scanning machine. The µCT-scaffolds resulted in fibres with flat topography, especially after the smoothing process involved in the digitalization of the scaffold. Scaffold reconstruction, including filtering and segmentation, can modify the actual representation of the scanned scaffold. On the other hand, CFD-post-processing involves a certain level of manual handling. Thus, a sensitivity analysis was carried out to assess the reliability of the presented computational method for the inspection of fabricated samples. One sample was analysed five times and good agreement was found in the morphological characterization. Regarding the local fluid velocity and WSS, a qualitative agreement is found between the five analyses. However, the similarities are not significant in terms of WSS. This sensitivity analysis shows the inaccuracies of the model and provides valuable feedback in order to improve it towards a more reliable inspection procedure to analyse RP scaffolds. The inclusion of inspection methods in the chain of processes involved in engineering bone tissue could help to gain more control in the entire process. The noise present in in vitro experiments due to variability in the scaffold geometry could be identified, thereby gaining a better insight into the mechanisms of tissue growth.  
In addition to WSS, the variability in terms of fluid velocities could strongly affect tissue development. Fluid flow velocity is related to the mass transport properties of the scaffold. It can affect the delivery of nutrients and oxygen to cells. Furthermore, it can influence the final distribution of cells after dynamic cell seeding. Cell seeding is a crucial step in TE since it precedes all the steps in tissue formation, and the initial density and spatial distribution of cells inside the scaffold are related to the final tissue properties. Therefore, homogeneous mass transport properties in the scaffold unit are essential for cell seeding and tissue growth. In Chapter 3, the local fluid velocities were calculated computationally at the pore level, although without experimental validation. In Chapter 4, µPIV experiments were carried out to calculate fluid velocity maps inside the scaffold pores and validate the CFD model. Conventional µPIV techniques require optical access to the region of interest and they can only measure 2D in plane velocities. Thus, the use of µPIV methods to characterise the fluid flow environment inside 3D scaffolds remains challenging. µPIV experiments on 2D substrates exemplifying the main architectural features of the 3D scaffolds have been performed in the literature introducing a 2D+ concept in the characterization of the fluid flow profiles inside 3D scaffolds [138, 139, 140]. In Chapter 4, a new approach was presented where the 3D scaffold used in Chapter 3 was trimmed in order to gain visual access for the µPIV experiments. Thus, scaffold pores that are formed by a 3D arrangement of vertical and horizontal fibres could be observed by the tracking system. The 3D trimmed scaffold was fitted in a parallel plate. The pores observed by the microscope were the ones closer to the bottom of the channel, thereby inducing 2D fluid velocities that could be measured by the µPIV system. The effect of the 3D pore geometry on the local fluid velocities could be understood and described. Fluid velocities are higher at the centre of the pores and they decrease towards the scaffold fibres. In addition, the effect of the horizontal fibre on the velocity gradients over the pore depth could be measured. The pore velocity profiles described using µPIV served to evaluate the predictive power of the CFD model. Due to the variability found in Chapter 3 for this particular type of scaffold, the µCT-geometry of the trimmed scaffold used in the experiments was included in the CFD simulations. In this case, a good agreement was found between both methods. However, more trials should be carried out to gain statistical significance. The validation of both techniques encountered several challenges, such as the selection of the focus plane to compare both methods and the difficulty to capture scaffold position inside the channel in the CFD model. In addition, the µPIV showed a lack of resolution to define the fluid flow at the vicinity of the fibres. So far, the comparison with µPIV showed the potential of the computational model to predict the initial fluid flow conditions for cell seeding, if the µCT-scaffold was included in the simulations. 
To investigate the effect of fluid flow in cell seeding, cells suspended in media were infused in the microfluidic system where the trimmed scaffold was placed. Cell motion inside scaffold pores was tracked over time and space by PTV. To the author’s knowledge, this is the first time that cell seeding has been investigated inside a 3D scaffold with tracking methods. Fluid flow seemed to play an important role on cell transport in dynamic systems since, cells mainly followed the fluid streamlines. The transport of cells could be linked to the pore velocity profiles previously generated with µPIV. More cells passed by the centre of the pores where the local fluid velocities were higher. This decreases the probability of cells to intercept scaffold substrate and thereby cell adhesion. In addition, the effect of the irregular pore distribution inside the scaffold due to the limitations of the fabrication process could be noticed in the experiments. More cells travelled along bigger pores which could lead to an irregular distribution of cells throughout the scaffold. This highlights the importance of inspecting scaffolds prior to experiments. One of the main challenges in the experimental seeding was to maintain cells in suspension from the inlet to the scaffold. This shows the strong effect of gravity on cell motion within the fluid media. 
The PTV experimental results helped to formulate a CFD model able to predict cell path inside microfluidic systems. The effect of gravity in cell motion was incorporated by modelling cells with higher density than the fluid media [168, 169]. The CFD simulations corroborated that the flow rate selected in the experimental seeding was optimal to avoid cell sedimentation. Furthermore, the CFD results showed that the fluid drag is one of the main mechanisms in cell transport, as found in the PTV experiments. As cell adhesion was not observed during experimental seeding, cells were set to stick to the scaffold wall as soon as they intercepted it. In this way, the number of cells that could trigger cell adhesion was calculated with the CFD model which turned out to be a low percentage of cells as expected from the experimental observations. 
However, no agreement was found in cell velocity magnitude when comparing PTV and CFD results. Herein, the reason could be the fact that the DOC in the tracking system was increased by almost four times comparing to the µPIV experiments due to the size of the cells. Larger DOC implies the contribution of out of plane cells in the measurements, thereby misleading the cell velocity calculations. Moreover, the cell path observed in the PTV results could be the projection of perpendicular trajectories to the focus plane. For this reason, stereoscopic tracking systems could be a good solution to track 3D displacements of cells, although visual access from different angles will be required. Another reason for the disagreement on velocity magnitudes may be the fact that the available µCT-scaffold was different from the sample used in the PTV experiments. Variations from the µCT scaffold and the sample used in the experiments could lead to different fluid flow conditions and cell velocities. Despite the lack of agreement in terms of velocity magnitude, both approaches captured the same variability of cell velocities when moving from region to region inside the scaffold. That emphasises the importance of accurate fabrication systems to provide scaffolds with regular microstructure, and therefore a constant biomechanical microenvironment. It is noteworthy that suitable controlled biochemical conditions and surface coating could be beneficial for cell attachment. However, cell-scaffold interception should be first guaranteed so chemical signalling and cell adhesion may occur. In summary, Chapter 4 shows the influence of scaffold geometry on the local fluid flow and cell motion. This study also identifies gravity and fluid drag as the governing mechanisms of cell transport under fluid flow. 
The model developed in Chapter 4 was used later in Chapter 5 to investigate real in vitro cell seeding scenarios. The computational model was configured to simulate static and dynamic seeding approaches. The microfluidic chamber and the fluid flow boundary conditions applied in the experiments were replicated in the CFD simulations including a µCT scaffold. This study served to further investigate the predictive power of the computational model and explore the in vitro experiments in order to identify potential aspects to be improved for the enhancement of cell seeding efficiency. 
In the static seeding simulations, cells sediment within the static fluid towards the scaffold, adhering to the first obstacle found. More cells are found at the fibres closer to the injection region leading to a heterogeneous distribution of cells inside the scaffold. In addition, the irregular distribution of fibres, as a consequence of the manufacturing process, affects the spatial distribution of cells attached to the scaffold. Nonetheless, cell proliferation is not accounted for in the simulations and this could result on cells moving towards empty regions thereby improving the spatial distribution of cells. Scaffold cell seeding efficiency was found to be higher in the computational simulations than in the in vitro experiments. The CFD simulations overestimates scaffold cell seeding efficiency and the reason could be the assumption that cells attach to scaffold substrate as soon as they hit on it. In in vitro experiments, the interception of cells with scaffold substrate does not necessarily imply cell adhesion since a series of cellular events need to occur under suitable biochemical conditions. Furthermore, cells can form clusters obstructing scaffold pores and preventing cells from depositing on the scaffold substrate.
In dynamic seeding, various experiments were performed under different flow rates. The simulations showed the effect of the imposed flow rate on cell deposition on the microfluidic channels and scaffold surface. More specifically, the influence of the flow rate on the forces due to gravity and fluid drag acting on cell motion. Higher flow rates lead to secondary flows promoting cell impaction on scaffold substrate and channel walls. However, flow rates above a certain value can originate recirculation areas preventing cells from passing through the scaffold pores. For lower flow rates, gravity becomes a dominant factor on cell deposition although flow rates below a certain value detach cells from the flow thereby reducing cell transport properties. The best conditions to increase scaffold cell seeding efficiency seems to be a compromise between cell impaction due to fluid inertia and gravity, as also seen in the experimental results. 
However, computational cell deposition results are sensitive to the density of the mesh that represents the fluid domain. Cell deposition rates calculated with the CFD model did not converge for the mesh size selected in the study. Higher mesh density leads to lower cell deposition rates, so it can be stated that the calculated seeding efficiencies were overestimated. More computational resources would be required to perform the simulations in finer meshes in order to find results that are more reliable. Besides the mesh density, integrating cell-to-cell interactions and cluster formation could also improve the explanatory capability of the simulations. Nevertheless, the same trends when varying the flow rate were found in the computational and in the experimental scaffold cell deposition results.
It is noteworthy that performing static and dynamic cell seeding simulations in more µCT scaffolds could give a better insight of the effect of scaffold variability on cell seeding. More simulations could serve to identify whether there is a common pattern in terms of cell distribution when applying the same seeding conditions, or if different distributions are found as a consequence of variations on scaffold geometry. However, in the dynamic seeding simulations, a low number of cells deposit onto the scaffold which complicates the identification of distribution patterns.
To the author’s knowledge, only two studies have investigated cell seeding of 3D porous scaffolds under fluid flow by means of computational simulations tracking individual cell paths. The main limitation in the study of Adebiyi et al. [135] is the assumption of the scaffold geometry as an idealised porous medium. This thesis shows the importance of including the actual scaffold geometry, as local variations could generate perturbations in the local fluid dynamics and cell transport during seeding. In the case of Olivares and Lacroix [133], the µCT scaffold was included in the simulations and a good agreement with experiments was found. However, the force due to gravity acting on cells was not considered in the simulations. Therefore, their computational model is limited to describe cell motion in cases where the flow rate is sufficiently low that the dominance of gravity is superior to the effect of fluid drag. Furthermore, none of these methods explored the influence of the selected mesh size on cell deposition and the predictive capability of the models.
Static seeding seems to perform better than dynamic both computationally and experimentally. Nevertheless, the static approach presents irregular cell distribution inside the scaffold. Eventually cell proliferation could solve this issue although in case of larger scaffolds, cell proliferation may not cover all scaffold regions. Additional seeding points along with cell proliferation could help to achieve a more regular distribution of cells although cell proliferation may be time consuming. For the integration of TE processes into industry, cell seeding time should be reduced and optimised and cell transport properties should satisfy different scaffolds sizes. Dynamic seeding overcomes the poor transport properties of static methods. However, it lacks control over cell deposition on scaffold substrate. By controlling the driving factors on cell motion under fluid flow, these methods could be promising candidates to seed 3D scaffolds with high efficiencies and within reduced time intervals. New strategies should be developed to promote cell scaffold interception such as perfusion systems in combination with rotatory chambers [174] or scaffolds filled with collagen networks to increased surface area for cell trapping [176].
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[bookmark: _Toc440823309]Summary of main contributions
This thesis focuses on the study of in silico methods for the development of TE constructs for bone grafting. The present thesis shows the potential of computational simulations for the control of TE processes towards successful incorporation into the clinics. The main contribution of this study focuses on the characterization of RP scaffolds to understand how the geometry affects the initial fluid flow conditions and its impact on scaffold cell seeding. The mechanisms of cell transport during cell seeding are identified and a computational model is presented to explore and optimise in vitro scenarios for the enhancement of cell seeding efficiency of 3D porous scaffolds.
The study presented in Chapter 3 showed the importance of inspecting scaffolds with intended regular structures. RP manufacturing should further develop to deliver quality and reproducible TE scaffolds. Inconsistencies in the manufacturing process could lead to undesired porous microstructures and unexpected scaffold performance during tissue formation. More standard protocols should be incorporated in the chain of TE process to evaluate the scaffold geometry and biomechanical properties. An inspection protocol to analyse RP scaffolds in a more systematic manner was presented based on the recent advancement of imaging techniques and CFD simulations. The method provides morphological characterization of fabricated scaffolds and calculates the mechanical behaviour under fluid flow at the pore level. The variability on the local fluid flow can be explained by the limitations of the fabrication process thereby providing valuable feedback for manufacturers. Furthermore, the model can compare local fluid flow conditions among scaffolds, reporting the quality and the reproducibility of the fabricated samples. This method also serves to analyse scaffolds prior to in vitro or in vivo trials in order to identify any noise during tissue growth as a consequence of alterations in scaffold geometry. Moreover, this protocol has the potential to inspect a wide range of RP scaffolds. Scaffold variability in terms of WSS cannot be underestimated due to the lack of agreement in the literature regarding its effect on cell response. Furthermore, variations of local fluid velocities can influence scaffold cell seeding and therefore the initial conditions for tissue development. 
In Chapter 4, a µPIV strategy was developed for the first time for the calculation of velocity maps inside a 3D scaffold. The inclusion of the µCT-scaffold in the CFD model showed the potential of the computational model to predict the initial fluid flow conditions for cell seeding at the pore level. A discrete phase was added into the CFD model to represent cells in suspension and describe cell motion under dynamic seeding. On the other hand, labelled cells were infused in the experimental setup to observe and track cell path over time and space inside the scaffold pores. Experiments and numerical simulations agreed on the strong effect of fluid drag and gravity on cell transport. Cells follow fluid streamlines that reduce the probability of cell impaction on scaffold substrate and thereby cell adhesion. In case of low flow rates, gravity becomes more dominant leading to cell sedimentation. 
The model formulated in Chapter 4 was employed in Chapter 5 to explore realistic in vitro cell seeding configurations. Static and dynamic strategies were investigated providing hints for further improvement. The model predicts higher cell efficiency for the static approach over the dynamic seeding as found in the experiments. The model suggests that multiple injection regions could lead to better spatial distribution of cells in static seeding. On the other hand, the low efficiencies found in the dynamic seeding were explained from the computational results. Cells follow fluid motion closely and only secondary flows can transport cells towards scaffold substrate. However, under certain flow rates the gravity force can overcome fluid drag, detaching cells from the flow and driving cells towards the scaffold walls. The study shows that the selection of the flow rate is an important factor that determines the actual contribution of fluid inertia and gravity on cell deposition. The fact that cells pass by all scaffold pores does not imply cell-scaffold interception and these findings can help to design new configurations to promote cell deposition. For instance, perfusion systems in combination with rotatory chambers or scaffolds with more tortuous channels could enhance cell deposition on scaffold substrate. The presented in silico model is a powerful tool to enhance scaffold cell seeding efficiency in in vitro systems while reducing the number of expensive trials and cell waste. 
[bookmark: _Toc440823310]Limitations
In Chapter 3, a sensitivity analysis was carried out to evaluate whether the variability reported by the computational protocol was due to inaccuracies during scaffold fabrication or the inspection process. The WSS post-processing seems to be a major source of error. Extraction of WSS data from the CFD simulations involves manual handling so more accurate methods should be developed to improve this phase of the inspection process. In addition, the present study could incorporate results from in vitro experiments to relate cell response to scaffold variability. In this way, geometrical tolerances could be established to avoid unexpected cell behaviour. It is noteworthy that only five samples were analysed; the inspection of more samples could contribute to the statistical power of the study. Furthermore, inspecting other scaffold designs with the methodology proposed could help to assess the versatility of the protocol before defining it as a standard procedure to analyse RP scaffolds.
The extraction of experimental data in Chapter 4 was a challenging step in this thesis. Scaffolds could not be re-used as fluorescence particles and labelled cells stained the surface of sample. Only one CFD simulation could be compared to µPIV results using the same scaffold and in the case of cell tracking the results were compared with the multiphase CFD model using different scaffolds. Multiple analyses using the same scaffold both experimentally and computationally could establish the capability of the CFD model to predict the local fluid flow and cell motion. Furthermore, cell tracking experiments are limited due to the large DOC so stereoscopic systems able to track 3D displacements should be employed instead. Another important factor is the perturbations generated in the local fluid flow due to the position of the scaffold with regard to the channel walls. Different representations in the simulations could lead to different results in terms of fluid and cell velocities on the local fluid dynamics.
The study in Chapter 5 describes the mechanisms of cell scaffold deposition for in vitro cell seeding and the results appears in accordance with the experimental findings. However, cell adhesion and cell viability are not included in the model , thereby only maximum seeding efficiency can be reported. Furthermore, the interaction between cells such as intercellular collisions or the formation of clusters should be included in the simulations as it could affect cell deposition rates on scaffold substrate. Nevertheless, the main limitation in the computational simulations is the mesh density selected that overestimates cell deposition. An extended mesh independence test should be carried out to find the mesh density that converges for cell deposition rates. Moreover, the element type near scaffold walls should be investigated as it could modify the cell deposition behaviour.
[bookmark: _Toc440823311]Future prospects
In silico methods are rapidly evolving playing an important role in the development of the TE field. These methods have demonstrated their potential to describe and predict complex processes involved in the formation of new tissue with the aid of 3D porous scaffolds. The computational approach presented in this thesis is able to describe scaffold cell seeding under in vitro hydrodynamic conditions although the lack of biological aspects can influence its predictive capability. The previous limitations at the cell level such as cell adhesion, cell viability or cell-to-cell interactions are key variables that can affect cell seeding outcomes, and thereby the initial conditions for tissue formation. These limitations could be addressed by integrating the model within a multi-scale computational framework. Computational models at the cell scale could supply the present model with more realistic rules about cell behaviour during seeding. Furthermore, models at the cell level could integrate cell-type or material-microenvironment specific properties into the model being able to describe a wider range of scenarios and applications. On the other hand, a multi-scale approach could enhance the inspection protocol proposed in this thesis by computing cell phenotype using mechanoregulatory theories. This could help to better assess the quality of the fabrication process and its repercussion on tissue growth. More efforts should be made to develop computational models that integrate mechanical aspects with biochemical behaviours. Such sophisticated models, with greater explanatory power could help to gain a deep insight into TE processes avoiding long experimental trials and paving the way for the successful integration of scaffold-therapies in clinical scenarios. 
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[bookmark: _Ref440467723][bookmark: _Toc440474214]Figure A‑I WSS contour of the scaffold analysed five times. The pink lines are the intersections of a plane crossing the fibres within one layer with the scaffold surface, for all layers. Inside the yellow box, it can be observed that not all the lines cross the fibres where the WSS reaches peak values.



	[image: ]		[bookmark: _Toc440474215]Figure A‑II Cross sections from planes A and B (a) show the internal fibre distribution for the five reconstructed samples (b).
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materials produced by AM still presents a challenge due
to the delicate features. Features located close together

may be reproduced as a single feature without " -
separation, which alters the designed topology. In other
cases, reproduction of the model is precise, but removing
the excessive material without damaging the fragile
scaffold is difficult. Thus, the scaffold design process
must take all these details and manufacturability
limitations into consideration.

Not only do the materials used for scaffold - -
manufacturing need to be biocompatible, they also must
be suitable for the AM process, for instance for 3D

printing technology. This process involves transporting STL scaffold model generation

powder from the powder reservoir to the built platform,

usually with no application of pressure or further STL model optimization
densification. Hence, parameters such as flowability, for additive manufacturing
granulate porosity or powder packing ratio that are

related to powder printability are important and define o .

the final green density of the parts, in turn influencing
the final porosity of the implants [9]. Additionally, the
mechanical properties of the chosen system must be
similar to the original bone tissue and must be able to
stimulate rapid bone growth and tissue regeneration.

Over the last decade, the BAM - Federal Institute for

circle filter convolution was added to this stage.

Scaffold design optimization
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