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ABSTRACT 
 

Three dimensional porous scaffolds have gained increasing interest in tissue 

engineering due to their evident advantages in providing more accurately the 

actual microenvironment where cells reside in tissues. Furthermore, bioreactors 

have proved to be crucial tools to initiate, maintain and direct cell cultures and 

tissue development in a three-dimensional environment. Computational 

methods can be used to determine cell density and spatial distribution in the 3D 

scaffold.  

Cell seeding is a critical step in tissue engineering. A high number of cells evenly 

distributed in scaffolds after seeding are associated with a more functional tissue 

culture. Furthermore, high cell densities have shown the possibility to reduce 

culture time or increase the formation of tissue. Experimentally, it is difficult to 

predict the cell-seeding process. 

In this study, computational methods were used to evaluate the cell seeding 

process in a 3D scaffold. Computational simulations were conducted changing 

the parameters of the bioreactor in order to optimize them and use them 

subsequently in experiments. The cells are treated as spherical particles dragged 

by the fluid media. Inlet velocity of the media, inlet number of cells inserted, and 

time of culture were taken into account.  The optimum inlet velocity was found, 

and the distribution of the cells was depicted. The simulation’s results enable the 

design and implementation of the cell seeding process in our laboratory’s 

custom-made bioreactor experimentally. 
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ABSTRACT  IN  GREEK 
 

Τρισδιάστατα πορώδη ικριώματα έχουν κεντρίσει το ενδιαφέρον των 

επιστημόνων που ασχολούνται με την ιστομηχανική εξαιτίας των 

αποδεδειγμένων πλεονεκτημάτων που παρέχουν στην υλοποίηση του 

μικροπεριβάλλοντος που κατοικούν τα κύτταρα στους ιστούς. Σε αυτά τα 

τρισδιάστατα περιβάλλοντα, οι βιοαντιδραστήρες έχουν αποδειχθεί πολύ 

σημαντικά εργαλεία για την αρχική καλλιέργεια των κυττάρων και μετέπειτα 

ανάπτυξη ιστών. Υπολογιστικές μέθοδοι μπορούν να χρησιμοποιηθούν για να 

προσδιοριστούν η πυκνότητα και η χωρική κατανομή των κυττάρων μέσα σε 

ένα τρισδιάστατο ικρίωμα.  

Η εναπόθεση κυττάρων παίζει σημαντικό ρόλο στην ιστομηχανική. Μια 

λειτουργική καλλιέργεια ιστού σχετίζεται με την ομοιόμορφη αρχική κατανομή 

μεγάλου αριθμού κυττάρων στην κατασκευή. Ακόμα, οι μεγάλες κυτταρικές 

πυκνότητες έχουν μεγαλύτερη πιθανότητα να μειώσουν τον χρόνο καλλιέργειας 

ή να αυξήσουν τη δημιουργία ιστού. Πειραματικά είναι πολύ δύσκολο να 

προβλεφθούν οι κατάλληλες συνθήκες της διαδικασίας εναπόθεσης κυττάρων. 

Σε αυτή την εργασία, χρησιμοποιούνται υπολογιστικές μέθοδοι για την εκτίμηση 

της διαδικασίας της καλλιέργειας κυττάρων μέσα σε ένα τρισδιάστατο ικρίωμα. 

Αλλάζοντας τις παραμέτρους του βιοντιδραστήρα προσπαθήσαμε να 

βελτιστοποιήσουμε τη διαδικασία που θα χρησιμοποιηθεί αργότερα στα 

πειράματα που θα διεξαχθούν στο εργαστήριό μας. Τα κύτταρα 

αντιμετωπίστηκαν σαν στερεά σωματίδια που μετακινούνται μέσα στο μέσο 

καλλιέργειας. Λήφθηκαν υπόψιν οι παράγοντες της αρχικής ταχύτητας του 

υγρού, ο αρχικός αριθμός των κυττάρων που εναποτέθηκαν και ο χρόνος 

καλλιέργειας. Τα αποτελέσματα των προσομοιώσεων θα βοηθήσουν ουσιαστικά 

στον σχεδιασμό και την υλοποίηση των πειραμάτων που θα διεξαχθούν στον 

βιοντιδραστήρα που κατασκευάστηκε στο εργαστήριό μας. 
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ASTM Standard: American Society for Testing & Materials Standard 

CNTs: Carbon Nanotubes 

E: Modulus of Elasticity 

ECM: Extracellular matrix 

ESPN: Electrospinning device 

FORTH-ICEHT: Foundation for Research and Technology, Hellas- Institute of 

Chemical Engineering Sciences 

MSCs: Mesenchymal Stem Cells 
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TE: Tissue Engineering 
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1. INTRODUCTION   
 

The presence of the word engineering in ‘‘Tissue Engineering’’, the 

interdisciplinary field combining biomedical and engineering sciences in the 

search for replacements of diseased/non-functional organ (parts) by 

manufactured living implants that support functional tissue regeneration (1), has 

not yet fulfilled its true potential. Ever since the official introduction of the field 

in 1987, the research focus has been predominantly on the biology of the tissue 

construct and biomaterial development. Apart from the latter, the engineering 

input has remained limited to technical aspects such as bioreactor and biosensor 

development, and automation. Although these aspects are needed when bringing 

the biological processes from bench to bed side, they cover only a small part of 

what the engineering sciences have to offer the TE field.  

One key issue the TE field in general is struggling with is the lack of quantity and 

quality of the generated products (2) (3). Protocols and procedures followed in 

the lab are mainly established based on trial and error, requiring a huge amount 

of manual interventions and without clear early time-point quality criteria to 

guide the process. This also makes these processes very hard to scale up to 

industrial manufacturing levels as can be appreciated from the limited number of 

companies that have survived the first decade of TE. 

Overall, there is a lack of intelligent process design in the current TE field. Over 

the last few years, a number of leading labs (4) (5) (6) (7) (8) in the TE field have 

realized that the trial and error approach is not a good way to obtain products 

that can meet the quality standards of international regulatory bodies such as 

EMA or FDA. It was proposed to return to an approach inspired by nature’s own 

regenerative and developmental processes (4) (5) (6) (7) (8) called 

developmental engineering.  

Much the same as aspired in any manufacturing process, developmental 

processes are robust, multistage, observable, controllable, path-dependent and 

autonomous. A common engineering approach when designing any kind of 

manufacturing process, from the food over the chemical to the automotive 

industry, is to use in silico models of the product and/or the manufacturing 

process, based on physical, mechanical or (bio)chemical laws/equations and/or 

experimental data, in order to minimize the variability, increase the quality and 

optimize the overall process. In silico models can, amongst others, help to 

identify key regulating parameters of the manufacturing process and extrapolate 

early time point information to predict final product behavior. 
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2. TISSUE  ENGINEERING 
 

2.1 Bioreactors: Pragmatic Tools for Tissue Engineers  

 

“Bioreactors”, a term generally associated with classical industrial bioprocesses 

such as fermentation, was initially used in Tissue Engineering (TE) applications 

to describe little more than simple mixing of a Petri dish. Over the last two 

decades, the concept of a bioreactor has evolved not only in complexity, but also 

in the field of use. It is now clear that bioreactors represent not only powerful 

technical tools to support and direct the in vitro development of living, functional 

tissues, but also dynamic culture model systems to study fundamental 

mechanisms of cell function under physiologically relevant conditions. 

Of primary importance in the field of tissue engineering and regenerative 

medicine is the consideration that despite the impressive scientific progress 

achieved, the need for safe and clinically effective autologous tissue substitutes 

still remains unsatisfied. In order to successfully translate TE technologies from 

bench to bedside while competing with alternative therapeutic options, the 

clinical efficacy of a tissue-engineered product needs to be accompanied by a 

cost-effective manufacturing process and compliance to the evolving regulatory 

framework in terms of Quality Control (QC) and Good Manufacturing Practice 

(GMP) requirements. In this context, bioreactors as a means to generate and 

maintain a controlled culture environment and enable directed tissue growth 

could represent the key element for the development of automated, 

standardized, traceable, cost-effective, and safe manufacturing processes for 

engineered tissues for clinical applications. (9) 

In the past years, bioreactors have proved to be crucial tools to initiate, maintain 

and direct cell cultures and tissue development in a three-dimensional (3D), 

physico- chemically defined, tightly controlled, aseptic environment. Specifically, 

state-of-the-art devices may offer the possibility to (10) dynamically seed cells 

within 3D matrices, (11) overcome the constraints of a static culture 

environment and (12) physically stimulate the developing constructs. In this 

Section, we briefly describe these features, which are key for bioreactors 

commonly used for research purposes (Fig. 1) (10) (11) (12). 
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Figure 1- Schematic representation of the key functions of bioreactors used in 

research applications for tissue engineering, described in Sect. 2. (1) Cell seeding 

of three-dimensional matrices: bioreactors can maximize the cell utilization, 

control the cell distribution, and improve the reproducibility of the cell seeding 

process. (2) Maintenance of a controlled culture environment: bioreactors that 

monitor and control culture parameters can provide well -defined model systems 

to investigate fundamental aspects of cell function and can be used to enhance 

the reproducibility and overall quality of engineered tissues. (3) Physical 

conditioning of cell/scaffold constructs: bioreactors that apply physiological 

regimes of physical stimulation can improve the structural and functional 

properties of engineered tissues (T, temperature; pO 2, oxygen partial pressure; 

[], concentrations) (9) 

 

2.2 Cell Seeding on Three-Dimensional Matrices  

 

Traditionally, the delivery of a cell suspension within a three-dimensional 

scaffold is manually performed by means of pipettes and relying on gravity as a 

leading principle for cell settlement and subsequent adhesion to the scaffold 

pores. Such a seeding method, besides being scarcely reproducible due to 

marked intra- and interoperator variability, is inevitably characterized by poor 

efficiency and nonuniformity of the resulting cell distribution within the scaffold 

(13). The usual “static” seeding method may yield particularly inhomogeneous 

results when thick and/or low porosity scaffolds are used, since gravity may not 
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suffice for the cells to penetrate throughout the scaffold pores. Especially when 

dealing with human cell sources, optimizing the efficiency of seeding could be 

crucial in order to maximize the utilization of cells that can be obtained from the 

rather limited tissue biopsies. 

Hence a variety of “dynamic” cell-seeding techniques, relying on the use of 

bioreactors, have been recently developed with the aim to increase quality, 

reproducibility, efficiency, and uniformity of the seeding process as compared to 

conventional static methods. Spinner flasks (14), wavy-walled reactors (15), and 

rotating wall vessels (16) are only examples of the numerous devices found in 

the literature. However, the most promising approach, enabling efficient and 

uniform seeding of different cell types in scaffolds of various morphologies and 

porosities, proved to be “perfusion seeding,” consisting of direct—unidirectional 

or alternating—perfusion of a cell suspension through the pores of a 3D scaffold 

(13) (17) (18) (19) (20) (21) (22) (23) (24) (25) . Such an efficient method, 

relying on active driving forces rather than on gravity for the fluid to penetrate 

the scaffold pores, was revealed to be particularly suitable when seeding cells 

into thick scaffolds of low porosity (13). Interestingly, the principle of perfusion 

has been recently used in the field of heart valve tissue engineering also for in 

vitro transformation of porcine valves into human valves, enabling 

decellularization of valve grafts of xenogenic origin and subsequent re-

cellularization with human cells (40). 

When defining and optimizing seeding protocols (i.e., the selection of parameters 

such as cell concentration in the seeding suspension, medium flow rate, flow 

directions, and timing of the perfusion pattern), most of the studies found in the 

literature rely upon experimental, application-specific, trial and error 

investigations, rather than turning to the support of theoretical models. 

Definition of the cell seeding parameters based on computational models could 

allow for a more rational design of experiments, ultimately leading to more 

efficient optimization strategies. However, the inherent complexity of dynamic 

seeding systems represents a major challenge for modeling, because of high 

dependence on the specific cell type and scaffold implemented (i.e., complex pore 

architecture and related fluid-dynamics, kinetics of cell adhesion, molecular 

mechanics, biomaterial properties, etc.). A notable effort in this direction was 

described by Li and co-authors, who developed and validated a mathematical 

model allowing predictive evaluation of the maximum seeding density 

achievable within matrices of different porosities, in a system enabling filtration 

seeding at controlled flow rates (26) . 
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2.3 Maintenance of a Controlled Culture Environment  

 

The high degree of structure heterogeneity usually noticed in 3D-engineered 

constructs cultured in static conditions (i.e., presence of a necrotic central region, 

surrounded by a dense layer of viable cells) suggests that diffusional transport 

does not properly assure uniform and efficient mass transfer within the 

constructs (27). On the contrary, convective media flow around the construct 

and, even to a greater extent, direct medium perfusion through its pores, can aid 

in overcoming diffusional transport limitations (specifically via oxygen and 

metabolite supply and waste product removal). Bioreactors that perfuse culture 

medium directly through the pores of a scaffold have therefore been employed in 

the engineering of various tissues, demonstrating that perfusion enhances 

calcified matrix deposition by marrow-derived osteoblasts (18) (19) , viability, 

proliferative capacities and expression of cardiac-specific markers of 

cardiomyocytes (28), cell proliferation in engineered blood vessels (20) and 

extra-cellular matrix deposition, accumulation and uniform distribution by 

chondrocytes (23) . 

In this context, a deep understanding of the basic mechanisms underlying 

perfusion associated cell proliferation/differentiation and matrix production will 

be challenging to achieve, since the relative effects of perfusion-induced 

mechanical stresses acting on cells and enhanced mass transfer of chemical 

species, or a combination of the factors, cannot be easily discerned. As a result, 

similar to perfusion seeding parameters, optimization of perfusion culture 

conditions is commonly obtained by means of an experimental, trial-and-error 

approach. In future applications, both the design of new perfusion bioreactors 

and the optimization of their operating conditions will derive significant benefits 

from computational fluid dynamics (CFD) modeling aimed at estimating fluid 

velocity and shear profiles (29), as well as biochemical species concentrations 

within the pores of 3D scaffolds. A more comprehensive strategy that could help 

to elucidate and decouple the effects of mechanical stimuli and specific species 

should (10) combine theoretical and experimental approaches, i.e., validate 

simplified models with experimental data (30) and (11) make use of sensing and 

control technologies to monitor key parameters indicative of the culture 

progression.  

Here it is worth mentioning that bioreactors may represent crucial tools in the 

maintenance of globally well-balanced environmental conditions, together with 

the above cited local homeostasis (i.e., at the level of the engineered construct). 

Early bioreactors, developed for research purposes in the 1980s and 1990s, were 

in fact generally meant to be positioned inside cell culture incubators while in 
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use. In such configurations, monitoring and control of key environmental 

parameters for homeostatic maintenance of cell cultures (such as temperature, 

atmosphere composition, and relative humidity) were supplied by the incubators 

themselves. More recently, a spreading demand for automated, user-friendly, 

and operationally simple bioreactor systems for cell and tissue culture catalyzed 

research towards the development of stand-alone devices integrating the key 

function of traditional cell culture incubators, namely environmental control. 

Another noteworthy factor heavily hindering homeostatic control in cell-culture 

systems is the abrupt change in the concentration of metabolites/catabolites, 

signal molecules, as well as pH, when culture medium is exchanged in periodic 

batches. In traditional static culture procedures, the smoothening of these step-

shaped variations can be achieved by performing partial medium changes, 

however requiring additional repeated manpower involvement. Bioreactor 

technology offers a better solution by enabling either semi-continuous automatic 

replenishment of exhausted media at defined time-points or feedback-controlled 

addition of fresh media, aimed at re-establishing a homeostatic parameter to a 

pre-defined set point (e.g., pH) (21) (31). 

 

2.4 Physical Conditioning of Developing Tissues  

 

A number of in vivo and ex vivo studies over decades contributed to demonstrate 

that physical forces (i.e., hydrodynamic/hydrostatic, mechanical, and electrical) 

play a key role in the development of tissues and organs during embryogenesis, 

as well as their remodeling and growth in postnatal life. On the basis of these 

findings, and in an attempt to induce the development of biological constructs 

that resemble the structure and function of native tissues, tissue engineers have 

aimed to recreate in vitro a physical environment similar to the one experienced 

by tissues in vivo. For this purpose, numerous bioreactors have been developed, 

enabling controlled and reproducible dynamic conditioning of three-dimensional 

constructs for the generation of functional tissues. 

Bioreactors applying fluid-driven mechanical stimulation, for example, were 

employed to establish shear stress acting directly on cells (e.g., in the case of 

cartilage (30), bone (32), cardiac tissue (33) ), create a differential pressure (e.g., 

for blood vessels (34) and heart valves (35) ) or combine these two mechanisms 

(again with vessels (36) (37) and heart valves (38)). Furthermore, coherently 

with what was expected on the basis of in vivo findings, the development of 

tissues natively experiencing relevant mechanical cues was enhanced by means 

of bioreactors enabling mechanical conditioning, namely direct tension (e.g., 
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tendons, ligaments, skeletal muscle tissue (39)], cardiac tissue (40)), 

compression (e.g., cartilage (41)) and bending (e.g., bone (42) ). Similarly, 

interesting findings on the effect of electrical stimulation on the development of 

excitable tissues were derived by conditioning skeletal muscle (43) and cardiac 

constructs (44). Moreover, a promotion of neural gene expression by activation 

of calcium channels was observed as a result of the application of physiological 

electrical patterns to primary sensory neurons (45). 

Consistent with the tight correlation existing in nature between the structure 

and function of biological tissues (the spatial arrangement of load-bearing 

structures in long bones and the presence of tightly parallel arrays of fibers in 

skeletal muscles being just two examples of this principle), appropriate tissue 

structural arrangements have been induced in vitro via the dynamic conditioning 

of engineered tissues. 

Physical conditioning was shown to be an effective means to improve cell/tissue 

structural organization, mainly entering the mechanism of mutual influence that 

cells and extracellular proteins reciprocally exert via integrin binding (25) (46). 

As previously discussed with respect to flow-associated effects in perfusion 

bioreactors, it is imperative to underline that current scientific knowledge is far 

from allowing a deep understanding of the mechano-responsive dynamics lying 

behind cell function. As a consequence, the idea of precisely directing tissue 

development in vitro by means of specific physical cues still remains an immense 

challenge. 

Necessarily, a rational design of dynamic culture protocols, intended to actively 

modulate the growth of engineered tissues, will be conditional on gaining a more 

comprehensive insight into fundamental cell functions and tissue development 

mechanisms; bioreactors, representing 3D culture model systems recapitulating 

specific aspects of the actual in vivo milieu, can enable a step forward in this 

direction.   (9) 

 

2.5 Methodologies for processing scaffolds  

 

Various processing techniques have been and are being developed to fabricate 

scaffolds for bone tissue engineering application, such as solvent casting, 

particulate leaching, membrane lamination, fiber bonding, phase 

separation/inversion, high-pressure-based methods, melt-based technologies, 

and microwave baking and expansion. More recently, highly porous 3D scaffolds 

have been obtained using advanced textile technologies and rapid prototyping 
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technologies such as fused deposition modeling (FDM) and 3D printing. These 

engineering technologies are highly controllable and reproducible and facilitate 

the manufacture of well-defined 3D structures.  

Some polymer scaffold-processing methods particularly developed/optimized to 

be used with biodegradable polymers are presented. The described methods 

include melt-based technologies, solvent casting and particle leaching, freeze-

drying and microwave baking. 

2.5.1 Solvent casting and particle leaching   

 

The solvent casting and particle leaching method is probably the most well-

known process to date for producing scaffolds for tissue engineering. The solvent 

casting and particle leaching method consists of dispersing sieved water (or 

other “friendly” solvent) soluble particles, such as sugar, gelatin mineral, or 

sodium chloride in a polymer solution. This dispersion is then processed by 

casting in order to produce porous 3D supports. The porosity basically results 

from the selective dissolution of the particles from the polymer/salt composite, 

although phase separation of the polymer solution can also contribute to the 

formation of the porous structure. Therefore, the porosity and porous size can be 

controlled independently by varying the amount and size of the salt particles, 

respectively. The surface area depends on both initial salt-weight fraction and 

particle size. The main disadvantage presented by these techniques is the use of 

toxic solvents, which may leave residues in the final samples, as well as the 

typical low stiffness and strength of the developed scaffolds.  

2.5.2 Melt-based technologies- Injection Molding and Extrusion with 
blowing agents  

 

To our knowledge, melt-molding has not yet been used by other groups as a 

single technique to produce scaffolds for tissue engineering. It is normally used 

in combination for porogen techniques or to produce a pre-shape of the final 

material-for example, in high-pressure methods. Recently, melt-based 

technologies such as injection molding and extrusion, have been proposed as an 

adequate processing route to produce scaffolds by means of a single step. In 

these processes, the polymers are previously mixed with blowing agents (Bas), 

which are previously selected according to factors such as their decomposition 

temperatures or non-cytotoxicity. The porous structure of the samples obtained 

by extrusion or injection molding of the polymers combined with Bas results 

from the gases released by decomposition of the blowing agent during 

processing. Therefore, with these melt-based methods, it is difficult to have full 
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control over the pore size and the interconnectivity between the pores of the 

materials obtained by these methods. 

The injection molding process is a very reproducible technique, which allows the 

development of a 3D structure with highly complex designs, in great series. The 

extrusion process is very similar to injection molding, but the pressures involved 

in the former process are usually much lower, which often facilitates the 

expansion reaction and the achievement of higher porosities. However, the 

shapes of the samples that can be produced are much more restricted. 

2.5.3 Compression molding combined with particle leaching  

 Compression molding and particle leaching are also melt-based methodologies, 

but in this case, there is an additional processing step that consists of the 

selective dissolution of leachable particles, which are previously mixed with the 

polymer. The most important advantage of this method, regarding the previously 

described melt-based techniques, is that it makes possible to control the 

percentage of porosity and the pore size by simply selecting the appropriate 

amount and size of the leachable particles used.  

2.5.4 Freeze-drying 

Phase separation of polymer solution may actually be induced by several 

methods. The basic principle of the freeze-drying process relies on a thermally 

induced phase separation, which occurs when the temperature of a 

homogeneous polymer solution, previously poured into a mold, is decreased. 

Once the phase- separated system is stabilized, the solvent-rich phase is 

removed by vacuum sublimation, leaving behind the polymer foam. The foam 

morphology is controlled by any phase transition that occurs during the cooling 

step. 

2.5.5 Microwave baking  

The microwave baking methodology is an innovative and simply processing 

route to produce starch-based porous materials. One of the innovative features 

of this method, that can be very useful in the clinical arena, is that a thermally 

stable drug can be loaded during the processing, allowing for a homogeneous 

dispersion within the polymeric carrier and a controlled release that depends on 

the porosity of the systems as well as on their swelling and degradation 

behaviors. (47) 

2.5.6 Electrospinning 

Electrospinning, a broadly used technology for electrostatic fiber formation 

which utilizes electrical forces to produce polymer fibers with diameters ranging 

from 2 nm to several micrometers using polymer solutions of both natural and 

synthetic polymers has seen a tremendous increase in research and commercial 
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attention over the past decade. This process offers unique capabilities for 

producing novel natural nanofibers and fabrics with controllable pore structure. 

Since the beginning of this century, researchers all over the world have been re-

examining the electrospinning process. This process of electrospinning has 

gained much attention in the last decade not only due to its versatility in 

spinning a wide variety of polymeric fibers but also due to its ability to 

consistently produce fibers in the submicron range consistently that is otherwise 

difficult to achieve by using standard mechanical fiber-spinning technologies 

techniques. With smaller pores and higher surface area than regular fibers, 

electrospun fibers have been successfully applied in various fields, such as, 

nanocatalysis, tissue engineering scaffolds, protective clothing, filtration, 

biomedical, pharmaceutical, optical electronics, healthcare, biotechnology, 

defense and security, and environmental engineering. Overall, this is a relatively 

robust and simple technique to produce nanofibers from a wide variety of 

polymers. Spun nanofibers also offer several advantages such as, an extremely 

high surface-to-volume ratio, tunable porosity, malleability to conform to a wide 

variety of sizes and shapes and the ability to control the nanofiber composition 

to achieve the desired results from its properties and functionality. Because of 

these advantages, electrospun nanofibers have been widely investigated in the 

past several years for its use in various applications, such as filtration, optical 

and chemical sensors, electrode materials and biological scaffolds. This 

technique has been known for over 60 years in the textile industry for 

manufacturing non-woven fiber fabrics. In recent years, there has been an 

increasing interest in exploiting this technology to produce nanoscale fibers, 

especially for the fabrication of the nanofibrous scaffold from a variety of natural 

and synthetic polymers for tissue engineering. 

Electrospinning, a spinning technique, is a unique approach using electrostatic 

forces to produce fine fibers from polymer solutions or melts and the fibers thus 

produced have a thinner diameter (from nanometer to micrometer) and a larger 

surface area than those obtained from conventional spinning processes. 

Furthermore, a DC voltage in the range of several tens of kVs is necessary to 

generate the electrospinning. Various techniques such as electrostatic 

precipitators and pesticide sprayers work similarly to the electrospinning 

process and this process, mainly based on the principle that strong mutual 

electrical repulsive forces overcome weaker forces of surface tension in the 

charged polymer liquid. Currently, there are two standard electrospinning 

setups, vertical and horizontal. With the expansion of this technology, several 

research groups have developed more sophisticated systems that can fabricate 

more complex nanofibrous structures in a more controlled and efficient manner. 

Electrospinning is conducted at room temperature with atmosphere conditions. 

The typical set up of electrospinning apparatus is shown in Fig. 3-4 (a and b). 
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Basically, an electrospinning system consists of three major components: a high 

voltage power supply, a spinneret (e.g., a pipette tip) and a grounded collecting 

plate (usually a metal screen, plate, or rotating mandrel) and utilizes a high 

voltage source to inject charge of a certain polarity into a polymer solution or 

melt, which is then accelerated towards a collector of opposite polarity. Most of 

the polymers are dissolved in some solvents before electrospinning, and when it 

completely dissolves, forms polymer solution. The polymer fluid is then 

introduced into the capillary tube for electrospinning. However, some polymers 

may emit unpleasant or even harmful smells, so the processes should be 

conducted within chambers having a ventilation system. In the electrospinning 

process, a polymer solution held by its surface tension at the end of a capillary 

tube is subjected to an electric field and an electric charge is induced on the 

liquid surface due to this electric field. When the electric field applied reaches a 

critical value, the repulsive electrical forces overcome the surface tension forces. 

Eventually, a charged jet of the solution is ejected from the tip of the Taylor cone 

and an unstable and a rapid whipping of the jet occurs in the space between the 

capillary tip and collector which leads to evaporation of the solvent, leaving a 

polymer behind. The jet is only stable at the tip of the spinneret and after that 

instability starts. Thus, the electrospinning process offers a simplified technique 

for fiber formation. (48) 

 

2-2  Schematic diagram of set up of electrospinning apparatus (a) typical vertical set up 

and (b)horizontal set up of electrospinning apparatus (48) 

  



12 
 

3. BIOMATERIALS 

3.1 Poly-caprolactone 

Polycaprolactone (PCL) is a bioresorbable polymer with potential applications 

for bone and cartilage repair. PCL is a semicrystalline (56%) aliphatic 

thermoplastic having a melting point of 58–60°C and a glass transition 

temperature of approximately −60°. PCL is degraded by hydrolysis of its ester 

linkages in physiological conditions (such as in the human body) and has 

therefore received a great deal of attention for use as an implantable biomaterial. 

In particular, it is especially interesting for the preparation of long term 

implantable devices, owing to its degradation which is even slower than that of 

polylactide. 

PCL like other members of this family of polymers such as poly-lactide (PLA) and 

poly-lactide co-glycolide (PLG), undergoes auto-catalysed bulk hydrolysis. 

However, the semi-crystalline nature of the polymer extends its resorption time 

to over 2 years since the close packed macromolecular arrays retard fluid 

ingress. The rubbery characteristics of PCL results in high permeability which 

has been exploited for delivery of low molecular weight drugs such as steroids 

and vaccines. Copolymerisation of lactic acid and ε-caprolactone has been 

investigated to increase degradation rates and improve processability. (49) 

However, the number of applications for these copolymers has often been 

limited by poor mechanical properties. In the area of bone repair, PCL has been 

reinforced for use as intramedullary, fracture fixation pins and applied in tissue 

engineered constructs for craniofacial repair. The indentation resistance of 

micro-porous PCL was measured 1.2 MPa. (49) 

These included tailorable degradation kinetics and mechanical properties, ease 

of shaping and manufacture enabling appropriate pore sizes conducive to tissue 

ingrowth, and the controlled delivery of drugs contained within their matrix. 

Functional groups could also be added to make the polymer more hydrophilic, 

adhesive, or biocompatible which enabled favorable cell responses. (50) 

PCL has certain advantages relative to other polymers such as PLA (poly lactic 

acid). PCL is more stable in ambient condition, it is significantly less expensive 

and is readily available in large quantities. Much research is currently focused on 

the use of PCL biocomposites and co-polymers of PCL with both natural and 

synthetic polymers. PCL scaffolds have previously been created with a variety of 

solid free-form fabrication (SFF) techniques including used deposition modeling 

(FDM), photopoly-merization of a synthesized PCL macromer, shape deposition 

modeling, precision extruding deposition, low-temperature deposition and 

multi-nozzle free-form deposition. (51) 
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3.2 CNTs 

The carbon nanotubes (CNTs) supposed to be the candidate with most potential, 

due to their high mechanical properties (Young’s modulus 0.2-1 TPa, tensile 

strength 11-63 GPa) and fiberlike structure. [20] The properties and applications 

of carbon nanotubes (CNTs) and related materials have been very active 

research fields over the last decade. CNTs possess high flexibility, low mass 

density, and large aspect ratio (typically >1,000), whereas predicted and some 

experimental data indicate extremely high tensile modulus and strengths for 

these materials. (50) 

The excellent properties of CNTs are attributed to its unique structural features, 

which are well-ordered, hollow nanostructures consisting of carbon atoms 

bonded to each other via sp2 bonds that are stronger than sp and sp3 bonds. 

Individual single-walled carbon nanotubes (SWCNTs) can be metallic or 

semiconducting. The latter can transport electrons over long lengths without 

significant interruption which makes them more conductive than copper. It is 

indeed the combination of mechanical and electrical properties of individual 

nanotubes that makes them the ideal reinforcing agents in a number 

ofapplications. 

As-grown CNTs are normally mixtures of various chiralities, diameters, and 

lengths, not to mention the presence of impurities and other defects. 

Furthermore, CNT aggregation has been found to dramatically hamper the 

mechanical properties of fabricated nanocomposites. Finally, due to their small 

size, CNTs are normally curled and twisted, and therefore, individual CNTs 

embedded in a polymer only exhibit a fraction of their potential. Thus, the 

superb properties of CNTs cannot as yet be fully translated into finished 

products with high strength and stiffness. (50) 

Lots of researchers hold that functionalized CNTs (carboxylated or hydroxylated 

CNTs) are water soluble and could eventually be cleared from systemic blood 

circulation through the renal excretion route, which means that functionalized 

CNTs are safe in biomedical application such as scaffold. In addition, some 

reports also pointed out that the mechanical properties of some biodegradable 

materials were improved with the incorporation of carbon nanotubes. 

What’s more, plenty of researches have confirmed that CNTs could be used as 

excellent substrates for cellular growth. For example, substrates made from 

MWNT as well as SWNT have been used as the biocompatible platforms for 

neuronal growth and differentiation. Furthermore, MWNTs were also proved to 

be an osteoproductive material (i.e., a material that can elicit both intracellular 

and extracellular cell responses at the material surface) (50). 
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The addition of carbon nanotubes to PCL can enhance the conductivity, thermal, 

mechanical and gas barrier properties of PCL (50). Considering the high 

performance of CNTs in biological applications, in this study, we were to 

incorporate low-concentration MWNTs into PCL using a solution evaporation 

technique, with the hypothesis that such a composite scaffold may have 

improved mechanical and biological properties compared to pure PCL scaffold. 

The mechanical properties of pure PCL and MWNTs/PCL composite scaffolds 

were evaluated through tensile test and compression test. Increasing MWNT 

concentration in the PCL matrix significantly increased the tensile and 

compressive modulus of the composites scaffolds, which implies that MWNTs 

helped to enhance the rigidity of MWNTs/PCL composite scaffolds. For tensile 

strength, significant differences were detected between CNT-0.5, CNT-1.0, CNT-

2.0 and the control group (pure PCL). There is no significant difference in tensile 

modulus between the CNT-0.25 samples and pure PCL samples, which may be 

due to the low amount of MWNTs in the polymeric matrix. As for the 

compressive strength, the compressive modulus of CNT-0.25, CNT-0.5, CNT-1.0 

and CNT-2.0 increased by 31.3%, 37.2%, 38.8% and 54.5%, respectively when 

compared with pure PCL. The compressive modulus of human trabecular bone 

ranges from 1 to 5000 MPa and the compressive modulus values of MWNTs/PCL 

composite scaffolds reported in this study ranged from 340 to 400 MPa. These 

values fell within the lower range of values reported for human trabecular bone, 

which implies the feasibility of using MWNTs/PCL composite scaffolds for bone 

tissue engineering. (52) 

3.3 Assembly of 3D Electrospun scaffold  

In the study of Song J et al (53), 10 layers of an electrospun film-mesh were 

placed together to obtain a thick scaffold. The films were manufactured from PCL 

matrix reinforced with CNTs.  Stainless steel meshes were used as the receiver to 

replace the traditional plate, and patterned nanofiber meshes were obtained by 

adjusting and optimizing the parameters. Subsequently, PCL/DCM solution 

(18%, w/v) was screened as a special binder to construct 3D porous nanofiber 

scaffolds with macro and micro hierarchical pores (fig. 3). It was investigated the 

ability of these 3D scaffolds to facilitate bone regeneration and explored the 

feasibility of the construction of scaffold/cells complex in vitro. This would 

provide a new strategy to design and fabricate 3D functional nanofiber scaffolds 

for bone repair and regeneration.  
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Figure 3- (A) Schematic of this study, and (B)–(D) macro-morphologies of the 

single layer nanofiber mesh and the 3D porous nanofiber scaffold.  (53)  
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4. MODELLING 
 

4.1 Computational Modeling in Bioreactor Systems  

 

Perhaps due to a lack of true integration between the engineering and biological 

fields, computational modeling still remains underutilized in tissue engineering 

and basic biological research. However, in recent years, it has become more 

apparent that computational methods can not only be a powerful yet cost-

effective tool for the design and optimization of the bioreactor systems, but 

moreover, can be applied to gain a better understanding of fundamental aspects 

of cell responses in complex 3D environments. In this Section, we begin by 

describing computational models as they relate to rather classical engineering 

applications: to aid in the basic design and the optimization of bioreactors for 

tissue engineering applications. We then review and discuss innovative micro-

scale models, aimed at revealing the influence of the scaffold microstructure on 

transport phenomena. Finally, we give a critical overview of a well-needed 

emerging area of computational methods: macro-scale and micro-scale tissue 

growth models for understanding and predicting the effects of physicochemical 

culture parameters on cell responses and tissue development. 

 

4.2 Macro-Scale Computational Models for Bioreactor Design  

 

As with bioreactor systems developed previously in other fields of 

biotechnology, the fundamental design of a bioreactor for tissue engineering 

applications should be founded on a rational design process that is based in part 

on computational modeling. The use of computational methods to predict and 

understand the flow dependent processes in the bioreactor can not only improve 

the overall performance of the system but will likely reduce both the time and 

cost of development. 

Nevertheless, to date, only a handful of research groups have implemented 

modeling approaches for TE bioreactor design and optimization. Macro-scale 

computational models have been developed in recent years, which simulated the 

fluid-dynamics and mass transport environment at the level of the bioreactor 

system. CFD simulations, validated through imaging techniques such as particle 

image velocimetry (PIV), showed that flow in spinner flasks and wavy walled 

bioreactors was unsteady, periodic and fully turbulent, resulting in 

heterogeneous fluid-induced shear stress distributions over the outer surface of 
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the scaffolds (54) . Computational modeling of these systems helped to tune 

construct location and agitation rate in order to provide a more homogeneous 

shear stress distribution over the scaffolds (54). Similar approaches, based on 

macroscale models, have been carried out to evaluate the effect of the scaffold 

shape (spheroid versus cylinder) on the wall shear stress distributions within 

rotating-wall vessel bioreactors (55) and to simulate oxygen transport and 

velocity/shear profiles over the surfaces of constructs placed at various locations 

within a concentric cylinder bioreactor (56) . Computational modeling has also 

been used to optimize the geometry of a direct perfusion bioreactor to achieve a 

self-de-bubbling device in order to overcome the common problem of bubble 

accumulation (57). 

4.3 Micro-Scale Models for Scaffold Design and Bioreactor 
Optimization 

 

In an attempt to better characterize the local hydrodynamic environment seen 

by the cells (i.e., within the scaffold pores), micro-scale CFD models have been 

developed based on idealized scaffold structures with well-defined simple pore 

architectures. 

Raimondi et al. first developed a simplified two-dimensional (2D) micro-scale 

model of a mesh scaffold subject to direct perfusion (58). Simulations showed 

that the scaffold’s random fiber architecture generated highly variable shear 

stresses, indicating that a scaffold with a homogeneous distribution of pores 

would allow for more precise control over the shear. A 3D micro-scale model of a 

polymeric foam scaffold was later developed, which idealized the pore micro-

geometry as a honeycomb-like pattern (59), and served as a powerful tool for 

defining scaffold design criteria (60). Simulations showed that the foam’s pore 

sizes strongly influenced the predicted average shear stress, whereas the 

porosity strongly affected the statistical distribution of the shear stresses but not 

the average value. 

While these simplified models provided for the first time estimates of the shear 

stress acting on the surface of the internal walls of a 3D porous scaffold, the 

idealized scaffold structures are not realistic and may not fully capture the 

influence of the complex and tortuous microstructure of typical porous scaffolds. 

Recently, micro-scale CFD models have been developed, based on micro-

computed tomography (μCT) reconstructions of the 3D scaffolds, to predict local 

velocity and shear profiles throughout the actual pore microarchitecture of 

perfused scaffolds (29) (30). Interestingly, the globally averaged shear stresses 

that were predicted within a foam scaffold based on a μCT model (29) and a 

simplified model (60) were quite similar; however, the μCT-based model could 
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reveal a more variable shear distribution within individual pores and among 

different pores throughout the foam (Fig. 3 ). 

 

Figure 4- Fig. 3 Distribution of wall shear stresses, τ, within the pores of 3D 

scaffolds (average pore diameter of 100 μm, 77% porous) subjected to direct 

perfusion at rates of 0.5 cm 3 min −1 . ( a ) Simulations based on a simplified pore 

architecture ( left panel ) showed a relatively uniform distribution of shear stress 

with an average of 2.7 mPa (indicated by vertical dashed l ine ). ( b ) Simulations 

based on a μCT reconstruction of the actual porous microarchitecture ( left 

panel) showed an average shear stress (3.0 mPa) similar to that based on the 

simplified geometry, however, the μCT-based model revealed a more 

heterogeneous distribution of shear within the pores (29). 

From these studies we can speculate that for foams with highly interconnected 

pores perfused at low Reynolds numbers (low flow rates), the actual micro-

geometry does not significantly affect the average shear stress acting at scaffold 

walls. 

However, μCT-based models should not be replaced by simplified models when 

an accurate map of the flow fields and shear stresses may be necessary. For 

example, the μCT-based models were later extended not only to quantify the 
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hydrodynamic shear stress throughout a perfused porous scaffold, but also, to 

predict the oxygen profiles within a cell-seeded construct during the initial stage 

of bioreactor culture (61). Since low levels of oxygen were to be supplied to the 

inlet of the construct during culture (to replicate oxygen levels in native articular 

cartilage), an accurate map of local oxygen concentrations within the pores was 

required to predict whether cells in specific regions of the scaffold would suffer 

from anoxic oxygen levels. 

A significant limitation of the previously described micro-scale computational 

approaches, which were based on a defined cell population and/or fixed scaffold 

architecture, is that the models are generally relevant only at the initial stage of 

the culture. At later time points, CFD models would need to account for modified 

velocity profiles due to changes in the scaffold’s effective pore microstructure as 

cells proliferate/migrate and extracellular matrix is deposited. Moreover, models 

of mass transport would not only have to consider these altered flow profiles but 

may also need to consider changes in nutrient consumption and waste 

production due to cell proliferation and possible changes in cell metabolism due 

to cell differentiation. 

To be relevant throughout the culture time, computational models will need to 

correlate specific cell responses and tissue development with physicochemical 

parameters, as discussed in the following Section. 

4.4 Computational Models of Cell/Tissue Development  

 

Historically, the first tissue-growth models simulated macroscopically the 

culture system, mostly aiming at a correlation between experimental findings in 

terms of construct development and the predicted distribution of specific 

nutrients. In a series of pioneering studies, Galban and Locke (62) modeled cell 

growth kinetics within engineered 3D constructs, ultimately simulating the 

effects of spatial variations of cells and local nutrient and product concentrations 

on cell growth. The models highlighted the influence of external mass transfer 

limitations and internal diffusional limitations on the heterogeneous cell growth 

generally observed experimentally at the periphery of statically cultured 

constructs. 

Obradovic et al. soon after developed a partial differential equations model to 

rationalize the spatial glycosaminoglycan (GAG) distributions within engineered 

cartilage as a function of the local oxygen concentrations, which were governed 

by diffusional transport and cellular consumption (63). Despite the gross 

approximations of the model, predicted GAG distributions were in close 

agreement to experimentally derived data (64), supporting the authors’ 
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hypothesis of a dependence of GAG synthesis on oxygen in the studied bioreactor 

system. Similarly, Lewis et al. (65) developed a simple mathematical model to 

describe the interaction between the spatial and temporal development of 

oxygen and cell density profiles within engineered cartilage constructs. Despite 

neglecting the influence of the developing extracellular matrix, model 

predictions were in close agreement with experimental data (66) , and led to the 

conclusion that engineered constructs relying upon diffusional transport of 

oxygen would inevitably develop heterogeneously, with a proliferation-

dominated region at the periphery of the scaffold. 

While the aforementioned models helped to establish the existence of 

relationships between mass transport phenomena and tissue development, and 

fitted specific sets of existing experimental data, they have relatively limited 

predictive capabilities. Future models will certainly benefit not only by taking 

into consideration multiple nutrients and product species, but moreover, by 

considering additional phenomena which are likely to have a significant impact 

on tissue development, including cell migration and extra cellular matrix 

synthesis within the scaffold pores. 

To predict cell motility, cell–cell collisions, and cell proliferation, Lee et al. 

developed a preliminary 2D cell automata model and simulated cell movement 

based on random walks inhibited by cell–cell collision (67). To simulate cell 

migration within 3D constructs, the models of Galban and Locke (62) were 

further developed by Chung et al. by introducing a cell diffusion term to describe 

the effects of cell random walks (68). Although the simulations tended to fit 

previous experimental data (69) , cell motility based on the concept of diffusion 

may not be described as comprehensively as by cellular automata models, such 

as the one recently applied to 3D-engineered constructs by Cheng et al., taking 

into account random walks, cell division, and contact inhibition. 

Galbusera et al. took cellular automata models one step further, going beyond the 

conventional static culture systems with diffusive mass transport simulated by 

Chung and Cheng, and presented a computational model which accounted both 

for cell population dynamics and for the hydrodynamic microenvironment 

imposed by a perfusion bioreactor (i.e., velocity field and oxygen transport) . The 

model simulated cell proliferation, migration and oxygen consumption within a 

perfused porous scaffold of simplified geometry previously described by 

Boschetti et al. (60). 

Although the results of this work were not correlated to experimental data, the 

models showed the correspondence between cell location and local oxygen 

depletion and the contribution of convective transport in reducing the decreased 

oxygen concentrations. A key component which still remains absent in these 
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models is the influence of the developing extracellular matrix, influencing the 

cellular microenvironment not only physically (e.g., altered velocity profiles and 

mass transport) but biologically as well (e.g., cell-matrix mediated responses to 

biochemical and physical factors). 

Development of models which accurately simulate the development of an 

engineered tissue, based on the regulation of cell proliferation and 

differentiation by both biochemical factors and mechanical stimuli, remains a 

monumental challenge still to be addressed. However, mechano-regulation 

models of tissue differentiation have previously been developed to model and 

predict patterns of fracture healing (70), and for the repair of osteochondral 

defects (71). In particular, a mechano-regulation model for tissue differentiation 

was recently used to determine the optimal mechanical properties of a construct 

to properly recruit, proliferate and differentiate mesenchymal progenitor cells 

from the bone marrow within osteochondral defects, in order to induce orderly 

formation of hyaline and bone tissues rather than of fibrous tissue (72). 

Prendergast recently continued to further develop this later model by combining 

a random walk algorithm to account for cell proliferation and migration, with the 

mechano-regulation model for tissue differentiation (73)(Fig. 4). While the 

developed models include several and sometimes arbitrary assumptions, these 

studies are a key milestone in the field, since they represent serious engineering 

efforts to develop quantitative principles of design for engineered constructs, 

which should direct the setting up of hypothesis-driven experimental studies and 

controlled in vitro model systems. (9) 
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Figure 5- Computational model of temporal tissue differentiation and bone 

regeneration in a 3D printed scaffold during fracture healing. The model 

accounted for cell proliferation and migration based on a three -dimensional 

random-walk approach and for tissue differentiation based on a mechano-

regulation algorithm both in terms of the prevailing biophysical stimulus and 

number of precursor cells. Simulations were a function of the scaffold porosity, 

Young’s modulus, and dissolution rate, under both low and high load ing 

conditions. Figure adapted from (74). 

  



23 
 

5. SIMULATION OF THE BIOREACTOR  
 

  5.1 Fluid Mechanics  

 

In this chapter it is briefly described the mathematical models of fluid mechanics 

used in the computational calculations to determine the fluid behaviour across 

the bioreactor. 

 

5.1.1 Laminar Flow 

 

The type of flow occurring in a fluid in a channel is important in fluid-dynamics 

problems. The dimensionless Reynolds number is an important parameter in the 

equations that describe whether fully developed flow conditions lead to laminar 

or turbulent flow. The Reynolds number is the ratio of the inertial force to the 

shearing force of the fluid: how fast the fluid is moving relative to how viscous it 

is, irrespective of the scale of the fluid system. Laminar flow generally occurs 

when the fluid is moving slowly, or the fluid is very viscous. As the Reynolds 

number increases, such as by increasing the flow rate of the fluid, the flow will 

transition from laminar to turbulent flow at a specific range of Reynolds 

numbers, the laminar–turbulent transition range depending on small 

disturbance levels in the fluid or imperfections in the flow system. If the 

Reynolds number is very small, much less than 1, then the fluid will exhibit 

Stokes, or creeping, flow, where the viscous forces of the fluid dominate the 

inertial forces. 

 (1) 

Where DH is the hydraulic diameter of the pipe (m), u is the mean speed of the 

fluid (m/s), μ is the dynamic viscosity of the fluid (Pa·s), and ρ is the density of 

the fluid (kg/m3). For such systems, laminar flow occurs when the Reynolds 

number is below a critical value of approximately 2000. In our system, as inlet 

velocity is not greater than 6mm/s, laminar flow occurs. 

5.1.2 Navier-Stokes equation 

The Navier-Stokes equations are differential equations that describe the flow of 

Newtonian fluids. These equations are partial derivatives for determining the 

velocity field and pressure in a flow. They were called after Claude-Louis Navier and 



24 
 

George Gabriel Stokes, who developed a set of equations that describe the motion of 

fluid substances such as liquids and gases.  

The Navier-Stokes equation follows: 

 (2) 

Also, the continuity equation was used:  

              (3) 

 

These equations are solved for incompressible laminar flow through the tube of 

the bioreactor. 

 

5.2 Simulation Methods 

 

In this chapter will be described and illustrated the methods used in this work 

since the design of the perfusion bioreactor and the scaffold as also the 

simulation parameters. The design of the bioreactor is at most importance to 

have the proper control of the entire cell culture due to the necessity of having 

several variables to be controlled such as stimulus, fluid velocity, fluid flow, 

direction of the flow, temperature and scaffold position among several others. In 

order to better understand the bioreactor’s behaviour and also to obtain valid 

results, there are certain conditions to be fulfilled, such as: the simulation 

parameters and the type of fluid. 

 

5.2.1 Geometry 

 

Static cell cultures on PCL scaffolds were preliminarily took place in our 

laboratory. The research of cell culture under shear stress of fluid flow 

conditions is considered of high importance. Therefore, experiments on a 

bioreactor were conducted. The design of the scaffolds was based on the 

geometry of Song J et al (67). PCL scaffolds were manufactured at the 

electrospinning apparatus of our laboratory. The polymeric alloy consists of 0.2 

g/ml acetic acid, 0.5 mg/100g CNTs and the layers were glued together with 18% 

w/v PCL/DCM. A metallic grid was attached to the target area and connected to 

current so to be used as cathode. Then, the formed mesh was detached from the 
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metallic grid, coping its form. Finally, the manufactured grid was cut into 1x1 cm 

layers and glued together making a 10-layer PCL-CNT scaffold, about 0.3 mm thick.  

The scaffold’s geometry for the simulations was designed in Solidworks 2016 by 

Dassault Systems. The idea was to create a scaffold like this in figure 3. The scaffold, 

which was designed, has 5 layers instead of 10 to make simulations faster. The final 

design of the 3D scaffold is pictured in the below figure 6.  

 

Figure 6- 3D Scaffold 1x1cm.  

At first, one layer was designed and then 5 layers were created as a pattern. 

Following the experimental procedure, the scaffold was cut in order to be 

inserted to the bioreactor’s tube. The bioreactor’s tube has a 6mm diameter, so 

the final scaffold that was used for simulations depicted below. 
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Figure 7- Final 3D scaffold. 

A μCT scanner could be used to obtain the exact geometric characteristics of the 

3D scaffold. Our first approach was to design the 3D scaffold, using Solidworks, 

to simplify and make faster the simulations. As future work, and if the accuracy 

of the geometry is needed to be more accurate, a μCT scanner can be used, as a 

more realistic method to create geometry and mesh in the CFD simulations. In 

this procedure time and accuracy of the simulations should be evaluated 

according to the accuracy of the geometric characteristics.  
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5.2.2 CFD Simulations 

 

The CFD simulations were performed with the COMSOL Multiphysics 5.2a 

modelling software. To accomplish a full study of the fluid behaviour within this 

bioreactor there were performed several simulations taking into account the 

conditions of the medium and other parameters described ahead. The parameters 

considered, was inlet velocity, inlet particle number and time. 

Table 1- Bioreactor’s Parameters  

Inlet Velocity (mm/s) Inlet Number of Particles Time (min) 

1 50000 30 
3 100000 120 
6 250000  

 

The cell culture medium (based on a-MEM), at 37οC (with a viscosity μ of 10- 3 

Pa*s and density ρ of 1000 kg/m3), was treated as a continuous medium solved 

by the Navier-Stokes equation (Eq. 2) and the continuity equation (Eq. 3). The 

fluid was the main phase that carries and drives the motion of the dispersed 

phase representing the cells. For this phase, inert spherical particles with 

diameter dc of 10 μm, density of 103 kg/m3 were used to mimic the cells.  

The simulations were conducted following two steps. At first, the velocity and 

pressure profiles were acquired by solving a laminar flow in the tube. Finally, the 

module of Particle Tracing for Fluid Flow was used to find the particle 

trajectories on the 3D scaffold. The procedure of simulating cell seeding in the 3D 

scaffold in the bioreactor, using COMSOL, has the following steps. 

• Import the geometry designed in Solidworks. 

• Design the bounding cylinder. 

• Select Laminar Flow and Stationary Study. 

• Insert the appropriate parameters for fluid properties, inlet velocity, zero 

outlet pressure, non-slip conditions for the tubes walls and the scaffold’s 

walls.  

• Create mesh (Triangular for the scaffold walls and Tetrahedral for the 

remaining tube). 

• Run the stationary simulation. 

• Insert a time dependent Particle Tracing for Fluid Flow. 
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• Insert the appropriate parameters for particle properties, inlet number of 

particles, drag force, freezing particles’ condition for the scaffold’s walls and 

the outlet.  

• Run time dependent simulation. 

 

Figure 8- COMSOL GUI CFD Simulations 
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6. RESULTS  &  DISCUSSION 
 
In this chapter, the simulations’ results are going to be presented. At first, some 

preliminary results for a 1-layer scaffold will be presented. Then, all the results for 

the final 5-layer 3D scaffold will be depicted, changing all the parameters. 

6.1 1-layer 3D scaffold 

 

Initially, one layer of the 3D scaffold was simulated in order to understand the 

procedure. The velocity and pressure profiles will be presented. Also, vorticity 

magnitude and shear rate will be depicted for the most critical regions. Finally, the 

particles attached on the scaffold’s walls will be shown. The parameters that were 

used for this simulation are 1mm/s inlet velocity, 50000 inlet number of particles, 

30 minutes. 

 

 

Figure 9- Slices of Velocity profile.  

 

Figure 10- Pressure profile in xz plane. 



30 
 

 

 

Figure 11- Vorticity magnitude yz plane, at x=4mm coordinate.  

 

Figure 12- Shear rate yz plane, at x=4mm coordinate.  

 

The velocity profile demonstrates that the software identifies the scaffold as a 

wall. Also, the velocity is increasing in the center of the tube. As it is shown 

above, the critical regions creating vortices are the edges of the scaffold. 
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Figure 13- Cells’ distribution on the 3D scaffold xz plane.  

 

 

Figure 14- Cells’ distribution on the 3D scaffold xz plane.  

The software can calculate the total number of particles on the scaffold during all 

the time steps of simulation. After 30 minutes 600 particles were distributed on 

the layer of the scaffold. 
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6.2 5-Layer 3D scaffold 

  

6.2.1 Inlet velocity 1mm/s 

 

The 5-layer 3D scaffold was used from now on for simulations. At first, the inlet 

velocity was set at 1mm/s. The velocity and pressure profiles, vorticity 

magnitude and shear rate are depicted. 

 

 

Figure 15- Slices of velocity profile and arrow streamlines.  
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Figure 16- Pressure profile 

 

 

Figure 17- Shear rate at yz plane, at x=4mm. 
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Figure 18- Vorticity magnitude at yz plane, at x=4.2mm. 

 

The velocity is almost twice the inlet velocity near the walls and the scaffold. 

These interior walls representing the scaffold increase the vorticity magnitude, 

as it is showed above. 

 

6.2.1.1 50000 Inlet Number of Particles  

 

Now, the cells’ distribution will be depicted as the inlet number of particles 

changes. At first, 50000 particles were injected.  
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Figure 19- Cells’ distribution on the 3D scaffold xz plane. 

 

Figure 20- Cells’ distribution on the 3D scaffold yz plane.  

 

 

Figure 21- Cells’ distribution on the different layers of the 3D scaffold.  
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After 30 minutes 516 particles were distributed on the layers of the scaffold. The 

distribution on the layers is much sparser at the width dimension, as expected. In 

fact, 236 particles on the first and 50 on the last one. 

 

 

6.2.1.2 100000 Inlet Number of  Particles  

 

Figure 22- Cells’ distribution on the 3D scaffold xz plane.  

 

 

Figure 23- Cells’ distribution on the 3D scaffold yz plane.  
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Figure 24- Cells’ distribution on the different layers of the 3D scaffold.  

 

The number of particles attached on the scaffold’s walls are greater as the inlet is 

increased. The same behavior is proved for the distribution on the width 

dimension.  

 

6.2.1.3 250000 Inlet Number of Particles  

 

 

 

Figure 25- Cells’ distribution on the 3D scaffold xz plane.  
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Figure 26- Cells’ distribution on the 3D scaffold yz plane.  

 

 

Figure 27- Cells’ distribution on the different layers of the 3D scaffold.  

 

 

The number of particles attached on the scaffold’s walls are greater as the inlet is 

increased. The same behavior is proved for the distribution on the width 

dimension.  
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Figure 28- Cells’ distribution vs inlet number of particles.  

The previous diagram shows the increase in number of cells as the inlet number 

of particles is increasing. 

 

6.2.2 Inlet velocity 3mm/s 

 

The inlet velocity was set at 3mm/s. The velocity and pressure profiles, vorticity 

magnitude and shear rate are depicted.  

 

 

Figure 29- Slices of velocity profile and arrow streamlines.  
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Figure 30- Pressure profile 

 

 

Figure 31- Shear rate at yz plane, at x=4.2 mm. 
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Figure 32- Vorticity magnitude at yz plane, at x=4mm. 

 

Figure 33- Vorticity magnitude at yz plane, at x=4.2mm. 

 

The velocity is almost twice the inlet velocity near the walls and the scaffold. The 

interior walls representing the scaffold increase the vorticity magnitude, as it is 

showed above. Especially at the edges, it is obvious that the vorticity magnitude 

is really increased. 
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6.2.2.1 50000 Inlet Number of  Particles  

 

 

Figure 34- Cells’ distribution on the 3D scaffold xz plane.  

 

Figure 35- Cells’ distribution on the 3D scaffold yz plane.  
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Figure 36- Cells’ distribution on the different layers of the 3D scaffold.  

 

After 30 minutes 749 particles were distributed on the layers of the scaffold. The 

distribution on the layers is much sparser at the width dimension, as expected. In 

fact, 271 particles on the first and 130 on the last one. 

 

6.2.2.2 100000 Inlet Number of Particles  

 

 

Figure 37- Cells’ distribution on the 3D scaffold xz plane.  

0

50

100

150

200

250

300

0 1 2 3 4 5 6

P
ar

ti
cl

es

Layers

Cell's distribution- 3mm/s- 50000 Particles



44 
 

 

Figure 38- Cells’ distribution on the 3D scaffold yz plane.  

 

 

Figure 39- Cells’ distribution on the different layers of the 3D scaffold.  

 

The number of particles attached on the scaffold’s walls are greater as the inlet is 

increased. The same behavior is proved for the distribution on the width 

dimension.  
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6.2.2.3 250000 Inlet Number of Particles  

 

 

Figure 40- Cells’ distribution on the 3D scaffold xz plane.  

 

 

Figure 41- Cells’ distribution on the 3D scaffold yz plane.  
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Figure 42- Cells’ distribution on the different layers of the 3D scaffold.  

 

The number of particles attached on the scaffold’s walls are greater as the inlet is 

increased. The same behavior is proved for the distribution on the width 

dimension. 

 

 

Figure 43- Cells’ distribution vs inlet number of particles.  

 

The previous diagram shows the increase in number of cells as the inlet number 

of particles is increasing. In this case, the distribution is poor on the third and 

fourth layer, probably because of the vorticity created in that area. 
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6.2.3 Inlet velocity 6mm/s 

 

The inlet velocity was set at 1mm/s. The velocity and pressure profiles, vorticity 

magnitude and shear rate are demonstrated. 

 

 

Figure 44- Slices of velocity profile and arrow streamlines.  
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Figure 45- Pressure profile 

 

 

Figure 46- Vorticity magnitude at yz plane, at x=4.2mm. 
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Figure 47- Vorticity magnitude at yz plane, at x=4mm. 

 

 

Figure 48- Shear rate at yz plane, at x=4 mm. 
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Figure 49- Shear rate at yz plane, at x=4.2 mm. 

 

The velocity is almost twice the inlet velocity near the walls and the scaffold. The 

interior walls representing the scaffold increase the vorticity magnitude, as it is 

showed above. Especially at the edges, it is obvious that the vorticity magnitude 

is increased, as the inlet velocity is increasing, creating shear stresses at the area. 
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6.2.3.1 50000 Inlet Number of Particles  

 

 

Figure 50- Cells’ distribution on the 3D scaffold xz plane.  

 

 

Figure 51- Cells’ distribution on the 3D scaffold yz plane.  
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Figure 52- Cells’ distribution on the different layers of the 3D scaffold.  

 

After 30 minutes 824 particles were distributed on the layers of the scaffold. The 

distribution on the layers is much sparser at the width dimension, as expected. In 

fact, 298 particles on the first and 170 on the last one. 

 

 

6.2.3.2 100000 Inlet Number of Particles  

 

 

Figure 53- Cells’ distribution on the 3D scaffold xz plane.  
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Figure 54- Cells’ distribution on the 3D scaffold yz plane.  

 

 

Figure 55- Cells’ distribution on the different layers of the 3D scaffold.  

 

After 30 minutes 1647 particles were distributed on the layers of the scaffold. 

The distribution on the layers is much sparser at the width dimension, as 

expected. The same behavior is shown for the distribution on the width 

dimension, as the other cases presented above.  
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6.2.3.3 250000 Inlet Number of Particles  

 

 

Figure 56- Cells’ distribution on the 3D scaffold xz plane  

 

 

Figure 57- Cells’ distribution on the 3D scaffold yz plane  
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Figure 58- Cells’ distribution on the different layers of the 3D scaffold. 

 

After 30 minutes 3978 particles were distributed on the layers of the scaffold. 

The distribution on the layers is much sparser at the width dimension, as 

expected. The same behavior is shown for the distribution on the width 

dimension, as the other cases presented above. 

 

 

Figure 59- Cells’ distribution vs inlet number of particles.  

 

The previous diagram shows the increase in number of cells as the inlet number 

of particles is increasing. It is obvious that the cells’ attachment is highly 

dependent on the inlet number of particles.  
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6.2.4 Comparison Results  

 

In this section, the comparison diagrams are presented. The three diagrams 

demonstrate the change in the distribution on the width dimension versus the 

inlet velocity, as the inlet number of particles is constant. 

 

Figure 60- Cells' distribution vs Inlet velocity- 50000 

 

 

Figure 61- Cells' distribution vs Inlet Velocity- 100000 
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Figure 62- Cells' distribution vs Inlet Velocity- 250000 

 

The above diagrams indicate that the distribution of the cells is better as the inlet 

velocity is increased. The inlet velocity of 6 mm/s has shown the greater 

increase, in comparison with the other two velocities. 

 

 

  

 

Figure 63- Total Number of Particles vs Inlet Velocity  
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This differentiation of the 6 mm/s inlet velocity is better depicted in the above 

diagram. Also, the increase of the cells’ attachment, as the velocity is increased, is 

obvious. 

 

 

Figure 64- Particles attachment vs Time 

 

Time of cell seeding is another parameter, which was analyzed. As it is presented 

above, time did not indicate any differentiation on the cells’ attachment in a 2-

hour simulation. After 30 minutes, the cells’ distribution is done. 

 

 

  

0

200

400

600

800

1000

0 20 40 60 80 100 120 140

P
ar

ti
cl

es

Time (min)

Particles attachment vs Time

1 mm/s 3 mm/s 6 mm/s



59 
 

 

7. CONCLUSIONS  &  FUTURE  WORK   
 

7.1 Conclusions 
 

This research work is a part of the research project run by our laboratory. These 

simulations intend to improve the experiments occurred in our laboratory’s 

custom-made bioreactor. The inlet velocity’s parameters, which were used, were 

limited by our current resources.  

The three different inlet velocities indicate that the 6 mm/s was the appropriate 

inlet velocity to use in the experiments. This velocity proved to be the optimum 

in order to distribute better the cells on the scaffolds. This distribution was not 

uniform inside the scaffold. It can be observed how cells are dispersed within the 

medium in the tube and that the cell distribution in the tube varies with the 

different velocities and the inlet number of particles. 

Time of cell seeding is another parameter, which was analyzed. As it is presented 

above, time did not indicate any differentiation on the cells’ attachment in a 2-

hour simulation. Cells attach quickly in the initial part of the simulation. 

Moreover, the total number of particles attached on the scaffold is very low in 

correspondence with the inlet number. Only 3% to 5% of the inserted particles 

are attached on the scaffold. Experimentally, a solution to this problem could be 

a static preseeding of the scaffold before the insertion in the bioreactor. 

The main limitations of this method are related to the biomaterial–surface effect. 

Cells were assumed to attach as soon as they hit the scaffold wall. In reality, the 

cell– biomaterial interactions are more complex and depend to a large extent on 

the biochemical and biophysical properties of the scaffold surface-like 

hydrophobicity, potential charge, chemical composition, material stiffness, or 

material functionalization. However, we have shown that with this first 

approach, the main patterns of cell adhesion could be predicted; therefore, the 

bioreactor fluid conditions might be the main factor driving cell adhesion once 

the biomaterial is biocompatible to the type of cells used. Further work could 

include such interactions by customizing the adhesion properties of the particles 

by allowing bouncing of the particles depending on the energy, angle of 

incidence, or velocity of the particle when it hits the scaffold wall. 

Finally, all these simulation results have to be validated experimentally. 

Preliminary experiments have conducted in our laboratory and indicate a great 

increase in the seeding process in the bioreactor versus the static cell culture, as 

shown below. 
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Figure 65- MTT assay results (Static and bioreactor cultures; control group: TCP)  

 

 

7.2 Future work 
 

• Experimental validation of the simulation results. 

• Use of a μCT Scanner to ensure more precise geometric characteristics of 

the manufactured scaffold. 

• Achieve a preseeding procedure in the simulations. 

• Analyse more parameters of the cell seeding to reduce time and cost of 

the experiments.  

• Cell– biomaterial interactions simulated. 
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