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Abstract To get an optimal product of orthopaedic implant or regenerative medicine needs to follow trial-
and-error analyses to investigate suitable product’s material, structure, mechanical properites etc. The whole
process from in vivo tests to clinical trials is expensive and time-consuming. Computational model is seen as
a useful analysis tool to make the product development. A series of models for simulating tissue engineering
process from cell attachment to tissue regeneration are reviewed. The challenging is that models for simulating
tissue engineering processes are developed separately. From cell to tissue regeneration, it would go through
blood injection after moving out the defect; to cell disperse and attach on the scaffold; to proliferation, migration
and differentiation; and to the final part—becoming mature tissues. This paper reviewed models that related
to tissue engineering process, aiming to provide an opportunity for researchers to develop a mature model for
whole tissue engineering process. This article focuses on the model analysis methods of cell adhesion, nutrient
transport and cell proliferation, differentiation and migration in tissue engineering. In cell adhesion model, one

of the most accurate method is to use discrete phase model to govern cell movement and use Stanton-Rutland
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model for simulating cell attachment. As for nutrient transport model, numerical model coupling with volume

of fluid model and species transport model together is suitable for predicting nutrient transport process. For cell

proliferation, differentiation and migration, finite element method with random-walk algorithm is one the most

advanced way to simulate these processes. Most of the model analysis methods require further experiments to

verify the accuracy and effectiveness. Due to the lack of technology to detect the rate of nutrient diffusion, there

are especially few researches on model analysis methods in the area of blood coagulation. Therefore, there is still a

lot of work to be done in the research of the whole process model method of tissue engineering, In the future, the

numerical model would be seen as an optimal way to investigate tissue engineering products bioperformance

and also enable to optimize the parameters and material types of the tissue engineering products.

STEOARTHRITIS is a long-term chronic

disease which results in creating stiff-

ness, pain, and impaired movement. Joint

replacements are major surgical proce-
dures, which are only undertaken where there is no
alternative. Patients with osteoarthritis often suffer
pain, loss of mobility and the loss of cartilage and bone
at the joint, which significantly reduces their quality
of life. As a major category in regenerative medicine,
tissue engineering provides a new approach with broad
application prospects for clinical repair and reconstruc-
tion of injured tissues.

Tissue engineering have emerged as an alterna-
tive treatment for osteoarthritis and have shown prom-
ise in the repair of damaged bone and cartilage. Kang
et al.™M utilized a multi-layered scaffold to provide a
suitable chondrogenic and osteogenic environment for
cartilage and bone regeneration respectively. In osteo-
chondral tissue engineering field, a unique composition
scaffold with multiple layers is needed with specific
biological and mechanical properties.’?’ Osteochondral
scaffolds have been used in the past few decades for
cartilage and bone regeneration.”! These scaffolds
are thought to maintain the biological and mechanical
properties of the interfaces between cartilage, sub-
chondral bone plate and trabecular bone after regener-
ation.”* ¥ The scaffolds need to be integrated with the
surrounding host tissues and to maintain cell viability
and proliferation during implantation, and enable cell
differentiation and migration post-implantation.” The
difficulty for trabecular bone regeneration remains a
major obstacle for osteochondral scaffolds. To ensure
a high-quality of hyaline cartilage regeneration, the
osteochondral scaffold should not only have a similar
structure to the trabecular bone with optimal strength
and fatigue performance, but also the ability to bond
to the soft materials which are used for cartilage re-
generation. The scaffold should be a highly porous

structure and not elicit immunological or foreign body
reactions in patients.!”

Tissue engineering products for repairing dam-
aged bone and cartilage require large investments for
in vitro tests, in vivo tests and four phases of clinical
trials before they enter the market. Although the clin-
ical trials could not be substituted, as medical author-
ities need to scrutinize the risk, safety and efficacy
of the product, much of the in vitro and in vivo tests
could be reduced and substituted with numerical mod-
els. Based on limited experimental studies, numerical
models have been developed by researchers to help
understand the tissue engineering process and find op-
timal tissue engineering products.

One of the main purpose for numerical models
is to find optimal design of various structural param-
eters such as pore size, porosity, and permeability.
The above-mentioned multiple parameters affect the
cell-scaffold interaction effect and thus the efficiency
of bone regeneration. Therefore, it is very important to
further analyze the influence of the various parameters
of the scaffold on the bioperformance response. Sim-
ulation models for tissue engineering process mainly
focus on two processes. The first one is cell attach-
ment process.™ ® The cells dispersed in blood would
be carried into the void space of the defect area when
the disease area is removed and replaced by scaffold.
The second process that are well explored is cell pro-
liferation, differentiation and migration. Damien and
Byrne et al. made a new three-dimensional approach
for model tissue regeneration within scaffolds which
differentiation is modelled based on mechano-regula-
tion algorithm models and proliferation, and migration
are modelled based on random work theory.!"®

In reality, tissue engineering contains a lot pro-
cesses. From cell to tissue regeneration, it would go
through blood injection after moving out the defect;
to cell dispersion and attachment on the scaffold; to
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proliferation, migration and differentiation; and to the
final part—becoming mature tissues shown in Fig. 1.1°**
This paper reviews the models from 1997 until 2021
that related to tissue engineering process for simu-
lating cell attachment until tissue regeneration. The
models that are reviewed in the paper are selected
based on the accurate physical model chosen and con-
tains more biological processes. It aims to provide an
opportunity for researchers to develop a mature model
for whole tissue engineering process. The model would
not only help researchers to fully understand the entire
tissue engineering process, but also enable optimiza-
tion of the parameters and material types of the tissue
engineering products.

CELL ADHESION

Tissue regeneration is strongly related to initial cell
attachment.!** **! Preceding all other steps, a better cell

CHINESE MEDICAL SCIENCES JOURNAL 325

adhesion and an even spatial distribution are associated
with good culture results.”® Although this is one of the
determinants of the final bioperformance of a scaffold,
it is difficult to observe the cells seeding process and
cells distribution within the scaffold during the seeding
process. In general, the cell adhesion could be separat-
ed to two processes—blood filling and cell attachment.

Blood filling

Bone tissue contains blood vessels. When it is broken,
the blood vessels at the fracture site will be destroyed.
Subsequently, after the scaffold is implanted in the
bone, blood carried with bone mesenchymal stem cells
(BMSCs) will flow into the voids of the scaffold.

When analyzing the blood flow in tissue engineer-
ing process, the blood characteristics need to be well
considered. Researchers usually assume that blood as
a Newtonian fluid with a constant viscosity to simplify
the model. In fact, the tiny particles in the blood such
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as cells, proteins and other components will invalidate
this assumption. Because blood contains tiny particles
and cannot be completely used as a Newtonian fluid, it
is widely regarded as a shear thinning fluid.™®!

In order to accurately build the model, research-
ers began to treat blood as a non-Newtonian fluid.
For example, Reymond et al.''’! used standard com-
putational fluid dynamics (CFD) model to simulate the
steady flow in a patient-specific model of the entire
system circulation considered blood as Newtonian and
non-Newtonian. The results showed that using New-
tonian and Non-Newtonian models for blood rheology
is not very significant. Truscello et al.!*®! regarded the
culture medium as an incompressible homogeneous
Newtonian fluid, which has the characteristics of water,
and based on this assumption, they established a com-
putational fluid dynamics model to predict the perme-
ability of the scaffold. Subsequently, the pressure drop
between the different units of all models is obtained
through experiments, which is used to calculate the
permeability coefficient of the scaffold and compare it
with the predicted value of the model. The relative dif-
ference between the measured value and the predicted
value in the final result is between 2% to 27%.

However, in tissue engineering field, cells are dis-
persed in blood which could not be simplified as Newto-
nian fluid. Assuming blood as Newtonian fluid could not
get accurate prediction results. In order to accurately
build the model, researchers began to treat blood as a
non-Newtonian fluid. Xiang et al."” used the Newtonian
viscosity model to compare two non-Newtonian models
(Casson and Herschel-Bulkley) and found that the New-
tonian fluid hypothesis may underestimate the viscos-
ity and overestimate the shear rate in the stagnant or
slowly recirculating secondary vortex region.

In addition, Jiang et al.”*™ used CFD models based
on the finite volume method to perform numerical
studies on the hemodynamics of blood models with
Newtonian and non-Newtonian characteristics, and
found that the area of low wall shear stress (WSS) of
blood models with non-Newtonian characteristics was
smaller, which shows that the blood model is very im-
portant for accurately predicting hemodynamics.

As for tissue engineering process, Liu et al. start-
ed to use volume of fluid (VOF) model to calculate the
blood filling process and set blood as non-Newtonian
fluid carrying cells.”! The filling process is well consid-
ered because the blood filling and air coming out is ful-
ly governed by VOF model. This model gives research-
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ers an opportunity to well investigate following tissue
engineering process which no one has done before.

Cell attachment

Cell attachment is a significant step for achieving suc-
cessful tissue engineering. Cell seeding efficiency and
cell distribution can affect the final biological perfor-
mance of the tissue engineering. As in vitro, in vivo
and clinical tests usually require a large investment,
numerical models offer a more ethical and economical
alternative and controllable choice to investigate cells
attachment to scaffolds. Although several researchers
investigated this issue for the past few decades, the ac-
curacy of prediction of cell seeding still needs to be well
improved. As Lagrangian method to describe cell move-
ment requires a long time for calculation, researchers
prefer to use Eulerian method to govern fluid move-
ment. To simplify the cell attachment model, only fluid
properties like velocity and shear stress are calculated
to compare with the experiment results. The velocity
and shear stress value at the area that has much cell
attachment would be seen as the optimal value for cell
attachment. Culture medium is mostly used to in-
vestigate cell seeding efficiency rather blood because
inner body bioperformance is hard to be observed.
Numerical models for prediction of cell attachment
and cell distribution should consider cell adhesion and
fluid properties simultaneously to get a more accurate
results.?" 2%

Normal CFD model (see cells as pure water) In
the early model analysis, in order to simplify the model
to the greatest extent, the researchers regarded the
medium (including cells) in the scaffold as pure water,
although this caused a certain deviation in the analysis
results. Xu et al.”® concluded that fluid velocities and
shear stresses influence cell seeding density on a scaf-
fold with a random architecture. However, only consid-
ering the culture medium’s velocity and shear stress
to investigate cell attachment process is insufficient.
Each cell has an individual movement, which cannot be
neglected and is as important as the fluid flow. To im-
prove the accuracy of predicting the result of cell seed-
ing, an understanding of the type of cell-material inter-
action is crucial. Euler-Lagrange numerical approach,
using the Eulerian method to describe mediums and
Lagrangian method to describe cells movement, would
be a good solution.

Trap model Olivares et al.'® used Eularian wall
film model followed by Euler-Lagrange approach to
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simulate cell seeding process assuming that only one
situation occurs when a cell impinges a wall, with each
cell being seen as sphere and trapped by the scaffold
after it touches the material surface (Fig. 2.)."*! Oliva-
res et al.'® innovatively introduced the theory of wall
film used to simulate the deposition of fuel particles in
the combustion state to simulate the adhesion state
of cells when they hit the scaffold wall. The simulation
results are quantitatively compared with the experi-
mental results. The cell density values of the two show
a consistent distribution trend in the radial direction
of the scaffold. The cell density of one type of scaffold
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is 11%-31% in the experiment and 6.5%-14% in the
model. There is a big difference in absolute value be-
tween the two.

In the above model, the interaction between cells
and materials is simplified. For example, the wall of
the bioreactor adopts non-slip and non-adhesive con-
ditions, without considering some impinge regimes
like splashing (cells breakup) and rebound. The above
simplifications may cause the deviation between the
predicted value and the experimental value, but in
general, considering the movement of the cell itself is
a big improvement.
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Stanton-Rutland model (cell impinge model) In
reality, cells can bounce back from the wall or some-
times split to several smaller particles when they
approach the wall. The impinge types are similar to
spray droplets interaction with the internal walls of
a combustion engine. The Stanton-Rutland model is
mainly used to simulate internal combustion engines,
but it also has potential to simulate cell seeding pro-
cess, in which cells can be considered as particles./* 2%
The great advantage of this model is that when cells
impinge a scaffold wall, four regimes (stick, rebound,
spread, and splash) are considered. This novel
method can interact with both discrete phase model
(DPM) and Eulerian multiphase model. In the Eulerian
multiphase interaction, the first phase represents the
fluid (medium solution) and the secondary phase rep-
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resents cells that can be captured by wall surfaces.

Compared with the model of Olivares et al.,'”! Liu
et al.""? proposed a further model for simulating cell
attachment based on Stanton-Rutland model (Fig. 3).M**
In addition to the “absorption/capture” situation of cell
impact, their model also includes more impact types,
such as bounce and splash. Liu et al. assumed that
cells are able to bounce back from the scaffold wall,
and split into several smaller particles which means
cells would dead.

Of course, this CFD model also has certain limita-
tions. In the model assumption, the cells that are stuck
or spread on the scaffold are all seen as alive. Howev-
er, not all the cells would alive even they attached on
the scaffold. Further investigations is needed to find a
suitable equation to solve this issue.

Figure 3. Stanton-Rutland model proposed by Liu et al.™?! A. Impinge regimes definition. B. Cells growth on porous tita-
nium matrix was examined by confocal microscopy, and the confocal image was further processed to determine the cells
distribution. C. Predicted cell distribution during cell seeding process. From left to right represent the cells distribution at

second one, two, three, four, five and six, respectively.
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Blood coagulation

After cell adhesion, the next step in tissue engineering
is blood coagulation. Obviously, blood coagulation pro-
cess control has a greater impact on the biomechanical
properties of the final biological tissue formed by tissue
engineering. However, we found that there are only a
handful of literatures on modeling research of blood
coagulation in this field. This process is really import-
ant for cell proliferation and tissue growth because
nutrients transport mainly occurs during this process.
Before coagulation, the nutrient transport way is con-
vection and diffusion. After blood coagulation, only
diffusion would be occurred for nutrient transport. Al-
though this process could affect final bioperformance,
few researchers investigated this process as there is
no facilities at the moment to measure the speed of
the nutrient diffusion speed after blood coagulation.

Nutrient transport
Nutrient supply is a critical factor for tissue engineer-
ing success.? Cells require nutrients and oxygen
to survive. In vitro studies have shown that nutrient
concentration in the scaffold is decreasing toward its
center due to the consumption of nutrients by the
cells and the relatively slow supply by diffusion. Only
cells up to a distance of approximately 200 pm have
access to sufficient nutrients.”” * This results in nu-
trient limitations for cells that are further away from
the engineered tissue surface, and thus reduce cell
proliferation or non-optimal conditions for new matrix
production. There is an urgent need to understand the
nutrient distribution for both in vitro and in vivo stud-
ies. However, no technology is currently available for
researchers to observe the nutrient transport during
these dynamic processes.

Two of the main mechanisms governing nutri-
ent transportation are convection and diffusion.!® 2%
Convection is a faster mass transport method due to
bulk fluid motion and diffusion is a significantly slower
transport mechanism due to its reliance upon a con-
centration gradient. In a bioreactor system, the solu-
tion transportation is usually generated by external
sources called forced convection. In most bioreactor
systems, the flow speed caused by external sources is
far higher than the diffusion speed, meaning that the
transportation type in most bioreactor systems most-
ly relies upon convection rather than diffusion. Unlike
normal solutions for cultivating cells, bone marrow is
a semi-solid tissue®” which is hard to mimic experi-
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mentally. During in vivo and in vitro tests, there are no
techniques which are able to monitor the entire biosys-
tem including temperature, cell density, bone marrow
speed, nutrients transportation and density. Computa-
tional analysis provides a promising method to under-
stand the tissue regeneration process from cell seeding
to tissue regeneration.™?

Convection (blood filling, before coagulation)
Convection is a faster method of mass transport due
to bulk fluid motion whilst diffusion is a significantly
slower transportation movement due to its reliance on
a concentration gradient. In a bioreactor system, the
solution transportation is usually generated by external
sources which are called forced convection.®"! In most
cases, the flow speed caused by external sources is far
higher than the diffusion speed; therefore the major
type of transportation in a bioreactor system relies on
convection rather than diffusion. For tissue engineer-
ing field, nutrient transport before blood coagulation
mainly depends on convection (diffusion also occurred
during the process).

Diffusion (blood filling and after blood coagulation)
After blood coagulation, nutrient transport is mainly
rely on diffusion which is slower than before. During
in vivo and in vitro tests, there are no techniques
which are able to monitor the entire biosystem includ-
ing temperature, cell density, bone marrow speed,
nutrients transportation and density. Computational
analysis provides a promising method for researchers
to understand the tissue regeneration process from the
initial cell seeding to tissue regeneration.!”

However, most of the studies are mainly focus
on bioreactor experiments rather inner body experi-
ments. In consideration of diffusion speed of nutrient
(glucose), Botchwey et al.*?! explored the effects of
flow-induced nutrient transport and fluid perfusion for
cells on scaffolds in a rotational bioreactor during dy-
namic bioreactor cultivation. As oxygen is also one of
the most important ingredients of nutrients, Mofrad et al.**
developed a numerical model considering both con-
vection and diffusion to understand the relationship
between oxygen supplying and cell density in a chan-
neled scaffold.

In this tissue engineering process, after blood
coagulation, nutrient transport is mainly depending on
diffusion due to the nutrient concentration gradients.
Fick’s law would be one of the suitable law to use for
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calculating diffusion flux which could be written as:
ji =-pD,, VY, 7DT,iV_TT

R, is the rate of production of species; J, rep-
resents the diffusion flux of nutrients species due to
their concentration gradients; D,, defined as mass dif-
fusion coefficient for nutrients in the mixture and D;;

represents the thermal diffusion coefficient.

Cell proliferation, differentiation and migration

After MSCs attachment, cells would start to prolifer-
ate and differentiate when absorb enough nutrients.
A random walk method could be used to predict MSCs
migration, proliferation and differentiation to predict
tissue engineering bioperformance. It is a mathemati-
cal object, known as a stochastic or random, which de-
scribes a path that consists of a succession of random
steps on some mathematical space such as the inte-
gers. According to the Pérez’s work, cells disperse with
a preferential direction of proliferation.* (Fig. 4.) The
highest probability positions are the ones in which one
daughter cell tends to appear in a preferred direction
(downwards) with pl. The corresponding value of p

is computed fulfilling 2171*21’2 +Zpa =1 and the pre-
i=1 i=1 i=1
4
ferred direction is seen as p, =10p, =60p, = p BETY MSCs
differentiation can be expressed as"”!

S:Z+§
a b

High levels of stimuli (S>3) promote the differ-
entiation of MSCs into fibroblasts, intermediate levels
(1<S<3) stimulate the differentiation into chondro-
cytes and low levels (S<1) favor the differentiation of
osteoblasts from the MSC pool. Cells then synthesize
the appropriate extracellular matrix leading to tissue

A
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formation and new mechanical properties for the tis-
sue. The values are a=0.0375 and b=3 pms™, based
on Sgball’s experimental results.®®! The geometry of
the scaffold will be optimized by 2 parameters getting
from this program. Most of osteoblast should grow on
bottom and most of chondrocytes should grow on top.
In addition, Byrne et al.™™ used a three-dimen-
sional finite element model method to simulate tissue
differentiation and bone regeneration (Fig. 5). The
model predicts that porosity, Young’s modulus, and
solubility have a greater impact on bone regeneration.
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Figure 4. The research of Pérez et al.® A. Possible posi-
tion that daughter cells can occupy after mitosis. The dis-
tance between sites is only schematic; adjacent sites in the
algorithm are considered to be exactly the diameter of a
mesenchymal stem cell.®® B. Possible position that daugh-
ter cells can occupy after mitosis with anisotropic prolifera-
tion direction (preferred direction is given by the arrow).
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Figure 5. The research of Byrne et al.’® A. Finite element model of a 50% porous scaffold with regular porosity (green).
Only one-eighth needs to be modelled because of symmetry (yellow box). The cavity is initially occupied by granulation
tissue (in red). B. Lattice generated for each granulation element to model cellular activity. C. Increasing lattice points to
account for dissolution of scaffold material.
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CONCLUSIONS

The objective of this paper is to sum up all the
tissue engineering process models from cell attach-
ment until tissue regeneration. To develop a tissue re-
generation model for tissue engineering, all the above
models need to be considered. And most of them still
need further experiments to improve the accuracy
and efficiency. These models provide platforms for re-
searchers to predict and optimize geometry and mate-
rial design of tissue engineering products.
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