
eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk

Universities of Leeds, Sheffield and York

Deposited via The University of Sheffield.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/id/eprint/178782/

Version: Published Version

Article:

Liu, Z., Tamaddon, M., Chen, S.-M. et al. (2021) Determination of an initial stage of the 
bone tissue ingrowth into titanium matrix by cell adhesion model. Frontiers in 
Bioengineering and Biotechnology, 9. 736063. ISSN: 2296-4185 

https://doi.org/10.3389/fbioe.2021.736063

Reuse 

This article is distributed under the terms of the Creative Commons Attribution (CC BY) licence. This licence 
allows you to distribute, remix, tweak, and build upon the work, even commercially, as long as you credit the 
authors for the original work. More information and the full terms of the licence here: 
https://creativecommons.org/licenses/ 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 

mailto:eprints@whiterose.ac.uk
https://doi.org/10.3389/fbioe.2021.736063
https://eprints.whiterose.ac.uk/id/eprint/178782/
https://eprints.whiterose.ac.uk/


Determination of an Initial Stage of the
Bone Tissue Ingrowth Into Titanium
Matrix by Cell Adhesion Model
Ziyu Liu 1,2,3, Maryam Tamaddon 1, Shen-Mao Chen1, Haoyu Wang1, Vee San Cheong 4,

Fangli Gang2,3, Xiaodan Sun 3* and Chaozong Liu 1*

1Division of Surgery & Interventional Science, University College London, Royal National Orthopaedic Hospital, London,

United Kingdom, 2School of Engineering Medicine, Beihang University, Beijing, China, 3Key Laboratory of Advanced Materials of

Ministry of Education of China, School of Materials Science and Engineering, Tsinghua University, Beijing, China, 4Insigno Institute

of in Silico Medicine and Department of Automatic Control and Systems Engineering, University of Sheffield, Sheffield,

United Kingdom

For achieving early intervention treatment to help patients delay or avoid joint replacement

surgery, a personalized scaffold should be designed coupling the effects of mechanical,

fluid mechanical, chemical, and biological factors on tissue regeneration, which results in

time- and cost-consuming trial-and-error analyses to investigate the in vivo test and related

experimental tests. To optimize the fluid mechanical and material properties to predict

osteogenesis and cartilage regeneration for the in vivo and clinical trial, a simulation

approach is developed for scaffold design, which is composed of a volume of a fluid model

for simulating the bone marrow filling process of the bone marrow and air, as well as a

discrete phase model and a cell impingement model for tracking cell movement during

bone marrow fillings. The bone marrow is treated as a non-Newtonian fluid, rather than a

Newtonian fluid, because of its viscoelastic property. The simulation results indicated that

the biofunctional bionic scaffold with a dense layer to prevent the bone marrow flow to the

cartilage layer and synovia to flow into the trabecular bone area guarantee good

osteogenesis and cartilage regeneration, which leads to high-accuracy in vivo tests in

sheep . This approach not only predicts the final bioperformance of the scaffold but also

could optimize the scaffold structure and materials by their biochemical, biological, and

biomechanical properties.

Keywords: osteochondral scaffold, gradient design, volume of fluid model, discrete phase model, cell adhesion

INTRODUCTION

Knee osteoarthritis is a common and frequently occurring disease in the middle-aged and elderly

population, including cartilage destruction and subchondral bone thickening (Peat et al., 2001). It
ranks first in causing disability in the elderly and seriously affects the quality of life. Large-area
cartilage defects can only be treated by joint replacement surgery. In the tissue engineering field,
scaffolds play a pivotal role in tissue engineering, which provide a three-dimensional template for cell
seeding, temporary mechanical function, and an extracellular matrix environment for tissue
regeneration (Karageorgiou and Kaplan, 2005; Hollister, 2006). Osteochondral scaffolds act as an
osteoconductive part and serve as delivery vehicles for cytokines like bone morphogenetic proteins
(BMPs), thus providing osteoinduction (Groeneveld et al., 1999). Osteogenesis and bone
mesenchymal stem cell (BMSC) attachment occur after the implantation of the scaffolds.
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Aiming for osteogenesis and cartilage regeneration, an ideal
scaffold is needed to provide suitable biomimetic mechanical
and biological environments having similar morphology and
function like natural osteochondral bone which could optimize

integration into neighboring tissues (Healy, 1999; Hubbell,
1999; Sakiyama-Elbert and Hubbell, 2001; Lin et al., 2004;
Karageorgiou and Kaplan, 2005; Wu et al., 2017). In general,
in vitro and in vivo tests are used to evaluate scaffold
bioperformance with high funding cost. An ethical and
economical method is needed to evaluate scaffold
bioperformance which considers the influence of the
material (surface tension and material kinds) and its
geometry (pore size, porosity, geometry, and surface area).

Computational analysis is seen as a promising method for
scaffold evaluation. Sanz-Herrera et al. analyzed bone growth and

formation in a two-dimensional (2D) scaffold by bone
remodeling theories which assumed that it is driven by a
mechanical stimulus (Beaupré et al., 1990; Adachi et al., 2001;
Sanz-Herrera et al., 2008). With the same assumption, Adachi
et al. also used the bone remodeling theory with uniform stress
hypothesis to express how new bone tissues formed (Cowin, 1993;
Adachi et al., 1998; Adachi et al., 2006). However, neither of them
involved fluid stimuli in the simulation, which plays an important
role in bone tissue regeneration when using an osteochondral
scaffold. Moreover, recruiting BMSCs, as the first step of tissue
engineering, and simulating BMSC attachment on the scaffold

and their distribution is a really significant step in predicting the
final bioperformance (Byrne et al., 2007).

Prendergast et al. proposed a theory that mechanical and
fluid mechanical stimuli caused stem cell differentiation
(Prendergast et al., 1996). And this mechano-regulation
method successfully validated tissue differentiation by
experimentally surrounding implants (Huiskes et al., 1997).
Damian P.B. et al. explored various design parameters of the
scaffold in tissue regeneration, and by this method modeling,
cell proliferation, migration, and differentiation, he assumed

that cells were randomly seeded on the lattice scaffold.
However, cells distributed on the scaffold are not random,
and it is determined by a lot of complex influence
factors—material, surface roughness, geometry, and bone

marrow flow speed. After recruiting the scaffold, BMSCs
would start proliferating and migrating until they are
mature enough to undergo differentiation. The position of
cells would finally influence the final tissue formation (Wendt
et al., 2006; Santoro et al., 2010). Till now, few researchers have
studied cell distribution in the scaffold at the initial stage of the
tissue engineering process after surgery since it is impossible to
sacrifice animals at the initial stage to observe cell distribution
ethically and economically. In that case, computational
analysis provided an important solution to investigate this
postsurgery process. As it is impossible to observe cell

distribution using in vivo tests to validate simulation
results, our previous work (Liu et al., 2020) used a
numerical cell attachment model with a volume of fluid
(VOF) model and discrete phase model (DPM) to
investigate the cell seeding process and validated using
in vitro tests.

To explore the relationship between BMSC distribution at the
postsurgery initial stage and bone formation on the scaffold, the
novel model is developed in a more real environment for cell
attachment. The bone marrow is set as non-Newtonian fluid
calculated by the power law for non-Newtonian viscosity, rather

than normal Newtonian fluid like the solution for cell seeding.
The model is validated by using in vivo tests in which bone
formation and distribution are quantified by a self-designed
MATLAB program by analyzing the Micro-CT–scanned image
by threshold-based operation. The information of osteogenesis
could be obtained not only on the outside of the scaffold but also
within the pores of the scaffold. This model is aiming to decrease
both in vivo and in vitro tests for optimizing the scaffold design
and material properties which could avoid unnecessary time and
money investment.

GRAPHICAL ABSTRACT |
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MATERIALS AND METHODS

Bionic Scaffold and Manufacturing
The bionic scaffold has 3 layers shown in Figure 1. The top
layer is produced by 10% poly(lactic-co-glycolic acid) (PLGA)
solutions in acetone pipetted into 90% freeze-dried collagen
scaffold which is called AX-10. The cone structure is combined
with an 8.5-mm-diameter and 1.2-mm-height spherical cap on

the top and an 8.5-mm-diameter and 1.5-mm-height column
at the bottom. The medium layer is 3D-printed with polylactic
acid (PLA) composited by one solid dense layer at the bottom
and one high porosity truncated cone structure. The high-
porosity structure has 4 small layers, and each layer’s column
beam has the same direction but perpendicular to the close
layer’s beam direction. The column size is 0.5 mm diameter.
The PLA scaffold was plasma-treated at 50–60 Hz frequency
and with 60% power-oxygen for 3 min on two sides (top and
bottom). The samples were then sterilized with 70% ethanol

for 15 min. The bottom layer with a high-porosity and high
interconnected pore network was printed by an EOS M270
machine with titanium powder. The high-porosity and
interconnected structure aims to provide enough routes for

nutrient transport like porous trabecular bones.
For large osteochondral defect repair, the PLGA layer is a

column design with 8.5 diameter and 1.5 mm height. Below the
porous structure, the dense PLA layer is designed as a 0.5-mm-
height column with 8 mm diameter. The Ti layer is designed as a
truncated cone with 8 mm diameter on the top surface and
5.9 mm on the bottom surface manufactured by an EOS
290 3D printer. To combine three layers together, the PLA
layer was melted and pressed into a titanium matrix and fused
together by hot fusion. And then, these two layers were
submerged into the cross-linked collagen suspension and then

freeze-dried.

In Vivo Test
Ethical Aspects and Animals
Five young female sheep with a mean weight of 81.6 ± 6.4 kg were
operated in the Royal Veterinary College (RVC). All sheep were
treated according to Animals (Scientific Procedures) Act (ASPA).
Animal examinations, housing, feeding, and veterinary care were
conducted using established procedures. The sheep were housed
in a free land with sufficient food and water. Furthermore, sheep
can freely move in the outside during the research period.

Surgical Procedure
Under anesthetics, the sheep were bedded carefully on their right
side, exposing their left knee. A truncated critical-sized
osteochondral defect of 9 mm diameter was created using two
surgical drills on the load-bearing area medial to the femoral
condyle up to a depth of 10 mm.

According to the surgical operation procedure (Figure 2), first,
a small hole was created by using a drill sleeve on the load-bearing
area medial to the femoral condyle, and then a nail guide was put
into the bone with a 9.3-mm-deep hole. After that, the cartilage of

9.45 mm diameter was removed using a circular cylindrical
cutter. Then, a critical-sized, truncated cone-shaped
osteochondral defect was drilled up to 8.8 mm depth by using
two surgical drills . The truncated cone defect was scoured by
water until the biomimic multi-layer gradient scaffold was
inserted into the defect.

After the surgery, they were housed in individual places for
five days restricting their activities at the initial stage of the
healing process. In these five postsurgery days, they were
treated with analgesia (carprofen 5 mg/kg) and antibiotics
(enrofloxacin 10 mg/kg) subcutaneously twice daily. After

3 months, the animals were euthanized under anesthesia. Both
legs’ condyles were fixed with paraformaldehyde at room
temperature for further analysis.

Micro-Computed Tomography (Micro-CT) and X-Ray
Analysis
The X-ray micrographs of limbs were used to look at the stability
of scaffolds in the joint. The X-ray scan of pre-euthanized and the
postoperative tissue scaffold was performed by using a Nikon XT

FIGURE 1 | Biomimetic multi-layer gradient osteochondral scaffold (left:

real structure; right: schematic structure).

FIGURE 2 | Presurgical operation procedure: 1–3. Drill the small hole

located by a drill sleeve and insert a pin guide into the hole; 4–5. Access the

driller bite to create a larger hole, and use special design roam to create a

truncated cone hole; and 6. Place the mountain scaffold into the

osteochondral defect.
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H 225 machine which offers a powerful 225 kV micro-focus
source with real-time X-ray visualization. And the tissue with
the scaffold inside was scanned in a small-scale slice-by-slice
manner with great resolution. Three-dimensional reconstruction
was solved by CTvox and CTan (Bruker, United States) software.
The knee joint of the animal was scanned using X-ray

immediately after euthanasia to look at the position of the
scaffolds within the joint after 3 months.

X-Ray–Based Bone Analysis for Quantification of
Osteogenesis and Bone–Scaffold Interaction
2D images from X-ray–scanned objects were utilized to
determine the amount of the newly formed bone in the
scaffold and bone–scaffold surface interaction values. Due to
the high resolution of the scanner, the information within the
pores of the scaffolds could be obtained with certainty. Thus, not
only the outer but also the inner regions of the scaffolds were

taken into account for the determination of osteogenesis.
MATLAB R2017a is used to translate images to binary images

at first and then to divide images into the same length grids
(Figure 3). As binary images store an unsigned one-byte integer
to describe the area between 0 (representing black) and 255
(maximum value—representing white), we defined three
threshold values to identify the scaffold and bone structure. As
the images are composed of pixels, 10 pixels of the bone and
scaffold were selected to define the pixel’s threshold range in the
program. To define both ranges accurately, scaffold thresholds
are calculated by selecting 10 pixels on the edge of the image

(white area) as the pixel in the middle of the scaffold threshold is
definitely larger than that in the edge. As for bone threshold
definition, 5 pixels with dim color that represent the bone tissue
were selected to find the lowest value, and 5 pixels with the
lightest color were selected to find the highest value. After careful
selection, the thresholds of the scaffold which were seen as white
are all beyond 250. And the threshold of the bone could be set
between 60 and 180. The thresholding operation is defined as
follows:

Area defination � {Titanium scaffold , intensity > 250
Bone , 60≤ intensity < 180

The pixel is seen as bone if the intensity is larger than 60 and
smaller than 180. As for the scaffold area percentage, the intensity
should be greater than 250. The percentage is defined as follows:

Pb �
Sbone

Sall − Ss

where Pb represents the bone percentage of each grid, Sall is the
whole image area of each grid, and Sbone and Ss are defined as the
bone and scaffold area occupied in each grid, respectively.

There are two different conventions that are used to decide
whether pixels (titanium scaffold and bone tissue) are connected or
not in two-dimensional images—4-connected and 8-connected
neighborhoods. As for the 4-connected neighborhood, pixels are
seen as connected when their edges touch. In other words, the

pixels, which are along the diagonals, are not considered connected.
As for the 8-connected neighborhood, adjoining pixels are
connected along not only horizontal and vertical directions but
also the diagonal direction. Both are shown in Figure 4.

Physical Model and Computational Framework
A column model with a truncated cone hole in the bulk was
developed to simulate the scaffold as the same geometry as the
osteochondral defect. The osteochondral defect was set as 8.2 mm
diameter on the top and 5.88 mm diameter at the bottom which
could just fit the bottom of the scaffold but little bit larger than the
scaffold’s top surface size (8 mm) because this 0.1-mm hole is

used for air outlet after the bone marrow flowed into the void
space of the defect. To further investigate the relationship
between osteogenesis in the scaffold and simulation results of
cell distribution, only the titanium scaffold layer is set as a
physical model for recruiting BMSCs. This is because only in
the titanium layer osteogenesis occurs.

The bone marrow is considered as a continuity fluid, which
could carry BMSCs to attach on the scaffold. The volume of fluid
(VOF) model is used to control the movements of these two
immiscible fluids. Considering BMSCs as discrete particles, cell
attachment is governed by the discrete phase model (DPM) with

the Stanton–Rutland model through the Eularian–Lagrangian
approach. The interaction of the cell with the scaffold is simulated
by the cell impingement model (CIM), which is governed not
only by cell physical properties (viscosity, surface tension, and
density) but also by the impingement conditions (cells velocity
and diameter).

In the DPM, discrete particles representing the BMSCs were
carried by the fluid phase, and trajectories of cells were predicted
by integrating the force balance on the cell written in a Lagrangian
reference frame. All particles (BMSCs) are set as non-rotating.
Particle impingement causes energy loss because of the inelastic

collision.
In the CIM, the cell impingement model for simulating cell

adhesion on the scaffold is defined as three regimes, including
stick, rebound, and spread, when cells impinge the scaffold wall.
The detailed descriptions are in our previous article.

FIGURE 3 | MATLAB program image analysis of osteogenesis.
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In VOF model, the bone marrow is seen as a non-Newtonian
fluid, which was chosen to simulate the fluid of the bone marrow.
Air and the bonemarrow are governed by the continuity equation
and Navier–Stokes equations as follows:

∇ · u
→

� 0

ρ(zu
zt

+ u · ∇u) � − ∇p + p g
→

+ μ∇
2u

Non-Newtonian fluids will be calculated by the power law for
non-Newtonian viscosity as follows:

η� k γ
· n−1 H(T)

where c
·

is defined as the shear stress rate-of-deformation tensor D:

γ
·

�

������
1

2
D: D

√

D � (zuj

zxi
+
zui

zxj
)

H(T), known as the Arrhenius law (Wendt et al., 2006; Santoro
et al., 2010), is temperature-dependent. As the bone marrow is
non-isothermal, H(T) is set to 1.

H(T) � exp[α( 1

T − T0

−
1

Tα−T0

)]
BMSCs were treated as spherical particles with non-rotating

movement during the calculation and carried by fluid phase (bone
marrow). Trajectories of particles were predicted by intergrating force
balance on the particles through the Lagrangian frame.

Solving Process and Boundary Conditions
As the scaffold was pushed into the defect after the osteochondral
defect was continuously washed, the simulation process is set as the
bonemarrow starts to flow into the defect when the scaffold is already
stably put into the defect (Figure 5). In this model, as the scaffold
roughness height is in themicro scale, the roughness height is set as 0.
Nonslip and non-adherence conditions occurred on the wall and

scaffold. Furthermore, as the scaffold manufacturing process is the
same as our previous work, the surface and material settings are the
same as the previous simulation model (Liu et al., 2020). To validate
the cell distribution simulation by the in vivo test (osteogenesis on the
scaffold), in this simulation, we assumed that BMSCs prefer to
proliferate and differentiate on the scaffold surface.

This process is simplified to simulate the attaching process in
which the bone marrow was set as coming from the surrounding
and bottom faces for 2.5 s for filling the empty space. After that,
two simulation working conditions are set to discover which

boundary condition is more suitable for predicting cell
attachment. One is that the scaffold starts to absorb cells after
2.5 s, and no more cells would be injected from the sides. The
other one is to set at 1 mm/s injection speed of cells after 2.5 s.

The bone marrow is set as a non-Newtonian fluid governed by
non-Newtonian power law. Consistency and power law index are
set at k � 0.017 and n � 0.708, respectively, with 0.01 and 0.001 as
their maximum and minimum viscosity limits. The bone marrow

FIGURE 5 | Boundary conditions of simulation (the bone marrow

injected from the surrounding and bottom faces).

FIGURE 4 | Pixel neighborhood analysis for bone-scaffold connection percentage ((A) 4-connected neighborhood; (B) 8-connected neighborhood). Simulation of

scaffold recruitment for bone marrow mesenchymal stem cells.
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flowing speed is set at 1 mm/s, and the density is 1050 kg/m3.
50,000 spherical cells of 25 μmdiameter are injected to the system
for 2.5 s uniformly with 1,000 kg/m3 density and 0.03 N/s surface
tension. Furthermore, cells could be attached on the boundary
faces during the whole calculation period.

RESULTS

Bionic Structural and Mechanical
Performance of the Osteochondral Scaffold
As normal joints are formed by three parts, namely, the cartilage,
subchondral bone plate, and trabecular bone, scaffolds were
designed to mimic three layers of the bone in compliance with
structural and mechanical properties. Considering only
osteogenesis of the scaffold, the layer made by PLGA for
cartilage regeneration would not be well-discussed in this article.

The bionic scaffold is designed with the PLA dense layer on the
top and the titanium layer at the bottom which aims to mimic the
osteochondral bone structure and mechanical property. The PLA
dense layer plays the same role like the subchondral bone which

could not only separate the synovial fluid and bone marrow but
also connect the trabecular bone (the titanium layer of the
scaffold). With high-porosity and interconnected holes, the
titanium layer provides a structure for the tissue to attach and
proliferate. Moreover, this 3D-printed titanium scaffold is

characterized by a flexible design to match the requirement of
the pore size, porosity, and surface area, which is used for
supporting the mechanical loading from the sheep and
provide a spatial structure for bone growth. The pore sizes
larger than 100 μm are good for osteogenesis (Karageorgiou
and Kaplan, 2005), and 100–400 μm are optimal for bone
tissue regeneration (Hulbert et al., 1970; Schliephake et al.,
1991; Bloebaum et al., 1994; Hofmann et al., 1997). According
to a 3D printing machine’s accuracy and the residual stress after
the printing, the beams of the scaffold were set at 0.5 mm in
diameter, and pore sizes were set at 1 mm2.

The characterizations of the scaffold and bone are listed as follows
(Table 1): To combine the PLA layer and titanium layer together,
heat treatmentwas used tomake these two layers stick together stably.
As BMSC regeneration is hard to control in vivo or even the clinical
trial and subchondral bone plate is hard to form as prospect, we

TABLE 1 | Characterization of the scaffold and bone.

Pore size (mm) Porosity Surface

area (mm2)

Young’s modulus (MPa)

AX-10 — — 157.95 1–2

Cartilage — — — 0.3–1.5Mow et al. (1984), Jurvelin et al. (1988),

Arokoski et al. (1999), and Nieminen et al.

(2000)

PLA dense — — 112.68 2,200

Subchondral

bone plate

— — — 635 ± 94 Wu et al. (2008)

Titanium 1*1 mm 78.6% 411.67 70–100

Trabecular bone 1 mm Kaplan et al. (1994), Keaveny

et al. (2001), and Marks and Odgren

(2002)

50–90% Kaplan et al. (1994), Keaveny

et al. (2001), and Marks and Odgren

(2002)

— 19 ± 7 Mittra et al. (2005)

FIGURE 6 | PQCT analysis of the trabecular and cortical BMD of the scaffold and healthy sheep condyle (left: each sheep; right: in total).
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believe that a dense layer of PLA could substitute biological and

mechanical functions of the subchondral bone plate.
The layer for osteogenesis could not achieve the trabecular

bone tissue structure as this kind of structure lacks mechanical
properties and is easy to break. This layer is made of 3D-printed
titanium layer cross-section. As some researchers mentioned that
the synovial fluid inhibits bone formation (Andrish and Holmes,
1979; Hazelton et al., 1990), the biofunctional design that uses a
PLA dense layer to avoid the synovial fluid flow into the
trabecular bone section provides a reliable design for tissue
regeneration.

In Vivo Test
After being implanted into the sheep condyle, the

bioperformance of the bionic osteochondral scaffold has been
evaluated by consequent osteogenesis and tissue quality.

Quantification of Bone–Scaffold Contact
During the in vivo test, the 3D scaffold will be affected as the
fixation becomes weakening by loading. Such weakening
would sometimes occur during the implantation procedure
(Knecht et al., 2007). After the surgery, four sheep gaits were
normal, and only one sheep had a slight limping, but it

FIGURE 7 | X-ray micrographs of the scaffold in the sheep condyle (top left); an SEM image of scaffold–bone tissue connection (top right;M represents the metal

alloy scaffold; B represents regenerated bone); the scaffold edge is identified by the green line (medium left); bone–scaffold connection is identified by the red line

(medium right); percentage of scaffold–bone tissue connection (bottom).
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recovered after several days. After a 3-month recovery period,
all five sheep recovered well, and no postoperative
complications were found during this period. The X-ray
micrographs of the sheep condyle (Figure 6. left) showed
that scaffold’s surrounding tissue connected well with the
scaffold, and no loosening was seen in the image. According
to the scanning electron microscope (SEM) image, it clearly

illustrated that regenerated bone growth based on the metal
surface connected well. To quantify and qualify the
mechanical fixation, one of the most important things is to
investigate tissue–scaffold interactions. Higher
tissue–scaffold connection could provide higher skeletal
integrity. It is shown that all the sheep’s tissue–scaffold
connections reached 50% and more after the 3-month
healing process using the scaffold. One of them even
nearly reached 70%. Because of the high-resolution X-ray
image, some printing defects on the scaffold edge (powder
with air) were identified, but it is hard to define whether it is

the bone or scaffold. To make data more convincible, the real
value of the connection of the bone and scaffold should be
larger than it is shown in Figure 7.

According to the image analysis, we found that new bone tissues
prefer to regenerate on the scaffold surface. Similar to the simulation
boundary condition, the assumption has been proved by this analysis
as the cells and tissues grew based on the scaffold surface.

Quantification of Osteogenesis
To analyze the bone growth preference position in the scaffold,
the grids were combined together as columns (horizontal) or

rows (vertical). According to the results from the micro-CT and
X-ray image analysis (Figure 8), in horizontal, compared with
column groups 2 and 4, the side edge of the scaffold column
group has more bone ingrowths (p1-2 � 0.457; p5-4 � 0.122).
Also, the sub-mid area of column groups 2 and 4 is significantly
larger than the middle area, with p values 0.247 and 0.452,
respectively. No significant difference was found between
columns 1–5 and 2–4. In the middle, more than 30% of the
void space was occupied by the new regenerative bone tissue;
around 40% on the subside of the scaffold and more than 50% of

regenerative bone tissue occupied the space. Although the
trabecular bone was regenerated more on the side of the
scaffold than in the middle, it is believed that the decreasing
trend from the side to middle is very slight. Vertically, a slightly
decreasing trend was observed from the bottom to top surface.
Nearly no difference of the regenerative bone formation was
observed between two middle rows. Although the regenerated

bone tissue showed a gradual growth trend from the scaffold edge
to the middle, the growth rate in the scaffold middle is
considerable.

Bone Mineral Density
At 3 months, bone mineral density (BMD) of the cortical bone for
the scaffold group and healthy group was 835.04 ± 87.46 and
784.98 ± 72.32 mg/cm3, respectively. The trabecular bone density
of the scaffold and healthy groups was 734.44 ± 131.01 and
740.18 ± 81.98 mg/cm3, respectively, as shown in Figure 6. There
were no significant interactions between scaffold and healthy

groups’ BMD on either the trabecular bone or cortical bone
density. Mean trabecular BMD was not significantly different
between the healthy knee and experimental knee (p � 0.92). And
also, no significant difference was found in mean cortical and
subcortical BMD (p � 0.24).

Simulation of Bone Mesenchymal Stem Cell
Attachment on the Scaffold
This simulation aims to investigate the cell attachment
process and the final cell distribution after scaffolds are

put into the defect, and the bone marrow flows into the
defect void space through combining DPM and VOF
model. According to the boundary conditions, cells are not
attached to the scaffold at the first 2.5 s to mimic the real
circumstance of the in vivo test. Then, the cell attachment
mass counts every integer time from 3 to 5 s. For the whole
osteochondral defect system, cell density of scaffolds in two
boundary conditions with or without cell inlet after 2.5 s
showed a steady increase (Figure 9 top left). However, as for
boundary faces’ (trabecular bone) cell density, it showed a

FIGURE 8 | Osteogenesis of scaffold vertical and horizontal analysis.
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rapid growth when cells were still coming to the system after
2.5 s. At 5 s, the cell density of surroundings even reached the
same value as the scaffold.

To validate the in vivo test more accurately, the scaffold is
separated to five parts from one side to the other. Cell
attached mass is accounted by averaging the mass on each
beam. It is found that from the external to the middle of the

scaffold, the cell attached mass showed a decreasing trend
(Figure 9 top right). Compared to the external’s cell density
which increased rapidly when time goes by, only a little
increase in cell density for the internal and middle areas is
shown in the graph.

Separating into five parts to investigate cell distribution
thoroughly (Figure 9 bottom), it is found that fewer cells
attached at the bottom beam even though they were closer to
the bottom injection face. Moreover, sub-closer to edge parts 2
and 4 have more cells attached than 1 and 5.

DISCUSSION

In recent years, cell-based repairing therapeutics has been proved
not successful enough for patients who have OA or cartilage
defects (Fellows et al., 2016). Lack of blood vessels, low
chondrocyte density, and migration ability make cartilage hard
to repair (Henrotin et al., 2005). Compared to the autologous
chondrocyte implantation (ACI) technology, using scaffolds to

recruit BM-MSCs is seen as an effective way for cartilage
regeneration and repair.

An ideal three-dimensional scaffold needs to have the same
geometrical, mechanical, and biological properties with the
host tissue. Our novel bionic osteochondral scaffold is
designed by mimicking three main parts of the
osteochondral bone which are cartilage, subchondral bone

plate, and trabecular bone (Burr and Gallant, 2012). To
mimic cartilage’s mechanical and biofunctional properties,
we combined PLGA and collagen together with a 1–2 MPa
elastic modulus. Although the peak stresses in vivo could be
reached 18 MPa in joints during dynamic loads (Hodge et al.,
1986), the elastic modulus is typically 0.3–1.5 MPa (Mow et al.,
1984; Jurvelin et al., 1988; Arokoski et al., 1999; Nieminen
et al., 2000).This phenomenon is caused by highly pressurized
interstitial water during dynamic loading as it cannot be
squeezed out during the loading process, which could cause
high physiological stresses (Jurvelin et al., 1997; Laasanen

et al., 2003). The high-porosity inner structure could also
achieve the same function. As for the subchondral plate, it
plays an important role in supporting the cartilage and also
separating the synovial fluid and trabecular bone because
osteogenesis could be inhibited by the synovial fluid
(Andrish and Holmes, 1979; Hazelton et al., 1990). The
PLA layer design is able to prevent the synovial fluid flow
into the trabecular bone defect during the surgery and healing
process and also provide sufficient mechanical support. The

FIGURE 9 | Two different boundary conditions of cells attached to a mass of scaffold and boundary wall (top left); cell (density) distribution in the scaffold from the

edge to the middle (top right); simulation of cell attachment at 3 s—boundary conditions: no cells injection (bottom).
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bottom layer mimicking the trabecular bone is made by 3D-
printed titanium which is widely used for trabecular bone
regeneration because of its excellent biocompability,
mechanical property, chemical stability, and suitability to
mimic the biomimetic geometry (Long and Rack, 1998).
The trabecular bone, with lower resistance to stress (50
MPa) and high resistance to strain (50%), has 50–90%
porosity (Kaplan et al., 1994) and 1 mm diameter pore size
(Keaveny et al., 2001). As 100–400 μm pore size is seen as
optimal for bone regeneration (Hulbert et al., 1970;

Schliephake et al., 1991; Bloebaum et al., 1994; Hofmann
et al., 1997), a scaffold with 78.6% porosity and nearly
500 μm is designed.

As the porous design could result in diminished mechanical
properties, the design needs to have an adequate mechanical
stability to enable initial fixation with the host tissue during
implantation as well as surface loading after surgery (Knecht
et al., 2007). If the implantation detached partially or even
completely fails in vivo, patients would feel serious locking or
catching at the target area (Nehrer et al., 1999; Peterson et al.,
2000). According to the in vivo test analysis by X-ray and SEM, it

is found that new regenerated tissue connected to the scaffold
with high porosity with similar mechanical property to natural
bone tissue is really stable.

Interestingly, we found that even the regenerated bone tissue
does not fill the void space of the bone defect after 3 months;
more than 50% of the scaffolds’ whole structure is surrounded
by new bone tissue, and there is only a slight decrease in
osteogenesis from the side to the middle. This phenomenon
illustrates that tissues and cells grow based on the scaffold

surface which also points out that cell and tissue distribution
is really important as good osteogenesis provides high-quality
cartilage.

To further investigate cell distribution in the scaffold for in
vivo tests, as it is impossible to sacrifice animals at the initial
stage (Keaveny et al., 2001), a novel numerical model has been
developed to predict cell distribution after the surgery
process. For validating the model, we compared the cell
distribution results from simulation in 5 s and the
regenerated bone distribution of the sheep after 3 months

together. According to previous research of Byrne et al., cell
proliferation, differentiation, and migration just occur in
neighboring areas (Keaveny et al., 2001), and it is found
that cell migration does not influence a lot in cell
distribution, especially in macroscale (Keaveny et al.,
2001). In that case, it is believed that cell distribution at
the initial stage is really related to the final
bioperformance—regenerated tissue distribution (Keaveny
et al., 2001). In other words, it is found that cells remain
in their position on the scaffold when they work together and
form tissues, as shown in Figure 10. As for the bone tissue

distribution, horizontally, the trabecular bone occupied more
percentage of the void volume at an external place than in the
middle, which showed a same trend as external beams have
more cell density after cell attachment. But the simulation
results did not show that all external areas have really high
cell density as in vivo tests showed. The reason is that cells
attaching to the previous defect hole surfaces cannot be
avoided. The cells attaching on the surroundings would
proliferate and differentiate to build up the tissues. That is

FIGURE 10 | Simulation results of cell distribution in a 3D structure (left); 3D-reconstructed image of the scaffold and bone tissue ingrowth (right).
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why the external place showed a more intensive cell density.
In addition, comparing the cell distribution vertically
between the experiment and simulation did not show that
the bottom area has higher trabecular bone growth than the

top. However, the cell density of the simulation only shows
the same trend of the experiment results after the second
titanium junction layer. It is clearly seen that not many cells
were attached to the lower beam during the attaching process.
But, a lot of cells were attached to the bottom surface of the
hole. The bone percentage of the bottom is larger than that of
the top because the bottom surface has much cell attachment,
and they can absorb nutrients more easily as their position is
much more close to the bottom and surrounding surfaces
(nutrients injection position). In that case, the boundary
condition that cells still come to the system after the bone

marrow fills the void volume is more accurate to simulate the
initial stage of tissue engineering—recruiting cells.

After validation and finding the best boundary condition to
simulate the cell attachment process, we found that during the
whole attachment process, the external area’s cell density was
increasing rapidly, but the cell density of internal and middle
areas increased extremely slowly. The reason is that initially
(first 2.5 s), cells distribute more uniformly as the bone
marrow already fills the void space and become steady at
that time. When the scaffold starts to absorb cells (after 2.5 s),
at the beginning, the cells attaches to the scaffold uniformly.

After that, the balance of the cell density in the fluid breaks
down, and cells start to move. As there are many beams in the
middle providing drags for cells to move in, cells prefer to
move outside to somewhere with less drags. That is why the
cell density at external beams increases quicker than in the
middle.

This novel numerical method for predicting tissue
distribution is also available to provide rehabilitation guidance
for patients after the surgery as the inner environment of
the knee joint like flow speed and temperature could be
influenced by rehabilitation devices. By this model, the

optimized flow speed and temperature could be explored,
and some special medical device should be designed to achieve
this environment.

There are some drawbacks to the experiments. First, it is
impossible to recognize whether the surrounding areas’ bone
tissue is a new regenerate bone tissue or old ones according to the
X-ray images. Although the external bone tissue growth is well,
we cannot identify whether its growth is mainly based on the
scaffold influence or it is just the surrounding bones’ remodeling
and regeneration.

Although we could only ensure that the bone tissue in the

internal scaffold’s pores are the new tissues, the biomimic scaffold
still showed good-quality bioperformance. Second, during the
drilling osteochondral defect process, it is unavoidable that the
old bone’s powder created by the driller in the surroundings may
be pushed into the bottom when the scaffold is pushed into the
hole. In that case, the bone percentage in the bottom is higher
than the other areas, which may not only be influenced by the cell
attachment. Bone resorption and remodeling would also affect
the final results.

CONCLUSION

This study develops a numerical model which could help
researchers to optimize scaffold material property and
geometry and could also avoid unnecessary in vivo and
in vitro tests. As the initial healing process of the sheep
could not be observed accurately, this model provides an
opportunity for researchers to understand how the cell
attached and distributed influenced by the scaffold structure
and a proper mechanical and biological environment. The

simulation results of cell distribution in the scaffold matched
well with the regenerated bone tissue distribution in the in vivo
test. The regenerated bone tissue on the surroundings
(scaffold–material interface) is only around 15% more than
that in the inner structure. This model could achieve an
application to design a personalized scaffold and provide a
proper mechanical and biological environment for recovery.
It is also useful to help surgeons provide rehabilitation guidance
for patients after implantation considering their knee joint inner
environment.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding authors.

ETHICS STATEMENT

The animal study was reviewed and approved by Royal
Veterinary College. Written informed consent was obtained
from the owners for the participation of their animals in this
study.

AUTHOR CONTRIBUTIONS

CL and XS are the funders for this publication, and they both
revised it critically for important intellectual content. MT and
S-MC did the in vivo tests. VS, FG, and HW helped analyze the
data of both in vivo tests and simulation results. I am the main
writer for this manuscript and also made the scaffold design

and did the simulation work.

FUNDING

This work was supported by the Versus Arthritis Research
United Kingdom (Grant No. 21977), European Commission
via a H2020-MSCA-RISE programme (BAMOS, Grant No.
734156), Innovative United Kingdom via Newton Fund (Grant

No. 102872), Engineering and Physical Science Research Council
(EPSRC) via DTP case programme (Grant No. EP/T517793/1)
and the Intergovernmental cooperation in science and technology
of China (No. 2016YFE0125300).

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org September 2021 | Volume 9 | Article 73606311

Liu et al. Model of Tissue Engineering Process

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


REFERENCES

Adachi, T., Osako, Y., Tanaka, M., Hojo, M., and Hollister, S. J. (2006). Framework

for Optimal Design of Porous Scaffold Microstructure by Computational

Simulation of Bone Regeneration. Biomaterials 27, 3964–3972. doi:10.1016/

j.biomaterials.2006.02.039

Adachi, T., Tsubota, K.-i., Tomita, Y., and Hollister, S. J. (2001). Trabecular Surface

Remodeling Simulation for Cancellous Bone Using Microstructural Voxel

Finite Element Models. J. biomechanical Eng. 123, 403–409. doi:10.1115/

1.1392315

Andrish, J., and Holmes, R. (1979). Effects of Synovial Fluid on Fibroblasts in

Tissue Culture. Clin. Orthop. Relat. Res., 279–283.

Arokoski, J. P., Hyttinen, M. M., Helminen, H. J., and Jurvelin, J. S. (1999).

Biomechanical and Structural Characteristics of Canine Femoral and Tibial

Cartilage. J. Biomed. Mater. Res. 48, 99–107. doi:10.1002/(sici)1097-4636(1999)

48:2<99:aid-jbm1>3.0.co;2-n

Beaupré, G. S., Orr, T. E., and Carter, D. R. (1990). An Approach for Time-

dependent Bone Modeling and Remodeling-Theoretical Development.

J. Orthop. Res. 8, 651–661. doi:10.1002/jor.1100080506

Bloebaum, R. D., Bachus, K. N., Momberger, N. G., and Hofmann, A. A. (1994).

Mineral Apposition Rates of Human Cancellous Bone at the Interface of Porous

Coated Implants. J. Biomed. Mater. Res. 28, 537–544. doi:10.1002/jbm.820280503

Burr, D. B., and Gallant, M. A. (2012). Bone Remodelling in Osteoarthritis. Nat.

Rev. Rheumatol. 8, 665–673. doi:10.1038/nrrheum.2012.130

Byrne, D. P., Lacroix, D., Planell, J. A., Kelly, D. J., and Prendergast, P. J. (2007).

Simulation of Tissue Differentiation in a Scaffold as a Function of Porosity,

Young’s Modulus and Dissolution Rate: Application of Mechanobiological

Models in Tissue Engineering. Biomaterials 28, 5544–5554. doi:10.1016/

j.biomaterials.2007.09.003

Cowin, S. C. (1993). Bone Stress Adaptation Models. J. Biomechanical Eng. 115,

528–533. doi:10.1115/1.2895535

Fellows, C. R., Matta, C., Zakany, R., Khan, I. M., and Mobasheri, A. (2016).

Adipose, Bone Marrow and Synovial Joint-Derived Mesenchymal Stem

Cells for Cartilage Repair. Front. Genet. 7, 213. doi:10.3389/

fgene.2016.00213

Groeneveld, E. H. J., van den Bergh, J. P. A., Holzmann, P., ten Bruggenkate, C. M.,

Tuinzing, D. B., and Burger, E. H. (1999). Mineralization Processes in

Demineralized Bone Matrix Grafts in Human Maxillary Sinus Floor

Elevations. J. Biomed. Mater. Res. 48, 393–402. doi:10.1002/(sici)1097-

4636(1999)48:4<393:aid-jbm1>3.0.co;2-c

Hazelton, R. A., Vedam, R., Masci, P. P., and Whitaker, A. N. (1990). Partial

Purification and Characterisation of a Synovial Fluid Inhibitor of Osteoblasts.

Ann. Rheum. Dis. 49, 121–124. doi:10.1136/ard.49.2.121

Healy, K. E. (1999). Molecular Engineering of Materials for Bioreactivity. Curr.

Opin. Solid State. Mater. Sci. 4, 381–387. doi:10.1016/s1359-0286(99)00038-8

Henrotin, Y., Kurz, B., and Aigner, T. (2005). Oxygen and Reactive Oxygen Species

in Cartilage Degradation: Friends or Foes? Osteoarthritis and Cartilage 13,

643–654. doi:10.1016/j.joca.2005.04.002

Hodge, W. A., Fijan, R. S., Carlson, K. L., Burgess, R. G., Harris, W. H., and Mann,

R. W. (1986). Contact Pressures in the Human Hip Joint Measured In Vivo.

Proc. Natl. Acad. Sci. 83, 2879–2883. doi:10.1073/pnas.83.9.2879

Hofmann, A. A., Bloebaum, R. D., and Bachus, K. N. (1997). Progression of Human

Bone Ingrowth into Porous-Coated Implants: Rate of Bone Ingrowth in

Humans. Acta Orthopaedica Scand. 68, 161–166. doi:10.3109/

17453679709004000

Hollister, S. J. (2006). Erratum: Porous Scaffold Design for Tissue Engineering.Nat.

Mater 5, 590. doi:10.1016/j.cad.2013.05.00510.1038/nmat1683

Hubbell, J. (1999). Bioactive Biomaterials. Curr. Opin. Biotechnol. 10, 123–129.

doi:10.1016/s0958-1669(99)80021-4

Huiskes, R., Driel, W. D. V., Prendergast, P. J., and Søballe, K. (1997). A

Biomechanical Regulatory Model for Periprosthetic Fibrous-Tissue

Differentiation. J. Mater. Sci. Mater. Med. 8, 785–788. doi:10.17816/

vto202027224-29-2180210.1023/a:1018520914512

Hulbert, S. F., Young, F. A., Mathews, R. S., Klawitter, J. J., Talbert, C. D., and

Stelling, F. H. (1970). Potential of Ceramic Materials as Permanently

Implantable Skeletal Prostheses. J. Biomed. Mater. Res. 4, 433–456.

doi:10.1002/jbm.820040309

Jurvelin, J., Säämänen, A.-M., Arokoski, J., Helminen, H. J., Kiviranta, I., and

Tammi, M. (1988). Biomechanical Properties of the Canine Knee Articular

Cartilage as Related to Matrix Proteoglycans and Collagen. Eng. Med. 17,

157–162. doi:10.1243/emed_jour_1988_017_042_02

Jurvelin, J. S., Buschmann, M. D., and Hunziker, E. B. (1997). Optical and

Mechanical Determination of Poisson’s Ratio of Adult Bovine Humeral

Articular Cartilage. J. Biomech. 30, 235–241. doi:10.1016/s0021-9290(96)

00133-9

Kaplan, F. S., Hayes, W. C., Keaveny, T. M., Boskey, A., Einhorn, T. A., and

Iannotti, J. P. (1994). Form and Function of Bone. Orthopaedic Basic Sci.,

127–185.

Karageorgiou, V., and Kaplan, D. (2005). Porosity of 3D Biomaterial Scaffolds and

Osteogenesis. Biomaterials 26, 5474–5491. doi:10.1016/

j.biomaterials.2005.02.002

Keaveny, T. M., Morgan, E. F., Niebur, G. L., and Yeh, O. C. (2001). Biomechanics

of Trabecular Bone. Annu. Rev. Biomed. Eng. 3, 307–333. doi:10.1146/

annurev.bioeng.3.1.307

Knecht, S., Erggelet, C., Endres, M., Sittinger, M., Kaps, C., and Stüssi, E. (2007).

Mechanical Testing of Fixation Techniques for Scaffold-Based Tissue-

Engineered Grafts. J. Biomed. Mater. Res. 83B, 50–57. doi:10.1002/jbm.b.30765

Laasanen, M. S., Töyräs, J., Korhonen, R. K., Rieppo, J., Saarakkala, S., Nieminen,

M. T., et al. (2003). Biomechanical Properties of Knee Articular Cartilage.

Biorheology 40, 133–140.

Lin, C. Y., Kikuchi, N., and Hollister, S. J. (2004). A Novel Method for

Biomaterial Scaffold Internal Architecture Design to Match Bone Elastic

Properties with Desired Porosity. J. Biomech. 37, 623–636. doi:10.1016/

j.jbiomech.2003.09.029

Liu, Z., Tamaddon, M., Gu, Y., Yu, J., Xu, N., Gang, F., et al. (2020). Cell Seeding

Process experiment and Simulation on Three-Dimensional Polyhedron and

Cross-Link Design Scaffolds. Front. Bioeng. Biotechnol. 8, 104–4185.

doi:10.3389/fbioe.2020.00104

Long, M., and Rack, H. J. (1998). Titanium Alloys in Total Joint Replacement-A

Materials Science Perspective. Biomaterials 19, 1621–1639. doi:10.1016/s0142-

9612(97)00146-4

Marks, S. C., Jr, and Odgren, P. R. (2002). Structure and Development of the

Skeleton. Principles bone Biol., 3–15. doi:10.1016/b978-012098652-

1.50103-7

Mittra, E., Rubin, C., and Qin, Y.-X. (2005). Interrelationship of Trabecular

Mechanical and Microstructural Properties in Sheep Trabecular Bone.

J. Biomech. 38, 1229–1237. doi:10.1016/j.jbiomech.2004.06.007

Mow, V. C., Holmes, M. H., and Michael Lai, W. (1984). Fluid Transport and

Mechanical Properties of Articular Cartilage: a Review. J. Biomech. 17, 377–394.

doi:10.1016/0021-9290(84)90031-9

Nehrer, S., Spector, M., and Minas, T. (1999). Histologic Analysis of Tissue after

Failed Cartilage Repair Procedures. Clin. Orthopaedics Relat. Res. 365, 149–162.

doi:10.1097/00003086-199908000-00020

Nieminen, M. T., Toyras, J., Rieppo, J., Hakumaki, J. M., Silvennoinen, J.,

Helminen, H. J., et al. (2000). Quantitative MR Microscopy of

Enzymatically Degraded Articular Cartilage. Magn. Reson. Med. 43,

676–681. doi:10.1002/(sici)1522-2594(200005)43:5<676:aid-mrm9>3.0.co;2-x

Peat, G., McCarney, R., and Croft, P. (2001). Knee Pain and Osteoarthritis in Older

Adults: a Review of Community burden and Current Use of Primary Health

Care. Ann. Rheum. Dis. 60, 91–97. doi:10.1136/ard.60.2.91

Peterson, L., Minas, T., Brittberg, M., Nilsson, A., Sj??gren-Jansson, E., and Lindahl,

A. (2000). Two- to 9-year Outcome after Autologous Chondrocyte

Transplantation of the Knee. Clin. Orthopaedics Relat. Res. 374, 212–234.

doi:10.1007/978-1-4471-5451-8_4010.1097/00003086-200005000-00020

Prendergast, P. J., Huiskes, R., and Søballe, K.ESB Research Award (1996). ESB

Research Award 1996. Biophysical Stimuli on Cells during Tissue

Differentiation at Implant Interfaces. J. Biomech. 30 (1997), 539–548.

doi:10.1016/s0021-9290(96)00140-6

Sakiyama-Elbert, S., and Hubbell, J. (2001). Functional Biomaterials: Design of

Novel Biomaterials. Annu. Rev. Mater. Res. 31, 183–201. doi:10.1146/

annurev.matsci.31.1.183

Santoro, R., Olivares, A. L., Brans, G., Wirz, D., Longinotti, C., Lacroix, D., et al.

(2010). Bioreactor Based Engineering of Large-Scale Human Cartilage Grafts

for Joint Resurfacing. Biomaterials 31, 8946–8952. doi:10.1016/

j.biomaterials.2010.08.009

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org September 2021 | Volume 9 | Article 73606312

Liu et al. Model of Tissue Engineering Process

https://doi.org/10.1016/j.biomaterials.2006.02.039
https://doi.org/10.1016/j.biomaterials.2006.02.039
https://doi.org/10.1115/1.1392315
https://doi.org/10.1115/1.1392315
https://doi.org/10.1002/(sici)1097-4636(1999)48:2<99:aid-jbm1>3.0.co;2-n
https://doi.org/10.1002/(sici)1097-4636(1999)48:2<99:aid-jbm1>3.0.co;2-n
https://doi.org/10.1002/jor.1100080506
https://doi.org/10.1002/jbm.820280503
https://doi.org/10.1038/nrrheum.2012.130
https://doi.org/10.1016/j.biomaterials.2007.09.003
https://doi.org/10.1016/j.biomaterials.2007.09.003
https://doi.org/10.1115/1.2895535
https://doi.org/10.3389/fgene.2016.00213
https://doi.org/10.3389/fgene.2016.00213
https://doi.org/10.1002/(sici)1097-4636(1999)48:4<393:aid-jbm1>3.0.co;2-c
https://doi.org/10.1002/(sici)1097-4636(1999)48:4<393:aid-jbm1>3.0.co;2-c
https://doi.org/10.1136/ard.49.2.121
https://doi.org/10.1016/s1359-0286(99)00038-8
https://doi.org/10.1016/j.joca.2005.04.002
https://doi.org/10.1073/pnas.83.9.2879
https://doi.org/10.3109/17453679709004000
https://doi.org/10.3109/17453679709004000
https://doi.org/10.1016/j.cad.2013.05.00510.1038/nmat1683
https://doi.org/10.1016/s0958-1669(99)80021-4
https://doi.org/10.17816/vto202027224-29-2180210.1023/a:1018520914512
https://doi.org/10.17816/vto202027224-29-2180210.1023/a:1018520914512
https://doi.org/10.1002/jbm.820040309
https://doi.org/10.1243/emed_jour_1988_017_042_02
https://doi.org/10.1016/s0021-9290(96)00133-9
https://doi.org/10.1016/s0021-9290(96)00133-9
https://doi.org/10.1016/j.biomaterials.2005.02.002
https://doi.org/10.1016/j.biomaterials.2005.02.002
https://doi.org/10.1146/annurev.bioeng.3.1.307
https://doi.org/10.1146/annurev.bioeng.3.1.307
https://doi.org/10.1002/jbm.b.30765
https://doi.org/10.1016/j.jbiomech.2003.09.029
https://doi.org/10.1016/j.jbiomech.2003.09.029
https://doi.org/10.3389/fbioe.2020.00104
https://doi.org/10.1016/s0142-9612(97)00146-4
https://doi.org/10.1016/s0142-9612(97)00146-4
https://doi.org/10.1016/b978-012098652-1.50103-7
https://doi.org/10.1016/b978-012098652-1.50103-7
https://doi.org/10.1016/j.jbiomech.2004.06.007
https://doi.org/10.1016/0021-9290(84)90031-9
https://doi.org/10.1097/00003086-199908000-00020
https://doi.org/10.1002/(sici)1522-2594(200005)43:5<676:aid-mrm9>3.0.co;2-x
https://doi.org/10.1136/ard.60.2.91
https://doi.org/10.1007/978-1-4471-5451-8_4010.1097/00003086-200005000-00020
https://doi.org/10.1016/s0021-9290(96)00140-6
https://doi.org/10.1146/annurev.matsci.31.1.183
https://doi.org/10.1146/annurev.matsci.31.1.183
https://doi.org/10.1016/j.biomaterials.2010.08.009
https://doi.org/10.1016/j.biomaterials.2010.08.009
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Sanz-Herrera, J. A., Garcia-Aznar, J. M., and Doblare, M. (2008). A

Mathematical Model for Bone Tissue Regeneration inside a Specific

Type of Scaffold. Biomech. Model. Mechanobiol 7, 355–366. doi:10.1007/

s10237-007-0089-7

Schliephake, H., Neukam, F. W., and Klosa, D. (1991). Influence of Pore

Dimensions on Bone Ingrowth into Porous Hydroxylapatite Blocks Used as

Bone Graft Substitutes. Int. J. Oral Maxillofac. Surg. 20, 53–58. doi:10.1016/

s0901-5027(05)80698-8

Adachi, T., Tanaka, M., and Tomita, Y., (1998, Uniform Stress State in Bone

Structure with Residual Stress, J. Biomech. Eng., 120) 342–347. doi:10.1115/

1.2798000

Wendt, D., Stroebel, S., Jakob, M., John, G. T., and Martin, I. (2006). Uniform

Tissues Engineered by Seeding and Culturing Cells in 3D Scaffolds under

Perfusion at Defined Oxygen Tensions. Biorheology 43, 481–488. doi:10.1101/

815621

Wu, T., Yu, S., Chen, D., and Wang, Y. (2017). Bionic Design, Materials and

Performance of Bone Tissue Scaffolds. Materials 10, 1187. doi:10.3390/

ma10101187

Wu, Z.-x., Lei, W., Hu, Y.-y., Wang, H.-q., Wan, S.-y., Ma, Z.-s., et al. (2008). Effect

of Ovariectomy on BMD,Micro-architecture and Biomechanics of Cortical and

Cancellous Bones in a Sheep Model. Med. Eng. Phys. 30, 1112–1118.

doi:10.1016/j.medengphy.2008.01.007

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Liu, Tamaddon, Chen, Wang, San Cheong, Gang, Sun and Liu.

This is an open-access article distributed under the terms of the Creative Commons

Attribution License (CC BY). The use, distribution or reproduction in other forums is

permitted, provided the original author(s) and the copyright owner(s) are credited

and that the original publication in this journal is cited, in accordance with accepted

academic practice. No use, distribution or reproduction is permitted which does not

comply with these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org September 2021 | Volume 9 | Article 73606313

Liu et al. Model of Tissue Engineering Process

https://doi.org/10.1007/s10237-007-0089-7
https://doi.org/10.1007/s10237-007-0089-7
https://doi.org/10.1016/s0901-5027(05)80698-8
https://doi.org/10.1016/s0901-5027(05)80698-8
https://doi.org/10.1115/1.2798000
https://doi.org/10.1115/1.2798000
https://doi.org/10.1101/815621
https://doi.org/10.1101/815621
https://doi.org/10.3390/ma10101187
https://doi.org/10.3390/ma10101187
https://doi.org/10.1016/j.medengphy.2008.01.007
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	Determination of an Initial Stage of the Bone Tissue Ingrowth Into Titanium Matrix by Cell Adhesion Model
	Introduction
	Materials and Methods
	Bionic Scaffold and Manufacturing
	In Vivo Test
	Ethical Aspects and Animals
	Surgical Procedure
	Micro-Computed Tomography (Micro-CT) and X-Ray Analysis
	X-Ray–Based Bone Analysis for Quantification of Osteogenesis and Bone–Scaffold Interaction
	Physical Model and Computational Framework
	Solving Process and Boundary Conditions


	Results
	Bionic Structural and Mechanical Performance of the Osteochondral Scaffold
	In Vivo Test
	Quantification of Bone–Scaffold Contact
	Quantification of Osteogenesis
	Bone Mineral Density

	Simulation of Bone Mesenchymal Stem Cell Attachment on the Scaffold

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


