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Abstract

A novel method was proposed to design the structure of a bone tissue engineering scaffold based on triply peri-
odic minimal surface. In this method, reverse engineering software was used to reconstruct the surface from point
cloud data. This method overcomes the limitations of commercially available software packages that prevent them
from generating models with complex surfaces used for bone tissue engineering scaffolds. Additionally, the fluid
field of the scaffolds was simulated through a numerical method based on finite volume and the cell proliferation
performance was evaluated via an in vitro experiment. The cell proliferation and the mass flow evaluated in a biore-
actor further verified the flow field simulated using computational fluid dynamics. The result of this study illustrates
that the pressure value drops rapidly from 0.103 Pa to 0.011 Pa in the y-axis direction and the mass flow is unevenly
distributed in the outlets. The mass flow in the side outlets is observed to be approximately 24.3 times higher than
that in the bottom outlets in the range 6.13 x 1078 kg/s to 1.49 x 107° kg/s. Moreover, the mass flow in the bottom
outlets decreases from the center to the edge, whereas the mass flow in the side outlets decreases from the top to
the bottom. Importantly, although the mean value of wall shear stress is significantly more than 0.05 Pa, there is still
a large area with a suitable shear stress below 0.05 Pa where most cells can proliferate well. The result shows that the
inlet velocity 0.0075 m/s is suitable for cell proliferation in the scaffold. This study provides an insight into the design,

analysis, and in vitro experiment of a bone tissue engineering scaffold.
Keywords: Bone tissue engineering, Porous scaffold, Flow field, Reverse engineering, Cell proliferation

1 Introduction

According to recent studies [1, 2], millions of people are
suffering severely from orthopedic disorders caused by
traffic accidents, bone tumors, infection, etc. Bone can
heal by itself when a small segment defect occurs; how-
ever, despite recent advances in medical technologies,
treatment of a non-healable size bone defect is still chal-
lenging. Tissue engineering, which is a promising method
for the reconstruction of bone, is an interdisciplinary
field that applies the principles of engineering and life
sciences toward the development of biological substitutes
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for restoring, maintaining, or improving tissue function
[3]. It has been applied to the construction of some tis-
sues and organs such as bone, cartilage, skin, and liver
[4, 5]. Cell, scaffold, and growth factor are the three most
important conditions in tissue engineering. Some ideal
properties are required for the bone scaffold [6-10].

The porous scaffold should have appropriate pore size,
morphology, and porosity for cell adhesion, migration,
proliferation, and differentiation. The materials of the
scaffold should have osteoinduction and good biocom-
patibility. Moreover, controllable biodegradability is a
desired property for a bone tissue engineering scaffold,
which should have a suitable degradation rate corre-
sponding to the cell growth rate. The scaffold should also
have sufficient mechanical strength to support human
body, and appropriate elasticity modulus to match that of
bone.
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Numerous modeling methods have been proposed
to design the structure of a bone scaffold, among which
computer-aided design (CAD)-based modeling is the
most common method. Currently, most commercial
CAD tools are based on solid modeling systems, such as
constructive solid geometry. For this modeling method,
complex models are designed and represented by com-
bining standard solid primitives (cylinders, spheres, or
cubes). It is only possible to create regular solids without
complex surfaces through this process. However, with
the rapid development of 3D printing technology in tis-
sue engineering, more complex shaped models can be
processed; hence, a new modeling method to design a
scaffold structure considering a complex environment for
cell growth and for supporting human body is urgently
required.

Triply periodic minimal surface (TPMS) can describe
several natural shapes—for example, cubosomes and
certain cell membranes or prolamellar bodies of plants
[11-14]. In the bio-manufacturing field, TPMS allows
the design of scaffolds with very high surface-to-area
ratios, enhancing cell proliferation. Melchels et al. [15,
16] presented a scaffold design methodology by using
K3DSurf v.0.6.2 software and generated TPMS models
that describe gyroid architectures. However, there are
few reports about other methods to construct a bone tis-
sue engineering scaffold based on TPMS, and the fluid
field distribution in the TPMS scaffold is still not clear. In
this paper, a novel method with a high degree of design
freedom to obtain smooth surfaces is proposed to con-
struct TPMS scaffold models applicable to bone tissue
engineering. In addition, the flow field in the scaffold is
analyzed through a numerical simulation method. This
study provides an insight into the design of a bone tissue
engineering scaffold and the analysis of cell proliferation
performance based on the flow field.

2 Materials and Methods

2.1 Building of TPMS Scaffold Models

A TPMS scaffold was obtained via the following three
steps: calculation of point cloud data, reconstruction of a
surface model, and generation of a solid model.

The concept of minimal surface was first proposed by
Lagrange [17] in 1760 to determine the surface with the
smallest area for a constant perimeter. Subsequently, in
1785, Meusnier [18] proved that the mean curvature (H)
at any point on the surface is zero. The mean curvature of
the surface can be described by Eq. (1):

ki +k2

H="522, (1)

where k; and k, are the principle curvatures of the sur-
face at that point.

Page 2 of 10

Schnering and Nesper [19] used the implicit function
given in Eq. (2) to describe a Schwarz primitive surface
mathematically, which was a typical example of TPMS:

cosx + cosy + cosz =0, (2)

where x € [—3.14, 3.14], ye [—3.14, 3.14], and ze [ 3.14,
3.14].

MATLAB is a commercial mathematical computing soft-
ware program that can perform matrix operations, draw
functions, and implement algorithms, and is mainly used in
engineering computing, signal processing, image process-
ing, and some other applications. This software program
was utilized to compute the point cloud data using Eq. (2).

Subsequently, the point cloud data were sent to a reverse
engineering software program (Geomagic Studio) to com-
plete the surface reconstruction. The coordinates of the
points, such as (3.14, 1.57, 0), were calculated using MAT-
LAB without units. Thus, the unit millimeter was selected
and a scale factor of 0.1 was simultaneously implemented
on all the coordinates. For example, the coordinates men-
tioned above became (0.314 mm, 0.157 mm, 0 mm) after
the transformation.

As shown in Figure 1, the TPMS surface models were
reconstructed from 560 points/mm?, 1120 points/mm? and
5600 points/mm?. It was observed that 5600 points/mm?
were sufficient to obtain a smooth surface. Therefore, in the
following steps, all the surface models were reconstructed
from 5600 points/mm?

The surface model was thickened by 0.1 pm, 20 pm,
40 pm, and 60 pm in CAD software (SolidWorks) to form
different pore diameters 314 pum, 354 pm, 394 pm, and
434 pm, respectively. In previous studies, most researchers
selected a pore diameter ranging from 300—900 pum in bone
tissue engineering, which showed effective results for bone
reconstruction [20-22]. Subsequently, the surface model
was transformed to a solid model through Boolean opera-
tion with a cube (628 pm x 628 pm x 628 pum), which could
be expanded to a 27-unit scaffold via an array operation as
shown in Figure 2.

2.2 Simulation of Flow Field

The cell culture medium was assumed to be a homogene-
ous, viscous, and incompressible Newtonian fluid; there-
fore, the differential equations of motion (Navier—Stokes
equation) can be described by Eq. (3):

%:ﬁ—lQ+V'V2Vx,

éit p 0x

vy o _19p 2

ddt _fj/ ﬁ)gy_’_vv Vys (3)
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where v,, Vi and v, are the velocity components in the
directions of x-, y-, and z-axes, respectively; f,, ]3,, and
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Figure 1 Surface models of bone scaffolds: a 560 points/mm?, b
1120 points/mm?, ¢ 5600 points/mm?

Figure 2 Solid models of bone scaffolds: a single-unit model, b
27-unit model

f, are force components in the directions of x-, y-, and
z-axes, respectively; p is the fluid density; v is the fluid
kinematic viscosity; p is the fluid pressure; V is the dif-
ferential operator.

The computational fluid dynamics (CFD) model must
be meshed before obtaining the final solution through
CFD software (ANSYS). To obtain a more accurate
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result, an inflation meshing method was applied to the
model boundary as shown in Figure 3, where the maxi-
mum number of layers was set as 5 and the growth rate
was set as 1.25.

The top nine pores were set as the velocity inlet
(0.01 m/s, 0.0075 m/s, 0.005 m/s, 0.0025 m/s), whereas
the other 45 pores were set as the pressure outlet (0 Pa);
furthermore, the material was set as the cell culture
medium with two preset parameters (density is 1000 kg/
m?, viscosity is 0.0018 Pa-s) obtained from Ref. [23].

The finite volume method was used to evaluate and
simulate the flow field of the bone tissue engineering
scaffold via a quantitative investigation of the relation-
ship between the pore diameters and wall shear stress, as
well as the inlet velocity and mass flow.

2.3 Cell Culture

The scaffolds were manufactured via 3D printing with
a type of biodegradable organic polymer material, as
shown in Figure 4. Based on the machining accuracy, the
scaffolds with the pore diameters of 314 pm and 434 pm
were selected as experimental samples. Subsequently, the
pore size of the samples was measured using a Keyence
Laser Microscope and the porosity was measured using
a Sartorius Porosimeter. Before performing cell culture
experiments with the scaffold samples, to achieve thor-
ough sterilization, the samples were immersed in 90%
alcohol for 10 h and exposed to a UV lamp for 2 h.

Bone marrow mesenchymal stem cells (BMSCs) were
cultured in the scaffolds placed in a perfusion bioreac-
tor, and the cell proliferation performance was evaluated
to verify the CFD simulation result. First, BMSCs were
extracted from the femur of a four-week-aged Wistar rat,
provided by Shandong University Laboratory Animal
Center. Subsequently, the BMSCs were primarily cul-
tured with 90% Dulbecco’s modified eagle medium, 10%
fetal bovine serum, and 100 U/mL penicillin-streptomy-
cin. The cell culture medium was replaced after 24 h, and
subsequently, it was replaced every 48 h. After 7 days of
primary culture, when the BMSCs were spread over the
bottom of the culture dish, they were digested down
using 0.25% trypsin-ethylenediaminetetraacetic acid
solution. The cell suspension was adjusted to one million
cells per milliliter using the cell counting chamber under
the optical microscope. Subsequently, the cell suspension
was seeded on the scaffolds settled in a perfusion biore-
actor developed by our research group as shown in Fig-
ure 5, which could monitor the velocity and mass flow of
the inlets and outlets. Subsequently, the perfusion biore-
actor was placed in a CO, cell incubator under the condi-
tions of 37 °C, 5% CO,, and 80% relative humidity. The
cell culture medium was replaced every 48 h.
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Figure 3 Mesh models of bone scaffolds in the CFD software

!

Figure 4 Bone scaffolds: a single-unit model, b 27-unit model
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Figure 5 Schematic diagram of the perfusion bioreactor

A methyl thiazol tetrazolium (MTT) assay, which
could be reduced by active cells into insoluble pur-
ple formazan granules, was used to test cell prolifera-
tion in the scaffold on days 1, 4, 7, and 10. Specifically,

ol L

Figure 6 Eight observation areas on the surface of the bone scaffold

after the MTT solution was added to each sample, the
sample was required to be incubated in a cell incubator
under the conditions of 37 °C, 5% CO,, and 80% rela-
tive humidity for 4 h. Subsequently, the medium was
removed and the sample was immersed in dimethyl sul-
foxide, which could dissolve the precipitated formazan.
Finally, the absorbance value was observed using a UV-
vis spectrophotometer at 570 nm.

On the 10th day, the scaffold sample was cut into
two symmetrical parts. Figure 6 shows eight similar
areas (100 um x 100 um) on the surface of the scaffold
observed using a fluorescence microscope. In addition,
eight microscope pictures were assembled together to
form a global picture for a comparison with the CFD sim-
ulation results to confirm our conclusion.

Figure 7 shows the general flowchart of this study.

3 Results and Discussion

3.1 Geometry Details

Four TPMS scaffold models with different pore diameters
were obtained by using different scale factors and thick-
ening factors. These scaffold models had porosities rang-
ing from 51.7% to 68.8% and various wall areas ranging
from 7.865 x 10" m* to 8.923 x 10~ m®. As the 27-unit
model was obtained from the single-unit model via an
array operation, the single-unit model could be used
to represent the 27-unit model to a certain extent. The
geometry details of the single-unit model are presented
in Table 1.

The porosity increased with the increase in the pore
diameter and simultaneously the wall area shrank rapidly
as shown in Table 1. Generally, with regard to the porous
scaffolds, higher porosity indicates lower strength and
lower elastic modulus [24, 25]. However, higher porosity
can promote the transportation of oxygen and nutrients
and improve the metabolism system. Therefore, it is still
a significant challenge to balance the mechanical and bio-
logical properties.
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Table 1 Geometry details of the single-unit model

Pore diameter (um) Porosity (%) Wall area (m?)

7

314 51.7 8923 x 10~
354 554 8861 x 1077
394 619 8367 x 1077
434 68.8 7865 %1077

Five samples identical in all dimensions were fabri-
cated to obtain reliable results. However, only the scaf-
folds with the pore diameters of 314 pm and 434 um were
selected as the experimental samples, because of the poor
machining accuracy. Figure 8 and Figure 9 indicate that
the measured values of pore diameter and porosity are
slightly lower than the designed values for the samples
with the pore diameters of 314 pm and 434 pm, which
therefore influenced the verification of the results of CFD
simulation and cell proliferation to a certain degree.

3.2 Flow Field Analysis
To investigate the tendency of mean pressure changes
in the y direction, three planes parallel to the x-z plane

(y=1240 pm, 620 pm, 0 um) were added to the model
shown in Figure 10(a). When the inlet velocity was set
as 0.01 mm/s, the mean inlet pressure was 0.412 Pa.
Figure 11 indicates that the plane (y=1240 pm) near
the inlet has a mean pressure of 0.103 Pa. However, the
value decreased rapidly in the y direction, such that
it was only 0.011 Pa on the plane near the outlet. In
other words, the fluid energy decreased rapidly in the y
direction. From the perspective of mass flow, the same
conclusion can be drawn. The outlets were named as
bottom 1, 2, 3 and side 1, 2, 3 as shown in Figure 10(b).
The mass flow in the bottom outlets decreased from the
center to the edge, and the mass flow in the side out-
lets decreased from the top to the bottom, as shown
in Figure 12. Moreover, the total mass flow in the side
face (1.49 x 107° kg/s) was approximately 24.3 times
higher than that in the bottom face (6.13 x 1078 kg/s).
From the monitoring record of the flowmeter in the
perfusion bioreactor, the total mass flow in the side
face (1.35x 107° kg/s) was approximately 22.4 times
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Figure 12 Mass flow in the outlets obtained using CFD simulation
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Figure 11 Mean pressure in the three planes obtained using CFD
simulation (the pore diameter is 434 um)

higher than that in the bottom face (6.02 x 1078 kg/s).
However, both these values were lower than the cor-
responding CFD simulation results as shown in Fig-
ure 13, because of the shrinkage of the pore diameter
and porosity.

As the 27-unit model was periodic in the three direc-
tions, a simplified single-unit model is presented in Fig-
ure 14 to investigate the flow field performance and to
reduce computing time simultaneously.

The inlet velocity of the model was set as 0.0025 m/s,
0.005 m/s, 0.0075 m/s, and 0.01 m/s. The results show
that the inlet pressure increases rapidly from 0.052 Pa to
0.394 Pa, i.e,, almost eight times, as the velocity increases.
According to existing studies, the wall shear stress has a
more significant influence on the cell proliferation than
the fluid pressure, but the inlet pressure influences the
mass flow of the nutrient liquid in a scaffold directly.

When the pore diameter is 314 um, the mass flow in
the bottom outlets increases from 4.821 x 1072 kg/s to
1.351 x 1077 kg/s with an increase in the inlet velocity
from 0.0025 m/s to 0.01 m/s as illustrated in Figure 15.
Furthermore, when the inlet velocity is 0.01 m/s,
the mass flow in the bottom outlets increases from
1.351 x 1077 kg/s to 2.161 x 1077 kg/s with an increase
in the pore diameter from 314 pum to 434 um. However,
the experimentally obtained mass flow value is slightly
lower than the CFD simulated value, whereas the vari-
ation tendency is the same, as shown in Figure 16 and
Figure 17. Several factors contributed to the errors, but
the most important factor is the machining error of the
scaffolds; another important reason is that the cell cul-
ture medium was assumed to be a homogeneous New-
tonian fluid.

Figure 18 shows that the mass flow in the side outlets
also increases with an increase in the inlet velocity and
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Figure 14 Single-unit model in CFD software
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Figure 15 Mass flow in the bottom outlets obtained using CFD
simulation
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pore diameter. From this perspective, the mass flow in
each outlet (bottom or side) was not uniformly distrib-
uted. Therefore, in the future studies, our perfusion bio-
reactor will be improved, and the dynamic cell culture
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method in 3D environment will be changed to multiple
inlets, not only top inlets.

Fluid wall shear stress is an important factor that can
influence cell proliferation and differentiation. Porter
et al. [26] investigated the velocity and wall shear stress in
the scaffold using a lattice Boltzmann method, compared
the result with the experimental data, and observed
that the most suitable wall shear stress was 5x 107> Pa
for osteoclasts, with the upper limit value of 0.057 Pa.
Beyond this value, the growth of osteoclasts was severely
inhibited.

The velocity field was obtained by solving Navier—Stokes
Eq. (3) at every point of the meshing model. Subsequently,
the wall shear stress of the Newtonian fluid could be esti-
mated by multiplying the symmetric part of the gradient
of the velocity field with the dynamic viscosity of the cell
culture medium [26], as described by Eq. (4):
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T = M(%) (vu+vur), (4)

where 7 is the shear stress tensor, y is the experimental
dynamic viscosity, and U is the 3D velocity vector.

Figure 19 illustrates that a larger diameter and faster
inlet velocity can yield higher mean wall shear stress.
Although all the mean wall shear values were over
0.05 Pa, there was still a large area with a suitable shear
stress below 0.05 Pa as shown in Figure 20. A very small
area near the inlet had an extremely high value, thus
increasing the mean value by a large margin.

3.3 Cell Proliferation Performance

The MTT assay was utilized to determine the cell pro-
liferation performance of the BMSCs on the scaffold
samples. The optical density value, read on the UV-vis
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Figure 20 Wall shear stress contour in CFD software
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Figure 21 Optical density indicating the cell proliferation
performance (the five identical scaffold samples were seeded with
BMSCs, and the pore diameter is 434 um)

spectrophotometer after 1, 4, 7, and 10 days, can indi-
rectly reflect the cell proliferation rate as shown in Fig-
ure 21. With the progress of time from the 1st day to the
10th day, the BMSCs seeded on the scaffold grew fast,
which indicated that the cells were compatible with the
designed bone scaffold based on TPMS. Notably, the inlet
velocity had a significant impact on the cell proliferation
performance. As shown in the results, 0.0075 m/s was the
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Figure 23 Fluorescence image (assembled with eight images, with
the inlet velocity 0.0075 m/s on the 10th day)

most suitable velocity among the four values (0.0025 m/s,
0.005 m/s, 0.0075 m/s, and 0.01 m/s).

Figure 22 shows the proportion of different shear
stresses on the scaffold wall calculated using CFD simula-
tion, illustrating that the area with low wall shear stress
(<5%x107° Pa) shrank from 52.38% to 23.81% with the
increase in the inlet velocity from 0.0025 m/s to 0.01 m/s.
In addition, the area with the high wall shear stress
(>5 x 1072 Pa) expanded rapidly from 19.35% to 47.62%,
with the increase in the inlet velocity from 0.0075 m/s
to 0.01 m/s. The area with the suitable wall shear stress
(5% 107° Pa—5 x 1072 Pa) was the largest, when the inlet
velocity was 0.0075 m/s, which coincided with the exper-
imental results of the cell proliferation performance as
shown in Figure 23.

Both the geometrical shape of the scaffolds and the
inlet velocity of the cell culture medium influenced
the internal flow field, which in turn had an impor-
tant effect on the cell proliferation performance in the
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scaffolds. Figure 23 shows the cell distribution on the
scaffold surface on the 10th day, which indicates that
most cells grew near the side outlets, whereas only
a few cells became attached near the top inlet, cor-
responding to the wall shear distribution as shown in
Figure 20. However, there was an extremely high wall
shear stress value (>0.8 Pa) concentrated near the top
inlet, which was not suitable for cell proliferation.

4 Conclusions

(1) A novel method was proposed to design the struc-
ture of bone tissue engineering scaffolds based on
TPMS. Reverse engineering was utilized to process
the point cloud data obtained from an implicit func-
tion of TPMS. Solid scaffold models were obtained
by using commercial CAD software (SolidWorks)
with four different pore diameters 314 um, 354 um,
394 pum, and 434 pm, through Thicken and Boolean
operations. This method has a high degree of design
freedom to obtain scaffold models with differ-
ent geometric parameters such as pore diameters,
porosities, and wall areas.

(2) The fluid field was simulated through a numerical
method based on finite volume and the cell pro-
liferation performance was evaluated through an
in vitro experiment. The cell distribution on the
surface of the TPMS scaffold and the mass flow
in the bioreactor verified the flow field simulated
using the CFD method. It is concluded from the
results that the perfusion inlet should be improved
because the mass flow from 4.821 x 1078 kg/s to
1.351 x 1077 kg/s was not uniformly distributed
in the TPMS scaffold. Moreover, a very high shear
stress value up to 0.821 Pa was concentrated on the
wall near the inlet of the scaffold. However, there
was still a very large area with a suitable shear stress
for cell growth, and the inlet velocity 0.0075 m/s
was more appropriate than the other three values.

(3) It is feasible to fabricate the TPMS scaffold via 3D
printing technology, but the machining precision
must be improved through different technologies.
Moreover, some new biomaterials with better per-
formance in terms of both mechanical and biologi-
cal properties should be developed by researchers
who are increasingly joining this promising field.
Through the analysis of the flow field in the scaffold,
this study provides guidance for future studies on
the design of bone tissue engineering scaffolds, and
on the relationship between cell proliferation and
the flow field.
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