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Abstract: The choosing of micromechanical environment
is very important for the growth of bone-related cells. In
this paper, bovine cancellous bone slices with 3D porous
structures were used for 3D culturing of MC3T3-E1 cells
(Mouse embryo osteoblast precursor cells) through a
four-point-bending device due to their good biocompat-
ibility and strength. Effects of micromechanical environ-
ment on the growth of MC3TC-E1 cells were investigated
by immunofluorescent staining and alkaline phosphatase
analysis, and the most positive microporous structures
were found. In addition, a model of cell density vs stress
was established through a specific normalization method
and finite element simulation. The results showed that the
micromechanical environment of the bone slices promoted
cell proliferation, and the detail influence of stress on cell
proliferation could be described by the mathematical
model, which could provide a theoretical basis for the
design of micromechanical environment in the bone tissue
engineering scaffolds to stimulate cell proliferation.
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1 Introduction

Large bone defects caused by various reasons, such as
traffic accidents or diseases, are hard to heal without sur-
gery [1]. Worldwide, more than 2 million bone-grafting
procedures are performed every year, occupying a market
value for bone grafts and substitute materials of approxi-
mately 2.7 billion dollars globally [2]. Common options for
bone defect treatment include autogenous bone grafting
and allogeneic bone grafting, both of which have their
own limitations. Autograft is the gold standard for bone
grafting. However, due to the insufficient supply, autograft
is only suitable to repair small bone defects, and it is prone
to cause iatrogenic injury, postoperative pain, and other
complications [3]. Although allograft has a less limited
supply compared to autograft, it also has problems such
as poor osteoinductive capacity, risk of postoperative frac-
ture, and immune rejection. Nowadays, nanotechnology
and various advanced materials began to be widely used
in the diagnosis and treatment of diseases, such as biosen-
sors, drug delivery system, tissue engineering scaffolds,
etc. [4-7]. In this context, bone tissue engineering tech-
nology emerges and provides a new solution for the treat-
ment of bone defects. Tissue engineering scaffolds usually
have complex microporous structures to provide more
adherent area for cells. After the tissue engineering scaf-
fold with living cells and growth factors is implanted into
the defect site, the scaffold degrades gradually and the
cells continuously proliferate and differentiate to form
new bone tissue to repair the defect in the body [8].
Bone tissue engineering has abundant graft sources and
good application prospects. It could potentially be widely
used in the field of bone defect repair in the future.
Tissues and cells in vivo are believed to be subjected
to mechanical load and respond accordingly during
activities of daily life. For example, bone is understood
to adaptively change its structure and density in response
to changes in external loads [9,10]. However, residual
stresses and strains, which are those that exist when all
external loads are removed, are also found to be ubiqui-
tous in the tissues and organs of organisms and may play
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an important role [11-13]. For instance, circumferential
compressive residual strains in the arteries are believed
to effectively reduce the stretching of blood pressure and
the risk of arterial rupture [14,15]. Similarly, residual
stresses have also been measured in the bones [16—19]
and may be important for maintaining their growth and
structure. However, current research on tissue engineer-
ing scaffolds mainly focuses on the fabrication method
and their interaction with microenvironments in vivo
[20,21], while ignoring the effect of stress in the tissue
engineering scaffolds on the bone repair process. As
cell is the basic unit of life activity, it is the basis to study
the effect of stress on cells in cell-level. Therefore, it is of
significance to study cell responses to stress in tissue
engineering scaffolds. If the effect of the stress on cell
growth can be figured out and a stress environment
that is conducive to cell growth can be introduced in
the tissue engineering scaffolds, achieving rapid prolife-
ration and differentiation of osteoblasts and formation of
new bone, it may bring tremendous innovation to the
bone tissue engineering technology.

There have been a lot of studies about the influence
of stress on cells, and the results show that different
loading methods, loading size, loading frequency, and
loading time will have different effects on the prolifera-
tion, differentiation, and gene expression of cells cul-
tured in vitro [22—-26]. However, most of the research men-
tioned above is performed on a 2D (two-dimensional)
plane, which cannot simulate the conditions most cells
experience in vivo, because cells are living as a monolayer
on a flat surface [27,28]. In addition, the conclusions
obtained in previous studies are almost qualitative, and
there is no quantitative model about the effect of stress on
cells to determine the most appropriate stress to simulate
cells, which brings difficulties to translate correlative
research results into clinical application in the process
of bone defect repair.

Although there is little theory established regarding
the effect of stress on cell growth currently, the theory of
bone remodeling has developed for a long time, which
quantitatively describes the physiological behavior that
the density of bone tissue changes with the change of
mechanical environment [29,30]. Generally, in the areas
with low loads, the mass and density of the bone will
decrease, and in the areas with high loads, the mass
and density of the bone will increase. Ref. [31] has
improved the model which considered that excessively
high loads will also cause a decrease in mass and density
of the bone, and the process can be described by
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dM/dt = B(U - k) - D(U - k)? 1

where B and D are the proportionality coefficients, M is
the density of the bone, U is the mechanical excitation,
which could be stress, strain, or strain energy density,
etc. k is the reference excitation, t is time.

When the excitation is small, the first term on the
right side of the equation plays the main role and the
bone density increases; when the load is large, the quad-
ratic term plays the main role and the bone density
decreases. The theory of bone remodeling provides a
reference for this paper to build the numerical model of
the effect of stress on cell growth.

As is introduced above, bone defect diseases are very
common around the world currently, while the repair-
ing methods have various limitations and new break-
throughs in treatment methods are urgently needed.
Bone tissue engineering scaffolds seem to be a promising
solution to this problem, but it is not yet mature enough
to be used for clinical application. Previous research has
showed that the mechanical load has certain effects on
the formation of new bone macroscopically and cellular
life activities microscopically [22-26,32]. Based on this
fact, figuring out the effect of the micromechanical envir-
onment of porous tissue engineering scaffolds on the pro-
cess of bone defect repair, which is hardly considered in
the current research, will greatly promote their applica-
tion in the bone defect treatment field. As a basis, this
paper studied the effect of stress on cell growth in the
microporous bone slices which were similar to the tissue
engineering scaffolds.

MC3T3-E1 cell, a kind of pre-osteoblast cell line,
which has the capacity to differentiate into osteoblasts
[33], was used in this study to investigate the effect of
stress on their proliferation and activity in the micro-
porous structures. Bovine cancellous bones have good
biocompatibility and relatively high strength, which can
usually withstand larger loads. Therefore, microporous
bone slices were obtained from bovine cancellous bones
to perform 3D (three-dimensional) cell culture experi-
ments. Stress in the porous structure was simulated
through four-point bending which is similar to residual
stress measured in bovine bones. Ultimately, the differ-
ences in cell proliferation and viability between the stressed
and control groups were compared. Based on the experi-
mental results, mathematical model of the effect of stress on
cell proliferation was established, preliminarily obtaining
the effect of different magnitudes of stress on cell prolifera-
tion in the microporous structures.
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2 Materials and methods
2.1 Bone slices

Microporous bone slices were used to provide a 3D living
environment for cells. To obtain suitable bone slices, the
metaphyses of fresh bovine femurs were cut using an
electric saw, during which uneven areas such as soft tis-
sues and growth plates were removed, obtaining approx-
imate cuboid bone blocks. Subsequently, the bone blocks
were cut with a precise cutter into pieces of 40 x 10 x
1.2mm?>. To eliminate the grease in the bone slices, they
were immersed in the 30% hydrogen peroxide solution
(Beijing Chemical Works, China) and placed in an ultra-
sonic cleaner. After 3-5 days, they were taken out and
rinsed under distilled water. This whole procedure was
repeated until the solution became clear and the voids of
the bone slices were evident, as shown in Figure 1. The
bone slices were then washed 5 times with 1x PBS and
sterilized in 4x AB/AM (antibiotic/antimycotic) solution
(Genview, USA) diluted with distilled water for 2 days
with the AB/AM changed once. Subsequently, the bone
slices were incubated in DMEM (Gibco, USA) for 1 day,
which was repeated two times until the medium color
was stable. The treated bone slices were stored at —20°C
for further use.

The microstructure morphology of the bone slice was
observed under a SEM (Scanning electron microscope).
The results showed that it had complex microporous
structures with high porosity. The pore size was approxi-
mately between 100 and 900 pm, as shown in Figure 2.

2.2 Loading device

A custom-made four-point bending device was designed
to create a stress environment in the bone slices, which is

Figure 1: The configuration of the bone slice after degreasing.
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Figure 2: The microstructure morphology of the bone slice under
SEM and the structures are divided into three typical structures.

shown in Figure 3. It consists of a customized cell culture
dish made of Teflon and aluminum alloy indenters inside
(Figure 3d). The lid and bottom of the culture dish are
tightly connected to the upper and lower indenter, respec-
tively (Figure 3b and c).

After placing the bone slice with living cells into the
device, weights were placed on the lid to create a bending
moment in the bone slice. The part of the bone slice
between the two fulcrums of the lower indenter was in
a pure bending state. According to the theory of
mechanics of materials, the maximum bending moment
in the bone slice My« is given by

Mpax = (mo + m)g(L - Lo)/8 2

where My.x is maximum bending moment in the bone
slice, mq is the quality of the lid and the upper indenter,
m is the quality of weights, L is the distance between the
two fulcrums of the lower indenter, Ly is the distance
between the two fulcrums of the upper indenter, and g
is the gravitational acceleration. The key parameters of
the loading device are as follows: mg = 22.64 g,m = 20 g,
L =32 mm, Ly = 22 mm.

Cells on the bone slice were subjected to bending
stress. If the bone slice was treated as a homogeneous
material, the maximum bending stress can be expressed as

0 = 6Mpmax/bh? 3)

where 0 is bending stress, b is the width of the bone slice,
and h is the height of the bone slice.



1318 =— Junling Wang et al.

(@)

lid of the culture dish

DE GRUYTER

bottom of the culture dish

€]

upper indenter SCIEWS

lower indenter

Figure 3: Schematic diagram of the four-point bending device: (a) schematic diagram of the loading process of the bone slice;
(b and c¢) photograph of the complete four-point bending device; (d) photograph of the demounted four-point bending device.

It should be mentioned that equation (3) only pro-
vided a reference in the stage of determining the dimen-
sions of the loading device, which could not calculate the
true stress distribution in the bone slice.

2.3 Cell culture

Before the experiment, MC3T3-E1 cells were cultured in
DMEM supplemented with 10% FBS (Fetal bovine serum)
(Gibco, USA) in an incubator at 37°C with a humidified
atmosphere of 95% air and 5% CO,. After 80% conflu-
ence, cells were digested by 0.25% trypsin (Gibco, USA),
centrifuged, and resuspended in DMEM at a concentra-
tion of 2.85 x 10° cells/mL. 5.7 x 10° cells in 200 pL cell
suspension were dropped gently onto each bone slice,
waiting for cell adhesion to add media till whole bone
slices immersed and keep cultured for one day.
Subsequently, the bone slices were divided into two
groups: the stressed group and control group. Three
bone slices in the stressed group were cultured in the
designed loading device, and three bone slices in the
control group were set at the same time. Each group

was cultivated for up to 8 days. The medium was
changed, collected, and stored at —80°C on day 2, 4,
6, and 8 for the later alkaline phosphatase (ALP) detec-
tion. At the end of the culture, all bone slices were
harvested and stained.

2.4 Immunofluorescent observation

To make the cells visible for microscopic observation on
the bone slices, cells were labeled with fluorescent dye.
Each bone slice was fixed in 4% paraformaldehyde for
15min at ambient temperature, then permeabilized
with 0.1% Triton X-100 for 10 min, and blocked in 4%
BSA for 30 min. The F-actin cytoskeleton of osteoblasts
on bone slices was stained with TRITC Phalloidin
(1:200) for 1h, and then the cell nuclei were stained
with DAPI (1:250) for 10 min. Each stained bone slice
was observed under a CLSM (confocal laser scanning
microscope) (Leica Microsystems, Wetzlar, Germany)
at a magnification of 100-fold and the typical struc-
tures were photoed by lamellar scanning at 8 pm
increments.
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2.5 Cell density calculation

Due to the complexity of the microporous structures of
the bone slices observed by the microscope, for better
comparison, they were divided into three typical struc-
tures: the surface (S), the connection (C), and the pore
wall (P), as shown in Figure 2. The surface is the surface
of the bone slice, which is relatively flat; the connection is
generally lower than the surface, which connects dif-
ferent parts of the bone slice; the pore wall consists of
the wall of pores and most of the highly inclined slopes.

The photographs were then processed and classified,
and typical structural images with cell distribution of all
bone slices were obtained. Afterwards, Image J was used
to obtain the cell density of each typical structural image,
which is given by

p =dN/dA (4)

where N is the number of cells on a certain structure, A is
the area occupied by these cells, and p is the cell density
on this structure.

Then the average cell density on each typical struc-
ture of the stressed and control groups was obtained, and
the percentage difference n of average cell density
between the two groups was expressed as

n=1@"-p)/pl x 100% 5)

where p’, p are the average values of cell density of
the stressed and control groups on a certain structure,
respectively.

2.6 Quantitative assay of ALP activity

The viability of MC3T3-E1 cells in two groups was detected
by the ALP activity in the collected medium using the
colorimetric ALP detection assay kit (Mecenbio, China).
First, each medium of 1 mL was freeze-dried for 24 h at a
temperature of —60°C with a pressure of 0.01 mbar, and
then redissolved into 160 pL of diluent (provided by the
kit). Three parallel samples with a volume of 50 pL were
taken from each redissolved medium and standard sam-
ples. Subsequently, the redissolved and standard samples
were tested following kit instructions. Finally, the values
of OD (optical density) of each sample were measured at a
wavelength of 450 nm and the ALP content of each sample
was obtained through OD values.

Then the average ALP content in the stressed and
control groups on different days was obtained, The mea-
sured average ALP content represented the amount of
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ALP cell secreting within two days, which was the time
interval of medium change.

2.7 Micromechanical environment analysis
of the bone slice

As mentioned above, due to the complex microstructures
of the bone slice, the stress state of the typical structures
(S, C, and P) cells growing on was very complicated under
bending moment and could not be accurately calculated.
Therefore, finite element simulation was employed for
the stress distribution analysis of typical structures (S,
C, and P) to explore how much force was being exerted
on the cells in the stressed group and provide stress data
for the later model establishment.

The geometric model of the microstructures of the
bone slice was created using micro-CT scanning with
the accuracy of 18 pm. For further analysis, the model
was improved using Geomagic Studio 2010 for smooth-
ness. The partial model was then introduced into the
Abaqus 6.13 for finite element simulation.

In Abaqus 6.13, the solid model was meshed by
C3D10 elements with total grids number of 1,60,926, and
a pure bending moment which was calculated according
to equation (2) was applied to its cross section. The loading
process was conducted using Abaqus/Standard.

2.8 Normalization of cell density in
mathematical model

Due to the influence of the projection effect during the
microscopic observation, cell density data were also
related to structure. However, the cell density data
required during the creation of the mathematical model
of cell growth affected by stress must only be related to
stress. Therefore the normalized technique was
employed to exclude the projection effect. Since the
slope structures (C and P) in the bone slices were recog-
nized as horizontal planes under microscopic observa-
tion, the areas of these structures calculated were less
than the actual areas, and the cell density values were
relatively large. Therefore, the cell density values of the
connection and pore wall should be normalized through
dividing by a coefficient. In the control group, normalized
cell density values should be the same on each structure.
Therefore, the cell density values were normalized by



1320 — Junling Wang et al.

100pm

100pm

DE GRUYTER

100pm

Figure 4: Cells on different typical structures in the stressed and control groups. Synthetic images of nucleus and F-actin of cells on the
surface (a and d); connection (b and e); pore wall (c and f); (a—c) stressed group; (d—f) control group.

p/1=p. k= pp/ ko, = constant (6)

where p;, p., p, are average values of cell density on
the surface, connection, and pore wall in the control
group, respectively. k and k are normalization coeffi-
cients of the connection and pore wall, respectively,
and they can be calculated once p;, p., p, are obtained
from the experiment.

2.9 Statistical analysis

All values were expressed as mean + standard deviation
(SD). Statistical analysis was performed by repeated mea-
surements analysis of variance and unpaired T test.
(GraphPad Prism 8). The variance was thought to be sig-
nificant when p < 0.05.

3 Results
3.1 Statistics and analysis of cell density

Images of cell distribution on various typical structures
for the stressed and control groups are shown in Figure 4.

Average values of cell density in each group and each
structure were obtained, as shown in Figure 5a. The
results showed that on the surface, connection, and pore
wall, the average values of cell density in the stressed
group were 650, 947, and 1,949 cells/mm?, respectively,
while the values were 529, 618, and 1,245 cells/mm? in
the control group, respectively.

The average values of cell density in the stressed
group were mostly higher than those in the control group.
The largest difference appeared at the pore wall, reaching
a value of 56.55%, followed by the connection with a
value of 53.24%, and the surface had the smallest differ-
ence with a value of 22.87%. In addition, the differences
were significant in the connection and pore wall between
the stressed group and their relative control group. The
results showed that a higher degree of proliferation occurred
in the stressed group, indicating that the stress has pro-
moted the proliferation of cells.

3.2 ALP test

Total ALP content which represented ALP content secreted
by cells from the beginning to the 2nd, 4th, 6th, and 8th
days was acquired through accumulating the average ALP
content on different days. As shown in Figure 5b, the total
ALP content in the stressed group was always a little higher
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Figure 5: Results of experimental data analysis: (a) average cell
density on each typical structure in the stressed and control groups;
(b) total ALP content in the stressed and control groups on different
days. *p < 0.05.

than it was in the control group. However, there were no
significant differences between two groups, indicating that
stress has no compelling effect on the activities of the cells.
The combined results of cell density analysis and ALP test
demonstrated that stress can promote the proliferation of
cells while having no significant effect on the differentia-
tion of them within the experiment duration of 8 days.

3.3 Stress of the typical structures

The distribution of Mises stress in the bone slice is
demonstrated in Figure 6. Computational results showed
that the micromechanical environment in the bone slice
was very complicated and the stress maximum was
about 84.64 kPa, while the range of stress values for the
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Figure 6: Mises stress distribution in the bone slice.

majority of the bone slice was 0.1-20 kPa. However, it
was notable that diverse structures were experiencing
different magnitudes of stress. For example, most high-
stress areas were located on the pole wall. Therefore, to
simplify the stress distribution, based on the typical struc-
ture division, average values of stress on each structure
were calculated through 20 random points in each typical
structure. The approximate average stress of the surface,
connection structure, and pore wall was 2.14, 2.62, and
4.47 KPa, respectively. It can be seen that the average stress
of the pore wall was the largest, followed by the connection
structure, and the average stress of the surface was the
smallest.

3.4 Mathematical model of cell growth
affected by stress

It was significant to explore potential correlations between
the stress on cells and corresponding cell density and con-
struct a mathematical model. The first step was to obtain
the correct data. It can be seen from the results of the finite
element analysis that there were four stress levels in the
bone slices in the experiment, which were zero of the
unstressed bone slices and the average stress of the three
typical structures of the stressed bone slices. According to
equation (6), the normalization coefficients of the connec-
tion and pore wall were k = 1.1682 and k = 2.3535,
respectively. All cell density values on the connection
and pore wall in the stressed group were then normalized,
obtaining the cell density data only relevant to stress,
which is shown in Figure 7.

As shown in Figure 7, the cell density increased with
the growth of stress in general, and the increasing trend
gradually slowed down. This phenomenon was consis-
tent with the theory of bone remodeling in equation (1).
Therefore, based on the theory of bone remodeling, math-
ematical model of cell growth affected by stress was



1322 — Junling Wang et al.

1500 -
(o\] —
= 1000
E
A
)
O 500
0 T T T T T 1
0 1 2 3 4 5
Stress(kPa)

Figure 7: Cell density relationships with stress in different bone
structures. The cell density values corresponding to each stress
level were expressed in terms of mean and standard deviation.

established, which was given by equation (7). The
average stress was an independent variable and the nor-
malized cell density corresponding to each stress was a
dependent variable.

p=dN/dA=a-(s-02+b-(s-0)+c 7)

where a and b are constant coefficients, c is the density of
normally growing cells without being affected by stress, s
is stress, and p is the cell density value.

Weighted least squares estimation was used to fit
unknown parameters in equation (7), because the var-
iance of the error of each cell density value was different.
Equation (7) can be expressed as

a

p; = [Sizr Si» 1] |:b:| +V (8)
c

wherei =1, 2, 3,..., 57 is the sequence number of all the

cell density data obtained in the experiment, and v; is the

error of p;, which is assumed to satisfy a normal distri-

bution with a mean of 0 and a variance of o?.

The covariance matrix of error v; is

R=EwT) =| : : )
0 vee 0'527
Equation (8) can be written in the form of a matrix as
y=Hx+v
pl 512’ S1, 1 a V1
wherey =|: |[H=|: : ‘l,x=|b|,andv =|:

Ps7 s%, Ss7, 1 c Vs7
(10)
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X is the best estimate of x, the residual ¢, is the difference
between the measured value y and the vector Hx, and J is

the cost function, namely
g =y-HX (11)
] = 831/0’12 + e+ 8)357/0527 (12)

The most likely value of X was obtained when it made
equation (12) the smallest. J can be expressed as

] =¢/R'¢ = (y - HO)'R(y - HX) 13)
=y'Ry - XTHTR'y - yTR-'HX + XTH'R'HX

X should satisfy

9J/oX = -y"TR'H + XTH'TR'H =0 (14)
Therefore, X can be expressed as
X = (HTR'H)'H'R Yy (15)

The unknown parameters were calculated by sub-
stituting relevant data into equation (15), and the
result was a = -10.0307, b = 116.2279, c = 523.2098.
The mathematical model of cell growth affected by stress
can be expressed as

dN/dA = -10.0307s2 + 116.2279s + 523.2098 (16)

As can be seen from the model, when there is no
stress present, cells proliferate at a normal rate; at this
point, s = 0, p = 523.2098. Within the stress range of
0 < s < 11.59 kPa, cell density values were higher than
those without stress, indicating that the proliferation of
cells was promoted by stress. In addition, the effect of
promotion first increased and then decreased as stress
increased, reaching a peak at s = 5.79 kPa. However,
stress greater than 11.59 kPa will inhibit the proliferation
of cells until excessive stress causes cell apoptosis.

4 Discussion

With the emergence of various advanced materials, many
studies have tested the application effects of various bio-
material scaffolds in bone tissue engineering [34,35].
Some studies have explored the effects of stress on cells
in porous scaffolds, most of which are fluid shear
stresses [36—39]. However, few researchers have studied
the effect of residual stress in tissue engineering scaf-
folds on the growth of cells, which are also very impor-
tant. Therefore, in this study, the micromechanical
environment of the bone slices was simulated in porous
bone slices using a custom loading device, and the effect
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of the micromechanical environment of porous bone
slices on cell growth was studied. Furthermore, mathe-
matical model of relationships between the cell density
values and the magnitude of stress on the cells was
established, which provided a quantitative method to
study the effect of stress cells undergo.

The dimensions of porous materials used in previous
studies are generally small. In our experiment, large
bone slices were needed to apply bending moments to
them, which are not easily obtained [40,41]. After many
attempts, a multistep cutting method was employed to
manufacture the bone slices which meet the experimental
requirements, and then they were degreased and sterilized
until cells can grow on them normally.

Due to the complex microstructure of the bone slices,
cell distribution on them observed under CLSM was hard
to analyze. In this study, a novel method was proposed
to compare the difference of cell proliferation between
the stressed and control groups, which have retained
the complete microstructural features of the bone slices.
The structures of bone slices were divided into three
typical structures and cell density on these structures
was compared in two groups. The results showed that
the average values of cell density in the stressed group
were higher than those in the control group, indicating
that stress can promote the proliferation of cells. In addi-
tion, the percentage increase of cell density in the
stress group reached the largest in the pore wall struc-
ture, demonstrating that cells on the pore wall struc-
ture received the most significant promotion effect.
According to the results, it is recommended to increase
the proportion of the pore wall structure in the micro-
structure design of tissue engineering scaffolds and
introduce proper magnitude amount of stress to it to
stimulate the proliferation of cells.

The cell activity was quantified as the amount of ALP
in the collected medium. The results indicated that stress
had no compelling effect on the activities of the cells. For
cell differentiation, the experiment duration is not long;
most cells may have not started to differentiate at the
current culture time. It would be of significance to repeat
this study for a longer duration and see if cell activity and
osteogenic ability change over time. However, the bone
slices and loading device are not easy to obtain exten-
sively and there is an increased risk of bone slices to
fracture in experimental operations as time increases.

The bone slice exposed to bending load was simulated
with finite element models, and stress distribution in the
microstructures of the bone slice was obtained. Results
showed that different typical structures of the
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microstructures have different magnitude of average
stress. The combined results of cell density analysis
and finite element simulation reveal that higher stress
causes greater promotion effect on cell proliferation.

Qualitative conclusion was drawn earlier in this
article by comparing the cell density between the two
groups. Furthermore, average stress of each structure and
corresponding normalized cell density were used to estab-
lish the mathematical model of cell growth affected by stress.
The model was fitted by weighted least square estimation
which considered the measurement error variance.

This is the first time a quantitative model was estab-
lished, which is able to describe the effect of complex
micromechanical environment in microporous materials
on cell proliferation, providing theoretical basis for tissue
engineering scaffolds structure design and load applica-
tion. Because the bone slices cannot bear excessive loads,
the load applied to them in the experiment has not yet
reached the magnitude measured in bovine femurs, and
the phenomenon that excessive stress inhibits cell prolif-
eration has not been observed. However, it was obviously
found in the experiment that the rate of increase in cell
density has slowed significantly as stress increases, which
was very consistent with both our model and the bone
remodeling theory. Based on this model, appropriate
stress can be considered to be introduced into tissue engi-
neering scaffolds during their design and manufacturing
process to accelerate cell proliferation, which may accel-
erate the healing of bone defects.

5 Conclusion

In this study, 3D culturing experiments of MC3T3-E1 cells
are performed to investigate the effect of micromecha-
nical environment in microporous bovine bone slices on
the growth of cells. The results show that stress in the
bone slices promotes cell proliferation and the promotion
effect is different on different typical structures. In addi-
tion, a mathematical model is established to quantita-
tively describe the detailed influence of stress, which
provides a theoretical basis for the introduction of micro-
mechanical environment in the bone tissue engineering
scaffolds to stimulate cell proliferation and accelerate the
healing process of bone defects.
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