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Abstract

Nutrients supply especially like nutrients and oxygen play vital role in tissue engineering process. It is found that tissue could
not grow very well in the middle of the scaffold because few nutrients could transport to the middle. Nutrient limitations
would reduce cell proliferation and differentiation. In that case, there is urgent need to understand the nutrient distribution
for both in vitro and in vivo study, as no technology is able for researchers to observe the nutrients transport during those
process. In this paper, a numerical model coupling with VOF (volume of fluid) model and species transport model together
for predicting the distribution of oxygen and glucose in the scaffold after implantation in to the site is developed. Comparing
with our previous in vivo tests, the regenerated tissue distribution has a similar trend as oxygen distribution rather than
glucose. The reported scaffold manufactured by additive manufacturing provided a good interconnected structure which
facilitated the nutrient transportation in the scaffold. Considering nutrient transportation, this numerical model could be used
in better understanding the nutrients transportation in the scaffold, and leading to a better understanding of tissue formation
in the scaffold.
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1 Introduction

Nutrient supply is a critical factor for tissue engineering suc-
cess. Cells require nutrients and oxygen to survive. In vitro
studies have shown that nutrient concentration in the scaffold
is decreasing towards its center due to the consumption of
nutrients by the cells and the relatively slow supply by dif-
fusion. Only cells up to a distance of approximately 200 pm
have access to sufficient nutrients [1]. This results in nutri-
ent limitations for cells that are further away from the engi-
neered tissue surface, and thus reduced cell proliferation or
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non-optimal conditions for new matrix production. However,
there is an urgent need to understand the nutrient distribution
for both in vitro and in vivo studies, as no technology is
currently available for researchers to observe the nutrient
transport during these processes.

In the tissue engineering field, scaffolds act as a 3D
structure for supporting cell growth, providing sufficient
mechanical support and provide an extracellular matrix envi-
ronment for tissue regeneration [ 1-5]. To achieve success in
tissue engineering, nutrient transports into the interior
scaffold should be well investigated as it is one of the most
significant factors in the success for a scaffold [6, 7]. In thick
scaffolds, cells at central region lack a sufficient nutrient
supply of glucose and oxygen due to a slow diffusion rate
[8]. This effect has been explored in many tissue engineering
systems where cell growth is restricted to only few hundred
microns from the blood vessel [9—11] Waste products like
CO2 and lactate, could also accumulate in the scaffold which
would lead to cell growth suppression and heterogeneous
distribution [12, 13]. The effect of liquid transportation on
cell growth has been rarely studied and should be reviewed
and reported in more depth.



Although nutrient transportation plays a vital role in tis-
sue regeneration, it remains difficult to experimentally inves-
tigate this dynamic process. Two of the main mechanisms
governing nutrient transportation are convection and diffu-
sion [14]. Convection is a faster mass transport method due
to bulk fluid motion and diffusion is a significantly slower
transport mechanism due to its reliance upon a concentra-
tion gradient. In a bioreactor system, the solution transporta-
tion is usually generated by external sources called forced
convection in most bioreactor systems [15], the flow speed
caused by external sources is far higher than the diffusion
speed, meaning that that the transportation type in most bio-
reactor systems mostly relies upon convection rather than
diffusion. Unlike normal solutions for cultivating cells, bone
marrow is a semi-solid tissue [16] which is hard to mimic
experimentally. During in vivo and in vitro tests, there are
no techniques which are able to monitor the entire biosys-
tem including temperature, cell density, bone marrow speed,
nutrients transportation and density. Computational analysis
provides a promising method to understand the tissue regen-
eration process from cell seeding to tissue regeneration [17].
Xu et al., investigated how fluid velocity and shear stress
influenced cell seeding in a bioreactor system with randomly
structured scaffolds. The fluid velocity was set between 0.26
and 0.64 mm/s which was able to predict bio-performance
in bioreactor as the nutrient transportation type was largely
dependent on convection [18]. In consideration of diffusion
speed of glucose, Edward et al. [19] explored the effects of
flow-induced nutrient transport and fluid perfusion for cells
on scaffolds in a rotational bioreactor during dynamic bio-
reactor cultivation. Alireza et al. [8] developed a numerical
model to better understand the relationship between oxygen
supply and cell density in a channelled scaffold.

Most of the recent studies creating numerical models
have been used for predicting cell density, nutrient distribu-
tion or fluid performance (shear stress). Few researchers are
working on developing models for predicting in vivo per-
formance based on limited in vivo or clinical trial experi-
mental data. The critical difference in the transportation of
cells and nutrients in the bioreactor when compared to the
body is that forced convection is the principal factor in bio-
reactor while concentration gradient-dependent diffusion is
the principal factor in vivo. To achieve a highly accurate
numerical model for tissue engineering, every step should
be well considered—(1) cell migration with bone marrow
and colonies into the scaffold (2) nutrient transportation for
cell proliferation, differentiation and migration; (3) new tis-
sue formation [20]. During the whole period, many factors
should be quantified such as cell density, oxygen and glucose
transport, other nutrients, cell-material interactions, cell—cell
signalling molecules and growth factors etc [19, 21].

Based on previous studies focussed on improving the
model accuracy for predicting scaffold recruitment of

BMSCs using the Stanton-Rutland model to simulate cell-
material interaction [22], a model was designed for pre-
dicting the nutrients distribution in an in vivo system and
quantify nutrient absorption of attached cells on the scaffold.
According to previous in vivo tests from the micro-CT and
CT image analysis, it was found that trabecular bone regen-
erated more on the edge of the scaffold than in the centre
[22, 23]. A decreasing bone formation rate was found from
bottom to the top of the scaffold. In this numerical model,
the relationship between the regenerated tissue distribution
on the scaffold and the nutrient distribution would be inves-
tigated, considering oxygen and glucose. To simplify the
model, glucose and oxygen are investigated for the nutrient
transport as they are key substrates in cell growth process.

2 Materials and Methods
2.1 Scaffold Characteristics and In Vivo Tests

Osteochondral scaffold is made by 3 layers which compos-
ited by PLA, PLGA and pure titanium shown in Fig. 1 [22].
According to our previous research, only pure titanium layer
aims for osteogenesis which is infiltrated in the bone mar-
row. Titanium layer is manufactured by EOS 290 3D printer
which geometry is designed by cutting 10 degrees of the
8 mm diameter and 6 mm height column structure which
means that it is truncated cone with 8 mm diameter on the
top surface and 5.9 mm on the bottom surface. Each beam is
0.5 diameter and they cross linked together forming a cubic
structure [22]. A critical-sized truncated cone osteochondral
defect was drilled. Before put scaffold into the hole, a water
gun is used to flush the hole. After being implanted into the
5 sheep condyle, all sheep recovered well and no post-
operative complications were found during the period.
According to the high-resolution X-ray’s image analysis, it

Fig.1 Osteochondral scaffold titanium layer [22]



is found that new bone tissues prefer to regenerate on the
scaffold surface which might cause by unevenly nutrient
distribution. The regenerated bone tissue showed a gradual
growth trend from scaffold edge to the middle, the growth
rate in the scaffold middle is considerable [22]. As there is
no experimental facilities could help researchers to observe
the process, computational fluid dynamic is used to solve
this issue.

2.2 Simulation Computational Framework

Blood and air is governed by the continuity equation and
Navier—Stokes equations. The conservation equation of
nutrients (glucose and oxygen) takes the following general
form:
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o PL+V Y =-VJ +R, (1)

This convection—diffusion conservation equation of spe-
cies transport is to calculate the local mass fraction of each
species and Y; represents the i species. As this simulation
solver is pressure based, R;, the rate of production of species,
at inlets consists of both convection and diffusion compo-
nents. q,- represents the diffusion flux of nutrients species
due to their concentration gradients. In general, there are 2
different form to describe diffusion which are laminar flow
form and turbulent flow form for mass diffusion flux. It used
Fick’s law to calculate it and the laminar flow form for dif-
fusion flux could be written as:
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where D, defined as mass diffusion coefficient for nutrients
in the mixture and Dy, represents the thermal diffusion coef-
ficient. The turbulent flow form for diffusion flux could be
written as:

H
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where y, is the turbulent viscosity and Sc, is the Schmidt
number which is dimensionless value used to characterize
flow with mass and momentum diffusion convection process.
The Schmidt number is defined as:

voou
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where is the kinematic viscosity (m?/s), D is the mass dif-

J = ~pDypVY; )

2.3 Solving Process and Boundary Conditions

Nutrients transportation process at initial stage of surgery
was simulated by ANSYS Fluent coupling the species
including cell and bone marrow by species transport model
and volume Volume of Fluid method (VOF) model. As the
blood and air are two immiscible fluids that have clearly
interface, Volume of Fluid method is used to solve the blood
injection process. Volume of Fluid (VOF) model is the free-
surface modelling which is used to track and locate the free
surface. Tracking the interface between immiscible flows is
calculated by the solution of the continuity equation of the

volume fraction of the phases. As scaffold was pressed into

the defect after continuing washed the osteochondral defect,
nutrients transportation starts at the time when stop flush-

ing. The blood fulfilled the whole void space of the defect is
calculated by VOF model shown in Fig. 2.

In initial condition, bone marrow set as non-Newtonian
fluid was fulfilled the system governed by non-Newtonian
power law. The surrounding faces on the side and bottom
are the inlet surfaces that support glucose and oxygen with
3 um/s diffusion. As bone marrow is a semi-solid tissue and
it shows fluid property at the beginning and solidifies
afterwards, it is assumed that the bone marrow act as fluid
until 2000s.The parameters of nutrients and fluid is shown
in Table 1.

fusivity (m




kg/m s) and p is the density of fluid (kg/m?). In this solving

process, thermal gradient would not be occurred during spe-
cies diffusion. In that case, diffusion flux could be simplified
written as:

Fig. 2 Blood fulfilled the whole void space of the defect



Table 1 Model parameters of nutrients and boundary conditions

Descriptions Values
Glucose concentration 4.5 g/em®
Glucose diffusivity in the fluid 9.2 x 1077 cm?¥s
Glucose inlet speed 3 pm/s
Oxygen concentration 0.1 mol/m®
Oxygen diffusivity in the fluid 2 x 107 em?/s
Oxygen inlet speed 3 um/s
Consistency index—blood 0.017
Power-Law Index—blood 0.708
Minimum and maximum viscosity Limit 0.001 and 0.1
Density of blood (with bone marrow) 1.05 g/em’

3 Results

3.1 Oxygen and Glucose Distribution in Horizontal
Level

According to the horizontal view shown in Figs. 3a, 4
showed that nutrients distributed more on the outside area
and there is a gradual decrease trend from outside to the
middle of the scaffold. As the inlet face are near the outside
area, the nutrients on the outside area will have the most
nutrients concentration and the rate would not show a big
different.

As for the oxygen and glucose concentration in submid
and middle area, they had a rapid increasing from the begin-
ning until 1200 s. After that, the concentration of glucose
increased slowly and there is no significant different between
1600 and 2000s nutrients concentration percentage in all
3 areas. However, with same increasing trend in the submid
area, oxygen in the middle areas showed a continuing
increasing rate until 2000s, given in Fig. 4.

3.2 Oxygen and Glucose Distribution in Vertical
Level

According to the vertical view shown in Fig. 3b, the bottom
layer showed the most nutrient concentration comparing to
all the other layers shown in Fig. 5a and b. After 2000s, the
glucose weight of layer 4 is 0.004% higher than the weight
of layer 1. The oxygen of layer 4 is 0.0009% higher than the
bottom layer 1. As for oxygen volume percentage, all layers
had a gradual increasing speed until 1200 s. After that, top
two layers (Layer 3,4) seems like the oxygen is saturate
which there is no significant different of the oxygen con-
centration after 1200 s. Similar as oxygen, glucose weight
percentage showed a plat trend since 1200 s, given Fig. 5b.
The reason is that bottom layer is closer to the nutrient injec-
tion area (bottom surface) compare to other layers and the
layer 1 is far away of the injection surface. All 4 layers is

Fig. 3 The definition area of the scaffold in horizontal and vertical
view

surrounded by cylinder surrounding injection surface which
means that the only reason that cause nutrient concentration
different is the bottom surface injection.

3.3 Oxygen and Glucose Transportation Path

In the whole simulation process, with a faster diffusion
speed than oxygen, glucose could be transformed into the
middle of the scaffold deeply. As it shown in Fig. 6, the scaf-
fold section is separated by 16 parts. According the counter
images showed below, it showed that the transportation path
very clear that oxygen and glucose was first fulfil the area 1
and 4. Then, they would be transported to area 2,3,5 and 8.
After that, they are moving to area 6, 7, 13 and 16 which the
nutrients density grow more quickly in area 13 and 16 than 6
and 7. At the end, oxygen and glucose will transport to area
10 and 11 before moving to the area 14 and 15.

As the image shown in Fig. 7b, the black spots represent
the cells that are already attached on the scaffold [22]. The
cells attachment process is governed by cell imping-ing
model which include 4 impinge regimes (stick, spread,
splash and rebound) [22]. The Fig. 7a showed how much
oxygen and glucose that cells could be able to absorb. It is
showed that glucose is nearly saturated after 1600 s. In con-
trast, the oxygen remains a steady increasing trend from ini-
tial until 2000s. The reason is that glucose reached saturation
faster than oxygen because the diffusion speed of oxygen is
far lower than glucose.

3.4 Effects on Bone Distribution

To validate the numerical model, the simulation results are
compared with in vivo tests which quantified regenerated
bone tissue by MATLAB image analysis program through
micro CT and CT images which has been illustrated on pre-
vious research. The scaffold infiltrated into the blood part
could be separated into 4 layers shown in Fig. 3.
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Fig.4 Oxygen and glucose distribution in horizontal view (a oxygen distribution; b glucose distribution)
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Fig. 5 Oxygen and glucose distribution in vertical view (a oxygen distribution; b glucose distribution)

According to the vertical analysis of regenerated bone
tissue, there is a slightly decreasing from bottom to top sur-
face and there is almost no difference between two middle
layers of the new bone formation. The regenerated bone tis-
sue distribution in vertical is more similar to the oxygen
distribution in vertical than glucose.

The simulation results at 2000s showed that the glucose
distribution between the top 3 layers is nearly the same value
which is around 0.428% except the bottom one which is only
0.404%, given in Fig. 8. Oxygen diffusivity in the fluid is 2
x 1072 cm?/s while glucose diffusivity in the fluid is 9.2 x
107 em?s.

Unlike the glucose distribution, oxygen distributed at the
top layer above 2E-4% but reached nearly 3E-4% on the
bottom. It showed a gradual decreasing trend from bottom
to top and oxygen distributed in the two middle layers are
nearly the same. The distribution trend of oxygen more
likely fit the bone distribution curve.

4 Discussion
According to the simulation results comparing with the new

bone tissue regeneration in vivo test, oxygen distribution
showed a more similar trend as bone tissue regeneration,



Fig. 6 Oxygen and glucose transportation process
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Fig. 7 Oxygen and glucose transport comparison and cells absorption schematic diagram

which indicated that oxygen concentration made an impor-
tant role in bone tissue regeneration. This result is also in
agreement with Dunn et al. [24] that this growth pattern is
depended on oxygen diffusion.

In recent years, several researchers found that cell density
decreased towards the centre of the scaffold but maintain a
high density in 1 mm or less from the edge [25, 26]. The
oxygen concentration is also founded that it has similar trend
as well. According to simulation results, oxygen concentra-
tion showed a more similar trend increasing when time goes
by than glucose. It is shown that after 2000s, glucose nearly

distributed the whole scaffold system. Although there is no
agreement that what is the accurate diffusion rate of glucose
and oxygen is, all references showed that glucose diffusion
speed is far higher than the oxygen diffusion [24, 27, 28]. In
that case, it would take a really 1 h or more for oxygen to
reach the centre of the scaffold.

However, in the real biosystem, the transportation speed
would be much lower than expect. Blood is a semi-solid
tissue which could be found in trabecular bone. There is no
doubt that blood will start solidify after putting the scaffold
into the target area. This is known as wound healing process
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which begins at the onset of injury, and the objective is to
stop the bleeding. At the beginning, blood is more likely a
type of fluid which could act as a medium to carry nutrients
into the system. In other words, oxygen and glucose trans-
portation are governed by 2 types of speeds when blood act
as a fluid medium which are inlet speed and diffusion speed.
After a period of time, bone marrow would start to solidify
which means that nutrients transportation type would only
limit to diffusion. The reason is that particles in the solid are
not able to move from one place to another which means that
convection does not happen in solid. The diffusive ability of
the nutrients would decrease along with the solidify process.
Meanwhile, as the cells begin to proliferate and differenti-
ate, more nutrients are needed in the system. However, not
enough nutrients could be taken into the middle of the scaf-
fold. The cells attached on the scaffold edge side will growth
far more quickly than the middle which will cause more
regenerated bone tissue on the outside than in the middle.
The diffusion is further reduced as external cell growth block
the flow access. That is the main reason to broaden internal
connect access in scaffold design.

Based on in vivo results, it is achieved that 30% of regen-
erated bone growing in the middle of the scaffold after
3 months in vivo tests which demonstrated that scaffold
could supply a good nutrient transportation [24-26]. The
reason is that 3D printed scaffold structure has a good inter-
connectivity and lots of nutrients transportation channels
which shortens the transportation distance from outside of
the scaffold to the middle.

There are still needs to further study this simulation
settings. First, there is lack the detail understanding how the
nutrients achieve transportation after the bone marrow

solidifies and how long does it take. Thus, the 2000s simu-
lation time is just an assumption. It is assumed that after
2000s, the bone marrow would start solidify. Second, when
bone marrow flow into the system after putting the scaffold
in the targeting area, it will carry BMSCs and nutrients into
the system simultaneously. There is no evidence shows how
much concentration that oxygen and glucose have and how
they perform during that short period of time. In that case,
an assumption is made to simplify the model which is that
all nutrients flowed into the system at that short period time
was absorbed by the cells. In other words, before this
simulation start, no more nutrients distribute in the whole
system. Further, many other factors need to be quantified
and put into this model such as metabolic wastes, cell—cell
signalling molecules, growth factors, and cell chemotactic
factors in the future [19].

5 Conclusion

This numerical model, validated by the previous in vivo
studies, provides an opportunity to predict and understand
nutrient transportation in the animal or human body. In com-
parison to the simulation results, the oxygen distribution at
the initial stage was similar to that of bone formation in the
scaffold. It is found that oxygen concentration played a very
important role in bone tissue regeneration, with lower
concentrations than glucose in the system. The model is only
available to predict nutrient transport in initial 2000s as
blood would begin to solidify shortly afterwards. After this
process, the nutrient transport method should only be
dependent upon diffusion which should be investigated in



the future. Although there are a lot of factors that influence
bone formation, nutrient transport is one of the important
factors as lower concentrations would cause less tissue
regeneration. This model could also help researchers reduce
the number of in vitro and in vivo test for optimizing osteo-
chondral scaffold structures. Compared to other scaffold
manufacturing methods, additive manufacturing is an easy
and simple method to design good interconnective osteo-
chondral scaffolds for optimal nutrient transportation. As
the diffusion could be further reduced by cell growth at the
external area, novel structures should be made in the future
to avoid the cells growing at external side and thus blocking
the nutrients access into the scaffold.
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