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ABSTRACT

Within perfusion cell culture systems, scaffold architecture is able to control important biological parameters
such as permeability and fluid flow-induced shear stress. As well, one of the main factors affecting the final fate
of this process as well as optimal cell differentiation and proliferation in these systems is initial adhesion of cells
to scaffolds. In this study, the effect of scaffold architecture on the adhesion of the cells was computationally
investigated. For this purpose, four scaffold models including double-diamond, gyroid, FR-D, and Schwarz-
primitive were designed using triply periodic minimal surface (TPMS) geometry with a constant porosity of 80%.
As well, the inlet velocity of zero to simulate static cell culture and three different inlet velocities for modeling
the dynamic cell culture conditions were also selected. The results showed that cell culture efficiency of scaffolds
could be changed up to seven times from architecture to architecture under the same conditions. The efficiency
of cell culture in scaffolds with tortuous architecture was also reported higher than those with relatively straight
microchannels. In terms of culture methods, unlike dynamic cell culture model in which almost a homogeneous
cell distribution was observed in static cell culture simulation, more cells adhered, but they had agglomerated in
the scaffold entrance regions and had failed to reach all regions. The results of this study shed more light on the

selection and design of scaffold architecture for optimal cell culture in tissue engineering.

1. Introduction

Cell therapy is known as an effective method to accelerate treat-
ments of lesions in organs that have lost their functions. Accordingly,
patients’ cells are cultured within an appropriate scaffold and then
transplanted into target tissues [1]. Use of perfusion bioreactors is si-
milarly considered as a promising method that is widely utilized in stem
cell culture to synthetize scaffolds [2]. Diffusion, proliferation and
differentiation of stem cells within the pores of a scaffold can be further
affected by numerous parameters. Nevertheless, an initial adhesion of
cells to scaffolds to initiate proliferation and differentiation of such cells
during cell culture is essential [3]. Although use of perfusion bior-
eactors ensures penetration of cells into scaffold channels, cell adhesion
and placement on scaffold walls are dependent on many factors such as
material properties including surface topography, surface chemistry,
wettability, and elastic modulus [4-7].

Various studies have been conducted to investigate the effect of
geometrical parameters on adhesion of cells to scaffolds [3,8]. In this
respect, Murphy et al. reported that the maximum number of initial cell
adhesions could happen in scaffolds with a pore size of 120 um [9]. In a

perfusion cell seeding, distribution and adhesion of cells was also stu-
died by Melchels et al. According to their results, the highest cell
density was observed in areas with the largest pores and the highest
fluid velocities [10]. Bael et al. also examined the effect of pore geo-
metry on biological behaviors of human periosteum-derived cells cul-
tured on additively- manufactured bone scaffolds. Their findings in this
domain indicated that although scaffolds with smaller pores had pro-
moted more initially cell adhesions, they had caused occlusion and
consequently decreased the permeability of scaffolds [11]. Based on
these studies and their conflicting results, it could be concluded that no
optimal design of scaffolds for cell culture had been previously pre-
sented. Therefore, more studies were required to better understand
movements and depositions of cells on scaffolds.

It should be noted that in vitro studies of cell culture on scaffolds are
time-consuming and costly. Moreover, scaffolds are often made up of
opaque materials and thus having access to their inner parts to visualize
motions and behaviors of the cells within scaffold pores is not a
straightforward task [12]. Recently, a pre-assessment of optimal de-
signs for the scaffolds in silico models has been proposed as a promising
tool to overcome these difficulties [13-17]. For example, Marin et al.
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examined cell motions within scaffolds using experimental (u-Particle
tracking velocimetry) and a multiphase-based computational fluid dy-
namics (CFD) analysis and found that cells had pursued fluid stream-
lines in the scaffolds in both experimental and CFD analyses [18]. In
another work, they probed cell streamlines within scaffold pores in a
perfusion cell culture system using computational discrete phase
models (DPMs) and reported that the flow rate had played a prominent
role in cell deposition on scaffold walls [19]. Although their studies
showed the eligibility of CFD analysis to simulate the dynamics of cells
within scaffolds, they used only a simple architecture of bone scaffolds
whereas more sophisticated architectures could be exploited in such
designs [20,21]. The effects of scaffold geometry parameters on fluid
dynamics within them were also reported in various studies [22-24].
Therefore, it is expected that scaffold architecture play an important
role in adhesion of cells to scaffold microchannels.

To understand the effect of scaffold architecture on cell seeding
efficiency in a perfusion cell culture system, four different scaffolds
with a constant porosity of 80% were designed using TPMS in this
study. Cell movements were also simulated via a DPM computationally.
The cells were seeded at four different flow rates and cell seeding ef-
ficiency in each model was assessed as the percentage of deposited cells
to the whole number of injected ones.

2. Materials and methods
2.1. Scaffold models

Four TPMS scaffolds including double-diamond [25], gyroid [20], F-
RD [26], and Schwarz-primitive [27] were designed. The primary
surfaces of the scaffolds were also created using the K3Dsurf (k3dsurf.
sourceforge.net) software. Then, the obtained surfaces in mesh file ex-
tension of .obj were imported into the SolidWorks software and were
thickened to obtain the desired porosity. A wall thickness of 100 pm,
producible by additive manufacturing method, was also selected for the
scaffolds [28,29]. Trigonometric functions of x, y, and z used in
building the TPMS scaffold structures were presented in Table 1.

Repeating unit cells by four times in three axes (x, y, and z) provided
a cube model with 64 unit cells for each scaffold. The fluid domains of
the models were also obtained by subtracting the solid domains from an
enclosing box. Unit cells of models and their geometrical parameters
with the corresponding solid and fluid domains were presented in Fig. 1
and Table 2.

In this study, all the four unit cells exploited were isometric and had
the same architecture in three axes (x, y, and z). The geometrical
parameters of the unit cells were listed in Table 2.

2.2. Governing equations in continuous phase

Navier-Stokes equation was used in the CFD analysis to examine a
fully developed and laminar flow of an incompressible fluid with a
constant density and viscosity [30]:

du

pE —uViu + p(u. V)Yu+ Vp=F,

V.u=0
b €))
Wherein; p, u, and p respectively denoted density (1000kg/m3
[311]), velocity (m/s), and fluid dynamic viscosity (Pa.s). As well, V and
p respectively represented del operator and pressure (Pa). Finally, F

Table 1
Parametric equations for TPMS structures.

TPMS architecture Equations f (x,y,2) = 0

Double diamond
Gyroid

F-RD
Schwarz-primitive

co0s(x)-cos(y)-cos(z)-sin(x)-sin(y)-sin(z)
cos(x)-sin(y) + cos(y)-sin(z) + cos(2)-sin(x)

3(cos(x) + cos(y) +cos(z)) + 8(cos(x).cos(y).cos(z))
cos(x) + cos(y) + cos(z)
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indicated forces such as gravity and centrifugal force, where F = 0 in
the present study [30,32].

2.3. Governing equations in discrete phase

Considering the cells as particles, their motions within scaffold
channels could be explained using particle motion equation [33], which
was defined by the following equations:

TR g(pl;p_ : @
and;
f = 18,u2 C4Re

ppdp 24 3

wherein; Up, f, U, g, Pps £5 M5 dp, Cy, and Re represented particle ve-
locity (m/s), drag force (N), fluid phase velocity (m/s), gravitational
acceleration (9.81 m/s?), cell density (1130 kg/m? [34]), fluid density
(1000 kg/m3 [31]), fluid dynamic viscosity (0.001 Pas [35]), cell dia-
meter (10 um [13]), an empirical drag coefficient factor for spherically-
shaped particles [33] and Reynold's number respectively.

To probe whether the particles had followed a carrier fluid
streamline or not, the Stokes number was calculated as [18,36]:

_pdV
18y

Stk
“@
Wherein g, and dp referred to cell density and diameter, V denoted
average velocity of fluid, u showed fluid dynamic viscosity, and y was
particle dynamic shape factor (where the cell assumed to be spherical
particles the x has a magnitude of 1 [37]). In this study, a Stk«1 in-
dicated that the cells had followed fluid streamlines.

2.4. Boundary conditions

Using tetrahedral elements, the scaffold geometries were meshed
[38,39] with maximum mesh size of 30 um (Fig. 2). A steady-state and
laminar flow was exploited to simulate the culture medium flow. Four
velocities of 0.001, 0.0005, 0.0001 and 0 m/s were correspondingly
assigned to the inlet, where the latter (0 m/s) showed a static cell cul-
ture state and the media did not flow.

In this study a maximum Reynolds number of 10.16 indicates that
analysis took place in a laminar flow (Table 3). The output pressure was
also selected as zero and the scaffold wall was assumed to be hydro-
philic. Then, a no-slip boundary condition was imposed to the scaffolds
walls [35].

The cells were also modeled as spherical discrete phase with a
diameter of 10 um and density of 1130 kg/m3 [13]. Moreover, one-way
coupling was considered between cells and media, so that only fluid
phase was able to affect the cells. After that, the cells were injected from
the inlet surface with a zero velocity [18]. A cell density of 10 cells/mL
in the media was also selected [40]. To simplify the analysis, a uniform
distribution of the cells in the fluid phase was assumed, so that one cell
was assigned in the inlet surfaces for any 100 X 100 um? area (Fig. 3).
Ansys Fluent software was used to solve the equations of DPMs.

It was assumed that the cells adhered to the scaffold walls had once
collided with it. To this end, wall interaction with the discrete phase
cells was assigned as the trap condition [13].

3. Results
3.1. Mesh dependency analysis
In the previous DPM studies, it was reported that particles trajectory

and their final fate were highly dependent on the mesh quality of fluid
phase [39,41]. Therefore, to probe the mesh quality impact on cell
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Fig. 1. Unit cells in their cross-section view and related three-dimensional (3D) scaffolds with solid (gray) and fluid (green) domains; a) double-diamond, b) gyroid,

c) FR-D, and d) Schwarz-primitive.

Table 2

Geometrical parameters of scaffolds; in which, L, s, D, and d respectively de-
noted sizes of the models, length of unit cells, as well as the widest and the
narrowest sizes of the pores.

Model parameters TPMS scaffolds Length in x, y, z calculated in the [—7, 7]

boundary
Double- Gyroid F-RD Schwarz-
diamond primitive
L (mm) 10.16 6.24 7.36 4.00
s (mm) 2.54 1.56 1.84 1.00
D (mm) 1.17 0.68 1.17 0.90
d (mm) 0.20 0.68 0.39 0.40

deposition the sensitivity of trapped cell number to mesh size was
conducted for each model (Fig. 4).

Reducing mesh size caused decrease in deposited cells number in all
the models. A mesh size of 30 um left us approximately element num-
bers of 47, 31, 23 and 19 million for double-diamond, gyroid, FR-D, and
Schwarz-primitive models respectively. It is worth noting, that achieve
an excellent convergence for DPM was not affordable with available
computational facilities. However, there was only a minor deviation in
trapped cell number for mesh sizes of 35 and 30 um in all models.
Therefore, in this study models were analysed with a maximum mesh
size of 30 um.

3.2. Fluid dynamics within scaffolds

To understand the fluid flow modality within scaffolds, plot of
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velocity contour of each model was illustrated in Fig. 5.

Fig. 5 shows that fluid velocity within scaffold pores is variable and
in the obstructed area, its magnitude is higher than in wider areas. This
change in velocity magnitude is more pronounced in the double-dia-
mond model. Because according to Table 2 this model has the highest
ratio of D/d.

3.3. Cells trajectory

As discussed in 2.3 section a Stk«1l can assure us that cells will
follow fluid domain streamlines. Fig. 6 shows the fluid velocity
streamlines and cells trajectories in the model corners. As shown in this
Figure, cells trajectories roughly corresponded to fluid domain
streamlines. Such similarity in particle trajectories and fluid velocity
streamlines also was reported in the work of Marin et al. [18].

3.4. Effect of flow rate on cell sedimentation

Considering the inlet area of the models, the number of cells for
injection was also calculated as 10322, 3893, 5225 and 1600 for
double-diamond, gyroid, F-RD, and Schwarz-primitive models; respec-
tively. The trapped cell number for each model at the selected inlet
velocity was shown in Table 4.

Through varying scaffold architecture and inlet velocity, a dramatic
change was observed in the percentage of the trapped cells (Fig. 7).

As expected, the percentage of trapped cells increased in all models
as the inlet velocity dropped. This trend complies with the work results
of Marin et al. [19]. Among the models, the double-diamond one
showed the highest amount of deposited cells for all inlet velocities
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Fig. 2. Models were meshed using tetrahedral elements; a) double-diamond, b) gyroid, c¢) FR-D, and d) Schwarz-primitive.

Table 3
Reynold's number for any model for an inlet velocity of 0.001 m/s.

Model Double-diamond Gyroid F-RD Schwarz-primitive

Reynold's number 10.16 6.24 7.36 4.00

Fig. 3. Cells were injected from inlet surfaces.

65

compared with others; and the Schwarz-primitive model indicated the
lowest amount.

Although the number of adhered cells was an important parameter
in determining cell culturing efficiency, it did not designate the position
and the modality of cell distribution within scaffolds. Cell distribution
under inlet velocities of 0, 0.0001, 0.0005, and 0.0001 m/s was illu-
strated in Fig. 8.

3.5. Impact of culture media viscosity on cell sedimentation

Fluid flow-induced wall shear stress (WSS) is one of the most im-
portant stimuli in cell proliferation and differentiation during perfusion
cell culture [42,43]; therefore, it should not be ignored. Although lower
inlet velocity had increased cell attachment, its lower rate had sig-
nificantly decreased WSS in all the models in this study (Fig. 9).

Although in CFD analysis of scaffolds for simplification the fluid was
assumed to be water, but in practice it can possess higher viscosity than
water. For example, Sinha et al. reported a media viscosity of
0.0037 Pa s with the addition of 5% wt/wt of dextran to water [44]. To
determine cell culture media viscosity effect on cell deposition a visc-
osity of 0.0037 Pas was selected and models were solved for an inlet
velocity of 0.0001 m/s (Table 5).

With increasing viscosity, the number of trapped cells decreased
significantly. Cell deposition amount, showed the lowest and highest
sensitivity to the viscosity change in fluid phase in double-diamond and
Schwarz-primitive models respectively.

4. Discussion

As can be seen, a large number of cells were agglomerated in the
entrance regions in all the models for the inlet velocity of zero (static
cell culture models). This meant that most of the cells in the absence of
the fluid dragging force had been driven with the gravitational force
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Fig. 4. Mesh size effect on trapped cells number in the models for an inlet
velocity of 0.0001 m/s.

and downed vertically; then, they had been trapped as soon as they had
hit any part of the scaffolds. For static cell culture conditions, a similar
result had been also reported in Marin et al. work [18]. This phenom-
enon was not desirable, because the non-uniform distribution of the
cells within the scaffolds could lead to heterogeneous tissue growth

Velocity
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[31,45,46]. In terms of dynamic injection of cells, for all three velocities
of 0.0001, 0.0005 and 0.001; the cells had relatively reached all regions
of the scaffolds. This suggested that although the percentage of trapped
cells was much less in dynamic cell culture than that in static ones, cell
trapping by scaffolds had occurred more equally.

Among the models, the high-density distribution of cells was ob-
served in the double-diamond model and the least dispersed cells were
seen in Schwarz-primitive model for all inlet flow rates. For example,
the percentage of sediment cells in the inlet velocity of 0.0001 m/s was
46% and 6.5% for the double-diamond and the Schwarz-primitive
models respectively. This implied that the geometry of the scaffolds had
affected cell seeding efficiency up to 7 times from architecture to ar-
chitecture. The top view of the double-diamond model perspective
showed no direct path for fluid flow from the inlet to the outlet, and the
fluid had to flow through tortuous streamlines. The other models i.e.
gyroid, F-RD, and Schwarz-primitive had sections that had allowed the
fluid flow without colliding with any obstacle up to the outlet (Fig. 10).

In addition to the tortuosity, the changes in the cross-section of the
scaffold microchannels were considered as other determinants affecting
the number of trapped cells (Table 6).

As shown in Table 5, the lowest A/A, rate and the maximum.

D/d to other scaffolds in the double-diamond model had caused the
largest number of adhered cells. Generally, a tortuous trajectory had
increased the probability of cell collisions with the wall.

In addition to geometrical parameters and flow rate impacts on cell
deposition amount in perfusion culture systems, the carrying fluid
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Fig. 5. Velocity contours in mid-section of the scaffolds for an inlet velocity of 0.0005 m/s; a) double-diamond, b) gyroid, ¢) FR-D, and d) Schwarz-primitive.
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Fig. 6. Fluid velocity streamlines and cells trajectories in the models; a) double-
diamond, b) gyroid, c¢) FR-D, and d) Schwarz-primitive.

viscosity impact on trapped cell number was probed. Higher viscosity
significantly decreased the trapped cell number in all the models. This
result is in good compliance with Momen-Heravi et al. work on mi-
crovesicles sedimentation in biofluid [47]. They showed increasing
viscosity in biofluid led to less sedimentation of microvesicles. This
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Table 4
Number of adhered cells according to inlet velocity in each model.

Inlet velocity (m/s) Number of trapped cells/whole injected cells

Double- Gyroid F-RD Schwarz-
diamond primitive
0.001 2118/10322 128/3893  163/5225 25/1600
0.0005 2423/10322 247/3893  211/5225 37/1600
0.0001 4425/10322 756/3893  453/5225 88/1600
0 10195/10322  2953/3893 4120/5225 962/1600
B Schwarz-primitive ®FR-D ®Gyroid #®Double-diamond

Adhered cells percentage (%)

100
90
80
60
50
40
30
20
g _J _J
0
1 0.5 0.1 0

Inlet velocity (mm/'s)

Fig. 7. Percentage of adhered cells in each model for different inlet velocities.

phenomenon can be related to dragging force. With increasing visc-
osity, the dragging force of the fluid increases on the particles (equation
(3)) where it becomes the dominant factor in cell movement and forced
particles to follow the fluid domain streamlines with a minimum de-
viation. Where fluid streamlines can only touch scaffolds in the wall
sections, it can be concluded that only cells presenting in boundaries
can hit scaffolds and the rest of them leave the scaffolds microchannels
without any contact.

5. Conclusion

The purpose of this study was to investigate the effect of scaffold
architecture on the number of trapped cells within porous scaffolds in a
perfusion cell culture system. The results of this study could be sum-
marized as follows:

- In a static cell culture system, more cells were trapped than those in
dynamic culture models, but they were aggregated at the entrance
regions of the scaffolds, which was known to be an undesirable
phenomenon in cell culture process.

With the same porosity, scaffold architecture could dramatically
change cell seeding efficiency. For example, the double-diamond
scaffold model trapped seven times more cells than the Schwarz-
primitive model did in an inlet velocity of 0.1 mm/s in this study.
Along with the scaffold architecture, the inlet velocity of perfusion
culture also affected cell seeding efficiency, so that the number of
trapped cells increased by three times through reducing the inlet
velocity to 1/10.

In addition to the geometric parameters and fluid inlet velocity,
fluid viscosity was an important factor in determining the efficiency
of cell culture that should be considered in the cell culture process.
Although the results of this in silico analysis shed more light on the
selection of scaffold architectures for cell culture, the overall con-
clusion in this domain required further investigations, especially
experimental studies.
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Fig. 8. Deposited cell distribution within a) double-diamond, b) gyroid, ¢) F-RD, and d) Schwarz-primitive models for different inlet velocities.

mGyroid ™ Schwarz

40

average WSS (mPa)

-primitive ®FR-D mDouble-diamond

0.5 1

Inlet velocity (mm's)

Fig. 9. Fluid flow-induced average WSS on scaffold walls for different inlet

velocities.

Table 5

Effect of cell culture media viscosity on cell deposition amount at a perfusion

velocity of 0.0001 m/s.

Viscosity (Pa.s)

Number of trapped cells/whole injected cells

Gyroid F-RD Schwarz-primitive

0.0010
0.0037

756/3893  453/5225  88/1600
361/3893  279/5225  28/1600
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a)

b)

Fig. 10. Top views of a) double-diamond, b) gyroid, ¢) F-RD, and d) Schwarz-

primitive models.
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Table 6

Geometrical parameters of models; wherein A/A, and D/d respectively re-
presented the ratio of the area with no obstacles to the total inlet area and the
widest pore size to the narrowest one.

Model Double-diamond Gyroid F-RD Schwarz-primitive
AlAp (%) 0.00 10.63 4.80 21.50
D/d 5.88 1 3 2.27
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