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Abstract

BACKGROUND:

Perfusion bioreactors for tissue engineering hold great promises. Indeed, the perfusion of culture
medium enhances species transport and mechanically stimulates the cells, thereby increasing
cell proliferation and tissue formation. Nonetheless, their development is still hampered by a
lack of understanding of the relationship between mechanical cues and tissue growth.
METHODS:

Combining tissue engineering, three-dimensional visualization and numerical simulations, we
analyze the morphological evolution of neo-tissue in a model bioreactor with respect to the local
flow pattern. NIH-3T3 cells were grown under perfusion for one, two and three weeks on a stack
of 2 mm polyacetal beads. The model bioreactor was then imaged by X-ray micro-tomography
and local tissue morphology was analyzed. To relate experimental observations and mechanical
stimulii, a computational fluid dynamics model of flow around spheres in a canal was developed
and solved using the finite element method.

RESULTS:

We observe a preferential tissue formation at the bioreactor periphery, and relate it to a chan-
neling effect leading to regions of higher flow intensity. Additionally, we find that, circular
crater-like tissue patterns form in narrow channel regions at early culture times. Using compu-
tational fluid dynamic simulations, we show that the location and morphology of these patterns
match those of shear stress maxima. Finally, the morphology of the tissue is qualitatively de-
scribed as the tissue grows and reorganizes itself.

CONCLUSION:

Altogether, our study points out the key role of local flow conditions on the tissue morphology
developed on a stack of beads in perfusion bioreactors and provides new insights for effective

design of hydrodynamic bioreactors for tissue engineering using bead packings.

Key words: X-ray microtomography, perfusion bioreactor, tissue engineering, channeling ef-

fect, tissue morphology



1 Introduction

In the context of tissue engineering, several types of bioreactors have been designed in an at-
tempt to enhance in vitro cell proliferation and differentiation in a dynamic and controlled
environment: spinner flasks [1], rotating wall bioreactors [2], and perfusion systems [3, 4]. Yet
an associated challenge is to provide homogeneous nutrients and oxygen supply within the
whole volume of such scaffold. Perfusion bioreactors have been shown to give good results
in this regard [5, 6], leading to relatively even cell seeding and growth on the porous scaffold
[7, 8]. Perfusion bioreactors present a similar basic design consisting of a closed tubing circuit
with a culture medium reservoir, a pump, and a growth chamber. They mainly differ in the
design of the cell seeded-scaffold residing inside the growth chamber (fiber meshes, beads or
cubes stacks, ...) and the scaffold materials (coral, titanium, alginate, starch-based material,
calcium-phosphate ceramics, ...) [3, 9, 10].

Given the complex culture environment in perfusion bioreactors, where the fluid flow stimu-
lates cell proliferation and tissue growth alters in turn the fluid flow, recent investigations have

turned to modeling approaches to optimize their tissue production [11].

In hydrodynamic bioreactors, fluid flow alters cell differentiation and proliferation [5, 12] by
providing a mechanical stimulation of the cells [3, 13] and enhancing species transport such as
nutrients supply and waste removal [14, 15]. Externally applied forces, such as shear stresses,
traction stresses or fluid drag [16], are translated into intracellular biochemical signaling, which
results in a modification of the cellular response [17|. This process, termed mechanosensitiv-
ity, is at the origin of many important biological functions, including bone remodeling [18].
Mechanosensitive mechanisms have been identified such as the activation of stretch-activated
ion channels [19, 20], integrin-initiated cytoskeleton deformations [21-23], and the stimulation
of the primary cilia [24].

More generally, tissue pattern is driven by the complex combination of external signallings
[25, 26]: the substrate material and local geometry (either the scaffold or the extracellular
matrix), the culture medium (nutrients, growth factors, mitogens, etc...), and external forces

(such as those applied by other cells or fluid shear stress). Besides fluid flow enhanced prolifer-



ation, the way connective cells colonize the scaffold is of paramount importance. Despite recent
progress in the description of connective tissue growth or repair in static conditions [27-31],
the mechanisms underlying its formation in dynamic conditions are still poorly understood. In
particular, the morphology of a tissue growing under perfusion of culture medium as well as the
distribution of cells within this tissue are key information for the development of bioreactors

for tissue engineering.

Several studies adopted a modeling approach to understand the interplay between tissue growth
and fluid flow. Numerical simulations of fluid flow through empty porous scaffolds have been
performed in order to determine the shear stress field and predict the preferential locations of
cell proliferation at the initiation of cell culture [4, 32, 33]. More complex models have been
proposed to simulate the evolution of the fluid flow as tissue grows by addition of cell layers of
varying thicknesses [34] or by using a moving boundary approach where the interfacial velocity
is a function of the local fluid shear stress [35]. Recently, the experimental evidence that the
geometry strongly influences the tissue morphology and growth kinetics in static conditions
[29, 36] motivated the development of new models. Indeed, tissue growth kinetics under perfu-
sion is determined as a function of both the curvature of the tissue growth front and the fluid
shear stress [11, 37], although these predictions are still to be validated against experimental
data at the pore scale. Overall, given the complexity of the biophysical phenomena at stakes
in perfusion bioreactors, modeling and numerical simulations in simplified controlled settings,

appear as valuable investigative tools.

In this study, we propose to take advantage of a model-system inspired from a perfusion bioreac-
tor for bone tissue engineering [3] in order to describe the morphological evolution of neo-tissue
with respect to local flow patterns. Our model system makes use of two main simplifications: (i)
murine fibroblasts are chosen for their rapid proliferation rate, mechanosensitivity, and ability
to produce connective tissue, and (ii) the scaffold is composed of immobile, impermeable and
non-absorbable polyacetal beads in order to use a simple geometry and image the bioreactor
by X-Ray micro-tomography. We combine three-dimensional visualization by X-Ray micro-

tomography and computational fluid dynamic to answer the following questions: How does the



fluid flow pattern determine the spatial distribution of tissue in the bioreactor? What is the

morphology of the tissue as it grows?

2 Materials and Methods

2.1 Cells

Fibroblasts NIH-3T3 (ATCC) were cultured in DMEM Glutamax (Life Technologies) supple-
mented with 10% Fetal Bovine Serum (Pan-Biotech) and 1% Penicillin Streptomycin (Pan-
Biotech), at pH 7.4 under standard cell culture conditions (37 °C, 5% COs, 100% humidity).
Following previous tissue engineering studies using murine fibroblasts [38—40], these cells have
been chosen for our model system because they belong to the family of connective tissue cells
(like chondrocytes, osteoblasts, ...) [41]. Additionally, they respond to mechanical stimuli [42],

which is relevant to our perfusion bioreactor model and have a rapid proliferation rate.

2.2 Perfusion bioreactor

The perfusion bioreactor (Fig. 1) consists of a closed tubing circuit with a media reservoir,
a peristaltic pump, and a perfusion chamber [3, 43]. The cylindrical growth chamber (13.8
mm diameter, 5 cm high, made of polycarbonate) is randomly filled by mono disperse poly-
acetal beads (2 mm diameter). Let us note that bead-based scaffolds have been identified
as good candidates for tissue engineering and therefore have been investigated multiple times
[4, 32, 39, 40, 44-47]. The beads are immobilized by two polycarbonate grids (0.5 cm high), in-
serted in the growth chamber at the bioreactor inlet and outlet. Polyacetal is semi-transparent
to X-rays allowing the reconstruction of three-dimensional images of the tissue on the beads.
In addition, the scaffold is immobile and non-absorbable: this allows to study tissue growth for
a given bead stack arrangement. Finally, note that since the beads volume fraction remains
constant, the local organization and the global height of bead stacks are slightly sample depen-
dent. The chamber is closed by two caps made of polytetrafluoroethylene and a tubing made
of silicon (Pharm-Med) connects the bioreactor to the culture medium reservoir. The culture

medium pH is kept constant by the constant supply of air enriched with carbon dioxide at 5%.
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Figure 1: Schematic representation of the experimental set-up.

2.3 Dynamic cell culture in perfusion bioreactor

The following procedure has been followed in order to seed the cells on the beads before their
introduction into the bioreactor [40, 48]. First, a suspension of pre-confluent NTH-3T3 cells (10°
cells/ml) in culture medium was gently poured onto the polyacetal beads previously coated with
fibronectin (10 pug/ml, 1 hour at 37°C), then left overnight in a CO, incubator to let the cells
adhere to the beads. The seeded scaffold was then gently poured into the perfusion bioreactor
and immobilized by two grids to avoid any bead movements during culture medium changes.
The constructs were perfused at a constant flow rate of 20 ml/min or 30 ml/min for one,
two or three weeks (two constructs per experimental condition). The culture medium was
changed for the first time after one week then twice a week. At the indicated time points, the
constructs, still immobilized by the two grids, were washed with PBS prior being fixed with
4% paraformaldehyde (Sigma-Aldrich) in PBS (Pan-Biotech), then washed again with PBS and
H,O prior being stained with 1% osmium tetroxide OsO, (Sigma-Aldrich) in HoO. The solution
is beforehand gently injected multiple times at the top and bottom of each sample through the

peripheral envelop of tissue in order to ensure that the core of the samples are fully immersed



in the solution. The samples were then dehydrated through a series of ethanol baths of growing
concentrations (50, 70, 90, 95, and 100%) before being dried using hexamethyldisilazane (Sigma-
Aldrich). Osmium is a heavy metal that stains cell membranes thereby making cells visible by

X-ray microtomography.

2.4 Visualization of the cellular phase

The stained cellular phase was imaged by an X-ray tomography system (North Star Imaging,
NSI, X50-CT) equipped with a molybdenum target and a CMOS image sensor Dexela 2923.

Two series of scans were performed with the following characteristics:

e Physical voxel length of 17 pm with a height of field view of about 2.8-2.9 cm and centered
at mid-height of the bioreactor growth chamber. The voltage was 50 kV and the current

400 pA. 900 projections were obtained from each sample over 360 degrees.

e Physical voxel length of 10.2 ym with a height of field view of about 1.1 ¢m from the top
or the bottom of the bioreactor growth chamber. The voltage was 50 kV and the current

230 pA. 1000 projections were obtained from each sample over 360 degrees.

2.5 Image analysis

The reconstruction was performed with efX-software (NSI) and image processing with ImageJ

(version 1.51w) [49].

The mean intensity, that we define as the mean grey value, is measured on the raw data (16
bits) after subtracting the mean intensity of the background noise, measured outside the biore-

actor.

The creation of a Region of Interest (ROI) delimiting the cellular regions in the parietal region
and in the core of the bioreactor followed four steps:

Step 1: The mean intensity of the background noise, measured outside the bioreactor wall, was
subtracted.

Step 2: The tube was removed by application of an inverted circular mask on all the slices. The



mask was created beforehand by drawing two ovals matching the inner perimeter of the tube
on the first and last slide of the stack, and adding them to a ROI. The ROI was completed
between the first and last slides by interpolation. The associated mask for the tube was then
generated and applied to the stack of the samples obtained in step 1.

Step 3: A binary image of the cellular region was obtained in three steps. The thinnest tissue
regions were selected by subtracting the background with rolling ball radius set to 1 then 2
pixels on duplicated stacks. Both stacks were added and thresholded to create a binary mask
consisting of the regions where the tissue is the thinnest (Step 3a). The largest tissue regions
were isolated by thresholding and converted to a mask (Step 3b). Both masks were added in
order to obtain the cellular region as binary image (Step 3c).

Step 4: The annular and core regions were delimited by a radius R. A circle of radius R
was drawn on the first and last slides with the same center as the centroid of the growth
chamber wall and added to a ROI. The ROI was completed between the first and last slides
by interpolation. The circular mask of radius R was then generated. For selecting the cellular
region close to the bioreactor wall (or in the core), the mask (respectively the inverted mask)
was applied to the binarised image defining the cellular region. The cellular region was finally

selected with subpixel accuracy and added to a new ROL.

3 Results and discussion

Fibroblasts NIH-3T3 cells were cultured for one, two or three weeks in the bioreactor for
two different perfusion flow rates of culture medium (20 or 30 ml/min). The samples were
scanned by X-ray micro-tomography and the tridimensional arrangements of the beads and
the tissue were obtained after image reconstruction. Preliminary experiments showed that
tissue proliferation on glass and polyacetal bead stacks in static conditions (without flow) was
negligible compared to dynamic conditions [39, 40], producing too little tissue volume to be
resolved by X-ray microtomography. Additionally, mass transport estimates in similar culture
conditions and close flow rate indicate that oxygen and nutrient supply is in excess during most

of the three weeks of culture [39].



3.1 Channeling effect locally enhances the perfusion flow rate at the

bead stack periphery

After two or three weeks of culture, we observe a preferential proliferation at the periphery of

the bead stack where the cells form an external tissue envelope (Fig. 2a,b).

* Bead

Tissue

2mm

Figure 2: 3D views obtained by X-ray micro-tomography of the tissue on the scaffold after two
weeks (a) and three weeks (b) of culture at a flow rate of 20 ml/min. The beads appear in dark
grey (dashed arrow) and the tissue in light grey (black arrow). Scale bar, 2 mm.

The difference between the external and internal cell proliferation is shown in Fig. 3b which
represents a slice of the bioreactor with a flow rate of 30 ml/min after three weeks. It can
be seen that the tissue close to the bioreactor wall (colored in yellow) is denser than the tis-
sue in the core (colored in blue). This phenomenon, observed in all the experiments, is also
clearly illustrated in Fig. 3¢ where the intensity, that we define as the grey value of a pixel,
of the cellular phase is summed over the entire stack. In order to support these observations,
we quantify the averaged relative difference of intensity between the tissue in the core of the
bioreactor and the envelope for all samples cultured three weeks. Two regions are identified: an

annular region corresponding mainly to the tissue envelope previously described, and an inner



disk region representing the core of the bioreactor. Due to some heterogeneous arrangement
of the beads in the vertical direction, the inner region is defined using two different radii R;
and Ry. This corresponds to two regions (annular and disk) per radius. The thickness of the
annular region amounts to about either one or two bead radii. We first determine the averaged
relative difference of intensity between the tissue in the annular region and the tissue in the
disk region considering the first radius R;. The results provided in Table 1 are obtained for all
samples cultured three weeks. The relative comparison of mean intensity between the core and
the periphery are of the order of 50% in most cases. Of particular note, the average of 42.2%
is mainly due to the heterogeneous arrangement of the beads in the vertical direction. Indeed,
considering the second radius Ry, this relative difference amounts to 51.3%.

Additional scans of bioreactor inlets and outlets for experiments carried out with a flow rate

of 30 ml/min show that the envelope actually encompasses the whole packing of beads (Fig. 4).

R; =10.13 mm
Flow rate Sample
Mean relative dif- | Standard deviation | Average
ference
1 55.0% 5.3%
20 ml/min 54.0%
2 53.0% 4.4%
1 53.7% 9.2%
30 ml/min 48.0%
2 42.2% 10.3%

Table 1: Averaged relative difference of intensity between the tissue in the annular region and
the tissue in the disk region for a radius R; of 10.13 mm, for all samples cultured three weeks.

As shown below, this preferential tissue growth is related to the geometrical heterogeneities of
the scaffold. These heterogeneities are due to the spatial distribution of the spherical beads at
the vicinity of the wall (parietal region). This disordered arrangement in the parietal region is
characterized by a local increase of the porosity and permeability values, both being therefore

dependent on the radial coordinate. The consequence of these heterogeneities is an increase of
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Figure 3: Visualization obtained by X-ray micro-tomography of the tissue on the scaffold after
three weeks of culture at a flow rate 30 ml/min. (a) 3D side view. (b) 2D representative slide
(intensity normalized with respect to the maximum intensity). (c¢) Sum over the whole stack
of pixel intensity in the cellular region (relative to the maximum intensity).

the flow rate close to the wall leading to a more intense local flow. This channeling effect [50]
gives rise to an increase of both nutrient transport and local shear stress, which results in a
stronger mechanical stimulation of the cells in the parietal region and therefore in an increased
proliferation. As a matter of fact, Cruel et al. [32] noticed radial heterogeneities of the fluid
shear stress at the beads surface for bead granular packings. More specifically, we locate
these heterogeneities at the bioreactor periphery. This mechanism can also be described at the
bioreactor scale (macroscopic scale) where the averaged filtration velocity V' in the direction of

the flow (z-component) is governed by Darcy’s law [51]:

R @

In Eq. (1), p is the dynamic viscosity and K is the permeability coefficient in the direction
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Figure 4: 3D views obtained by X-ray micro-tomography of the tissue on the scaffold at fluid
inlet after three weeks of culture at a flow rate of 30 ml/min. (a) 3D side view. (b) 3D bottom
view.

of the flow which depends on the radial coordinate r. For a porous media composed by mono
dispersed spherical beads, the permeability is given by the Kozeny-Carman relationship K =
22d?/180(1 — £)? [52] where £ represents the average porosity and d the diameter of the beads.
Therefore, Eq. (1) clearly shows that this channeling effect is explicitly dependent on the
beads diameter. It is important to recall that Darcy’s law is relevant if the local Reynolds
number (Re = VE V/v) is lower than 1. This is the case for our bioreactor where € = 0.35,
K =2-10"m? and Re = 0.16. This estimation has been done for the maximum flow rate
(30 ml.min~1!). Therefore, according to Eq. (1), for a given pressure gradient, the filtration
velocity V' continuously increases with the permeability K. It is worth mentioning that the
thickness of the channeling region is of the order of V'K and that the flow field non-uniformities
in this region are negligible if the ratio d/D is very small compared to 1 (with d the beads
diameter and D the bioreactor inner diameter) [50]. In our bioreactors, d/D is of the order
of 0.1, which makes necessary to take into account the presence of a channeling effect in the

analysis.
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The above analysis leads to an important design principle for perfusion bioreactors using beads,
or more generally granular scaffolds: the intensity of the channeling effect can be modulated
according to specific bioreactor application by adjusting the ratio between the scaffold beads
size and chamber diameter. For instance, if one aims to have homogeneous local flow rate across
the scaffold, small beads and large chamber diameters should be used. On the contrary, if an
application requires a large flow rate at the scaffold surrounding, bigger beads might be more

appropriate.

3.2 Shear-stress pattern promotes crater-shaped tissue at early cul-

ture time

After one week of culture, the experiments show that whatever the flow rates, the tissue partly
covers the beads with a crater-like shape. Indeed, we observe tissue overgrowths on the beads
around circular areas devoid of cells and located in the narrowed fluid areas (Fig. 5). In order
to investigate this formation of craters, we employ computational fluid dynamics to assess the

local wall shear stress induced by the flow on the scaffold beads.

We numerically compute the shear stress field for a stationary laminar viscous flow through
an idealized three-dimensional arrangement of nine identical spheres in a cylindrical channel.
The radius of the channel is 2.7 mm while the radius of spheres is 1 mm. Flow prop-
erties are close to those of water at ambient temperature and the imposed inlet velocity
is 0.001 m/s. Under these conditions, the associated Reynolds number is of the order 1
and therefore the fluid flow is laminar. Numerical simulations are performed using Comsol
Multiphysics (version 4.3b). Figure 6 represents the isovalues of the shear stress field at the
surface of the spheres. As expected, the maxima are located in the narrow fluid regions.
Importantly, we find that the locations and form of the shear stress maxima obtained numer-

ically correspond to the locations and the form of the crater-like tissue observed experimentally.

It is well known that the proliferation of mechanosensitive cells, including fibroblasts, is
enhanced by the flow-induced shear stress. But this stimulation is clearly limited by the

intensity of the stress. For high intensity values, cell detachment (which is also material-
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dependent) [53] can be observed but cellular growth is probably prevented before reaching
this limit. In the numerical simulations, the higher flow rate (30 ml/min) the maximum shear
stress obtained is about 0.1 Pa which is close to the detrimental value (0.3 Pa) obtained
by Truskey and Proulx [53] for fibroblasts NIH-3T3 seeded on glass. Note that this value
is of the same order of magnitude as the detrimental shear stress obtained for osteoblasts
by Leclerc et al. [54]. Although our numerical simulations ignore the presence of tissue on
the beads, they provide useful insights into the determination of the spatial distribution
of the tissue by the shear stress field in the perfusion bioreactor. Keeping the global flow
rate constant through the growth chamber, the coupling of tissue growth with the laminar

flow would lead to an intensification of the flow and an expected increase of the fluid shear stress.

a)

Figure 5: 3D views obtained by X-ray micro-tomography of the tissue on the scaffold after one
week of culture at flow rate of 30 ml/min. (a) 3D side view. (b)(c)(d) Close-up views.
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Figure 6: Numerical simulation of a laminar flow around a symmetrical arrangement of nine
beads for an inlet velocity of 0.001 m.s~!. (a) Norm of the fluid shear stress on the beads
surface. (b) Norm of the fluid velocity vector.

3.3 Biomechanical interpretation of tissue morphology evolution

After one week of culture, the tissue has partly covered the beads with a crater-like shape
(Fig. 5b,c,d). After two weeks, it clearly appears in Fig. 7b that the tissue grows by building
"bridges” between the beads with concave and smooth interfaces. Such shapes are interpreted
as the result of curvature minimization [29, 55, 56]. In other words, this results from the
contribution of a tension line between the anchoring points and due to the acto-myosin cable
along the edge of the tissue, balanced by a surface tension which comes from the global

contractility of the cells [57].

Figure 7 also shows that the density of the tissue at the interface with the culture medium is
higher than in the center of the "bridges”. It seems that this phenomenon is related to the fact
that cells in this interfacial region are mechanically stimulated by the shear stress induced by
the flow of the medium. Interestingly, Kollmannsberger et al. [31] and Granet et al. [2] showed

that cell proliferation preferentially occurs at the tissue-medium interface, where a higher
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mechanical stimulation results in a higher cell proliferation rate [58]. The graph presented in
Fig. 7e shows that this behavior is more pronounced in the parietal region presumably due to

the channeling effect (Fig. 7d).

Distance from A to B (um)

Figure 7: Visualization obtained by X-ray micro-tomography of the tissue on the scaffold after
two weeks of culture at a flow rate 20 ml/min. (a) 3D side view. (b) 2D representative slide
(intensity normalized with respect to the maximum intensity Im). (c)(d) Close-up views (e)
Variation of the relative intensity I/, associated to each pixels along the yellow line drawn
on (d).

Finally, it is worth recalling that cell contractility has also an important impact on the tissue
morphology. Indeed, the evolution of the tissue depends on the balance between cell-cell and
cell-scaffold interactions. After one week of culture, the formation of a few narrower "rings”
where the tissue is partly ripped off (Fig. 5b,c,d) suggests that the tissue is subjected to
considerable tensions. Such tears in the tissue have been observed with keratinocytes [59] and
fibroblasts [60] forming suspended bridges and have been attributed to cell contractility. In
addition, images of bioreactors cultured three weeks clearly show that the tissue has a dense
sheet-like shape whatever the location in the bioreactors (Fig. 3), presumably as the result
of tissue contraction. This phenomenon is also either initiated or complete after two weeks

of culture all along the bioreactors (Fig. 7c). The detachment of the tissue from the scaffold
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suggests that cell adhesion forces to the substrate are too weak to counterbalance the traction

forces due to cell contractility.

4 Conclusion

In this work, we used a combination of tissue engineering, X-ray micro-tomography imaging,
and fluid mechanics simulations to relate tissue morphology and local fluid flow conditions in
a model perfusion bioreactor. The model bioreactor consisted of fibroblasts cells grown on a
scaffold made of a stack of beads in a perfusion chamber.

Our results highlight the heterogeneous distribution of the cells as the consequence of a chan-
neling effect in the bioreactor. Because of the particular arrangement of the bead packing and
the subsequent higher porosity and permeability at the periphery of the bioreactor, the flow is
more intense in the channel at the periphery. In our model bioreactor, this effect results in a
preferred proliferation around the bead stack and the formation of a very dense envelope of tis-
sue. The dimensions of the beads and bioreactor determine the importance of these boundary
effects: a small bead to bioreactor diameter ratio means a weak channeling effect.
Furthermore, we identify crater-shaped tissue patterns at early culture times. We show that
this morphology resembles the distribution of fluid shear stress on beads, highlighting the im-
portance of local fluid flow on tissue development.

Finally, we find that after one, two and three weeks of culture, the tissue adopts very distinct
morphologies, and attribute these observations to the simultaneous growth and contraction of
the connective tissue as it grows.

By providing insights into the coupling between tissue development and fluid flow in a perfusion
bioreactor, this work has potential implications in the effective design of bioreactors relying on

hydrodynamic stimulii for tissue engineering.
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