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Abstract

Articular cartilage is a connective tissue consisting of a relatively few
number of cells, the chondrocytes (CCs), that are immersed in an exten-
sive hydrated matrix, composed primarily of proteoglycans and collagens.
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In vitro tissue engineering has been investigated as a potential source of
functional tissue constructs for cartilage repair, as well as a model system
for controlled studies of cartilage development and function. Among the
different kinds of devices for the cultivation of 3D cartilage cell colonies, we
consider here polymeric scaffold-based perfusion bioreactors. The perfusion
fluid supplies nutrients and oxygen to the growing biomass. At the same
time, the fluid-induced shear acts as a physiologically relevant stimulus for
the metabolic activity of CCs, because it may enhance cell proliferation and
metabolism, provided that the shear stress level is moderate. In this com-
plex environment, mathematical and computational modeling may help in
the optimal design of the bioreactor configuration. In this perspective, we
propose a computational model for the simulation of the biomass growth,
under given inlet and geometrical conditions. Precisely, we consider a two-
step approach. First, we perform a simplified short term analysis in which
only biomass growth is taken into account, the nutrient concentration and
the fluid-induced shear stress being assumed constant in time and uniform
in space. This allows us to calibrate the biomass growth model with re-
spect to the shear stress dependence on experimental data. Then, we carry
out a full analysis where the nutrient concentration and perfusion velocity
change in time and space and the growing biomass modifies the porosity
of the scaffold matrix, altering the fluid flow. The model parameters are
consistently derived from volume averaging techniques that allow us to up-
scale the microscopic structural properties to the macroscopic level. The
predictions we obtain in this way are significant for long times of culture.

1 Introduction

A basic concept in the design of ex vivo tissue reconstruction is to provide a
proper biophysical microenvironment to cells [28, 21, 37]. In scaffold-based car-
tilage regeneration, a procedure for tissue growth based on interstitial flow of
the culture medium, also called “direct” or “confined” perfusion, is found to be
particularly effective, compared both to static culture and to surface (or “free
flow”) perfusion, in preserving cell viability, promoting cell proliferation and up-
regulating the synthesis of matrix proteins specific to cartilaginous tissue, such
as collagens and glycosaminoglycan (GAG) [11, 30, 10, 34, 35, 14]. These bene-
ficial effects are primarily related to an improved cell oxygenation and catabolite
removal induced by interstitial convective flow in the internal regions of densely
cell-populated constructs. Perfusion flow also exerts shear stresses on the cell
surface, causing membrane stretch [12, 20]; this mechanism, far from being just
a side effect, is recognized to activate specific signalling pathways in articular
cartilage cells, which in turn may stimulate cell proliferation and/or enhance cell
metabolism, provided that the shear stress level is appropriately tuned [19, 40].
As a matter of fact, increasing the hydrodynamic shear level in cellular con-
structs is recognized to inhibit the synthesis of sulphated GAG (sGAG) [33]
and of collagen type II [36], which are phenotypic markers of articular carti-
lage. The above considerations suggest that an efficient bioreactor should be



able to provide the growing cells with the highest oxygenation level compatible
with a moderate fluid-mechanical loading. Achieving such a balance is a diffi-
cult task, since there is a nonlinear interplay between the biophysical conditions
experienced at the microscopic pore scale and at the subcellular scale and the
macroscopic project parameters of the bioreactor, for example the fluid velocity
gradient across the bioreactor thickness or the pressure drop, which are directly
related to input control parameters of the system (in our case, the inlet velocity
of the perfusion fluid). Furthermore, when designing a bioreactor, one must also
face the difficulty that measurements -to name one, the shear stress levels in the
growing biomass- cannot be easily accessible and data elaboration does not often
allow to draw a clear rationale of the phenomena leading to an optimal design.
In this scenario, mathematical and computational modeling can be profitably
used to provide a supporting insight in the design of a bioreactor configuration,
according to the following conceptual methodological approach:

Task 1): simulation of the dynamical evolution of the environmental con-
ditions to which cells are subjected, in particular, oxygenation level and
shear stress distribution, as a function of the macroscopic control param-
eters.

Task 2): simulation of biomass growth under the action of the above com-
puted biochemical and mechanical stimuli.

Task 3): introduction of a feedback mechanism, simulating the effect of the
newly formed biomass on the environment (change of geometry, change of
nutrient absorption).

In the following, we illustrate in detail how we carry out each item in the
above programme, with special care on emphasizing specific contributions of
the present research activity compared to existing approaches in the literature.
Task 1): in the context of dynamically perfused bioreactors, the implementation
of this task requires to couple computational fluid dynamic (CFD) models with
diffusion-advection-reaction equations for the nutrient. A starting approach con-
sists of performing a detailed pore-scale CFD simulation to compute the fluid
dynamical field over the scaffold walls [34, 31, 41, 6, 3, 24, 42]. These attempts
have proven useful in capturing a basic understanding of the conditions which
favor the initial development of engineered tissues such as bone [23] and cartilage
[34, 35, 33, 36, 27]. Accounting for oxygenation level within the local pore struc-
ture is usually carried out by a convection-diffusion-reaction equation where cells
are incorporated as sources or sinks of chemical species in the consumption rate
in the nutrient mass balance equation [18, 17]. Time evolution of these sources
and sinks, representing cell proliferation and migration, is predicted by the use
of multicellular algorithms [4, 29]. A significant limitation of this class of models
is that the increasing oxygen transfer from the culture medium to the growing
cell biomass is included in the mass transport calculation without accounting for



the alteration of the fluid flow due to the growing cell volume (Task 3), so that
the above simulation results are valid only for very low cell volume fractions,
corresponding to culture conditions at early stages. A further limitation of the
pore size-based CFD approach is its validation with respect to experiments. As
a matter of fact, microscopic pore and biomass sections are, most often, visually
compared to the corresponding results of computational models at the pore size,
so that, in order to come up with a quantitative response, a fundamental (and
still open) question arises about the statistical significance of the microscopic
pore/biomass samples that have been chosen. These limitations are a strong
motivation to abandon the analysis at the pure micro-pore level, and replace
it with an investigation capable to range from the microscale up to the macro-
scopic scale, in order to account for the coexistence of multiple temporal and
spatial scales, all relevant for the overall behavior of the system. An effective
manner to deal with the multiscale behavior of the bioreactor is the so-called
Volume Averaging Method (VAM) [44]. The VAM is used in this article as
a systematic technique to derive the Stokes-Brinkman equations for perfusion
fluid flow and the diffusion-advection-reaction equation for nutrient mass trans-
port, by upscaling to the macroscopic level (over a suitably defined averaging
volume) the corresponding microscopic equations. While performing the upscal-
ing procedure, a remarkable bonus provided by the VAM is the identification of
“effective” parameters (effective diffusivity and effective hydraulic permeability)
which synthetically characterize the system behavior at the macroscopic level by
inheriting the properties of the microscale structure. It is in this crucial model-
ing step that all the available information (geometric, experimental, theoretical)
on the sub-scale environment can be profitably used to enhance the accuracy
of the upscaled model. Explicit examples of this statement are given later in
the discussion of Tasks 2) and 3). Task 2): unlike Task 1), this second task
is less consolidated and more open to fundamental questions, since it requires
to develop, solve and validate models based on ordinary differential equations
(ODE) and/or partial differential equations (PDE) to describe the evolution of
the biomass under different stimulating or inhibitory factors. In the present ar-
ticle, we address this issue by the definition of a novel biomass growth model,
which is a generalization of the one proposed in [16, 15] through the introduction
of the dependence of the biomass growth parameters on the local or mean shear
stress. To do this, we carry out a calibration procedure using experimentally
measured data previously obtained from one of the Authors [33]. Task 3): this
step is a very delicate issue, as it requires, in principle, a detailed representa-
tion of the microscale phenomena and their effect on the variation of the porous
structure of the scaffold. This problem is dealt with in the present article by
the explicit characterization, using the VAM, of the effective nutrient diffusion
coefficient and hydraulic permeability as a function of the spatially and time
varying volume fraction occupied by the growing biomass [22, 16, 45]. As al-
ready remarked in the discussion of Task 2), an important improvement with
respect to existing formulations [5] is the direct inclusion of measured data in the



derivation of the model for the effective mass and fluid transport coefficients. In
particular, since for the construct we consider [33] the volume fraction occupied
by the scaffold porous matrix is significant unlike what assumed in [13, 5], the
inclusion of such a term is expected to provide a more accurate prediction of
the bioreactor performance, especially in the early stages of culture, where the
volume fraction occupied by the growing biomass is small.

2 Material and Methods

Our computational model of the bioreactor structure shown in Fig. la encom-
passes three different phases, a polymeric porous scaffold, a perfusing fluid and a
growing biomass, which coexist and evolve in space and time within the cellular
construct shown in Fig. 1b. From now on, with the term “biomass” we denote
the entire volume of biological matter resulting from cell proliferation and ECM
synthesis, and we indicate by €, 7 and ¢, the scaffold, fluid and biomass volume
fractions, respectively. A schematic of the three considered phases is depicted
in Fig. 1lc, where the averaging volume used for the application of the VAM is
represented. Some simplifying assumptions are in order to set up the bioreactor
model. We start assuming the volume of the scaffold structure to be time invari-
ant, according to the fact that scaffold degradation is very slow compared to the
overall culture time interval, which implies that £ is a given constant quantity.
Instead, the biomass volume varies with culture time, while consequently the
fluid volume is modified in order to satisfy, at each spatial position x in the
construct and at each time ¢ the following constraint

£s +ep(x,t) + ep(x,t) = 1. (1)

To implement Tasks 1)-3), that is, to develop a mathematical model capable
to mutually couple biomass growth, oxygen consumption and tissue perfusion,
we proceed as follows. First of all, we address Task 2) by proposing a novel
biomass growth model that accounts simultaneously for the dependence on oxy-
gen concentration as well as the mechanical stimulus. In order to calibrate the
model with respect to this latter quantity we perform a short term analysis in
which the nutrient concentration and the fluid-dynamic shear stress can be con-
sidered constant in time and uniform in space. This allows us to determine the
growth model parameters via a fitting procedure. Then, we use the resulting
parameters to address Tasks 1) and 3) by a long term analysis where the nu-
trient concentration and perfusion velocity evolve in time and space with tissue
growth, consequently modifying the construct properties.

2.1 Biomass growth model

The increase in the biomass volume fraction can be derived starting from the
mass conservation principle. This approach can be equivalently applied at dif-
ferent spatial scales. On one side, if the control volume is the entire scaffold,
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Figure 1: Schematic of the modeled system: bioreactor chamber (a); macroscale
representation of the cellular construct (b); details at the microscale level (c).

then the biomass volume fraction that is obtained is a single macroscopic value.
On the other side, a point—wise mass balance and a corresponding governing
equation can be obtained starting from an infinitesimal control volume centered
at point x. At this level, we do not make any difference between these two
approaches, although such a difference will become significant as we will distin-
guish between the short and long term analysis of the engineered tissue growth.
Mass conservation allows us to state that biomass growth is governed by the

evolution equation
de b

dt
where rg4 is the death rate accounting for the physiological cell apoptosis, r, is
a growth regulation factor and 7 is the net growth rate. Following [16, 15], in
order to model 4, we use the Monod growth kinetics modified by Contois in [§]

= (rg —ra)ey = rveb, (2)

kgc

Tg(epc) = Tapnes £ ¢ (3)
where ¢ is the nutrient (oxygen) concentration, pj, is a reference biomass den-
sity, kg is the maximum specific growth rate and £, is the Contois saturation
constant. In [16, 15], the model parameter k, is adjusted to fit experimental
data obtained for different scaffold thicknesses in static culture conditions. As
an established model for biomass growth regulation with respect to biomechan-
ical stimuli in dynamical conditions is not yet present in the literature, in our
modeling procedure we propose to modify relation (3) in such a way that the
parameter k, is a function of the bio-mechanical stimulus (an averaged or local



shear stress state 7, according to the time span of the analysis) experienced by
the cells k()
9(TiD)c
re(€p,C, Ty p) = ————— 4
g( by G 7p) kspbf‘:b + C’ ( )
where p denotes a set of unknown parameters to be determined by means of a
calibration procedure based on experimental data.

2.2 Short term analysis and model calibration

Assumptions. In order to determine the set of parameters p in Eq.(4), we
consider a short term culture time 7' = 15 days. In this working condition,
Eq.(2) can be regarded as the mathematical model for the time evolution of
the average value of the biomass over the whole construct upon assuming space
uniform and time invariant control variables ¢ and 7. These latter hypotheses
are legitimate due to the following considerations:

1. the cell volume fraction is small. As a result of that, the oxygen consump-
tion is negligible, which implies that the inlet concentration ¢y (saturation
concentration in the fluid) can be used as a representative value for ¢;

2. the biomass volume fraction is small. As a result of that, the biomass
does not yet significantly influence the fluid dynamics shear stresses on
the scaffold walls. As a consequence, the median shear stress computed
in [37] by CFD models applied to the nude scaffold can be used as a
representative value for 7.

Under the above assumptions, the biomass growth model (2)-(4) is uncoupled
from nutrient transport and tissue perfusion and can be solved independently.

Model calibration. The experimental set-up for model calibration is the
bioreactor system described in [37] and consisting of a bioreactor chamber in
which chondrocyte-seeded cellular constructs are fixed on sterile discs, 1 mm in
thickness, made of a biodegradable polyestherurethane foam with average poros-
ity 77% [6]. The constructs had their periphery sealed, and were cultured under
interstitial perfusion of the culture medium (refer to Fig. la for the chamber
configuration). Four independent culture chambers were mounted in parallel;
culture conditions were identical in each chamber, except for the construct di-
ameter, equal to 2, 3, 4, or 7 mm, respectively. Keeping constant the inlet
flow rate for each scaffold yields four different bioreactor configurations, each
one being characterized by a given mean inlet velocity v;, ¢ = 1,...4 and by a
median shear stress 7;, this latter quantity being determined by CFD pore-scale
simulations [37]. Tab. 1 lists the values of v; and 7;, as well as the labels used to
identify the four bioreactor configurations. Our calibration procedure is based on
the complementary information provided in Figs. 4-a and 4-b of [37], where the
DNA and sGAG contents measured at ¢t = T = 15 culture days are reported for



each of the four culture conditions A, B, C and D as a function of ¢, i = 1,...,4.
From these data, it is possible to extract the cellular and ECM volume fractions,
denoted by e; and €, ;, corresponding to the discrete values 7; and reported
as well in Tab. 1. Noting that 52:;- =et+ 6”E10M7i, we obtain the pairs of data
(TZ‘,EZ:LZ-), i=1,...,4, to be used in the parameter fitting for Eq.(2). With this
aim, we assume a linear dependence of k,; on the shear stress, i.e.

kg = kgo(a+ BT), (5)

where k4o is the maximum growth rate in static conditions and «, 3 are the
unknown fitting parameters of our model. Then, letting p = [«, 5], the vector
prit that best fits in the least square sense the measured values of biomass volume
is the solution of the following minimization problem

4
Pfit = arg min Z(sb(T, C,TisD) — 52:;)2. (6)

i=1
Calibration of the cell growth model is carried out by solving Eq.(2) with kg =
5.8 - 107971 (corresponding to an average cell division time of 2 days), ks =
4.2-1073 (obtained using the standard Monod kinetics at equilibrium and nor-
malizing the result to the initial value of the biomass fraction as done in [8]) and
an apoptosis rate rq = 3.85- 1077 s~! (corresponding to an average cell lifetime
of 30 days). The initial value of the biomass is set equal to 0.02145 (see Sect. 3
for an extensive discussion of this choice). Using in relation (4) the best fit pa-
rameters computed by solving Eq. (6) up to a tolerance of 1077, the obtained
best fit values are o = 0.8761 and 5 = 0.1045. These results yield in Eq. (5) an
amplification factor of the maximum growth rate of about 7 in correspondence of
7 = 74. The small reduction of the value of k4 in static conditions (7 = 0) should
be ascribed to the fact that no experimental data are available for the fitting
procedure in this situation. Fig. 2(top) shows the computed biomass volume
fraction as a function of culture time superposed with the experimentally mea-
sured quantities at ¢ = T" = 15 days (denoted by circles), while Fig. 2(bottom)
shows the biomass growth rate as a function of culture time as given by Eq. (4).

2.3 Long term analysis: a fully coupled model for biomass growth,
tissue perfusion and nutrient transport

Flow of the culture medium. In order to derive a macroscopic description
of interstitial fluid flow perfusion throughout the scaffold porous matrix, we
introduce the following assumptions:

1. low perfusion regimes. This allows us to neglect inertial terms in the
momentum balance equation;

2. the scaffold and biomass are rigid and impermeable to the fluid. This
allows us to treat the fluid problem as a homogenized biphasic system
(fluid and solid phases).
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Figure 2: Biomass volume fraction ¢, (top) and cell growth rate r;, (bottom) as
a function of culture time. The plots are obtained from the short-time model
by solving Eq.(2), with the coefficients given in relation (4) and using the best
fit parameters solution of Eq.(6).



Table 1: Scaffold configurations for model calibration (from [37]).

Scaffold diameter Label Index Inlet velocity Median shear stress

[cm] i v; [em/s] 7; [mPa]
0.2 A 1 0.884 56
0.3 B 2 0.393 25
0.4 C 3 0.221 14
0.7 D 4 0.072 4.6

Cell volume fraction ECM volume fraction

0.0343 0.0366
0.0216 0.0231
0.0164 0.0187
0.0094 0.0125

Applying the VAM over the averaging volume of Fig. lc, yields the following
macroscopic Stokes equation system with Brinkman correction [22, 46]

V.-v=0,

7
Vp = —perK 1 (ef)v + plv, )

where p is the dynamic viscosity of the culture medium, v is the Darcy velocity, p
is the fluid pressure and K is the effective hydraulic permeability. An established
closure relation expressing K as a function of the space and time dependent fluid
volume fraction e (related to the solid volume fraction by Eq. (1)) is provided
by the Carman-Kozeny equation [2, 22, 46|

3
°f
(1—ey)?

where the Kozeny constant K, is a reference permeability to be later specified.

To achieve a full coupling with biomass growth, the interstitial perfusion
model must be complemented with a precise definition of the expression of shear
stress to be used in the context of VAM averaged equations. In the context
of low perfusion regimes, an acceptable model is an adaptation of the Darcy-
Carman-Kozeny formula proposed in [43] to the case of a variable permeability

K(ep) = Kp (8)

_vl
rlenlv) = s = e )

The above formula connects in an almost linear fashion the variation of the aver-
age shear stresses on the porous matrix walls to the average filtration velocity, as
expected in these flow regimes. Moreover, the formula establishes a dependence

10



of the stress on the actual biomass fraction. In order to characterize the Kozeny
permeability K, required to compute the effective hydraulic permeability given
by Eq. (8), we use again a least square fitting between the values predicted by
Eq. (9) by setting e, = 0 and |v|; = v;, where v;, i = 1, ...,4 are the inlet veloci-
ties listed in Tab. 1, and the median (pore-scale) shear stress computed in [37]
and reported in Tab. 1. More precisely, we aim to find

4
K, i = arg min Y _ (r(0,[v];) —7:)”.
i=1

The best fit value is K, ry = 1.97 - 10~7 c¢m?, which produces an extremely
accurate fitting, the corresponding residual being of the order of 107!°. The
functions 7 (&4, |v|;) obtained from relation (9) using the optimal value of K,
are plotted in Fig. 3 in correspondence of |v|; = v;, i = 1,...,4, showing that
the shear stress is an increasing function of the biomass fraction, consistently
with the fact that hydraulic resistance increases with cell proliferation. This
analysis is particularly interesting in our case, because it provides an indication
of the range of construct porosities where the present model can be considered
to be reliable according to experimental validation. Indeed, it suggests that
for long term cultures, where the biomass volume fraction is expected to grow
significantly, only experiments with moderate inlet velocity, i.e. values C, D
of Tab. 1, would correspond to shear stresses in the range where the present
biomass growth model has been validated.

Oxygen mass transport. Applying again the VAM over the averaging vol-
ume of Fig. 1lc, and neglecting accumulation terms, yields the following mass
conservation law in advective-diffusive-reactive form for the volume averaged
oxygen concentration, ¢, in the homogenized phase

V- (=DVc+ve)+ R(c) =0, (10)

where ¢ = g5¢5 +€fcy +€p0p, and cy, ¢, are the volume averaged oxygen concen-
trations in the fluid and biomass phases, respectively, ¢, is the negligible oxygen
concentration inside the scaffold, v is the fluid velocity predicted by (7), and
R is the biomass oxygen volumetric consumption rate, which is assumed to be
a function of the local oxygen concentration according to the Michaelis-Menten

kinetics R
c
R(c) = —"—¢, 11

(©) = 7z ()
R,, and K,, being the maximal consumption rate and the half saturation con-
stant, respectively. The effective diffusivity D in Eq. (10) can be characterized
as in [45], resorting to an approximate solution of the so called closure problem.
Applying such an approach in a multiphase system like the one at hand (where

we have three phases: fluid, biomass and solid scaffold) is a very challenging

11
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Figure 3: Plot of the increase of shear stresses induced by biomass volume
fraction growth. Each curve corresponds to a different value of the average
velocity, equal to the inlet velocities A, B, C, D of Tab. 1, from top to bottom.
The reference median shear stress values of Tab. 1 are highlighted with circle
markers on the y axis.

problem. However, for the specific problem at hand, we point out some realistic
assumptions that allow us to simplify this process:

1. the scaffold matrix is impermeable to oxygen. This is equivalent to as-
suming that the oxygen diffusivity into the scaffold is negligible. This also
allows us to conclude that the oxygen concentration into the scaffold is
vanishing.

2. the diffusivity of oxygen in the fluid phase is almost equivalent to the one
in the biomass [28]. We notice that this property would not be valid for
molecules considerably larger than oxygen, such as glucose.

Owing to these assumptions, we can consider a biphasic system made of a
"fluid-equivalent phase” (culture medium + biomass) and a solid phase (scaf-
fold), i.e. we have ¢ = efcy + ¢y, since ¢ = 0 and define e, = €5 + €5 and
crp = €pcf + €pcy, Cfp being the average concentration of the “fluid-equivalent
phase”. We notice that ¢ = cy, in this particular case.

Then, we use Maxwell’s model [26, 45] to find a closure relation for the
diffusive flux into a biphasic system characterized by the scaffold and by a ”fluid-
equivalent phase”. More precisely, we define the diffusive flux as

j=-DVc=—-DpVecyy (12)
where D = Dy, is the effective diffusivity to be suitably approximated. We focus

on the equivalent problem of determining Dy, that is the effective diffusivity

12



relative to the “fluid-equivalent phase” average concentration. Since we assume
that the diffusivity of oxygen in the fluid is almost equivalent to the one in
the biomass we denote with D} = D, = D' the diffusivity of oxygen into a
medium composed by either pure fluid or pure biomass or any mixture of these
components. Maxwell model states that

Dyy, D'
= M(esv,ti0),  Kify = heqry
D:‘b D}b

where M (e, k) denotes Maxwell’s formula [26]. and ke, is a suitable equilibrium
constant, see [45]. However, the value of k¢, is irrelevant for us, because we
assume that oxygen does not diffuse into the scaffold, hence D} = 0 and ks, = 0
for any possible finite value of k¢y. In the case where the scaffold resembles to
an array of disjoint spheres, we use

3k —2e(k—1)
M(e) = 3+e(k—1) "

while in the case it resembles to an array of cylinders, we use

2k —e(k — 1)

M(e) = p—

We believe that in our case the former formula is more appropriate. Combining
the previous expressions, we finally obtain

D 2l-¢,)
D)y 24,

where D} is the oxygen diffusivity in the pure fluid phase, which can be easily
determined by measurements. We also notice that, in this specific case, the
effective diffusivity coefficient, D, only depends on the scaffold volume fraction
€s. This is a direct consequence of the assumption that the nutrient diffuses
equivalently in the fluid and in the biomass.

Solution algorithm and numerical approximation. Let N be the number
of time subdivisions of the culture time interval [0, 7], At =T /N the time step
and t* = kAt the k-th time level, k = 0,..., N. Then, the solution of the time-
dependent nonlinear coupled system describing engineered tissue growth under
interstitial nutrient flow and constituted by the ODE (2) and by the PDEs (7)
and (10) is reduced to the solution of a sequence of decoupled linearized sub-
problems according to the following block Gauss—Seidel iteration:

Given g = (") , V" = v(t") and " = ¢(t"), foralln =0,...,N — 1:

13



Step 1: solve the Stokes-Brinkman problem
Vvl =0,

Vptt = —pef K=V + pAvi

and then set v(¢"*1) = v+l and p(t" 1) = pntl.

Step 2: solve the nutrient balance equation
V- (=DVe T 4yt L R(e™) =0,

and then set c(t"*1) = 1,

Step 3: compute the Darcy stress

n+1 M|vn+1|

T =
K(1—¢es—¢p)

and then set 7(t" 1) = 77+,

Step 4: solve the biomass growth equation using a one-step explicit time—
marching method

entl _gn
b b _ n n+l _n+l,
At —(Db(gb)C y T 7At)

@, being a suitable increment function, and then set &,(t" 1) = E;}H.
The temporal stability of the above solution algorithm is determined by the
appropriate choice of At. To this purpose, we first need to study the stability
properties of the biomass growth model (2). For this analysis, we assume ¢ and
T to be parameters allowed to vary in the admissible space P = (0, cg] X [74, 1]
and set f(ep) := rpep. The equation f(e,) = 0 has two roots, €, 1 = 0 and

clly(r) = a)

f2(e,7) = rappk
S

It is easy to verify that, since ky(7) —rqg > 0 for all 7 € [, 7], €2 > 0. To
investigate the mathematical nature of the two equilibrium points, we consider
the linearized version of the growth model (2) [1]

d
% = Nep;e,T)ey + g

14



where ¢ is an inhomogeneous term that has no influence on the stability of the
problem, and ,
Mep; e, 7) = 9f _ __Fy(m)e”
dey,  (ksppep + ¢)?
Replacing into the above formula the expressions of the equilibrium points yields
Aepise,T) = kg(1) —1rq > 0 for all 7 and A(ep2;¢,7) = 14(rq —kg(7))/kg(T) <0,
from which we conclude that €, is an unstable equilibrium point while &9 is
an asymptotically stable equilibrium point. We can now turn to the analysis
of the scheme in Step 4, which is the discrete counterpart of problem (2), and
we investigate its absolute stability in the sense of Dahlquist [9]. For ease of
presentation, we consider the simplest case of the Forward Euler (FE) method,
corresponding to ®;, = (e )ey. The study of the sign of A reveals that A < 0
provided that e, > ey jim = c((ky(7)/ra)"/? — 1)/ (ksps), condition that is largely
satisfied by the initial value ) for every choice of (¢,7) € P. In particular, we
need to characterize the maximum absolute value of A\. This occurs at g, =
€p,2, in correspondence of 7 = 71 and irrespective of the value of the nutrient
concentration c. Moreover, setting Z. = [ep jim, €p,2], We have

—Tq.

Td
Aepse, )| = 1l——— ) <7rq:= M\naz,
81:1622{; | (Eb c 7')| Td < kg(T1)> rd max

(e,T)EP

so that we can conclude that the FE method in Step 4 is absolutely stable,
provided that

At < = 60 days,

max
which by far exceeds the actual time step used due to accuracy requirements in
the simulations. We notice that a similar analysis applies if a higher-order one-
step explicit method is used in Step 4, for instance, a 4th—-order Runge-Kutta
method.

The spatial discretization of each PDE subproblem in the solution algorithm
Steps 1-4 is carried out using the Galerkin Finite Element Method (see, e.g.,
[32]). In particular, the stable Taylor-Hood pair is used for the approximation
of fluid velocity and pressure in Step 1, while piecewise linear elements are used
for the approximation of the nutrient concentration in Step 2.

3 Results

The numerical simulations have been carried out by coding the algorithm Steps
1-4 within the Matlab software environment. The geometry of the computational
domain is shown in Fig. 4, along with the boundary conditions. In Fig. 4, W
is the scaffold thickness, taken equal to Imm as in the experimental devices
described in Sect. 2.2, while H is the scaffold diameter, chosen as in Tab. 1 for
the different configurations. Moreover, n is the outward unit normal vector, j is
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the diffusive flux for the concentration field defined in (12) and T = 2ue(v) —
pld is the stress tensor, where e€(v) and Id denote the rate-of-strain tensor
of the velocity field and the identity matrix, respectively. The inlet velocity
field is a plug flow of modulus v;, (see Tab. 1). Numerical simulations carried
out adding prior to the scaffold inlet section (x = 0) a sufficiently long tract
where a clear fluid flows, demonstrate that this is a reasonable choice for the
entrance fluid velocity profile. The initial biomass volume fraction is computed
from the prescribed total number N, s of seeded cells, supposing that at t =
0 the biomass is constituted only by cells. Cells can be seeded uniformly in
the scaffold or be unevenly distributed. In the first case, denoting by V.. =
%W(Hce”/2)3 the volume of the single cell, H.; being the cell diameter, and
by Vicarr = m(H/ 2)2W the scaffold volume, the density of seeded cells can be
straightforwardly computed as 58 = Neealls V‘:z:l;f = 0.02145. The second case is
discussed in detail later in the section. In the numerical simulations, only scaffold
configurations C and D are considered, in accordance with the previously drawn
conclusions that the calibration of the full model is valid only for moderate
median shear stresses. The values of the model parameters are listed in Tab. 2.

Vin

v=0,j-n=0

Figure 4: Geometry of the domain and boundary conditions for the numerical
simulations of the PDE/ODE model.

The first set of results refers to uniform seeding conditions. Fig. 6 illustrates
the comparison between predictions of the average biomass volume fraction (de-
fined as the mean integral value of e;(x,t) over the scaffold area at each time
t) obtained by running the sole ODE model (2) (dashed lines) and the full
PDE/ODE model described in Steps 1-4 (solid lines) up to a final culture time
of T = 90 days. The discrepancy between the two models is related to the effect
of the shear stresses, which are higher in the fully—coupled model predictions
with respect to the fixed value considered in the simple ODE model, because
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Table 2: Numerical values of the parameters used in the simulations.

Parameter Dimension Definition Value Ref.
co [g/cm?) culture medium inlet O2 concentration 6.4-107° [28]
Dy [em? /5] 0. diffusivity in H2O and biomass at 37°C  2.1-107° (28]
Neeils [] number of seeded cells 8 -10* [37]
Heen [mm] diameter of the cell 81073 37]
Es [] scaffold volume fraction 0.23 [37]
ka [1/s] cell death rate 1/(30-24-3600) |
kg0 [1/s] maximum specific cell growth rate 1/(2-24 - 3600) [28]
ks [] Contois cell saturation constant 4.2.107?

1 [g/cm/s] culture medium dynamic viscosity at 37°C  8.26-10% [34]
Po [g/cm?] reference biomass density 1

R [1/s] O2 maximal consumption rate 3.9-.1078 [7]
K [g/cm®] Og2 half saturation constant 3.2.107° [28]

of the variation of permeability caused by the increasing biomass. Moreover,
as biomass production and increase of stress are mutually coupled in a positive
feedback loop, discrepancies are more significant in scaffold C, where the ve-
locity field is higher. Fig. 7 shows the median Darcy stresses obtained by the
PDE/ODE model as a function of culture time. Fig. 8 shows for scaffold C
how the increased biomass fraction affects the shear stress distribution pattern.
At advanced cell growth stages, as expected, higher shear values are recorded.
Moreover, a narrower distribution of the values is observed, in accordance with
the results of [24]. Figs. 9 and 10 refer again to the scaffold configuration C, and
show the snapshots of the spatial distribution, at various culture times, of the
normalized oxygen concentration field and the biomass volume fraction (sampled
at y = H/2).

The second set of results aims to investigate the effects of a non—uniform
initial seeding of cells in the scaffold. To this purpose, we keep constant the total
number of cells as indicated in Tab. 2, while we allow the density of seeding to
be a function of the spatial position inside the scaffold domain, so that also the
initial biomass volume fraction is a function of the spatial position. In particular,
we suppose to have a certain seeding density p; in a cylindrical central region of
diameter H; of the 3D scaffold and a different seeding density ps in the remaining
surrounding toroidal region (see Fig. 5).

The two densities are related by the convex combination

Pz L g =1,

Pseed Pseed
where & = H;/H and pseed = Neeits/Vscafs is the cell density in the uniform
seeding case. We set & = 0.5 and consider the scaffold configuration C. Then
we carry out a first set of simulations choosing p; = 2pgeeq, corresponding to
py = %pseed, so that the cell seeding density is higher in the central region,
and a second set of simulations in the opposite situation with p; = 0.5psccq,
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corresponding to py = %pseed. In Fig. 11, we represent the 3D surf plot of the
biomass volume fraction at t = 7,30,90 days of culture, from bottom to top,
respectively, for the case p; = 2pgeeq, While in Fig. 12, we represent the results
in the case p;1 = 0.5psq- In both conditions, after an initial transient, the
distribution of the biomass volume fraction tends to become homogeneous over
the domain, because of the greater availability of nutrient in the scaffold regions
less densely seeded, which in turn promotes biomass growth.

4 Discussion and conclusions

The aim of this work was to set up a multiphysics/multiscale computational
model for the simulation of the process of biomass growth in an engineered
cartilaginous construct, cultured under interstitial perfusion in a bioreactor.
The model comprises three phases: cells and ECM (treated as a single phase,
biomass), the culture medium, and the time-invariant scaffold porous structure,
and it provides a self-consistent coupling among the fluid-dynamical environ-
ment, the nutrient delivery and consumption and the biomass growth. Com-
pared to previous pore-scale CFD simulations, this approach allows to study
long-term interstitial perfusion in scaffolds with high cell volume fractions, at
affordable computational costs, and to perform simulations for any scaffold pore
geometry, regular (for example the idealized scaffold pore structures considered
in [3, 24]) or irregular (for example the ones obtained from the uCT images
of [38]).

Concerning the critical issue of the description of the temporal and spatial
evolution of the developing biomass, our approach is based on the fundamental
experimental observation that in perfused bioreactors biomass growth is influ-
enced primarily by two factors, oxygen tension and fluid dynamical shears [39].
While the role of oxygen delivery to cells has been extensively investigated in
several computational studies (see for example, [16, 15, 12]), considerably less
attention has been paid to account for the effect of mechanical stimuli in the
prediction of biomass growth. Therefore, in this article, we have focused our
analysis on the extension of the Monod growth model proposed in [16, 15], in
such a way that the coupling of cell behavior and mechanical environment is
captured through the introduction of a stress—dependent relation for the specific
growth rate. The parameters entering such relation have been calibrated on the
experimental data of [33] using a simplified reduced model for which the nutri-
ent and stress distributions are assumed to be constant in time and uniform in
space, consistently with the environmental conditions of the early culture times
of [33]. The simplified growth model is also used as a paradigm for investigat-
ing the stability of the functional iteration employed to successively solve the
fully—coupled ODE/PDE problem.

In the derivation of the fully—coupled model, the VAM is systematically em-
ployed to obtain macroscopic equations which keep into account microscopic
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scale contributions by an appropriate definition of effective parameters, such as
hydraulic permeability and nutrient diffusivity. Concerning with the permeabil-
ity, similarly to what done for the biomass growth model, a calibration procedure
is carried out to determine its reference value, in such a way that the range of
values attained by the correspondingly computed Darcy stresses are compatible
with the pore—scale analysis of [33]. This approach allows to overcome a critical
issue arising in the comparison between shear stress predictions of microscale
vs. macroscale approaches (see [6, 5]). As for the effective oxygen diffusivity,
a simplified two—phase model comprising a solid phase (scaffold) and a “fluid—
equivalent” phase (biomass and perfusion medium) has been considered, so that
the theory of [45] can be applied to the problem at hand to yield a closed ex-
pression for the nutrient diffusion coefficient.

An extensive numerical validation of the above described computational
model has been carried out. Our results can be directly compared to those
obtained in [5], even if in this reference the effect of the shear stress in the
growth model as well as of the presence of the scaffold volume fraction in the
calculations of the permeability were not considered. The computed increase
in biomass volume fraction with culture time is in good qualitative agreement
with published data from perfusion experiments [10, 14, 25]. Only qualitative
agreement may be expected in this regard, because the flow rates, scaffold ma-
terials, cell densities and culture medium compositions differ among the various
studies. Also, most bioreactor studies are based on the comparison, at the end of
cultivation, of constructs subjected to perfused versus non perfused conditions.

Future developments will include 2D axisymmetric and 3D implementations
of the model, a more thorough investigation of the biomass growth model, featur-
ing independent balance equations for the cellular and the extracellular fractions,
and the development of new experimental protocols to be interfaced to the nu-
merical simulations. Transport of solutes other than oxygen can be easily added
due to the modular structure of the simulation tool.
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Figure 5: Geometry and notation for the non—uniform seeding case study.
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Figure 6: Comparison between average biomass fraction predictions as a function
of culture time obtained using different computational models. Dashed lines refer
to the ODE model (2), while solid lines refer to the PDE/ODE model described
in Steps 1-4.
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Figure 7: Median Darcy stresses as a function of culture time for different scaffold
configurations and computed by using the PDE/ODE model described in Steps
1-4.
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Figure 8: Shear stress distributions at different times of culture for scaffold C.
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Figure 9: Oxygen concentration (normalized to the inlet concentration cp) at
different culture times computed by using the PDE/ODE model described in
Steps 1-4. The x axis represents the dimensionless coordinate along the scaffold
thickness.
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Figure 10: Average biomass volume fraction at different culture times computed
by using the PDE/ODE model described in Steps 1-4. The z axis represents the
dimensionless coordinate along the scaffold thickness.
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Figure 11: Spatial distribution of the biomass volume fraction at ¢t = 7,30, 90
days of culture (from bottom to top) under non—uniform seeding conditions. The
seeding density in the inner region is 2 times greater than the seeding density in
the uniform—seeding case.
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Figure 12: Spatial distribution of the biomass volume fraction at ¢ = 7,30,90
days of culture (from bottom to top) under non—uniform seeding conditions. The
seeding density in the inner region is 0.5 times lower than the seeding density in
the uniform—seeding case.
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