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Abstract Invitrotissue engineering is emerging as a potential tool to medtitth demand for replacement tissue,
caused by the increased incidence of tissue degeneratibteamage. A key challenge in this field is ensuring that
the mechanical properties of the engineered tissue ar@ppie for thein vivo environment. Achieving this
goal will require detailed understanding of the interplagtviieen cell proliferation, extracellular matrix (ECM)
deposition and scaffold degradation.

In this paper, we use a mathematical model (based upon gpmasé continuum framework) to investigate the
interplay between tissue growth and scaffold degradatioing tissue construct evolutidn vitro. Our model ac-
commodates a cell population and culture medium, modeBeadsaous fluids, together with a porous scaffold and
ECM deposited by the cells, represented as rigid porousriaisteéWe focus on tissue growth within a perfusion
bioreactor system, and investigate how the predicteddisemposition is altered under the influence of (i) differ-
ential interactions between cells and the supporting slchind their associated ECM, (ii) scaffold degradation,
and (iii) mechanotransduction-regulated cell prolifenatand ECM deposition.

Numerical simulation of the model equations reveals thaffsltl heterogeneity typical of that obtained from
uCT scans of tissue engineering scaffolds can lead to significariation in the flow-induced mechanical stimuli
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experienced by cells seeded in the scaffold. This leadsdagheterogeneity in the deposition of ECM. Further-

more, preferential adherence of cells to the ECM in favouhefartificial scaffold appears to have no significant

influence on the eventual construct composition; adhereficells to these supporting structures does, however,
lead to cell and ECM distributions which mimic and exaggethe heterogeneity of the underlying scaffold. Such
phenomena have important ramifications for the mechanmtagiity of engineered tissue constructs and their
suitability for implantatiorin vivo.

Keywords Multiphase- Scaffold heterogeneityPerfusion bioreactor

1 Introduction

Mathematical modelling of tissue growth is a wide field ofg@sch, aiming to provide a more complete understand-
ing of the myriad biological and biophysical processes ttatribute to tissue growth. Such theoretical models
underpin the emerging field of vitro tissue engineering, which, by the creation of replacenissti¢ in the lab-
oratory, has the potential to alleviate the shortage ofa@phent tissue available for implantation into patients. A
typical method for generating such implants entails sepdibiodegradable porous scaffold with cells; subsequent
incubation in a bioreactor allows the cells to colonise theops scaffold (termed a tissue construct). On implan-
tation, the degrading scaffold is replaced by extracelloaterials such as collagen and proteoglycans, which are
laid down by the cells (Freed et al, 1994). Ensuring that #itesrof nascent tissue growth and scaffold degradation
(e.g. due to hydrolysis) are appropriately matched is therefaneial in maintaining the mechanical integrity of
the construct, a factor of especial importance for loadibhgaconstructs, such as bone implants (Wu and Ding,
2004). The biological processes which contribute to tismrestruct growth operate on disparate spatio-temporal
scales and range from intracellular gene networks to titsted-mechanics; reviews are given by Curtis and Riehle
(2001), Cowin (2000, 2004), Sipe (2002) and Burdick and Ntg@610). In this paper, we concentrate on a tissue-
scale description of tissue growth, and employ a continuwdeahto focus on the way in which the properties of
the supporting scaffold influence the structure of the tegutissue construct.

In addition to the scaffold’s mechanical properties, iteroical features are of great importance. For exam-
ple, most cell types are anchorage-dependent, their grbeitig affected by interactions between a substrate or
deposited extracellular matrix (ECM); the surface chemist the scaffold crucially affects such interactions. Ad-
herence to polymer scaffolds commonly employed in tissugnerring applications is mediated by adsorption
of deposited ECM molecules onto the scaffold surface or dayjrfstance, artificially embedded cell recognition
molecules (Freed and Vunjak-Novakovic, 1998; Nikolovskdavooney, 2000). The type and density of such
molecules may vary dramatically throughout the scaffold thje.g., inhomogeneous ECM deposition, leading to
spatial variations in cell adhesion characteristics, efgrential adherence to ECM or other deposited materials
over artificial scaffolds.

Controlling the biochemical environment of cells (bothtwiespect to nutrient/oxygen delivery and the provi-
sion of growth factors and other cell-signalling molecyliskey to producing constructs of a size appropriate for
implant, while minimising the necrotic core which oftenrits at the centre of tissue constructs in static culture.
To this end perfusion bioreactors are frequently employddch exploit advection of culture medium to enhance
mass transport. This approach also provides mechanicallstion to cells contained within a porous scaffold
via culture medium flow-induced shear stress, and can allowhie addition of cyclical compressive loads. For
example, El-Haj and coworkers have developed a perfusiamgcession bioreactor system which comprises a
poly(L-lactic acid) (PLLA) scaffold, through which culteimedium is perfused via a peristaltic pump; macroscale
compression of the scaffold may also be effected by the iadddf a piston (Haj et al, 1990). (The layout of
the bioreactor system in the absence of macroscale conmrasslepicted in Figure 1.) Cells contained within
a porous scaffold are therefore subjected to culture medliominduced shear stress and macroscale strain, in
addition to mechanical interactions which exist betweejaaaht cells, such as contact inhibition, and between
cells and scaffold/ECM. Other strategies for applying naeital stimulation to tissue engineered constructs are
reviewed by Martin et al (2004) and Cartmell and El Haj (200%)e process by which such stimuli are integrated
into the cellular response, for example, in terms of itsifgmdtive behaviour, is known as mechanotransduction.
The biochemical and biomechanical environment requiredftimum growth is specific to the tissue under con-
sideration; bespoke bioreactors are therefore requirgdoide appropriate cues for different tissue engineering
applications. Well-studied examples include osteocytersninally-differentiated bone cells), which are known to
be sensitive to fluid shear stress (Bakker et al, 2004a); boddrocytes, whose metabolism and maintenance of
ECM integrity are regulated by mechanical stress (Urbaf419%Vang et al, 2010). Indeed, in Haj et al (1990)
attention focussed on the influence of such mechanical Ettroo on bone tissue growth.
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Fig. 1 Layout of the bioreactor system of Haj et al (1990).

In what follows, we employ a mathematical model relevantedysion bioreactor systems in which cells are
cultivated within a porous scaffold. Our formulation accoouates the cells’ progression from a proliferative to an
apoptotic phenotype, via an ECM depositing phase, in resptmchanges in the local cell volume fraction (mod-
elling, eg., contact inhibition; a methodology for accomodating medteansduction-mediated cell proliferation
in response to a range of mechanical stimuli is given in O’8&te&l (2008, 2010) and Osborne et al (2010)), as well
as considering in detail the interactions between the aelistheir supporting structures.

A variety of approaches has been employed to model tisswetlyrtheir respective benefits depending on the
specific application under consideration. Here, we studgxansion to a recently-developed continuum model
(O’Dea et al, 2010) in which we consider the evolution of tpat&l distribution of PLLA scaffold and ECM
density. We employ a multiphase formulation which enablegauincorporate interactions between the many
constituent materials which comprise biological tissue; model explicitly cell-cell and cell-scaffold/ECM in-
teractions as well as mass transfer between phases (refimgseell proliferation, ECM deposition and scaffold
degradation). Such multiphase approaches have been vadgloyed in industrial applied mathematics (Drew
and Segel, 1971) and, more recently, modelling of tumouwtrandin vitro tissue engineering processes; ex-
amples include Breward et al (2002), Byrne and PreziosiZp0eranks and King (2003), Araujo and McElwain
(2005), Lemon et al (2006), Lemon and King (2007), Wilsonl¢2@07), O'Dea et al (2008, 2010), Osborne et al
(2010), and references therein. Reviews are giver.gy,Preziosi and Tosin (2009) and O’Dea et al (2011).

In O’Dea et al (2010), tissue growth within a perfusion bam®r was modelled, using a three-phase contin-
uum model in a 2D channel geometry. In common with multiphmaedels of similar biological systems (Landman
and Please, 2001; Byrne and Preziosi, 2003; Franks and R@@; Lemon et al, 2006), the cells and associated
ECM were represented as a viscous fluid phase that is diftimetthe culture medium; and the porous scaffold was
modelled as a rigid porous medium. Two factors of key imparteto modelling the growth and adaptation of engi-
neered tissue constructs were investigated: (i) cellarell cell-scaffold interactions and, (ii) mechanotrantidac
mechanisms. The formulation was simplified via the long-elargth limit (in which the bioreactor’s aspect ratio is
assumed to be small) and by considering constant, spatiaftyogeneous scaffold porosity. Numerical simulation
of the model equations (validated by analytic solutionsaited in the limit of asymptotically-small cell volume
fraction), revealed that inclusion of cell-cell and cadkffold interactions leads to significant differences ia th
extent to which the cell population colonises the scaffdighending upon the relative importance of cell aggre-
gation and repulsion. It was further shown that the comjmsitf the resulting construct was strongly influenced
by whether cell proliferation and ECM deposition were regedl by mechanical stimulation related to the cell vol-
ume fraction, pressure or shear stress. Employing two-tinaal finite element simulations, Osborne et al (2010)
demonstrated that, when considering total tissue yiekd]dhg-wavelength limit of O’'Dea et al (2010) provides
an excellent approximation to the full two-dimensional rlp@ven for relatively large values of bioreactor aspect
ratio. However, this work further demonstrated that meolramsduction-mediated tissue growth can lead to sig-
nificant two-dimensional spatial variation of tissue dgnsi feature which is not captured by the long-wavelength
limit. The authors concluded that, while spatial effect$wn- or three-dimensions cannot be ignored in compre-
hensive models of tissue growth, its relative simplicity emkhe long-wavelength model a natural framework with
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which to estimate parameters relevant to specific bioreagstems, for subsequent use in more complex two- or
three-dimensional models.

Whilst the inclusion of the scaffold phase is a significarpatéure from two-fluid models (see, for example,
Franks and King (2003)) since interactions between thel sgaffold and cell phases are explicitly modelled, a
key assumption of O’'Dea et al (2010) and Osborne et al (2&1bkgit the scaffold phase is spatially-homogeneous
and constant in time, leading to significant simplificatidrine model formulation. Lemon and King (2007) con-
sidered non-uniform porosity only near the edge of the stdifhoweveruCT scans of porous scaffolds typically
employed in tissue engineering applications indicateiiggmt heterogeneity throughout the scaffold, as well as
inhomogeneous deposition of extracellular materials, @ge Yang and El Haj (2006) for a discussion of tissue
engineering scaffolds). Figure 2(a) shows a typical stdiffé the type employed in Haj et al (1990); Figure 2(b)
shows experimental data indicating the cross sectiorageer scaffold volume fraction along the axial length of
such a scaffold, together with that following culture, icating the level of mineralisation by osteocytes during
culture. Such heterogeneity in scaffold density is likelyhtve implications for the mechanical properties of the
resulting tissue construct, these considerations beipgcéally important where the tissue is to be load-bearing, a
is the case for cartilage or bone tissue: areas of weakn@spianted tissues may fail under physiological loading.
For this reason, we aim to use our model to study how expetattemelevant spatial variations in scaffold porosity
may influence construct composition, and to indicate itsartgnce in the generation of viable replacement tissue.

0.15

o, 01
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Fig. 2 (a) A typical cylindrical PLLA scaffold employed in the biactor system of Haj et al (1990). The scale bar indicates ;1mm
dimensions are: 9mm (diameter), 4mm (height). (b) Typieaiation in the cross section-averaged scaffold densityrésented by the
scaffold volume fractiond at axial positionr) before and after culture, observed experimentally in susbaffold. The initial scaffold
density is represented by “—” (with average-*-") and the final scaffold by “- -” (with average * - ).

A simple study considering scaffold degradation and ECMbdéjon is given by Haider et al (2010), in which
the (spatially-independent) evolution of the total sdaffand ECM density is calculated using a phenomenolog-
ical mixture model; specific consideration is given to sola@ffECM linkage. The study concludes that the initial
scaffold density will affect significantly the resulting restruct’s mechanical properties. More complex models,
considering spatial dependence, include Kelly and Prejadéi(2003), in which a core of underdeveloped tissue
in a poroelastic model of cartilage tissue was considefealyimg that construct inhomogeneity dramatically re-
duces its mechanical integrity. Optimal design of porowsfetds was discussed in Adachi et al (2006) where the
interplay between tissue growth and scaffold degradatisrwell as the scaffold microstructure, was considered.
Sanz-Herrera et al (2008) developed a multiscale modelastigate the interplay between scaffold design param-
eters and bone tissue regeneration. By constructing eohitising finite element methods, the authors indicated
that bone regeneration increases with scaffold stiffneslsnaean pore size. Byrne et al (2007) considered the in-
fluence of scaffold porosity and degradation rateiritro bone tissue growth; mechanotransduction-regulated
differentiation of stem cells to fibroblasts, chondrocyaesl osteoblasts was also accommodated, each phenotype
displaying different migration and material propertiesrahdom walk model for cell movement within a poroe-
lastic scaffold (whose deformation was simulated via adimiiement method) was used to compute the tissue
composition. The study concluded that under low load, higtogity and stiffness, together with an intermediate



The interplay between tissue growth and scaffold degradat engineered tissue constructs. 5

scaffold degradation rate, stimulate increased bonedigsneration; to prevent collapse of the scaffold under high
load, a reduced degradation rate is required.

Due to the nature of the problems investigated (three-démeal scaffolds with specific pore geometry, defor-
mation, flow, scaffold mechanical properties), many of thugies mentioned above give rise to complex systems
of coupled PDEs, which are heavily reliant on numerical tigation. In this study, we demonstrate that con-
siderations relevant to biological tissue growth may beoatnodated within a continuum model, amenable to
asymptotic simplification; we extend our earlier work O’Detaal (2010) by relaxing the assumption of constant,
homogeneous scaffold porosity, and employ the resultindghto investigate the interplay between scaffold degra-
dation and nascent tissue growth in a perfusion biorea®or.model incorporates a cell population and culture
medium, each represented as a viscous fluid, as well as bdth/& $taffold and ECM deposited by the cells,
modelled as rigid porous phases. This approach allowscsfmtiporal variations in cell-scaffold and cell-ECM
interactions, realistic scaffold porosity distributiofieformed by experimental data), scaffold degradatiorg an
mechanotransduction-regulated cell proliferation and/E@position to be accommodated.

In the limit of asymptotically-small bioreactor aspectioatthe resulting model simplifies to three nonlin-
ear differential equations. Via this formulation, we seelptovide a more comprehensive descriptionrofitro
tissue growth, while remaining within a simplified modefjiframework. Our investigations reveal that spatial
inhomogeneity in scaffold volume fraction strongly infleges the cells’ mechanical environment, leading to inho-
mogeneous cell proliferation and ECM deposition. Furtber,model suggests that preferential adherence to ECM
in favour of the PLLA scaffold has no significant influence e eventual construct composition; we therefore
conclude that such additional mathematical complexitynisacessary, so that simplified models, in which cells
interact uniformly with their supporting structures, may dmployed to describe biological tissue growth. Lastly,
by associating scaffold degradation with detrimental@ffen the construct’s material propertieg(, increased
susceptibility to failure unddn vivo-like loading conditions), which are mitigated by depasitof ECM and other
extracellular materials, we indicate that careful maragiah of the rate of PLLA scaffold degradation is required
in order to maintain the mechanical integrity of constrwaid their suitability for implantation.

The remainder of the paper is organised as follows§anthe multiphase model of O'Dea et al (2010) is
summarised, and extended by the addition of spatial anddexhyariation in scaffold and ECM volume fractions,
and the resulting governing equations and boundary comgditare stated (a detailed derivation is provided in
the Appendix). In§3, numerical simulations of the model equations are preseand the importance of scaffold
degradation, ECM deposition and heterogeneity in scaffoldsity on construct composition is investigatéd.
provides a summary of the results contained in the precedingions and a discussion of their implicationsifor
vitro tissue engineering, together with suggestions for futuemaes of investigation.

2 Model formulation

In this section, we present a multiphase model which dessiibe growth of a tissue construct within a nutrient-
rich perfusion bioreactor. The bioreactor under constitamas illustrated in Figure 1 and comprises a cell-seeded
porous scaffold within a culture medium-filled cylinderrahgh which a flow is driven (see Haj et al (1990) and
O’Dea et al (2010) for details). The key modelling assumiare summarised below and the resulting equations,
together with appropriate boundary and initial conditicase stated. The derivation of these equations is sum-
marised in the Appendix for completeness. The interestedereis directed to O’'Dea et al (2010) and references
therein for a detailed discussion of the modelling consitiens embodied by these equations when variations in
scaffold fraction are neglected, and the ECM is encompasgéih the cell phase.

For simplicity, we view the perfusion bioreactor as a twmensional channel (we expect results for an ax-
isymmetric cylinder to be qualitatively similar) contaigi a mixture of four interacting phases. The cell population
and culture medium are modelled as distinct viscous fluidd,raid porous phases represent the PLLA scaffold
and the ECM. The interplay between cell proliferation, ECépdsition and scaffold degradation is captured by
mass exchange between the relevant phases, effected Ipettibcation of mass transfer functions which account
for the influence of mechanotransduction on cell prolifierabnd ECM deposition.

The mechanical interactions between phases compris@livatee viscous drag (proportional to differences in
phase velocity) and active forces. The latter enter the mavg equations via prescribed contributions to the cell
phase pressure, arising due to cell-cell interactions eudion between the cell and scaffold or ECM phases, re-
spectively. Interactions between the culture medium anficdldeECM phases are assumed to involve only viscous
drag.

The mechanical interactions in this four phase formulatiomsimplified by lumping the rigid PLLA scaffold
and ECM together into a single phase, referred to as thetisubs(a similar approach is used by Lubkin and
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Jackson (2002)). We nevertheless track individually tiadugion of the PLLA scaffold and ECM volume fractions,
which allows us to distinguish between cell-scaffold and-E€M interactions. From a mechanical point of view,
this model may therefore be thought of as a three phase sydiffering from O’Dea et al (2010) in the sense
that the scaffold and ECM phases are mechanically identicalchemically distinct. We further assume that the
bioreactor has a small aspect ratio, so that significantlgiogtion of the governing equations can be achieved.

2.1 Dimensionless model equations and boundary conditions

We consider a 2D Cartesian coordinate systers= (x,y), in which the bioreactor is assumed to occupy the
dimensionless regiod < z < 1,0 < y < h < 1, and within which the PLLA scaffold phase is localised in the
regiona < = < b (where0 < a < b < 1,anda, b — a, 1 — b > h). We assume that all dependent variables are
functions ofz and dimensionless time,

The volume fractions of the cell, culture medium, PLLA so&ffand ECM phases are denotedthy 0.,, 05
andé., respectively; and the substrate phéses defined by

9 :05 +9€~ (1)

The dimensionless velocities and pressures of the cell atidre medium phases are denoted= (u;, v;)
andp; (i = n, w; the rigidity of the PLLA scaffold and ECM implieas = u. = 0 andps = p. = 0). Cell
proliferation, scaffold degradation and ECM depositioa eaptured via material transfer functiofis which we
specify below. The governing equations are stated beloviniedsionless form.

The model is constructed by considering mass and momentlandas for each phase, assuming that the fluid
phases are incompressible with equal density, and by rtegienertial effects (details of the model derivation and
nondimensionalisation are provided in the Appendix). Asisilg that the bioreactor aspect ratio is asymptotically
small, and employing the momentum balance equations,ltegetith the no-voids conditiony_, §; = 1, itis
straightforward to show that the flow is unidirectional ahdttthe pressure and volume fraction of each phase are
functions ofx andt. By eliminating dependent variables, the system may becestito the following differential
equations fof;, 0., 6,, andp,,:

00,
at - SS 9 (2)
00.

at - SS ) (3)
60n 1 0 3pw _

ot " o on (‘%W) = 5n, @

0 apw 0
% {(Qn +/Jn(1 —0s — 0 — Qn)) W _pw%(ge‘f'as)}

o {a(ezz) L g, 00 +0.)9) } —o,

+ Oz ox ox

in which p,, is the relative viscosity of the cell and culture medium gsasnd®’ and+) capture active forces that
exist between adjacent cells, and between cells and thé&ratgbs

Equations (2)—(4) are the mass conservation equationkéd?ltLA scaffold, ECM and cell phases. The latter
states that the rate of change of the cell volume fradtipis due to advection and the proliferation of cells; PLLA
scaffold and ECM evolution is due to deposition of ECM andfsté degradation only, and therefoég, 65 have
an implicit spatial dependence. Equation (5) embodieseroation of mass for the multiphase mixture. In view of
Equation (1), Equations (2)—(5) may be recast as a set d& thwalinear differential equations fé&, 6,, andp.,,
with (2) and (3) replaced with

©®)

%:SOQ S@:Ss+se7 (6)
reflecting the pseudo-three phase nature of the model.
Equations (4) and (5) are closed by imposing the followingrutary conditions:
%:o at =0,1, @)
oz
pw:PU at 33:07 (8)

pw=Pp at z=1, 9)
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wherePy and Pp are the imposed up- and downstream pressures; initial tonsliforé,,, 65 andéd. are specified
subsequently.

In this paper, we consider the influence of scaffold propsertin tissue construct growth and composition by
examining the interplay between scaffold degradation asdent tissue growth under the influence of biologically-
relevant cell-substrate interactions, and mechanottenisth-regulated cell proliferation and ECM deposition.
These phenomena are captured by the interaction funclipgsand the material transfer functions,, S. and.S;
which are specified in terms of the dependent variables below

2.2 Cell-cell and cell-scaffold interactions

The functionsX’ and+) describe respectively mechanical interactions betwe#s ard between cells and their
substrate; examples of relevant interactions includeasglland cell-substrate adhesion, and, in the case of enotil
cells such as fibroblasts, tractions between cells and shbstrate.

Following Lemon et al (2006) and O’Dea et al (2010), we pribscE’ and+) as follows:

_%abn 0O
1-6-0,) "~ XTa=-6-0)

whereinv, x, d, andd, account for the cells’ tendency to aggregate, their affiftitythe substrate and the strength
of the repulsive forces between cells and between cells@gtste. We remark that in this simplified formulation,
cell-scaffold and cell-ECM interactions are lumped togetim (10); however, as detailed below, we exploit our
knowledge of the separate evolutionégfandé. to distinguish between cell-scaffold and cell-ECM intei@s.

As discussed ifj1, cell adhesion to polymer scaffolds is mediated by adsarptf ECM molecules, or the em-
bedding of specific cell recognition molecules, into thefeta surface (Freed et al, 1994; Nikolovski and Mooney,
2000). Since the type and density of such molecules can varkedly, depending on the surface chemistry of the
polymer, it is reasonable to expect that cells preferdgtéihere to their extracellular matrices rather than sstith
substitutes. In this study, we aim to understand how suckpadty in cell-scaffold and cell-ECM interactions may
influence the composition of the developing construct. Weeae this by comparing simulation results for the case
x = constant with those obtained fgr= x(6.), so that the affinity of the cells for the substrate phase mipen
how much ECM has been deposited on the PLLA substrate; fguliity, the remaining interaction terms 4,
andJ, are treated as fixed parameters.

We specifyy (0. ) as follows:

Y=-v+ (10)

x(6e) = xo + X150 (tanh(ga (B — be,)) + 1). (11)

For suitably larggy; = constant, this represents a smoothed switch between thesyal (the affinity between
cells and scaffold in the absence of deposited ECM)yand xo (the elevated affinity due to ECM accumulation);
0., is the threshold level of ECM deposition at which this changeurs. In the limity; — oo, the progression
betweenyo andy: approximates a step function.

2.3 Mechanotransduction-mediated growth

The cells’ response to biomechanical stimuli is accoundethy appropriate specification of the mass transfer rates
Si (i = n, e, s); Sy is chosen to ensure conservation of mass. Stimuli relevaiggue engineering applications
include contact inhibition, residual stress caused byiésgrowth (Fung, 1991; Skalak et al, 1996; Roose et al,
2003; Chaplain et al, 2006; Holzapfel and Ogden, 2006) aadbital fluid dynamics, such as the local hydrostatic
pressure (Roelofsen et al, 1995; Klein-Nulend et al, 1998ua shear stress (You et al, 2000, 2001; Bakker et al,
2004b; Han et al, 2004; Yourek et al, 2004).

The focus of the current study is the interplay between etthffegradation, tissue growth and cell-cell/cell-
substrate interactions; for brevity, we restrict attemtio cases in which cell proliferation and ECM deposition are
regulated by contact inhibition and/or residual stressn&deration of the influence of a wider range of mechan-
ical stimuli is given in O’'Dea et al (2010) and Osborne et &1(@).) We represent such regulation in our model
by introducing net cell proliferation and ECM depositiontesx™, ¢ which depend upon the local cell volume
fraction; the PLLA scaffold is assumed to degrade at a cohssgek;;. We identify three distinct cellular responses
to the local cell volume fraction: a proliferative phenaty@mn ECM-depositing phenotype and an apoptotic phe-
notype, for each of whick™, «° take different values. The progression from one phenotypbe next occurs at
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threshold densitie§,, andf,,, (0 < 6,1 < 6,2). Functional forms fok™ andx® are specified below and depicted
in Figure 3.

$0(0a) = 0ar"(0), Se(00) = 0ur*(0a),  Sa(02) = —kid., 12
K 0) = K~ "R Gl (g, (0, — 0,.,))+1), 13)
K (0n) = B2 (tanh (g2 (60 — 0n,))—tanh (g2 (6 — 02,) (14)

Equations (12)—-(14) embody the following assumptionscél)s proliferate at a constant rat&, until the cell
volume fraction exceedg,,, when they become apoptotic (with death rafg; (ii) at intermediate values, the
cells also deposit ECM at a raké, . As in Equation (11), in the limiy2 — oo, k™ andx® are piecewise-constant
and the progression between phenotypes obeys a step furiatiwhat follows, we choosg: = g1 = 100.

K™ K€
Cell Proliferation ECM Deposition
—_——
n e
k'm ~ km --------------
On
Apoptosis Gn 0 0
En —— ny no
- d __________________________________ |

@ (b)

Fig. 3 (a) The net cell proliferation rate;™, and (b) the ECM deposition rate¢, representing phenotypic progression in response to
the local cell volume fractiod,,. The dimensionless parametéf$ andk¢, represent the rate of cell proliferation and ECM deposition
whilst &7} represents the rate of cell death. The threshold$.areando.,,, .

2.4 Initial conditions

Tissue engineers employ a number of different techniquegéd porous scaffolds with cells. Here we consider
static seeding, in which a suspension of cells is injected time surface of, or into, the scaffold, leading to an
initial cell population which is localised near the pointigection. Following O’Dea et al (2010) and Osborne et al
(2010), we prescribe:

On(z,0) = % (tanh (g3(z — a)) — tanh (g3(x — 5))), (15)

wheren s is the maximum initial cell volume fraction, and= « andxz = 3 represent the left and right hand edges
of the localised cell distribution within the scaffold regi(.e. 0 < a < a < 8 < b < 1), near whichgs governs
the spatial gradient df,,. In what follows, we fixa = 0.25,b = 0.75, 7 = 0.2, « = 0.4375, 8 = 0.5625, and

gs = 50 without loss of generality.

Assumptions of uniform porosity have been employed in pnevistudies ofn vitro tissue growth (Lemon et al,
2006; O’'Dea et al, 2010; Osborne et al, 2010); however, tietstre of scaffolds typically employed in such tissue
engineering systems is highly heterogeneous (see Figuii® ZJetermine the influence of such heterogeneity on
construct evolution, we compare the predicted construtiposition resulting from two separate initial conditions
for the PLLA scaffold:

(16a,b)

% for a<z<b greT for a<z<b
05(3370) = 3 “ . * 08(3370) = ° (w) . . g .
0 otherwise 0 otherwise
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We setf ™ = 0.0928, this being the average initial scaffold volume fractiorwh in Figure 2, so that the
former initial condition represents a scaffold of width— «) and uniform porosityz 91%. The choice?““ T ()
denotes the spatially-varying initial experimental ddteven in Figure 2. In all cases, the initial ECM distribution
is specified as

Be(z,0) = 0. 17)

3 Numerical results

In this section, we present numerical simulations of Equmsti(2)—(5), subject to the boundary conditions (7)—(9).
Employing Equations (10)—(14), and the initial conditi¢gh5)—(17), we investigate how the cells’ response to their
environment (especially their interactions with the utygeg substrate) influences the composition of the resgltin
tissue construct.

The numerical scheme that we use and its validation areibeddn Osborne and Whiteley (2010) and Osborne
et al (2010) and so we do not include details here. To sumemdtiguation (5) is solved fgr,, using,,, 0 andf.
from the previous timestep (with a linear finite element agpnation forp,,); employing this solution fop,,, the
remaining dependent variablés,, 6. andf, are updated by applying to (2)-(4) an implicit Euler methtodgether
with linear finite element approximations. For numericah@nience, we include a diffusive term, with constant
diffusivity D (here we useéD = 0.001), in Equation (4) which converts it to a second order parabeduation.
With D > 0 we need not track explicitly the sharp interface which isleat whenD = 0. Such artificial diffusion
has a negligible effect on the solution behaviour VonNeumand Richtmyer (1950). Model parameter values
are selected to illustrate the behaviour of the model andiamgar to those employed in O’'Dea et al (2010) and
Osborne et al (2010); the specific values chosen are sunmaddrisTable 1 and repeated in the relevant figure
captions.

Table 1 Summary of dimensionless parameters employed in numesiitailations.

General parameters

Pp downstream applied pressure 0.1
Py upstream applied pressure 0.3
tn ratio of dimensional viscosities?, /7, 1.3
a upstream boundary of scaffold 0.25
b downstream boundary of scaffold 0.75
D cell volume fraction diffusivity 0.001

Cell-substrate interaction parameters

v cell aggregation parameter 0.05
ba intraphase repulsion parameter 0.05
X0 minimum substrate affinity parameter 0.0
X1 maximum substrate affinity parameter 5.0
op interphase repulsion parameter 0.05
Oc, critical ECM threshold [0,1]

Mass transfer parameters

On,y lower cell volume fraction threshold 0.4
Ony upper cell volume fraction threshold 0.6
k7 rate of mitosis 0.8
kY rate of apoptosis 0.1
ky, rate of ECM deposition 0.05

3.1 PLLA scaffold heterogeneity

To illustrate the model behaviour, in Figure 4 we presenuations corresponding to the case for which cells are
seeded within a PLLA scaffold of uniform porosity and theiteractions with the PLLA scaffold and deposited
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ECM are identical; that is, we employ Equation §16o initialise 8 and choosey = constant in place of (11).
Figure 5 shows corresponding simulation results in the fsghich 65 (z, 0) is specified via Equation (1.

Figures 4(a) and (b) reveal that the cells proliferate ambgié ECM asymmetrically under the influence of
perfusion. The PLLA scaffold degrades uniformly so that= 04(t) in a < « < b. Nearz = a, b where the cell
volume fraction is small, PLLA degradation dominates ECNaigtion and a decrease in total substrate fraction is
observed,; in regions of high cell volume fraction, ECM défios ensures that the substrate density is maintained
or increased. Figure 4(a) indicates that the cell volumetifsa tends to a spatially-uniform valdég, = 6,,,. Asé,,
reached,,,, the transition to the apoptotic phenotype precludes artlgduincrease in cell density. Re-entry to the
proliferative phenotype on subsequent reduction of celkig ensures a uniform distribution is maintained; the
ECM deposition is greatest upstream due to perfusion cgasimection of cells downstream, so thgtattains the
upper threshold at later times.

Figure 4 indicates that, when compared to the spatiallyoamifcase (see Figures 4-7 of O’Dea et al (2010))
in the regime shown, the addition of spatial variation to $hestrate phase via ECM deposition does not affect
significantly the dynamics of the other model variables shawFigures 4(d)—(f). This behaviour has been dis-
cussed in our previous work (O'Dea et al, 2010). Here, it seffito note that the interplay between aggregative
and repulsive cell behaviour (see Equation (10)) is refteirtehe evolution of the pressures and velocities of each
phase (see Figures 4(d)—(f); the cell phase pressure iteaifr brevity). At low cell volume fraction (early times),
aggregation dominates and the cell phase velocity indical movement towards the centre of the population to
form a dense aggregate; at high cell volume fraction (latees) repulsive effects dominate, leading to migration
away from the central region; aggregative effects domiaatbe edges of the population where the cell population
remains low. Combined, these effects generate a denseggefigate, with steep spatial gradients of cell volume
fraction near its up- and down-stream periphery (shown lyfithal line in Figure 4(a)). To conserve mass, the
culture medium phase moves in the opposite direction.

Comparison of Figures 4 and 5 shows that, while the globaufea of the predicted cell and ECM volume
fractions remain similar, the introduction of PLLA scafidieterogeneity induces short-range variations in cell and
ECM volume fractions and, additionally, has a dramatic erfice on the cells’ fluid-mechanical environment, with
significant variations in culture medium velocity evidemeothe short lengthscale associated with the heterogene-
ity of the substrate (Figure 5(e)).

The importance of the scaffold (and ECM) distribution on thiture medium and cell phase velocities is
evident from Equation (5), which shows that spatial graien © = 6, + 6. influence the culture medium
pressure gradient, leading to significant changes in anedium flow. In addition, the axial cell phase velocity,
obtained by integrating the axial component of the cell prmsmentum equation (Equation (22), Appendix A, in
the long-wavelength limit), is defined as follows:

1 (O 9Op 10
T 12un ox or 0, 0y 0x

e (25) - 2 ©0). (18)
which indicates that, under the influence of the second ard tmms, the large variations in substrate porosity
present in Figures 2 and 5(b) will lead to significant changesell velocity. (We also note that the singularity

in 8s atz = a, b therefore leads to the spike in cell and culture medium v illustrated in Figures 4(e,f)
and 5(e,f).) Additionally, inspection of Equations (10)daf18) reveals that active movement of cells within the
tissue construct (embodied in the final two terms of (18))itedfrom a balance between aggregation, attachment
to the substrate and repulsion, regulatedby, é, andd,. Spatial gradients of the cell and substrate phases also
influence this behaviour: whenandy are constant, aggregation and attachment modify the eellstity via:

1 30,  x 0O
Sn (”% * 5%) ! (19)

so that when aggregation or attachment dominates repuls@is move up spatial gradients @f and ©; in
view of Equations (5), (10) and (18), spatial gradient®oédditionally modulate cell advection via the culture
medium pressure. Given the importance of culture medium-itmluced mechanical stimulation to the growth and
differentiation of various cell types (s§& and§2.3), such variations in cell and culture medium velocity ldely

to have a significant effect on local cell behaviour.

We pause to remark that Figures 4(a) and 5(a) show that aslthgopulation expands to colonise the scaf-
fold, our fluid-based model allows egress of cells (and, tadly, the subsequently deposited ECM) from the
scaffold into the up- and downstream regioms< a andz > b). Lemon and King (2007) demonstrate that, due
to cell-scaffold adhesion, such behaviour is minimiseddaffelds whose density distributions decay to zero at
the boundaries; we have, however, employed experimesrelibyant data to initialisés here. Cell egress is not
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Fig. 4 lllustrative plots of the evolution of (a) the cell volumadétion @,,), (b) the substrate volume fractio®}, (c) the ECM volume
fraction @), (d) the culture medium pressurg,(), (€) the axial culture medium velocity.{,), and (f) the axial cell phase velocity
(ur) in the regime of cell volume fraction-dependent cell gestition and ECM deposition, uniform scaffold degradatamd uniform
cell-scaffold interaction properties at timés= 0 — 3 (in steps of t=0.5). The model parameters are as describ&dhble 1 except
x = x1 in place of (11). Initial conditions are given by (15), é)@&nd (17). Vertical dotted lines indicate the end pointshef dcaffold

atr = a, b.
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desirable in the current context of a perfusion bioreaadad(is in any case minimal in the seeding protocol em-
ployed here: the cell fluk,u., is small); however, it is of biological relevance to modajlitissue invasion after
implantation.

3.2 Cell-substrate interactions

In this subsection we investigate the influence of the ptogeof PLLA scaffold on the eventual construct com-
position, both in terms of its spatial distribution and igeractions with the cells.

First, we compare simulation results for whigh= constant with those for which cell-scaffold adherence
is governed by (11) and, in so doing, investigate how a digpbetween cell-scaffold and cell-ECM attachment
strength (due to the surface chemistry of the polymer skBffoay influence the composition of the developing
construct. For clarity, we employ Equation €)&o initialise 65, corresponding to a PLLA scaffold of initially
uniform porosity; the combined influence of cell-substrateractions and scaffold heterogeneity on construct
composition is investigated subsequently.

In Figures 6(a) and (b), we assume that the cells’ affinitiegtie PLLA scaffold and the deposited ECM are
identical; the figures show cell and scaffold phase distidims at illustrative time points for different values pf
Comparison of the construct composition whee= 0 andy = 5, suggests that cell migration up spatial gradients
of © leads to a more sharply-defined cell volume fraction profi@yever, the maximal volume fraction is reduced.

Inspection of the cell volume fraction distribution at latenes reveals more interesting behaviour. As
increases, advection of cells becomes more significantinigdad profiles which are skewed in the downstream
direction. For large cell volume fraction, the combinatiminadvection and cell-cell and cell-substrate repulsion
leads to cell migration away from the aggregate’s centrés ®htward drift is balanced by inward movement of
cells at the periphery of the densely populated region. éncdse of strongly adherent cells, increased (inward)
movement up spatial gradients @fcauses the cell volume fraction to peak at the peripheryeoftigregate, with
a flatter profile near the centre (see the final profile in Fidi(ed in the casec = 5). For small values of, a
profile similar to that shown in Figure 4(a) is obtained.

Figures 6(c) and (d) show how the construct compositionfisénced by differential adhesion between the
porous scaffold and the deposited ECM. The cells’ adhereh&ldour is modelled by Equation (11) so that
varies betweeryp = 0 andy:1 = 5 in response to the ECM volume fraction; we present resutts feeries of
different value®.o = —1,0—0.025, 1 which dictate the threshold value at which the cells affifotythe substrate
is altered due to ECM presence. The choiégs= —1 andf.o = 1 correspond to¢ = 5 andy = 0, since the
threshold is intentionally set outside the rang@obbserved in simulation; the valuésy = 0 — 0.025 are chosen
to span the observed range.

Comparison of Figures 6(a,b) and 6(c,d) indicate that incdeee of a uniform initial scaffold, preferential
adherence to ECM leads to the creation of a tissue constraosevcomposition is indistinguishable from that
obtained when the adherence properties of the substratmiémen. Corresponding results were obtained when the
initial scaffold porosity was spatially-nonuniform, bueanot included. The influence of changing the thresiigid
is therefore restricted to altering the ‘average’ valuehef ¢ell-scaffold affinity parametey; its local value due to
changes in ECM volume fraction does not affect significatitey cell density. In view of this somewhat surprising
outcome, we conclude that the mathematical complexitycateal with the biologically-inspired cell-substrate
interactions (and embodied by Equation (11)) adds no axiditipredictive capability to the model. Henceforth,
we return to the simplified model in which = constant. We note that in this case, inspection of Equaf@nasnd
(10) reveals that the influence of the cell-scaffold affisttiyength on the model behaviour may only be studied in the
presence of a spatially-heterogeneous substrate volaoioin, since it appears in the combinatt@g?; (Qn ‘g—f);
our previous work (O’Dea et al, 2010), which assunige= constant therefore neglected its influence.

In Figure 7 we demonstrate how the combined effects of cddbsate interactionsy( = constant) and the
heterogeneity of PLLA scaffold volume fraction influencls tonstruct composition. As indicated by Equation
(18), strong cell-scaffold adherence enhances cell moneoe scaffold and ECM gradients. Large, short-range
spatial gradients of scaffold porosity exist in the expertal data we have employed to initialiée We there-
fore observe large deviations in cell and ECM distributjombich mirror, and exaggerate, the underlying PLLA
scaffold porosity distribution. Since the deposition of MCand other associated extracellular materials) enables
the maintenance of the mechanical properties of the deggd@liLLA scaffold, such heterogeneous ECM distri-
butions have important implications regarding the stmadtsuitability and suitability for implant of the resulgn
construct. With this in mind, in the following subsection feeus on the interplay between PLLA degradation and
ECM deposition and the maintenance of substrate porositpglthis process.
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Fig. 5 Results from a typical simulation showing the evolution @f the cell volume fractioné, ), (b) the substrate volume fraction
(©), (c) the ECM volume fractioné.), (d) the culture medium pressurg.(), (e) the axial culture medium velocity:{,), and (f) the
axial cell phase velocityi(,) in the regime of cell volume fraction-dependent cell gesktion and ECM deposition, uniform scaffold
degradation, and uniform cell-scaffold interaction pmigs at timest = 0 — 3 (in steps of t=0.5). Parameters values: as in Table 1,
excepty = x1 in place of (11). Initial conditions are given by (15), @&nd (17). Vertical dotted lines indicate the end pointshef t
scaffold atr = a, b.
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Fig. 6 The evolution of the construct composition (at times- 0, 1, 2, 3) in the regime of cell density dependent growth and degra-
dation; arrows indicate the direction of increasing tinre(d) and (b) the predicted cell and substrate volume frastare shown for
various values of cell-substrate interaction parametieiegay = 0 — 5 (in steps ofy = 1), §, = 0.05; the arrows indicate the direction
of increasingy. In (c) and (d), the cell and substrate volume fractions apated in the case for which cell-substrate interactiaes a
governed by (11) fof., = —1 (x = 5; solid line),f., = 0 — 0.025 in steps off., = 0.005 (dotted lines) and., = 1 (x = 0;
dashed line). The arrows indicate the direction of increa8i,, . Initial conditions are given by (15), (&and (17). Except as stated,
all parameters are as given in Table 1. Vertical dotted lindigate the scaffold periphery at= a andz = b.

3.3 Scaffold degradation

The maintenance of tissue construct mechanical propéstigsicially affected by achieving a match between the
rates of scaffold degradation and deposition of ECM andratkizacellular materials. In this section we indicate
how our model may be employed to determine how the evolutfoiine substrate volume fraction depends on
the model parameters. For clarity, in preference to theigpamporal distributions presented §§3.1,3.2, we
consider the evolution of the total substrate volugg), and its PLLA and ECM componengs (t), 6. (t), which

are defined as follows:

1
O(t) = 0s(t) + 0 (t); Es(t)z/o Os(x,t)dx, Ee(t)z/o

1

Oc(z,t)dz. (20)

The simulations presented in Figure 8 demonstrate tha¢ dostrol of scaffold degradation and ECM depo-
sition is required in order to maintain substrate densitg. & not present the corresonding cell volume fraction
evolution since our focus here is on the tissue construigfid,Hoad-bearing components. In Figure 8(a), we con-
sider a non-degrading scaffold, and the evolution of thessate volume fraction is therefore determined by the
evolution of the ECM phase. With the addition of scaffold idetation (Figure 8(b)), we observe an initial decrease
in substrate due to scaffold degradation; as the seedepagmllation increases, Equation (14) leads to progression
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Fig. 7 The evolution of the cell volume fractiont = 0, 1, 2, 3) and the ECM volume fractiont (= 2, 3) in the case of cell volume
fraction dependent cell proliferation and ECM depositiefimed by Equations (12) and (14); arrows indicate the doedif increasing
time. Plots are fory = 1 (solid line) andy = 0 (dashed line). In (a), (b) Initial conditions are given bytiad conditions are given by
(15), (1) and (17) and in (c), (d) Equation (is employed to specifys (z, 0). Except as stated, all parameters are as given in Table
1. Vertical dotted lines indicate the end points of the sddfatz = a, b.

to an ECM-depositing phenotype and the substrate voluncdidraincreases. Our model predicts that, eventually,
the cell volume fraction will increase to a point at which edlls in the scaffold enter apoptosis, at which point
the substrate volume fraction achieves an equilibriumllddewever, the timescale over which we perform our
simulations is restricted by our wish to restrict tissueesgrfrom the scaffold into the up- and downstream regions
z < a,x > b (see§3) and we therefore do not observe such equilibrium behavidevertheless, our simula-
tion results indicate that the rate of scaffold degradaitiom key experimental variable, and suggest that there is a
threshold time, before which the construct’s mechanicaperties are likely to be unsuitable for implantation.

4 Discussion

In this paper we have presented a multiphase model desgtilssue growth within a perfusion bioreactor, mod-
elled as a two-dimensional channel containing cells, celltnedium, a porous PLLA scaffold and deposited ECM.
The formulation employed is based on the general multipfiaseulation proposed in Lemon et al (2006) and
extends the three phase model of O'Dea et al (2010), wher®lthé scaffold was assumed to be spatially-
homogeneous and inert. Many similar studies of tissue drdwate employed this simplifying assumption, tacitly
assuming that the importance of spatial variation of stéCM volume fraction is negligible. Here, we include
additional mass conservation equations for the scaffalidE®M phases with which to model scaffold degradation
and ECM deposition. This allows us to incorporate PLLA sadfphase heterogeneity, inhomogeneous deposition
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Fig. 8 The evolution of the volume fraction of: the substrag(dotted line); the ECM@. (dashed line); and the PLLA scaffolé
(solid line), over time for two different values of the PLLAaffold degradation raté3. In () k; = 0.0, (b) k5 = 0.1. An increased
ECM deposition rate of%, = 0.1 is used to amplify the deposition of ECM. Initial conditioae given by (15), (1i6) and (17). Except
as stated, all parameters are as given in Table 1.

of ECM, and to consider explicitly the interactions betweells and their different supporting structures, while
remaining within a simplified modelling framework.

Comparison of our simulation results with our previous w@kDea et al, 2010) indicates that the predicted
cell volume fraction and variables related to the mechamngironment are strongly affected by heterogeneous
scaffold volume fraction distributions; for instance, thdture medium velocity shows strong short-range vanmtio
which is likely to have a profound effect on the mechanicairmment of the cells. Additionally, we have demon-
strated that ECM deposition by the cells is highly localigethe regions of elevated cell volume fraction and that
spatial variation in the PLLA scaffold volume fraction lesatd large deviations in cell and ECM distributions.

In addition to spatial variation of the scaffold volume fiiaa, and motivated by the possible variation in cell
binding sites in tissue engineering scaffolds, we considiéhe heterogeneous interactions between cells and their
supporting scaffold and the deposited ECM, postulating) ¢bs have a greater affinity for ECM (and other de-
posited materials) than the scaffold onto which they aresdiépd. Employing a smoothed switch between low and
high affinity in response to the local ECM volume fraction, sti®@wed that such a disparity has no significant in-
fluence on eventual construct composition. This conclusiditates that simplified models in which cells interact
uniformly with their supporting structures may be employeithout affecting their biological relevance (in the
present study, this correspondsyto= constant). We showed that in such a simplified model celffcicdECM
interactions can have dramatic affects on the construcposition, leading to significantly enhanced migration of
cells up spatial gradients of substrate volume fractionhéncase of experimentally-relevant initial PLLA scaffold
porosity distributions, which display large gradients @affold distribution, this leads to cells and ECM profiles
which mirror and exaggerate the underlying scaffold payo3ihe heterogeneity of the resulting tissue construct
has important ramifications for its structural stabilitydasuitability for implant.

While we treat the construct’s load-bearing componentsgid porous material for simplicity, and therefore
do not model its mechanical properties (such as yield stogsslasticity), we nevertheless employ our model to
draw conclusions regarding the suitability of construotsfnplantation from a mechanical perspective as follows.
Our model associates scaffold degradation with a reduatisnaffold phase volume fraction, from which we infer
deleterious effects on the construct’'s mechanical pr@servhich are ameliorated by deposition of ECM (and
other extracellular materials). Under such an assumptignglear that the interplay between scaffold degradation
and ECM deposition is crucial in maintaining the constuctiechanical properties, thereby avoiding failure of
implants undein vivo conditions. The results of our simulations discussed alimdieate that the production of
scaffolds with uniform porosity may play an important raleproducing tissue constructs with mechanical proper-
ties appropriate for implant. Furthermore, we highligtdattthe rate of scaffold degradation is a key experimental
variable, and that there may be a threshold time, beforetwthie construct’'s mechanical properties are likely to
be unsuitable for implantation.

We have extended our previous studies (O’Dea et al, 2008);20%borne et al, 2010), by accommodating
spatial non-uniformity in scaffold and ECM volume fractjalemonstrating the importance of such a considera-
tion; however, we have made a number of simplifying asswmnptto enable analysis. We have restricted attention
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to a rigid scaffold and ECM phase (the remaining phases bmiodelled as viscous fluids) and so our formu-

lation applies to those constructs whose solid charatitariare dominated by the rigidity of the scaffold and/or
deposited materials. We note also that our simplified treatnof the PLLA scaffold and ECM means that the

mechanics of our model are in fact accommodated within aetplese framework. Our model formulation is

further simplified by exploiting the long-wavelength limdur previous work (Osborne et al, 2010) has indicated
that, while two-dimensional variation of mechanical stiation has an important effect on construct growth, the
long-wavelength limit provides a good approximation to édveraged behaviour of the two-dimensional model,
even for bioreactors with large aspect ratio. Nevertheledilation of our model results within a two-dimensional

framework remains important future work. We have assumatttie scaffold degrades uniformly; however, it is

known that bi-products of tissue growth can influence thehaeical and structural nature of tissue engineering
scaffolds (seeg.g., Ahearne et al (2010) and references therein). Considerafisuch effects represents another
interesting extension to our study.

We have employed our simplified formulation to make infeesnegarding the likely composition and mechan-
ical integrity of engineered tissue constructs. Imporfarther work includes explicit modelling of the mechanical
properties of the scaffold and ECM, considering, for examnalporoelastic (Roose et al, 2003) or poroviscoelastic
(Byrne and Preziosi, 2003) model. Additionally, the rolesis of our conclusions should be investigated by con-
sidering the addition of nutrient-limited growth to our fiaulation; methodologies for such investigations are given
by Lewis et al (2005) and Lemon and King (2007). Such a sojghigtd model will allow for validation against
histological samples from relevant experimental studies.
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A Mode derivation

We consider a bioreactor of lengfti* and widthh*, modelled as a two-dimensional channel containing a mexairfour interacting
phases, representing cells, culture medium, PLLA scatiold ECM. The viscosity of each phase is dengigdwherei = n, w, s, e
indicates variables associated with the cell, culture omadscaffold and ECM phases, respectively), and the tyfircascale for tissue
growth (comprising both cell proliferation and ECM depisi) is denoted *. Asterisks distinguish dimensional quantities from their
dimensionless equivalents.

We introduce a Cartesian coordinate systefe = L*(z,y) and timeK*t and the channel occupies the dimensionless region
0<z<10<y< h=h*/L* The volume fraction of each phase is denofedwhile the dimensionless volume-averaged
velocities, pressures and stress tensors of the each pteserotedK* L*u; = K*L*(u;,v;), K*ukp; and K*,u:‘uo'i. Tissue
growth, scaffold degradation and ECM deposition are captuia material transfer functions *S;. We assume that all dimensionless
dependent variables are functionsxoéindt.

The model is constructed by considering mass and momentlamdes for each phase, assuming that each phase is incaibjfEes
with equal density, and neglecting inertial effects; thaatipns governing thé" phase (with volume fractios;) are as follows (see
Lemon et al (2006); O’'Dea et al (2010); Osborne et al (2010)):

00;
V- (bic') +> F9 =0. (22)

J#i

Additional conservation conditions may be obtained by simgrover all phases and exploiting the no-voids condifion 6; = 1.

In Equation (21)K *S; is the net material production term associated with pligseass conservation demands thats; = 0);
in (22), K* %, /L*F% is the interphase force exerted by phase phase, obeyingF*) = —FJ?, These interphase forces comprise
interphase viscous drag (with drag coefficigrif / L*2k) and active forces, the latter being embodied within extesgures which arise
due to cell-cell, cell-ECM and cell-scaffold interactiomsteractions between the culture medium and scaffold ghase assumed to
involve only viscous drag. The mechanics of this four phasméilation is simplified by lumping the scaffold and ECM campnts
into a single ‘substrate’ phase, denotég = 05 + 6., and modelled as a rigid porous material. For notational/eoience, in this
Appendix, we employ the subscriftto denote the substrate, in preferencétdSeparate mass conservation equations are nevertheless
employed fords andf. to track their individual evolution.
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The cell population and culture medium are representedssiscti viscous fluids, modelled by standard viscous stesssots; for
consistency we choose the same formddt, taking the limitys, — oo, us — 0. These constitutive assumptions are embodied in the
following equations.

ol =—pI+p; (Vui + VU;[) - 2(V-uw)I, for i=n,w, (23)
Fi = (pw + 'LZJZJ) (QJVQL - QZVGJ) + k‘@z‘e]‘ (’LLJ‘ — ’LLZ') , for i,j=n,w,S, (24)
Pn = pw + Xn + enwns ) (25)

whereiny; are the dimensionless viscosities of each phaseandndq),, s are defined

5062 550
S = —Onv + ;” and Png = —x + —=.

w ew

(26)

In Equation (26)v, x, da, O, > O dictate the cells’ tendency to aggregate, their affinity tfer scaffold/ECM and the strength of
cell-cell/cell-scaffold repulsion. Full details of the@e choice of interphase interaction terms may be found mdreet al (2006).

Figure 9 depicts the two-dimensional model of the bioreattmether with appropriate boundary conditions. Theseespond to
no-slip and no-penetration of cells or culture medium tigtothe channel walls, a pressure-driven flow imposed via ng-dawnstream
pressures< * ¥ Py and K * e Pp, partitioned normal stress conditions and fully-devetbfiew atz = 0, 1.

Y
Up = Uy =
A-om.f = —0,Py A-o™-f=—0,Pp
_—
AW h = —0y Py AW - h = —0uPp
Vnp = Uy = - 5 Un = Vw =
Auy Quy
s =0 i —
—
(070) Uy = Uy = 0 (170) z

Fig. 9 The two-dimensional domain, outward-pointing normand associated boundary conditions. The arrows indicatpetfusion
direction in the case of dimensionless up- and downstreasspres’;; and Pp obeyingPy > Pp.

We now simplify the two-dimensional equations by consiagthe limit for which the aspect ratio of the bioreactor igraptotically
small ¢ < 1). We remark that, since the culture medium volume fractiay ioe eliminated vi#,, = 1 — 6,, — s — 6. and the
substrate is rigid, we need consider momentum conservatiaations for the fluid (cell and culture medium) phasesy.onl

Following O’Dea et al (2010), the reduced model is obtaingdescaling according to:

y=hy, v;=hv;, p;=D7p;/h? @7)

and averaging across the channel in the transverse dimg@aiposing the boundary conditionsat= 0, h depicted in Figure 9). We
find that the pressure and the volume fraction of each phastiactions ofr andt only and the flow of cells and culture medium is
unidirectional at leading ordeT{ = 0). Expressions for the averaged axial velocit{gs,) and(u,,) are obtained from the remaining
momentum equations, on substitution of which into the @yed) mass conservation equations (dropping the overbeeg)btain the
following system of coupled partial differential equatiofor the volume fraction8e (z, t), 0s(x,t), 0»(x,t) and the culture medium
pressurep. (z, t):

00c
=Se, 28
ot (28)
005
=Ss, 29
5 (29)
00, 1 0 apw
En 2 (0,2 — 5, 30
8t+12un8x(L8x) ' (30)
0 0, 0
% {(en +Mn(1 —0s — 0 — en)) % _pw%(ee +es)}
0n X0 Oc + 65
L2 [00uZ0) o A0+ 0vns) | _ a
oz oz oz

in which py, is the relative viscosity of the cell and culture medium gisadhe extra pressures, andv, s are scaled according to
equation (27) so that these interactions are retained dinigarder, which impliesv, §q, x, ) = (7,34, X, 0 )/h?; the remaining
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parameters ar@(1). Equations (28)—(31) embody conservation of mass for thid HRLLA scaffold and cell phases, and the multiphase
mixture.
Under the rescaling, (27), the boundary conditions shovfignre 9 become:

pw =Py at z=0, (32)

pw=Pp at z=1, (33)
90,

=0 at x=0,1. (34)
ox
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