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Abstract: Exploratory cellular-level oxygen
consumption and cell viability models
incorporating physiologically realistic
assumptions and fully scaled 2D/3D geometries
have been implemented in COMSOL
Multiphysics for isolated pancreatic islets. Such
models are of considerable interest to improve
the function and viability of cultured,
transplanted, or encapsulated islets. Oxygen
consumption was assumed to follow Michaelis-
Menten—type kinetics and to cease when local
concentrations fell below a critical threshold. By
introducing this consumption-rate into the
standard system of differential equations
describing convective and diffusive transport,
Oc/ottV-(-DVec)=R—u-V¢, realistic quantitative
models could be obtained. Results are in good
agreement with experimental observations
suggesting frequent hypoxia-related cell death
(necrosis) in the core regions of larger islets.
Furthermore, by coupling this convection and
diffusion model to COMSOL’s incompressible
Navier—Stokes  fluid-mechanics and  other
application modes, true multiphysics models
could be obtained for more complex cases such
as perifusion chambers with flowing media or
culture plates with rocking plate-induced
agitation.
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1. Introduction

Type 1 (insulin-dependent or juvenile-onset)
diabetes mellitus results from the autoimmune
destruction of the insulin-producing pancreatic
B-cells and requires continuous glucose
monitoring and insulin treatment. Chronic and
degenerative complications still occur in a
considerable fraction of patients. Transplantation
of pancreatic islet cells is being explored as an
experimental therapy for a selected cohort of
patients, and, in the US, is currently conducted
under an IND (Investigational New Drug)
application at several centers. It can normalize

metabolic control in a way that has been virtually
impossible to achieve with exogenous insulin,
but because of the life-long immunosuppression
required, the procedure is currently limited to the
most severe forms of diabetes [1]. Nevertheless,
results are improving continuously [1] mainly
due to improved islet preparation techniques and
the availability of more effective immuno-
suppressive regimens such as those of the so-
called Edmonton protocol [2]. Currently, as a
standard practice, islets are cultured for up to two
days before being transplanted because this
allows the islets to recover from the isolation-
induced damage and also makes possible the
recipient’s travel to the transplantation site, the
start of the immunosuppression before
transplantation, and the assessment of the quality
and safety of the islets. However, the survival
and functionality of these islets that lost their
vasculature during the isolation process and have
to rely on passive diffusion is often seriously
affected by hypoxia during culture or
immediately following transplantation. Hence,
the spatio-temporal modeling of oxygen
consumption of pancreatic islets (and of other
tissues) is an important general goal in itself, but
it is of particular interest for the development of
improved cell culture and bioartificial pancreas-
type devices (with encapsulated or non-
encapsulated islets).

Pancreatic islets are structurally well-defined
spheroidal cell aggregates of about 1,500-2,000
cells and diameters of about 150 pm (range: 50—
500 um) that contain the endocrine cells of the
pancreas (o, B, v, and PP-cells), whose main role
is to secrete hormones that regulate blood
glucose levels. They have an extensive intra-islet
vasculature [3-5], which is essential to supply
oxygen and nutrients and to remove metabolic
waste products, especially for the inner core.
Islets have a very high blood perfusion, similar
to that of the renal cortex (i.e., 5~7 mL-min 'g "),
and while they constitute only about 1-2% of the
pancreas by weight, they receive around 10-20%
of the total blood flow of the pancreas [6-8].



During islet isolation and culture, this
vasculature gets disrupted so that islets are
initially avascular after transplantation, and
perfusion of the core is compromised. Hence,
cultured or encapsulated (immune-isolated)
islets, as well as all transplanted islets during the
initial few days of transplantation have to depend
on the passive diffusion of oxygen and nutrients
from the periphery, which limits the oxygen and
nutrient supply in the inner core of islets,
especially larger islets, and can ultimately lead to
hypoxia and cell death [7, 9].

Oxygen diffusion limitations in tissue or in
culture media are usually far more severe than
for glucose [10, 11] because even though on a
molar basis, oxygen is typically consumed at
approximately the same rate as glucose and has
a 3—4-fold higher diffusion coefficient than
glucose, this is more than offset by the
differences in solubility, as oxygen solubility in
culture media or in tissue is much lower than that
of glucose (e.g., around 0.2 mM vs. 20 mM in
aqueous media under atmospheric conditions)
[11]. Compared to many other cell cultures or
cell transplants, pancreatic islets are particularly
susceptible due to their relatively large size,
large metabolic demand, and increased
sensitivity to hypoxia. In transplanted, non-
encapsulated islets, the revascularization process
is generally thought to occur over a period of one
to two weeks [8, 12]. However, even after
revascularization, the number of capillaries
found in the transplanted islets seems to be lower
than in endogenous islets [12, 13]. Therefore,
there is a keen interest to model oxygen
consumption in non-vascularized islets and to
use the acquired information to improve viability
in culture, following transplantation, or under
immunoinsulating  encapsulation. Various
models have already been explored, mainly for
immunoisolated islets [10, 14, 15]. Similar
models for other, e.g., cardiac tissue have also
been explored [16], and they can also be
extended to model tissue oxygenation in other
cases of interest such as, for example, during
pancreas preservation [17] or in cell devices with
oxygen permeable silicone membranes [18-20].
However, these studies only incorporated models
of diffusive transport.

An important advantage of the present
approach is that by exploiting COMSOL
Multiphysics’ ability to relatively easily couple
the convection and diffusion model to Navier—

Stokes fluid-mechanics and other application
modes, a number of true multiphysics models
could be implemented for more complex cases
with moving media, e.g., perifusion devices with
pump—driven flow or cell cultures with rocking
plate—induced agitation. It is hoped that these
bring us a few steps closer to truly useful in
silico physiological models. Computer-based
modeling and simulation approaches can be
applied in many fields [21-23], but, in general,
they can be considered useful [24] only if they
can: (i) produce predictions or extrapolations that
match experimental results; (i) generate data
beyond the existing experimental capabilities;
@iii) enable in silico experiments resulting in
time—, cost—, and/or effort-—savings; (iv) reveal
non-intuitive mechanistic insights into the
working of the system or process; () identify
missing components, processes, or functions in a
system; (vi) enhance the understanding of
visualization of complex processes; and (vii)
facilitate the consolidation of quantitative data.

2. Governing Equations

Diffusion was assumed to be governed by the
generic diffusion equation in its nonconservative
formulation (incompressible fluid) [25]:

%+V~(—DVC):R—U-VC (1)

where, ¢ denotes the concentration [mol-m~] and
D the diffusion coefficient [m*s '] of the species
of interest (oxygen), R the reaction rate [mol-m~
5], u the velocity field [m-s'], and V the
standard del (nabla) operator, VE%H‘?,“‘% [26].
For oxygen consumption, a Michaelis-Menten—
type consumption rate (R < 0) was assumed as

customary in current literature [10, 27]:
o
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Accordingly, at very low O, concentrations,
where cells only try to survive, oxygen
consumption scales with the available
concentration c¢o, and, at sufficiently high
concentration, it plateaus at a maximum (R.x)
(Figure 1). A step—down function & was also
incorporated into the model to account for
necrosis (cell death) and eliminate the oxygen
consumption of those tissues where co, fell
below a critical value, c.;;, and caused cell death
due to hypoxia.
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Figure 1. Illustration of Michaelis-Menten—type
(rectangular hyperbola—shaped) oxygen consumption
using data measured for mitochondria at low oxygen
concentrations [27] and fitted with the function of eq.
2 as used here with Cyy 0, of 1 uM.

In the more complex cases where true
multiphysics models were needed (§4.3, §4.4),
the convection and diffusion model of eq. 1 was
coupled to the fluid dynamics, heat transfer, or
other models, as needed. For fluid dynamics, the
incompressible ~ Navier—Stokes model  for
Newtonian flow (constant viscosity) was used to
calculate the velocity field u that results from
convection [25, 28]:

XVt plu-Vu+ Vp=F (3)

Ot
Vau=0

Here, p denotes density [kg-m ], # viscosity
[kg:m s = Pa-s], p pressure [Pa, N-m?, kgm'
.s7], and F volume force [N-m~, kg:m*s7].
The first equation is the momentum balance; the
second one is simply the equation of continuity
for incompressible fluids. If required, even more
complex models can be built by coupling to
other, additional modules. For example, even
fluid movement due to thermal expansion-caused
buoyancy in the presence of temperature
gradients could be incorporated if needed by
addition of the heat equation [25]:

oT
pcp5+v'(—kVT):Q—pcpu'VT (4)
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Here ¢, denotes the heat capacity at constant
pressure [Jkg''K'] and k& the thermal
conductivity [W-m"-K'] of the fluid, 7 the
(absolute) temperature [K], and Q the heat
source term [W-m °]. Modeling of moving liquid
surfaces, with some limitations, was achieved
here by addition of the moving mesh (ALE,
arbitrary Lagrangian—Eulerian) module [25], as it

was needed for §4.4. In this case, the rocking
movement of the fluid was achieved by use of an
oscillating gravitational force that has horizontal
(Fy) and vertical (F,) components defined by the
inclination angle ¢ that follows a harmonic
oscillation:

F, = pgsing = pgsin|gp,,, sin(er)]

F,=-pgcosp=—pg cos|g, . sin(ar)]
Here, g is the gravitational constant (9.81 m-s?),
Pmax the maximum inclination angle, and @
[rad-s'] the angular frequency (related to the
frequency f[Hz] by the usual o = 27f).

(5)

3. Methods

Geometry and meshing. For the present
exploratory models, realistic 2D geometries have
been used with spherical islets of 100, 150, and
200 pm diameters placed in millimeter-sized
device models. COMSOL’s predefined ‘Extra
fine mesh’ size was used for meshing resulting in
meshes consisting of 5,000-9,000 elements.

Parameter  settings. For the present
exploratory models, consensus estimates of
various parameters available from the literature
were used. Oxygen in aqueous solutions obeys
Henry’s law rather well; i.e., its (mole fraction)
solubility (xo,) is essentially proportional to the
partial pressure of oxygen (po,) in the
surrounding media, xo= po/Ku [29]. For the
present exploratory calculations, ¢y, = 0.200
mol'm?® (mM) was assumed for surfaces in
contact with atmospheric oxygen. With an
oxygen solubility coefficient of & = 1.45x107*
mol-m’3mmHg’1 (35°C) [30], this roughly
corresponds to a partial pressure po, of 140
mmHg. A maximum oxygen consumption rate
(per islet) of Ry = 0.06x107'2 mol/s/islet was
used in all calculations. With a standard islet of
150 pm diameter (and islet equivalent IEQ
volume Vigq of 1.77x10""* m’), this corresponds
to a consumption rate (per unit islet volume) of
0.034 mol/s/m’. This per volume value is similar
to that used by Avgoustiniatos and co-workers
(0.034 mol/s/m® [31]; 0.050 mol/s/m® [20]) and
Tilakaratne and co-workers (0.046 mol/s/m’)
[14]. As a per islet value, it is similar to that
assumed by Dulong and Legallais (0.063x10'
mol/s/islet) [15, 32]; somewhat less than that
assumed by Papas, Avgoustiniatos, and co-
workers  (0.127x10" mol/s/islet [17, 18];



0.074x10"'2 mol/s/islet [33]); and slightly larger
than those measured recently in various settings
by Sweet and co-workers (e.g., 0.025-
0.048x 10> mol/s/islet at 3 mM basal- or 20 mM
high glucose [34, 35]). As Michaelis—Menten
constant, Cym,0, = 1.0x107° mol/m’® (1 uM) was
assumed, corresponding to pym,o, = 0.7 mmHg —
similar to the frequently used 0.44 mmHg value
[10, 14, 17, 20] or even to that determined
originally for mitochondria [27]. A step—down
function, 6, was also added to account for
necrosis and cut the oxygen consumption when
the concentration falls below a critical value, ¢
=1.0x10"* mol/m’ (corresponding to Pero, = 0.07
mmHg; comparable with the commonly used
0.10 mmHg [10, 17, 20]). To avoid
computational problems, Comsol’s smoothed
Heaviside function with a continuous first
derivative and without overshoot flclhs [36]
was used as step-down function, &c) = flclhs(c
—0.0001, 0.00005).

For the diffusion coefficient of oxygen in
aqueous media, Do, = 3.0x107° m?%s! was
assumed as a reasonable approximation for O,
diffusion in water at 37°C considering the
commonly accepted value of 2.4x10° m*s " at
25°C [30] and a measured value of 3.1x10°°
m*s ' at 45°C or fitted diffusivity equations such
as the Wilke-Chang or Othmer-Thakar estimates
for diffusion coefficient in aqueous solutions
[37]. For the diffusion coefficient of oxygen in
tissue, Do = 2.0x107 mz-s’l, was assumed;
slightly less than in water and the same value
that was used by Radisic, Vunjak-Novakovic
and co-workers [16]. Avgoustiniatos and co-
workers have recently determined a somewhat
lower value for the effective diffusion coefficient
of oxygen in rat pancreatic islets (1.3x10° m*s ™)
[31]. The same value was used for the diffusion
coefficient in silicone being similar to measured
values [38, 39]. For cases where convective flow
was also allowed in the model, an essentially
aqueous media at body temperature was assumed
as a first estimate (e.g., 7o = 310.15 K, p =993
kgm”, 7=10.7x10" Pas, ¢, = 4200 J-kg 'K ', k.
=0.634Js'm 'K, a=2.1x10* K ™).

Boundary conditions. In the convection and
diffusion models, the following conditions were
used: insulation/symmetry, n-(-DVc+cu) = 0,
for walls, continuity for islets, and fixed
concentration (¢ = cuyp) for liquid surfaces in

contact with exterior media. For the case of
diffusion through a membrane (§4.2), a
membrane/media partition coefficient K, =
Cmemb/C Was built into the model for oxygen
through a special boundary condition using the
stiff-spring method [40]. An additional, separate
concentration variable ¢, was added for the
membrane (with a corresponding application
mode), and to maintain continuous flux at the
interface, an inward flux boundary condition was
imposed along the membrane-fluid boundary
with v(c; — K,¢) and v = 10,000 m-s"'. In the
incompressible Navier-Stokes models, no slip (u
= (0) was used along all surfaces corresponding to
liquid-solid interfaces (except those in the
rocking plate models, where slip was also
explored due to convergence problems). For the
perifusion chamber (§4.3), a parabolic inflow
velocity profile, 4vi(/Vimax)(1=/Vimax), Was used
on the inlet and pressure, no viscous stress with
po = 0 on the outlet. In the moving mesh (ALE)
model (§4.4), no mesh displacement was allowed
on the bottom and the islets (dx, dy = 0), no
horizontal displacement on the walls (dx = 0),
and a normal mesh velocity of u'n (unx+u-ny)
was imposed on the top boundary.
Postprocessing and visualization. Surface
plots with a preset range (0.0001-0.200 mol-m )
were used for co, and arrows for the oxygen flux.

For the case of the two-concentration membrane
model (§4.2), a ¢,y was defined using subdomain
expressions to visualize the two different
concentrations in the same graph. For §4.3 and
§4.4, arrows and streamlines for the velocity
field were also used. For the rocking culture
device (§4.4), inclination of the device was
visualized by using the ‘Deformed shape plot’
function with X and Y components synchronized
to the oscillation of the gravitational field (y-sing
and —x-sing, respectively) both for the sub-
domain and boundary data as described in [41].
Animations were generated with the same
settings used for the corresponding graphs.

Implementation. All models were
implemented in Comsol Multiphysics 3.4 and
solved as time-dependent problems up to
sufficiently long final times to reach steady state
allowing free or intermediate time-steps for the
solver. Computations were done with the
UMFPACK direct solver as linear system solver
on a Dell Precision 690 PC with a 3.2 GHz CPU
running Linux.



4. Results and Discussion
4.1. Standard culture

The oxygen distribution obtained with a fully
scaled 2D cross section of three differently sized
islets in a traditional culture model is shown in
Figure 2.
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Figure 2. Calculated oxygen concentration for three
islets (with diameters ¢ = 100, 150, and 200 um) in
standard culture conditions after stationary conditions
have been reached (2 = 1 mm assumed). The color-
coded surface represent the oxygen concentration (red
corresponding to higher and blue to lower values),
whereas green arrows represent oxygen flux. Areas
with values below a critical value (<10™* mol-m™),
where the lack of oxygen (hypoxia) is predicted to
cause cell death (necrosis) are left uncolored (white).

Figure 3. Viability of isolated rat islets with green
fluorescence corresponding to live- and red to dead
cells (determined using Calcein-AM and propidium
iodide viability stains). A: freshly isolated, B: 24 h
normoxic culture (95% air, 5% CO,), C: 48 h
normoxic culture, D: 24 h normoxic followed by 24 h
hypoxic (1% O,) culture. Copyright © 1998 American
Diabetes Association from [7]. Reprinted with
permission from The American Diabetes Association.

These results are in good agreement with
various experimental observations (Figure 3)
indicating that when isolated islets are cultured

for 24-48 h in normoxic culture conditions, large
islets show central necrosis, which becomes
much more severe after exposure to hypoxic
culture conditions [7]. As a first estimate, even
the size of the necrotic core as measured for rat
islets in [7] or [42] is well predicted suggesting
that these exploratory models might already
provide reasonable quantitative estimates and not
just qualitative fit. It should be noted that in all
these models, instantaneous death for tissues was
assumed as soon as the local co, values fell
below the critical threshold. Hence, while the
models are ultimately realistic, the time-scales
are probably not since under critical conditions,
real islets and cells can probably shut down their
metabolism and linger around for some time
before irreversible death occurs.

Obviously oxygenation can be improved by
lowering the density of the consuming tissue, by
reducing the diffusion path in the media, or by
increasing the outside oxygen concentration. For
example, at a lower cell density, a single
standard islet (¢ = 150 um) can survive in the
same culture as Figure 2 without necrosis of its
core (Figure 4). Since these are 2D cross-
sections, Figure 2 roughly corresponds to a 3D
culture density of about 1,600 IEQ/cm’.
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Figure 4. Calculated oxygen concentration for a single
(¢ =150 um) islet for the same conditions of Figure 2.

Because of these hypoxia-related problems,
current islet culture techniques require low
surface coverage, and, hence, up to 30 or more
flasks per human pancreas (i.e., ~20,000-30,000
IEQ in 30 mL of medium per flask
corresponding to 100-200 IEQ/cm’ and a flask
surface utilization of only 2-3%) [18, 43]. This
is a considerable hindrance both for research
settings and for clinical  applications.
Consequently, various attempts are being made
to enhance oxygenation, for example, by use of



silicone rubber membranes [18-20] due to their
high oxygen-permeability [38] or by use of
bioreactors with rocking plates and wave-
induced agitation [44, 45]. Exploratory
computational models for some of these are
presented in the following subsections.

4.2. Oxygen-permeable membrane bottoms
Use of cell culture devices with oxygen-
permeable membrane bottoms is a promising
alternative being explored to ensure better
oxygenation [18, 19]. Silicone rubber-based
membranes are a preferred choice due to their
high oxygen-permeability [38].

Figure 5. Calculated oxygen concentration for the
three islets of Figure 2 for the same conditions, but
with a device with an oxygen-permeable bottom
membrane. Concentrations in the membrane are
higher than in the media as shown on the rotated
figure on the left, which illustrates co, along the
middle cross section together with its progression in
time, but were rescaled using the partition coefficient
K, = Cyempy/c for the color-coded surface plot.

[ew/iow]

With such membranes, much better
oxygenations can be achieved even at higher cell
densities [18-20], and the ‘oxygen sandwich’
designation [19] is justified as O, can reach the
islets from both sides with a much larger flux
coming through the membrane. It should be
noted that because in such membranes CO, tends
to have an even higher permeability than O, [38],
in certain cases, it might reach undesirably
elevated or undesirably low levels (depending on
the outside concentrations).

4.3. Perifusion device with flow

Perifusion studies are now routinely used to
assess islet quality and function as they allow the
dynamic measurement of the glucose-stimulated
insulin release (GSIR) [46-49] through the
continuous monitoring of the insulin (and/or
other metabolic products) released by islets
placed in a perifusion column and exposed to

varying levels of incoming glucose solutions.
The present multiphysics approach allows not
only modeling of the oxygen concentration in the
islets and the flowing media, but even its
adjustment to account for the increase in oxygen
consumption with the increase in glucose
concentration due to increased metabolic demand
[47, 50] by making R0, in eq. 2 a function of
Calue as illustrated by Figure 6 below.
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Figure 6. Oxygen levels in a perifusion chamber
model with two islets at steady state conditions
corresponding to low (3 mM) and high (11 mM)
glucose concentrations (top and bottom, respectively;
media flows from left to right at constant flux). The
velocity field (gray arrows) and the streamlines
corresponding to the flow of the perifusion media are
also shown (see Figure 7 for another illustration of the
velocity field). The central image depicts a time-point
during the transition from low to high incoming
glucose as highlighted by the corresponding contour
lines of the glucose gradient.
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Figure 7. The velocity field of the fluid flow for the
same configuration of Figure 6 depicted by a color-
coded surface, proportional arrows, and streamlines.

4.4. Rocking plate—-induced agitation

Devices with rocking plates and wave-
induced agitation [44, 45] are also being
explored as a possible approach to ensure better
oxygenation. For example, the Wave
Bioreactor™  system, which is currently
marketed by GE Healthcare, is one such
alternative. Results obtained here with a draft
model for a small rocking plate with a maximum
inclination angle, @n., of 1° and a rocking
frequency of 0.08 Hz (5 min') are shown in
Figure 8; they indicate only a small improvement
over §4.1, i.e., the percent area of necrotic tissue
in the core of larger islets decreased, but only by
a few percents. It has to be noted, however, that
this can be considered only a draft, exploratory
model since it does not account for surface
tension effects and convergence could be
consistently achieved only by allowing slip along
all fluid-solid boundaries; therefore,
unrealistically high viscosity (similar to that of
glycerol) had to be assumed for the media to
avoid very large movements of the liquid.

5. Conclusion

In conclusion, various exploratory cellular—
level models for the oxygen consumption of
nonvascularized  pancreatic  islets  with
physiologically relevant geometries have been
implemented in COMSOL Multiphysics. Results
are in good agreement with existing
experimental evidence, and the corresponding
animations obtained here provide graphical
illustrations for the progress of necrosis within
the inner cores of larger islets when oxygen
availability is limited. The present exploratory

calculations can be relatively easily extended to
various other geometries, and such in silico
models should be particularly useful () to
improve the design of cell culture and cell
transplant (i.e., bioartificial pancreas) devices, (ii)
to increase the viability and functionality of
isolated pancreatic islets, which is of crucial
clinical relevance for islet transplantation, and
(i) to clarify the processes leading to hypoxia-
induced necrosis in nonvascularized tissues.
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Figure 8. Calculated oxygen concentration for the
three islets of Figure 2 for the same conditions, but
with a device with rocking plate—induced agitation.
Gray arrows represent the velocity field of the media
movement due to the wave-generating rocking plate.
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