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A B S T R A C T

Classic hemodialysis only provides a limited removal of protein bound uremic toxins (PBUT) in patients with
chronic kidney disease. A bioartificial kidney device, BAK, composed of a living cell monolayer of conditionally
immortalized proximal tubule epithelial kidney cells (ciPTEC) cultured of hollow fiber polymeric membrane can
remove protein bound uremic toxins from the blood in combination with classic hemodialysis. The development
and clinical implementation of the BAK requires lots of optimization. This investigation is expensive and time
consuming therefore modeling studies could help to optimize experiments and improve its design.

In this work, a 3D mathematical model of the BAK is developed. The transport and reaction mechanisms
associated with the removal of PBUT indoxyl sulfate are considered and various conditions are simulated. The
model describes a single hollow fiber membrane and considers different domains for the blood flow, the
membrane, the cell monolayer, and the dialysate region. A mathematical description of the relevant transport
and/or reaction mechanisms is provided in each domain, and the corresponding differential equations are solved
numerically. Since not all the modeling constants are experimentally available, a parametric study is performed
for their quantification, including the active transport kinetics of the toxins through the cell monolayer, in
comparison to the passive transport rates by diffusion. The parametric study also provides a background for the
extraction of usually unknown quantities, including notably the Organic Anion Transporter (OAT) concentra-
tions, with the support of experimental data. Satisfactory reproduction of experimental findings is achieved, and
the role of systemic variables that affect significantly the uremic toxin removal is identified.

1. Introduction

For patients with end stage kidney disease (ESKD) the best solution
currently is organ transplantation. However, not all patients are eligible
for transplantation and, due to limited organ availability, most patients
are currently treated with dialysis (such as peritoneal or hemodialysis),
which only covers a small part of the kidney function. In the natural
kidney, the nephron achieves complete solute removal by the combined
action of glomerular and tubule filtrations. Small toxins are filtrated
through glomerulus whereas larger and protein bound uremic toxins
are removed by the active filtration of the proximal tubule.
Hemodialysis, in fact, only mimics the action of the glomerulus re-
moving only small water-soluble toxins, and partly the middle mole-
cules. However, it cannot remove protein-bound uremic toxins to a
satisfactory degree that would prevent accumulation of these toxins and
evidently to considerable morbidity and mortality rates [1,2].

An alternative solution to achieve improved removal of free and

protein-bound uremic toxins is an apt combination of classic hemo-
dialysis with a bioartificial kidney device [3–8]. Its primary component
is a hybrid living membrane; namely, a hollow fiber polymeric mem-
brane [5] coated with human collagen IV and L-Dopamine, where a
monolayer of immortalized living proximal tubule epithelial kidney
cells (ciPTEC) [9] is attached. This cell layer contributes to the active
removal of protein-bound toxins through the combined action of or-
ganic ion transporters (OAT), present in the basolateral surface of the
cell, and the efflux pump transporters breast cancer resistant protein
(BCRP) and multidrug resistance protein-4 (MRP4), both of them pre-
sent in the apical surface of the cell. In the case of indoxyl sulfate the
specific basolateral transporter is organic anion transporter 1 (OAT1)
[10,11].

Several experiments have already demonstrated the successful for-
mation of a tight cell monolayer with the expression of organic ionic
transporters both in flat and in hollow fiber membranes [9,12–14].
Computer simulations [15–17] can facilitate the optimization of the
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design of new experiments and devices through the characterization of
the behavior of the cell monolayer under various conditions.

In the present work, the transport phenomena and the different
mechanisms that are involved in the removal of a protein bound uremic
toxin, namely, of the indoxyl sulfate, IS, from the blood are in-
vestigated, as offered by a single hollow fiber membrane with an at-
tached living ciPTEC cell monolayer. The main goals involve the
quantification of the role of this layer, the study of the key transport
and reaction mechanisms that are involved, and the investigation of the
effect of the major process parameters on the toxin clearance, with the
eventual aim to guide further improvement of the toxin removal pro-
cess with the help of experimental data which eventually leads to the
design of better BAK devices. A typical bioreactor is composed of a
bundle of roughly 1000 fibers with a length of 10 cm distributed in
parallel. If the fibers are evenly separated from each other, it is usually
assumed that fiber interaction can be effectively averaged at the scale of
a single fiber, thus allowing extrapolation of the results to the whole
bioreactor. A 3D mathematical model of a single hollow fiber with a cell
monolayer is constructed here. Toxin IS [18] has a 75–95% bound
fraction to Human Serum Albumin (HSA) under normal conditions. The
model was used for the simulation of experimental processes of trans-
cellular transport of toxins in BAK devices [12,14], where performance
data in the form of toxin clearances were extracted and used for the
fitting of the modeling parameters.

2. Model development

The details of the model that describes toxin removal through a
hollow fiber equipped with a cell monolayer are presented in this sec-
tion. The model presented here is built with the inside-out configura-
tion; the blood flows in the lumen of the membrane whereas the cell
monolayer is attached on the outside surface of the fiber in contact with
the dialysate. The model can also be built with the outside-in config-
uration, in which the blood or the blood plasma flows on the outside of
the hollow fiber membrane and the cell monolayer is attached to the
inner part of the membrane in direct contact with a dialysate which,
depending on the type of the process, can be either flowing, or stagnant.
In the outside-in configuration, clogging of the blood is avoided [19]
but the inside-out configuration facilitates seeding of the cell monolayer
on the hollow fiber membrane and is the one that is considered in the
present work.

The model domain is divided into four distinct subdomains and
offers a mathematical description of all relevant transport and reaction
mechanisms in each one. Specifically, the domains and the corre-
sponding mechanisms are: The blood domain, where diffusion, con-
vection, and binding kinetics of IS to HSA [20] are considered; the
porous membrane domain, where diffusion and binding kinetics are

considered; the cell monolayer domain, where Michaelis-Menten
transport reaction is assumed at their membrane walls [11] to describe
toxin-cell interaction, and diffusion is the main mechanism of bulk
transport within; the urine domain, where diffusion is also the sole
mechanism of transport.

In order to simulate the effect of the IS transport by the organic
transporters, a Michaelis-Menten model is implemented. With this
model, the toxin flux on the interface wall between the porous mem-
brane and the basolateral side of the cell is assumed to be given by a
Michaelis-Menten surface uptake expression. On the apical side of the
cell domain, flux continuity is employed as boundary condition. Finally,
in the dialysate domain, diffusion is the only mechanism considered,
due to the stagnant form of the dialysate used in the respective ex-
periments [12].

Fig. 1(a) illustrates the structure and the dimensions of the model
and Fig. 1(b) shows the configuration of the different domains of the
model and the streams. The ciPTECs are genetically engineered so they
can proliferate at 33 °C and differentiate and remain stable at 37 °C once
the cell monolayer is formed. Accordingly, the process can be assumed
isothermal, with no change in the cell density, no cell differentiation or
death, and no fiber degradation. The cell monolayer usually receives
oxygen and nutrients by direct absorption from the dialysate site, which
is also the cell culture medium, without transport restrictions. In the
present model it is assumed that the oxygen and the nutrients do not
interfere with the toxins and, thus, they do not pose any limiting factors
to either transport or reactivity. Hence, supply and transport of oxygen
and nutrients are not considered in this model.

Based on the symmetry of the hollow fiber membrane, the model
can be fully formulated in cylindrical coordinates. Convection is
dominant in the longitudinal direction of the fiber, however both dif-
fusion and convection are considered in the transport equation; fully-
developed laminar blood/plasma flow is assumed over the length of the
fiber. Along the flow direction, the membrane geometry is invariant.
The flow and transport equations in every subdomain are described
with appropriate boundary conditions at the interfaces between suc-
cessive compartments.

The blood domain corresponds to the inner part of the hollow fiber.
In this region, the water properties are adopted for the density and the
viscosity of the human blood plasma, and to express the diffusivities of
the toxins. The choice of water properties was based on the fact that
most of the pertinent experiments [12] were carried out with an aqu-
eous buffer solution. This choice is also a conventional assumption that
is typically implemented during modeling of laboratory experiments
that employ aqueous solutions instead of human plasma. In any case,
for the sake of comparison, the base-case simulations were repeated
using the viscosity of the blood, which is ca 4 times higher than that of
water at 37 °C. If required, more detailed description of the properties

Nomenclature

BAK Bioartificial kidney device
BCRP Breast cancer resistant protein
ciPTEC Immortalized proximal tubule epithelial cells
MRP4 Multidrug resistance protein-4
OIT Organic ion transporters
OCT2 Organic cation transporter 2
OAT1 Organic anion transporter 1
PBUT Protein-bound uremic toxin
HSA Human Serum Albumin
()i Toxin i
Di Diffusion coefficient [m2/s]
Ri,b Binding reaction rate [mol/m3 s]
Ni,1 Prefactor of binding kinetics [dimensionless]
Ki,1 Binding constant [m3/mol]

Ci Toxin local concentration [mol/m3]
CHSA Albumin local concentration [mol/m3]
CHSA·i Albumin-toxin i local concentration [mol/m3]
ε Membrane porosity [dimensionless]
τ Membrane tortuosity [dimensionless]
uz Local linear velocity [m/s]
Cis Toxin local surface concentration [mol/m3]
ROAT Michaelis-Menten reaction rate for the OATs transport

[mol/m3 s]
VMAX Maximum MM reaction rate, [nmol/mg_protein min]
KM MM constant [µmol/L]
Cli Clearance [μL/min cm2]
S Surface [m2]
R Radius [µm]
L Length [mm]
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of blood can be used in the model. The blood flows in the longitudinal
direction. Toxins are bound to HSA, however, only their free form can
be transported through the cells. It is assumed that binding and dis-
sociation kinetics in the blood plasma stream are sufficiently rapid to

allow an equilibrium description of toxin association with and dis-
sociation from albumin in the blood stream.

The transport mechanisms present in this domain are convection in
the z direction, and diffusion in the z and r directions. Thus, the relevant
transient equations are

∂
∂

− ∇ + ∇ =
C

t
D C u C Ri b

i b i b z b i b i b
,

,
2

, , , , (1)

where Ri,b is the association/dissociation rate for toxin i in blood, Di,b is
the diffusivity of toxin i in blood, Ci,b is the local concentration of toxin i
in blood, and uz,b is the local blood velocity in direction z, defined as
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uz b max, , is the maximum velocity in the blood, r is the radial co-
ordinate, and R1 is the radius of the blood domain, 150 µm.

In the blood domain, the binding equilibrium constant for toxin i in
the presence of HSA is given by

=
∙

k
C C
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i b HSA b

HSA i b

, ,

, (3)

where ∙C C C, ,i b HSA b HSA i b, , , are the local concentrations of toxin i, the
albumin, and the albumin-toxin complex, respectively. A surface ver-
sion of the typical Michaelis-Menten expression is assumed on the ba-
solateral side of the cell, where local increase of the dissociation of the
albumin-toxin complex is effected by the confinement of albumin mo-
lecules at the cell entrance due to steric phenomena, prohibiting their
transport into the cell, in combination with the facilitated transport of
the toxin molecules thanks to the local action of the transporters, Fig. 2.
This local confinement of albumin molecules is expected to affect the
diffusion into the porous membrane of the toxin molecules that are
detached from the albumin in the vicinity of the basolateral side of the
cell. To address this, the diffusivity of the toxin that is produced at the
particular site is set to zero within the porous membrane domain. Al-
though this condition increases the sophistication of the model, it is
physically compatible with the large increase of the clearance in the
presence of albumin compared to the free toxin case.

The leading transport mechanism in the polymer membrane is the
diffusion of toxins. Thus, the set of transient equations that describe the
domain are

∂
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where εm is the porosity of the membrane, Ri,m is the association/

Fig. 1. a) Geometry of the model. Di represents the external diameter of domain
i (= 1: blood domain; 2: porous polymeric membrane; 3: cell monolayer; 4:
Dialysate). Length of the fiber (normal to the faces shown here) L=20mm,
length of the dialysate domain Ld =30mm. Hollow fiber lateral area= 0.13
cm2, Volume of dialysate= 0.3mL. b) Configuration of the different domains of
the model. Blood domain in the center of the hollow fiber membrane in red,
membrane domain in blue, cell monolayer in pink, in contact with the dialysate
domain (yellow). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.).

Fig. 2. Action of organic ion transporters. Step 1: Adsorption of protein-bound uremic toxin on the Organic Anion Transporter. Step 2: Transport of toxins via the
organic ion transporter following a Michaelis-Menten kinetics. Step 3: Desorption of the toxin from the Organic Anion Transporter.
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dissociation rate for toxin i in the porous membrane, Di m, is the diffu-
sivity of species i in the membrane, and Ci m, is the concentration of
toxin i in the porous membrane. The binding equilibrium constant for
toxin i in the presence of HSA is the same as the one in the blood, given
by Eq. (3).

In the cell monolayer region, cells are assumed to spread throughout
the surface, and leave no space between them. The cell monolayer is
modeled as a continuous and homogeneous domain. The main transport
mechanism within the cell monolayer is intracellular transport; this
transport is modeled with a diffusivity constant through the cell
monolayer domain, and, in the absence of more accurate information, it
is assumed that the diffusivity of toxins inside the cell monolayer is
equal to that in water,

∂
∂

− ∇ =
C

t
D C 0i c

i c i c
,

,
2

, (5)

where Di c, is the diffusivity of species i (toxin) in the cell monolayer,
and Ci c, is the concentration of species i in the cell monolayer.

The dialysate domain represents the region outside the hollow fiber.
The properties of the water are adopted for the dialysate. In this do-
main, the leading transport mechanism is diffusion in the longitudinal
and radial directions. The transport equation that describes this domain
is
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where Di,d is the diffusivity of toxin i and Ci,d is the local concentration
of toxin i in the dialysate.

The boundary conditions of the model are as follows.
In the blood domain, along the axial boundary r=0 a symmetry

condition is applied,
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where Ci b, is the concentration of species i in the blood domain. The
external boundary is at r=R1 = 150 µm, where blood is in contact
with the porous membrane, and continuity of fluxes is implemented.
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Ci b, is the concentration of species i in the blood domain, Ci m, is the
concentration of species i in the porous membrane, Di b, is the diffusivity
of species i in the blood domain, and Di m, is the diffusivity of species i in
the porous membrane.

At the inlet face (z=0) the boundary condition is

== =N u r C( ) .i z z b i b z0 , , 0 (9)

=Ni z 0 is the total normal flux of species i in the blood domain,

=Ci b z, 0 is the concentration of species i in the blood domain at the en-
trance.

At the outlet (z= L=20000 µm) the diffusive normal flux is con-
sidered negligible and the total normal flux of species i is their con-
vection flux:
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In the membrane, the boundary conditions at z=0 and
z= L=20000 µm are the no-flux conditions:
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At the interface with the cell monolayer (r= R2 = 250 µm), the
boundary condition dictates that the diffusive transport of each part of
the interface be equal to the Michaelis-Menten uptake rate for the toxin:
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where Vmax is the maximum rate, and Km is the concentration at half-
maximum Michaelis-Menten rate in the cell. The surface rate is ob-
tained from its bulk counterpart by the implementation of a form factor
f, the local volume-to-area ratio at the porous membrane-cell interface.

In the presence of albumin, a similar expression for the rate of
dissociation of the albumin-toxin complex is assumed at the porous
membrane-cell interface as a boundary condition:

=
+
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m i f
,

,

, (12c)

Table 1
Main transport parameters of the model. The effective diffusivity is estimated as
the product of the toxin diffusivity in water with the membrane porosity to
tortuosity ratio.

Blood Porous
layer

Cell monolayer Dialysate

Indoxyl sulfate effective
diffusivity (m2/s)
(25 °C)a

5.58309
10−10

2.5124
10−10

5.58309 10−10 5.58309
10−10

Flowrate (mL/h)b 6 – – –
Porosity/Tortuosity

(dimensionless)c
– 0.45 – –

a Diffusivities estimated using Einstein-Stokes equation [21].
b From experimental conditions [12].
c Based on typical values for hemodialysis hollow fiber polymeric mem-

branes [23,24].

Table 2
Clearance performance for pure IS transport under various conditions. Experimental clearances from [12].

ε/τ (dimensionless) Vmax (μmol/Lmin) Cell diffusivity (m2/s) Km (μmol/L) Sim. Clearance (μmol/cm2 min) Exp. Clearance (μmol/cm2 min)

BASE CASE 0.45 5 105 5.58 10−10 1 43.435 44.00
ET1 0.35 -“- -“- -“- 34.174
ET2 0.25 -“- -“- -“- 24.583
ET3 0.15 -“- -“- -“- 14.859
ET4 0.5 -“- -“- -“- 56.587
VM1 0.45 5 102 -“- -“- 7.117
VM2 -“- 5 103 -“- -“- 43.430
VM3 -“- 5 104 -“- -“- 43.873
CD1 -“- 5 105 5.58 10–11 -“- 39.075
CD2 -“- -“- 2.79 10−10 -“- 39.245
CD3 -“- -“- 2.79 10–13 -“- 15.470 14.08
KM1 -“- -“- 5.58 10−10 100 40.485
KM2 -“- -“- -“- 500 31.534
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Note that the concentration of species i may experience a local
change across the porous membrane/cell interface just like in the
classical dissolution/partitioning model at membrane/bulk interfaces.
From the physical point of view, this is attributed to the local action of
the transporters, whereas mathematically, this is allowed here thanks to
the fact that the two boundary conditions that are imposed are the flux
continuity and the Michaelis-Menten dissociation rate, without having
to impose any additional constraint to the local concentration. On the
other side of the cell, the action of the anti-transporters leads to a de-
layed discharge of toxin into the apical compartment which, in turn,

causes local accumulation of the toxin within the cell domain, next to
the basolateral membrane side. Depending on the interplay between the
barrier or transport behavior of the basolateral and apical sides of the
cell monolayer, local accumulation or depletion of the two cell sides
may be noted.

Continuity of fluxes is applied at the outer boundary of the mono-
layer domain (r= R4 =270 µm):

Table 3
Clearance performance of the IS toxin with albumin present in the blood stream under various conditions. Experimental clearances from [12].

ε/τ (dimensionless) Vmax (μmol/Lmin) Cell diffusivity (m2/s) Km (μmol/L) Sim. Clearance (μmol/cm2 min) Exp. Clearance (μmol/cm2 min)

BASE CASE 0.45 1 106 5.58 10−10 1 84.347 74.00
ET1 0.35 -“- -“- -“- 50.987
ET2 0.25 -“- -“- -“- 48.417
ET3 0.15 -“- -“- -“- 29.536
ET4 0.5 -“- -“- -“- 92.939
VM1 0.45 1 104 -“- -“- 30.991
VM2 -“- 1 105 -“- -“- 64.067
VM3 -“- 1 107 -“- -“- 84.000
CD1 -“- 1 106 5.58 10–11 -“- 84.061
CD2 -“- -“- 2.79 10−10 -“- 84.271
CD3 -“- -“- 2.0 10–13 -“- 0.74 0.81
KM1 -“- -“- 5.58 10−10 5 84.145
KM2 -“- -“- -“- 10 83.931
KM3 -“- -“- -“- 100 88.442

Fig. 3. Evolution of the free indoxyl sulfate concentration profile at z=10mm
in (a) the absence and (b) the presence of albumin. Fig. 4. Free indoxyl sulfate concentration profile at t=10min and (a)

z=1mm, (b) z=10mm, in the absence of albumin. Effect of the Michaelis
Menten constant, Vmax.
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The diffusive normal flux is considered negligible at z=0 and

z= L=20000 µm:
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Finally, in the dialysate domain, the concentration derivative in the
radial direction is negligible (r= R4 =1800 µm)
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At z=0 µm and z= Ld =30000 µm (the length of the dialysate is
larger than that of the fiber), the boundary conditions are zero mass
flux for all toxins.

==N 0i z L, {0, }d (16)

3. Parametric analysis

A parametric analysis for the investigation of the role of the un-
known critical model parameters has been performed. Numerical so-
lution of the differential equations that were presented in the previous
section is achieved by the commercial CFD package COMSOL
Multiphysics®. Emphasis is placed on those parameters that are ex-
pected to affect significantly the toxin removal predictions, yet their
experimental determination is not very practical. These model para-
meters involve the Michaelis-Menten parameters Vmax and KM for the
organic ion transporters, the effective toxin diffusivity in the hollow
fiber membrane, and the toxin diffusivity inside the cell monolayer.

To facilitate the analysis, two sets of parameters are studied,

Fig. 5. Free indoxyl sulfate concentration profile at t=10min and (a)
z=1mm, (b) z=10mm, in the presence of albumin. Effect of the Michaelis
Menten constant, Vmax.

Fig. 6. Indoxyl sulfate clearance vs time in the absence and in the presence of
human serum albumin.

Fig. 7. Experimental indoxyl sulfate clearance (blue, left) vs computer simu-
lation (orange, right) in the absence of albumin. The experimental clearances
are reported by Jansen et al. [12]. First column: Cell monolayer. 2nd column:
cell monolayer and efflux pump inhibitors. 3rd column: cell monolayer and
probocenid inhibitors.

Fig. 8. Experimental indoxyl sulfate clearance (blue, left) vs computer simu-
lation (orange, right) in the presence of albumin. The experimental clearances
are reported by Jansen et al. [12]. First column: Cell monolayer. 2nd column:
cell monolayer and efflux pump inhibitors. 3rd column: cell monolayer and
probocenid inhibitors.
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namely, the Michaelis-Menten kinetics coefficients, and the porous
membrane diffusivity coefficients. A list of default parameter and
uremic concentration values are given in Tables 1–3, either taken from
the literature or determined experimentally.

Toxin diffusivities are calculated using the Einstein-Stokes equation
[21], with an estimated radius of 11.10 Å for indoxyl sulfate. Porosity-
to-tortuosity values are based on typical values for hemodialysis hollow
fiber polymeric membranes [22].

In Table 2, the base case is shown as the specific combination of
concentration of organic ion transporters in the form of Michaelis-
Menten parameter values for which the model was found to provide the
experimental clearance of uremic toxins from the blood. Each and every

parameter was varied while keeping the rest of the parameters constant
at their base values.

3.1. Toxin clearance calculations

Experimental indoxyl sulfate clearance curves, expressed in micro-
liters of indoxyl sulfate removed per minute and square centimeter of
membrane (μL/(min cm2)), were provided at different conditions in
[12]. More recently, upscaled experiments have been performed under
similar conditions [23,24]

The model was adapted to the conditions and geometry of the ex-
periments, and a series of simulations have been performed, using the

Fig. 9. Contour lines for free indoxyl sulfate concentration in the absence of albumin at (a) 1min and (b) 10min.
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following definition of clearance [12]

=Cl
C
C

V
ATIS

IS d

IS b

,

, (17)

where CIS b, is the concentration of indoxyl sulfate at the entrance of the
blood domain, and CIS d, , is the average concentration of indoxyl sulfate
at the dialysate domain. A is the lateral area of the hollow fiber
membrane, V is the volume of the dialysate compartment, and T is the
time of the experiment.

The experimental conditions are as follows: the hollow fiber

membrane is considered homogeneous, the effective length of the fiber
is L=20mm, and the internal and external radii of the membrane are
R1 = 150 and R2 = 250 µm, respectively. The effective length of the
dialysate domain is larger than that of the fiber, Ld = 30mm, as given
by the experimental setup reported in [12].

The blood plasma flow rate is set at Q=0.1mL/min, which is
within the range of the physiological conditions in the kidney and in
accordance with the experimental conditions for the sake of comparison
between predictions and experiments. Initial conditions (at t=0) for
the toxin concentrations include CIS = CIS,0 = 100 μmol/L at the blood

Fig. 10. Contour lines for free indoxyl sulfate concentration in the presence of albumin at (a) 1min and (b) 10min.
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stream and the porous medium for the IS in absence of albumin, while
CIS = CIS,0 = 100 μmol/L for the total (bound plus unbound) IS con-
centration, and C= C0,albumin,0 = 1000 μmol/L for the total (bound
plus unbound) albumin concentration, in equilibrium. These are also
the inlet concentrations of the IS and the albumin at the inlet face of the
blood stream. Zero concentrations are assumed everywhere else in-
itially.

The experiments are performed in four different sets of conditions
which were validated through experiments [12]: indoxyl sulfate
transport with cell monolayer, and indoxyl sulfate transport with cell
monolayer in the presence of an inhibitor of the activity of efflux pumps
in the monolayer, while both conditions were carried out in the pre-
sence and in the absence of albumin. Variation of key parameters of-
fered numerous modified conditions reported in Tables 2, 3 and used
for the parametric investigation of improved BAK designs.

4. Results and discussion

The results of the parametric analysis are presented in this section. It
was found that the flux of the uremic toxins through the membrane
increased significantly when the transporters are active in the cell
monolayer, as expected. The IS concentration in the dialysate is also
increased. The sensitivity of the process efficiency to different para-
meters, such as the effective diffusivity of the porous membrane and the
cells, is also investigated.

In all concentration profile figures that follow, the x-axis represents
the radial position. Unless otherwise noted, the y-axis represents IS
concentration in mmol/m3. The results are given at z=1mm (inlet
plane) and at z= L/2= 10mm (middle plane).

As it was mentioned in Section 2, the adoption of water properties
was based on the fact that most of the pertinent experiments, such as in
[12], were carried out with an aqueous buffer solution. For comparison
purposes, the base case simulations were repeated using the viscosity of
the blood keeping all the other parameters constant and assuming
constant pressure drop conditions along the fiber length. It was found
that the deviation in the prediction of the indoxyl sulfate clearance
varied between 10% and 20%.

The temporal evolution of the free IS concentration profile in the
absence, as well as in the presence of albumin, at the middle plane
(z=10mm), is portrayed in Fig. 3(a),(b). Due to the active transport of
IS by the OATs and its gradual accumulation around the cells, the IS
concentration is increasing in the stagnant dialysate compartment fol-
lowing a distribution typical to that of diffusion with a source on one
side. The absolute values of the concentration in the apical compart-
ment are significantly higher in the case where the albumin is present,
Fig. 3(b), compared to the free-toxin-only case, Fig. 3(a), due to the
positive effect of the albumin on the clearance performance of the
process.

The toxin clearance is affected by the amount of organic ion
transporters and BCRP present in the cell monolayer. In the absence of
accurate data of concentration of OAT in the cells, the effect of these
concentrations is represented in the model by the Michaelis-Menten
parameters Vmax and Km. The effect of the Michaelis Menten constant
Vmax on the free indoxyl sulfate concentration profile in the absence of
albumin near the inlet (z=1mm) and at half the length of the fiber
(z=10mm) for 10min of operation, is portrayed in Fig. 4(a),(b).
Elevated values for Vmax, the maximum Michaelis-Menten rate, lead to
higher fluxes and, thus, higher concentrations in the apical/dialysate
part of the system. On the other hand, sufficiently low values of Vmax

have shown a diminishing effect on the flux into the dialysate region
(see also Table 2), which may imply that IS transport is due to para-
cellular transport only.

As expected, the concentration is increased along the length of the
fiber in the dialysate part as the toxin is gradually amassed therein.
Cases VM1 to VM2 in Table 2 also present the same effect in view of the
toxin clearances, however, a limiting threshold in the clearance

Fig. 11. Relative variation of indoxyl sulfate clearance with different types of
mesh, (a) in the absence, and (b) in the presence of albumin.

Table 4
Parameters of the different meshes used in the simulations.

Type of mesh Type of
element

Number of
elements

Maximum
element size
(μm)

Minimum
element size
(μm)

Coarse Free triangular 12349 3000 60
Normal Free triangular 13094 2000 9
Fine Free triangular 13203 1590 9
Finer Free triangular 14540 1110 3.75
Extra fine Free triangular 16487 600 2.25
Extremely

fine
Free triangular 28972 300 0.6

Boundary
layersa

Free triangular
and quadratic

67823 600 2.25

a A series of boundary layers were added in the cell monolayer and at the
membrane-cell monolayer interface. Number of boundary layers: 18, type of
element in the cell monolayer: quadratic.

R. Refoyo et al. Journal of Membrane Science 565 (2018) 61–71

69



performance can be observed there at elevated Vmax values, as an order
of magnitude increase in the Vmax value (VM2 to VM3) does not pro-
duce any significant gain in the clearance.

The effect of the Michaelis-Menten constant Vmax on the indoxyl
sulfate concentration profile at the inlet (z=1mm) and the middle
plane (z=10mm) for 10min of operation in the presence of albumin is
shown in Fig. 5(a),(b). Vmax, by the standard definition in the Michaelis-
Menten description, is a reaction rate constant multiplied by the max-
imum concentration of enzymes, i.e., in the present case the organic ion
or the efflux transporters in the cell monolayer. Thus, Vmax can be di-
rectly increased or decreased by controlling the concentration of the
organic ion transporters and the efflux transporters at the basolateral
and apical sides of the cell monolayer, respectively. As in the albumin-
free case, increased concentration can be observed along the length of
the fiber as the toxin is progressively accumulated in the dialysate part.
Again, elevated values for Vmax, the maximum Michaelis-Menten rate
that is provided by the OATs, lead to higher fluxes and, thus, higher
concentrations in the apical/dialysate part of the system. The absolute
values show an almost two-fold increase of the concentration in the
apical compartment, due to the positive effect of the albumin on the
clearance performance of the process.

Cases VM1 to VM3 in Table 3 also present the same increasing
performance in view of the toxin clearances. The positive presence of
the presence of albumin in the effect of the Vmax and, thus, the OATs
concentrations, is displayed by the extended range of clearances values
achieved by ever-increasing the Vmax values, in contrast to the no-al-
bumin cases (VM1 to VM3 in Table 2), where a threshold in the
clearance can be observed at elevated Vmax values.

The aim of the hollow fiber membrane is to offer a support for the
ciPTEC cell monolayer and to provide the least possible mass resistance
to albumin and indoxyl sulfate to facilitate the species to reach the cell
monolayer. To this end the effect of the porosity to tortuosity ratio for
the membrane, ε/τ, on the free indoxyl sulfate clearance is studied.
Clearances after 10min of operation, in the absence of albumin at
different ε/τ, are shown in Table 2, cases ET1-ET4. At increased
membrane porosities, the IS toxin has increased effective diffusivities in
the vicinity of the cell, which allows increased fluxes of the toxin,
providing increased rate of interaction with the OATs of the basolateral
wall. This, in turn, provides increased toxin concentrations in the dia-
lysate part, as well as increased clearances. The effect of the porosity to
tortuosity ratio of the membrane, ε/τ, on the IS clearances in the pre-
sence of albumin is shown in Table 3, cases ET1-ET4. Although the
trends are similar to the corresponding ones in the absence of albumin,
the absolute values of the concentrations and, thus, of the clearances,
are nearly double the ones with no albumin present in the blood stream.
The value of ca. 80 μL/cm2min is achieved with the base case of Table 3
in accordance to the experimental results [12], portraying the positive
effect of the albumin on the toxin clearance. For the BAK device, al-
bumin and the PBUT should be able to reach the cell monolayer without
any interaction with the support polymeric membrane. The experi-
mental studies were actually performed using commercial available low
fouling membranes used for plasma filtration [12,24]. Besides, due to
the relatively short time of the experiments, phenomena that are related
to membrane fouling are not considered here.

The fluxes that resulted from the variation of the other parameters
follow the respective trends of the concentration distributions, with
nearly double clearances compared to the free-toxin cases, Table 2.

Cases CD1 and CD2 correspond to the indoxyl sulfate clearance as
the diffusivity of the toxin in the cell monolayer is varied by half an
order of magnitude, in the presence and in the absence of albumin
(Tables 2, 3, respectively). It is noted that the variation of the cell
diffusivity in this range does not affect significantly the indoxyl sulfate
clearance.

Parametric analysis for the effect of the Michaelis-Menten constant
Km on the free indoxyl sulfate concentration profile at z=10mm and
t=10min in the absence of albumin is shown in Table as cases KM1-

KM2. By the typical definition of the Michaelis-Menten kinetics, the Km

values embody the OATs concentration at half-maximum rate (Vmax/2).
Increased Km values, being in the denominator of the Michaelis-Menten
reaction kinetics, seemingly lower the toxin flux permeating the cell
through the OAT transport, and the dialysate concentration, as well.
This is also evident in cases KM1-KM3 of Table 3, reporting the positive
effect of the presence of albumin in the toxin clearance performance of
the cells.

The clearances of pure IS for the various parametric calculations
that were performed here are provided in Table 2. Clearance of ca.
43 μL/cm2 min is achieved with the base case of Table 2, reproducing
quite closely the experimental value reported by [12] for pure IS
transcellular transport. The clearance in the presence of albumin,
Table 3, are also aligned with experimental findings, and a clearance of
ca. 84 μL/cm2 min is obtained with the base case of this configuration.
The impeding effect of the presence of inhibitors in the apical part of
the cell on the clearance (Cl becomes low, practically diminishing) is
modeled by the decrease of the cell diffusivity (case CD3), compared to
the no-inhibitors base case (base value). This is true both in the ab-
sence, Table 2, and in the presence of albumin, Table 3.

The temporal evolution of the clearance in the absence and in the
presence of HSA is portrayed in Fig. 6. The temporal clearance, calcu-
lated from the volume integral of the concentration over the apical
compartment, that is, the total toxin mass in the dialysate relative to the
total toxin mass entered in the blood stream with the time frame of
reference, T, Eq. (17), increases with time; however, it reaches a lim-
iting value due to the finite volume of the apical compartment in both
cases.

Figs. 7, 8 show the indoxyl sulfate experimental clearance compared
with the ones obtained from the models at several conditions. The re-
ported experimental clearances for indoxyl sulfate in the absence of
albumin are 44 μL/cm2 min in the base case, and 14 μL/cm2 min and
20 μL/cm2 min in the cases of efflux pump inhibitors and OAT in-
hibitors, respectively. The model reports indoxyl sulfate clearances of
44 μL/cm2 min in the base case, and 15 μL/cm2 min in the cases of
inhibitors. In the presence of albumin, the experimental results are
74 μL/cm2 min for the base case, and 0.8 μL/cm2 min and 0.4 μL/cm2

min in the cases of efflux pump and OAT inhibitors, respectively. The
corresponding calculated clearance values in the presence of albumin
are 85 μL/cm2 min for the base case, and 0.7 μL/cm2 min when the
effect of inhibitors is implemented.

Figs. 9, 10 show the distribution for free indoxyl sulfate con-
centration along the fiber at t=1 and t=10min, in the absence
(Fig. 9) and in the presence (Fig. 10) of albumin. In both cases, there is
a noticeable increase of free indoxyl sulfate concentration close to the
cell monolayer, due to the active role of the organic ion transporters. An
increase of indoxyl sulfate concentration in the dialysate domain is
observed as time progresses. The levels of free indoxyl sulfate at the
blood outlet after 10 min of operation are 93 μmol/L in the absence of
albumin, and 21 μmol/L in the presence of albumin. It is useful to recall
here that the inlet concentrations of free indoxyl sulfate are 100 μmol/L
in the absence of albumin, and 23 μmol/L in the presence of albumin.
The rest of indoxyl sulfate in this case is bound to albumin and it is
liberated when the complex albumin-IS reaches the cell monolayer.

Fig. 11(a),(b) show the relative variation of indoxyl sulfate clear-
ance expressed as percentage of the base value, if meshes of different
types and resolutions are implemented. The parameters of the mesh
used are displayed in Table 4. The most accurate mesh considered here
is the “boundary layer” mesh, which involves an extensive series of
boundary layers (order of ten) explicitly added in the cell monolayer
and at the monolayer interfaces in order to improve the accuracy at the
points of action of the organic ion transporters. The indoxyl sulfate
clearance varies by up to 0.57% in the absence of albumin, and by up to
0.59% in the presence of albumin when different types of meshes are
used. The “boundary layer” mesh gives the most accurate results;
however, the computational time is 5 times higher when compared to

R. Refoyo et al. Journal of Membrane Science 565 (2018) 61–71

70



the rest of the meshes. Consequently, the mesh that is used to perform
the bulk of the simulations is the “extra fine” mesh (see Table 4 for
mesh details), which offers a reasonable compromise between accuracy
and computational time, and provides results practically as accurate as
the “boundary layer” one. The computer used for the simulations has
the following specifications: Intel(R) Xeon(R) CPU E5–2620 v3 at
2.40 GHz with 12 cores on 2 sockets. The number of cycles per simu-
lation was 275 in the absence of albumin, and 129 cycles in the si-
mulations where the albumin is present. The average computational
time was 120 s in the absence of albumin, and 75 s in the presence of
albumin.

5. Conclusions

A multiple domain model of transport and reaction processes was
developed for a fiber sample as part of a BAK device, consisting of the
blood stream, a porous membrane, a cell monolayer, and a dialysate
compartment. Detailed description of the transport, binding/dissocia-
tion, and uptake phenomena is provided within the different domains
and at the domain interfaces. The model was divided into different
domains corresponding to the individual parts of the BAK device, and
considered all the relevant transport and reaction mechanisms in each
domain. A combined mechanism was implemented to describe the ac-
tive transport mechanism of organic ion transporters in the cell
monolayer, and the role of several important model parameters was
quantified, including the Michaelis-Menten kinetic parameters, the
porosity-to-tortuosity ratio of the hollow fiber membrane, and the ef-
fective diffusivities in the porous membrane and the cell monolayer.

The model offered valuable predictions of uremic toxin transport
from blood through a multilayer hollow fiber membrane in the presence
of an active cell monolayer at different physiological conditions. At a
blood flowrate of 6mL/h and a concentration of 0.1 μmol/l of total IS,
the model predicts a IS clearance of 43 μL/(min cm2) in the absence of
albumin and a clearance of 84 μL/(min cm2) in the presence of 1 μmol/l
of human serum albumin. In out model, IS clearance close to zero is
predicted when the activity of transporters is inhibited. The above
predictions reproduce very closely the experimental data reported in
the literature [12,14].

The parametric study concludes that the concentrations of organic
ion transporters or, equivalently, the Michaelis-Menten constants, are
the most important model parameters affecting the removal of indoxyl
sulfate. The effect of the Michaelis-Menten constants simulates the
OATs and anti-OATs behavior. Given that their experimental determi-
nation is not practical, this parametric analysis offered a quantitative
insight on the role of these parameters in the mechanisms of the
clearance process of these toxins.

The present model suggests that, in order to achieve higher PBT
removal, the rate of transport of PBTs through the polymeric membrane
should be maximized using membranes with a higher porosity/tortu-
osity ratio as stated in cases ET1 to ET4 in Tables 2, 3. In addition, the
model predicts that an increase of the Vmax in the Michaelis-Menten
model leads to improved clearance. Given that Vmax is, by definition, a
reaction rate constant multiplied by the concentration of organic ion
transporters in the cell monolayer, it is concluded that Vmax can be
increased by increasing the concentration of organic ion transporters
and efflux transporters at the basolateral and apical sides of the cell
monolayer, respectively. This point can be achieved either by in-
creasing the cell density in the monolayer, or increasing the con-
centration of transporters in the cells.

In the future, additional transport mechanisms, such as the recovery
of electrolytes from the dialysate, the para-cellular transport, and more
detailed description of the nature and behavior of the cell monolayer
can be included in the model, as well as the a scaling-up of the model
for several fibers in parallel.

This work sets the first steps in building a functional computational
model of a bioartificial kidney device (BAK) and proved that it can

become a valuable tool for the validation and the design of new or
improved configurations and guide the design of further experimenta-
tion strategies.
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