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The limited removal of metabolic waste products in dialyzed kidney patients leads to high morbidity and
mortality. One powerful solution for a more complete removal of those metabolites might be offered by a
bioartificial kidney device (BAK), which contains a hybrid “living membrane” with functional proximal
tubule epithelial cells (PTEC). These cells are supported by an artificial functionalized hollow fiber
membrane (HFM) and are able to actively remove the waste products. In our earlier studies, conditionally
immortalized human PTEC (ciPTEC) showed to express functional organic cationic transporter 2 (OCT2)
when seeded on small size flat or hollow fiber polyethersulfone (PES) membranes. Here, an upscaled
“living membrane” is presented. We developed and assessed the functionality of modules containing
three commercially available MicroPES HFM supporting ciPTEC. The HFM were optimally coated with
L-Dopa and collagen IV to support a uniform and tight monolayer formation of matured ciPTEC under
static culturing conditions. Both abundant expression of zonula occludens-1 (ZO-1) protein and limited
diffusion of FITC-inulin confirm a clear barrier function of the monolayer. Furthermore, the uptake of 4-
(4-(dimethylamino)styryl)-N-methylpyridinium iodide (ASPþ), a fluorescent OCT2 substrate, was stu-
died in absence and presence of known OCT inhibitors, such as cimetidine and a cationic uremic solutes
mixture. The ASPþ uptake by the living upscaled membrane was decreased by 60% in the presence of
either inhibitor, proving the active function of OCT2. In conclusion, this study presents a successful
upscaling of a living membrane with active organic cation transport as a support for BAK device.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Within the growing worldwide population of kidney patients
undergoing dialysis treatment, mortality (15–20% per year) and
morbidity remain high (Vanholder et al., 2003a). One of the rea-
sons could be the limited removal of protein-bound retention
solutes (Krieter et al., 2009; Meyer et al., 2005). Their
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accumulation is strongly associated with the fatal outcome in the
patients (Vanholder et al., 2014). In the functional kidney, proximal
tubule epithelial cells (PTEC), equipped with a broad range of
transporters, mediate the excretion of those solutes. One of the
PTEC transporters involved in the excretion of cationic uremic
metabolites and drugs is the basolateral organic cation transporter
– 2 (OCT2; SLC22A2) (Schophuizen et al., 2013).

The development of a PTEC-based bioartificial kidney (BAK)
device could improve existing dialysis therapies for the removal of
protein-bound uremic retention solutes (Jansen et al., 2014a;
Vanholder et al., 2003a). A key requirement for a BAK is the for-
mation of a “living membrane” consisting of a tight monolayer of
renal cells with preserved functional organic ion transporters,
grown on an artificial porous hollow fiber membrane (HFM). One
side of these HFM need to be highly haemocompatible since it
would be in contact with blood, whereas the other side should be
bioactive to support the formation of a cell monolayer.

Several groups have presented their achievements in upscaled

www.sciencedirect.com/science/journal/00142999
www.elsevier.com/locate/ejphar
http://dx.doi.org/10.1016/j.ejphar.2016.07.009
http://dx.doi.org/10.1016/j.ejphar.2016.07.009
http://dx.doi.org/10.1016/j.ejphar.2016.07.009
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejphar.2016.07.009&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejphar.2016.07.009&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejphar.2016.07.009&domain=pdf
mailto:d.stamatialis@utwente.nl
http://dx.doi.org/10.1016/j.ejphar.2016.07.009


Fig. 1. Upscaled “living membrane”. (A) Picture of one module used for upscaled
“living membrane” model. Three MicroPES hollow fiber membranes (HFM) within a
housing composed of PE, PP and silicone parts, Luer Lock fittings and caps. (B) SEM
image of three MicroPES HFM. (C) Scheme of a transversal cut of one “living
membrane”. Not at proportional scale.
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BAK systems in recent years (Humes et al., 2014; Saito et al., 2011;
Tasnim et al., 2010). In terms of materials for the HFM, Poly-
ethersulfone (PES), polysulfone (PSF), polyacrylonitrile (PAN) and
cellulose acetate membranes have mostly been evaluated (Ni et al.,
2011). Those materials were chosen for their good haemo-
compatibility properties and limited fouling, and therefore had to
be functionalized by various extracellular matrix (ECM) compo-
nents, such as laminin, polylysine, pronectin, gelatin, or collagen IV
(Ni et al., 2011; Schophuizen et al., 2015; Zhang et al., 2009). As for
the renal cell lines, the ones originating from humans are pre-
ferred to those from other species (Shitara et al., 2006; Tahara
et al., 2005). Several groups showed the presence of various
markers, indicating that the cells preserved their phenotype (Oo
et al., 2011) without characterizing their function (Humes et al.,
2004; Oo et al., 2011, 2013; Sanechika et al., 2011; Zhang et al.,
2009). Moreover, the most important drawbacks of primary cells
are limited availability, low proliferative capacity and donor-to-
donor variation.

To overcome these drawbacks, the recently developed and
well-characterized conditionally immortalized human PTEC line
(ciPTEC) is a suitable candidate to develop an efficient BAK system
(Jansen et al., 2014b; Wilmer et al., 2010). The ciPTEC were
transduced with human telomerase (hTERT) that limits replicative
senescence by telomere length maintenance. In addition, their
proliferation is controlled by the temperature sensitive vector
SV40tsA58, allowing proliferation at 33 °C and differentiation in
mature PTEC at 37 °C. Two of our recent studies proved the con-
cept of using the PTECs for BAK application. In fact, when the cells
were cultured on bioactive Polyethersulfone (PES)-based flat sheet
membranes (Schophuizen et al., 2015) or small size hollow fibers
(Jansen et al., 2015), they presented functional OCT2.

In this work, we investigated the upscaling of this concept and
developed modules containing three “living membranes”. The
transport properties of the polymeric membrane and the quality
and function of the grown ciPTEC monolayer were systematically
investigated, including the expression of zonula occludens-1 (ZO-
1) protein and the diffusion of fluorescein isothiocyanate (FITC)-
labelled-inulin (inulin-FITC). Moreover, we also studied the uptake
of a specific fluorescent OCT substrate in the presence or absence
of the OCT inhibitors (Schophuizen et al., 2013).
2. Materials and methods

2.1. Chemicals

All chemicals were purchased from Sigma-Aldrich (Zwijn-
drecht, The Netherlands) unless stated otherwise. MicroPES TF10
hollow fiber capillary membranes (HFM) (wall thickness 100 mm,
inner diameter 300 mm, max pore size 0.5 mm) were purchased
from 3M – Membrana GmbH (Wuppertal, Germany). CiPTEC were
cultured as described previously (Wilmer et al., 2010).

2.2. Module preparation

MicroPES HFM were mounted into mini modules composed of
Kartell PP T-shaped connectors (Fisher Scientific, Landsmeer, the
Netherlands) and PE rigid semi-transparent tubing diameter 6–
8 mm (VWR International B.V, Amsterdam, the Netherlands), see
Fig. 1. The modules were potted with polyurethane bi-component
resin (Intercol B. V, Ede, the Netherlands), allowed to dry for at
least 24 h, and cut open. To ensure further ease of use of the
modules, we added Luer Lock fittings and caps (Cole Palmer, Me-
trohm Applikon BV, Schiedam, the Netherland) to the inlets and
outlets, and connected them together using silicon tubing (VWR
International B. V, Amsterdam, the Netherlands). Three fibers were
mounted in every module, with an effective length of 8.570.5 cm
and a surface of 4.0170.25 cm�2 available for cell seeding. After
cell seeding, extra luminary inlets were supplemented with gas
exchange Sartorius Minisart sterile filters (Fisher Scientific, Land-
smeer, the Netherlands).

2.3. Membrane sterilization and coating

The bioactive coating was performed on the extraluminal side
of the HFM, with slight modifications to the previously established
methods (Jansen et al., 2015; Ni et al., 2011). The modules were
sterilized using 70% (v/v) EtOH incubation for one h, washed and
incubated using sterile 10 mM Tris buffer (pH 8.5) for 1 h. The
primary coating component L-Dopa (L-3,4-dihydrox-
yphenylalanine, 2 mg ml�1) was dissolved in Tris buffer at 37 °C
for 45 min. The L-Dopa solution was sterile filtered and injected in
the extraluminal space of the module, completely filling it. The
primary coating was performed at 37 °C, on a shaking device, for
20 h. Afterwards, the L-Dopa solution was removed; the modules
were washed with Hank’s balanced salt solution (HBSS) (Fisher
Scientific, Landsmeer, the Netherlands) buffer and filled with the
second coating component – human collagen IV (25 μg ml�1 in
HBSS). The coating with collagen IV was performed at 37 °C, on a
shaking device, for 2 h. Finally, the collagen IV solution was re-
moved and the modules were washed with HBSS.

2.4. Membrane characterization

The membrane topography of both uncoated and coated HFM
was visualized using scanning electron microscopy (SEM), as de-
scribed previously (Jansen et al., 2015; Schophuizen et al., 2015).
We used an OSMO Inspector automated setup (Convergence B. V,
Enschede, The Netherlands) to quantify the transport of pure
water (Merck Millipore, Billerica, MA) and PBS solutions with
1 mg/ml bovine serum albumin (BSA) and 0.02 mg/ml im-
munoglobulin G (IgG) solutions through the uncoated and coated
cell-free HFMs. The flux through the membranes (J, in l m�2 h�1)
was plotted as a function of the Transmembrane Pressure (ΔP, in
bar). The permeance (L, in l m�2 h�1 bar�1) was calculated from
the slope of this curve. Every pressure step was maintained for
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30 min. The sieving coefficients (SC) for BSA and IgG were de-
termined by dividing the concentration of these proteins in the
permeate by their concentration in the feed protein solution. BSA
and IgG concentrations were measured by spectrophotometric
analysis (Agilent Technologies, Cary 300 UV–vis system) using
quartz cuvettes at 280 nm.

2.5. Cell culture

The ciPTEC cell line (Wilmer et al., 2010) was cultured at a 33 °C
proliferating temperature in a ciPTEC complete medium prepared
as follows: phenol red free Dulbecco's modified Eagle medium
DMEM-HAM's F12 (Lonza; Basel, Switzerland) was supplemented
with 10% v/v foetal calf serum (FCS; Greiner Bio-One; Alphen a/d
Rijn, The Netherlands), insulin, transferrin, selenium (ITS; I¼5 mg/
ml; T¼5 mg/ml; S¼5 ng/ml), 36 ng/ml hydrocortisone, 10 ng/ml
epidermal growth factor and 40 pg/ml tri-iodothyronine. Anti-
biotics were added to the medium only in the proliferating culture.
During maturation at 37 °C, the culture media were antibiotic free.
CiPTEC were cultured up to a maximum of 40 passages, during
which the proximal tubular characteristics remain unaltered
(Wilmer et al., 2010).

2.6. HFM modules handling

Prior to cell seeding, modules were incubated for 1 h in ciPTEC
complete medium. Proliferating 90% confluent ciPTEC were de-
tached using Accutase (StemPros Accutases, Life Technologies
Europe BV, Bleiswijk, the Netherlands), centrifuged and suspended
at 2.5 million cells/ml density in the ciPTEC complete medium. The
modules’ extraluminal space was completely filled with the cell
suspension. To promote initial cell attachment, the modules were
placed at 33 °C, 5% CO2 for 8 h, with a rotation of 90° every 2 h.
Afterwards, modules were washed with the ciPTEC complete
medium, provided with gas exchange filters and cellular pro-
liferation was allowed for additional 64 h. Finally, the temperature
was changed to 37 °C for 7 days to promote the formation of a
differentiated monolayer. During the whole culture period, ciPTEC
were supplemented with fresh culture media every day.

2.7. Immunochemistry

The expression of OCT2, zonula occludens-1 (ZO-1) in ciPTEC
monolayers on hollow fibers were investigated using the im-
munocytochemistry methodology as previously described (Jansen
et al., 2014b) and examined under the Nikon confocal A1/ super
resolution N-STORM microscope (Nikon Instruments Europe B.V,
Amsterdam, The Netherlands). Images were captured using the
NIS-elements analysis software, version 4.40.000.

2.8. Transepithelial barrier function

Paracellular permeability was quantified in the living mem-
branes following the previously described method (Jansen et al.,
2015). Shortly: after washing the modules with Krebs-Henseleit
buffer supplemented with HEPES (10 mM; KHH buffer), inulin-
FITC (0.1 mg ml�1 in KHH buffer) was perfused at 18 ml h�1 at
37 °C for 15 min. The fluorescence of the samples and of a standard
range of concentrations was measured using a Tecan infinite
M200PRO plate reader (Tecan Austria GmbH) at an excitation
wavelength of 485 nm and an emission wavelength of 535 nm.
Coated and uncoated HFM without cells were used as negative
controls. The flux of inulin-FITC (J) was calculated in
pM min�1 cm�2, using an average molar mass of 4500 mg/mM for
inulin-FITC.
2.9. Functional organic cation transport

The activity of OCT2 was evaluated by perfusing the modules
with the fluorescent substrate 4-(4-(dimethylamino)styryl)-N-
methylpyridinium iodide (ASPþ , 10 mM) in KHH buffer, at
18 ml h�1 at 37 °C for 30 min. The assay was performed in the
presence or absence of a cationic uremic toxin mix (UT mix; 10
times the uremic plasma concentrations reported in the literature
(Schophuizen et al., 2013)) or cimetidine (100 mM). After perfusion,
the modules were washed with KHH buffer and fixed for 30 min in
a fixing solution (4% Sucrose, 2% Paraformaldehyde in HBSS).

The modules were carefully cut open and the extracted fibers
were mounted on microscopy slides using Dako fluorescent
mounting media (Dako Netherlands B.V, Heverlee, Belgium). Slides
were directly analysed at a constant laser intensity using the Ni-
kon confocal A1/ super resolution N-STORM microscope. Images
were captured using the NIS-elements analysis software (version
4.40.000) and quantification of the data was performed using
ImageJ software (ImageJ 1.40 g, NIH, USA). The average pixel in-
tensities of four cells in the focal plan were extracted for the var-
ious conditions.

2.10. Data analysis

Every experiment was performed at least in duplicate. The
number of samples (n) measured is indicated and presented in
each figure legend. The results are presented as mean 7 standard
deviation. Statistical analysis was performed in the SPSS software
(IBPM SPSS Statistics version 23.0) using a one-way analysis of
variance (ANOVA) or Student's t-test, where appropriate. A P-value
of o0.05 was considered significantly different.
3. Results

3.1. Membrane characterization

The surface of MicroPES HFM was functionalized via a double
coating to allow the formation of a tight homogeneous cell
monolayer. This coating was successfully used on a flat PES
membrane (Schophuizen et al., 2015) and then on a single small
(1–2 cm long) HFM (Jansen et al., 2015). Here, we performed the
coating on the upscaled system of three HFM with a total surface
area of 470.25 cm2. Some previous studies (Kandasamy et al.,
2014) and preliminary experiments with shorter coating time
(data not shown) suggested that a prolonged coating of mem-
branes is necessary to generate a reliable and reproducible cell
monolayer. Therefore, the previously optimized L-Dopa coating
time was extended until 20 h instead of 5 h (on small HFM) (Jan-
sen et al., 2015) or a few min (on flat membranes) (Schophuizen
et al., 2015). The collagen IV coating time was also extended to 2 h
instead of 1 h as was done previously (Jansen et al., 2015).

Fig. 2 compares the SEM images of the surface and cross-sec-
tions of uncoated and coated HFM in the absence of cells. Although
we applied a longer coating time for L-Dopa, the pores remain
open. The slight colour difference between uncoated and coated
HFM is due to the charge of the sample during SEM analysis and
does not reflect the coating state.

The effect of the coating on the membrane transport properties
was measured by clean water and proteins transport experiments.
Fig. 3A shows the clean water flux (CWF) through the uncoated or
coated HFM at different pressures and Fig. 3B shows the SC of BSA
and IgG at the same pressure range. The clean water permeance of
the coated membranes ((10.671.7) �103 l m�1 h�1 bar�1) is lower
(Po0.001) than the permeance of the uncoated membranes,
((18.271.9) �103 l m�1 h�1 bar�1) but is still very high.



Fig. 2. SEM images of MicroPES HFM. (A) uncoated and (B) with L-Dopa and collagen
IV double coating.
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These results are consistent with the SEM observation that the
pores of the coated membranes are open (Fig. 1B). Besides, BSA
with a molecular weight �66 kDa still passes freely through the
coated membrane, as demonstrated by the SC (0.9970.00 versus
0.9870.01), Fig. 3B. The passage of a larger protein molecule, IgG
(molecular weight �166 kDa), is partially affected (SC 0.7970.04
versus 0.9770.02 for the uncoated HFM, Po0.001). These results
indicate a slight decrease in the pore size caused by the prolonged
coating.
Fig. 3. HFM transport properties. (A) Clean water fluxes (CWF) and (B) sieving coefficie
coated HFM. (A) The slope of the CWF as a function of the pressure gives the membrane p
* Po0.001 using an unpaired t-test.
3.2. Cell monolayer integrity

Fig. 4 shows representative images of ciPTEC cultured on Mi-
croPES HFM. Only a few cells can be found on the uncoated HFM
(Fig. 4A). The L-Dopa (5 h) and collagen IV (1 h) double coating
strongly improves cellular adhesion of the ciPTEC (Fig. 4B), but
does not lead to the formation of a complete cell monolayer. The
prolonged L-Dopa (20 h) and collagen IV (2 h) coating allows the
formation of a uniform ciPTEC monolayer (Fig. 4C and D). In this
condition, the abundant expression of the Zonula Occludens 1 (ZO-
1) protein along the cell boundaries confirms the presence of tight
junctions between the cells. In addition to a polarized epithelial
barrier, the tight junction proteins contribute to fluid and ion
homeostasis mediated by paracellular transport (Kirk et al., 2010).
This tight cell monolayer is present on the whole length of the
HFM within a module and is achieved for all three HFM (data not
shown).

Fig. 4E shows the paracellular leakage of inulin-FITC as
mean7standard deviation of three experiments performed at
least in triplicate. Since no active transcellular transport has been
reported for inulin-FITC, its paracellular leakage was used an in-
dicator of passive diffusion and thus monolayer tightness (Scho-
phuizen et al., 2015). When compared to the uncoated or coated
HFM without cells, the coated HFM with renal cell monolayer
presents a low inulin-FITC leakage (778756 pM min�1 cm�2 and
81272 pM min�1 cm�2 vs 3017103 pM min�1 cm�2, respec-
tively (Po0.001 using an unpaired t-test)). Consistent with the
previous microscopy data, the paracellular low inulin-FITC leakage
confirms formation of a tight ciPTEC monolayer.

3.3. Cell function – ASPþ uptake

To further examine the functionality of the matured ciPTEC
monolayers grown on functionalized HFM modules, we assessed
the activity of OCT2, which is expressed along the basolateral
membrane of PTEC. This transporter is responsible for the uptake
of cationic uremic metabolites (Schophuizen et al., 2013) and may
be crucial for their renal elimination. Here, we perfused the HFM
modules intraluminally with ASPþ , an OCT2 fluorescent substrate,
in the absence or presence of competitive inhibitors of OCT2
mediated uptake: either uremic cationic toxin mix or cimetidine
(Schophuizen et al., 2013). Fig. 5A shows representative confocal
images of the three conditions. The uptake of the ASPþ alone gives
nts of bovine serum albumin (BSA) and immunoglobulinG (IgG) for uncoated and
ermeance. Data are shown as mean7standard deviation of three samples per case.



Fig. 4. Monolayer quality of ciPTEC cultured on HFM. (A, B, C, D) Representative confocal microscopy images of ciPTEC cultured on HFM with in blue the DAPI staining of nuclei
and in green the immunostaining for ZO-1 (A, B, C, D). (E) Inulin-FITC paracellular leakage. A – Uncoated HFM. B – HFM with short coating time. C and D – HFM with optimal
coating time. Data are presented as the mean7standard deviation of at least 4 samples. *Po0.001 using an unpaired t-test. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article).
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a strong fluorescent signal, which is significantly reduced in pre-
sence of either uremic toxin mix or cimetidine (Fig. 5B). The in-
tensity of the fluorescent signal in presence of inhibitor is nor-
malized to the signal of the uptake of the ASPþ alone, after 30 min
of perfusion. The ASPþ uptake is inhibited by �60% by both ure-
mic cationic toxin mix and cimetidine (39% and 36% of the original
intensity, respectively), confirming a functional monolayer is cre-
ated on double-coated HFM in the modules.
4. Discussion

In this study, we developed upscaled modules of “living mem-
branes” for BAK with a functional ciPTEC monolayer grown on
coated MicroPES HFM. The double coating of L-Dopa and collagen
IV was thin and preserved the membrane transport properties. The
cells formed homogeneous monolayers with well-expressed ZO-1
protein and low paracellular leakage. As proof of concept, the



Fig. 5. Functional organic cation transporter-2 transport. (A) Representative confocal microscopy images and (B) quantification of ASPþ uptake (10 mM) in the absence or
presence of specific inhibitors (cationic uremic toxin mix (UT mix), cimetidine (cim, 100 mM)) in matured ciPTEC cultured on upscaled HFM. The perfusion lasted for 30 min.
Data are normalized against ASPþ uptake in the absence of inhibitors and presented as mean7standard deviation of four measurements of the intensity of four cells in the
projection plan, from two HFM containing modules. *Po0.001 using ANOVA.
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obtained ciPTEC monolayers demonstrated active uptake a specific
OCT substrate, demonstrative of the successful upscaling of a “living
membrane” suitable for a BAK device.

The MicroPES membrane is designed for plasma fractionation
and, therefore, has antifouling properties. Hence, it does not pro-
mote cell adhesion and requires a functionalization on the extra-
luminal side. The first coating component – L-Dopa – is enriched in
mussel-like adhesive proteins and can adhere to a wide range of
surfaces (Lee et al., 2007). The second coating component – col-
lagen IV – is an essential positively charged component of the
extracellular matrix of renal tubular epithelial cells and has pre-
viously been successfully used, in combination with the negatively
charged L-Dopa, to establish a PTEC monolayer both for primary
cells (Oo et al., 2011) and ciPTEC (Schophuizen et al., 2015). To
support the growth of ciPTEC on the outer surface of the HFM
(4 cm2), this double coating, initially applied for a few min for PES
flat membranes (Schophuizen et al., 2015), has been later applied
for several h (5 h L-Dopa þ1 h collagen IV) for single fiber HFM
(0.13 cm2) (Jansen et al., 2015). However, when such coatings were
applied in our module system, no reproducible monolayer could
be obtained (Fig. 4B). We had to prolong the L-Dopa coating to
20 h, and therefore came closer to the coating conditions pre-
viously applied for primary renal cells (Oo et al., 2011). As to the
collagen IV, the coating was also extended to obtain the desired
deposition pattern to promote the initial cell adhesion. Moreover,
a low speed dynamic regime during the L-Dopa coating (shaking
or low flow) was applied to ensure a good homogeneity of the
coating on the whole membrane length and within all the HFM of
the same module.
The double coating seems to decrease the membrane pore size as

shown by the clean water flux and the sieving of BSA and IgG ex-
periments. However, the transport though the membrane is still high,
allowing transport of nutrients and toxins. Compared to the previous
study with the small HFM (Jansen et al., 2015), both clean water
permeance and IgG sieving coefficients are decreased ((10.671.7) �
103 l m�1 h�1 bar�1 versus (16.470.7) �103 l m�1 h�1 bar�1 and
0.7970.04 versus 0.9070.01 respectively). The fact that both BSA and
IgG can pass through the HFM and reach the ciPTEC monolayer should
not be detrimental for a BAK application, since the ciPTEC tight
monolayer is intended to form the functional barrier against the loss of
essential proteins by the patient. Besides, the transport of albumin
through the membrane towards the ciPTEC monolayer may be ad-
vantageous for the elimination protein bound compounds (Vanholder
et al., 2003a), since those need to be in close proximity to the cell
transporters.

The ciPTECmonolayer was characterized after 7 days of maturation
at 37 °C in the upscaled modules. The confocal microscopy shows
regular nuclei, homogeneous cell shapes and abundant expression of
the tight junction protein ZO-1. This underlines the epithelial character
of the ciPTEC monolayer, which is confirmed further by low inulin-
FITC diffusion. When compared to the results obtained for the single
HFM (Jansen et al., 2015), the inulin transport through the HFM both
with and without cells is similar (without cells:
973770 pMmin�1 cm�2 now compared to 12007193 pMmin�1

cm�2 previously; with cells: 3037129 pMmin�1 cm�2 now com-
pared to 373742 pMmin�1 cm�2 previously). A similar range of
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inulin-FITC permeability was found earlier in vitro, too (Ferrell et al.,
2010). Apparently, the longer coating time in this study (versus the
small scale HFM) does not affect the inulin diffusion
(973770 pMmin�1 cm�2 for the coated HFM versus
101672 pMmin�1 cm�2 for the uncoated HFM). This result was to
be expected since the inulin-FITC is much smaller than BSA (inulin has
a molecular weight of �4.5 kDa and BSA has one of �66 kDa), which
passes freely through the membrane. Finally, the high standard de-
viation (3037129 pMmin�1 cm�2 Fig. 4) obtained for the HFM with
cell monolayer may suggest some local irregularities in the epithelial
barrier due to the more complex handling and characterizing proce-
dures. In other studies, intraluminal seeding of the PTEC was preferred
(Humes et al., 2002; Saito et al., 2012; Tasnim et al., 2010) and required
an inverted design of the HFM, with a selective layer on the extra-
luminal wall to avoid pore clogging (Oo et al., 2011). Though the ex-
traluminal cell seeding has been reported less frequently (Oo et al.,
2013), it allows the use of commercial HFM designed for plasma
fractionation, having the selective layer on the intraluminal wall. This,
together with the compatibility with our imaging techniques, justifies
the configuration used here.

Finally, our upscaled system can preserve the functionality of
the OCT-2 of the ciPTEC monolayer, which is crucial to ensure the
clearance of cationic uremic solutes (Vanholder et al., 2003b; Zolk
et al., 2009) in a BAK application. We analysed the uptake of the
specific fluorescent substrate ASPþ and its inhibition in the pre-
sence of a polyamine and guanidino cationic uremic toxin mixture
(Schophuizen et al., 2013), as well as in the presence of cimetidine
(Fujita et al., 2006; Kido et al., 2011; Urakami, 2002). The intensity
of the intracellular fluorescence signal corresponding to the ASPþ

uptake alone is very strong (Fig. 5A). This intensity decreases
dramatically in presence of either inhibitor. The inhibitory effect of
the uremic toxin mixture observed here, is slightly stronger than
that for a small fiber (Jansen et al., 2015), probably due to either
the prolonged uptake time (30 min instead of 13 min), or the
system upscaling (4.01 cm2 against 0.13 cm2 previously). Indeed,
in the upscaled system, 4.01 cm2 of cells received daily 2.5 ml of
medium. The small HFM were cultured in 6 well plates, and thus
0.13 cm2 of cells were receiving 2.5 ml of medium every 2 or
3 days. In order to compare more accurately both systems, com-
plete analysis should be performed at several time points.
5. Conclusion and outlook

This work presents the upscaling of a “Living Membrane”
comprising of functionalized MicroPES HFM supporting ciPTEC.
This Living Membrane, developed under static culturing condi-
tions, exhibits a uniform, reproducible and tight ciPTECs mono-
layer. Our work shows that PTEC cultured in this upscaled system
feature active organic cationic transport, crucial for the removal of
uremic cationic metabolites.

The next step towards a functional BAK device is to culture the
cells while exposing them to a unidirectional flow with relative
shear stress to mimic the natural kidney proximal tubule phy-
siology. There is evidence (Weinbaum et al., 2010) the ciPTEC
brush-border barrier height and therefore surface available for
uremic metabolites uptake increases significantly when culturing
cells under shaking conditions in a 2D environment. This result,
supported by similar evidence for other cell lines (Jang et al., 2013;
Kim et al., 1998; Li and Cui, 2014; Sánchez-Romero et al., 2016),
suggests better toxin removal under dynamic conditions. Finally, a
ciPTEC-based BAK device should also ensure a sufficient toxin
clearance for a prolonged session. Here, the upscaled “living
membrane” has been tested for 30 min. Therefore future work
should evaluate longer clearance periods.
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