
Acta Biomaterialia 14 (2015) 22–32
Contents lists available at ScienceDirect

Acta Biomaterialia

journal homepage: www.elsevier .com/locate /ac tabiomat
Development of a living membrane comprising a functional human
renal proximal tubule cell monolayer on polyethersulfone polymeric
membrane
http://dx.doi.org/10.1016/j.actbio.2014.12.002
1742-7061/� 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

⇑ Corresponding author. Tel.: +31 53 4894675.
E-mail address: d.stamatialis@utwente.nl (D. Stamatialis).

1 Both authors contributed equally.
Carolien M.S. Schophuizen a,b,c,1, Ilaria E. De Napoli d,1, Jitske Jansen a,b,c, Sandra Teixeira d,
Martijn J. Wilmer c, Joost G.J. Hoenderop b, Lambert P.W. Van den Heuvel a,e, Rosalinde Masereeuw c,
Dimitrios Stamatialis d,⇑
a Department of Pediatric Nephrology, Radboudumc, Nijmegen, The Netherlands
b Department of Physiology, Radboudumc, Radboud Institute for Molecular Life Sciences, Nijmegen, The Netherlands
c Department of Pharmacology and Toxicology, Radboudumc, Radboud Institute for Molecular Life Sciences, Nijmegen, The Netherlands
d Department of Biomaterials Science and Technology, MIRA Institute for Biomedical Technology and Technical Medicine, University of Twente, Enschede, The Netherlands
e Department of Pediatrics, Catholic University Leuven, Leuven, Belgium
a r t i c l e i n f o

Article history:
Received 23 June 2014
Received in revised form 22 November 2014
Accepted 2 December 2014
Available online 17 December 2014

Keywords:
Renal assist device
Living membrane
Human kidney proximal tubule cells
Membrane biofunctionalization
L-DOPA
a b s t r a c t

The need for improved renal replacement therapies has stimulated innovative research for the develop-
ment of a cell-based renal assist device. A key requirement for such a device is the formation of a ‘‘living
membrane’’, consisting of a tight kidney cell monolayer with preserved functional organic ion transport-
ers on a suitable artificial membrane surface. In this work, we applied a unique conditionally immortal-
ized proximal tubule epithelial cell (ciPTEC) line with an optimized coating strategy on polyethersulfone
(PES) membranes to develop a living membrane with a functional proximal tubule epithelial cell layer.
PES membranes were coated with combinations of 3,4-dihydroxy-L-phenylalanine and human collagen
IV (Coll IV). The optimal coating time and concentrations were determined to achieve retention of vital
blood components while preserving high water transport and optimal ciPTEC adhesion. The ciPTEC mon-
olayers obtained were examined through immunocytochemistry to detect zona occludens 1 tight junc-
tion proteins. Reproducible monolayers were formed when using a combination of 2 mg ml�1 3,4-
dihydroxy-L-phenylalanine (4 min coating, 1 h dissolution) and 25 lg ml�1 Coll IV (4 min coating). The
successful transport of 14C-creatinine through the developed living membrane system was used as an
indication for organic cation transporter functionality. The addition of metformin or cimetidine signifi-
cantly reduced the creatinine transepithelial flux, indicating active creatinine uptake in ciPTECs, most
likely mediated by the organic cation transporter, OCT2 (SLC22A2). In conclusion, this study shows the
successful development of a living membrane consisting of a reproducible ciPTEC monolayer on PES
membranes, an important step towards the development of a bioartificial kidney.

� 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

The number of patients with end-stage renal disease (ESRD) is
progressively increasing and the need for renal replacement thera-
pies is rising [1]. Worldwide, over 2 million patients suffer from
ESRD, and each year that number grows by 5%. Since transplant
options are limited [2], �70% of patients receive (hemodialysis or
peritoneal) dialysis treatment. While dialysis therapy has already
prolonged many ESRD patients’ lives, the treatment cannot com-
pletely replace renal function. Mortality (15–20% per year) and
morbidity of these patients remain high, whereas their quality of
life is generally low. Hemodialysis (HD) therapy removes mainly
small, unbound substances from the circulation, while leaving
large, compartmentalized and protein-bound uremic retention sol-
utes untouched [3]. Although the introduction of high-flux (HF) or
hemodiafiltration (HDF) therapy promotes enhanced removal of
middle molecular weight solutes, the removal of protein-bound
retention solutes remains limited [4,5].

Since renal secretion of such protein-bound compounds is pre-
dominantly mediated by the proximal tubule epithelial cells (PTEC)
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[6,7], the need for improved renal replacement therapy has stimu-
lated innovative research into the development of renal assist
devices (RADs) [8]. These innovative devices aim to complement
the hemodialysis treatment, by coupling artificial membranes with
functional kidney cells. To achieve efficient clearance of uremic
retention solutes, proximal tubular epithelial cells need to be
seeded on the inner surface of hollow fiber membranes. This situ-
ation is comparable to the native tubule, where the basement
membrane separates proximal tubule cells from the circulation.
While the patients’ blood flows over the outer surface, the uremic
retention solutes can bind to the transport proteins present on the
basolateral surface of human PTEC, facilitating their subsequent
secretion into the hemodialysis filtrate. This approach could
provide a means to further diminish the systemic accumulation
of uremic retention solutes, reduce the incidence of secondary
morbidities in patients and shorten dialysis duration or frequency,
thereby improving the quality of life in ESRD.

The development of a RAD brings along very specific biotechno-
logical challenges, as was recently reviewed by Jansen et al. [9].
First of all, an important challenge in the development of a RAD
is the limited availability of reliable and well-characterized human
proximal tubule cells capable of transepithelial excretion of uremic
retention solutes. This ‘‘living membrane’’ should consist of tight
cellular monolayers maintaining their typical polarity and func-
tionality. Second, one side of the membrane to be used in a RAD
needs to be suitable for blood contact (low cell adhesion), whilst
the other side should facilitate cellular adhesion. Surface topogra-
phy was identified as an important feature affecting cell adhesion
and membrane hemocompatibility, the two properties being
favored by higher surface roughness and smoothness, respectively
[10]. Several studies which attempted to create living membranes
with renal epithelial cells have used existing membranes (mostly
hollow fibers) used in dialysis and/or blood purification. Polyether-
sulfone (PES), polysulfone (PSF), polyacrylonitrile (PAN) and cellu-
lose acetate membranes were evaluated for their ability to support
monolayer growth of renal epithelial cells [11–13]. Since these
membranes are designed for low cell adhesion, and maximum
hemocompatibility during blood filtration, it is necessary to apply
a coating consisting of extracellular matrix components. This actu-
ally describes the third challenge in RAD development: the optimi-
zation of coating conditions. In some cases, coatings have been
reported to improve the attachment of renal tubule epithelial cells,
but often coatings failed to maintain trans-monolayer transport
activity and monolayer integrity [14–18]. Human collagen type
IV (Coll IV) based coatings are promising for the attachment and
functional culture of proximal tubule cells [15], since Coll IV is
endogenously present in the basal lamina and promotes mesen-
chymal cell differentiation towards the epithelial lineage [19].
However, it is necessary to improve its adhesion to the artificial
membrane. The treatment of polymeric surfaces with biomolecules
via covalent reactions is generally inconvenient given the suscepti-
bility of different activated groups to hydrolysis, which can lead to
low efficiency of surface biofunctionalization [20]. An easy two-
step water-based biofunctionalization method has been proposed
that promotes the formation of a thin adherent polydopamine
(PDA) film [10,17,21] using self-polymerizing 3,4-dihydroxy-L-
phenylalanine (L-DOPA) and exploits the reactivity of the PDA film
to covalently bind the biomolecule Coll IV on the membrane sur-
face [10,20]. However, in these earlier studies, the application of
the coatings was not optimized with regard to membrane trans-
port characteristics (high water permeance and retention of vital
proteins such as bovine serum albumin (BSA) and immunoglobulin
G (IgG)).

The selection of renal cell lines suitable for RAD application
poses another challenge. The use of animal cell models, such as
porcine (primary or LLC-PK1), monkey (JTC-12) and canine (MDCK)
renal epithelial cells provides insight into the functionality of a
RAD, both in vitro as well as in vivo [13,16,22–25]. However, their
clinical application is highly restricted. Moreover, species differ-
ences in renal proximal tubule physiology are in favor of a renal
cell line of human origin [26,27]. Studies using freshly isolated pri-
mary human proximal tubule cells in a RAD have shown promising
results [10,28,29]. However, their limited availability, low prolifer-
ative capacity and donor-to-donor variation severely restrict the
use of these cells. The utilization of a functional human proximal
tubule epithelial cell line overcomes these drawbacks. Previously,
some of the co-authors of this study developed a human condition-
ally immortalized proximal tubule epithelial cell (ciPTEC) line,
with intact proximal tubular characteristics and endogenous
expression of various functional transport proteins [30,31]. Among
the advantages of this cell line is the switch between a proliferative
state at 33 �C to a differentiation state at 37 �C, permitted by trans-
duction with the temperature-sensitive Simian virus 40 (SV40)
large T antigen. The genetic switch allows for cell proliferation
arrest when the cells are confluent and fully differentiated, pro-
moting the formation of tight and functional monolayers [32].

In this work, we show for the first time the development of a
stable, functional living membrane by culturing ciPTECs on PES-
based membranes with a molecular weight cut off of 50 kDa. This
cut off prevents albumin leakage, blocks possible immunoglobulin
transfer and avoids the loss of vital blood component in the case of
cell monolayer integrity failure. The membranes were coated with
a double coating consisting of L-DOPA and Coll IV on the more por-
ous rough membrane side to maximize the beneficial effect of both
membrane topography and coating on cell adhesion. This coating
was carefully optimized to preserve high membrane permeability
and create a tight cell monolayer. The selective active transport
of creatinine through the living membranes was investigated in
the presence and absence of specific inhibitors, and compared to
a commercially available polyester Transwell� system.
2. Materials and methods

2.1. Membrane coatings

Flat polyethersulfone membranes (Sartorius, Goettingen,
Germany), which showed good hemocompatibility properties
[33], with a molecular weight cut off of 50 kDa (indicated, as
PES-50) were coated with a double layer of L-DOPA (D9628, Sigma
Aldrich, Zwijndrecht, The Netherlands) and human Coll IV (C6745,
Sigma Aldrich, Zwijndrecht, The Netherlands) L-DOPA solutions
with concentrations ranging from 1 to 2 mg ml�1 in Tris buffer
10 mM (pH 8.5) were prepared and dissolved at 37 �C. Complete
dissolution was obtained after 1 h, followed by filter sterilization.
Subsequently, the L-DOPA solution was either used to coat the
membranes immediately after powder dissolution, with minimum
polymerization degree (referred to as L-DOPA (1 h)), or left to poly-
merize for an additional 2 h (referred to as L-DOPA (3 h)) before
coating the membranes. For the sake of simplicity, we defined
the dissolution time as the time that the L-DOPA is kept in solution
before coating the membrane. The membranes were first pre-incu-
bated in Hanks’ balanced salt solution (HBSS; Life Technologies,
Bleiswijk, The Netherlands) for 10 min. Next, the L-DOPA solutions
were applied to the membrane surface. The solution was aspirated,
and the membranes were left to dry for 5 min. A Coll IV solution
(25 lg ml�1 or 50 lg ml�1) in HBSS was then used for the second
step of the coating. After fluid aspiration and drying, the mem-
branes were washed three times in HBSS to remove any remaining
solvent or unbound compound. Diverse L-DOPA dissolution times
(1 and 3 h) and coating times of membranes (1 and 4 min) were
tested and their effects on membrane properties were evaluated
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in terms of membrane morphology and pure water permeance. An
overview of the coating conditions tested is given in Fig. 1. The
PES-50 membrane has an asymmetric structure: one membrane
side is denser (and therefore determines the transport properties)
and smooth, while the other membrane side is more porous and
rough. The double coating was performed on the more porous
membrane side, under static conditions, by contacting the coating
solution with the membrane surface. To obtain a single sided-coat-
ing of the flat PES membranes, the coating solution was first
poured into glass Petri dishes and the membrane was gently placed
on the top of the solutions with the porous side in contact with the
liquid. The selection of final concentrations, dissolution times and
coating times for both the L-DOPA and the Coll IV solution was
based on cell adhesion, cell monolayer formation and tight junc-
tion expression. Reproducibility of the coating was investigated
in terms of water and protein transport properties. For cell cultur-
ing, Corning (Corning Costar, NY, USA) custom Transwell� supports
were used. In these Transwells (12 mm in diameter), the polyester
cell membrane was replaced by PES-50 membrane used for the
double coating development. Here, membrane coating was per-
formed on one side of the membrane by applying the solutions
to the apical (cell-facing) side of the Transwell�. Since the PES
membrane is sealed on the perimeter to the plastic holder, the
basolateral side of the membrane did not come into direct contact
with the coating solution. Fig. A.1 in the appendix provides a sche-
matic overview of a coated Transwell� membrane. As a reference,
we employed double-coated (positive control) polyester Trans-
well� membranes, which are frequently used for in vitro PTEC cul-
ture [30,34].

2.2. Membrane morphological and surface composition analysis

Membrane morphology was determined by scanning electron
microscopy (SEM; FEI/Philips XL30 FEG ESEM). Surface samples
were prepared and kept overnight at 30 �C and gold-sputtered
Fig. 1. Schematic overview of the coating conditions evaluated for their membran
before examination by SEM at a voltage of 5 kV. The membrane
surface chemical structures and composition of the coated and
uncoated PES-50 were characterized using attenuated total reflec-
tion Fourier transform infrared spectra (ATR-FTIR) (Spectrum two,
Perkin Elmer, Waltham, USA) instrument. Elementary analysis of
the membrane composition was performed by energy-dispersive
spectroscopy analysis (EDS; EDAX; Apollo X for ESEM, NJ, USA).

2.3. Membrane transport properties

Pure water, BSA (A2153, Sigma Aldrich, Zwijndrecht, The Neth-
erlands) and IgG (I9640, Sigma Aldrich, Zwijndrecht, The Nether-
lands) solution permeance was determined using an air-
pressurized dead-end ‘‘Amicon type’’ ultrafiltration cell (hosting
4 cm diameter membrane samples) and ultrapure water. The flux
(J) of water and protein solution through the membranes at each
pressure was determined by collecting the mass of the permeated
liquid over time and correlating it to the membrane unit surface
area. The permeance (L, in l h�1 m�2 bar�1) of water or protein
solution was estimated by normalizing the water or protein solu-
tion flux (J, in l h�1 m�2) by the applied transmembrane pressure
(DP, in bar). The permeance is, in fact, calculated from the slope
of the linear part of the flux vs. transmembrane pressure
relationship:

L ¼ J
DP

ð1Þ

Clean water permeation tests were performed by using ultra-
pure water (MilliQ 18 MO cm, Millipore; Billerica, MA, USA) solu-
tions inside stirred amicon cells (Millipore; Billerica, MA, USA),
where the membranes were placed with the thin layer facing the
feed solution. Automatic collection of permeate mass during time
was performed by means of a Labview based software; the mass
was converted to volume given the water density equal to
998 kg m�3 at 20 �C [35]. Uncoated flat membranes were tested
e properties and cell adhesion. See text for further details and abbreviations.
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after immersing them in pure water for 1 h to remove preserva-
tives added during the manufacturing process. Membranes dou-
ble-coated with L-DOPA and Coll IV were immersed in HBSS
buffer for 30 min before they were used. Subsequently, the mem-
branes were subject to a flushing step with ultrapure water at
the highest working pressure (0.75 bar). Then, down-to-up pres-
sure cycles were applied to each membrane.

The extent of protein transport through the membrane was
evaluated by estimating the apparent sieving coefficient (SCa):

SCa ¼
Cp

Cb
ð2Þ

where Cp is the protein concentration in the permeate and Cb is the
protein concentration in the feed protein solution. SCa = 1 means
that the protein passes freely through the membrane, while
SCa = 0 means that the membrane rejects the protein completely.

Phosphate buffered saline (PBS) containing BSA or IgG was used
at a concentration of 1 mg ml�1 and 0.02 mg ml�1, respectively.
Three different pressures (0.25, 0.50, 0.75 bar) were applied and
sample collection occurred every 15 min for 1 h. The protein solu-
tion was continuously mixed at the top of the membrane surface to
prevent polarization concentration effect and delay membrane
fouling. BSA and IgG concentration was evaluated by spectrophoto-
metric analysis in quartz cuvettes at 280 nm.

2.4. Cell culture

A previously developed ciPTEC cell line [30] was used for func-
tional testing of the coated membranes. In short, this immortal cell
line was developed by transducing primary human proximal
tubule epithelial cells, obtained from urine samples of healthy vol-
unteers, with a SV40t, and hTERT gene. SV40t stimulates cellular
proliferation at 33 �C, while it is silenced by culturing the cells in
a 37 �C environment. As a consequence, at 37 �C the cells are able
to differentiate and form a tight monolayer. The hTERT ensures
the cellular quality, by keeping the length of the telomeres intact
during proliferation. We have previously evaluated the characteris-
tics of this cell line, on a morphological and functional level [7,31].
CiPTECs were cultured in Dulbecco’s modified Eagle medium
DMEM-HAM’s F12 (Lonza; Basel, Switzerland) containing 10% v/v
fetal calf serum (FCS; Greiner Bio-One; Alphen a/d Rijn, The Neth-
erlands), 5 lg ml�1 insulin, 5 lg ml�1 transferrin, 5 ng ml�1 sele-
nium, 36 ng ml�1 hydrocortisone, 10 ng ml�1 epidermal growth
factor and 40 pg ml�1 tri-iodothyronine, all purchased from
Sigma–Aldrich Co. (Zwijndrecht, The Netherlands). Culture media
were phenol-red and antibiotic free. To prevent de-differentiation
of ciPTECs during regular culturing, cells were used in experiments
up to a maximum of 40 passages, during which proximal tubular
characteristics remained unaltered [30]. Proliferating ciPTEC were
seeded onto the polyester or PES membrane Transwell� inserts at
a density of 133.000 cells cm�2. To promote initial cellular attach-
ment and proliferation, ciPTECs were cultured for 24 h at 33 �C 5%
(v/v) CO2 and after this time period the temperature was changed
to 37 �C for 7 days to promote the formation of a differentiated
monolayer.

2.5. Immunocytochemistry

To investigate morphological characteristics and monolayer
integrity of matured ciPTECs cultured on polyester [30,34] and
PES-50 Transwell� inserts, immunocytochemistry was performed,
and after 7 days the expression of the tight junction protein, zonula
occludens 1 (ZO-1) was studied. Matured ciPTECs were fixed using
2% (w/v) paraformaldehyde in HBSS supplemented with 2% (w/v)
sucrose for 5 min and permeabilized in 0.3% (v/v) Triton X-100 in
HBSS for 10 min. To prevent non-specific binding of antibodies,
cells were exposed to a block solution containing 2% (w/v) BSA
fraction V (Roche, Woerden, The Netherlands) and 0.1% (v/v)
Tween-20 in HBSS for 30 min. Cells were incubated with antibod-
ies diluted in block solution against the tight junction protein ZO-1
(1:50 dilution, Invitrogen, Carlsbad, CA) for 1 h, followed by incu-
bation with goat-anti-rabbit-Alexa488 conjugate (1:200, Life Tech-
nologies Europe BV, Bleiswijk, The Netherlands) for 30 min. Finally,
DAPI nuclei staining (300 nM, Life Technologies Europe BV) was
performed for 5 min. Protein expression and localization were
examined using the Olympus FV1000 confocal laser scanning
microscope (Olympus, Tokyo, Japan) and images were captured
using the Olympus software FV10-ASW version 1.7. To semi-quan-
tify the fluorescent staining of ZO-1, a grid of 8.5 lm2 was placed
on top of the confocal images using ImageJ software (ImageJ
1.46r, NIH, USA) [36]. The number of intersections between the
grid and the ZO-1 signal was determined for each condition.

2.6. Transepithelial transport measurements

Transepithelial transport of [14C]creatinine by matured ciPTEC
monolayers cultured on either polyester or PES Transwell� inserts
was measured using a Transwell� culture system. A schematic
overview of the set-up is provided in the appendix (Fig. A.1). Poly-
ester Transwells� (diameter 12 mm, pore size 0.4 lm) were coated
with L-DOPA alone or in combination with Coll IV (25 mg ml�1, for
2 h), and compared to double-coated polyester or PES-50 Trans-
wells�. Mature cell monolayers were washed in modified Krebs–
Henseleit buffer (Sigma–Aldrich, Zwijndrecht, The Netherlands)
including 10 mM Hepes (pH 7.4). Subsequently, all membranes
tested were pre-incubated for 2 h at 37 �C, 5% (v/v) CO2 in Krebs–
Henseleit–Hepes buffer (0.5 ml apically, 1.5 ml basolaterally).
Transport was initiated by the basolateral addition of either
[14C]creatinine (0.75 lM, 2 lCi ml�1) or [3H]inulin (0.45 lM,
20 lCi ml�1) with or without cimetidine (100 lM) or metformin
(100 lM) as competitors for the transport of organic cation trans-
porter OCT2 (Sigma–Aldrich Co., Zwijndrecht, The Netherlands). At
the start of the measurement, a 20 ll reference sample was taken
from the basolateral exposure compartment. After 30 min of incu-
bation with gentle agitation at 37 �C a 200 ll sample was removed
from the apical chamber. The activity of [3H] and [14C] in the sam-
ples was determined by liquid scintillation counting (Beckman).
Fluxes of [14C]creatinine or [3H]inulin were determined for each
separate Transwell�. The flux of [3H]inulin was used as an internal
leakage marker. The basolateral to apical flux (J) was calculated
with:

J ¼ dQ
S � dt

ð3Þ

where dQ = amount transported (pmol); dt = duration of transport
(min); S = surface area (cm2).

2.7. Data analysis

Water, BSA and IgG transport measurements in each experi-
ment were performed at least in triplicates (N P 3 for each coating
condition). Results are presented as mean ± standard deviation.
Statistical analysis was performed with the Microsoft Excel� soft-
ware (Microsoft Corporation, Seattle, USA) using a one-way analy-
sis of variance (ANOVA) or Student’s t-test when appropriate.

Quantification of ZO-1 staining on Transwell� polyester or PES
membranes was performed in triplicate for each coating condition.
The results are presented as mean ± standard error of the mean.
Results were normalized by taking the double-coated polyester
Transwell� as 100% reference. One-way ANOVA followed by a
Dunnett’s post test was performed using GraphPad Prism version
6.00 for Windows (GraphPad Software, La Jolla, CA, USA).
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For basolateral creatinine transport experiments in the com-
mercially available polyester Transwells� the experiments were
performed at least in triplicate in three independent experiments.
The custom PES Transwells� were tested in duplicate in three inde-
pendent experiments. Results are presented as mean ± standard
error of the mean. Statistical analysis was performed with Graph-
Pad Prism, using a two-way ANOVA combined with Bonferroni’s
post test.

3. Results and discussion

The biofunctionalization strategy of flat PES-50 membranes was
optimized first to develop functional ciPTEC monolayers. Artificial
membranes should provide a solid base for cells to form tight mon-
olayers and facilitate active transepithelial solute transport. In the
nephron, the proximal tubule is responsible for the reabsorption of
65% of all the water filtered by the glomerulus; the very high per-
meability of the tissue was estimated to be �1 � 105 l m�2 h�1

bar�1 [37]. The hydraulic permeability of native PES-50 membrane
is two orders of magnitude lower than the value reported for
natural tissue; the membrane was chosen on the base of its capac-
ity to retain vital blood components, consistent with other research
in the field [22]. For this reason, water transport through the
coated membranes was one of the main parameters to optimize,
in order to preserve the highest permeance possible.

A recent study proposed the application of an overnight double
coating [10]. However, when we applied such a coating, a signifi-
cant decrease in membrane water permeance (39 ± 23 l m�2 h�1

bar�1) was detected in comparison to uncoated membranes
(738 ± 110 l m�2 h�1 bar�1). Further reduction of the permeance
was expected when applying the second coating layer consisting
of Coll IV. To avoid significant transport limitations, we investi-
gated shorter L-DOPA dissolution times. In a first attempt, L-DOPA
was used for the coating immediately after the dissolution step
(L-DOPA (1 h)). The average value of water permeance did not
change significantly (654 ± 70 l m�2 h�1 bar�1) with respect to
uncoated membrane values (Fig. 1, I). After applying the Coll IV
coating on top of the L-DOPA layer (Fig. 1, II), the average value
of water permeance decreased to 347 ± 151 l m�2 h�1 bar�1.
However, the high coefficient of variation (0.44) indicated a non-
reproducible coating. These results indicate that short coating
times do not cause significant changes, whilst overnight coating
results in a dramatic reduction in membrane transport properties.
Since the variable ‘‘time’’ plays a central role in the macroscopic
Fig. 2. Pure water permeance of PES-50 membranes coated with L-DOPA (2 mg ml�1

membranes coated for 1 min with L-DOPA solution only (�), or L-DOPA followed by Coll IV
(s), or L-DOPA solution after overnight coating (d). Data are presented as mean ± stand
transport properties of the coated membrane, we compared the
effects of prolongation of the L-DOPA dissolution time (Fig. 1; II,
III and IV), to prolongation of the coating time to L-DOPA and Coll
IV from 1 to 4 min (Fig. 1; II and V).

When applying L-DOPA coating alone, prolongation of the L-
DOPA dissolution time slightly increases the average membrane
water permeance, although this effect was not significantly differ-
ent from the non-coated PES-50 membranes (dark symbols,
Fig. 2a). Literature reports that L-DOPA coating can increase the
membrane hydrophilicity due to the coexistence of carboxylic
and amino groups in the L-DOPA molecule [38]. In fact, the effect
of L-DOPA coating on hydrophilization of different materials has
been shown by the reduction of water contact angle under the
same experimental conditions used in the present study (pH, Tris
buffer molarity and L-DOPA concentration) [21,38,39]; we there-
fore expect that our membranes are slightly hydrophilized, too.
Nevertheless, the application of L-DOPA to porous membranes
can reduce the membrane transport properties. This decrease
mostly occurs to UF membranes where the pore dimensions allow
the migration of L-DOPA monomers and oligomers inside the mem-
brane structure with s consequent reduction or blockage of the
inner porosity [40,41]. The transport properties of reverse osmosis
(RO) and microfiltration (MF) membranes were reported to be less
affected by L-DOPA coatings, due to the different pore size [41].
Since we used PES-50 UF membranes, the coating time as well as
the L-DOPA dissolution time required optimization to avoid com-
plete suppression of the membrane permeance.

The Coll IV coating on top of the L-DOPA layer (Fig. 1, conditions
I–IV) decreased the membrane water permeance significantly
(open symbols in Fig. 2a). The permeance for the double-coated
membranes with L-DOPA (3 h) and Coll IV for 1 min was
194 ± 35 l m�2 h�1 bar�1, which is significantly lower than the
uncoated membranes. However, when compared to overnight
L-DOPA coating (Fig. 1, VI), the membrane permeance improved
markedly. Furthermore, prolongation of L-DOPA dissolution to 3 h
enhanced the coating reproducibility, as demonstrated by the
low standard deviation of the permeance values. Fig. 2b presents
the optimization procedure of the double coating using different
coating times of L-DOPA (1 h) (Fig. 1; II, V and VI). The water
permeance for double-coated membranes with 4 min coating
was 2.7-fold higher (146 ± 10 l m�2 h�1 bar�1) than for overnight
L-DOPA (only) coating. Prolongation of coating time to 4 min also
improved the double coating reproducibility, as demonstrated by
the low standard deviation of the permeance results. These results
) and Coll IV (25 lg ml�1) as a function of: (a) L-DOPA dissolution time for PES
(h); (b) double coating with L-DOPA followed by Coll IV with varying coating times

ard error, ⁄p < 0.05; ⁄⁄p < 0.01; ⁄⁄⁄p < 0.005; N P 3 for each experimental point.
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indicate that optimization of the L-DOPA dissolution and coating
times significantly improves the membrane permeance and coat-
ing reproducibility, when compared to overnight coating.

The progressive reduction of membrane water permeance cor-
related with the observed morphological changes at the porous
side of the membrane surface where the double coating was
applied. Fig. 3 presents SEM images of uncoated, only L-DOPA
and double-coated membrane surfaces. The single L-DOPA coating
slightly affected the porous layer morphology (data not shown).
After application of L-DOPA (3 h), an estimated 40% reduction in
the macroporosity visible at the upper surface of the flat
Fig. 3. Representative SEM analysis of PES-50 membranes porous side surface morp
dissolution times: (a) uncoated; (b) 1 min coating with L-DOPA (3 h) only; (c) 4 min coa
membranes were examined for each condition.

Fig. 4. Surface chemical composition of PES-50 membranes uncoated and coated with
uncoated PES-50; (green) 4 min coating with L-DOPA (1 h) only; (yellow) 4 min coating
PES-50; 4 min coating with L-DOPA (1 h) only; 1 min coating with L-DOPA (3 h) only; 1 mi
membranes could be observed compared with the original mem-
branes (Fig. 3b). Application of Coll IV to the L-DOPA coating
resulted in complete occlusion of membrane surface pores as com-
pared to membranes coated with L-DOPA only, for all L-DOPA dis-
solution times tested (Fig. 3c). The lack of visible differences in
surface morphology in the presence of the single L-DOPA coating
in comparison with native membranes was consistent with the
average rate of PDA layer deposition (2 nm h–1) reported in previ-
ous studies for the same experimental conditions (L-DOPA concen-
tration, temperature, pH and tris buffer molarity) [21,42]. The
analysis of membrane surface chemical composition confirmed
hology with L-DOPA (2 mg ml�1) and Coll IV (25 lg ml�1) with different L-DOPA
ting with L-DOPA (1 h) and Coll IV. Magnification 100�. At least three independent

L-DOPA (2 mg ml�1) and Coll IV (25 lg ml�1). Top: ATR-FTIR spectra for: (purple)
with L-DOPA (1 h) and Coll IV. Bottom: EDS analysis of (from left to right: uncoated
n coating with L-DOPA (3 h) and Coll IV; 4 min coating with L-DOPA (1 h) and Coll IV.
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that the thickness of the coating was in the nm range, as the beam
penetration for both EDS and Fourier transform infrared (FTIR)
analysis was deeper than the single or double coating applied. In
fact, for both the FTIR spectrum and the elementary composition,
the underlying PES material is still dominant (Fig. 4). Dopamine
monomers and small oligomers have previously been demon-
strated to play a primary role in the initiation of the PDA deposi-
tion and its consequent polymerization at the membrane surface
[21,41,42]. In these studies, maximal monomer deposition rate
was observed during the first hours after L-DOPA dissolution. This
finding may explain why, in our case, a short coating time was suf-
ficient to modify the PES-50 membranes, providing good collagen
IV adhesion and reproducibility of transport properties.

The optimized coatings were tested further for optimal cell
monolayer formation by ZO-1 tight junction protein expression, a
marker that indicates monolayer integrity and polarity of epithelial
cells. The tested coating conditions are described schematically in
Fig. 1, under the cellular adhesion heading (Fig. 1; conditions VII–
XII). Standard double-coated polyester Transwell� inserts were
used as a positive control (Fig. 5a). Uncoated PES-50 membranes
provided poor cell adhesion of ciPTEC (Fig. 5b) while single coating
with Coll IV (25 mg ml�1) or L-DOPA (2 mg ml�1) did not improve
this (Fig. 5c and d). After application of the double coating, cellular
Fig. 5. Representative images of immunocytochemical analysis of the ZO-1 tight juncti
with varying coating times: (a) L-DOPA (2 mg ml�1) and Coll IV (25 lg ml�1) double-coa
(25 lg ml�1) coated PES-50 Transwell� inserts (d) L-DOPA (2 mg ml�1) coated PES-50 ins
PES-50 Transwell� inserts coated for 1 min with L-DOPA (3 h) and Coll IV; (g) ZO-1 abund
At least three independent membranes were examined for each condition. ⁄⁄⁄p < 0.005.

Table 1
Comparison of the transport properties of uncoated PES-50 membrane and coated with L-DO
L-DOPA (3 h) and 1 min Coll IV; and (2) 4 min coating with L-DOPA (1 h) and 4 min Coll IV

Uncoated 1 m

Pure water permeance [L m�2 h�1 bar�1] 738 ±110 19
BSA solution permeance [L m�2 h�1 bar�1] 57 ±7 4
IgG solution permeance [L m�2 h�1 bar�1] 53 ±11 6
BSA SCa = CP/Cb [–] 0,03 ±0,01 0,0
IgG SCa = CP/Cb [–] 0,02 ±0,01 0,0
adhesion and the expression of ZO-1 improved (Fig. 5e and f). The
observed clear ZO-1 expression indicates polarization of the mono-
layer, improving epithelial characteristics [43], and limits paracel-
lular leakage. No significant difference in monolayer formation and
ZO-1 expression was detected between conditions XI and XII
(Fig. 5e and f), which varied either the coating or dissolution time.
Furthermore, quantification of the ZO-1 has indicated that ciPTEC
expressed ZO-1 protein in a similar fashion on both double-coated
PES-50 as on polyester Transwells�, which are considered the
golden standard in ciPTEC transepithelial studies (Fig. 5g). Lower-
ing the concentration of L-DOPA reduced the reproducibility of cel-
lular adhesion, even in the presence of a higher Coll IV
concentration, thus suggesting the importance of a good L-DOPA
layer to foster Coll IV membrane coating. Furthermore, increasing
the Coll IV concentration to 50 lg ml�1 after 2 mg ml�1

L-DOPA
coating did not improve monolayer quality with respect to
25 lg ml�1 Coll IV (Fig. A.2 in the appendix).

The coatings were investigated further in terms of protein rejec-
tion and fouling phenomena during protein solution permeance.
Table 1 shows a comparison of transport properties of uncoated
and membranes with optimized coatings (Fig. 1; conditions I, IV
and V). The permeance of IgG and BSA solutions for the uncoated
PES-50 membranes is 53 ± 11 and 57 ± 7 l m�2 h�1 bar�1, respec-
on protein (green) and nuclei (blue) in ciPTEC monolayers cultured on membranes
ted polyester Transwell� inserts; (b) uncoated PES-50 Transwell� insert; (c) Coll IV
ert; (e) PES-50 Transwell� inserts coated for 4 min with L-DOPA (1 h) and Coll IV; (f)
ance in ciPTEC monolayers compared to double-coated polyester Transwell� inserts.
Magnification 60�.

PA (2 mg ml�1) and Coll IV (25 lg ml�1) with two approaches: (1) 1 min coating with
.

in L-DOPA (3 h) + 1 min coll IV 4 min L-DOPA (1 h) + 4 min coll IV

4 ±35 146 ±10
4 ±8 37 ±27
5 ±24 51 ±12
6 ±0,02 0,02 ±0,01
5 ±0,03 0,04 ±0,03



Fig. 6. Basolateral to apical fluxes of (a–c) [14C]creatinine (0.75 lM) and (d–f) [3H]inulin (0.45 lM) across ciPTEC monolayers. Measurements were performed in the presence
or absence of the inhibitors metformin (100 lM) or cimetidine (100 lM). Depicted are ciPTEC monolayers cultured on: (a, d) PES-50 Transwell� inserts coated with L-DOPA
(1 h) and Coll IV; (b, e) polyester Transwell� membranes coated with L-DOPA (1 h) and Coll IV; (c, f) polyester Transwell� membranes coated with Coll IV only. All coatings
were applied for 4 min at the following concentration: L-DOPA 2 mg ml�1, Coll IV 25 mg ml�1. Data are presented as mean ± standard error, N = 3. ⁄p < 0.05.
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tively, �96% lower than the water permeance through the same
membranes (p < 0.05). There was no significant difference in pro-
tein solution permeance for the coated membranes, as values ran-
ged from 37 ± 27 l m�2 h�1 bar�1 to 65 ± 24 l m�2 h�1 bar�1. Both
BSA (66 kDa) and IgG (150 kDa) were almost completely rejected
by both uncoated and coated membranes: the SC <0.1, consistent
with what is expected for a 50 kDa membrane.

Given the similarity between the transport properties and the
similar cell behavior for the membranes with the optimized coat-
ings, the transport of inulin and creatinine was measured on mem-
branes coated with the coating which required the shortest
experimental time: L-DOPA (1 h) with a coating time of 4 min for
both L-DOPA and Coll IV (Fig. 1, XII). Transepithelial transport of
[14C]creatinine was measured in the presence and absence of
transporter substrates, acting as competitors to inhibit uptake. In
the kidney, �20% of creatinine is actively transported by organic
cation transport proteins [44]. The functionality of the basolateral
cation uptake by OCTs in ciPTEC has previously been demonstrated
[7]. Here, Fig. 6 presents the transmembrane flux of [14C]creatinine
(0.75 lM, Fig. 6a–c) and [3H]inulin (0.45 lM, Fig. 6d–f) by ciPTEC
cell monolayers, cultured on double-coated PES-50, polyester
Transwell� membranes or Coll IV coated polyester Transwell�
membranes. The paracellular leakage of [3H]inulin across the
monolayer was used as an indicator of passive diffusion and hence
monolayer tightness, since active transcellular transport has not
been reported for this compound [45]. In all cases, the inulin leak-
age was very low, indicating that a tight monolayer was achieved.
The observed average leakage of 0.8 ± 0.1 pmol min�1 cm�2 (0.1%
of the total inulin amount) is comparable to observations made
in previous studies that utilized MDCK or LCC-PK cells [46]. In
accordance, the organic cation transport inhibitors, metformin
and cimetidine, did not affect inulin transport across the cell mon-
olayers. The creatinine flux through the double-coated ‘‘living’’
PES-50 membranes (2.8 ± 0.1 pmol min�1 cm�2) was 3.5 times
higher than the inulin flux (0.8 ± 0.03 pmol min�1 cm�2). Impor-
tantly, the creatinine flux was significantly decreased by the inhib-
itors metformin (24 ± 6% decrease, p < 0.05) and cimetidine
(18 ± 0.2% decrease, p < 0.05), indicating that the developed living
membrane actively secretes creatinine. The results of the living
PES-50 membranes were comparable to those obtained for cells
cultured on the golden standard polyester–Coll IV Transwell� sys-
tem (see Fig. 6 and Fig. A.3 in the appendix, which compare the
permeance of inulin and creatinine through the various
membranes).
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Various studies have used cellular over-expression models to
demonstrate transepithelial creatinine transport. We currently
show this transepithelial secretory pathway is endogenously pres-
ent and functional in ciPTEC. Limited data are available for creati-
nine fluxes in human renal cells. Brown et al. reported
transepithelial creatinine fluxes for primary human proximal
tubule epithelial cells [47]. Although we observed lower creatinine
fluxes in ciPTEC, the transport capacity is maintained for up to 40
passages (unpublished data). This underscores the robustness of
this model and its potential application in a RAD. The use of an
immortal cell line provides unlimited proliferative capacity, pro-
viding the option to expand the surface area of the living mem-
brane necessary to reach the required clearance levels.

Previous studies have shown that the proximal tubule cell can
take up free L-DOPA through the OCT system, thereby influencing
cellular processes [48,49]. However, since the L-DOPA coating
was fully polymerized before application of Coll IV, and several
additional pre-culture washing steps had been applied, no free L-
DOPA is expected to be present when culturing the cells. This is
supported by the finding that no detrimental effect of the coating
was observed for either transepithelial 14C-creatinine transport
or the morphology of ciPTEC.

Although we focused here on creatinine transport as a marker
for endogenous secretion processes in ciPTEC, creatinine is not
the only substance that has to be cleared from the blood. Many cat-
ionic and anionic waste products, including indoxyl sulfate, hippu-
ric acid, kynurenic acid, polyamines and guanidines, are retained in
patients suffering from uremia [50]. Previously, we reported that
ciPTECs functionally express various membrane transport proteins
that are involved in the uptake and excretion of uremic toxins
[7,30,51]. Therefore a device based on cultured monolayers of ciP-
TECs grown on modified PES-50 surfaces could provide the ideal
tool in the removal of these compounds. The use of sophisticated
bioanalysis techniques such as LC-MS/MS might provide more
opportunities for the transepithelial transport measurements of
these toxic compounds by ciPTEC monolayers [52]. As a next step
in RAD development, long term stability and preservation of func-
tionality in ciPTEC monolayers should be evaluated. Even though
disruption of the ciPTEC monolayer would be unexpected due to
its suppressed proliferation at 37 �C, systematic investigation is
required. Furthermore, the introduction of dynamic culture condi-
tions could improve both the formation of tight junctions and cel-
lular transport properties [53]. Recent work suggests beneficial
effects of shear stress on renal epithelia, leading to increased endo-
cytosis [46] and sodium reabsorption by the NHE3 receptor
[54,55]. Evaluation of the shear stress on the functionality of a
transporting ciPTEC monolayer would provide valuable informa-
tion for RAD development.
Fig. A.1. Schematic overview of the Transwell� set-up, as used for the examination of
monolayers. Indicated on the left are the basolateral and apical compartments. On the
schematically represented.
4. Conclusions and outlook

In this study, we showed the proof of concept for creating a liv-
ing membrane by combining functional ciPTEC with PES-50 mem-
branes coated with L-DOPA and Coll IV. The coating was optimized
to achieve retention of vital blood components whilst preserving
high water permeance and optimal cell monolayer formation.
The transport of creatinine through the developed living mem-
brane was comparable to golden standard systems for studying
transepithelial transport across proximal tubule monolayers
in vitro. The results reported here are promising for the develop-
ment of a bioartificial kidney. Further investigations are required
to establish the long-term stability of these functional renal cell
monolayers; the results reported here are promising for the devel-
opment of a RAD. Future studies will be directed towards produc-
ing living membranes on hollow fiber PES-based membranes and
to evaluate up-scaling in a bioreactor system to develop a clinically
relevant device.
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Appendix A

The effect of two different L-DOPA and Coll IV concentrations on
cell adhesion (by using optimized coating with 3 h L-DOPA dissolu-
tion and 1 min coating for both L-DOPA and Coll IV) was tested.
Uniformity was evaluated upon visual inspection with confocal
microscopy, for which two representative membrane areas of each
sample were analyzed (see Fig. A.2). The most uniform monolayer
on the complete membrane surface was obtained when a double
coating of 2 mg ml�1

L-DOPA and 25 lg ml�1 Coll IV was applied
(Fig. A.2c). Thus, no differences in coating concentration were
introduced by the optimization performed with respect to previ-
ously published data [10].

The basolateral to apical inulin diffusion and creatinine apparent
permeability (Papp) were calculated with the following equation:

Papp ¼
J

Cb � Ca
basolateral to apical creatinine and inulin transmembrane transport across ciPTEC
right side the ciPTEC monolayer and the L-DOPA Coll-IV double coating have been



Fig. A.2. Immunocytochemical analysis of the ZO-1 tight junction protein (green) and nuclei (blue) in ciPTEC monolayers cultured on polyester or PES Transwell� inserts
coated by 4 min contact to L-DOPA (1 h) and Coll IV using varying coating concentrations: (a) L-DOPA (1 mg ml�1) and Coll IV (25 lg ml�1); (b) L-DOPA (1 mg ml�1) and Coll IV
(50 lg ml�1); (c) L-DOPA (2 mg ml�1) and Coll IV (25 lg ml�1); (d) L-DOPA (2 mg ml�1) and Coll IV (50 lg ml�1). Magnification 60� (with an additional 1.4�magnification in
A1, C1 and 2, and D2). At least three independent membranes were examined for each condition.

Fig. A.3. Basolateral to apical [14C]creatinine (0.75 lM) and (d–f) [3H]inulin (0.45 lM) transmembrane transport across ciPTEC monolayers. Measurements were performed
in the presence or absence of the inhibitors metformin (100 lM) or cimetidine (100 lM). Apparent permeability levels were measured for monolayers cultured on (a) PES-50
Transwell� inserts coated with L-DOPA (1 h) and Coll IV, (b) polyester (PE) Transwell� membranes coated with L-DOPA (1 h) (2 mg ml�1) and Coll IV (25 lg ml�1), (c)
polyester Transwell� membranes coated with Coll IV only. All coatings were applied for 4 min at the following concentration: L-DOPA 2 mg ml�1, Coll IV 25 mg ml�1. Data are
presented as mean ± standard error, N = 3. ⁄p < 0.05, ⁄⁄p < 0.005, ⁄⁄⁄p < 0.001.
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where J is the flux, Cb is the initial concentration in the basolateral
compartment and Ca is the initial concentration in the apical com-
partment. For the double-coated PES-50 and polyester membranes
the transepithelial transport levels were 2.2 ± 0.4 and
1.97 ± 0.3 ll cm�2 min�1, respectively. For the standard polyester
Transwells� coated with Coll IV this value was 1.8 ± 0.3 ll cm�2

min�1.
Appendix B. Figures with essential color discrimination

Certain figures in this article, particularly Figs. 4 and 5 are diffi-
cult to interpret in black and white. The full color images can be
found in the on-line version, at http://dx.doi.org/10.1016/
j.actbio.2014.12.002.
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