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Abstract

Renal applications in healthcare, such as renal replacement therapies and nephrotoxicity tests, could
potentially benefit from bioartificial kidney membranes with fully differentiated and functional hu-
man tubular epithelial cells. A replacement of the natural environment of these cells is required to
maintain and study cell functionality cell differentiation in vitro. Our approach was based on syn-
thetic supramolecular biomaterials to mimic the natural basement membrane (BM) on which these
cells grow and a bioreactor to provide the desired organotypical culture parameters. The BM mimics
were constructed from ureidopyrimidinone (UPy)-functionalized polymer and bioactive peptides by
electrospinning. The resultant membranes were shown to have a hierarchical fibrous BM-like struc-
ture consisting of self-assembled nanofibres within the electrospun microfibres. Human kidney-2
(HK-2) epithelial cells were cultured on the BM mimics under organotypical conditions in a
custom-built bioreactor. The bioreactor facilitated in situ monitoring and functionality testing of
the cultures. Cell viability and the integrity of the epithelial cell barrier were demonstrated inside
the bioreactor by microscopy and transmembrane leakage of fluorescently labelled inulin, respec-
tively. Furthermore, HK-2 cells maintained a polarized cell layer and showed modulation of both gene
expression of membrane transporter proteins and metabolic activity of brush border enzymes when
subjected to a continuous flow of culture medium inside the new bioreactor for 21days. These results
demonstrated that both the culture and study of renal epithelial cells was facilitated by the
bioartificial in vitro environment that is formed by synthetic supramolecular BM mimics in our
custom-built bioreactor. Copyright © 2015 John Wiley & Sons, Ltd.
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1. Introduction

Kidney tubular epithelial cells play an essential role in
maintaining homeostasis by exerting endocrine, meta-
bolic and specific transport functions. These cells could
potentially aid medical applications, such as establish-
ment of in vitro nephrotoxicity tests (Tiong et al., 2014;
Pfaller and Gstraunthaler, 1998) and improvement of

renal replacement therapies (Aebischer et al., 1987; Fissell
et al., 2006; Humes, 2000; Saito et al., 2011). Such appli-
cations would benefit most from viable renal tubule cells
in a highly differentiated and functional epithelial pheno-
type, grown as a confluent layer on a membrane outside
the human body. However, tubular epithelial cells are
prone to losing their characteristic confluent monolayer
morphology and specific functions when cultured
in vitro (Fujita et al., 2002; Ozgen et al., 2004). It is ex-
pected that optimal cell function will be retained when these
cells are cultured in vitro in a bioartificial environment that is
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ideally indistinguishable from the cells’ natural environment,
as perceived by the cell. Such an in vitro environment would
comprise: (a) an appropriate membrane surface for the cells
to grow on (Kirkpatrick, 2014); and (b) an organotypical cul-
ture environment (Figure 1).

The natural surface on which renal epithelial cells grow
is formed by the basement membrane (BM). This special-
ized type of dense extracellular matrix (ECM) provides
mechanical strength to epithelial tissues and maintains
stable tissue borders. Main components of the BM are colla-
gen IV and laminin, which form hierarchical fibrillar assem-
blies and complex networks with the aid of crosslinking
proteins (Timpl, 1996). Due to the supramolecular nature
of protein–protein interactions, the BM has an inherently dy-
namic character, which allows responsive interaction with
cells (Timpl and Brown, 1996). Furthermore, the BM pro-
vides bioactive cues to the epithelial cells, such as ligands
that are recognized by the integrin cell-surface receptors,
which facilitate cell anchorage to the BM (Timpl, 1996).

The applicability of natural basement membranes in
in vitro settings is very limited, since these structures are
difficult to isolate and process as freestanding membranes.
Therefore, in earlier endeavours to establish in vitro BM
substitutes for renal cells mechanically stable synthetic
polymer materials were used (Saito et al., 2011; Humes
et al., 1999; Ni et al., 2011; Schophuizen et al., 2015). Since
synthetic materials generally do not provide bioactive cues,
lack dynamics and do not assemble into hierarchical fibrous
structures, these materials were often combined with a bio-
active coating of natural origin. However, the limitations of
naturally derived components, such as restricted accessibil-
ity at large scales and variability of content, pose limitations
for their use in future medical applications.

Therefore, in our study we have focused on a fully syn-
thetic approach towards an in vitro BM substitute which is
based on supramolecular building blocks. In supramolec-
ular polymers the monomeric units polymerize via non-
covalent, dynamic interactions (Aida et al., 2012). This

provides opportunities to form tunable and instructive
biomaterials that are more natural-like. The monomeric
units in our material system consist of commercial
polymers or oligomers that are functionalized with
self-complementary four-fold hydrogen bonding 2-ureido-
4[1H]-pyrimidinone (UPy) moieties (Sijbesma et al.,
1997). Hence, supramolecular polymerization occurs via
spontaneous UPy-dimerization, which is a strong but still
dynamic interaction (Kdim = 6 × 107/M in chloroform)
(Söntjens et al., 2000). Because the unifying UPy-moiety
bioactivation of UPy-polymer materials is readily accessible
via the introduction of UPy-functionalized peptides
(Figure 2) (Kieltyka et al., 2012; Dankers et al., 2011),
multiple UPy-polymers and UPy–peptides can be mixed to
form materials with specific properties (Mollet et al.,
2014). This approach enables the formation and explora-
tion of new synthetic materials that can substitute the BM
in in vitro applications.

In the present study we focused on the morphological
aspects of BM mimicry by using UPy-based biomaterials.
This was an important aspect, since naturally occurring
nanotopographic structures within extracellular matrices
present the surrounding cells with cues that influence cell
behaviour (Andersson et al., 2003). For example, epithe-
lial cell morphology and cytokine production were indi-
cated to depend on the underlying nanotopography
(Bettinger et al., 2009). For various UPy-functionalized
polymers, nanofibrillar structures have been identified
on the surface of drop-cast films (Kautz et al., 2006).
These structures are the result of an hierarchical self-
assembly process which encompasses UPy-dimerization,
UPy-dimer stacking (van Beek et al., 2007) and stack ag-
gregation (Appel et al., 2011). Since the self-assembly
process is encoded in the molecular design of UPy–urea-
functionalized building blocks, a BM-like hierarchically
self-assembled nanostructure is likely to be within reach
using the UPy-based biomaterial system. When combined
with electrospinning to form microfibres, a hierarchical

Figure 1. A schematic representation of our approach towards in-vitro functional renal epithelial cells: the development of a
bioartificial environment for kidney epithelial cells, which is formed by a basement membrane mimicking synthetic culture substrate
(1) and a bioreactor that provides an organotypical culture environment (2). In this bioreactor, the basement membrane mimic is
placed between two compartments, which can each be provided by a separate flow of media. The membrane side at which the renal
epithelial cells are situated, is referred to as the ‘apical side’ (A), the other side of the membrane is referred to as the ‘basal side’ (B).
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fibrous nano–microscale structure is expected to result.
However, to the best of our knowledge this has never been
demonstrated. The effect of both electrospinning and the
addition of monofunctional bioactive UPy–peptides on
the formation of self-assembled nanostructures was inves-
tigated in the present study.

Besides an appropriate synthetic basement membrane,
the ideal in vitro culture environment for renal epithelial
cells should provide organotypical culture conditions. Bio-
reactors have been developed and applied to create
organotypical culture conditions in vitro for a diversity of
organs, such as the bronchiole (Miller et al., 2010) or intes-
tine (Kim et al., 2007). Characteristic for kidney tissue is the
(pre)urine and blood flow, between which the renal epithe-
lial cells are located to exert their functions. In vitro, this
translates to the requirement of a continuous flow of sepa-
rate media at each side of the BM, mimicking the mem-
brane on which the renal epithelial cells are cultured.
Devices dedicated to mimicking a small part of the kidney
tubular structure have been reported (Sciancalepore et al.,
2014; Jang and Suh, 2010; Baudoin et al., 2007). Although
these so-called ‘organs-on-chip’ facilitate the culture of re-
nal epithelial cells under flow conditions, they do not allow
culture on different material surfaces or are limited in the
type of surface that can be used. A bioreactor design that al-
lows the easy application of different membrane materials,
but which is limited to the application of culture medium at
one side of the membrane, was described by Sun et al.
(2012). Another interesting microfluidic bioreactor, pre-
sented by Ferrell et al. (2010), established renal epithelial

cell culture on thin membranes under the application of
flow via microfluidic channels at the apical side. Only a lim-
ited number of bioreactors that provide a culture environ-
ment suitable for renal epithelial cells are commercially
available. The ones that allow a free choice of support ma-
terial and application of flow at each membrane side are, to
our knowledge, limited to the culture systems of Minucells
and Minutissue GmbH (Minuth et al., 2009; Minuth and
Denk, 2015). However, none of these systems meet the ex-
act requirements that are desired for the cell studies on our
UPy-based BM mimics. Those requirements include: (a)
compatibility with different types of BM mimic; (b) the pos-
sibility of applying a separate flow of medium to each side
of the BM mimic; (c) in situ visualization by microscopy
to allow monitoring of the culture in time; (d) sufficient
volume of the compartment at each side of the membrane
to allow the use of the bioreactor for static cultures and,
in addition, to provide the opportunity to perform different
assays on the incubated media: and, furthermore, basic re-
quirements, such as: (e) the possibility of thoroughly
cleaning and sterilizing the bioreactor; (f) the need for
the bioreactor to be leak-free, both externally and internally
(i.e. no connection between the media at each side of the
membrane other than through the membrane); and lastly
(g) that the design should be optimized to prevent adverse
effects of air bubbles that tend to form and accumulate in
such flow-culture systems. According to these require-
ments, we developed a custom-built bioreactor system that
allows both the culture and assessment of living
bioartificial renal tubular membranes in vitro. In this paper,

Figure 2. Chemical structures of supramolecular biomaterial building blocks UPy-PCL (top, left) and UPy-peptide (top, right), both
with a urea linker, indicated in red. UPy-PCL was electrospun from HFIP without (middle) and with a mixture of four different
UPy-peptides (bottom) to make non-bioactive and bioactive microfibrous membranes, respectively. Scanning electron micrographs
show submicron fiber diameters (non-bioactive: 0.44 μm ± 0.22 μm, bioactive: 0.34 ± 0.22 μm), apparent pore sizes smaller than
5 μm and an overall homogeneous morphology of the membranes. The electrospun microfibers are proposed to contain
self-assembled UPy-dimer stacks.

Development of in vitro bioartificial environment for kidney epithelial cells

Copyright © 2015 John Wiley & Sons, Ltd. J Tissue Eng Regen Med 2015.
DOI: 10.1002/term



we describe the design and initial validation tests of this
new bioreactor system in conjunction with the use of our
synthetic UPy-based BM mimics.

2. Materials and methods

2.1. Preparation and characterization of non-
bioactive and bioactive UPy–PCL membranes

2.1.1. Membrane electrospinning

A home-built electrospinning set-up equipped with a sy-
ringe pump (KD Scientific) was used. The supramolecu-
lar UPy–PCL polymer and UPy–peptides were
synthesized, as described previously (Dankers et al.,
2011). For non-bioactive membranes, 15 w/w% UPy–
PCL was dissolved in 85 w/w% 1,1,1,3,3,3-hexafluoro-
2-propanol (HFIP; 147545000, Acros). For bioactive
UPy–PCL meshes, a mix of four UPy–urea (UPy-U) func-
tionalized peptides was added. The four peptides,
GRGDS (Pierschbacher and Ruoslahti, 1984), PHSRN
(Aota et al., 1994), DGEA (Staatz et al., 1991) and
YIGRS (Iwamoto et al., 1987), are based on cell-binding
epitopes of ECM proteins. The bioactive electrospin solu-
tion was prepared by dissolution of 0.5mol% of each of
the UPy-U peptides (2mol% UPy–peptides in total) with
respect to polymer in the appropriate amount of HFIP
(85 w/w%), prior to the addition of 15 w/w% UPy–
PCL. The polymer solution was transferred to a syringe
and fed to a blunt-ended 23G needle via PTFE 1mm
i.d. tubing at a rate of 0.02ml/min and electrospun by
the application of 18.5 kV between a tip-to-target dis-
tance of 12 cm. The electrospun fibres were collected
randomly on a glass plate that covered the grounded
collector. The resultant membranes were gently re-
moved from the glass and placed in vacuo at 40 °C over-
night to remove any residual solvent. The microscale
morphology of the fibrous membranes was analysed
using scanning electron microscopy (SEM) on a FEI
Quanta 600 ESEM with Xt Microscope Control software.
Samples were directly imaged (without a conducting
coating) in low-vacuum mode (~1mbar) with an ap-
plied voltage of 15 kV. Both secondary electrons and
backscattering electrons were detected and the sepa-
rately recorded images were merged to false-coloured
images.

2.1.2. Atomic force microscopy (AFM) on UPy–
PCL drop-cast and electrospun surface

Atomic force microscopy (AFM) measurements were
performed on a Digital Instrument Multimode Nanoscope
IV, using PPP-NCHR-50 silicon tips (Nanosensors) in the soft
tapping mode (280–290kHz) at room temperature. The
nanoscale surfacemorphologyof both electrospunmicrofibres
and a film of UPy–PCL was visualized. The film was made by

casting a few drops of a solution of 1mg/ml UPy–PCL in chlo-
roform on glass coverslips, followed by annealing in vacuo at
40 °C overnight. The electrospun UPy–PCL fibres were pre-
pared as described above. Both fibres in a self-supporting
mesh and separate fibres collected on a glass cover slip were
imaged, as described previously (Appel, 2011).

2.1.3. Wide-angle X-ray scattering (WAXS) on
UPy–PCL

WAXS measurements were performed at the European
Synchrotron Radiation Facility (ESRF) in Grenoble, France,
at the DUBBLE beamline (BM26b), using a 2657 ×
3955pixels VHR detector) (Photonic Science). Measurable
dimensions were 1–15Å. Samples were prepared by filling
aluminium sample pans with polymer material – either
the white solid, as obtained from precipitation in heptane
in the last step of UPy–PCL synthesis, or this polymer proc-
essed into a microfibrous mesh by electrospinning from
HFIP, with or without 2mol% UPy–peptides. For compari-
son, non-UPy functionalized PCL (2000g/M), as received
from the manufacturer, was added to the sample group.
Measurements were performed at room temperature.

2.2. Bioreactor design and fabrication

The bioreactor was designed to hold a single biomate-
rial membrane, free of choice. The bioreactor was as-
sembled from separate custom-made components
(Figure 3). Two central parts were: (a) constructed from
polyether ether ketone (PEEK), which was chosen for its
excellent thermal and chemical resistance to allow re-
peated sterilization by steam or chemicals; together
the central parts fitted (b) a silicone rubber membrane
carrier, which was inspired by the Minusheet carrier
(Minucells and Minutissue, Bad Abbach, Germany). This
membrane carrier fitted a single, round, 11–13mm di-
ameter membrane and left 8.9mm dismeter of the
membrane available for cell seeding. In addition it func-
tioned as a silicone rubber O-ring between the two cen-
tral parts to facilitate leak-free assembly. The membrane
placed inside the bioreactor divides the system into two
separate chambers. These chambers, each provided with
an inlet and outlet (1mm i.d., 3mm o.d.), allowed sep-
arate flow of medium on both sides of the membrane.
Each chamber was closed with a 0.7mm thick, 27mm
diameter glass window (4), which provides visual access
to the membrane and the chamber. Rings cut from
1.0mm-thick silicone rubber sheet (3), were placed be-
tween the central parts and the glass windows to pro-
vide leak-free assembly. PEEK lids (5) were applied to
hold the glass windows in place. Twelve stainless steel
screws were used for assembly of the bioreactor; four
to fix the two central parts and four to fasten each lid.
A closed-flow system was formed by connecting the bio-
reactor inlets and outlets via silicone rubber tubing
(2mm i.d.: Rubber BV, The Netherlands), polypropylene
luer and barbed tubing connectors (Qosina, USA) and a
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polycarbonate medium reservoir. The medium reservoir
was equipped with three openings that fitted male Luer
slip connectors, one in the lid to fit a standard 0.2μm
pore syringe filter for sterile ventilation, and two to con-
nect medium inflow and outflow tubing. Medium flow
was driven by a tubing pump, resistant against the
humid environment (IP65 rated, Ismatec MCP process,
equipped with MS/CA 4–12 pumphead and extension
blocks; Inacom) inside a cell incubator. Up to 12 sepa-
rate bioreactor flow systems could be attached to this
pump simultaneously. All unassembled bioreactor and
flow circulation parts were sterilized by steam autoclav-
ing for 20min at 121 °C prior to use in any cell
experiment.

2.3. Human kidney-2 cell culture and seeding on
membranes

Human kidney-2 (HK-2) cells were routinely cultured in
culture flasks in a complete medium consisting of
Dulbecco’s modified Eagle’s medium (DMEM; Gibco,

Invitrogen) supplemented with 10 v% heat-inactivated fetal
bovine serum (FBS; 26140-079, Gibco, Invitrogen) and 1 v
% penicillin–streptomycin solution (Gibco). The medium
was refreshed every 2–3 days. Circular membranes with a
diameter of 12mm were punched from the electrospun
meshes and sterilized by exposure to UV light (1h/side).
Each membrane was clamped in a membrane carrier and
transferred to a well plate; for static control cultures,
Minusheet (1300, Minucells and Minutissue) were used in
24-well plates; for studies inside the bioreactor, silicone
rubber carriers were used in a 25 square well plate
(Sterilin, Beldico, Duiven, The Netherlands). Each mem-
brane was wetted in an ample volume of complete medium,
then the medium was removed until the fluid level reached
the upper surface of the carrier, followed by removal of re-
sidual medium on top of the membrane. 3 × 105 HK-2 cells
in 75μl/membrane were seeded within the opening of the
membrane carrier ring (8.9mm i.d. for both Minusheet and
silicone rubber membrane carriers). The cells were left to
adhere for 2h at 37 °C and 5% CO2 in a humidified atmo-
sphere. Then, 700μl complete medium was added to each
well and the cells were precultured under static culture

Figure 3. Structural organization at the nanoscale within UPy-PCL microfibers. (A) AFM phase images of UPy-PCL surfaces prepared
from HFIP; an electrospun microfiber in either a mesh (left, SEM micrograph attached) and on a flat glass surface (middle, brightfield
micrograph attached) and a drop-cast film (right). Phase separated nanofibers, attributed to the hard UPy-urea stacks are best
observed in the drop-cast film. Relatively large height differences in the electrospun mesh hamper accurate imaging with AFM. How-
ever, nanofibrous structures are present and can be observed on the surface of electrospun UPy-PCL microfibers, as demonstrated for
single fibers collected on the flat glass substrate. (B) WAXS shows the diffraction pattern due to ordered structures in UPy-U stacks,
schematically depicted on the right. Three UPy-PCL samples were compared with non-functionalized, unprocessed PCL (as received
from the supplier). The intensity of the diffraction pattern of PCL was scaled to allow better comparison with the diffraction patterns
of UPy-PCL samples and does not correspond to the indicated intensity in the graph (max. signal PCL was ~100).
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conditions at 37 °C and 5% CO2 in a humidified atmo-
sphere. The medium was refreshed every other day. The
length of the preculture time is indicated in the experiment.

2.4. Validation of the bioreactor in cell culture
and assessment

2.4.1. Monitoring cells inside the bioreactor: in
situ microscopy

In situ cell viability inside the bioreactor was visualized via
a live/dead assay (L3224, Invitrogen). HK-2 cells, stati-
cally cultured on a non-bioactive UPy–PCL membrane,
were incubated for 15min at 37 °C in complete medium
supplemented with 10μM calcein AM and 10μM ethidium
homodimer and washed with phosphate-buffered saline
(PBS). The membrane was placed inside a bioreactor,
which was then filled with complete culture medium and
incubated further under static conditions at 37 °C and 5%
CO2. Imaging of the cells inside the bioreactor was per-
formed using an inverted fluorescence microscope, using
a Zeiss Axio observer D1, AxioCam Mrm camera and Zeiss
Axiovision software (Carl Zeiss), at different times after
staining. Three objectives with working distances (WDs)
based on standard 0.13mm thick glass cover-slips and
air as barrier between the objective and specimen) >

3.9mm were tested for imaging (A-Plan ×10, NA 0.25,
WD 4.4; LD A-Plan ×20, NA 0.30, WD 4.3; LD plan
neofluar ×20 korr, NA 0.40, WD 7.9, all from Zeiss).

2.4.2. Transmembrane inulin diffusion: cell
monolayer integrity

Porous electrospun non-bioactive UPy–PCL membranes
were first sterilized and thoroughly pre-wetted by submer-
sion in PBS for at least 3 days. The membranes (n = 13)
were first placed inside the bioreactors and tested without
cells, prior to testing the same membranes with cells. The
chambers were filled with separate media. The chamber
on the side of the membrane to which cells will be seeded,
referred to as the ‘apical side’, was first filled with com-
plete culture medium. The chamber on the side of the
membrane to which no cells will be seeded, referred to
as the ‘basal side’, was filled with complete culture me-
dium supplemented with 5mM inulin-FITC (FI 100mg,
MW 4.5 kDa; TdB Consultancy AB, Uppsala, Sweden).
The inlets and outlets were closed and the bioreactors
were placed in a humidified atmosphere for 4 h at 37 °C
and 5% CO2. Then the medium from each chamber was
collected separately, vortexed and three 200μl samples
were transferred to a black flat-bottomed 96-well plate
(Thermo Scientific) and fluorescence was measured (λex
= 495, λem = 515) using a fluorescence microplate reader
(Safire 2, Tecan). The membranes were washed with PBS
and the procedure was repeated at three later times
points on the same membranes; first with an incubation
time of 24h, then with cells seeded on the membranes
and subsequent incubation times of 4 h and 24h. For the

experiment with cells, 3 × 105 HK-2 cells/memebrane
were seeded on the apical side. The cells were allowed
to form a confluent monolayer during a preculture period
under static conditions for 2 days before the diffusion test
was repeated. The 5mM FITC–inulin in the medium that
was applied to the basal side was chosen such that it
was within the linear regime of concentration-dependent
fluorescence intensity. The percentage of diffused FITC–
inulin was calculated from the measured fluorescence sig-
nals [fluorescence apical × 100%/(fluorescence basal +
fluorescence apical)] for each membrane at each time
point, 4 and 24h, and for each condition, without and
with cells. From those percentages, the averages and stan-
dard errors were determined (result expressed in absolute
values is available in the supporting information,
Figure S1). Diffusion in the presence and absence of cells
was compared for both incubation times separately via an
unpaired two-sample t-test; error bars represent standard
error of the mean (SE); p < 0.05 was considered statisti-
cally significant.

2.4.3. Cell culture under flow conditions inside
the bioreactor

Bioactive UPy–PCL membranes with HK-2 cells were
precultured under static conditions for 4 days before sub-
jection to a continuous flow inside separate bioreactors
for 21days. Each bioreactor was attached to a container
with 9ml complete medium. Medium was circulated
through the closed system via peristaltic tubing pump
(Ismatec) and flowed over the membrane through both
the apical and basal chambers at a 6ml/h flow rate. The
bioreactors were arranged vertically, with the outflow of
both chambers pointing upward to allow easy removal of
any air bubbles that might enter the chambers. The set-
up was placed as a whole in a cell incubator (Thermo
Scientific), which maintained 37 °C, 5% CO2 and a humid-
ified atmosphere. As a control, other cell-seeded mem-
branes were further cultured in 24-well plates under
static culture conditions with complete medium refresh-
ment every 2–3 days.

2.4.3.1. Cell viability: mitochondrial activity
assay. To assess cell viability, a mitochondrial activity
assay was used, based on the mitochondrial conversion
of non-fluorescent resazurin to fluorescent resorufin.
Resazurin salt (Sigma-Aldrich) was dissolved in com-
plete medium in a 4.4 × 10–5 M concentration. The mem-
branes with HK-2 cells were incubated at 37 °C and 5%
CO2 in a humidified atmosphere with 800μl resazurin
solution for 2 h. For each membrane, three volumes
200μl resazurin solution were then transferred to a
black 96-well plate (Thermo Scientific) and fluorescence
was measured (λex = 550, λem = 584) using a Fluoroscan
plate reader (Thermo Fisher Scientific). All data were
expressed as mean ± SE. The average total mitochon-
drial activity for static cultures in time (n = 5 during
the preculture period, days 1–4, n = 3 at day 25) was
evaluated using ANOVA. Comparison of the flow samples
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(n = 2) with static samples at days 1 and 25 was per-
formed via separate two-sample t-tests; p < 0.05 was
considered statistically significant.

2.4.3.2. Cell morphology: fluorescent immuno-
staining of tight junctions. The formation of tight
junctions between cells was evaluated via immunofluores-
cent zona occludens 1 (ZO-1) protein staining, combined
with a nuclear counterstain. After the culture period, the
cells were washed twice with PBS, fixed with 2% formal-
dehyde (Fluka)/PBS for 10min and again washed twice
with PBS. The fixed cells were stored in PBS at 4 °C until
further use. To block non-specific binding sites, the sam-
ples were incubated with 5% w/v BSA in PBS for 30min
at room temperature. The cells were incubated with
mouse anti-ZO-1 antibody (1:200; 610966, DB Biosci-
ences Pharmingen) for 1 h and sequentially with rabbit
anti-mouse fluorescein isothiocyanate (RAM-FITC;
1:100; Dako) and 4,6-diamidino-2-phenylindole (DAPI;
1:1000; Sigma-Aldrich) in PBS with 5w/v% BSA for
30min at room temperature. The stained membranes
were embedded in CitiFluor (Agar Scientific) between a
glass microscopy slide and a coverslip and visualized
with fluorescence microscopy, using a Zeiss Axio ob-
server D1, AxioCam Mrm camera and Zeiss Axiovision
software (Carl Zeiss).

2.4.3.3. Gene expression: quantitative reverse
transcription–polymerase chain reaction (RT–
PCR). The gene expression levels of specific membrane
transporters were determined in HK-2 cells cultured on
bioactive UPy–PCL membranes. Flow cultures (4 days
static preculture + 21days flow culture; n = 5) were
compared to static cultures (n = 7) at day 25 after cell
seeding on bioactive UPy–PCL membranes. Total RNA
was isolated using High Pure RNA Isolation Kit (Roche),
according to the manufacturer’s instructions, and cDNA
was synthesized. Transcript levels for SGLT2, Na+/H+

ATPase, Pept 1, Pept 2, OCT 1 and OAT 3 (primers were
designed using free software from PubMed/NCBI;
sequences are listed in the supporting information,
Table S1) were detected using the MyIQ Single Color
Real-Time PCR Detection System (Bio-Rad, Hercules,
CA, USA), using SYBR green. All expression levels after
40 amplification cycles were presented relative to glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) and nor-
malized to static culture conditions. All data were
expressed as mean ± SE; p < 0.05 was considered sta-
tistically significant.

2.4.3.4. Metabolic activity: brush border enzyme
activity. The metabolic activity of three brush border en-
zymes was determined for HK-2 cells cultured on bioactive
UPy–PCL membranes. Flow cultures (4days static
preculture + 21days flow culture; n = 3) were compared
to static cultures (n = 4) at day 25 after cell seeding on bio-
active UPy–PCL membranes. Cell lysates of the cultures
were acquired by freeze–thawing each sample in 400μl

5mM Tris–HCl buffer with 0.9% NaCl and pH7.4. The ac-
tivity of brush border enzymes was assayed via the forma-
tion of 4-nitroaniline products, which adsorb at 405nm.
Kinetic colorimetric measurements were performed for
2–3h at 37 °C, using a platereader (Safire 2, Tecan) on
triplicate samples, each containing 10μl cell lysate
suspended in 200μl substrate solution. γ-Glutamyl trans-
ferase activity was determined by the transfer of γ-
glutamyl from L-glutamic acid 5-(3-carboxy-4-nitroanilide)
to glycyl–glycine (Sigma-Aldrich). The concentration of the
resultant 3-carboxy-4-nitroaniline in time was calculated
from absorption measurements (Lambert-Beer equation:
A= ε · c · l with ε=9500mM/cm). Alkaline phosphatase ac-
tivity was determined by following the dephosphorylation
of 4-nitrophenyl phosphate (Sigma-Aldrich). Alanine ami-
nopeptidase activity was determined by the conversion of
L-alanine-4-nitroanilide (Sigma-Aldrich). The concentra-
tion of the resultant 4-nitroaniline in both these assays
was determined according to the absorbance of a concen-
tration series of 4-nitroaniline. The brush border enzyme
activities were standardized with respect to the total
amount of protein present in the cell lysate volume, which
was determined using the Bradford assay, using bovine
serum albumin (BSA) as reference (Bradford, 1976). The
mean ± SE of enzymatic activity/sample group was
expressed in nM/min/mg protein. In two-tailed t-test,
p < 0.05 was considered statistically significant.

3. Results

3.1. Microfibrous electrospun UPy–PCL
membranes

3.1.1. Electrospun non-bioactive and bioactive
UPy–PCL membranes

UPy–PCL, both with and without bioactive peptides, was
successfully electrospun from HFIP and yielded opaque
white self-supporting porous membranes. SEM images
showed the microfibrous morphology of randomly orien-
tated fibres with typical sub-μm diameters, 0.44 ±
0.22μm for the non-bioactive UPy–PCL membrane and
0.34 ± 0.22μm for the bioactive UPy–PCL membrane
(Figure 2). These fibre diameters gave rise to densely
packed, porous meshes with apparent pore sizes <

5μm. This was considered appropriate to allow renal ep-
ithelial to grow on top of, rather than inside, these
microfibrous membranes.

3.1.2. Hierarchical fibrous structures in
electrospun UPy–PCL

AFM was performed to confirm the presence of a nano-
scale sub-structure within the electrospun UPy–PCL
microfibres. This technique has been routinely applied
to the surface of drop-cast films of UPy-polymers and
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allows the identification of nanofibrillar structures,
which have been attributed to hard, phase-separated,
self-assembled UPy-stacks (Kautz et al., 2006; van Beek
et al., 2007). The identification of nanostructures by AFM
on microfibres of electrospun membranes proved to be
challenging, due to the irregular surface of these samples
at the microscale. The irregularity was diminished by the
collection of single electrospun fibres on a flat glass sur-
face. The curvature of the single fibre still hampered the
detection accuracy of the AFM tip; nonetheless, distinct
nanofibrils were observed (Figure 3a).

The presence of ordered UPy–urea structures within
electrospun microfibres was confirmed byWAXS measure-
ments (Figure 3b). Similar diffraction patterns were ob-
served for UPy–PCL, before and after processing with
electrospinning and in the presence of UPy–peptides.
There were several small peaks superimposed on the
alkyl halo of the diffraction pattern. These can be attrib-
uted to both crystalline PCL domains and UPy-U stacks.
However, one specific peak was observed in the diffrac-
tion signal of all UPy–PCL samples, which was absent in

the diffraction signal of non-functionalized PCL. The peak,
which corresponded to a correlation distance of ~ 1nm,
has previously been observed for multiple UPy–urea- and
UPy-urethane-functionalized polymers and has been
attributed to the repeating distance between aligned
UPy-dimer stacks (Appel et al., 2011; Wietor et al., 2011).

3.2. Bioreactor design and validation

To create an organotypical flow culture environment for a
bioartificial renal membrane, a bioreactor was designed
and successfully manufactured. Photographs and a sche-
matic cross-section of the bioreactor are shown in Figure 4.
Primary design criteria were the possibilities of applying
any flat support material and of culture under continuous-
flow conditions. Furthermore, visual and microscopic
accessibility to the membrane and sufficient volume of the
culture compartments was desired. The materials used to
construct the design were chosen based on durability and
compatibility with standard sterilization procedures, to

Figure 4. The custom-made bioreactor. (A) Photographs of the bioreactor in assembled and disassembled state. (B) A schematic,
cross-section (indicated in A by the dotted line) of the bioreactor. The different parts are color coded, in correspondence with the leg-
end. Different applications that were tested and described in the present work, are indicated. (C) A schematic representation of a total
continuous flow culture setup, depicted here for one bioreactor that is provided with the same media in both the apical and basal
flow-chamber. The bioreactor is placed vertically, connected to a reservoir with culture medium via silicone rubber tubing. A tubing
pump can generate flow for multiple bioreactors at the same time. The complete assembly of multiple bioreactors, media reservoirs
and the pump, as shown in the photograph, is placed inside an incubator at 37 °C and 5% CO2.
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allow re-usability of the bioreactor. The main parts of the
bioreactor were constructed from PEEK, supplemented with
glass windows, silicone rubber sealing rings and stainless-
steel screws. In the disassembled state, the bioreactor could
be thoroughly cleaned and sterilized repeatedly by autoclav-
ing. Leak-tight assembly was verified in combination with a
variety of support materials fixed inside the bioreactor, rang-
ing in both thickness and stiffness. The possibility of modular
assembly allowed the use of the bioreactor during different
stages of a cell experiment. For example, with the upper lid
still open, cells could be seeded exclusively on top of the fixed
support material. After closing this lid, the bioreactor could
be connected via the inlet and outlet of both chambers to a
medium reservoir and pump using silicone rubber tubing.
This allowed the culture of a bioartificial renal membrane un-
der constant flow of media. The wide area inside the cham-
bers at both sides of the membrane functioned as a buffer
for any air bubbles that might result from the gas-permeable
silicone tubing that was used to complete the media circula-
tion. When an air bubble entered the flow chamber via the
lower inlet, it freely moved upward to exit via the upper out-
let (when the bioreactor was placed in a vertical position),
without interfering with the membrane. The bioreactor was
subjected to a series of experiments, in which HK-2 (Ryan
et al., 1994) cells were applied to the UPy–PCL-based mem-
branes as a model for bioartificial renal tubule membranes.

3.2.1. In situ monitoring of cultures inside the
bioreactor using microscopy

The bioreactor was designed with wide cross-section win-
dows that allow visual access to the membrane and the
surrounding chamber. Chamber height (distance between
the membrane and the glass window) was minimized to
further facilitate accessibility to the membrane by micros-
copy. The resulting distance that had to be bridged by the
microscope objective was formed by a 3.2mm-thick aque-
ous medium layer and a 0.7mm-thick glass window. The
possibility of in situ monitoring of cultures inside the bio-
reactor by microscopy was validated. A test culture with
live/dead-stained HK-2 cells on opaque non-bioactive
UPy–PCL membranes was placed inside the bioreactor.
Fluorescence microscopy imaging proved to be successful,
using low numerical aperture objectives (Figure 5).

Successful visualization with maximum magnification
and minimal working distance (WD) was achieved with
a ×20 magnifying objective, with WD = 4.3mm. The cells
on the membrane inside the bioreactor remained well
visible by fluorescence microscopy up to at least 2 days
after the non-invasive live/dead staining (see supporting
information, Figure S2).

3.2.2. Membrane leakage: diffusion test inside
the bioreactor

The bioreactor was designed with a separate chamber at
each side of the membrane culture. Hence, a membrane
placed inside the bioreactor divides the system into two
separate compartments that are connected through the
porous membrane. This mimics the organotypical compart-
mentalization in the kidney. Via the application of medium
with a different composition in each compartment, a com-
positional gradient can be applied. Thereby, diffusion or
active transport of a particular substrate by the renal
epithelial cells over the porous membrane can be studied.
To demonstrate this possibility in the bioreactor, the differ-
ence in diffusion of fluorescein isothiocyanate-labelled
inulin (FITC–inulin) over bare UPy–PCL membranes was
compared to membranes seeded with HK-2 cells. Inulin
has long been used as the standard to determine the kidney
glomerular filtration rate (GFR). This compound is not
bound to plasma proteins, is freely filtered in glomeruli
and is neither reabsorbed nor secreted in the kidney’s tubu-
lar track (Smith, 1951). Leakage of this compound through
an epithelial cell monolayer was found to be a measure of
the integrity of the tight-junction barrier (Madara and
Dharmsathaphorn, 1985) and thus offers an opportunity
to assess the formation of tight epithelial barriers in vitro.

The diffusion of FITC-inulin over pre-wet electrospun
non-bioactive UPy–PCL membranes was measured in
the absence of HK-2 cells and when covered with a pre-
sumably tight monolayer of HK-2 cells. After both 4 and
24 h of incubation at 37 °C, a significant decrease in
FITC-inulin diffusion was observed over the electrospun
UPy–PCL membranes when covered with epithelial cells
(Figure 6). This indicated the formation of a near-tight
cell layer at the apical side of the membrane, resembling
the epithelial lining of kidney tubules.

Figure 5. In situ microscopy imaging. Fluorescence micrographs of live (green) / dead (red) stained HK-2 cells on an electrospun
UPy-PCL membrane inside the bioreactor. The images were recorded with low aperture objectives with different magnification and
working distance (WD). Scale bars represent 100 μm.
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3.2.3. Effect of 3weeks of flow culture on
bioartificial renal tubule membranes

A continuous flow of sterile media was successfully
established using the bioreactor culture set-up. This was
utilized to culture bioartificial kidney tubule membranes
under flow conditions. The effect of this culture method
was compared to continued static culture. The test mem-
branes consisted of HK-2 cells on bioactive UPy–PCL
membranes. The HK-2 cells were seeded in a sufficiently
high cell density to allow the instant formation of a con-
fluent cell layer. The test membranes were precultured
for 4 days under static conditions to allow the maturation

of cells into a tight, polarized monolayer. This morphol-
ogy was confirmed by fluorescent staining and microscopy
visualization of zona occludens 1 (ZO-1) proteins in simi-
lar cultures (see supporting information, Figure S3). After
static preculture, the membranes were subjected to a con-
stant flow of culture media inside the bioreactors for
21 days. During this culture period, the bioreactors were
regularly checked for adequate functionality at several ba-
sic criteria, such as leakage, air bubble accumulation and
sterility. Absence of infection indicated that the separate
parts had been successfully sterilized and remained sterile
during assembly of the culture system. Absence of me-
dium outside the system indicated proper leak-tight as-
sembly. Air bubble formation in the system was expected
and observed, but there were no signs of adverse effects
(e.g. disruption of the membrane, discontinued flow) as
a result of this. Cell viability, morphology and phenotype
of the HK-2 cells were assessed after 3weeks of flow cul-
ture inside the bioreactor and compared to static cultures
of similar age.

3.2.3.1. Cell viability. Cell viability was indicated by
both mitochondrial activity assay at set time points during
the experiment (Figure 7) and live/dead staining after the
total culture period of 25days (see supporting informa-
tion, Figure S5). The non-invasive mitochondrial activity
assay is based on the uptake and mitochondrial
conversion of non-fluorescent resazurin to fluorescent
resorufin by viable cells. Equal fluorescence signals 1 day
after cell seeding indicated equal seeding density
throughout the separate bioartificial renal tubule test
membranes (Figure 7). After the static preculture period
of 4 days, the assay was repeated prior to subjection of
parts of the cultures to media flow. Elevated total
mitochondrial activity, indicative of elevated cell num-
bers, was observed throughout the cultures compared to
day 1. After 21days of flow culture, the average total
mitochondrial activity returned to the level measured at

Figure 7. The effect of bioreactor flow culture on renal tubule test membranes. HK-2 cells were statically pre-cultured on bioactive
UPy-PCL membranes for 4 days, followed by a culture period of 21 days, either under flow conditions inside a bioreactor or prolonged
static culture in a well plate. Cell viability was monitored throughout the experiment via a non-invasive mitochondrial activity assay
based on the conversion of resazurin (left). Error bars indicate standard error of mean. The significant increase (ANOVA, *** indicates
p< 0.001) in mitochondrial activity during the static pre-culture period (day 1 – day 4) remained present during the prolonged static
culture (day 4 – day 25), whereas there was no difference measured between flow cultured membranes at day 25 and the initial
culture at day 1 (two-tailed P value is 0.952, two-sample unpaired t-test). After the total culture period of 25 days, the cells were
stained for ZO-1 (green, cell nuclei are in blue). The fluorescence micrographs show the presence of tight-junctions in both the static
and flow culture. Scale bars represent 50 μM.

Figure 6. Epithelial cell layer integrity. Transmembranal
FITC-inulin diffusion is determined as a measure for leakage
(50% = maximum). Results are given for both 4 and 24 hours
diffusion time at 37 °C through UPy-PCL membranes without
and with HK-2 cells. The indicated significant differences
between these sample groups correspond with p< 0.0001.
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day 1 after cell seeding. For comparative static cultures,
the activity remained elevated after these 21days
(Figure 7). For static control cultures of HK-2 cells seeded
in tissue culture-treated polystyrene 24-well plates, an
increase in mitochondrial activity was observed over time.
After activity reached a maximum, it remained at a
constant level (see supporting information, Figure S4).
At this plateau, unstructured, multilayered growth was
observed. This indicated the tendency of these cells to
lose their typical epithelial phenotype when cultured
in vitro. In contrast, the cells cultured on bioactive
UPy–PCL membranes, under both static and continuous
flow conditions, were more homogeneously distributed
compared to cultures on polystyrene. When comparing
the culture conditions on the UPy–PCL membranes,
live/dead staining showed similar cell viability for flow
and static conditions, although the cells appeared bigger
(in the x–y plane) on the flow-cultured membranes (see
supporting information, Figure S5).

3.2.3.2. Cell morphology, gene expression and
brush border enzyme activity. Immunofluorescent
staining of zona occludens-1 (ZO-1) protein was per-
formed to examine the effect of 21 days of flow culture in-
side the bioreactor, compared to continued static culture,
on the morphology of a statically precultured epithelial
cell layer. The typical ZO-1 staining, which is indicative
of the desired tight, confluent and polarized epithelial
morphology, was observed for both flow and static cul-
tures (Figure 7). Similarly to what is seen with live/dead
staining, the cells appeared larger (in the x–y plane) in
the flow cultures than in the static cultures.

The effect of 21days of flow culture on typical renal
tubular epithelial gene expression was assessed by quan-
titative RT–PCR. HK-2 cells showed modulated expres-
sion levels of genes encoding for specialized membrane
transporter proteins when compared to cultures after
flow and static culture conditions (Figure 8a). Gene ex-
pression analysis implied a tendency towards enhanced

Figure 8. The effect of bioreactor flow culture on renal tubule test membranes. HK-2 cells were statically pre-cultured on bioactive
UPy-PCL membranes for 4 days, followed by a culture period of 21 days, either under flow conditions inside a bioreactor or prolonged
static culture in a well plate. Flow and static cultures are compared for: (A) RT-PCR expression levels of specific apical (A) and
basolateral (B) membrane transporter proteins at the mRNA level (corresponding genes are indicated in brackets. Static n=7, flow
n=5), and (B) activity of brush border enzymes, expressed as nmol substrate conversion per min, corrected for the amount of protein
in the cell lysate (static n=4, flow n=3). Mean ± standard errors are reported. Significant differences are indicated by *(p<0.05) and
**(p<0.01).
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expression of the renal transporters SGLT2, Na+/H+

ATPase, Pept 2 and OAT 3, but not Pept1 and OCT1, after
flow culture, indicating that the epithelial phenotype is
better preserved when HK-2 cells are cultured under flow
in our bioreactor set-up.

Also, the activity of brush border enzymes appeared
modulated when compared to flow cultures with static
cultures (Figure 8b). The 21days of culture under flow
conditions inside the bioreactor significantly increased
the γ-glutamyl transferase activity of the HK-2 cells. The
activity of alanine aminopeptidase strongly varied among
the flow-cultured test membranes, whereas the static
cultures all showed very similar, but generally lower,
activity than flow cultures. This indicated an up-
regulating effect of flow culture on this enzyme’s activity.
In contrast, for alkaline phosphatase the higher activity
was observed for static cultures, but only when corrected
for the amount of protein present in the cell lysate; a
significantly higher protein content was observed for
the flow cultures compared to the static cultures (see
supporting information, Figure S6).

4. Discussion

Our goal was to create an in vitro mimic of the renal
tubular epithelial cells’ natural environment to allow the
formation and study of functional bioartificial kidney
tubule membranes for future medical applications. We
combined a synthetic basement membrane mimic with
an organotypical culture environment.

The majority of clinically relevant approaches that involve
renal epithelial cells have focused on synthetic materials to
substitute the BM, often combined with biological compo-
nents. For example, in reported endeavours towards in vitro
devices to complement haemodialysis treatments (Saito
et al., 2011; Humes et al., 1999; Ni et al., 2011), kidney tubule
epithelial cells were seeded on the anti-adhesive synthetic
materials that are employed in commercial haemofilters,
coated with cell-adhesive, ECM-derived components. Studies
on the application of renal epithelial cells in in vitro nephro-
toxicity tests predominantly focused on the selection of
cell-source and proper read-out parameters (Pfaller and
Gstraunthaler, 1998; Li et al., 2013) or on the development
of a microfluidic device to generate an ‘organ-on-a-chip’ (Jang
and Suh, 2010; Sciancalepore et al., 2014; Baudoin et al.,
2007; Kelly et al., 2013; Wei et al., 2012), rather than on
the development or selection of BM-substituting materials.
Commercially available polymer surfaces, with or without bi-
ological coatings, were applied in these studies. The synthetic
materials alone cannot provide the dynamic, bioactive nature
or hierarchical structure of the BM. On the other hand, the
use of natural components poses hurdles toward clinical
translation of the envisioned applications, for example by
their limited availability and variability of composition.

In our endeavours to mimic the basement membrane,
we have focused on a completely synthetic approach, in
which the supramolecular interactions between UPy-
moieties play a prominent role. In earlier studies we

showed that UPy-based supramolecular biomaterials are
promising candidates for mimicking the BM, since
UPy-functionalized polymers and UPy–peptides can be
combined to form inherently dynamic biomaterials with
tunable material properties and bioactive functions
(Dankers et al., 2010, 2011; Mollet et al., 2014). Here we
demonstrate that UPy-based biomaterials can also be ap-
plied to mimic the morphological characteristics of natu-
ral basement membranes. In UPy-functionalized polymer
biomaterials, hierarchical self-assembly of UPy-moieties,
i.e. UPy-dimerization, UPy-dimer stacking and stack ag-
gregation, gives rise to well-defined nanoscale fibrous
structures. Although a self-assembled nanofibrous struc-
ture has long been assumed to be present in electrospun
microfibres of UPy-functionalized polymers, the AFM
and WAXS data presented here (Figure 3) provide the first
experimental data that support this assumption.
Electrospinning of UPy-polymer biomaterials thus not only
provides the opportunity to create porous, freestanding
membranes, but also complements the self-assembled
nanofibrillar structure with a microfibrous super-
structure. Hence, UPy-polymers allow for the recreation
of hierarchical fibrous morphologies, as found in natural
basement membranes.

To screen and supplement our UPy-biomaterial
electrospun membranes in their performance as in vitro
basement membrane mimics for renal epithelial cells, we
developed a bioreactor that provides an organotypical cul-
ture environment. The bioreactor provides separate flow
of media to the apical and basal sides of a freely chosen
flat support material, such as any membrane. The custom-
ized bioreactor was tested for a diversity of requirements
in cell-employed assays. Monitoring of a culture inside
the bioreactor by microscopy imaging was successfully
demonstrated with objectives up to ×20 magnification
(Figure 5), which is appropriate for the monitoring of
general features of the culture, such as cell density or con-
fluence. This will in particular be a valuable tool for mon-
itoring of the culture when using transparent culture
supports inside the bioreactor that allow for brightfield
microscopy. However, when applying opaque substrates
such as our UPy–PCL membranes, fluorescent labelling
of cells is needed to provide visual information by micros-
copy during culture inside the bioreactor. Non-invasive
fluorescent staining, such as the staining of live cells with
calcein, can provide visual access to the cells up to few cell
passages. An alternative approach, which could provide
stable fluorescence and enable monitoring of specific cell
features, is genetically encoded labelling through
transfection.

The bioreactor was designed with a separate chamber
at each side of the membrane. Both chambers have their
own flow inlet and outlet. This organotypical compart-
mentalization allows the separation of media flow on
the apical and basal sides of the membrane. Besides the
aim of stimulated polarization of renal epithelial cells,
the compartmentalization allows the readout of cell func-
tionality through diffusion and transport assays. This
functionality was successfully demonstrated by the inulin
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diffusion assay (Figure 6), which gives a measure of the
integrity of the epithelial cell barrier. In a similar way,
active transport studies can also be performed by apply-
ing, for example, a uraemic toxin at the basal volume
and studying its transport towards the apical volume by
the renal epithelial cells in the presence and absence of
a transport inhibitor (Schophuizen et al., 2013). When
using fluorescently labelled compounds in the bioreactor,
diffusion or transport could potentially also be monitored
in real time, using fluorescence microscopy through the
glass windows of both chambers. Furthermore, here the
diffusion test was performed under static incubation con-
ditions, whereas the bioreactor provides the opportunity
to perform similar studies under flow conditions, which
better resembles the renal epithelial niche. This offers ad-
vantages in comparison to the performance of such assays
in commercial static culture set-ups with compartmental-
ized media, such as Transwell® (Corning) or CrowncellTM

(Scafdex).
The bioreactor flow culture set-up allowed the culture

of bioartificial kidney membranes under constant flow of
media. Cultures of up to at least 21 days proved to be
successful (Figure 7). This indicates suitable functionality
of the bioreactor set-up according to several basic design
criteria. It shows that the set-up can be assembled in a
sterile way and free of leakage. Furthermore, no adverse
effects were caused by air bubbles in the flow system,
and the cells survived the handlings involved with mem-
brane transfer into (when cells are seeded outside the
bioreactor) and from the bioreactor. Cell viability was
indicated by both mitochondrial activity assay and
live/dead staining. The total mitochondrial activity for
flow-cultured membranes was lower compared to that of
static cultures. In previous experiments using primary
proximal tubule epithelial cells on similar membranes, mi-
tochondrial activity when cultured in another flow system
was also found to be lower, as in static cultures (Dankers
et al., 2011). In correspondence with this study, observa-
tions of cell morphology by fluorescence microscopy
revealed that cells cultured under flow conditions appear
bigger (in the x–y plane). Hence, fewer cells are present
on the same surface area. This might explain the lower
total mitochondrial activity observed for these flow
cultures, since total mitochondrial activity is an indirect
measure for the amount of cells. HK-2 cells cultured under
static conditions on tissue culture-treated polystyrene
show abundant and unrestricted cell proliferation
resulting in multilayered growth. This contributes to the
loss of epithelial-specific phenotype for this cell line.
Given the fact that the seeded cell density on the mem-
branes was high enough to form an instant monolayer,
the presented results might indicate that flow culture
either helps to establish a stable cell turnover of continu-
ously proliferating HK-2 cells, or that HK-2 cells cultured
under flow conditions regained characteristic contact
inhibition, preventing them from abundant and unre-
stricted proliferation, as compared to static cultures. The
loss of contact inhibition and subsequent overgrowing
from a monolayer to multilayer morphology was

mentioned by Saito et al. (2011) as the main cause of
suboptimal functioning of a bioartificial renal tubule de-
vice consisting of a hollow-fibre module and human
proximal tubule epithelial cells (Saito et al., 2011). These
results, shown with our supramolecular newly developed
bioreactor, are thus promising towards improved in vitro
applications of renal epithelial cells.

HK-2 cells on bioactive UPy–PCL membranes further-
more showed both modulated brush border enzyme
activity and expression levels of membrane transporter
proteins, when compared to culture for 21days under
flow conditions to static culture conditions (Figure 8).
The enzymatic activities were corrected for the amount
of total protein present in the cell lysate of the cultures.
Remarkably, the protein content in flow cultures was
significantly higher than in static cultures. As a result,
the overall, non-protein corrected activity of all three
tested brush border enzymes was either equal to, or higher
than, the activity in static cultures (see supporting infor-
mation, Figure S6). From the presented results we cannot
distinguish between down-regulated enzymatic activity
and transporter protein expression under static conditions,
or up-regulation under flow conditions. Nevertheless, the
results do indicate preserved or even regained renal
epithelial phenotype under flow culture conditions in our
bioreactor.

For the described cell-based tests, HK-2 cells were used
as a model for renal tubular epithelial cells. Although
these cells might not be the most appropriate cells for
future clinical applications, they proved sufficient for
current tests, in which primarily the function of the biore-
actor was assessed. In future experiments, employing the
bioreactor as culture and read-out tool for renal epithelial
cell functionality on new UPy-biomaterial membrane
designs, other cell sources might prove more useful, such
as primary cells or immortalized cell lines, with improved
preservation of in vivo-like characteristics (Wilmer et al.,
2010; Jansen et al., 2014).

5. Conclusions

With the aim of creating a bioartificial in vitro mimic of
the renal tubular epithelial cells’ natural environment,
we combined synthetic substitutes for the basement
membrane and an organotypical culture environment.
For mimicry of the basement membrane, we have focused
on a promising class of synthetic materials; supramolecu-
lar biomaterials based on UPy-moieties. Here we demon-
strated the hierarchical fibrous architecture, from
nanoscale to microscale, of electrospun membranes of a
UPy-polymer based biomaterial. This provides morpho-
logical mimicry of natural basement membranes. As an
organotypical culture environment, we have developed a
bioreactor system in which the bioartificial kidney mem-
brane can be exposed to a continuous flow of separate me-
dia on both apical and basal sides, and which furthermore
allows in situ monitoring of the membrane culture via
microscopy. HK-2 cells were successfully cultured for
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21days under flow conditions inside the bioreactor. The
results indicate a positive effect of the culture under flow
conditions inside the bioreactor. Characteristics of the
differentiated and functional renal epithelial phenotype
are preserved or regained when compared to static
cultures. We intend to employ the bioreactor in combina-
tion with new variants of BM mimics and relevant cells.
This will aid the formation, study and screening of living
bioartificial kidney membranes for future in vitro clinical
applications, such as improved haemodialysis treatments
and nephrotoxicity tests.
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Figure S1. Transmembranal FITC–inulin diffusion assay performed using the bioreactor
Figure S2. Fluorescence micrographs of HK-2 cells on a UPy–PCL membrane inside the bioreactor after live/dead stain-
ing over time
Figure S3. Fluorescence micrographs of HK-2 cells show the formation of tight junctions over time
Figure S4. Resazurin assays were performed over time to monitor the total mitochondrial activity of HK-2 cell cultures
on tissue culture-treated polystyrene in a standard 24-well plate
Figure S5. Fluorescence micrographs of live/dead-stained HK-2 cells cultured on bioactive UPy–PCL membranes for
varying times and conditions
Figure S6. HK-2 cells were cultured on bioactive UPy–PCL membranes for varying times and conditions
Table S1. Real-time PCR primers for human membrane proteins
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