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Abstract
Porous membranes are frequently used as supports of cell monolayers in functional studies of epi-
thelial and endothelial barriers. However, commonly used conventional polymer-based mem-
branes such as those made of polycarbonate (transwells) do not mimic the structural and bio-
chemical properties of native basement membranes, which may limit cellular differentiation and
function. Here, we use a nanofibrillar membrane that mimics the microenvironment of the base-
ment membrane and is made of recombinant spider silk functionalized with the integrin-binding
RGD motif of fibronectin and coated with human kidney-specific laminin-521 (FN-silk). The FN-
silk membranes were evaluated as culture substrates for renal epithelial cells (RPTEC/TERT1),
a cell type notoriously difficult to differentiate in culture. FN-silk membrane structure, cellular
morphology, mRNA expression, barrier properties and transporter activity were assessed using
scanning and transmission electron microscopy, RNA-sequencing, permeability and transport
assays. Both FN-silk and conventional membranes supported barrier integrity and tight junction
expression. In contrast to cultures on conventional membranes, the RPTEC monolayers on FN-silk
exhibited a differentiated morphology, low expression of cell death markers, and, directional anion
and cation transport. Further, the commonly used conventional membranes released endocrine-
disrupting bisphenols that activated estrogen-mediated signaling. In summary, these findings
indicate that FN-silk membranes with kidney-specific basement membrane laminin 521 reduces
cellular stress, supports and maintains cellular differentiation and preserves important cellular
functions. Our work establishes FN-silk membranes as a next-generation biomaterial that enables
the differentiation of renal epithelial monolayers into a physiologically relevant in vitromodel.

1. Introduction

Polarized epithelial cell monolayers representing dif-
ferent human tissues are in great demand for the

investigation of tissue-specific processes ex vivo.
Often, these cultures are grown on porous mem-
branes that promote differentiation by allowing
nutrient access to both sides of the monolayer. Once
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an intact monolayer has formed on such porous
membranes, the directional transport of nutrients,
toxicants and drugs across epithelial (e.g. intest-
inal, renal) or endothelial (e.g. blood–brain-barrier)
monolayers can be investigated [1–3]. Cell mono-
layers grown on commercial porous membranes are
therefore frequently used in both basic studies of cel-
lular physiology and applied research including stud-
ies of drug transport. In addition, they can be used
in more advanced co-culture formats, e.g. with a sup-
porting layer of interstitial cells [4].

While epithelial cell barriers are attached to a
tissue-specific basement membrane composed of fib-
rillar extracellular matrix (ECM) proteins in vivo,
commercial porous membranes are made of artifi-
cial materials such as polycarbonate (PC), which can
be coated with ECM proteins, to improve anchoring
of sensitive cell types. Disadvantages of these conven-
tional membranes include their thickness (⩾10 µm),
which can limit cell–cell communication between
cells cultured on opposite sides of themembrane, and
their stiffness, which negatively impacts the differen-
tiation ability of epithelial cells [5]. Therefore, porous
membranes that better mimic the native microenvir-
onment are desirable.

The basement membrane, which surrounds and
separates tissues and cell types, provides structural
support for the cells. It consists of a thin but dense
network of ECM protein fibrils with tissue-specific
proportions of mainly collagens and structural gly-
coproteins such as laminin and fibronectin (FN), and
associated proteoglycans [6]. In addition to providing
structural support and other functions, the basement
membrane plays a critical role in determining cell
polarity [7]. In recent years, membranes made from
recombinant spider silk proteins (spidroins) have
emerged as a promising alternative to membranes
based on synthetic polymers [8]. A specially engin-
eered partial spidroin variant, 4RepCT [9], function-
alized with a the integrin-binding RGD motif of FN
into FN-silk [10], self-assembles into thin (adjustable
between 0.25–1.2 µm) but strong, elastic, biocom-
patible nanofibrillar membranes [8]. The FN-silk
membranes have been shown to closer resemble the
microenvironment of native basement membranes in
terms of thickness [11], mechanical properties [11]
and elasticity [8, 12]. They have previously been used
to develop a variety of mono- and co-culture mod-
els of different cell types [11, 13–15]. Here, we extend
these studies to a model of the renal proximal tubular
epithelium, a cell type that is difficult to differentiate
to physiological maturity using conventional in vitro
setups. To furthermimic the natural kidney basement
membrane, the FN-silk membranes were coated with
laminin-521.

We used the immortalized renal proximal tubular
epithelial cell line RPTEC/TERT1, hereafter referred
to as RPTEC, which forms tight junctions and domes

[16] and transports water [17], proteins [16] and
cations [18, 19]. RPTEC cultures have been used
in various formats for studies on renal epithelial
barrier integrity [19, 20], ion transport [18, 19],
nephrotoxicity [19, 21–25] and drug target identi-
fication (Meyer et al submitted to British Journal of
Pharmacology 2025 [26]). However, RPTEC mono-
layers on conventional plastic-based membranes are
not fully differentiated, limiting their applicability
[24]. To improve differentiation RPTEC cells can be
co-cultured with a supporting layer of immortalized
fHDF/TERT166 fibroblasts, hereafter referred to as
fibroblasts, which secretes soluble factors that pro-
mote epithelial differentiation [4].

Here, we explored whether differentiation of
RPTEC renal epithelial cells could be improved when
cells are cultured on FN-silk membranes, with or
without a feeding layer of fibroblasts. Importantly,
we found that when cultured on FN-silk, the RPTEC
maintained a more native morphology and showed
reduced cellular stress signaling including apoptosis
compared to PC monolayer cultures. Barrier integ-
rity and expression of cell junction proteins were pre-
served and RPTEC showed increased expression of
several clinically relevant drug transporters and drug
metabolizing enzymes as well as increased directional
transport of anionic and cationic probe substrates.
Furthermore, while estrogen signaling was perturbed
by the release of the endocrine disrupting chemical
(EDC) bisphenol A from PC membranes, estrogen
signaling remained unaffected in FN-silk cultured cell
monolayers. In summary, our results show that FN-
silk monolayer cultures represent an incremental step
towards a differentiated in vitro model of the human
tubular renal epithelium.

2. Materials andmethods

All materials and manufacturers are given in the sup-
plementary file. Image analysis was performed in Fiji
ImageJ (version 1.54p).

2.1. Preparation of membranes
FN-silk membranes were prepared as illustrated
in figure 1(a), essentially as previously described
[13]. Briefly, the FN-silk protein (FN-4RepCT,
recombinantly produced in E. coli, purified using
chromatography [9, 10]; 2 mg ml−1 in PBS) was
thawed at room temperature, transferred into a 48-
well plate, and left overnight at room temperature for
self-assembly into a membrane. A custom-made 3D-
printed holder (Dental LT V2) was then lowered onto
the membrane, allowing the membrane to attach
around the holder within 2 h. After one hour of
incubation, 3 µg ml−1 of full-length recombinant
human laminin-521 (BioLamina AB) was added
for additional coating. After the 2 hr incubation,
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the membrane was lifted, washed with Dulbecco’s
phosphate-buffered saline (DPBS) and transferred
to a 24-well plate containing cell culture medium.
Reproducibility of both FN-silk membrane forma-
tion and laminin-521 coating uniformity was veri-
fied through supplementary microscopy analyses
using fluorescently labeled FN-silk and fluorescently
labeled laminin-521, respectively. Polycarbonate (PC;
0.4 µm pore size, 10 µm membrane thickness, 24-
well format) and polyethylene terephthalate (PET;
0.4 µm pore size, 12 µm membrane thickness, 24-
well format) membranes were incubated overnight in
cell culture medium, coated with 3 µg ml−1 laminin-
521 for 1 h and washed with DPBS before use.

2.2. Functional pore size analysis
To estimate the pore size of FN-silk membranes,
fluorescent nanospheres (27 nm, 51 nm or 75 nm)
were added to the apical side. At designated time
points the membrane was removed from the well and
the fluorescent intensity of the nanospheres in the
receiving (basolateral) chamber was measured using
a Spark microplate reader.

2.3. Cell culture
Immortalized renal epithelial cells RPTEC/TERT1
and immortalized human dermal fibroblasts fHD-
F/TERT166 were purchased from Evercyte GmbH,
Vienna, Austria. RPTEC cells were cultured in
a 1:1 mixture of DMEM without glucose and
Ham’s F12, resulting in a final concentration of
5 mM glucose, and supplemented with 2 mM
GlutaMAX, 5 µg ml−1 bovine insulin, 5 µg ml−1

transferrin, 10 ng ml−1 epidermal growth factor,
36 ng ml−1 hydrocortisone, 5 ng ml−1 sodium selen-
ite, 100 U ml−1 penicillin and 100 µg ml−1 strepto-
mycin and 0.5% fetal bovine serum (FBS). Fibroblasts
were expanded in DMEM/F12 (1:1) with glutamine
and 1.2 g l−1 NaHCO3, supplemented with 10% FBS
and 100 µg ml−1 G418. For co-cultures, RPTEC cell
mediumwas used as previously described [4]. RPTEC
were seeded on the FN-silk membranes at a density of
140 000 cells cm−2 and fibroblasts onto the bottom
of the 24-well plates at a density of 14 000 cells cm−2.
Fibroblasts were seeded 30 min prior to seeding of
RPTEC to allow for cell attachment. The cells were
cultured at 37 ◦C and 5% CO2, and the medium
was renewed every 48–72 h. Experiments were per-
formed 14 d after seeding to allow differentiation of
RPTEC [4].

The culture formats used in this study are sum-
marized in figure 1(b) and include RPTEC monolay-
ers on FN-silk (EpiSilk), RPTEC monolayers on FN-
silk with a fibroblast feeder layer (EpiSilk/F), RPTEC
monolayers on PC (EpiPC), RPTEC monolayers on
PC with a fibroblast feeder layer (EpiPC/F) and fibro-
blast monolayers (F). Unless otherwise specified, PC

membrane cultures served as controls. For experi-
ments requiring optical transparency, such as bright-
field and live-cell imaging, PET membrane cultures
(EpiPET/F) were used as references. These cultures
were also included in the scanning electron micro-
scopy SEM analysis of pore size and density and
bisphenol release studies.

2.4. SEM
EpiSilk/F and EpiPC/F cultures were fixed overnight
at room temperature in 2% glutaraldehyde buffered
with 0.1 M HEPES. After fixation, the samples were
washed three times with 0.1 M HEPES buffer for
5 min each. Subsequently, serial dehydration was
performed under agitation using 50%, 70% and
95% ethanol (two times for 10 min each), followed
by 99.5% ethanol (three times for 15 min each).
Samples were then serially dried with hexamethyl-
disilazane (HMDS), each step lasting 15 min: first
with a 2:1 mixture of 99.5% ethanol and HMDS,
then 1:1, followed by 1:2. Final drying was completed
with three 15 min incubations in 100% HMDS. The
remainingHMDSwas allowed to evaporate overnight
under a fume hood. The samples were then moun-
ted on a conductive carbon tape and sputter-coated
with a 12 nm thick gold layer using a PAK 600 coating
system. Imaging was performed using a Zeiss Ultra
55 Gemini scanning electron microscope. Laminin-
521-coated and uncoated FN-silk, uncoated PC and
uncoated PET membranes without cells were moun-
ted and imaged using the same protocol. Images of
PC and PET membranes were converted to binary
using the intermodes method (upper threshold set to
140) and the % area of black pixels was measured to
determine porosity.

Additionally, the porosity for PC and PET mem-
branes was calculated based on the manufacturer’s
specifications as

Porosity (%) = Pore density ∗ π r2 ∗ 100 (1)

where r is the pore radius.
For porosity measurements of uncoated FN-

silk membranes, they were lifted, placed in water
overnight to remove PBS and dehydrated as described
above. After drying, the FN-silk membranes were
placed with either the apical or basal side up on
carbon tape and coated with 5–9 nm gold using
an MCM-100 table-top samples sputter. SEM and
focused ion beam (FIB)-SEM were done using a
Helios 5 UC. SEM images were acquired in the
Immersion (UHR)mode with an acceleration voltage
of 10 keV. Samples were etched using FIB at 30 keV
for 3 s. Images were converted to binary using the
intermodes method (upper threshold set to 40) and
the Analyze Particles function was used to determ-
ine the pore area and number. Note that all particles
less than 10 pixels2 were excluded. The image-based
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porosity was determined by counting the number of
pixels occupied by the pores and dividing by the total
area of the image. The pore radius r was calculated as

r=

√
A

π
(2)

whereA is themeasured pore area. The pore diameter
was then obtained as 2r.

2.5. Transmission electronmicroscopy (TEM)
EpiSilk/F and EpiPC/F cultures were washed once with
DPBS. Samples were fixed in 2.5% glutaraldehyde
buffered in 0.1MSorensen phosphate buffer pH7.4 at
room temperature for 1 h and then stored at 4 ◦C. The
fixed samples were rinsed in 0.1 M phosphate buffer,
followed by post-fixation in 2% osmium tetroxide in
0.1 M phosphate buffer, pH 7.4 at 4 ◦C for 2 h. The
monolayers were then washed in 0.1 M phosphate
buffer pH 7.4 and subsequently dehydrated stepwise
in ethanol followed by acetone and finally infilt-
rated with resin and embedded in LX-112. Ultrathin
sections (∼80–100 nm) were prepared using an EM
UC7 ultramicrotome, transferred onto formvar slot
grids and contrasted with uranyl acetate followed by
lead citrate. The grids were examined in a HT7800
transmission electronmicroscope at 80 kV and digital
images were captured using a 20MPx Xarosa CMOS
camera. Image analysis and scaling was performed in
Fiji ImageJ and Affinity Designer (version 2.2.0).

2.6. RNA-seq
EpiSilk, EpiSilk/F, EpiPC, EpiPC/F and F cultures were
washed once with DPBS. The FN-silk monolayers
(EpiSilk, EpiSilk/F) were then scraped off, the PC
monolayers (EpiPC, EpiPC/F) were cut out from the
holder with an autoclaved blade and the basolateral
fibroblasts (F) were scrapped off from the bottom of
the well. Three to eight membranes were pooled and
stored in 100 µl RNAlater. The samples were snap-
frozen and stored at−80 ◦C until further processing.
Total RNA was isolated using the Zymo Quick-RNA
Microprep Kit including DNAse treatment according
to themanufacturer’s instructions. Samples were pro-
cessed using the NEBNext Ultra II Directional RNA
Library Prep Kit (NEB #E7760S/L). Briefly, mRNA
was isolated from total RNA using oligo-dT mag-
netic beads and fragmented. Subsequently synthes-
ized cDNA was ligated to the sequencing adapters
before amplification by PCR. Clustering and DNA
sequencing were performed on a NovaSeqX plus
instrument (Illumina) with a final loading concentra-
tion of 160 pMDNA at GenomeScan BV, Leiden, The
Netherlands. RawRNA-seq data were processed using
the nf-core/rnaseq pipeline [27] (version 3.18.0).
The data discussed in this publication have been
deposited in NCBI’s Gene Expression Omnibus [28]
and are accessible through GEO Series accession

numberGSE307014. Transcript expressionwas quan-
tified by Salmon (version 1.10.3) with gene annota-
tions from gencode (version 46). Genes with a min-
imum TPM > 1 across at least 2 samples were ana-
lyzed with the DESeq2 package [29] in R (4.3.1.).
Count data were normalized by variance-stabilizing
transformation. Gene set enrichments of Reactome
pathways based on the normalized gene counts (p-
value ⩽ 0.05; multiple testing correction with the
Benjamini–Hochberg method) were analyzed using
clusterprofiler [30]. Cell proportions were determ-
ined by digital cytometry using CIBERSORTx [31]
based on normalized gene counts, with EpiSilk and F
samples used as reference for RPTEC and fibroblasts,
respectively. The experiments were performed with
three replicates.

2.7. LC-MS/MS analysis of bisphenols
For the quantification of bisphenols (bisphenol A,
bisphenol S, bisphenol B, bisphenol AF, bisphenol
F, tetrabromobisphenol A), the cell culture medium
was collected after overnight pre-incubation and after
the last 48 h of the culture period. EpiSilk/F, EpiPC/F
and EpiPET/F cultures were washed twice with ice-
cold DPBS, excised from the holders and pooled.
Bisphenols were extracted from the cells by incubat-
ing them for 15min at 500 rpm in 200µl ice-cold acet-
onitrile (ACN)/water (60:40) with 50 nM warfarin
as an internal standard. Culture medium samples
were similarly diluted with warfarin-supplemented
ACN to achieve the same concentrations. All samples
were centrifuged at 3500 rpm for 15 min at 4 ◦C.
Supernatants were analyzed by LC-MS/MS on a
Waters Acquity UPLC coupled to a Waters Xevo
TQ MS as previously described [32]. Values below
the lower limit of quantification (S/N > 10) were
excluded from further calculations. To determine the
bisphenol concentration in the cells, the volume of a
single RPTEC cell was estimated assuming a spherical
shape with a diameter of 15 µm andmultiplied by the
total number of cells per membrane.

2.8. Permeability studies
To investigate the barrier integrity of EpiSilk/F and
EpiPC/F cultures, the permeation of 50 µM Lucifer
yellow (0.44 kDa) from the apical to the basolat-
eral compartment was measured in the absence and
presence of cells. The basolateral concentrations of
Lucifer yellowwere determined by fluorescencemeas-
urements in a Tecan Spark plate reader after 15, 30,
45 and 60 min. The apparent permeability coefficient
(Papp) was calculated as

Papp =
∆Q

∆t

1

AC0

[
cm s−1

]
(3)

where ∆Q/∆t is the permeability rate (in mol s−1),
C0 is the initial concentration in the apical chamber
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(inmol l−1) andA is the surface area of themembrane
(in cm2).

The apparent resistance (Rapp) was calculated as
previously described [33]

Rapp =
1

Papp
=

1

Paq
+

1

Pc
+

1

Pf
(4)

where Paq is the permeability of the aqueous bound-
ary layers adjacent to the apical surface and the
basolateral surface of the filters, Pc is the permeabil-
ity of the cell layer and Pf is the permeability of the
filter membrane. Pf was calculated as described by
Karlsson and Artursson [33], while Pc was calculated
as the difference between the Papp of the membranes
with cells and the Papp of the empty membranes. The
reported cellular resistance (Rc), aqueous boundary
layer resistance (Raq), and filter resistance (Rf) corres-
pond to the inverses of their respective permeability
values. The experiments were performed with three
to six replicates.

2.9. Immunofluorescence staining
EpiSilk/F monolayers and fibroblasts cultured on FN-
silk, respectively, were fixed with 4% paraformalde-
hyde, permeabilized with 0.1% saponin and blocked
with 10% goat serum, each for 30 min at room tem-
perature. Between each step, the cells were washed
two to three times for 5 min each with DPBS.
Primary and secondary antibody solutions were pre-
pared in DPBS with 1% goat serum, 1% saponin, and
1% Triton-X 100. Primary antibodies used included
anti-zonula occludens-1 (ZO-1, 1:100, monoclonal
mouse), anti-SLC22A2 (OCT2, 1:200, polyclonal rab-
bit), anti-SLC22A6 (OAT1, 1:250, polyclonal rabbit)
and anti-SLC22A8 (OAT3, 1:250, polyclonal rabbit).
Alexa Fluor 488 (1:300, anti-mouse) and allophy-
cocyanin (APC, 4 µg ml−1, anti-rabbit) were used
as secondary antibodies. Monolayers were incubated
with the primary antibodies and then with the sec-
ondary antibodies for 1 h each at room temperat-
ure in the dark. The nuclei were stained with DAPI
for 15 min before the monolayers were transferred
to custom-made 3D-printed holders with coverslips.
Finally, the mounting medium was applied and the
samples were stored at 4 ◦C. Imaging was performed
using a Leica Stellaris 5 confocalmicroscope equipped
with a 40x/0.95 dry objective. The mean fluorescence
intensity of the negative control (without primary,
only with secondary antibodies) was subtracted from
all respective images.

2.10. Anion transport studies
EpiSilk/F or EpiPC/F cultures were washed once with
pre-warmed Hank’s balanced salt solution (HBSS).
The RPTEC monolayers were then incubated for
60 min with either HBSS or 100 µM probene-
cid in both compartments. After pre-incubation,

the solution was replaced with either 5 µM 6-
carboxyfluorescein (6-CF) or 5 µM 6-CF with
100 µM probenecid in the apical (A–B) or basolat-
eral (B–A) compartment. Samples were washed
twice with ice-cold HBSS and lysed with 1% sodium
dodecyl sulphate for 5 min. Fluorescence was meas-
ured in a Spark microplate reader (λex = 485 nm
and λem = 535 nm) for six replicates for EpiSilk/F and
three replicates for EpiPC/F cultures. The background
fluorescence was subtracted and the relative fluores-
cence unit (RFU) was normalized to the surface area
of the membrane.

2.11. Cation transport studies
EpiSilk/F of EpiPET/F cultures were washed once
with pre-warmed HBSS. The monolayers were then
incubated for 10 min with either HBSS or 50 µM
of the OCT1-3 and P-gp inhibitor quinidine in
both compartments [34–37]. After pre-incubation,
the solution was replaced with either 10 µM 4-(4-
(dimethylamino)styryl)-N-methylpyridinium iodide
(ASP+) without or with 50 µM quinidine in the
apical (A–B) or basolateral (B–A) compartment. Live
cell imaging was performed using a custom-built
microscope based on an Eclipse Ti2 body equipped
with a 10X/0.45 Plan Apo Lambda air objective and
a back-lit sCMOS camera with a physical pixel size
of 11 µm (Prime 95B). The imaging chamber was
kept at 37 ◦C and 5% CO2 in a humidified atmo-
sphere. Brightfield images were acquired using dif-
ferential interference contrast (DIC), while fluores-
cence images were acquired using a 475/28 Spectra-X
bandpass filter for excitation and a HQ610/75 nm fil-
ter for emission. Imaging was performed every 45 s
for 30 min and five areas per monolayer were cap-
tured. Three monolayers were imaged for the main
condition expected to represent functional transport
(‘ASP+, B–A’). Based on the good reproducibility
observed between these replicates and given the com-
plexity and time requirements of the imaging proced-
ure, the remaining conditions were imaged in single
replicates. Background fluorescence was subtracted
from each image and quantification of ASP+ fluor-
escence was performed in Fiji ImageJ.

2.12. Statistics
Statistical analysis was performed in GraphPad prism
(version 10.4.2). Results are presented as mean ± SD
unless stated otherwise. Statistical significance for
RPTEC cell height was determined based on an
unpaired t-test. For anion transport studies, statistical
significance was determined with a one-way ANOVA
followed by a Dunnett’s multiple comparisons test
compared to the 6-CF; B–A; FN-silk condition. For
cation transport studies, statistical significance was
determined based on a mixed-effects analysis fol-
lowed by a Dunnett’s multiple comparisons test com-
pared to the ASP+; B–A condition.
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3. Results

3.1. FN-silk membranes are highly porous
Based on our recent protein expression analysis and in
partial agreement with previous reports, the laminin
subunits α5, β2 and γ1 are among the most abundant
in healthy human kidney tissue [38, 39]. In RPTEC
cells, these isoforms are expressed in similar propor-
tions, albeit at a lower overall abundance compared
to tissue samples (figure S1). However, despite their
clear presence in kidney tissue, the kidney-specific
regulatory role of laminin-521 has not yet been fully
characterized. Human recombinant laminin-521 was
used to coat and functionalize both FN-silk mem-
branes and PC or PET membranes which served
as controls (figure 1(b)). While PC membranes are
preferred due to their higher porosity (estimated
from SEM images: 11%, calculated from the man-
ufacturer’s specifications: 12.6%; pore size: 0.4 µm)
which provides numerous pores per cell (figure S2),
low porosity PET membranes (estimated from SEM
images: 0.4%, calculated from the manufacturer’s
specifications: 0.3%; pore size: 0.4 µm) are generally
used for imaging due to their optical transparency.
FN-silk membranes were prepared as described pre-
viously (figure 1(a)) [13]. Using SEM to investigate
the pore area of FN-silk membranes, it was revealed
that the porosity differs between the top surface and
the volume of the membrane (figures 1(c)–(e)). The
apical side of the membrane consists of an outer-
most dense layer with pores with a median area of
55 ± 6 nm2 (mean 93 ± 15 nm2) and a porosity
of 11 ± 1% (table S1). In contrast, the basal side
consisted of much larger pores with variable size, a
median area of 85± 16 nm2 (mean 1714± 414 nm2)
and a porosity of 48 ± 3% (table S1). Ion etching
of the membrane confirmed that the porous struc-
ture was present throughout the bulk of the mem-
brane (figure S3). Although the analysis was con-
ducted on uncoated FN-silk membranes, additional
SEM imaging revealed no morphological difference
when membranes were coated with laminin-521
(figure S4).

From the SEM images it is apparent that the top
layer, due to its smaller pores, serves as the rate-
limiting barrier for the permeation of secreted factors,
drugs or small particles through the FN-silk mem-
brane. As drying the membrane for SEM analysis
could affect its dimensions, we next aimed to approx-
imate the pore size under wet cell culture conditions.
Previous studies have shown that FN-silk membranes
allow permeation of small molecules (<4.6 nm),
whereas particles larger than 100 nm do not pass
through [8]. To further refine this threshold, we ana-
lyzed the permeation of fluorescent nanobeads in
three different sizes (27, 51 and 75 nm). The 27 nm
beads passed through the membranes within 1 h. In
contrast, the 51 and 75 nm beads did not permeate

even after 48 h (figure 1(f)). This indicates that the
pores in the membrane are larger than 27 nm, but
smaller than 51 nm when wet, verifying that the
pores shrunk (to an 8.4 nmmedian diameter) during
drying.

3.2. Renal epithelial cells grown on FN-silk
membranes exhibit physiological cuboidal
morphology
After 14 d in culture, the RPTEC cells showed a typical
epithelial morphology in both EpiSilk/F and EpiPET/F
culture formats when imaged with brightfield micro-
scopy (figures 2(a) and (d)). Dome formation, a
characteristic feature of 2D cultures indicating active
water transport [16], was not observed in any case,
suggesting unimpeded water flow across all mem-
brane types. The FN-silk membrane was designed to
be 1.6 µm thick (figure 2(b)), which is about eight
times thinner than the PET membrane, and resul-
ted in favorable optical properties and a higher res-
olution of the cell borders in the brightfield micro-
scope (figures 2(a) and (d)). TEM images revealed
that the RPTEC monolayers on both membranes
expressed tight junctions, microvilli and a large num-
ber ofmitochondria, a hallmark of healthy, differenti-
ated RPTEC cells (figures 2(b) and (e)) [40]. The cells
in the EpiSilk/F culture were more cuboidal and not as
spread out as in the EpiPC/F culture with a mean cell
height of 11.5 ± 2.2 µm and 6.4 ± 1.5 µm, respect-
ively (figure S5(a)). Notably, as the cell height meas-
urements were based on samples prepared for TEM,
a dehydrating method known to result in shrinkage
[41], it can be assumed that cells in culture are even
higher. Thus, these results align closely with dimen-
sions of healthy proximal tubular cells in vivo, which
are estimated to be 20.3 ± 4.1 µm high [42]. SEM
further confirmed the formation of an intact mono-
layer (figure S5(b)) and the presence of microvilli
(EpiSilk/F: 11 ± 2 microvilli/µm2; EpiPC/F: 5 ± 2
micro-villi/µm2) and individual primary cilia on the
apical surface of RPTEC (figure S5(c)), consistent
with previous reports [16, 43]. Cross-sectional ima-
ging illustrates that the FN-silk membrane is very
thin relative to the cell layer, in contrast to the
much thicker PC membrane (figures (c) and (f)).
Furthermore, ECM deposition by the renal epithelial
cells was observed in EpiSilk/F cultures but not in
EpiPC/F cultures (figures 2(c) and (f)).

3.3. RNA-seq reveals reduced cellular stress and
intact nuclear hormone receptor signaling in cells
grown on FN-silk membranes
To obtain an unbiased overview of the molecular
phenotypes of the cultured cells on FN-silk and PC
inserts, we used RNA-seq. As expected, we observed
a clear difference in mRNA expression between renal
epithelial cells (cultured in the different formats
EpiSilk, EpiSilk/F, EpiPC, EpiPC/F) and fibroblasts (F)
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Figure 1. RPTEC culture formats in this study and FN-silk membrane properties. (a) Overview of the procedure for preparation
of and cell seeding on FN-silk membranes. Day−1: A solution of FN-4RepCT silk protein is added to an open well where the
protein self-assembles at the air− liquid interface overnight to form a membrane. Day 0: A holder is lowered onto the mem-
brane, which then adheres to the holder. After 60 min, a solution of laminin-521 is added to the membrane to coat it for another
60 min. Fibroblasts are seeded at the bottom of a 12-well plate. After allowing the cells to adhere for 30 min, the FN-silk mem-
brane is transferred to the same well and renal epithelial cells (RPTEC) are seeded on the apical side. After 14 d, differentiated
monolayers have formed and are used for the experiments. (b) Overview of the culture setups used in this study: RPTEC mono-
layers on FN-silk (EpiSilk), RPTEC monolayers on FN-silk with a fibroblast feeder layer (EpiSilk/F), RPTEC monolayers on PC
(EpiPC), RPTEC monolayers on PC with a fibroblast feeder layer (EpiPC/F) and fibroblast monolayers (F). SEM images of (c) the
apical side, (d) the basal side and (e) a cross section (apical side on top) of an uncoated FN-silk membrane. Scale bars= 300 nm.
(f) Permeation of 27 nm (n= 8), 51 nm (n= 3) and 75 (n= 3) nm fluorescent nanobeads through uncoated FN-silk mem-
branes without cells. The dashed line indicates the limit of detection. Created in BioRender. Meyer, A. (2026) https://BioRender.
com/q2aydlu. Created in BioRender. Meyer, A. (2026) https://BioRender.com/wmf6i3s.

(figure 3(a), tables S2 and S3). Notably, transcripts
of RPTEC cultured on FN-silk (EpiSilk, EpiSilk/F) and
PC membranes (EpiPC, EpiPC) were largely clustered
separately in an unsupervised analysis, indicating
that the choice of membrane strongly impacts gene
expression.

Digital cytometry identified signature genes for
RPTEC and fibroblasts (table S4) and ensured that
the RPTEC cells on the FN-silk membranes from
the co-cultures (EpiSilk/F) did not contain fibroblasts
(figure 3(b)).

Next, we assessed the effect of adding fibro-
blast feeder layers. Fibroblast monocultures expec-
tedly showed higher expression of genes involved in
the organization of the ECM. In contrast, the renal
epithelial cells showed higher expression of ADME
(absorption, distribution, metabolism and excretion)
genes and the barrier forming junctional complex
(figures 3(c) and S6; table S5).

When comparing EpiSilk and EpiSilk/F cultures,
the presence of feeder fibroblasts was associated with
enhanced signaling via GPCRs and receptor tyrosine
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Figure 2.Morphological assessment of EpiSilk/F, EpiPC/F and EpiPET/F cultures. Brightfield image of (a) EpiSilk/F or (d) EpiPET/F
cultures. EpiPET/F was imaged instead of EpiPC/F due to the requirement for optical transparency. The inset shows an enlarged
section of the image. Note the higher resolution of the FN-silk monolayer images. Scale bars= 50 µm. Transmission electron
microscopy (TEM) image of (b) EpiSilk/F or (e) EpiPC/F cultures. Scale bars= 5 µm. Scanning electron microscopy (SEM) images
of (c) EpiSilk/F or (f) EpiPC/F cultures. Densely packed microvilli and individual cilia are present in both culture conditions. Cross
sections highlight the larger cell-to-membrane ratio in EpiSilk/F cultures. Scale bars= 2 µm. c, cilium; m, mitochondria; mv,
microvilli; n, nucleus; tj, tight junction; ECM, extracellular matrix.

kinases along with the expected increase in ECM
organization (figures S7 and S8; table S5). In con-
trast, EpiSilk cultures showed higher levels of cell
cycle checkpoint-related mRNA, indicating increased
stress responses. Therefore, cultures with a support
layer of fibroblasts were chosen for the subsequent
experiments.

Several key proximal tubule markers (CUBN,
ATP1A1, LRP2BP, GGT1, CLTC, ANPEP, DPP4)
were expressed at similar levels in EpiSilk/F and
EpiPC/F cultures (table S3). In contrast, aquaporin-
1 (AQP1) and neprilysin (MME) showed reduced
expression in EpiSilk/F cultures relative to EpiPC/F,
whereas the proximal tubule endocytic receptor com-
ponent amnionless (AMN), which partners with
cubilin, was upregulated in EpiSilk/F cultures (table
S3). Additionally, EpiPC cultures showed a more pro-
nounced activation of immune response pathways,
increased expression of cell death-associated caspases,
and enhanced estrogen receptor signaling compared
to EpiSilk (figures 3(d)–(f) and S9; table S5). The
latter was also observed in EpiPC/F samples, sug-
gesting potential leaching of EDCs from PC mem-
branes. This is consistent with the known use of
EDCs such as bisphenols in the production of PC,
which may result in residual compound release [44].
Indeed, we detected 40.9 ± 4.4 µM bisphenol A

(BPA) in the EpiPC/F cultures, exceeding the repor-
ted EC50 for estrogen receptor α activation in the
MCF7 and ERα-CALUX assays [32]. This provides an
explanation for the enhanced estrogen receptor sig-
naling in these cultures. In contrast, the BPA levels
in the culture medium remained below this threshold
(figure 3(g)). No BPA was detected in EpiPET/F cul-
tures. Instead, bisphenol S (BPS) was detected in the
preincubation culture medium from EpiPET/F cul-
tures butwas not present in the samples collected dur-
ing the later culture period (figure 3(h)). Whether
the findings of significant levels of bisphenols are
an inherent feature of all PC and PET membrane
batches remains to be investigated. In contrast, none
of the analyzed bisphenols (bisphenol A, S, B, AF,
F or tetrabromobisphenol A) were detected in the
EpiSilk/F cultures, as expected, since these membranes
are protein-based.

3.4. Renal epithelial cells on FN-silk membranes
form intact barriers
In agreement with the TEM images, the transcrip-
tomic data showed the expression of adherens and
tight junction genes in all RPTECcultures. Expression
levels were overall higher in the EpiSilk/EpiSilk/F cul-
tures than in the EpiPC/EpiPC/F cultures, particu-
larly for cadherins (CDH) and claudins (CLDN)
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Figure 3. RNA-sequencing of different RPTEC mono- and co-cultures. (a) Hierarchical clustering of the top 5000 most vari-
able genes showing the grouping of samples based on membrane material. (b) Predicted proportions of RPTEC and fibroblasts
in each sample type (n= 3) based on digital cytometry with CIBERSORTx [31]. EpiSilk and F cultures were used as reference
for RPTEC and fibroblasts, respectively. Summary of gene set enrichment analysis with selected enriched Reactome pathways
between (c) EpiSilk and F, and (d) EpiSilk and EpiPC cultures. Relative mRNA expression of (e) caspases and (f) proteins of the
estrogen receptor-mediated signaling pathway in the different RPTEC mono- and co-cultures (n= 3). The values represent
the log2-fold change compared to EpiSilk cultures. Quantification of (g) bisphenol A and h) bisphenol S in cells, preincubation
medium (overnight, before seeding) and culture medium (day 12–14). Dashed lines indicate the EC50 for estrogen receptor α
activity in MCF7 (grey) and ERα-CALUX (black) assays [32]. nd= not determined. Experiments were performed in triplicate.

(figure 4(a)). The presence of an intact mono-
layer barrier in the EpiSilk/F cultures was confirmed
by the continuous expression of the tight junction
protein 1/zonula occludens protein 1 (TJP-1/ZO-1)
along the cell borders (figure 4(b)), consistent with

ultrastructural evidence of tight junctions by TEM
(figure 2(b)). While immunostaining of additional
junctional proteins could provide complementary
information, it was not required to support the con-
clusions of this study. As adherens junction formation
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Figure 4. Evaluation of barrier integrity. (a) Relative mRNA expression of adherens junction and tight junction proteins in the
different RPTEC cultures (n= 3). Values represent the log2-fold change compared to EpiPC cultures. (b) Representative confocal
images after staining of the nuclei (DAPI; blue), tight junction protein 1 (ZO-1, green) and both the nuclei and the tight junction
protein in EpiSilk/F cultures. Scale bars= 50 µm. The insets show an enlarged section of the image with a scale bar= 10 µm. (c)
Apparent Lucifer yellow resistance (Rapp) of FN-silk (n= 6) and PC (n= 3) membranes with (EpiSilk/F, EpiPC/F) and without
(Silk, PC) cells. The contributions of cellular resistance (Rc), the resistance of the aqueous boundary layer (Raq) and the filter
resistance (Rf) to the total Rapp are indicated.

precedes tight junction formation, the observed con-
tinuous ZO-1 expression sufficiently supports barrier
integrity.

The apparent permeability of the hydrophilic
probe Lucifer yellow (LY; 0.44 kDa) was then meas-
ured to further assess the barrier integrity of the
RPTECmonolayers. Due to the delicate nature of the
thin FN-silk membranes, stirring was not applied, so
it was important to determine the contribution of
the unstirred water layer to the total permeability of
LY. This can be done by calculating the inverted per-
meability, i.e. the resistance. The total resistance to
LY permeation (Rapp) is the sum of the resistances
of the filter membrane (Rf), the cell monolayer (Rc)
and the aqueous boundary layer (Raq) [33]. While
Rf was negligible (0.3% of Rapp), a significant con-
tribution of the unstirred water layer to the overall
resistance was observed for monolayers on both fil-
ters with a lower Raq in EpiSilk/F cultures (figure 4(c);
table S6). This difference was probably caused by the
different design and positioning of the two mem-
branes, resulting in a thinner aqueous boundary layer
in EpiSilk/F cultures. The Rc differed about 2-fold
between the cultures. Importantly, the apparent per-
meability of 5.6 ± 1.2 × 10−6 cm s−1 determined
in our EpiPC/F cultures agreed with previous reports
of primary and immortalized RPTEC cultures on

conventional 0.4 µmmembranes, which ranged from
5.0 to 6.3 × 10−6 cm s−1 (table S7). Taken together,
these results indicate that both types of membranes
allowed the formation of intact monolayers with sim-
ilar permeabilities.

3.5. Culture on FN-silk membranes enhances
selective transport of both anions and cations
The barrier integrity of both RPTEC cultures allowed
us to investigate renal transport function. Based
on our RNA-seq results, most clinically relevant
drug transporters and drug metabolizing enzymes
had a higher expression in EpiSilk/EpiSilk/F than in
EpiPC/EpiPC/F cultures (figures 5(a) and (b)). Further,
immunofluorescence staining indicated the presence
of some of the clinically most important drug trans-
porting proteins in the basolateral membrane of the
renal proximal epithelium, namely the anion trans-
porter OAT3 (SLC22A8; but not OAT1, SLC22A6)
and the cation transporter OCT2 (SLC22A2), in the
EpiSilk/F cultures (figures 5(c)–(k) and S10).

We therefore firstly investigated anion trans-
port using the fluorescent probe substrate 6-
carboxyfluorescein (6-CF). In EpiSilk/F cultures, the
6-CF transport was significantly higher when the sub-
strate was added to the basolateral compartment (B–
A) than the apical compartment (A–B) (figure 6(a)).
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Figure 5. Expression of clinically relevant drug transporters. (a) Clinically important transporters and enzymes in renal prox-
imal tubular cells. (b) Adapted from [45], with permission from Springer Nature. Created in BioRender. Meyer, A. (2026)
https://BioRender.com/i63os6q. The genes marked in blue show higher expression and the genes marked in orange show lower
expression in EpiSilk/F compared to EpiPC/F, while the genes marked in grey were below the detection limit. (b) Relative mRNA
expression of transporters and drug metabolizing enzymes in the different RPTEC cultures (n= 3). Values represent the log2-
fold change compared to EpiPC cultures. Representative confocal images after staining of (c), (f), (i) the nuclei (DAPI; blue), (d)
organic anion transporter 1 (OAT1; SLC22A6, red), (g) organic anion transporter 3 (OAT3; SLC22A8, red), (j) the organic cation
transporter 2 (OCT2; SLC22A2, red), (e) both nuclei and OAT1, (h) both nuclei and OAT3, and (k) both the nuclei and OCT2 in
EpiSilk/F cultures. Scale bars= 50 µm.

Moreover, basolateral (B–A) 6-CF transport was
inhibited by the OAT inhibitor probenecid [46]. In
contrast, 6-CF transport was overall markedly lower,
no significant differences in transport between A–B
and B–A conditions, and no inhibition by probenecid
were observed in EpiPC/F cultures (figure 6(b)).

In parallel to our investigation of anion trans-
port, we examined cation transport using the fluor-
escent probe substrate 4-(4-(dimethylamino)styryl)-
N-methylpyridinium iodide (ASP+) and live cell

imaging. In EpiSilk/F cultures, we observed signific-
antly higher ASP+ transport in the B–A direction
(figures 6(c) and (e)). This directional transport was
effectively inhibited by the OCT inhibitor quinidine
(figures 6(c) and (f)). Conversely, EpiPET/F cultures
showed no significant differences in ASP+ transport
between the A–B and B–A directions, and quinid-
ine had no inhibitory effect (figures 6(d), (g) and
(h)). Together, our results show that the FN-silk
membranes support the differentiation and polarized
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Figure 6. Enhanced anion and cation transport in EpiSilk/F cultures. Relative fluorescence units (RFU) over time measured
during OAT-mediated uptake of the fluorescent probe substrate 6-carboxyfluorescein (6-CF) in (a) EpiSilk/F (n= 6) and (b)
EpiPC/F (n= 3) cultures. Apical-to-basolateral (A–B) and basolateral-to-apical (B–A) transport were analyzed in the presence or
absence of the OAT inhibitor probenecid (Prob). Statistical significance was determined based on a one-way ANOVA followed
by a Dunnett’s multiple comparisons test compared to the 6-CF; B–A; EpiSilk/F condition with ∗ p⩽ 0.05. Mean fluorescence
intensity over time measured by live cell imaging during OCT-mediated uptake of the fluorescent probe substrate ASP+ in c)
EpiSilk/F and d) EpiPET/F cultures. A–B and B–A transport were analyzed in the presence or absence of the OCT inhibitor quinid-
ine (Quin). Statistical significance was determined based on a mixed-effects analysis followed by a Dunnett’s multiple comparis-
ons test compared to the ASP+; B–A condition with ∗∗∗ p⩽ 0.001, ∗∗∗∗ p⩽ 0.0001. (e)–(h) Uptake of ASP+ (B–A) in cultures
after 44 min. All scale bars= 50 µm. (e) EpiSilk/F, ASP+; (f) EpiSilk/F, ASP+ with quinidine; (g) EpiPET/F, ASP+; (h) EpiPET/F,
ASP+ with quinidine. Three monolayers were imaged for the main condition expected to represent functional transport (‘ASP+,
B–A, FN-silk’). Due to high reproducibility and the complexity of imaging, the remaining conditions were imaged once.

transporter function of RPTEC, whereas no signific-
ant transport was observed in cultures on conven-
tional membranes.

4. Discussion

In this study, we investigated FN-silk membranes as
a novel substrate for renal epithelial monolayer cul-
tures. RPTECmaintained on FN-silk obtained amore
cuboidal morphology and showed reduced cell death
and immune response signaling. Further, in contrast
to cultures on conventional membranes, no baseline
activation of estrogen-mediated signaling pathways
was observed. The expression of several clinically
relevant drug transporters and drug metabolizing

enzymes was higher in FN-silk monolayers and signi-
ficant anion and cation transport was only observed
in the latter. Thus, our results show that, relative to
control membranes, FN-silk enhances the differen-
tiation of renal epithelial cell monolayers toward a
physiologically relevant in vitromodel.

Since we found that the pore sizes of the FN-silk
membranes are more than 7 times smaller than those
of conventional membranes, we wondered whether
this could hinder the diffusion of typical small
molecule drugs. To assess this, we used the Stokes–
Einstein equation to estimate the hydrodynamic dia-
meter of three structurally diverse small molecules
(salicylic acid, birinapant, bardoxolone methyl) that
are currently being investigated for drug repurposing
in the most common genetic kidney disease (Meyer
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et al submitted to British Journal of Pharmacology
2025 [26]). All three molecules, as well as the probe
substances LY, 6-CF and ASP+, have hydrodynamic
diameters (0.7–1.2 nm) well below the nanobead
permeability threshold of >27 nm. This indicates
that small molecules can readily diffuse across FN-
silk membranes. Consistent with this, the Renkin
equation [47] yields a relative diffusion coefficient
of approximately 0.85 for a representative small
molecule (∼500 g mol−1; diameter ∼1 nm) diffus-
ing through pores with a diameter of∼27 nm, indic-
ating only minor diffusion restriction. Thus, despite
their smaller pore size, the thin FN-silk membranes
provide close to unrestricted permeability to small
drug-like compounds between the co-cultured cells.

Despite their advantages, FN-silk membranes
posed some practical limitations. Their thin and
elastic nature did require careful handling and we
omitted stirring during transport assays as the mem-
branes were prone to tearing, which affected exper-
imental throughput. Increasing the thickness of the
FN-silk membranes could overcome this limitation
in future studies, although it may compromise some
advantages of their thinness, while their strong sup-
port for cell attachment and elasticity would be
preserved. Additionally, FN-silk membrane forma-
tion required overnight preparation and specialized
inserts, which are currently not commercially avail-
able. However, a recently published step-by-step pro-
tocol now provides clear guidance for FN-silk mem-
brane handling and 3D printing of the necessary
inserts, making this system more accessible to the
wider research community [13].

It is well known that sensitive cell types, includ-
ing RPTEC cells, may not fully attach to polymeric
membranes such as PC and PET, and this was also
observed in our study. We addressed this issue by
incubating the PC and PET membranes overnight in
culture medium and additionally coating them with
the kidney-specific laminin-521 prior to cell seeding.
Notably, while our analyses identified laminin-521 as
the most abundant laminin in human renal tissue
samples, other commonly expressed isoforms, such as
laminin-111 and laminin-511 or mixtures of kidney-
specific laminins, can be investigated in future model
refinements [39]. However, despite these coatings,
the pipetting required during immunostaining still
caused significant cell detachment from PC and PET
membranes, rendering such experiments technic-
ally unfeasible. In contrast, the FN-silk membranes
supported strong cell attachment. This is largely
attributed to the RGD-containing cell-binding motif
of FN, which promotes integrin-mediated binding.
Interestingly, the integrin transcripts identified in our
cultures (table S2) closely matched the correspond-
ing proteins previously quantified in human kidney
tissue [38], and their mRNA levels were comparable
between FN-silk and PC conditions. This suggests

that the improved adhesion to FN-silk membranes
was driven by the integrin-bindingmotifs rather than
changes in cellular expression profiles, although the
more physiologically relevant elasticity of the FN-silk
membranes (E ∼ 115 kPa [8]; human kidney tissue
E∼ 95–180 kPa [12]), comparedwith themuch stiffer
track-etched membranes (E ∼ 1.9–2.9 GPa [5]), may
also have contributed.

Digital cytometry enabled the identification of
distinct gene expression profiles characteristic of renal
epithelial cells and fibroblasts (table S4) with the lat-
ter showing higher expression of genes involved in
ECM organization, consistent with their physiolo-
gical function [31, 48]. Remarkably, even after con-
firming the absence of fibroblasts in the EpiSilk/F cul-
ture samples (figure 3(b)), we observed an upregu-
lation of the ECM organization pathway compared
to epithelial monocultures (EpiSilk) (figure S7). This
suggests that in addition to the increased secretion
of ECM components already reported in 3D cultures
on FN-silk [14], the presence of a fibroblast feeder
layer further enhanced this response. Consistently,
SEM imaging also showed increased deposition of
ECM in EpiSilk/F cultures compared to EpiPC/F cul-
tures (figure 2(f)).

Surprisingly, we also observed an enrichment of
the estrogen receptor signaling pathway in PCmono-
layers compared to FN-silk monolayers (figure 3(f)).
This suggested the potential leaching of EDCs such
as BPA from the PC membranes [44], which we
were able to confirm. BPA-induced estrogenic signal-
ing is known to activate several downstream path-
ways, includingMAPK, PI3K/AKT and cAMP signal-
ing, and can also induce nuclear transcription factors
such as PPARγ, C/EBPs and NRF2 [49]. Together,
these factors influence important cellular processes
such as growth, survival, proliferation, invasion and
apoptosis. Consistent with these effects, we observed
increased NRF2 expression in EpiPC/F cultures com-
pared to EpiSilk/F cultures. Bisphenol levels meas-
ured in cells on PC membrane and in medium from
PET membrane cultures exceeded the EC50 values
that we reported in our recent study on estrogen
receptor α activation by EDCs (figures 3(g) and (h))
[32]. Although the precise contribution of BPA to
the enrichment of signaling pathways in RPTEC cul-
tured on PC membranes cannot be fully determined
here, the increased expression of caspases (figure 3(e))
supports the hypothesis that endocrine disruptors
released from conventional porous membranes can
alter the cellular transcriptomic fingerprint. Given the
extensive use of PC and PET membranes in drug dis-
covery and toxicology, our results indicate that the
effects of bisphenol leaching should be considered in
such studies.

The tight junction and adherens junction
mRNA expression was increased in EpiSilk/F cultures
(figure 4(a)). This included pore-forming claudins,
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such as claudin-2 and−16, as well as barrier-forming
claudins, such as claudin-1,−3 and−4 [50], and cell–
cell adhesion-promoting cadherins. Overall, the iden-
tified junctional complex transcripts largely overlap
with their protein counterparts that we recently quan-
tified in human kidney tissues [38] indicating that
immortalized RPTEC cultures on FN-silk recapit-
ulate key features of the in vivo epithelial barrier
complex. Despite the differences in mRNA expres-
sion, similar apparent permeabilities were observed
for EpiSilk/F and EpiPC/F cultures, also consistent
with previous reports (table S7) [51–53]. To fur-
ther increase the physiological relevance of cultures
on FN-silk, the introduction of apical fluid shear
stress should be considered. While primary cilia were
already present under static conditions, the applica-
tion of flow could further enhance epithelial polariza-
tion and cilia maturation [54]. However, the effect of
applying shear stress on FN-silk membranes should
first be investigated, since it might require thicker
membranes and careful calibration to protect the
integrity of the membrane. In this context, gentle
rocking or shaking might be possible. Once optim-
ized, agitation can also help to minimize the diffu-
sional resistance caused by the aqueous boundary
layer [33].

Our transcriptome analysis also revealed the
expression of clinically relevant drug transporters
essential for active renal reabsorption and secretion
of larger, hydrophilic and charged molecules, includ-
ingmany drugs. Key transporters include the basolat-
eral OAT1/3 andOCT2 as well as the apical multidrug
and toxin extrusion proteins MATE1 and MATE2-
K [45]. All of these are critical for drug disposition
in renal proximal tubular epithelial cells and rep-
resent common sites of clinically significant drug–
drug interactions or drug-induced nephrotoxicity.
Regulatory guidelines therefore recommend in vitro
assessment of whether investigational drugs are sub-
strates of these transporters [55]. To demonstrate
the enhanced differentiation achieved in our FN-
silk system, we limited our analysis to the basolat-
eral uptake transporters, which typically show low
mRNA expression in conventional porousmembrane
cultures [24]. Using immunofluorescence staining,
we confirmed the expression of OAT3 (figure 5(g))
and OCT2 (figure 5(j)) in EpiSilk/F cultures. While
some previous studies have demonstrated directional
ASP+ transport in RPTEC/TERT1 grown on conven-
tional membranes, directional transport of 6-CF has
not been reported in this model [18, 19, 51]. In con-
trast, we observed significant directional anion and
cation transport across FN-silk monolayers, whereas
cultures on conventional PC and PET membranes
showed no such transport (figure 6), highlighting
an important advantage of the FN-silk membranes.
Notably, mRNA expression of other renal trans-
porters, such as the water-transporting aquapor-
ins, remained constant across all tested conditions,

suggesting that their expression is less dependent on
the culture substrate.

5. Conclusion

In summary, we demonstrated that co-culturing
RPTEC renal epithelial cells with a supportive layer
of fibroblasts on FN-silk membranes resulted in a
cell morphology that more closely resembles the
mature proximal tubular epithelium. Unlike cultures
on conventional porous membranes, which showed
activation of estrogen-mediated signaling pathways
triggered by EDCs, FN-silk monolayers exhibited
less cellular stress responses and no such activation.
Barrier integrity wasmaintained and the essential dir-
ectional uptake of anions and cations via clinically
relevant drug transporters was restored. We tentat-
ively conclude that the renal epithelial in vitro sys-
tem on FN-silk membranes presented here opens up
exciting possibilities for transporter research and co-
culture with other cell types, e.g. endothelial cells,
primary cells, or development of disease-relevant
kidney models [11, 56, 57]. Our work highlights
the potential of FN-silk as a next-generation bio-
material that enables physiologically relevant renal
in vitromodels for both basic and applied biomedical
research.
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