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Abstract
Aim: Herein we propose creating a bilayer tubular kidney in-vitro model. It is hy-
pothesized that membranes composed of decellularized porcine kidney extracellular 
matrix are valid substitutes of the tubular basement membrane by mimicking the 
physiological relevance of the in vivo environment and disease phenotypes.
Methods: Extracellular matrix was obtained from decellularized porcine kidneys. 
After processing by lyophilization and milling, it was dissolved in an organic solvent 
and blended with poly(caprolactone). Porous membranes were obtained by electro-
spinning and seeded with human primary renal progenitor cells to evaluate pheno-
typic alterations. To create a bilayer model of the in vivo tubule, the same cells were 
differentiated into epithelial tubular cells and co-cultured with endothelial cells in 
opposite sites.
Results: Our results demonstrate increasing metabolic activity, proliferation and 
total protein content of renal progenitors over time. We confirmed the expression of 
several genes encoding epithelial transport proteins and we could also detect tubular-
specific proteins by immunofluorescence stainings. Functional and transport assays 
were performed trough the bilayer by quantifying both human serum albumin uptake 
and inulin leakage. Furthermore, we validated the chemical modulation of nephro-
toxicity on this epithelium-endothelium model by cisplatin exposure.
Conclusion: The use of decellularized matrices in combination with primary renal 
cells was shown to be a valuable tool for modelling renal function and disease in 
vitro. We successfully validated our hypothesis by replicating the physiological con-
ditions of an in vitro tubular bilayer model. The developed system may contribute 
significantly for the future investigation of advanced therapies for kidney diseases.
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1 |  INTRODUCTION

The human kidney filters nearly 2 L of primary urine from 
plasma every day, in which millions of nephrons work to-
gether to regulate the complex process of filtration. As part 
of the nephron unit, the tubules are mainly responsible to 
maintain normal physiological homeostasis and electrolyte 
balance by regulating the volume and reabsorption of sol-
utes.1 The epithelial cells that compose the cellular barrier of 
the tubule express several ion and water channels as well as 
transporters which can modify the composition of the filtrate 
according to the physiological needs.2 This vital function 
makes the tubules highly susceptible to damage induced from 
drugs, toxins and blood-borne diseases, which frequently 
lead to cell death and tubular dysfunction.3,4

The ability to develop in vitro models that can recapitu-
late the renal tubular environment would be of great interest 
for therapeutic development and discovery but also to under-
stand mechanisms underlying kidney pathology and homeo-
stasis. Tubular cells are attached to an underlying basement 
membrane (BM), composed by typical elements of the extra-
cellular matrix (ECM), which when dysregulated can affect 
cell attachment, proliferation, differentiation and migration. 
Indeed, changes on the composition and thickness of the BM 
are linked with pathological conditions, such as inflamma-
tory processes, renal fibrosis and epithelial-to-mesenchymal 
transitions.5 Major efforts have been accomplished in this 
area, namely, the creation of functional kidney microtissues,6 
microphysiological fluidic kidney systems7,8 or even strate-
gies to mimic the organic cation transport.9 Although these 
systems were developed with the main aim of preclinical 
screening, they are far from replicating the in vivo contact 
with the BM and the cellular crosstalk between endothe-
lial and epithelial cells, both crucial factors on the filtration 
process of the kidney.1 The endothelium and/or peritubular 
capillaries are in close proximity to the tubular epithelium, 
not only when considering physiological processes but also 
under pathophysiological conditions.10 Several studies have 
demonstrated the importance of the endothelium for a nor-
mal kidney function. A complex communication network 
between epithelial cells composing the tubule and endothe-
lial cells of the vasculature has already been demonstrated to 
influence solute transport, angiogenesis and enriched expres-
sion of specific genes.10-13 These co-culture systems proved 
not only the importance of having endothelial cells on an in 
vitro model but also the importance of recapitulating the BM 
permeability and constitution. Although in the past few years 
huge advances were reported in co-culture systems, their 
standardization is still difficult. Not only these systems face 
the problem of epithelial dedifferentiation but also they are 
composed by synthetic materials which frequently fail to re-
produce the in vivo structure and function, being the majority 
of times coated with different ECM proteins.14,15

Previously, we proposed the use of electrospun membranes 
combining poly(caprolactone) (PCL) and decellularized por-
cine kidney ECM (1:1) as valuable replicas of renal basement 
membranes. We have demonstrated their value by comparing 
proximal tubular cellular performance on these meshes with 
bare PCL electrospun meshes.16 Herein, we propose a study 
focused on the cellular performance with renal progenitor 
cells and a second study focused on establishing an in vitro 
bilayer model to further validate our initial hypothesis. We 
hypothesize that this membrane would be extremely valuable 
to recapitulate the physiological environment, in such a way 
that would provide cues to renal progenitor cells (hRPCs) 
to differentiate and form a functional epithelial monolayer. 
These cells represent a subset of multipotent progenitors 
present in the Bowman's capsule, which can be purified from 
cultured capsulated glomeruli. They were already shown to 
differentiate into several lineages including osteogenic cells, 
adipocytes and cells that exhibit phenotypic and functional 
features of neuronal cells.17 Additionally, their differentia-
tion potential was further extended for proximal and/or dis-
tal tubule cells and podocytes, upon culture with specific 
supplementation.18 Indeed, hRPCs were demonstrated to be 
involved in the regeneration of different portions of the neph-
ron after injury.19 Accordingly, we hypothesize that we can 
achieve tubular differentiation from hRPCs without supple-
mentation on our membranes. Additionally, we focused our 
study on demonstrating transport properties and induction of 
disease phenotypes on a bilayer model, composed of epithe-
lial and endothelial cells, mimicking the organization of an 
in vivo tubule. Considering the findings that we have found, 
these models are proposed as valuable tools for integrating 
dialysis equipments or bioartificial kidneys in the future.

2 |  RESULTS

2.1 | dKECM and dKECM-derived 
membrane characterization

To confirm that processing steps were not causing adverse ef-
fects on the protein content of kidney ECM, collagen content 
was assessed by immunofluorescence (IF) methods, being 
the major component of kidney ECM.20 Fibronectin was ad-
ditionally assessed as a well-known protein which mediates 
cell-substratum adhesion.21 Preservation of collagen I, col-
lagen IV and fibronectin was confirmed by green staining 
on the micrographs after sterilization process (Figure 1A-C 
respectively). No differences in fluorescence intensity were 
found between these micrographs and the ones obtained be-
fore sterilization process (data not shown), which confirms 
protein preservation after processing steps. Nuclear staining 
was also performed on IF sections by DAPI, although not 
visible on the micrographs, confirming effective removal of 
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cellular content. Moreover, biochemical quantification of 
total protein content was performed (Figure 1D) and the dif-
ference on the quantity of protein per mg was found no sig-
nificant after sterilization (with a mean of ~328 and ~261 μg/
mL for non-sterile and sterile conditions respectively).

SEM micrographs of the electrospun meshes revealed a 
fibrous surface with randomly oriented fibres (Figure 1E,F). 
These micrographs reveal the nanostructure of these fibres, 
which present an average diameter of 0.242 ± 0.1 μm, fol-
lowing a normal distribution (Figure 1G). These nanofibres 
will potentially aid on cellular adhesion without compromis-
ing cellular proliferation because of their large surface area. 
Thickness was measured from SEM micrographs by perform-
ing a cross section and placing the membrane at a 90° angle. 
The measured thickness was ~22 ± 5.19 μm, which will allow 
for physical separation of hRPCs and endothelial cells, while 
maintaining the communication between the two cell types. 
Porosity measurements revealed the percentage of porous 
space existent in the membrane. We calculated a porosity 
value of 97 ± 1.28%, which allows for the selective passage 
of solutes. These models also require the maintenance of the 
ultrastructure and very low percentage of weight loss, which 
we tested during a 30-day degradation assay, where only ~3% 
of the mass was lost, proving that our membrane has a strong 
ECM crosslink and also a good blend between decellularized 
matrix and PCL. This enables performing long-term studies 
with the membrane being confident that its proprieties are 

not lost. Additionally, the membranes shown having a very 
high water uptake capacity of nearly 499%, which further 
corroborates the high porosity results. The nanometer-scale 
fibres will support higher cell attachment, while providing a 
solid substrate with high porosity and water uptake, enabling 
solute, oxygen and growth factors passage between the two 
compartments of the co-culture system.

2.2 | Cellular behaviour of hRPCs on 
decellularized matrix membranes

Before all the experiments, hRPCs were characterized for si-
multaneous expression of CD133 and CD24 by flow cytom-
etry. hRPCs between passages 1-3 from two different donors 
were used. All of the populations presented double positivity 
between 90% and 95%, a signature preserved until passage 3. 
In this work, the construction of the bilayer model started with 
a simplistic study on our dKECM membranes where hRPCs 
growth and behaviour was characterized in a culture time of 
21 days. For that it was necessary to physically separate the 
HUVECs from hRPCs. Figure 2 represents the results for cel-
lular metabolic activity (by alamarBlue assay—Figure 2A) and 
proliferation (by quantification of DNA content—Figure 2B) 
for mono- and co-cultures. hRPCs were shown viable and 
proliferating in all time points when in contact with dKECM, 
with increasing values over time. Interestingly, we observed 

F I G U R E  1  dKECM characterization. (A-C) Immunofluorescence of ECM-related proteins (green) on cryosections of decellularized powder: 
(A) Collagen type I, (B) Collagen type IV and (C) Fibronectin; (D) Protein quantification of decellularized powder demonstrates preservation of 
protein content after sterilization process; (E, F) SEM micrographs of the fibres at 100 and 3000x magnification respectively; (g) Fiber diameter 
distribution was measured from 3 random sites on 3 different batches of electrospun membranes. Fibres are randomly distributed and present an 
average diameter of 0.242 μm. Scale bars: (A-C and E) 100 μm, (F) 5 μm
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no statistical difference at 21 days of culture between mono- 
and co-cultures for both assays. Indeed, results revealed that 
at 7 and 14 days, mean values and correspondent interquartile 
ranges were lower for co-cultures when comparing with mono-
cultures, being this difference statistically relevant for DNA 
content measurements. These cells were already demonstrated 
to possess high clonogenic potential and self-renewal ability. 
In this work we demonstrate that this capacity is not influenced 
by the presence of the endothelial cells on the system. Indeed, 
the lower values observed in the first time points for co-cultures 
can be explained by the higher number of cells in the system 
for the same quantity of media. This allows higher proliferation 
in monocultures at early time points, reaching cell confluency 
faster. As a result, when comparing to co-cultures, a plateau 
phase is observed specially from day 14 to 21 for both assays 
in monocultures.

It was also important to evaluate how cells organize in this 
system. We previously observed the formation of a mono-
layer of epithelial cells on these membranes.16 However, this 
work was a proof of concept performed with a cell line, hav-
ing its limitations when mimicking an in vivo mechanism. 
Herein, we intended to assess if the hRPCs followed the 
same tendency as previously observed in monolayer cultures. 

Therefore, SEM was performed after 21  days on mono- 
(Figure 2C,D) and co-cultures (Figure 2E,F). Contradicting 
the above-mentioned quantification results, we notice a huge 
difference on how cells organize in these membranes. In 
co-cultures, a homogenous and organized layer of cells was 
observed, with all cells oriented and resembling a natural 
epithelial monolayer. On the other hand, for monocultures, 
some parts of the fibres which compose the membranes can 
be seen, proving that cells were not able to form a homoge-
neous monolayer on this condition. Additionally, no cellular 
polarization is observed, being the cells present in a spiral 
and round-shaped morphology. In some sites, cells seem to 
be creating multilayered structures, which corroborates the 
higher values obtained for DNA content. Overall, these re-
sults demonstrate that hRPCs may be presenting a different 
phenotype when co-cultured with HUVECs.

2.3 | Phenotypic characterization of hRPCs 
over time

To understand the response of progenitor cells to the cre-
ated system, their phenotypic expression was characterized 

F I G U R E  2  Behaviour of hRPC in contact with decellularized matrix membrane over 21 days. (A) Metabolic activity assay demonstrated 
by alamarBlue fluorescence after a 4 hours incubation period. Monocultures are represented by white bars, whereas co-cultures are represented 
by blue bars. Monocultures present higher values at 7 and 14 days, whereas after 21 days mean values are equal on both; (B) proliferation assay 
demonstrated by quantification of dsDNA over time. The same tendency as in viability assay is observed. Monocultures reach a plateau phase after 
14 days culture, whereas in co-cultures values are increasing over time; †P < .01, ‡P < .001 vs monoculture; (C-F) SEM was performed on fixed 
hRPCs to evaluate morphology and distribution after 21 days on the decellularized matrix membranes. Monocultures present a non-organized 
monolayer of cells, while in co-cultures hRPCs have organized themselves in a polarized manner, resembling natural epithelial organization and 
morphology. Scale bars: (C and E): 100 μm; (D and F): 10 μm
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simultaneously by qPCR and IF stainings of relevant tubular 
markers. Gene expression was analysed for genes encoding 
three different epithelial transporters: Na/K/Cl co-transporter 
(SLC12A1), amino acid transport protein (SLC3A1) and Na/H 
exchanger (SLC9A3). Not only the presence of transport-
ers but also the recapitulation of physiological functions is 
important. For that the expression γ-glutamyltranspeptidase 
(GGT1) was also measured, being this enzyme responsible 
for the supply of an adequate amount of glutathione, essen-
tial to maintain normal kidneys function.7 As demonstrated 
(Figure 3A-D), all the genes are upregulated at day 21 for 
mono- and co-cultures. We observe that the higher turno-
ver happens essentially from day 14 to day 21 and that all 
of the genes follow the same tendency over time in mono- 
and co-cultures. Indeed, between the two conditions, the only 
statistical difference happens in GGT1 expression, which is 
probably caused by variability between samples, since it is a 
unit-fold difference between the two conditions. The higher 
fold expression happens on Na/K/Cl co-transporter (with a 
mean of ~30-fold and ~21-fold expression for mono- and 
co-cultures, respectively) and on Na/H exchanger (with a 
mean of ~13-fold and ~15-fold expression for mono- and co-
cultures, respectively). No differences in GAPDH expression 
were found with culture time and co-culture systems, validat-
ing our qPCR assay (Figure S1B).

Afterwards, we used fluorescence microscopy to directly 
confirm the presence of tubular-related proteins in co-cultures 

(Figure 3E-H) and in monocultures (Figure S1C-F). We could 
observe that the proximal tubular transporters aquaporin 1 
(AQP-1) and sodium glucose transporter (SGLT2) have a 
more homogeneous fluorescent staining (Figure 3E,F) when 
comparing to the distal convoluted tubule Na/Cl co-trans-
porter (NCC) and the thick ascending limb chloride channel 
Ka (CLC-NKA) (Figure 3G,h). Furthermore, by comparing 
with the immunofluorescent staining of the same transport-
ers in monocultures (Figure  S1C-F), a much more diffuse 
staining is shown in all transporters, with several cells ev-
idencing no signal. Indeed, no green staining is shown for 
CLC-NKA. We experienced difficulties in obtaining clear 
confocal images caused by the autofluorescence of the ECM 
that strongly absorbs DAPI stain.16 Because of that, and since 
each membrane is different on its irregularity, we selected a 
representative site of the membrane in which we could obtain 
micrographs with sharper contrast. Protein content on the 
cell cultures was also measured over the 21 days of culture 
(Figure S1A). No statistical differences were found between 
mono- and co-cultures. However, an increase on protein con-
tent from day 7 to day 14 was observed for monocultures, 
which decreased after 21  days. Indeed, the same tendency 
was observed for the proliferation assay, and a plateau phase 
is observed from day 14 to 21 in monocultures. In contrast, 
proliferation in co-cultures was stable from day 14 to 21 and 
protein content values increased, a possible indicator of cel-
lular differentiation.

F I G U R E  3  Phenotypic characterization of hRPCs cultured on decellularized membranes. Gene expression of tubular-related 
markers: (A) SCL12A1 (Na/K/Cl co-transporter), (B) SLC3A1 (amino acid transport protein), (C) SLC9A3 (Na/H exchanger) and (D) GGT1 
(γ-glutamyltranspeptidase); *P < .05, ‡P < .001 vs monoculture; Tubular-related markers protein assessment of (E) AQP-1 (aquaporin-1), (F) 
SGLT2 (sodium glucose transporter 2), (G) NCC (Na/Cl co-transporter) and (h) CLC-NKA (chloride channel Ka) marked in green. Nuclei 
were stained with DAPI (blue). Scale bar: 100 μm. Both assays were performed simultaneously. All genes are upregulated at 21 days of culture 
with respect to their expression at day 0. Additionally, AQP-1 and SGLT2 had the most homogenous staining. These results suggest preferable 
differentiation of hRPCs on proximal tubular cells when in contact with the decellularized membranes
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2.4 | Polarization and maturity assessment 
on proximal tubule cells

The ability of the RPTECs/HUVECs bilayer model to reca-
pitulate renal function is highly dependent on the polarity and 
maturity of the seeded cells. For that, we have used imaging 
methods to analyse cellular organization and specific protein 
content after 7 days of bilayer seeding, corresponding to the 
30th day of hRPCs differentiation stimulus. The previously 
detected phenomena for the hRPCs were also observed for 
hRPTECs, although the position of the endothelial cells had 
changed as well as the degree of differentiation of the hRPCs. 
As demonstrated in Figure 4A,B, epithelial morphology and 
distribution was highly influenced by the presence of the 
HUVECs, when comparing to monocultures (Figure S2A,B). 
The endothelial cells enhanced the formation of a polarized 
monolayer of epithelial cells, typical of renal morphology.14 
SEM micrographs of higher magnification also revealed the 
formation of tight junctions connecting the neighbouring cells 
(signalled by circles) and short microvilli at the apical surface 
(signalled by arrows), although much more present in co-cul-
tures (Figure 4B), confirming epithelial cell polarization in 

this system. Indeed, we calculated the percentage of cells ex-
pressing microvilli on mono- and co-cultures at 150x magni-
fication SEM micrographs by ImageJ software (Figure 4D). 
The obtained values corroborate the above results, where 
~83% of the co-cultured cells were found to present micro-
villi on their cell surface, contrasting with a value of ~21% 
for monocultured hRPTECs.

After observing a positive effect of the presence of 
HUVECs on hRPTECs monolayer formation, we evaluated 
if in co-cultures we could observe signals of enhanced ma-
turity by IF staining of tubular-related proteins. Similar to 
what was observed in hRPCs culture, we could notice higher 
fluorescence intensity signal and an overall more organized 
cellular distribution on co-cultures (Figure  4D-G) than for 
monocultures (Figure S2C-F), which confirms the maturity 
observed in SEM micrographs. Also, fluorescence intensity 
differed for the different tubular segments, being much higher 
for proximal tubular markers in both conditions (AQP1 and 
SGLT2). However, in contrast to hRPCs culture, we could 
observe better fluorescence signal for NCC and CLC-NKA 
markers, indicative of simultaneous differentiation on epithe-
lial cells of the distal tubule and the thick ascending limb 

F I G U R E  4  Assessment of hRPTECs maturity and polarization after 7 days of bilayer assembling. (A-B) SEM micrographs of hRPTECs 
co-cultured with HUVECs. These cells organized in a homogenous-oriented monolayer. Tight junctions characteristic of fully maturated epithelial 
tubular cells can be observed (indicated by circles) as well as microvilli (indicated by arrows). These micrographs suggest cellular polarization with 
the apical surface towards the top compartment, accurately mimicking tubular organization; (C) Percentage of cells expressing microvilli on mono- 
(white) and co-cultures (blue). Values were obtained by cell counting on ImageJ software; (D-G) Tubular-related markers protein assessment of 
(D) AQP1 (aquaporin 1), (E) SGLT2 (sodium glucose transporter 2), (F) NCC (Na/Cl co-transporter) and (G) CLC-NKA (chloride channel Ka) 
marked in green. Nuclei were stained with DAPI (blue). Results demonstrate the presence of proteins corresponding to several nephron segments 
on hRPTECs, indicating successful maintenance of fully differentiated epithelial cells on our membranes. Scale bars: (A) 50 μm; (B) 10 μm; (D-G) 
100 μm
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of the loop of Henle. Overall these results suggest a good 
differentiation onto the renal tubular lineage on our co-cul-
ture system, with the presence of specialized cells of different 
segments of the tubule.

2.5 | Characterization of proximal tubule 
physiological functions

To understand and characterize the developed system, we 
investigated Human Serum Albumin (HSA) and inulin 
transport (Figure  5A,B, respectively). These compounds 
were loaded into the upper compartment and their kinetics 
of diffusion were measured over time. We noticed that after 
5  hours, HSA uptake was more pronounced in co-cultures 
versus monocultures (~60% vs ~40% uptake). Inulin leakage 
was measured as an indicator of the barrier function. We no-
ticed a slight increase in the leakage during the experiment 
both in mono- and co-cultures, which was more pronounced 
in monocultures (~12% vs ~8% in co-cultures). However, this 
increase was expectable because of the over concentrated so-
lution of inulin introduced in the system and the necessary 
manipulation of the system between the time points. It can 
also be observed that in all time points leakage values for 
monocultures are higher than in co-cultures, being statisti-
cally different at the 5  hours time point. Comparing these 
results with the values obtained for non-seeded membranes, 
we noticed that there was no uptake of HSA, being the val-
ues around 0% or negative, which could be explained by me-
dium evaporation for the same amount of probe throughout 
the time points. Inulin leakage after 5 hours was ~50% for 
membranes with no cells (data not shown), which indicates 
that the membranes alone are also selectively permeable. The 

results obtained for cell-seeded membranes indicate selective 
reabsorption characteristics of our bilayer model.

2.6 | Modelling of drug-induced 
nephrotoxicity

A major goal in developing in vitro models is to have the re-
capitulation of physiological functions and disease pheno-
types to better predict drug toxicity in humans. We therefore 
administered the known chemotherapeutic drug and nephro-
toxin cisplatin in the top compartment of our co-culture sys-
tem in different dosages. We evaluated cellular viability by 
live/dead assay in co-cultures (Figure  6A-D) and monocul-
tures (Figure S3A-D) and by MTS (Figure 6I), comparing to 
a control condition (0 μM of cisplatin). Phalloidin and DAPI 
staining was also performed on fixed mono- (Figure S3E-H) 
and co-cultures (Figure  6E-H). We could observe that, with 
the increasing concentration of cisplatin, cellular viability was 
reduced in ~80% for monocultures and ~90% for co-cultures 
when the higher concentration of the drug was administered. 
Although no significative differences were observed between 
both conditions, we could notice that co-cultured cells reacted 
quicker to the drug than in monocultures, which can be as a 
result of the higher abundance of active transporters mediating 
drug uptake. Live/dead micrographs indicate the abundance of 
dead cells by the internalization of propidium iodide. These mi-
crographs corroborate the above MTS results, where a higher 
red and lower green fluorescence staining can be detected with 
the increasing concentration of cisplatin, comparing with the 
control condition (Figure 6A). Additionally, on monocultures 
(Figure S3), some parts of the cellular body can still be distin-
guished even after the administration of a higher cisplatin dose, 

F I G U R E  5  Functional assays on the bilayer model. (A) Human serum albumin (HSA) uptake of hRPTECs cultured on mono- or co-cultures. 
A solution of FITC-conjugated HSA with a known concentration was introduced on the top compartment. After 5 h, the concentration of the 
remaining compound was extrapolated from its fluorescence intensity; (B) Percentage of inulin leakage obtained for mono- and co-cultures. FITC-
conjugated inulin at a known concentration was introduced on the top compartment. Throughout the 5 h time points, the fluorescence intensity 
of the compound present on the bottom compartment was measured; *P < .05. These results are indicative of higher endocytic activity as well as 
higher resistance to compound leakage on epithelial cells cultured in the bilayer model, rather than in monocultures
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which does not happen in co-cultures, where scarce green stain-
ing appears. This is again indicative of a higher epithelial dif-
ferentiation degree. However, the demonstrated green staining 
is often accompanied by red staining in the same cell, suggest-
ing that cells may be entering apoptosis. Phalloidin and DAPI 
staining on fixed mono- and co-cultures corroborates the above 
results, where lower red staining for phalloidin is observed with 
the increasing concentration of cisplatin.

3 |  DISCUSSION

In this work, we focused in developing and characterizing 
a physiologically relevant in vitro tubular bilayer model 

incorporating both endothelial and epithelial cells. By using 
an electrospun membrane, we intended to mimic orienta-
tion, separation, porosity and composition of the basement 
membrane found in vivo (Figure 1). The large surface area 
obtained by electrospinning processing has already demon-
strated to allow stronger cell adhesion and proliferation,22,23 
which was our main goal when fabricating these membranes. 
They were previously studied by our group, where we dem-
onstrate functionality of the proteins included on the mem-
brane, by comparing cellular behaviour on membranes which 
had no dKECM on their composition.16 Herein, we intended 
to further explore their potential by using co-cultures of en-
dothelial and renal progenitor cells (the precursors of tubular 
epithelial cells). The obtained results for quantitative cellular 

F I G U R E  6  Cisplatin-induced nephrotoxicity model. Cisplatin was dissolved in cell culture medium in different concentrations and 
introduced in the cell culture system to assess cellular damage. (A-H) Qualitative results for viability on co-cultures were obtained by 
immunofluorescence micrographs of live/dead assay and Phalloidin/DAPI staining of fixed cells. Cells were administered with 0 μM (A, E), 
50 μM (B, F), 100 μM (C, G) and 150 μM (D, H) of cisplatin. Live/Dead assay was performed by incubating cells with Calcein AM (stains green 
for live cells) and PI (stains red for dead cells). DAPI/Phalloidin staining was performed after cell fixation in formalin. Cytoskeleton is stained 
by phalloidin (red) and nuclei are stained by DAPI (blue). (i) Quantitative results for viability were obtained by MTS assay. No significative 
differences were found between mono- and co-cultures. These assays revealed that hRPTECs cultured on the bilayer model were more sensitive to 
the presence of cisplatin, which uptake occurs in proximal tubules. Scale bars: 100 μm

(A) (B) (C) (D)

(E) (F)

(I)

(G) (H)
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assays reveal that hRPCs do not demonstrate any kind of 
preference for being in co-culture or monoculture (Figure 2), 
which can be attributed to the lack of evidence showing any 
beneficial effect on having endothelial cells boosting the 
performance of renal progenitor cells. However, we dem-
onstrated that the formation of monolayer was remarkably 
enhanced by adding endothelial cells to the system. The as-
sessment of ultrastructure by SEM revealed hallmarks of an 
epithelial-like morphology, showing the importance of the 
co-cultures in this kind of studies. We also characterized the 
phenotypic expression by qPCR and IF staining methods. All 
genes were upregulated after 21 days, revealing hRPCs dif-
ferentiation into tubular epithelial cells (Figure 3). The major 
fold increased expression was observed for SLC12A1 and 
SLC9A3, which encode Na/K/Cl co-transporter and the Na/H 
exchanger respectively. Sodium transport in the nephron 
is mainly driven by these two transporters, which explains 
the higher expression of these genes. The upregulation of 
SLC3A1 and GGT1 was also demonstrated, which is indica-
tive of a higher maturation of these cells, since both genes 
encode proteins responsible for amino acid transport on the 
tubular epithelial brush border. IF revealed consistent stain-
ing of proximal tubular markers AQP-1 and SGLT2, whereas 
the signal for NCC and CLC-NKA, markers for the distal 
tubule and the thick ascending limb, was lower. Furthermore, 
by comparing these results to that of the monocultures, we 
observe overall lower IF signal of all markers (Figure S1). 
These findings demonstrate not only a preference for hRPCs 
differentiation into proximal tubular cells but also increased 
phenotypic markers provoked by the presence of endothelial 
cells. Moreover, the cells were able to express tubular-related 
genes and proteins at day 21 of culture, contrasting with a 
previously published work, in which a 30-day culture was 
necessary for fully tubular differentiation of hRPCs.17

To further evaluate how hRPCs potentiate the use of the 
electrospun membrane as a model of a natural renal filtra-
tion barrier, we have also studied co-cultures of hRPTECs 
with HUVECs, by growth factor-induced differentiation of 
hRPCs. Figure 4 clearly demonstrates the ultrastructure, po-
larization and the presence of characteristic transporters of 
the renal epithelial cell lineage.24 Brush-border microvilli 
and tight junctions are abundant in all of the cells co-cultured 
on the membranes, which are polarized according to the or-
ganization of the in vivo tubule. We can observe the apical 
membrane turned to the top compartment which suggests the 
basolateral membrane to be in contact with the decellularized 
kidney ECM, similar to what happens with in vivo BMs. By 
IF, markers correspondent to different sections of the tubule 
were assessed to understand the heterogeneity of the popula-
tion. Less fluorescence intensity was found on CLC-NKA, 
which is explained by the basolateral location. However, all 
of the markers were found present on our membranes, show-
ing differentiation towards other epithelial phenotypes rather 

than proximal tubule cells, which were not previously demon-
strated with renal progenitor cells. Higher fluorescence inten-
sity is always found with the presence of HUVECs on the 
system, comparing with monocultures (Figure S2), demon-
strating once more the value of the epithelial cells on modu-
lating cellular phenotype.

The adopted polarized morphology of hRPTECs when in 
co-culture with HUVECs allowed the study of renal-specific 
transport functions across the bilayer model, similar to the 
complete pathway which water and solutes cross when re-
absorbed from the tubular lumen to the blood flow. We have 
demonstrated consistent values for HSA uptake and inulin 
leakage (Figure 5). Indeed, we were able to obtain lower val-
ues for inulin leakage than what is reported in the literature 
for transwell systems.10 We were also able to obtain higher 
values for HSA uptake comparing with tubule models includ-
ing immortalized hRPTECs instead of primary lineages.25

One of the major goals on developing a reliable in vitro 
model of the tubule is to have a consistent response to drugs 
which are known to induce nephrotoxicity. In this way, 
it would be possible to predict drug toxicity on humans. 
Cisplatin is a known nephrotoxic drug that accumulates in 
the renal parenchyma by active transport into proximal tu-
bular cells.26,27 Herein, we have demonstrated that hRPTECs 
exhibit a dose-dependent toxic response to cisplatin with 
higher fidelity when cultured on the bilayer model (Figure 6). 
Indeed, by live/dead assay micrographs we demonstrate that 
cisplatin induced less cellular damage in monocultures which 
was also corroborated by phalloidin cytoskeleton staining. 
These results suggest that our model should provide specific 
and reliable measurements of drug toxicities in vitro.

The main aim of an epithelial-endothelial bilayer system 
is having the formation of single-layered epithelia and their 
maintenance for long periods of time. We were able not only 
to develop a system capable of recapitulating morphology 
and physiological functions but also a system which is capa-
ble of maintaining the maturity of differentiated cells. Other 
authors developed different systems in order to mimic ECM 
compositions and spatial organization of the tubular base-
ment membrane, including bioprintring,25,28,29 microphysio-
logical systems7 and tubule-on-a-chip technology.30 Herein, 
we employ a different strategy, where a similar composition 
to the human kidney ECM is used to give a proper stimulus to 
the cultured cells. The importance of the ECM on the main-
tenance of these monolayers was already described.5 Indeed, 
changes in the ECM in the tubule and the surrounding inter-
stitium are associated with pathological conditions, including 
inflammatory processes and renal fibrosis. Our system en-
abled obtaining the in vivo variability by the incorporation of 
natural kidney ECM on electrospun membranes. Besides, no 
additional treatment was necessary to mimic porosity, since 
that electrospinning enables obtaining porous membranes, 
suitable for solute and water passage between the two layers.31 
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However, we do think that there are further developments to 
be performed, including employing specific renal endothelial 
cells, which could have recapitulated in a more relevant man-
ner the organization and phenotype of an interface between 
tubular and vascular poles. Indeed, in the future, we intend to 
not only have a mature renal cellular phenotype on the bilayer 
but also introduce flow-induced shear stress to the model, 
to better understand and mimic physiological conditions. 
We also will work on understanding what is the exact stim-
ulus that the proteins present on our membrane are giving 
to the cells and which cellular pathways are being activated. 
Nevertheless, we do think that this biomimetic system consti-
tutes a powerful tool not only for drug toxicity screening but 
also for increasing our knowledge on molecular mechanisms 
that underlie kidney function and disease. To the best of our 
knowledge, this is the first demonstration of a co-culture sys-
tem on decellularized kidney membranes and also the first 
time that hRPC-derived epithelial cells were co-cultured and 
maintained in a differentiated state in vitro.

4 |  MATERIALS AND METHODS

4.1 | Experimental Design

Kidneys were decellularized and the matrix was further pro-
cessed by milling and freeze-drying. Membranes of 1:1 de-
cellularized kidney ECM (dKECM) to poly (caprolactone) 
(PCL) were obtained by electrospinning, after solubilizing 
both materials in HFIP. A brief scheme of the processing 
steps is represented in Scheme 1.

For the cell culture assays, human renal progenitor cells 
(hRPCs) were used to validate the model. We applied two 
separate and yet complementary approaches; initially, hRPCs 
were assessed for their spontaneous differentiation into cells 
of the tubular lineage. We compared how these cells behaved 
when in mono- or co-culture with human umbilical vein en-
dothelial cells (HUVECs, Scheme 1A). In a parallel study, 
the same cells were stimulated to differentiate in 2D sub-
strates into renal proximal tubular epithelial cells (hRPTECs) 
and were again co-cultured, each cell type in one side of the 
membrane, creating a bilayer model of an in vivo tubule 
(Scheme 1B).

4.2 | Processing of decellularized kidney 
electrospun membranes

Porcine kidneys were obtained from a local slaughterhouse. 
The decellularized matrix was processed as previously 
described,16 with minor modifications. Briefly, kidney 
portions were immersed in a solution of 1% SDS before 
being changed to another solution of 1% Triton X-100. 
The solutions were placed in an orbital shaker and changed 
twice a day. After the decellularization process, the ma-
trix was washed, freeze-dried and reduced to powder. The 
powdered matrix was solubilized in HFIP (1,1,1,3,3,3- 
Hexafluoro-2-propanol ≥ 99%) (Sigma-Aldrich) at a con-
centration of 100 mg/mL. Polycaprolactone (PCL, 80 kDa, 
Sigma Aldrich) was dissolved in the same reagent at a con-
centration of 15% (w/v). Both solutions were mixed 1:1 
and electrospinning process was performed as previously 

S C H E M E  1  Schematic representation of decellularization process and membranes preparation procedure. Porcine kidneys are obtained on a 
local butcher. They were chopped and decellularized in different detergent solutions before being processed by freeze drying and with a cryogenic 
mill to obtain a powder. In order to have a suitable solution for electrospinning process, the powdered matrix is blended with a PCL solution at 1:1 
ratio in an organic solvent. After the production of the membranes, these are mounted in 24-well inserts and sterilized. In this work, we developed 
two kinds of cultures (A) to evaluate hRPCs interaction with HUVECs and (B) a bilayer model composed of differentiated epithelial tubular cells 
(hRPTECs) and HUVECs to better mimic the in vivo tubulointerstitial environment
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described.16 The membranes were cut in squares and placed 
on 24-well inserts (CellCrown) before being sterilized by 
immersion in 70% ethanol and 30 minutes exposure to UV 
on each insert side.

4.3 | Biochemical and 
immunohistochemistry analysis of the dKECM

Samples were fixed for 30 minutes with 10% neutral buff-
ered formalin before being embedded in OCT compound 
(Bio-optica). After this, they were snap freezed in liquid ni-
trogen and cut into 10 μm sections using a cryostat. Sections 
were incubated with primary antibodies for immunofluores-
cent analysis as follows: anti-Collagen IV (1:100; ab6586), 
anti-Fibronectin (1:100, ab2413) and anti-Collagen I (1:40, 
ab765). Secondary antibody Alexa Fluor 488 (1:500) was in-
cubated with 4,6-diamidino-2-phenylindole (1:1000, DAPI) 
for 1  hours at RT before being analysed under a confocal 
microscope.

Total protein content was quantified with Pierce Coomassie 
(Bradford) Protein Assay Kit (Thermo Scientific), according 
to the manufacturer's instructions. After sample incubation 
with the substrate, absorbance was measured at 562 nm in a 
microplate reader. The concentration of total protein in the 
samples was extrapolated using a standard curve of bovine 
serum albumin.

4.4 | DKECM electrospun membranes 
morphological and structural characterization

The morphology of the membranes was observed by scan-
ning electron microscope (SEM, JSM-6010 LV, JEOL). 
Samples were sputter coated with gold prior to analysis and 
micrographs were obtained using an accelerating voltage of 
10 kV. The fiber average diameter was statistically calculated 
using a computed image analyser (ImageJ) by measuring at 
least 200 fibres randomly in 3 samples from different fabri-
cation batches. Membranes cross sections were obtained by 
immersing fibres in liquid nitrogen and cutting immediately 
to avoid deformation. Average membrane thicknesses were 
calculated from SEM micrographs of cross sections with 
ImageJ software.

Membrane porosity was determined as previously de-
scribed.32 A liquid displacement technique was used a po-
rosity was calculated following Equation (1), where V1 is the 
initial liquid volume, V2 is the volume after soaking the mem-
brane and all the pores are filled and V3 is the volume after 
membrane soaking and removal.

To determine weight loss and water uptake of the membranes, 
these were initially weighted (mi) and soaked in an isotonic 
solution of sodium chloride (Sigma Aldrich). After, mem-
branes were incubated at 37°C for 30 days. These conditions 
were optimized to simulate the human body environment. 
After known periods of time, membranes were weighted in 
their wet state (mw) and the percentage of water uptake was 
calculated using the Equation  (2). Membranes were then 
placed on the incubator for another hour to dry before being 
weighted again (mf). Weight loss percentage was calculated 
using Equation (3).

4.5 | Isolation and characterization of 
human renal progenitor cells (hRPC)

Human kidney fragments were obtained in agreement 
with the Ethical Committee on human experimentation of 
the Azienda Ospedaliero-Universitaria Careggi, Florence, 
Italy. All subjects gave their informed consent for inclu-
sion before they participated in the study. The study was 
conducted in accordance with the Declaration of Helsinki, 
and the protocol was approved by the Ethics Committee 
on Human Experimentation of the Azienda Ospedaliero-
Universitaria Careggi, Florence, Italy (project identification 
code 2015/0009082 from 25/03/2015). Human RPCs were 
obtained and cultured as previously described with minor 
modifications.17 Briefly, the cortex was minced before pro-
ceeding to an enzymatic digestion with collagenase solution 
type IV 750 U/mL (Sigma Aldrich) for 45 minutes at 37°C. 
After digestion, the solution was sieved through graded 
mesh screens (60 and 80 mesh). The cellular suspension was 
collected, washed and plated on petri dish containing com-
plete medium. The medium is composed by Microvascular 
Endothelial Cell Growth Medium (EGM-MV, Lonza) sup-
plemented with 20% HyClone Fetal Bovine Serum (FBS, 
GE Healthcare). After 4-5 days of culture, cells that adhered 
to the plate were subcultured. Cultures were checked for si-
multaneous expression of CD133 and CD24 by flow cytom-
etry at different passages, according to previously published 
methods for characterizing hRPCs.17

4.6 | Renal endothelium-epithelium 
mono and bilayer seeding

HRPCs were seeded on the membranes at a density of 3 × 103 
cells/insert in endothelial basal medium (EBM, Lonza) 

(1)Porosity (%)=
V1−V3

V2−V3

×100

(2)Water uptake (%)=
mw−mi

mi

×100

(3)Weight loss (%)=
mi−mf

mi

×100
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supplemented with 10% FBS (HyClone, GE Healthcare) 
and expanded for 21  days. For co-culture studies, primary 
HUVECs (Cascade Biologics, Inc) were plated at a density 
of 7.5 × 103 cells/well in the day before hRPCs were seeded. 
The cell seeding concentration was optimized to obtain a con-
fluent monoculture of hRPCs at the end of the culture time.

For cell culture studies with hRPTECs, differentiation on 
tissue culture plastic was performed before cell seeding on 
the inserts. Briefly, hRPCs were cultured in Renal Epithelial 
Cell Growth Medium (REGM, Lonza) supplemented with 
hepatocyte growth factor (HGF, Peprotech) at a concentra-
tion of 50 ng/mL. HUVECs were seeded on inverted inserts 
at a density of 2 × 105 cells/mL and allowed to attach 3 hours 
before being reverted. According to previously published 
reports, hRPCs take 30 days to differentiate into hRPTECs, 
when in specific cell culture conditions.19 Therefore, hRPCs 
with 23  days of differentiation supplementation were cul-
tured at a density of 1.3 × 105 cells/mL on the reverse side 
of the HUVECs insert for 7 days. The medium consisted of a 
mixture of HGF-supplemented REGM with EBM plus 10% 
of FBS.

4.7 | Evaluation of cellular viability, 
proliferation and morphology

At 7, 14 and 21 days of culture, the viability of hRPCs was 
assessed using alamarBlue (BioRad) assay. Membranes with 
seeded hRPCs were removed from the inserts, washed with 
DPBS and placed on new 24 well-plates with fresh cell me-
dium containing 10% of alamarBlue reagent. After an incu-
bation period of 4 hours at 37°C, the supernatant was used to 
determine the fluorescence intensity in a microplate reader 
(excitation: 530/25 nm; emission: 590/25 nm). To evaluate 
hRPCs proliferation over time, dsDNA quantification was 
performed. Briefly, after the viability assay, constructs were 
rinsed in DPBS to release the alamarBlue dye. After, speci-
mens were immersed in Milli-Q water and cells were lysed 
by thermal and osmotic shock. The resulting supernatant was 
used for the quantification with Picogreen dsDNA Kit. The 
fluorescence of each specimen was measured using a micro-
plate reader (excitation: 485  nm; emission: 528  nm). The 
DNA concentration for each sample was calculated using a 
standard curve. The same supernatants were used to perform 
protein content measurements with Micro BCA protein assay 
kit (ThermoFisher) according to the manufacturer's instruc-
tions. After 2 hours of sample incubation with the substrate, 
absorbance was measured at 562 nm in a microplate reader. 
The concentration of total protein in the samples was calcu-
lated using a standard curve of Bovine Serum Albumin.

To analyse cellular morphology and the formation of a 
monolayer, after 21 days of culture, membranes were washed 
with DPBS and fixed in 2.5% glutaraldehyde (Sigma Aldrich) 

for 1 hour at 4°C. After the fixation step, they were washed 
again and dehydrated through the exposure to a gradient of 
alcohol concentrations. Samples were sputter coated with 
gold prior to analysis and micrographs were obtained using a 
scanning electron microscope (SEM, JSM-6010 LV, JEOL).

4.8 | Immunofluorescence of renal 
epithelial-related proteins

Both hRPCs and hRPTECs were fluorescently labelled with 
antibodies directed against markers for differentiated epithe-
lia and transport proteins. Briefly, cell-loaded membranes 
were fixed with 10% neutral buffered formalin for 1h at 4°C 
and then washed in PBS. The blocking step was performed 
for 30 minutes incubating the membranes in 3% bovine serum 
albumin (BSA, Sigma Aldrich) solution. Primary antibodies 
were diluted in blocking solution and incubated overnight at 
4°C. Epithelial protein analysis was evaluated with antibodies 
against the sodium-dependent glucose transporter (SGLT2, 
abcam, 1:30), aquaporin-1 (AQP-1, abcam, 1:100), chloride 
channel Ka (CLC-NKA, Santa Cruz Biotechnology, 1:25) 
and Na/Cl co-transporter (NCC, Santa Cruz Biotechnology, 
1:25). Samples were washed in PBS and incubated with fluo-
rescent labelled secondary antibodies Alexa Fluor 488 against 
the specific primary antibody species at 1:500 concentration. 
DAPI (Sigma Aldrich, 1:1000) was incubated along with the 
secondary antibody. After several rinses in PBS, constructs 
were mounted with VECTASHIELD (Vector Laboratories) 
and analysed under Leica SP5 AOBS confocal microscope 
(Leica, Wetzlar, Germany) equipped with a Chameleon 
Ultra-II two-photon laser (Coherent, Milan, Italy). Images 
were recorded digitally and further processed using LASX 
software (Leica).

4.9 | Real-time quantitative polymerase 
chain reaction (RT-PCR) of tubular-
related genes

Total RNA was extracted using RNeasy Microkit (Qiagen) 
and quantified using a Nanodrop spectrophotometer 
(ThermoFisher Scientific). Briefly, after 7, 14 and 21 days, 
membranes with attached hRPCs in monoculture or in co-
culture systems were removed from the inserts and im-
mersed in buffer RTL (acquired from the kit) containing 
β-mercaptoethanol for efficient cell lysis. After extraction, 
52 ng of RNA was retrotranscribed using TaqMan Reverse 
Transcription Reagents (ThermoFisher) following manu-
facturer's instructions, in a final volume of 17 µL. TaqMan 
RT-PCR was performed as previously described using a 
7900HT Real-Time PCR System (Applied Biosystems).33 
Na/K/Cl co-transporter (SLC12A1), amino acid transport 
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protein (SLC3A1), γ-glutamyltranspeptidase (GGT1) and 
Na/H exchanger (SLC9A3) quantification was performed 
using commercially available Assay on Demand kits (Applied 
Biosystems). Fold expression (FE) was determined using the 
equation FE=2−ΔΔCt, where ΔCt = Ct gene of interest − Ct 
housekeeping gene, glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) and ΔΔCt = Ct sample of interest – Ct con-
trol sample, which was considered the gene expression level 
at the seeding day.

4.10 | Paracellular permeability and 
albumin reabsorption studies

At day 7 of co-culture of hRPTECs and HUVECs, 400 µL 
of media containing 25 µg/mL of fluorescein isothiocyanate 
(FITC)-conjugated inulin (Sigma Aldrich) was applied to the 
top compartment, while 600 µL of medium was applied to 
the bottom compartment. Cells were incubated at 37°C for 
5 hours. Every hour, samples were drawn from both compart-
ments and fluorescence intensity was measured in a micro-
plate reader (excitation: 485/25 nm; emission: 530/25 nm). 
For albumin uptake assay, FITC-conjugated human serum 
albumin (HSA) was applied to the top compartment at a con-
centration of 40 µg/mL and the initial fluorescence was meas-
ured in the total volume of the well. After 5 hours, inserts 
were drawn from the wells and the remaining concentration 
of HSA in the well was measured as above mentioned. The 
leakage and absorption studies were calculated as the per-
centage of the initial concentration.

4.11 | Nephrotoxicity assessment

Cisplatin (Sigma Aldrich) was applied to the top compart-
ment of confluent monocultures of hRPTEC and to co-
cultures with HUVEC. Cisplatin of 0, 50, 100 and 150 µM 
in REGM complete medium was added to the inserts after 
7 days of cell culture. The range of values was selected ac-
cording to previously published papers which also performed 
nephrotoxicity assays,30,34 with the main aim of evaluating 
cell response to the increasing concentration of cisplatin. 
Cellular viability was assessed by alamarBlue as previously 
described and presented as a percentage of control viability 
(the inserts that were subjected to 0 µM of cisplatin). To fur-
ther evaluate cisplatin effect, live/dead assay with Calcein 
AM and propidium iodide (PI, both Sigma Aldrich) and im-
munofluorescence of DAPI and Phalloidin (ThermoFisher) 
were performed. The fluorescent dyes were incubated with 
the constructs at a concentration of 1 μg/mL for PI and 2 μg/
mL for Calcein AM in DPBS for 30 minutes at 37°C. Cell 
fixation and immunofluorescence staining were performed as 

previously described. The cell-loaded membranes were visu-
alized using a confocal microscope (above mentioned).

4.12 | Statistical analysis

Statistical analyses were performed with GraphPad Prism 8 
(GraphPad Software, California, USA). Data were expressed 
as means ± standard deviation of experiments. Differences 
between groups were analysed by unpaired t test or two-way 
analysis of variance (ANOVA) in case of experiments con-
ducted over time, using Tukey test for post hoc assessments 
of the differences between samples. Statistical significance 
was defined as P < .05.
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