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Decellularized matrices are attractive substrates, being able to retain growth factors and proteins present

in the native tissue. Several biomaterials can be produced by processing these matrices. However, new

substrates capable of being injected that reverse local kidney injuries are currently scarce. Herein, we

hypothesized that the decellularized particulate kidney porcine ECM (pKECM) could support renal pro-

genitor cell cultures for posterior implantation. Briefly, kidneys are cut into pieces, decellularized by

immersion on detergent solutions, lyophilized and reduced into particles. Then, ECM particles are ana-

lyzed for nuclear material remaining by DNA quantification and histological examination, molecular con-

formation by FITR and structural morphology by SEM. Protein extraction is also optimized for posterior

identification and quantification by mass spectrometry. The results obtained confirm the collagenous

structure and composition of the ECM, the effective removal of nucleic material and the preservation of

ECM proteins with great similarity to human kidneys. Human renal progenitor cells (hRPCs) are seeded in

different ratios with pKECM, on 3D suspensions. The conducted assays for cell viability, proliferation and

distribution over 7 days of culture suggest that these matrices as biocompatible and bioactive substrates

for hRPCs. Also, by analyzing CD133 expression, an optimal ratio for specific phenotypic expression is

revealed, demonstrating the potential of these substrates to modulate cellular behavior. The initial

hypothesis of developing and characterizing a particulate ECM biomaterial as a consistent substrate for

3D cultures is successfully validated. The findings in this manuscript suggest these particles as valuable

tools for regenerative nephrology by minimizing surgeries and locally reversing small injuries which can

lead to chronic renal disfunction.

1. Introduction

The extracellular matrix (ECM) is known to directly influence
cell adhesion, migration, proliferation and differentiation. It is

a specific product of resident cells providing not only support,
but also biochemical cues crucial for determining cell fate and
survival.1,2 Thus, tissue engineers have been trying to mimic
not only the morphology but also the composition of the ECM
for promoting the repair and regeneration of tissues. Many
studies use candidate biomaterials by using micro- and nanofi-
brillar fabrication techniques, such as electrospinning3–5 and/
or supramolecular self-assembly.6–8 However, these
materials are often composed of synthetic polymers, which fail
to reproduce the intricate network of proteins, growth factors,
glycosaminoglycans and cytokines, inherent to the natural
ECM.9,10

In the past few years, decellularized tissues have been
extensively studied because they enable retaining proteins
and other components present in the native tissue. This
naturally occurring ECM has shown to be biocompatible,
lacking immunogenic cell membrane proteins, and to
promote site-specific remodeling of tissues, minimizing scar
formation.11,12 Decellularized tissues are also advantageous
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because of the high degree of evolutionary conservation of
many ECM components, which allows for the use of xeno-
geneic sources. These matrices are currently being studied as
an alternative source for organ transplantation, where whole-
organ decellularization, repopulation,13,14 and posterior
in vivo implantation are achieved by using perfusion
strategies.15,16 Despite the promising results obtained, a
number of concerns remain to be addressed to translate this
technique to clinical practice. It is also important to con-
sider new solutions for initial-stage repetitive episodes of
acute kidney injury (AKI), which can lead to irreversible
renal damage and evolve into chronic kidney disease
(CKD).17

Several authors already reported the use of the decellular-
ized and processed kidney extracellular matrix to obtain
several ECM-derived biomaterials, suitable for addressing
early symptoms of kidney disease. Kidney ECM hydrogels
from human origin have already been developed and charac-
terized for their properties and ability to support kidney
endothelial cell culture.18,19 Other authors also studied the
growth and metabolism of kidney stem cells when seeded on
hydrogels from three different regions of the kidney, reveal-
ing tissue and region-specificity.20 However, cells were
seeded on top of the hydrogels and, therefore, in 2D.
Another approach is to combine the kidney-derived ECM
with other components (natural or synthetic) in order to
enhance its limited mechanical properties. For instance, a
small portion (10%) of porcine derived kidney ECM was
combined with a synthetic polymer to fabricate a porous
scaffold. This scaffold was implanted in a partially nephrec-
tomized mice in vivo, demonstrating regeneration of renal
glomerular tissue, demonstrating some inflammatory
response.21 Other studies have also followed this rationale,
developing alginate and gelatin-based hydrogels in combi-
nation with kidney matrices as new bioinks for 3D
printing.22,23 Although hybrid biomaterials can provide
diverse cellular responses, it is also important to study the
composition-related response of the host tissues. Having a
particulate form of ECM can also be of advantage because of
their small size and shape, which allows for their implan-
tation by non-invasive techniques, such as injections,24

enabling cell delivery on a specific defect and/or injury of
any size or shape.25 This particulate ECM can also circum-
vent the problems of low cellular migration on hydrogels,
allowing for more efficient cell spreading. Some studies were
published in the past few years using particulate ECM as a
cell carrier for regeneration of several tissues, such as carti-
lage,25 adipose tissue26 and bone.27

In this work, we hypothesized that decellularized porcine
kidney ECM particles possess a similar composition to human
kidneys, enabling the 3D culture of human-origin cells,
without changing their phenotypic expression. To the best of
our knowledge this is the first time that the porcine kidney
matrix is fully characterized by proteomic analysis and also the
first time that renal progenitor cells are cultured in 3D with a
natural ECM. We believe that this substrate can be

promising for cell delivery and, ultimately, promote kidney
regeneration.

2. Results

Naturally occurring ECMs have been gaining interest in the
past few years in the tissue engineering field. This matrix, in a
particulate form, enables developing injectable advanced
therapies. Herein, we aim at characterizing the ECM particu-
late morphology, composition and bioactivity when sup-
plemented in cultures of specific renal progenitor cells.

2.1. Evaluation of pKECM substrates

This section will report on the studies aiming at characterizing
the particulate ECM structure and morphology. Its protein and
DNA content are compared with those of native kidney
tissue. Also, the effects of ethylene oxide sterilization on the
thermal and conformational behavior were evaluated. Its
protein composition was extensively characterized by mass
spectrometry and further compared with human renal proteo-
mic content.

2.1.1. pKECM biological and structural characterization.
ECM particles were obtained with minor modifications of a
published protocol.28,29 The macroscopic structure of the
decellularized kidneys shows being intact, with effective cell
removal with minor loss of collagen. In the present study, we
focused on characterizing the structure of the powders to show
bioactivity even after processing by milling and freeze-drying.
In Fig. 1A, we can observe the gross appearance of the
obtained powders. By microscopic evaluation using SEM
(Fig. 1B and C) we can notice highly irregular sizes and
shapes. Particles with size ranges from 10 to 100 μm can be
found on the micrographs, presenting a sheet-like shape,
characteristic of a collagenous material.24,30

To assess the effect of decellularization and processing of
the matrix on the molecular composition, ATR-FTIR analysis
was performed to native, decellularized and sterile pKECM
samples (Fig. 1D). The spectra, characteristic of collagenous
components, present several bands and peaks that will be
described herein. The band at 3284 cm−1 is characteristic of
amide A for NH stretching. Also, the peaks at 2848 and
2916 cm−1 are characteristic of OH, NH2, and NH stretching
vibration in the amide group. The peaks at 1631 and
1537 cm−1, respectively, are characteristic of the CvO (amide
I) stretching vibration and the bending and stretching
vibration of NH and CN (amide II).31 The peak at 1232 cm−1 is
relative to the NH plane bending from amide linkages (amide
III), associated with the secondary conformation of collagen.
The peak identified at 1450 cm−1 and the region in the range
of 1417–1360 cm−1 corresponds to the stereochemistry of the
pyrrolidine rings of proline and hydroxyproline.32 No signifi-
cant difference was found between the spectra of native
kidneys, pKECM and pKECM subjected to the EO sterilization
process, suggesting that the molecular conformation of the
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ECM and collagen does not change by the decellularization
and/or sterilization process.

Differential scanning calorimetry (DSC) was used to
compare the thermal proprieties of pKECM substrates before
and after the sterilization process to the thermal properties
of native samples (Fig. 1E). In all samples the matrix demon-
strates a broad transition temperature from approximately
15 °C to 140 °C, with one distinct endothermic peak.
Enthalpy has a shift from 181 to 306 J g−1 when samples are
decellularized. The melting temperature (Tm) peaks range
from approximately 73 to 77 °C, which are within the range
of collagen melting temperature. Additionally, another
endothermic peak appears around 225 °C for both decellu-
larized conditions and also for native samples, but to a
minor extent.

To assess the effective removal of the cellular content, speci-
mens were embedded in OCT and the obtained cryosections
were stained with H&E and MT. Also, dsDNA quantification
enables a quantitative measurement of the effectiveness of the
decellularization process. H&E micrographs demonstrate no
violet staining for the nucleus (Fig. 1G), representing a suc-
cessful decellularization, in comparison with the native tissue
(Fig. 1H). As eosin Y binds to positively charged amino-acid
side chains such as lysine and arginine, we found that the
pKECM stains positive for it, evidencing their protein content
and structure in 2D. This staining is comparable to the native
tissue (Fig. 1H), where the pink color can also be found sur-
rounding the nucleus, evidencing the cytoplasm and ECM.
Corroborating these results, MT staining for pKECM revealed
no red staining for Weigert’s iron hematoxylin (Fig. 1I), com-

Fig. 1 Particulate kidney matrix characterization. (A) Gross appearance of the powders obtained after decellularization, freeze-drying and milling
process. Scale bar: 1 cm; (B–C) scanning electron microscopy micrographs of the powders. A broad distribution of sizes is presented, with collagen-
characteristic sheet-like conformation. Scale bars: 100 and 10 μm. (D) Fourier transform infrared spectroscopy and (E) differential scanning calorime-
try characterization of native kidney (orange), decellularized matrix (pKECM, blue) and decellularized matrix subjected to ethylene oxide sterilization
(pKECM EO, green). The results suggest maintenance of molecular composition and thermal proprieties of the matrix after decellularization and
after the ethylene oxide sterilization process. (F) DNA quantification of decellularized and native tissue demonstrating a ∼90% decrease on the
dsDNA content (n = 3). ***p < 0.001 vs. native; (G–H) hematoxylin and eosin and (I–J) Masson’s trichrome staining on cryosections of native tissue
(H–J) and decellularized matrix (G and I). Nuclear staining is not present on decellularized matrix sections and collagenous staining is seen (blue).
Scale bars: (G–I) 50 μm, (H–J) 200 μm.
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paring with the native tissue (Fig. 1J). Double-stranded DNA
quantification confirms an effective removal of >90% of the
nucleic material when comparing with the native tissue, con-
firming an adequate protocol for kidney decellularization
(Fig. 1F).

2.1.2. Proteomic analysis of decellularized pKECM. In
order to provide a complete characterization of the proteomic
profile of porcine kidneys after decellularization, we did a
3-fraction proteomic extraction and analyzed the content in
each one of these fractions. For this study, 3 different decellu-
larized kidneys were used as representative of sample varia-
bility. The workflow, represented in Fig. 2A, was optimized to
yield the maximum quantity of protein without compromising
protein stability and avoiding degradation. Therefore, a higher
amount of proteins is expected in Fraction 1 (F1) compared to
the other fractions. With this study, we aim to evaluate this
protocol in extracting the proteins present in the insoluble
part of the decellularized ECM and also to avoid the effect of
the initial sonication and enzymatic digestion on more sensi-
ble proteins. Together we were able to identify 77 relevant

ECM proteins, in which 43 of them were common to the 3 frac-
tions, which corresponds to ∼56% of total ECM proteins
(Fig. 2B). Moreover, only 3 new proteins we identified in F2
and F3, which include collagen alpha-1 (V) chain, elastin and
fibulin 5. A tendency was observed regarding the total number
of proteins identified; 364 in F1, 208 in F2 and 119 in F3,
which represents a drop of ∼67% on the total amount of pro-
teins identified from F1 to F3.

To better categorize the proteins that are present in each
fraction, we performed gene ontology analysis of the character-
ized ECM proteins. This categorization was not completely
automatic because the UniProt database for porcine (Sus
scrofa) is less informative than that of the human (Homo
sapiens). Therefore, and because some proteins were still
“uncharacterized”, the majority were confirmed and classified
manually. The most abundant of them is collagen type IV,
which is herein named “COL4*” because the NC1 domain
could not be identified. We have noticed that although we
were able to extract the majority of proteins in F1 (59 out of
77), they did not represent the abundance expected from a

Fig. 2 Schematic representation of the methodology and the unique profile of the ECM fractions. (A) Fraction 1 was obtained by homogenization
with urea extraction buffer, fraction 2 was obtained after sonication of the remaining pellet and fraction 3 was obtained after tryptic digestion of the
fraction 2 pellet; (B) 43 proteins are common to the three fractions being most proteins identified on fraction 1 (F1), while only 6 new proteins were
found in fraction 2 and 3 (F2 and F3). (C) F2 and F3 are mainly composed of basement membrane proteins and fibrillar collagen, which lead us to
conclude that F1 abundances do not correspond to the total protein isolated, and that several steps of protein homogenization are required to
extract the total amount of protein.
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naturally sourced biological kidney matrix. So, we graphed all
of the identified proteins as a percentage of the total protein
abundance by gene ontology classification (Fig. 2C). From this
analysis we could observe that fibrillar collagen only constitu-
tes ∼10% of the proteins identified in F1, while matricellular
proteins account for ∼37% of whole protein abundance.
Furthermore, by analyzing F2 and F3, ∼69% and ∼55% of
their content is composed of fibrillar collagen, and ∼23% and
∼41% is composed of basement membrane proteins, respect-
ively. Accordingly, the amount of proteins representing ECM
regulators, FACIT collagens, and secreted and matricellular
proteins decreases radically from F1 to F3. Indeed, in F3, only
∼4% of the proteins correspond to these kinds of proteins, the
remaining being ∼96% basement membrane and fibrillar col-
lagen proteins. These results support our initial hypothesis;
the chaotropic insoluble pellet, which is typically discarded in
the proteomic analysis of this kind, is mainly composed of
fibrillar collagen and basement membrane proteins, essential
components of the ECM. Encouragingly, cytoskeletal com-
ponents represent less than 1% of the total amount of pro-
teins, which confirms once more a successful protocol of
decellularization.

A more detailed description of the identified proteins is
shown in Table S1.† The percentages of each protein present
on each analyzed kidney sample (K1, K2 and K3) and their
coefficient of variation (CV) were calculated. We could notice
that high variances (greater than 1) were mainly detected on
ECM regulator family of proteins, rather than in the most
abundant components of the matrix. This feature is expectable
due to the decellularization process, in which those proteins
are more easily removed. In proteins such as collagen type IV,
collagen type I, collagen type VI, perlecan and nidogens, CV
calculated values were lower than 0.5.

Absolute quantitative abundances of the 30 more expressed
ECM proteins were graphed in a heat map for each separate
sample that was analyzed by MS (Fig. S1†), where green rep-
resents the lowest abundances, red represents the higher abun-
dances and black denotes the middle-term. We managed to
extract the majority of proteins in F1, a consistent result
within the 3 replicas. However, as previously noticed in
Fig. 2C, the extraction of fibrillar (collagens type I and III) and
basement membrane collagens (collagen type IV) revealed
higher abundances in F2 and F3 extractions. In contrast,
matricellular collagens (collagen type VI) show a decrease in
abundance from F1 to F3. The same phenomena occurred for
all of the remaining proteins identified. We could not notice
the presence of nidogen-1 in F3, which was the only protein in
this set which could not be detected in the 3 fractions. The
overall profile denotes that chaotrope protein extraction may
give us a reasonable idea of the group of proteins that consti-
tute the matrix, but cannot give us a rigorous quantification,
which was only possible when separating the fractions and
quantifying separately.

To have a stronger analysis of our protein profile, we have
performed pie chart analysis for total ECM components of the
kidney considering the three independent tissue replicas

(Fig. 3). Percentages were obtained by dividing the individual
abundance of each identified protein by the total ECM abun-
dance content. Fibrillar collagens, basement membrane and
matricellular proteins were further analyzed, and a sub-pie
chart is presented for each one of these categories, given that
together they constitute more than 92% of the total protein
content. As expected, the main component of basement mem-
branes is collagen type IV (70%). Matricellular protein analysis
revealed that collagen type VI composes 76% of the total
amount of identified proteins and collagen type I composes
92% of fibrillar collagen existent in porcine kidneys.

2.2. 3D culture of renal progenitor cells and pKECM

This section includes the evaluation of the bioactivity of the
particulate ECM to stimulate specific renal progenitor cells in
a 3D culture. Cytocompatibility and cell proliferation were eval-
uated, as well as the capacity of the ECM to guide phenotypic
changes.

2.2.1. hRPC viability and proliferation studies. hRPCs were
obtained from the mechanical enzymatic digestion of kidney
fragments. They were isolated for their unique capacity of self-
renewal and high clonogenic potential, which does not occur
for terminally differentiated cells, such as those composing
the renal tubule or the Bowman’s capsule. Flow cytometry (FC)
analysis was also performed and we were able to demonstrate
that the recovered population homogeneously exhibits the
presence of CD24 and CD133 (∼94%), known to be specific
stem cell markers which when co-expressed identify this popu-
lation of cells (Fig. S2†).33

To assess pKECM cytotoxicity, we first evaluated cell viabi-
lity when in contact with pKECM conditioned medium. Fig. 4B
and D show cells after 2 and 24 h of conditioned culture,
respectively. No morphological differences are observed
between these cells and cells subjected to regular culture
medium (Fig. 4A and C), giving first insights into the biocom-
patibility of this matrix. Next, the matrix was directly cultured
with particulate ECM for 7 days and live/dead staining was per-
formed with Calcein AM and PI for 1, 2 and 4 mg of pKECM
(Fig. 4E, F and G, respectively). No significant red staining is
visible, indicative of the biocompatibility of this substrate,
regardless of the quantity used for the assays. However, a
higher quantity of cells can be seen on 1 and 2 mg of matrix
compared with 4 mg. Also, an alteration on morphology is
present, being that cells cultured on 4 mg of matrix are bigger
and rounder, suggesting lack of adhesion points to the
pKECM. On the other hand, cells cultured with lower quan-
tities of the matrix demonstrate even distribution and a higher
amount of green staining, also suggesting higher cell viability
and proliferation. Quantification of fluorescence intensity was
also performed, corroborating the previous findings (Fig. 4H).
Although not significant, PI staining is only visible on cells
cultured on 1 mg of pKECM. This can be explained due to the
high proliferation and higher cell confluence present on these
constructs, which can lead to cell death. As the quantity of
matrix increases, the cell number diminishes and, as a conse-
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quence, the number of live and dead cells also decrease,
leading to no dead cells quantified on 4 mg of pKECM.

As a corroborative assay, hRPCs metabolic activity was
quantitatively assessed overtime using alamarBlue on hRPCs
seeded on pKECM substrates (1, 2 and 4 mg) and on tissue
culture plastic (0 mg) (Fig. 5A). We noticed that hRPCs are
viable in all timepoints when in contact with pKECM, reveal-
ing no cytotoxicity. We can additionally notice a common ten-
dency for a peak increase in intermediate culture times and
then a decrease of the metabolic activity after 7 days of culture.
We hypothesized this event to be a result of achieving cell con-
fluence after 4 days, reducing cellular metabolic activity. We
can also observe that after 2 days of culture, cells were shown
more metabolically active when cultured on intermediate
amounts of the matrix (2 mg), which was also observed at day
4, being statistically different from all the other conditions. At
day 7, cells are shown more metabolically active when cultured

on a higher amount of matrix, which is also attributed to the
lack of cell confluence on these substrates.

Cellular proliferative capacity was inferred from the quanti-
fication of double-stranded DNA present on hRPCs (Fig. 5B).
After 24 h, RPCs cultured on 0 and 4 mg substrates present the
higher proliferation capacity. However, throughout the time-
points, cells seem to not be proliferating on the 4 mg con-
dition, the concentration of dsDNA being maintained after 7
days of culture on the substrates. Nevertheless, there is a ten-
dency for the increase of DNA content from day 1 to day 7 on
the cells cultured on lower amounts of pKECM (1 and 2 mg).
This is a good indicator of cell preference towards lower quan-
tities of the particulate matrix. It is also important to notice a
tendency from day 4 to day 7 of higher proliferation capacity of
the cells when cultured on 1 mg instead of 2 mg of pKECM.
This can be again explained by the lower quantity of the sub-
strate, which enables a higher surface area for cells to attach

Fig. 3 Quantitative assessment of the proteomic profile of pKECM by LC-MS/MS. A sub graph is demonstrated for the most abundant ECM cat-
egories: fibrillar collagens (blue), basement membrane proteins (purple/pink) and matricellular proteins (green). Quantitative proteomics demon-
strate that collagen type IV comprises nearly 70% of basement membranes; collagen type I comprises 92% of total fibrillar collagen content and col-
lagen type VI is 76% of total matricellular proteins. Proteins are identified with the respective gene name. This proteomic analysis enlightens the
three major collagenous components of the porcine kidney ECM.
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and proliferate. Instead, in 2 mg of matrix, although cells can
proliferate in between the ECM particles, this effect becomes
reduced as the amount of matrix increases. This can also be
corroborated by the lower DNA content demonstrated on 4 mg
of pKECM. The increasing values observed for the 0 mg con-

dition translate the proliferating capacity of these cells on
tissue culture plastic, although it cannot be directly compared
with our 3D suspension conditions.

2.2.2. Evaluation of morphology and phenotype. To assess
cellular phenotype when cultured on these substrates, we eval-

Fig. 4 Cytocompatibility of human renal progenitor cells. (A–D) Optical microscopy images of hRPCs after 2 and 24 h of seeding in complete
medium (EGM-MV) or conditioned medium (EGM-MV prior exposed to pKECM during 24 h). Conditioned medium cultures (B and D) demonstrate
no morphological changes on the hRPCs compared with complete medium cultures (A and C). Scale bar: 200 μm; qualitative results for viability
were obtained by immunofluorescence micrographs of live/dead assay for hRPCs after a 7-day culture time with (E) 1 mg, (F) 2 mg and (G) 4 mg of
matrix. Cells were incubated with Calcein AM (stains green for live cells) and PI (stains red for dead cells). Scale bar: 100 μm; (H) quantification of flu-
orescence intensity of live and dead cells was performed on ImageJ, corroborating live/dead stainings (n = 3).

Fig. 5 Quantitative analysis of viability and proliferation of hRPCs cultured on pKECM. (A) Viability assay demonstrated by alamarBlue fluorescence
over 7 days at different timepoints. Control condition (0 mg) represents hRPCs cultured on tissue culture plastic; RFU = relative fluorescence units;
(*) statistically different from 0 mg; (&) statistically different from 1 mg; (#) statistically different from 4 mg (n = 9); (B) proliferation assay demon-
strated by quantification of DNA over time. (*) statistically different from all conditions; (#) statistically different from 1 and 2 mg conditions; (n = 9).
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uated the presence of a known hRPC marker, CD133. Also,
alteration on the morphology of the cells was evaluated by IHC
and SEM to detect phenotype changes. H&E and MT stainings
are shown in Fig. 6A, B, C and Fig. 6D, E, F, respectively. These

stainings reveal maintenance of the collagenous content and
the attachment of hRPCs to the matrix. The pKECM substrates
stain pink in H&E and blue in MT staining, indicative of their
collagenous nature. These substrates can be seen covered with

Fig. 6 Spatial distribution of hRPCs cultured on pKECM substrates. Immunohistochemistry on matrix cryosections for hematoxylin and eosin (A–C)
and Masson’s trichrome (D–F) demonstrate good cellular coverage around the powders mainly on 1 and 2 mg of pKECM after 7 days of culture.
Scale bars: 100 μm. (G–I) Immunofluorescence of CD133 (green), phalloidin for cytoskeleton (red) and DAPI for nuclei (blue) demonstrate greater
fluorescence of the stem marker on 2 mg of pKECM. Scale bar: 100 μm. (J–L) Scanning electron microscopy images of hRPCs cultured on the
matrix after being fixed and dehydrated. After 7 days, the overall cell coverage of the substrate was found on 1 and 2 mg of pKECM. Scale bar:
50 μm.
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cells, which stain purple on H&E and red on MT staining. A
higher amount of nucleus can be found with lower quantities
of pKECM used in the culture, as observed previously.
Regarding the CD133 staining, the marker was only present on
cells seeded on 1 and 2 mg of pKECM (Fig. 6G and H). No
CD133 expression was found on cells cultured on 4 mg of
matrix (Fig. 6I), as well as on 2D cultures of hRPCs in tissue
culture plastic (data not shown). Evaluating the morphology
and distribution adopted by the cells around the matrix by
SEM micrographs, we can observe a confluent culture and full
coverage of this surface with cells when cultured on 1 mg of
pKECM (Fig. 6J), being slightly lower when comparing with
cells cultured on 2 mg of pKECM (Fig. 6K). These micrographs
corroborate the IF images shown, which also suggest a lower
number of cells and different distribution when cultured on
4 mg of pKECM (Fig. 6L), as well as altered overall cellular and
nuclear size of the cells, which was confirmed by phalloidin
(Fig. 6I) and Calcein-AM staining (Fig. 4G).

3. Discussion

This work was focused on developing a particulate kidney
matrix to act as a new advanced therapy for kidney diseases.
We performed structural, morphological and proteomic
characterization and as a second aim, we optimized a strategy
to culture cells of human origin in vitro with the matrix. We
suggest that decellularized kidney particles retain the biologi-
cal efficacy needed to maintain the stemness of renal progeni-
tor cells. The injection of cells alone has a number of short-
comings. Without a substrate to attach, a lot of cells are lost in
the process or migrate out of the intended site of action and
frequently there is insufficient cell engraftment to obtain clini-
cally relevant efficacy. Therefore, we propose a synergistic
effect of using pKECM as a substrate in which hRPCs could be
delivered, helping in the renal repair after injury.

To ensure that the cells can interact, attach and proliferate
in the particulate matrix, it is important to evaluate the struc-
ture and composition of the ECM. SEM micrographs (Fig. 1B
and C), allow detecting two distinct surface ultrastructures
within the particles: smooth surfaces, demonstrating the sheet
conformation of basement membranes and fibrous surfaces,
which can be assigned to the interstitial matrix.24 We also
noticed the resemblance of the matrix to those of other pre-
viously published studies.30 Using ATR-FTIR we could not
detect any alterations in molecular conformation between
native and decellularized samples (Fig. 1D), indicating the
preservation of the structure. Moreover, we can infer from the
FTIR spectrum that the integrity of the triple helix was con-
served by the ratio of 1235 cm−1 (amide III) and 1450 cm−1

(pyrrolidine ring) bands, which is close to 1 in both samples.34

By DSC, we could confirm that decellularization and steriliza-
tion did not change the thermal properties of the native tissue.
Additionally, the broad transition temperature range presented
in the DSC thermogram, indicates the specific distribution of
the collagenous population in the particulate matrix.31 The

difference observed between melting peaks (4 °C range) is
attributed to variability between samples, since they were not
performed on the same kidney sample. The enthalpy values
also differ between native and decellularized samples. To the
best of our knowledge, this is the first report on the thermal
behavior between native and decellularized samples of kidney
tissue. We suggest that this difference is due to the natural
plasticizer effect of the cells, which reduces the forces of attrac-
tion between ECM fibers, thereby reducing the enthalpy
needed for denaturation, as previously reported.35 We also
investigated the remaining cellular and nuclear materials by
DNA quantification and hematoxylin staining of pKECM
frozen sections. We demonstrated that >90% of the nucleic
material was removed after powder digestion (Fig. 1F).
Additionally, no hematoxylin staining for DNA was found on
IHC stainings (Fig. 1G and I). By comparing our findings with
previously published results, we were able to notice structural,
morphological and thermal proprieties very similar to other
decellularized matrices.30,36 Thus, we were able to validate our
developed particulate matrix in terms of particle size, collage-
nous content, thermal properties and immunogenic content.

The proteomic content of our matrices was investigated by
nanoLC-MS/MS. Herein, we employed for the first time an
ECM targeted homogenization method and proteomic analysis
to define the molecular components of porcine-derived renal
matrices at a quantitative level. We demonstrate the presence
of essential ECM proteins in the pellets that arise from protein
homogenization, which are typically discarded. We also con-
sidered the biological variability existing between kidney
donors, and thus we analyzed three kidneys representative of
different animals which were independently subjected to the
decellularization process. The variability between ECM com-
ponents of each kidney presented on Table S1† can be attribu-
ted to donor-to-donor variability, since it is dependent on
donor age, species of origin and also the history of stimulus/
insults that each kidney experienced.37 By applying this meth-
odology, we were able to identify proteins which are typically
lost during decellularization procedures, such as some glyco-
proteins, proteoglycans and other secreted factors. These pro-
teins are extremely important on stabilizing elastin and col-
lagen networks being therefore essential to maintain the base-
ment membrane stability and integrity.38 We were also able to
retain the majority of renal basement proteins, such as col-
lagen type IV and laminins, which are important because of
their abundant binding sites for both endothelial and epi-
thelial cells and their capacity to regulate cellular migration
and proliferation.39 We have also noticed the preservation of
fibrillar collagens, which provide tensile strength to the
organs, including the kidneys.

Until now, our understanding of the matrix composition of
renal decellularized matrices relied on a previous mass spec-
trometry study.18 However, this study does not describe donor-
to-donor variability and no gene ontology classification was
performed. Other authors also performed a fractioned proteo-
mic analysis in lung and myocardial tissues.40,41 Unlike those
reports, we did not use toxic digestion agents and we managed
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to extract the majority of proteins in F1, a consistent result
within the 3 replicas (Fig. S1†). The results presented on
Fig. S1† suggest that subpopulations of proteins are able to
solubilize according with their location in the matrix as well as
their interactions with other matrix proteins, making some of
them insoluble in the commonly used buffer solutions.42

Comparing our results with a recently published study by
Louzao-Martinez et al.,43 where the human kidney proteome
was analyzed, we can detect proteomic similarities between
porcine and human kidneys, where 49 proteins were common
to both proteomes (Fig. S3†). However, we also could notice
that a lot of essential proteins are not present in the human
kidney proteomic analysis, such as alpha-3, 4, 5 and 6 chains
of collagen type IV, alpha-1 and 2 chains of collagen type V
and even apha-1 laminin. Collagen type IV and laminins being
the main components of human kidney basement mem-
branes,44 and collagen type V a fibrillar collagen that com-
prises the majority of the interstitial ECM,45 these should have
been detected and identified in the human proteomic analysis.
As aforementioned, we noticed that fibrillar and more cross-
linked collagens could only be extracted in its total abundance
in the fractions F2 and F3, with a more severe method of hom-
ogenization. We hypothesize that the different extraction pro-
tocols may be responsible for the differences found when com-
paring human and porcine kidney proteomics. Therefore, an
accurate comparison cannot be performed on this study
between porcine and human kidney ECM. We have addition-
ally noticed that we are lacking the identification of some
renal ECM proteins on porcine kidneys, such as laminin
alpha-4 and 5 and small proteoglycans such as biglycan and
decorin. Instead, we identified other 5 sub-domains of
laminin and the core proteins of heparan sulfate, lumican,
perlecan, collagen type XVIII and agrin (Table S1†).45

As a second aim, we investigated the bioactivity of the par-
ticulate ECM by evaluating the growth, proliferation, mor-
phology and phenotypic changes of hRPCs. These cells rep-
resent a subset of multipotent progenitors present in the
Bowman’s capsule. They can be purified from cultured kidney
fragments, revealing self-renewal potential and a high cloning
efficiency.46 When injected into SCID mice with acute renal
failure, hRPCs have demonstrated to ameliorate the morpho-
logic and functional kidney damage.33 Our results demonstrate
high biocompatibility and mitogenic activity on a 3D culture
with ECM particles (Fig. 4 and 5). We also noticed the presence
of cell–cell and cell–substrate interactions when cultured on 1
and 2 mg of matrix (Fig. 6), indicative of good cellular environ-
ment adaptation over 7 days of in vitro culture. The IHC micro-
graphs are the result of a 10 μm section of the whole 3D
culture, being not representative of the cell–cell interactions
but on how cells are distributed. We could notice the cells sur-
rounding the matrix, creating an evenly distributed monolayer
when cultured on 1 and 2 mg of matrix. In contrast, when aug-
menting the quantity of matrix to 4 mg, but with the same cell
concentration, the cells lose their cell-to-cell interactions.
Consequently, very few cells or no cells can be spotted on IHC
micrographs. However, they can be found when performing a

z-stack on IF micrographs. Regarding CD133 expression
(Fig. 6G–I), it was interesting to spot a change on the mor-
phology and size of the cells with the increasing content of the
matrix. This change consequently caused the loss of CD133
expression on 4 mg of pKECM. Additionally, very little CD133
expression is found on cells cultured on 1 mg of matrix,
suggesting that cell–cell and cell–matrix interactions led the
guidance of phenotypic expression, where a mild proliferation
capacity together with a mild cell–cell interaction lead to main-
tenance of stemness by using 2 mg of matrix. A 3D reconstruc-
tion of cellular organization around the matrix can be seen in
Fig. S4.† Although these results are promising and consistent
with each other in terms of cell distribution, morphology and
interaction with the substrate, the stem nature of hRPCs is
only confirmed by immunofluorescence. In the future, we
intend to do a follow-up of the cell markers CD133 and CD24
by flow cytometry, which will enable for a stronger evaluation
of cellular phenotype. Moreover, in a future in vivo work, we
intend not only to perform injectability tests but also func-
tional analysis assays in order to evaluate the full potential of
our therapy.

These findings suggest an optimal ratio for the mainten-
ance cell phenotype and an optimal cell–cell interaction. The
particulate matrix has shown to be highly supportive for a 3D
progenitor cell culture, suggesting that a scaled-up culture of
these cells with pKECM could be achieved in vitro for posterior
patient engraftment.

4. Conclusions

This work highlights the potential of ECM-based biomaterials
of porcine origin for kidney advanced therapies. We success-
fully confirmed our initial hypothesis of developing and char-
acterizing a particulate extracellular matrix biomaterial as a
consistent substrate for 3D cultures of adherent renal progeni-
tor cells. We herein show a similar protein composition with
human kidneys. Indeed, the matrix demonstrated being an
excellent substrate for supporting renal progenitor cell attach-
ment, proliferation and growth. Moreover, it was shown to
modulate the morphology and phenotypic expression of renal
progenitor cells. To the best of our knowledge, this the first
report investigating particulate kidney ECM as a promising 3D
substrate for cell cultures. Our results suggest that this particu-
late ECM together with reparative progenitor cells may become
a powerful tool to address renal pathologies in its early stages.

5. Materials and methods

Expanded methods for morphological, structural, histological
and biochemical analysis of the particulate kidney ECM as
well as the nano-liquid chromatography–tandem mass spec-
trometry (nanoLC-MS/MS) methodology for characterization
and relative quantification of protein composition can be
found in ESI Experimental section.† Detailed information
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about the isolation and characterization of human renal pro-
genitor cells (hRPC) is also provided.

5.1. Processing and characterization of kidney ECM derived
powders (pKECM)

5.1.1. Kidney decellularization and pKECM preparation. A
schematic representation of the whole process is shown in
Scheme 1. Fresh porcine kidneys obtained from a local slaugh-
terhouse were decellularized according to a previously
described method with minor modifications.28,29 After remov-
ing renal capsules and pelvis, kidneys were sectioned (A).
After, portions were immersed in a solution of 1% SDS before
being changed to another solution of 1% Triton X-100 and
washed for the removal of residual detergent with Milli-Q
water for 7 days (B). The whole process was performed at 4 °C.
The portions were frozen at −80 °C before being freeze-dried
(C). Next, the pKECM was obtained by milling with a cryogenic
grinder (SamplePrep Freezer/Mill, SPEXSamplePrep) and steri-
lized using ethylene oxide (D). Sterile pKECM was stored at
4 °C until further use.

5.1.2. Protein extraction from pKECM substrates.
Decellularized kidney particulate protein was extracted in
three fractions. A brief scheme of the whole process is shown
in Fig. 2. Approximately 5 mg of pKECM was processed in
triplicate. One mL of urea extraction buffer (8 M Urea, 10 mM
ammonium bicarbonate and 25 mM of tris(2-carboxyethyl)
phosphine, pH 8.0) supplemented with 10 mg mL−1 of dithio-
threitol (abcr GmbH) and 20 μL mL−1 of protease inhibitors
(Sigma Aldrich) were used to homogenize the matrix with a
tissue grinder (Nippon Genetics). Afterwards, the matrix was
incubated with the buffer overnight under agitation. The hom-
ogenized pKECM was centrifuged at 12 700 rpm and the super-
natant, referred to as Fraction 1, was removed and saved. The
pellet was once again homogenized and centrifuged. The resul-
tant supernatant was joined to the soluble Fraction 1 (F1). Urea
extraction buffer was again added to the resultant pellet and vor-
texed. The mixture was sonicated at 40% amplitude while being
refrigerated. After centrifuging, the supernatant was saved as
Fraction 2 (F2). The remaining pellet was digested with trypsin
as described in section 2.2.5 to yield Fraction 3 (F3).

5.2. In vitro renal progenitor cell culture studies on pKECM

5.2.1. Preparation of the constructs and cell seeding. The
effect of pKECM on cell behavior was analyzed having 3

different ratios of pKECM to hRPCs. Suspension tissue culture
48-well plates were used in this study. In order to perform non-
adherent cultures, plates were coated with a thin layer of 1.5%
agarose gel which was left to gelify overnight at 4 °C. After
that, 1, 2 and 4 mg of pKECM were weighted and added to
each well before being rehydrated with complete medium for
30 min at 37 °C. A cell suspension of 50 μL containing 105

hRPC was added to each well and left 30 min at 37 °C to
adhere to pKECM substrates. After that, complete medium
composed of microvascular endothelial cell growth medium
(EGM-MV, Lonza) supplemented with 20% HyClone™
fetal bovine serum (FBS, GE Healthcare) was added. The
same cell concentration was seeded without the presence of
pKECM in tissue culture treated polystyrene plates for the
adherent cultures (2D control). The medium was changed
every 2 or 3 days.

5.2.2. hRPC viability and proliferation. The viability of
hRPCs was evaluated both by indirect and direct culture
methods. For the first, conditioned medium (EGM-MV
exposed to pKECM during 24 h) was added to hRPCs cultured
on tissue culture plastic. Macroscopic evaluation of cells’ mor-
phology and growth was performed after 2 and 24 h of plating,
comparing with cells cultured in EGM-MV media. Direct evalu-
ation of pKECM viability was performed on cell + pKECM sus-
pensions after 1, 2, 4 and 7 days of culture using alamarBlue
(BioRad) assay. Culture medium was removed and replaced
with fresh medium supplemented with 10% of alamarBlue
reagent. After an incubation period of 7 h at 37 °C, the super-
natant was used to determine the fluorescence intensity using
a microplate reader (excitation: 530/25 nm; emission: 590/
25 nm). For the evaluation of the effect of the different ratio of
cells/pKECM on cell viability, a live/dead assay was performed
using PI and Calcein, AM (Thermo Fisher). The fluorescent
dyes were incubated with the constructs at a concentration of
1 μg mL−1 for PI and 2 μg mL−1 for Calcein, AM in DPBS for
30 min at 37 °C. After this time, the constructs were visualized
using a 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).

To evaluate hRPCs proliferation on the different cell/matrix
ratios, dsDNA quantification was performed. After the viability
assay, constructs were rinsed in DPBS to release the
alamarBlue dye. After, specimens were immersed in Milli-Q

Scheme 1 Sequence of procedures used in the preparation of pKECM. (A) Porcine kidneys were obtained in a local slaughterhouse and cut into
sagittal sections before being washed in distilled water. (B) Sections were immersed in detergent solutions of 1% SDS and 1% Triton X-100 and
placed on an orbital shaker for 7 days. Decellularization was achieved by frequent renewal of the solutions. (C) The decellularized tissue was freeze-
dried. (D) pKECM was obtained using a cryogenic mill. Scale bar: 1 cm.
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water and cells were lysed by thermal and osmotic shock. The
resulting supernatant was used for DNA quantification with
the Quanti-iT Picogreen dsDNA assay kit (Thermo Fisher). 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.

5.2.3. hRPC distribution and stemness potential. For
microstructure analysis of the cellular adhesion onto different
quantities of pKECM, after 7 days of culture, constructs were
washed with DPBS and fixed in 2.5% glutaraldehyde (Sigma
Aldrich) for 1 h at 4 °C. After the fixation step, they were
washed again and dehydrated through an alcohol series.
Samples were sputter coated with gold prior to analysis and
micrographs were obtained using a scanning electron micro-
scope (SEM, JSM-6010 LV, JEOL).

For the histological analysis of the distribution of cells on
the matrix after 7 days, constructs were fixed in 10% neutral
buffered formalin, and embedded in OCT compound for cryo-
sectioning as previously described. H&E and MT stainings
were performed on the constructs. Staining intensity and cell
distribution were observed under light microscopy (DM750,
Leica).

The stemness potential of hRPCs cultured in pKECM was
evaluated by immunocytochemistry after 7 days of culture.
Briefly, constructs were fixed with 10% neutral buffered forma-
lin for 1 h at 4 °C and then washed in PBS. Cells were further
incubated with antibody against the CD133 marker for hRPCs
(Miltenyi Biotec; 1:2.5 diluted in 3% BSA/PBS) for 1 h at RT.
Samples were washed with PBS and incubated with the sec-
ondary antibody Alexa Fluor 488 (Alfagene; 1:500 diluted in
PBS) at RT in the dark for 1 h. DAPI (Sigma Aldrich, 1:500) and
Alexa Fluor 546 Phalloidin (Alfagene; 1:200) were
incubated along with the secondary antibody. After several
rinses in PBS, constructs were analyzed under a Leica SP5
AOBS confocal microscope. Cells cultured in conventional
polystyrene plates without pKECM were used as control.
Images were recorded digitally and further processed using
LASX software (Leica).

5.3. Statistical analysis

Statistical analyses were performed with GraphPad Prism 8
(GraphPad Software, California, USA). Data were expressed as
means ± standard deviation of experiments with at least three
independent assays. Differences between groups were analyzed
by unpaired t test or two-way analysis of variance (ANOVA) in
the case of experiments conducted over time, using Tukey test
for post hoc assessments of the differences between samples.
Statistical significance was defined as p < 0.05.
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