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Abstract

Current technologies and available scaffold materials do not support long-term cell viability, 

differentiation and maintenance of podocytes, the ultra-specialized kidney resident cells that are 

responsible for the filtration of the blood. We developed a new platform which imitates the native 

kidney microenvironment by decellularizing fibroblasts grown on surfaces with macromolecular 

crowding. Human immortalized podocytes cultured on this platform displayed superior viability 

and metabolic activity up to 28 days compared to podocytes cultured on tissue culture plastic 

surfaces. The new platform displayed a softer surface and an abundance of growth factors and 

associated molecules. More importantly it enabled podocytes to display molecules responsible for 

their structure and function and a superior development of intercellular connections/

interdigitations, consistent with maturation. The new platform can be used to study podocyte 

biology, test drug toxicity and determine whether sera from patients with podocytopathies are 

involved in the expression of glomerular pathology.
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A new culture system based on cell-derived decellularized matrix allows enhanced survival 
and differentiation of podocytes in vitro. Specifically, fibroblasts are grown in the presence of 

macromolecular crowding on plates to form monolayers and subsequently they are decellularized. 

Podocytes survive and differentiate on plates coated with decellularized matrices significantly 

better than on non-coated plates.
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1. Introduction

Biomaterials serve as a scaffolding matrix to construct an in vitro environment and offer a 

unique niche that best fits cell-specific requirements. Cells sentience, intercommunicate, and 

react to signals from surrounding matrix and reveal appropriate adhesion, propagation, 

differentiation, and subsequently gene expression [1]. Stiff two-dimensional (2D) cell culture 

environments dearth features of the in vivo surroundings, whereas soft and three-

dimensional (3D) platforms, such as hydrogel, electrospun membranes, Matrigel® and 

extracellular matrix (ECM) molecules (collagen, fibrin gels) [2], do not match natural 

conditions of cell growth and tissue repair [3]. Shortfalls include immunogenicity of the used 

material, toxicity of degradation products, induction of inflammatory responses, fibrous 

tissue formation, and mismatch between degradation and new tissue formation [4].

Natural scaffolds constitute of ECM resulted from decellularized tissues or organs and 

seeded with stem cells in order to regenerate a functional tissue or organ have been utilized 

to repair skin [5], bladder [6], heart valve [7] and small intestinal submucosa [8]. FDA has 

approved several commercialized decellularized scaffolds for use in humans [9]. Although 

decellularized tissue scaffold lacks immunogenic components the process of harsh 

decellularization may result in denaturation and disturbance of molecular interactions. 

Conversely, the use of decellularized single cell type culture may yield a fibrillar matrix with 
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predominance of fibronectin and collagen [10]. However, a decellularized ECM has discrete 

effects on matrix assembly, cell migration, proliferation, signaling, and cellular feedbacks 

compared to planar protein-coated surfaces [11].

Although various decellularized prototypes have delivered significant insights into matrix 

directed properties of cells in 3D culture, they do not reiterate the physiology and 

morphology of many cells, including kidney glomerular cells. Additionally, they lack the 

complexity of the in vivo basement membrane, in that the ‘matrisome’ of ECM is well-

known to be comprised of numerous different proteins and proteoglycans [12]. Moreover, 

cells in a culture dish require prolonged time to produce sufficient ECM that may jeopardize 

clinical translation and commercialization. In vivo, both the intracellular environment and 

the extracellular space are closely filled with numerous biological macromolecules, which 

create an enormously crowded environment [13]. Segregation of volume by solutes leads to 

the reduction of the entropy of the crowded milieu and generates an increase in the 

thermodynamic action of solutes [14]. MMC has been revealed to affect protein folding, 

shape, structure, conformational strength, enzymatic-activity and protein-protein interaction 
[15]. Cells are cultured in vitro supplemented with big volumes of diluted aqueous media 

which do not deliver an adequately crowded physiological atmosphere. MMC, that is the 

inclusion of polydispersed and inactive macromolecules in culture media [e.g. dextran 

sulphate (glucose) 500 kDa; carrageenan (galactose-based) 550 kDa (estimated); Ficoll™ 

(sucrose) cocktail of 70 and 400 kDa], has exerted a positive effect on biological processes 

and to enhance several-fold ECM deposition in many cell culture systems without changing 

the cellular physiology [13, 16].

The glomerular epithelial cells, known as podocytes [17], are responsible for the filtration of 

the blood [18]. They are also frequently the target of injurious insults and the cell origin of 

various kidney diseases [17]. Therefore, systems which allow the study of their physiology 

and contribution to disease are needed. Isolation of podocytes from fresh tissues is difficult 

because their foot processes attach to the glomerular basement membrane (GBM) and hence 

their study relies on the use of immortalized cells using various cell culture platforms [19]. 

An ideal culture system should offer macromolecular structures similar to those provided by 

the GBM so that the cells can express molecules like nephrin, podocin, synaptopodin, 

catenins and P-cadherin, which determine proper structure and function [20] along with 

sufficient development of interdigitations between processes similar to those existing in a 

normal glomerulus [21].

Available 2D and 3D culture systems utilize primarily collagen-based substrates that are 

unable to mimic native in vivo microenvironment and physiology of podocytes [22] and also 

the development of cell processes that interdigitate with each other [23]. The use of 

functional materials as biologic scaffolds comprised of native ECM, derived by methods that 

encompass the decellularization of cells, tissues or organs, offers new opportunities for 

kidney tissue engineering research [24].

In this communication, we present a new platform (Figure 1) that involves the combination 

of MMC and decellularization of seeded fibroblasts to provide a near natural environment 

for the culture of podocytes. We demonstrate that podocytes cultured using the new method 
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display superior ability to proliferate, differentiate and maintain the native phenotype and 

physiology.

2. Results

2.1. MMC enhances ECM deposition from fibroblasts

To acquire maximum ECM deposition from human fibroblasts, macromolecular crowders 

(37.5 mg/mL Ficoll 70 and 25 mg/mL Ficoll 400) were added in the culture media. SDS-

PAGE (Figure 2a, densitometric analysis Figure 2b) confirmed that maximum deposition 

(p<0.0001) of collagen type I was achieved using mix (mixture of 37.5 mg/mL Ficoll 70 and 

25 mg/mL Ficoll 400) MMC conditions (supplementary figure S1). alamarBlue® analysis 

demonstrated that MMC did not affect cell metabolic activity and viability of fibroblasts 

(Figure 2c and supplementary figure S2a, b).

2.2. Cell-derived decellularized matrix increases viability of podocytes

We used alamarBlue® and DAPI stained nucleus counting to asses viability/proliferation of 

podocytes cultured on decellularized matrices, which were derived using three different 

protocols: (i) DOC - 0.5% Sodium deoxycholate, (ii) TE-DOC - 0.5% Sodium deoxycholate 

with Triton X-100 and EDTA and (iii) double distilled water. We found that decellularization 

using TE-DOC supported significantly higher metabolic activity and viability (p<0.0001) of 

podocytes up to 28 days compared to the use of the other two protocols (Figure 2d and 

supplementary figure S3a, b). Measurement of thickness of decellularized matrix using 

scanning electron microscopy (SEM) confirmed that various decellularization methods 

(DOC, TE-DOC or ddH2O) did not change the thickness of decellularized matrix. However, 

MMC significantly enhanced (p<0.0001, n=4) the thickness of decellularized matrix (Figure 

2e and supplementary figure S4). Atomic force microscopy (AFM) confirmed the higher 

stiffness of tissue culture plastic surface compared to collagen (approximately 1400 times 

softer than plastic) or DCM without MMC (approximately 1650 times softer than plastic) 

and DCM with MMC (approximately 3900 times softer than plastic) surfaces (Figure 2f). A 

significant increase (p<0.0001) in metabolic activity and viability of podocytes was observed 

when cultured under differentiation (37 °C) conditions up to 28 days (Figure 2g, h and 

supplementary figure S5a, b and S6a, b). In subsequent experiments we used TE-DOC 

solution to decellularize seeded fibroblasts.

2.3. Decellularized matrix contains major ECM molecules and enables cultured 
podocytes to display features resembling those in observed in vivo

We evaluated the composition of the deposited ECM after decellularization by 

immunofluorescence and demonstrated higher deposition of collagen type I, IV, fibronectin 

and laminin when fibroblasts were seeded under MMC conditions compared to all other 

conditions (Figure 3a). SEM and AFM revealed abundant fibrillar ECM in decellularized 

fibroblasts seeded under MMC conditions. Podocytes demonstrated the presence of 

interdigitations and foot-like processes attaching to the matrix only when they were cultured 

on DCM developed using MMC but not when cultured on DCM developed without MMC, 

or on collagen type I coated plates, or on plain non-coated plates (Figure 3b, supplementary 

figure S7 and S8). SDS-PAGE studies confirmed higher deposition of collagen type I in 
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DCM well plates prepared using MMC compared to those prepared without MMC (Figure 

3c). When podocytes were cultured in DCM plates prepared using MMC conditions, their 

foot processes interdigitated with the neighboring cells and resembled in vivo podocytes 

(Figure 3d, supplementary figure S8). Moreover, the number of interdigits between 

podocytes, as evaluated by immunofluorescence, were significantly higher in the DCM 

plates prepared with MMC conditions compared to those cultured under other conditions 

(Figure 3 e).

2.4. The secretome of podocytes cultured on cell-derived decellularized matrix contains 
enhanced levels of growth factors and associated molecules.

To find the mechanisms governing podocyte morphology, proliferation and differentiation on 

decellularized matrix, the secretome of podocytes were examined for relative expression of 

41 different growth factors, binding proteins and their receptors using membrane based 

antibody array (Fig. 4 and supplementary figure S9, S10 and S11). Densitometry analysis 

confirmed higher expression of many growth factors (Figure 4a, b; bFGF, TGF-α, TGF-β, 

TGF-β2, TGF-β3, IGF-I, IGF-II, AR, HBEGF, VEGF-A, SCF and PIGF), biding proteins 

(Figure 4c; IGFBP-1, IGFBP-2, IGFBP-3, IGFBP-4 and IGFBP-6) and receptors (Figure 4d; 

EGFR, IGF-I sR, MCSF-R, PDGFRα, PDGFRβ, SCFR, VEGFR2 and VEGFR3) in 

podocytes cultured on decellularized matrix with MMC in comparison with other culture 

conditions (plastic, collagen coated, DCM without MMC).

2.4. Cell-derived DCM supports podocyte morphology and the expression of podocyte-
specific molecules

Human podocytes were cultured on plastic plates or plates coated with decellularized ECM 

up to 21 days under differentiation (37 °C) conditions and the expression of molecules was 

evaluated by immunofluorescence. As seen in Figure 5a, synaptopodin, an actin-associated 

protein of differentiated podocytes, colocalized with the actin cytoskeletal network. Western 

blotting revealed that the levels of synaptopodin and nephrin were higher in lysates of 

podocytes harvested after culture (37 °C, differentiation conditions) on ECM-rich coated 

plates compared to those harvested from non-coated plates (Figure 5b, densitometric 

analysis Figure 5c). Similarly, immunofluorescence staining confirmed higher expression of 

synaptopodin and nephrin in podocytes cultured on ECM-coated plates under differentiation 

conditions compared to those cultured on non-coated plates (Figure 5d, e and supplementary 

figure S12).

2.5. Podocytes cultured on Cell-derived DCM conditions produced many extracellular 
matrix molecules.

The presence of major ECM components in the podocyte cultures was evaluated by using 

immunofluorescence staining for collagen type I, collagen type IV, fibronectin and laminin. 

Human podocytes were cultured on plastic or decellularized ECM rich well plates for up 21 

days under differentiation conditions (37 °C). Podocytes cultured on DCM showed higher 

levels of collagen type I as compared to tissue culture plastic well plates (Figure 6a). To 

further confirm the source of deposited collagen type I, we isolated collagen type I from 

both plastic and decellularized plates of cultured podocytes using pepsin digestion [16a, 16b]. 

Coomassie brilliant blue-stained SDS-PAGE gels confirmed the absence of collagen type I 
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in samples isolated from tissue culture plastic plates. However, well plates with DCM 

showed higher presence of collagen type I (Supplementary figure S13). These findings 

demonstrate that collagen type I was deposited by fibroblasts in the decellularized well 

plates and podocytes are not major producers of collagen type I. On the contrary, the 

deposition of other major ECM components, collagen type IV (Figure 6b), fibronectin 

(Figure 6c) and laminin (Figure 6d), was detected in plastic well plates with cultured 

podocytes, which confirmed that podocytes can produce collagen type IV, fibronectin and 

laminin in culture. However, the presence of these ECM molecules was higher when 

podocytes were cultured in plates with DCM as compared to plastic well plates (Figure 6b–

d). The ECM from the decellularized well plates combined with podocyte deposited ECM 

created a better microenvironment for the culture of podocytes.

2.6. Podocytes cultured on cell-derived decellularized matrix display better metabolism

Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) are important 

indicators of mitochondrial respiration and glycolysis and provide a systems level view of 

cellular metabolic function in cultured cells. Podocytes cultured on plates coated with DCM 

displayed higher OCR, ECAR and PPR (proton production rates) compared to podocytes 

cultured on plastic plates (Figure 7) suggesting that the new culture platform offers 

metabolic advantages to podocytes.

3. Discussion and Conclusion

In this communication we present a new strategy for designing a material derived from ECM 

rich, cell-derived decellularized matrices which provide sustenance to podocytes. We 

demonstrate that MMC enhances the deposition of ECM from fibroblasts and that podocytes 

cultured on ECM-generated from decellularized fibroblasts display superior interdigitation 

between the foot process, expression of specific structural and functional molecules as well 

as metabolic profile.

Cell behaviour and response to the extracellular surroundings is controlled by a 

progressively multifaceted set of micro-environmental cues derived from cells, comprising 

the ECM [25]. The cellular interactions with neighbouring ECM regulate nearly all aspect of 

tissue homeostasis by providing essential cues for survival, growth and differentiation to 

cells within tissues [26]. The lack of an appropriate in vitro method represents a primary 

hurdle in describing the exact role of ECM that recapitulates complex extracellular 

microenvironments. Apart from MMC, tightly anchored tissue-mimetic MSC-derived ECM 

has been proposed for stem cell microenvironments, that support consistent anchorage of 

inherent cell secreted ECM for differentiation and growth of bone-marrow stem cells [27]. 

Tissue composition in vivo is the outcome of molecules produced by many different cell 

types. However, the main stromal ECM-producing cells are tissue fibroblasts and the 

assortment of proteins and other molecules secreted and deposited by these cells is expected 

to represent a close imitation of the complex in vivo protein composition [28]. Thus, we 

decided to use fibroblast-generated ECM that proved to be a promising alternative to 

synthetic or natural 3D scaffolds for in vitro culture of glomerular epithelial cells. The cell 
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derived ECM produced with the help of MMC gave stable support and anchorage to 

podocytes when cultured up to 28 days.

Animal models of renal disease do not always fully replicate their human counterpart and 

therefore the use of human cells grown in vitro becomes mandatory [21]. Traditional 

podocyte culture protocols fail to emulate the inherent tissue function, causing loss of native 

physiology, growth arrest, cellular senescence and phenotypic drift [21, 29]. The feet of 

podocytes adhere to the ECM of the GBM which is composed of several proteins assembled 

into an intricate arrangement [30]. The ECM network is believed to deliver the essential 

tensile strength to endure filtration forces [31]. The assembly of ECM molecules influences 

the physiology of podocytes through an orchestrated intracellular signaling initiated by 

many ECM molecules [30]. Cell-derived decellularized matrices generated from ECM-

producing cells (e.g. fibroblasts) can provide a microenvironment to study specific 

biological questions pertaining to the structure and function of glomerular cells. In addition, 

the stiffness of cell derived decellularized matrices has been established to closely imitate 

the in vivo range, despite being produced on stiff plastic or glass surfaces [32].

Podocytes recognize a specific geometric pattern, promoting the idea that defined 3D micro-

architectures imitating the in vivo microenvironment may deliver better conditions for in 
vitro investigations. Nanoporous substrates constructed with grooves shows a better network 

of the actin cytoskeleton and focal adhesions of podocytes [33]. Podocytes sense the stiffness 

of substrate that regulates proliferation, migration and spreading of podocyte. A marked 

stiffness sensitivity of podocytes has been revealed on gelatin microbial transglutaminase 

cell culture platform [34]. The morphology of podocytes is inherently fragile and transient. 

Any biochemical imbalances may lead to permanent morphological alterations accompanied 

with pathophysiological changes [35]. Careful design of substrate nanotopography, stiffness, 

and coating materials may help in maintaining podocytes in vitro. ECM modulates early 

kidney development in embryonic organ cultures [36]. Magno et. al. reported that MMC will 

be useful for tailoring kidney-derived fibrillated ECM. Here ECM was obtained from 

decellularized and grounded porcine kidneys [16d]. Combination of MMC with metabolic 

stimuli was shown to result in tissue specific, vastly organized ECM capable of retaining 

growth factors and glycosaminoglycans [37]. These systems may be useful to culture kidney 

specific cells.

The unique features of the podocyte culture platform presented herein enables the 

development of interconnected foot processes, increased cell viability, higher and early 

expression of all podocyte-specific molecules, including nephrin and synaptopodin, and 

better metabolic performance. Thus its use will serve a number of significant goals: (1) 

Facilitate the study of physiology, biochemistry and cell biology of podocytes. (2) Advance 

the study of pathophysiology in diseases in which the injury of podocyte is central including 

systemic lupus erythematosus, anti-neutrophil cytoplasm antibody-associated 

glomeruloneprhritis, minimal change nephrotic syndrome and focal segmental 

glomerulosclerosis. (3) Provide a method to screen sera of patients for the presence of 

antibodies [38] or other molecules able to cause podocyte injury (cell-based assay). (5) 

Enable screening of drugs under development for possible podocytotoxicity.
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In summary, we have provided evidence that cell-derived DCM produced by human 

fibroblasts supports podocyte differentiation and function. We propose that the new 

approach to culture podocytes in vitro will facilitate the study of podocyte biology, enable 

discovery and provide a cell-based assay to screen for factors in the sera of patients or drugs 

which may cause podocyte injury.

4. Experimental Section

Cell culture and macromolecular crowding:

Human neonatal foreskin fibroblasts were cultured in Dulbecco’s modified Eagle medium 

(DMEM) with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (PS) at 37°C 

in a humidified atmosphere of 5% CO2. Fibroblasts were seeded at 25,000 cells/cm2 in 24-

well or 12-well plates and were allowed to attach for 24 hours. After 24 hours the medium 

was changed with medium containing macromolecular crowders (37.5 mg/mL Ficoll 70 and 

25 mg/mL Ficoll 400) to enhance ECM deposition and 100 μM L-ascorbic acid phosphate to 

induce collagen synthesis [16b]. Immortalized human podocyte cell line were cultured in 

Roswell Park Memorial Institute (RPMI) – 1640 medium with 10% fetal bovine serum 

(FBS), 1% Insulin-transferrin-sodium selenite and 1% penicillin-streptomycin at 33°C in a 

humidified atmosphere of 5% CO2. Podocytes were moved to 37°C after reaching 80% 

confluency.

Construction of cell derived decellularized matrix:

After 7 days of culture of human skin fibroblasts, medium was removed and cells were 

washed twice with PBS. Fibroblasts were decellularized using double distilled water or 0.5% 

Sodium deoxycholate with or without Triton X-100 and EDTA. Decellularized well plates 

were washed with phosphate buffer saline (PBS) and sterilized under ultraviolet light for 2 

hours.

Cell metabolic activity and viability:

alamarBlue® (Invitrogen, US) cell metabolic activity assay was performed to quantify cell 

viability of the podocytes. Briefly, at the end of culture time points, cells were washed with 

Hanks’ Balanced Salt solution (HBSS, Sigma, US) and then diluted alamarBlue® was 

added. After 4 hours of incubation at 37°C, absorbance was measured at 550 and 595nm 

with help of Synergy™ HT multi-mode microplate reader (BioTek Instruments, US). Cell 

metabolic activity was expressed in terms of reduction percentage of alamarBlue® and 

normalized with cell number. For cell number (viability) calculation the DAPI stained nuclei 

counting was carried out using ImageJ 1.48v (NIH, USA) software.

Quantification of deposited collagen in decellularized matrix:

Decellularized fibroblast matrix was digested with porcine gastric mucosa pepsin (Sigma, 

US) in a final concentration of 1mg/ml in 0.5M acetic acid (Sigma, US). Samples were 

incubated at 37°C for 2 hours with gentle shaking followed by neutralization with 0.1N 

sodium hydroxide (Sigma, US). The extracted collagen samples were analyzed by SDS-

PAGE (Sodium dodecyl sulphate-polyacrylamide gel electrophoresis) under non-reducing 

conditions. 100–500μg/ml of rat tail collagen type I (Sigma, US) was used as standards with 
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every gel. Protein bands were stained with the coomassie blue or silver stain. Densitometric 

analysis of gels was performed using ImageJ 1.48v (NIH, USA) software. Collagen bands 

were quantified by defining each band with the rectangular tool with background 

subtraction.

Western blotting:

The total protein from human podocytes was extracted using radio immunoprecipitation 

assay (RIPA) buffer. Protein concentrations were normalized for all samples and separated 

on NuPAGE Novex 4–12% Bis-Tris gels (ThermoFisher Scientific). Subsequently, the 

proteins were transferred to polyvinylidene difluoride membranes (ThermoFisher 

Scientific), blocked with 5% skimmed milk in tris-buffered saline Tween (TBST), and 

incubated overnight with guinea pig anti– nephrin antibody (Progen Biotechnik, Germany) 

at a dilution 1:500, goat anti– synaptopodin antibody (Santa Cruz Biotechnology) at a 

dilution 1:1000, and mouse anti- glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

antibody (BioLegend) at dilution a 1:5000 in TBST containing 5% skimmed milk. After 

three washes with TBST the membranes were incubated with appropriate horseradish 

peroxidase–conjugated secondary antibodies (Santa Cruz Biotechnology). Protein bands 

were visualized using a chemiluminescent ECL™ detection kit (GE Healthcare).

Immunocytochemistry:

Human skin fibroblasts were seeded on 4 or 8-well Lab-Tek™ II (Nunc, Denmark) chamber 

slides at 25,000 cells/cm2 and were decellularized. Human podocytes were seeded on 4 or 8-

well Lab-Tek™ II chamber slides with decellularized matrix. Human podocytes were also 

seeded on chamber slides without decellularized matrix as a control group. At the end of cell 

culture time points, medium was removed and cell layers were washed with HBSS and fixed 

with 4% paraformaldehyde (Sigma, US) at room temperature for 15min. After several 

washes in phosphate-buffered saline (PBS, Sigma, US), nonspecific sites were blocked with 

3% bovine serum albumin (Sigma, US) in PBS for 30 minutes. The cells were incubated for 

90 minutes at room temperature or overnight at 4°C simultaneously with the primary 

antibody of collagen type I (EMD Millipore, dilution 1:200), IV (Developmental Studies 

Hybridoma Bank, dilution 1:50), laminin (Abcam, dilution 1:200), fibronectin (Sigma, 

dilution 1:200), α-smooth muscle actin/phalloidin (Thermo Fisher, dilution 1:400), nephrin 

(Progen Biotechnik, dilution 1:200) and synaptopodin (Santa Cruz Biotechnology, dilution 

1:100). Bound antibodies were visualised using AlexaFluor®488 chicken anti-rabbit 

(Invitrogen, USA) and AlexaFluor®555 goat anti-mouse (Invitrogen, USA) 1:400 in PBS 

for 30 minutes. Post-fixation was done with 2% PFA for 15 minutes. Cell nuclei were 

counterstained with Hoechst stains (bisBenzimide H 33342 trihydrochloride; Invitrogen, 

USA) and slides were mounted with Vectashield® mounting media (Vector Lab, US). 

Images were captured and fluorescence intensity measurements were performed with a Zeis 

Axio Observer.A1 inverted fluorescence microscope (ZEISS, Germany) or a Nikon eclipse 

Ti-E confocal laser scanning microscopy (Nikon, Japan).

Growth factor membrane Array:

Growth factor profile of podocytes cultured on plastic, collagen coated, DCM without MMC 

and DCM with MMC culture well plates, were analyzed by semi-quantitative Western spot 
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blot analyses using human growth factor membrane antibody array (ab134002, Abcam) 

according to the manufacturer’s instruction. Podocytes were cultured in RPMI – 1640 

medium with FBS, ITS and PS in 12-well plates at a density of at 25,000 cells/cm2 for 17 

days at 37° C. After 14 days medium was changed twice at the interval of 48 hours with 

serum free condition (without FBS, ITS and PS) and then podocytes were harvested. For 

quantification of growth factors, membranes were sequentially incubated with supernatants 

(overnight at 4 °C), biotin-conjugated anti-growth factor antibodies, HRP-conjugated 

streptavidin, and ECL detection system. Signals were captured by ChemiDoc XRS (Bio-Rad 

Laboratories). Data were quantified via densitometry using the Image Lab software with 

normalization to blanks and negative controls.

Scanning Electron Microscopy (SEM):

Human skin fibroblasts were seeded on Thermanox coverslips (Thermo Scientific) at 25,000 

cells/cm2 and were decellularized. Human podocytes were seeded on coverslip with 

decellularized matrix and on normal coverslip. At the end of cell culture time points, 

medium was removed and cell layers were washed with HBSS and fixed with 4% 

paraformaldehyde (Sigma, US) and 2.5% glutaraldehyde for at room temperature for 1 hour. 

Post-fixation was done using 1.5% of osmium tetra oxide. Subsequently, the podocytes on 

coverslip were washed three times with PBS and serially dehydrated with 30%, 50%, 70%, 

90% and 100% ethanol. The dehydrated podocytes on coverslip were placed on adhesive 

carbon tabs and mounted on SEM specimen stubs (Ted Pella). The dried specimens were 

subsequently coated with gold using an Emitech K550 coating system. SEM images [from 3 

different slides (n=3)] were obtained using a Hitachi S-4700 field emission microscope 

operating with a beam voltage of 15kV.

Atomic force microscopy (AFM):

AFM was performed using the MFP-3D and Cypher AFM systems with an open fluid 

droplet containing de-ionized water (Asylum Research, Santa Barbara, CA). The 

commercial plastic slides were fixed to glass slides and stainless-steel discs using carbon 

tape (Ted Pella, Redding, CA). All modulus measurements for hydrated hydrogels were 

collected in contact mode with soft, gold coated silicon nitride bio-levers and a trigger force 

of 0.5 to 1.0 nN (Olympus TR400PB, Asylum Research Probe Store, Santa Barbara, CA). 

The cantilevers were calibrated in air as well as DI water using the Sader thermal method 

built into the instrument software. Force maps were collected in 3×3um areas with at least a 

12×12 array of force distance curves (FDCs) from 3 or more sites for each sample in DI 

water. The scan rate (1.0 Hz) and distance traveled (2 um) was kept constant for each FDC, 

which were analyzed using the Johnson-Kendall-Roberts (JKR) model built into the 

instrument software to estimate the elastic modulus of the samples. AFM imaging of the 

fixed cells was also performed in air using AC/tapping mode with a soft tapping mode tip (2 

N/m) (Olympus AC240, Asylum Research Probe Store, Santa Barbara, CA).

Metabolism Assays:

Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were measured 

using 8-well XFp Extracellular Flux Analyzer. Assay buffer was made of XF base medium 

(without Gln) with 10 mM glucose and 1.0 mM sodium pyruvate. OCR and ECAR were 
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measured before and after exposure of the assay buffer with or without 2.0 mM Gln. All 

other procedures were performed according to the manufacturer’s instructions.

Statistical analyses:

Numerical data is expressed as mean ± SD. Analysis was performed using statistical 

software (Graphpad Prism, USA). Comparisons among groups were performed by Mann–

Whitney U test or one-way ANOVA, followed by Bonferroni’s multiple comparison test. 

One-way ANOVA was employed after confirming the following assumptions: (a) the 

distribution of the sample mean was normal (Anderson-Darling normality test); and (b) the 

variances of the population of the samples were equal to one another (Bartlett’s and 

Levene’s tests for homogeneity of variance). Kruskal-Wallis test, followed by Dunn’s 

multiple comparison test, was used when either or both of the above assumptions were 

violated. Statistical significance was accepted at p<0.05. Experiments were performed in 

triplicate or quadruplicate.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Culture of podocytes.
In conventional podocyte culture systems the morphology and physiology of cells are far 

from physiological conditions (a). Podocytes cultured on cell-derived decellularized matrix 

(DCM) display interdigitating foot processes and imitate the in vivo environment (b). The 

DCM contains dense array of extracellular matrix deposited by human fibroblasts.
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Figure 2: Podocytes cultured on DCM display better viability.
SDS-PAGE (a) and densitometry analysis (n=3) (b) of human skin fibroblasts cultured for 7 

days. Maximum (*p<0.0001) collagen type I deposition was achieved under mix [Ficoll (F) 

70 + F400] MMC conditions. Col I std – 100 μg/ml collagen type I from rat tail. alamar-

Blue® analysis showed that there was no change (N.S. – no significance, p>0.05) in 

metabolic activity of fibroblasts cultured under MMC conditions (c). Significant increase 

(p<0.0001) in metabolic activity was observed in all the decellularization conditions in 

comparison with plastic for 21 days and 28 days. Decellularization solution with TE-DOC 

supported significantly higher metabolic activity (*p<0.0001, n=3) of podocytes up to 28 

days (d). Different decellularization methods did not change the thickness of decellularized 

matrix. However, MMC significantly enhanced (p<0.0001, n=3) the thickness of 

decellularized matrix (e, thickness measured by SEM). AFM confirmed the higher stiffness 

Satyam et al. Page 15

Adv Funct Mater. Author manuscript; available in PMC 2021 October 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of tissue culture plastic surface compared to collagen or DCM coated surfaces (f). 

Significant increase (*p<0.0001, n=3) in metabolic activity of podocytes was observed at 

various culture time (no difference in proliferation at 33° C, g) for differentiation at 37° C 

(h) and up to 28 days. All of the alamar-Blue® metabolic activity data were normalized for 

cell number. Ctrl – Control (no crowder added). SEM and AFM were done after 21 days of 

podocyte culture.
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Figure 3. Podocytes maturating on ECM produced by fibroblasts cultured in MMC conditions 
develop interdigitating foot processes.
Immunofluorescence analysis of the tissue culture well plates with DCM confirmed higher 

deposition of collagen type I, IV, fibronectin and laminin under MMC conditions (a). 

Scanning electron microscopy of tissue culture plastic, collagen type I coated and cell 

derived decellularized matrix (DCM, with and without MMC) plates revealed the abundant 

deposition of fibrillar ECM in the DCM plates (b, upper panel) that helped podocytes to 

connect with matrix through their foot processes (b, lower panel). The collagen type I coated 

plastic plates did not show the presence of fibrillar matrix and assemblage between 

podocytes and matrix (b). Collagen type I was isolated using pepsin treatment and run on 

SDS-PAGE that further confirmed the higher deposition of collagen type I in DCM plates 

with MMC (c). Podocytes cultured (21 days) in DCM plates developed interdigitating foot 

processes among neighboring cells (d) and the number of interdigits between podocytes was 

significantly higher (*p<0.0001, n=15) in DCM plates with MMC (e), 15 images (3 images 
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from 5 different culture wells were analyzed to count interdigits. TCP – Tissue culture 

plastic plates. DCM – Cell derived decellularized matrix well plates. COL – Tissue culture 

plastic plates coated with collagen type I. Col I std – 100 μg/ml collagen type I from rat tail.
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Figure 4. Podocytes maturating on ECM produced by fibroblasts cultured in MMC conditions 
display enriched growth factor profile
The densitometry analysis of multiplex growth factors membrane antibody array confirmed 

higher expression of many growth factors (Figure 4a, b; bFGF, TGF-α, TGF-β, TGF-β2, 

TGF-β3, IGF-I, IGF-II, AR, HBEGF, VEGF-A, SCF and PIGF), biding proteins (Figure 4c; 
IGFBP-1, IGFBP-2, IGFBP-3, IGFBP-4 and IGFBP-6) and receptors (Figure 4d; EGFR, 

IGF-I sR, MCSF-R, PDGFRα, PDGFRβ, SCFR, VEGFR2 and VEGFR3) in podocytes 

cultured (21 days) on decellularized matrix with MMC in comparison with other culture 

conditions (plastic, collagen coated, DCM without MMC).
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Figure 5. Podocytes maturating on ECM produced by fibroblasts cultured in MMC conditions 
express high levels of specific molecules.
Podocytes cultured (14 days) on DCM showed native morphology and co localization of 

synaptopodin with actin cytoskeletal network (a). Western blotting (b) (densitometric 

readings c, n=3,) confirmed higher expression of nephrin (*p<0.0001) and synaptopodin 

(*p<0.002) on decellularized ECM rich substrate under differentiation condition (14 days). 

The immunofluorescence staining of podocytes cultured in ECM produced by fibroblasts 

cultured under MMC conditions confirmed high expression of synaptopodin (d) and nephrin 

(e).
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Figure 6. Podocytes cultured on decellularized ECM produced by fibroblasts cultured in MMC 
conditions produced many extracellular matrix molecules.
Human podocytes were cultured in plastic or decellularized ECM rich well plates for up 21 

days under differentiation condition (37 °C) (n=3). Podocytes cultured on decellularized 

matrix showed higher level of collagen type I (a), collagen type IV* (b), fibronectin (c) and 

laminin (d). Actin staining was performed to locate podocytes with EMC in the culture. 

*Minor cross reactivity of collagen type IV antibody was observed with collagen type I.
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Figure 7. Podocytes maturating on ECM produced by fibroblasts cultured in MMC conditions 
display improved metabolic profile
A Seahorse XF analyzer was used to study the metabolic profile of podocytes which 

matured for 21 days on ECM produced by fibroblasts cultured in MMC conditions (DCM). 

Podocytes cultured on DCM displayed higher oxygen consumption rate (OCR, *p<0.0001) 

(a, b) and extracellular acidification rate (ECAR, *p<0.03) (c, d) and proton production 

rates (PPR, *p<0.03) (e, f) compared to podocytes cultured on plastic (TCP). (n=3)
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