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Abstract 

Three-dimensional scaffolds provide cells with a spatial environment that more closely resembles that of in 

vivo tissue, when compared to 2D culture on a plastic substrate. However, many scaffolding materials 

commonly used in tissue engineering tend to exhibit anisotropic morphologies that exhibit a narrow range 

of fibre diameters and pore-sizes, which do not recapitulate extracellular matrices. In this study, a fibrin 

hydrogel is formed within the interstitial spaces of an electrospun poly(glycolic) acid (PGA) monolith to 

generate a composite, bimodal scaffold for the co-culture of kidney glomerular cell lines. This new scaffold 

exhibits multiple fibre morphologies, containing both PGA microfibres (14.5 ± 2 µm) and fibrin gel nanofibres 

(0.14 ± 0.09 µm), which increase the compressive Young’s modulus beyond that of either of the constituents. 

The composite structure provides an enhanced 3D environment that increases proliferation and adhesion of 

immortalised human podocytes and glomerular endothelial cells. Moreover, the micro/nanoscale fibrous 

morphology promotes motility and reorganisation of the glomerular cells into glomerulus-like structures, 

resulting in the deposition of organised collagen IV; the primary component of the glomerular basement 

membrane (GBM). 
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1. Introduction 

Multimodal 3D culture systems aim to recapitulate the intricate nano- and micro-structural features of 

extracellular matrices, giving rise to more physiologically relevant disease and tissue models  [1]. Such 

systems can be engineered to exhibit tuneable mechanical properties and features at multiple scales, which 

are required to meet the complex adhesion, migration and mass-transport needs of cells and tissues [1-3]. 

For example, combining soft nanoscale fibres with hard microfibres provides both support for the cells in 3D, 

as well as a stiff network structure that can promote focal adhesions [4-7]. Accordingly, cells seeded on well 

optimised multimodal scaffolds commonly exhibit higher levels of proliferation and maturation than when 

seeded on micro or nanofiber meshes alone [2]. 

Current scaffold production techniques, including, gas foaming, inverse opal templating, and 3D 

printing are generally limited by their inability to generate the full range of morphologies and mechanical 

properties found in ECMs [8]. Moreover, most production techniques do not generate nanofibrous 

morphologies, despite the positive effects of nanofibres on cell adhesion and migration [9]. Whilst 

electrospinning can generate a full range of fibre morphologies, it struggles to repeatably combine micro and 

nano-fibre scales (due to fibre size being highly dependent on solution viscosity) [10]. Accordingly, composite 

scaffolds combining both hydrogels and microfibrous scaffolds offer many advantages for 3D cell culture, 

including increased mechanical strength and increased cellular adhesion [11]. This is not surprising when one 

considers the composition of many ECMs, which are composite structures made from stiff fibrous protein 

assemblies embedded within a gelatinous hydrogel-like substance [12]. 

There are increasing numbers of recent examples where nanofibrous hydrogels have been combined 

with microfibre scaffolds. Nanofibrous poly-L, D-lactic acid meshes were embedded within collagen type I 

hydrogels to create highly organised anisotropic laminated scaffolds, which provided structural cues resulting 

in well-defined corneal cell alignment and polarity [13]. A similar approach was used by Xu et al., where 

stacked poly-L-lactide fibre meshes coated with a hydroxyapatite nanocrystal containing poly-lactide-co-

ethylene oxide fumarate hydrogel were crosslinked to produce fibre reinforced scaffolds [14]. Here, the 
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composite mechanical properties of the scaffold were greater than the constituent components, and the 

scaffold significantly increased the bio-mineralisation by bone marrow stromal cells. McMahon et al., found 

that current fibrous scaffolds for coronary artery bypass graft were prohibiting cell migration, due to the 

small aperture of the pores. They decided to incorporate an “extracellular matrix-like nanofibrous structure”, 

by submerging poly-Ɛ-caprolactone-co-urethane fibres in a poly-ethylene glycol-fibrin hydrogel, which 

resulted in supported superior cell infiltration and ECM deposition [15]. Poly-Ɛ-caprolactone nanofibers have 

also been embedded within a PEG/fibrinogen based hydrogel to create a load-bearing composite structure 

[16]. Here, cells were observed to migrate towards and attach to the nanofibers, and the concentration of 

cells was highest in the composite fibre-gel phase.  

It is clear from the recent literature that synthetic microfibrous structures can provide favourable 

mechanical properties and when embedded within a biopolymer hydrogel, can promote cell proliferation, 

adhesion and migration. Accordingly, we show that by polymerizing a fibrin hydrogel within the interstitial 

spaces of a microfibrous electrospun polyglycolic acid (PGA) scaffold, a co-culture of human glomerular 

podocytes and endothelial cells adhere, proliferate and self-organise within the scaffold to form structures 

with glomerular-like morphologies. Moreover, the resulting cellular structures mimic in vivo phenotype and 

express organised collagen IV, the primary constituent of the glomerular basement membrane (GBM) 

essential for glomerular filtration. We believe this demonstrates the potential for the PGA/fibrin bimodal 

scaffolds to be used to develop in vitro models for kidney disease. 

 

2. Materials and methods 

2.1 Cell lines 

Human conditionally immortalised cell lines of podocytes [17] and glomerular endothelial cells (GEnCs) [18] 

were isolated as previously described. These cell lines were transfected with a modified pHR'SIN- cPPT-Se 

vector [19] Podocytes were transfected with a vector modified to over-express GFP-conjugated actin and 

GEnCs were transfected with a vector modified to induce over-expression of mCherry-conjugated actin. Cells 

stably express their respective fluorophores and can be distinguished in live culture by fluorescence 

microscopy. Both cell lines were supplemented every 2-3 days with EBM basal culture medium (Lonza), with 
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added BulletKit growth factors to produce EGM2-MV growth medium (Lonza).  Cells were allowed to 

proliferate at 33°C for 72h, before being thermo-switched to 37°C for a further 5 days to differentiate [17, 

18]. Podocytes used were passage 13-15 and GEnCs were passage 20-23.  

 

2.2 Preparation of Poly-glycolic-acid scaffolds 

Non-woven PGA tissue culture scaffolds (5mm diameter, 2mm thickness) were purchased from Biofelt 

Biomedical Structures. Scaffolds were purchased in a sterile state, but further sterilized by incubation with 

absolute ethanol (room temperature, 5 min) and 2 washes with PBS (room temperature, 5 min). Scaffolds 

were fully submerged in 100µg/ml fibronectin (Sigma Aldrich) in PBS (room temperature, 30 minutes). The 

fibronectin/PBS solution was then removed inside a sterile fume hood, in which the scaffolds were left to dry 

overnight. Scaffolds were then rehydrated by submersion in EGM2-MV growth medium (Lonza) (room 

temperature, 30 min. Each experiment requiring PGA scaffolds was performed using N=3 repeat cultures per 

condition. Experiments where cultures were imaged at specific timepoints (such as before or after 

differentiation) required fixing and imaging these cultures, thus sacrificing them. 

 

2.3 Fibrin hydrogelation 

To generate fibrin hydrogels, fibrinogen (Sigma Aldrich) was first dissolved in serum-free EBM basal culture 

media (Lonza) at a concentration of 5mg/ml, then filter sterilized and kept on ice. Sterile Thrombin (Sigma 

Aldrich) was then added to the fibrinogen solution to give a final concentration of 1.5units/ml, rapidly mixed 

using a pipette before being added to a well plate. Hydrogel formation was initiated by incubating the 

solution (37°C, 10min).  Thrombin inactivation was achieved by exchanging the polymerisation medium with 

culture medium containing 10% serum (37°C, 2h), followed by cell seeding. Each experiment requiring fibrin 

gel was performed using N=3 repeat cultures per condition. Experiments where cultures were imaged at 

specific timepoints (such as before or after differentiation) required fixing and imaging these cultures, thus 

sacrificing them. 
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2.4 Generation of PGA/fibrin hybrid, bimodal scaffolds 

PGA/fibrin hybrid scaffolds were generated by forming a fibrin gel within the interstitial spaces of PGA 

scaffolds. Scaffolds were first ethanol sterilized and hydrated, but not fibronectin coated. Here, the pre-mixed 

fibrin solution (described in 2.3) was rapidly pipetted directly into the PGA scaffold and placed into an 

incubator to initiate polymerization (37°C, 10min). Polymerization was then halted by soaking and incubating 

the hybrid scaffold with media containing 10% serum (37°C, 2h). Each experiment requiring PGA/fibrin hybrid 

scaffolds was performed using N=3 repeat cultures per condition. Experiments where cultures were imaged 

at specific timepoints (such as before or after differentiation) required fixing and imaging these cultures, thus 

sacrificing them. 

 

2.5 Cell seeding of scaffolds 

Cells were suspended in EGM2-MV growth medium (Lonza) and pelleted (via 5min 1100rpm centrifugation) 

into 300,000 or 600,000 cell pellets. For mono-culture experiments, 600,000 cell pellets of a single cell type 

were resuspended in 30µl of EGM2-MV medium (approximately 1.98x10^7 cells/ml). For co-culture 

experiments, 300,000 of each cell type was resuspended in 15µl of EGM2-MV medium before being mixed 

with an equal number of the other cell type (also in 15µl of EGM2-MV medium) to give a final cell count of 

600,000 and volume of 30µl (approximately 1.98x10^7 cells/ml). Cell suspensions were then gently expelled 

onto each substrate. For cells cultured on PGA scaffolds, cell-laden scaffolds were inverted 180° after 24 

hours of culture. This is because the large pores of the scaffold cause cells to fall through it at a greater rate 

than other substrates (Fig. 4a).  

 

2.6 Scanning-electron microscopy  

Cell-laden substrates were fixed to preserve structural integrity by immersion in 4% paraformaldehyde 

solution (BioLegend) (room temperature, 1h). Fixed substrates were then dehydrated via 2-minute 

immersions in increasing concentrations of ethanol in deionised H2O (70, 80, 90 and 100% v/v). Tissue culture 

substrates were dehydrated using critical point drying and sputter coated with silver using a High-Resolution 
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Sputter Coater (AGAR Scientific).  Scanning electron micrographs were then collected using a Quanta 400 FEI 

scanning electron microscope (FEI, Thermo Fisher).  

 

2.7 Confocal microscopy  

Samples were imaged using a SP8 spinning disc confocal microscope attachment (Leica), in conjunction with 

a DMI 6000 inverted microscope (Leica). For time-lapse confocal microscopy, the 3D culture protocol was 

performed in glass-bottomed 96-well plates (Thermo Fisher). Microscopy was performed inside a 

temperature and CO2 controlled environmental chamber (33°C, 5% CO2) and image z-stacks were taken every 

30 minutes for 24h. The 3D-reconstruction of z-stack images was performed using Volocity 3D imaging 

software (Version 6.3 PerkinElmer). 

 

2.8 Semi-quantitative analysis of substrate fibre diameter 

SEM images of the scaffolds were and analysed using ImageJ/FIJI software and the line measurement tool 

was used to evaluate the fibre diameters. Measurements were taken from at least 100 fibres across each 

SEM image and the mean fibre diameter was calculated for each. 

 

2.9 Mechanical characterisation via compression testing  

The structural integrity of tissue culture substrates was assessed via unconfined compression testing (under 

displacement control). After measuring the thickness and diameter of each, substrates were secured beneath 

two compression plates of Instron single column Universal testing machine (with 10N load cell) (Instron, UK). 

After setting load-displacement readings to 0, the test apparatus was lowered into contact with the substrate 

being tested.  Samples (in their hydrated states) were compressed (at 1mm/min) until either 5mm 

compression or 10N of force was surpassed. Linear regression of compression then determined compressive 

modulus for each substrate.  
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2.10 Assessment of cellular adhesion and proliferation 

Relative cellular adhesion and proliferation of cells on each platform was determined with an AlamarBlue 

assay kit (Life Technologies) by following the manufacturer’s protocol. This assay was performed on 600,000 

cell cultures of monocultured podocytes and GEnCs, as well as co-cultures of 300,000 podocytes, mixed with 

300,000 GEnCs. Each of these cell conditions were cultured on PGA, fibrin and hybrid scaffold conditions and 

AlamarBlue assays were performed at 1, 2, 3, 5 and 8 days of culture. Tests were done by transferring culture 

substrates to a fresh plate, to prevent unattached cells from confounding measurements. These were 

performed in triplicate and significance was evaluated using a two-tailed t-test. 

 

2.11 Immunohistochemistry  

To analyse cellular reorganisation in detail, as well as look at expression of the GBM protein collagen IV, both 

fluorescent and non-fluorescent immunohistochemistry was used. The antibodies and IgG used were: IgG 

from mouse serum (Sigma I5381), Collagen IV mouse polyclonal (eBioscience 50-9871-80), Collagen IV rabbit 

polyclonal (Abcam AB6586), AlexaFluor 647 goat-anti rabbit (Abcam AB150079). Human kidney sections 

(containing glomerular slices) were used as a positive control. For section staining, cell-laden substrates were 

fixed 4% paraformaldehyde (Thermo Fisher) overnight at 4°C, then paraffin embedded and sectioned (5µm) 

with an ultramicrotome. Sections were then transferred to glass microscope slides. After blocking with 3% 

BSA in PBS (Thermo Fisher) (room temp, 45min), the samples were washed in PBS (3x5min) and incubated 

with 50µl of the primary antibody (or IgG), diluted in 3% BSA as per manufacturer-recommended 

concentration. After an hour of incubation at room temperature with the primary antibody, the samples 

were washed with PBS (3x 5min) and incubated with a suitable secondary antibody if required (room temp, 

1h), followed by a final PBS wash (3x 5min). 

 

2.12 Western Blotting 

Cultured cells were lysed and pooled (from 3 biological repeats per condition) using radio-

immunoprecipitation (RIPA) buffer with added protease and phosphatase inhibitor cocktail supplements 

(Sigma). Protein was resolved via electrophoresis and transferred to a polyvinylidene difluoride (PVDF) 
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membrane (Millipore). Membranes were blocked in TRIS-buffered saline containing 1% tween 20 (TBS-T) and 

5% BSA (1h) before being incubated with primary antibody overnight (1:1000 dilution). After washing with 

TBS-T (3x 5 min) membranes were incubated with horseradish-peroxidase-conjugated secondary antibody 

(Sigma) (1h) and visualised using an ECL western blotting substrate (Biorad). Immunoreactive bands were 

imaged using a GE AI600 imager. Podocalyxin antibody (Thermo-Fisher 39-3800), WT-1 antibody (Millipore 

05-753), PECAM-1 (Abcam Ab28364).  

 

2.13 Statistical analysis  

All data shown is unprocessed (i.e. untransformed) unless stated otherwise and is presented as mean ± SD. 

Sample size for each experiment and statistical analysis is provided in respective figure legends. Statistical 

analysis was performed using Graphpad Prism software and statistical methods used are detailed in 

respective figure legends. 

 

3. Results 

3.1 Impact of scaffold morphology and mechanical properties on cell adhesion, viability and proliferation 

To investigate the effect of scaffold morphology and structure on cell fate, three different 3D culture systems 

were prepared: a fibronectin coated microfibrous PGA scaffold, a fibrin hydrogel, and a hybrid PGA/fibrin 

hydrogel composite (Fig. 1). Scanning electron microscopy (SEM) images (Fig. 2a) showed that the PGA 

scaffold was made up of smooth uniform fibres with a mean diameter of 14.0 ± 1.7 µm (Fig. 3a). Conversely, 

the fibrin hydrogel (Fig. 2b) exhibited a non-uniform branching nanofibrous structure with mean fibre 

diameter of 0.09 ± 0.05 µm (Fig. 3b). SEM micrographs from the PGA/fibrin hybrid scaffold showed PGA fibres 

interlinked with fibrin nanofibres (Fig. 2c), with a bimodal distribution of diameters 0.14 ± 0.09 µm and 14.5 

± 2.0 µm (Fig. 3c) corresponding to each of the constituent components, which confirmed the formation of 

an intact, well integrated hybrid structure.  

To study the impact of the different morphologies on the mechanical properties of the scaffolds, the 

stiffness of the three scaffold systems were evaluated using unconfined compression testing (Fig. 3d). Here, 

the PGA scaffold gave a Young’s modulus of 3.3 ± 0.1 kPa, which was stiffer than the fibrin gel (1.7 ± 0.2 kPa). 
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The hybrid scaffold gave a Young’s modulus of 5.3 ± 0.5 kPa, which was 200% and 60% higher than the fibrin 

and PGA (respectively), indicating cooperativity between the constituent components, where the smaller 

fibrin fibres within the interstitial cavities support the larger PGA fibres upon compression. Significantly, the 

Young’s modulus of the hybrid scaffold was approaching that of soft ECMs, such as transplanted renal cortex 

tissue, which can range from 8.6 – 12.8 kPa [20]. 

The impact of the different scaffold morphologies on cell retention after seeding with co-cultures of 

podocytes (1.98x10^7 cells/ml) and GEnCs (1.98x10^7 cells/ml) was assessed using time-lapse confocal 

fluorescence microscopy over 24 h (Fig. 4). For the PGA scaffold (Fig. 4a), it was evident that after 6 hours, 

many of the podocytes and GEnCs had passed through the scaffold and settled at the bottom of the well. For 

the fibrin hydrogel scaffold (Fig. 4b), this process was less pronounced, with a slow drift through the hydrogel 

matrix being apparent after 24 hours. For the hybrid scaffold (Fig. 4c), the cells remained well suspended 

after seeding, showing little evidence of settling. This points to a favourable interaction, whereby a “mesh” 

between fibrin nanofibres and PGA microfibres creates an improved substrate for the attachment and 

retention of cells. This is also concurrent with studies that have shown combining soft nanoscale fibres with 

hard microfibres provides both support for the cells in 3D, as well as a stiff network structure that can 

promote focal adhesions [4-7]. The “plugging” of larger PGA pores with smaller fibrin nanofibres is likely to 

prevent cells falling and enable them to assemble into larger structures (fig.5, fig.7).   

The interactions between the GEnCs/podocytes and the different scaffold architectures were 

investigated using SEM, which revealed clusters of cells adhering to both nano- and micro- length scale 

features (Fig. 5). Cells seeded on the PGA scaffold formed small clusters with roughly-spheroidal 

morphologies (Fig. 5a, b), which contrasted with the large aggregate of cells in the fibrin hydrogel, where 

structures appear to have a more continuous morphology, where it is harder to distinguish individual cells 

(Fig. 5d). It is especially difficult to identify cells at lower magnifications in the fibrin hydrogel, as they appear 

to be submerged within its structure (fig. 5c). Interestingly, the bimodal length scale features of the hybrid 

scaffold appeared to promote intermediate-sized cellular structures that spanned multiple PGA fibres, with 

the cells exhibiting both rounded and spread cell morphologies (Fig. 5e, f). Clearly, the hybrid scaffold allowed 

the cells to span greater distances than the PGA scaffold alone, whilst providing support for the continuous 
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morphology observed in the fibrin condition. Moreover, it promoted the formation of intermediate-sized 

multicellular aggregates, which could have interesting implications for cell fate.  

AlamarBlue assays were performed to investigate the impact of the different scaffold systems on the 

proliferation of the glomerular cells over 8 days of mono- or co-culture (Fig. 6). We began this experiment 

with the knowledge that both CI podocytes and CI GEnCs proliferate at the same rate when undifferentiated 

in 2D [17, 18]. For the PGA scaffold, monocultures of either podocytes or GEnCs exhibited no significant 

change in total metabolic activity over the entire time course (Fig. 6a). Conversely, there was a significant 

increase in the total metabolic activity of the glomerular co-culture over the 8-day period. This suggested 

that factor release or cell-cell contacts between the glomerular cell types contributed positively to cell 

viability and proliferation before apparent senescence was reached. For cells seeded in the fibrin hydrogel 

(Fig. 6b), the effect of co-culture was significant, but less pronounced. Conversely, both mono- and co-

cultures of the glomerular cells on the hybrid scaffold exhibited extremely high levels of proliferation over 

the entire 8-day period (Fig. 6c). The difference in cell proliferation between the scaffold systems would 

support a scenario where the cells were stressed when cultured on the PGA or the fibrin scaffolds, which was 

to some extent offset by co-culture. As the hybrid scaffold provided a more adhesive and stiff environment, 

this resulted in an increase in cytocompatibility such that the effect of co-culture on proliferation was not 

apparent. Indeed, low elastic moduli have been shown to indicate a diseased glomerulus [21] and elastic and 

mechanical properties of tissues have been shown to play a role equivalent to biochemical signals in disease 

biology [22]. 

 

3.2 Spatial re-organisation of the co-cultured glomerular cells at 33 °C 

Live cell confocal fluorescence microscopy was used to monitor the effect of cell migration and reorganisation 

of glomerular co-cultures on each scaffold, as well as on 2D tissue culture plastic (Fig. 7). Here, GEnCs and 

podocytes were seeded in a 50:50 ratio and kept at 33°C for three days to maintain their undifferentiated 

state and promote proliferation. After the beginning of the experiment (0 days), there was no evidence of 

reorganisation across any of the culture platforms, with the cells staying uniformly mixed. Significantly, 

discrete multicellular structures were observed on the 3D substrates after three days (Fig. 7a, b, c), with 
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many showing a core of GEnCs (red fluorescence) surrounded by a peripheral layer of podocytes (green 

fluorescence). Conversely, cells cultured on 2D culture plastic (Fig. 7d) remained unorganised after 3 days.  

The 3D tissue structures resemble the glomerulus, which has endothelial cell derived vasculature surrounded 

by podocytes to form the glomerular filtration barrier. Accordingly, it was apparent that the 3D environment 

provided by the scaffolds allowed the cells to adhere and migrate to produce complex 3D structures 

reminiscent of the glomerulus in vivo [17]. 

The level of reorganisation and resultant morphology of the cellular structures was strikingly 

different between the substrates. Indeed, co-cultures seeded on the PGA scaffolds formed satellite structures 

of podocytes and GEnCs, the largest measuring approximately 250μm in width (Fig. 7a, Sup Vid.1). These 

structures were sparsely distributed throughout the scaffold, adhering to individual PGA fibres rather than 

forming self-supporting monoliths, and rarely spanned adjacent fibres. Conversely, cells seeded on the fibrin-

only hydrogels formed a large, discrete conglomerate of cells that reorganised and condensed into a dense 

mass with a diameter in excess of 1mm, where peripheral podocytes envelop cores of GEnCs (Fig. 7b, Sup 

Vid.2). Organised multicellular structures of intermediate size (ca. 200 - 350μm) were observed on the PGA-

fibrin scaffold (Fig. 7c, Sup Vid.3). These were anchored to the PGA fibres and appeared to infiltrate the fibrin 

hydrogel matrix, regularly spanning multiple PGA fibres, which suggested that there was mechanical support 

provided by the hydrogel component. These round cellular structures are similar in appearance to the human 

glomerulus and are comparable in size (ca. 200-250μm in diameter [23]), and their high frequency could be 

rationalised by the favourable proliferation and mechanical properties described above.  

3D reconstructions of the multicellular structures formed on the PGA, fibrin and hybrid culture 

systems showed the architecture in more detail (Sup Vids. 1, 2 and 3 respectively). Video 1 shows the 

distribution of cells in the PGA scaffold to be much more disperse than the other two scaffolds, with cells 

adhering along majority of the fibres. Video 2 shows the multicellular globular structure formed in the fibrin 

hydrogel to have multiple bands of podocytes and endothelial cells, which indicates that the different cells 

may also favour cell-cell contacts with their own cell type. The hybrid scaffold (Sup Vid. 3) also shows 

supported multi-layered structures with cell bands positioned adjacent to one another, indicating fusion of 

the organoid structures.   
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3.3 Differentiation and ECM production of co-cultured cells 

Cells on the 2D and each 3D substrate were cultured for an additional 5 days at 37 °C to investigate the effects 

of differentiation on cell morphology and multicellular structure. The organoids, comprising podocytes 

wrapped around GEnCs, were still present after 5 days differentiation (Fig. 8), although the red fluorescence 

arising from the GEnCs was less visible in the PGA (Fig. 8a) scaffold, which suggested a  reduction in the 

viability of the GEnCs. Conversely, the size and frequency of the red fluorescent regions arising from the 

GEnCs on the gel (Fig. 8b) and hybrid scaffold (Fig. 8c)  persisted after the 5 day period, which indicates that 

these scaffolds foster better GEnCs viability, when compared with the PGA scaffolds. Moreover, the single 

multicellular aggregate on fibrin gel still appeared large (diameter= >500µm), compared to aggregates on the 

hybrid scaffold, which were smaller (diameter= ~200µm).  The multicellular organoids observed on the hybrid 

scaffold are once again approximately glomerular in diameter [23] and a striking instance of podocytes 

‘wrapping’ GEnCs is once again observed. These observations in combination suggest that the hybrid scaffold 

is providing podocytes and GEnCs with an environment that fosters glomerulus-like reorganisation. 

Conversely, whilst cells cells in the 2D condition (Fig. 8d) appear to have rearranged somewhat, this is two-

dimensional and they lack the glomerulus-like reorganisation observed on the hybrid scaffold.  

Phenotypic markers of Podocytes (podocalyxin and WT-1) and GEnCs (PECAM-1) were examined via 

western blotting (Sup fig. 1). For podocyte phenotypic markers, the hybrid platform appears to lead to the 

greatest degree of upregulation when compared to 2D culture. This can be observed for podocalyxin (Sup 

fig. 1a, a’) as well as WT-1 (Sup fig 1b, b’). The endothelial marker PECAM-1 however appears to be most 

upregulated in the gel condition, and being hard to detect in the hybrid lane (Sup fig. 1b’’).  

Collagen IV is the primary constituent of the glomerular basement membrane in vivo [17] and the ability of a 

3D culture substrate to induce a glomerulus-like expression of this protein is indicative of its ability to mimic 

the in vivo culture environment. Accordingly, paraffin sections of cells cultured on each 3D substrate, as well 

as a human glomerular section, were stained with a collagen IV antibody, and igG staining was used as a 

negative control (Fig. 9). Whilst IgG-only staining was not apparent, collagen IV was present in both the fibrin 

(Fig. 9b) and hybrid scaffold (Fig. 9c). Conversely, there was little evidence of collagen IV in the PGA scaffold 
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system, although this may have resulted from the difficulties associated with sectioning the highly porous, 

and sparsely populated scaffold.  

Confocal microscopy was used to compare immunofluorescently stained collagen IV deposition by 

cells cultured in 2D to each of the 3D culture platforms, as well as to examine the difference in collagen IV 

deposition in mono- and co-cultured cells (Fig. 10). It was apparent that podocytes (Fig. 10a) and GEnCs (Fig. 

10b) grown in 2D on tissue culture plastic in monoculture deposit far less collagen IV than when both cells 

are grown in co-culture (Fig. 10c-f). Interestingly, there was organised collagen IV staining across PGA, fibrin 

and hybrid conditions, with differing deposition patterns occurring in each of them. Indeed, the fibrin and 

hybrid scaffold appeared to give rise to long, basement membrane-like collagen IV structures within the 

scaffold, which may indicate glomerular differentiation and homology [24].  

 

4. Discussion 

Developing 3D scaffold systems that promote multicellular organoid assembly and basement membrane 

formation remains a major challenge. Accordingly, 3D culture methods have been applied to develop 

glomerular models. For example, Slater et al [25] seeded GEnCs and podocytes on opposite sides of 

electrospun collagen I supported on a nickel mesh membrane, which had been coated with ECM proteins to 

enhance cell attachment. This study also showed that conditionally immortalised podocytes and GEnCs are 

not well suited to growing on Matrigel.  Zhou et al [26] developed a glomerulus-on-a-chip microfluidic device, 

where a porous polycarbonate membrane was coated in basement membrane extract, including laminin, 

collagen IV, entactin, and heparin sulfate proteoglycan, before being seeded with podocytes and endothelial 

cells and subjected to flow to mimic glomerular hypertension. Although these complex systems are 

advantageous with respect to automation and parallelisation, the devices still effectively utilise 2D cell 

arrangements (including multilayers) without a complete native supporting ECM membrane. 

Recent state-of-the-art kidney models have used induced pluripotent stem (IPS) cells, differentiated 

into nephron progenitors, ureteric epithelial progenitors, renal interstitial progenitors and endothelial 

progenitors in Matrigel to form kidney organoids.  For example, Takasato et al [27] generated kidney 

organoids within which segmented nephrons were connected to collecting ducts and surrounded by renal 
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interstitial cells and an endothelial network. Although extremely exciting, the glomeruli structures formed 

from this and a similar protocol by Taguchi et al, [28] continue to have relevant limitations. For example, they 

were not vascularised prior to transplantation, there was no organised drainage system, and the cells only 

reach a state of maturity equivalent to early foetal kidneys. Importantly, these organoid protocols are not 

yet high throughput, and results can be variable. 

This means there is a need for rapid and reproducible three-dimensional glomerular structures, that 

improve on current methodologies. We have shown that by combining micro- and nano-fibrous 

architectures, superior cell proliferation and self-organisation can be achieved using immortalised human 

GEnCs and podocytes. Whilst synthetic electrospun scaffolds such as PGA are versatile in their applications 

for tissue engineering, we observed that even with a fibronectin coating, the large inter-fibre distances of 

PGA scaffolds inhibited these cellular processes. The inclusion of the fibrin hydrogel within these cavities 

appeared to offer increased support for the cells, which in turn increased the level of ECM deposition and 

organoid number density. The positive effect of fibrin hydrogels on tissue engineering was also observed by 

Pawelec et al, [29] who showed that ovine tendon-derived cells grown on collagen scaffolds doubled in 

number and increased ECM production when fibrin gel was added to the scaffold. Moreover, Lesman et al 

[30] found that infiltrating poly-L-lactic acid (PLLA)/polylactic-glycolic acid (PLGA) sponges with a fibrin 

hydrogel provided added mechanical strength and resulted in highly mature vascular-like networks when 

seeded with co-cultures of endothelial and fibroblast cells. Accordingly, it is evident that the biochemical 

composition of the guest matrix within the host scaffold is paramount, which supports the role integrin based 

signalling in the tissue engineering process.    

The rapid formation of glomerular-like structures by the podocytes and GEnCs on the 3D scaffolds, 

and not on the 2D culture plastic, illustrates the importance of the 3D topology on cell fate. Moreover, by 

combining the two fibrous components, stiff self-supporting scaffolds could be produced that allowed cells 

to readily migrate and span the primary PGA framework. Here, the PGA network provided anchor points for 

the cellular structures, while and the soft deformable hydrogel provided a continuum that allowed the cells 

to divide, migrate and mature. This turn increased the deposition of GBM-like, organised collagen IV 
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structures, and the occurrence of these structures in the neat fibrin hydrogel, further supports the 

importance of the soft hydrogel in cell maturation and ECM production.  

 

5. Conclusion 

Here we have demonstrated that by fabricating hybrid bimodal fibrous scaffolds, that co-cultures of 

glomerular cells exhibit increased levels of proliferation during medium- to long term culture. Moreover, the 

hard/soft composite scaffold promotes cell migration and reorganisation to produce complex 3D cellular 

architectures with glomerular-like structures and ECM composition. Although these self-assembled organoid 

constructs still represent a highly reduced model, the resulting methodology should pave the wave for the 

fabrication of more complex organ-on-chip renal models for drug development. Moreover, this system, 

which is comprised of commercially available components, could serve as a platform for the 3D culture a 

wide range of cell types (provided sufficient cell numbers can be seeded).  
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Figures 

 

Figure 1. Schematic showing the formation of the bimodal composite hydrogel scaffold. (i) A sterile 

electrospun PGA scaffold is placed into a culture dish.  (ii) A fibrin pre-gel is injected into the porous PGA 

scaffold and polymerized at 37°C. (iii) This gives rise to a composite hybrid scaffold that is ready for cell 

seeding.  
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Figure 2. Scanning electron micrographs showing the structure of the three 3D scaffolds systems under study. 

(a) The PGA scaffold has a network of a microfibers giving rise to a microporous structure (scale bar 100µm). 

(b) The fibrin gel exhibits a dense nanofibrous morphology (scale bar 2µm). (c) The hybrid scaffold shows 

nanofibrous networks connecting textured microfibers (scale bar 100µm). 
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Figure 3. Semi-quantitative image analysis of the scanning electron micrographs revealed an order of 

magnitude difference in fibre diameter between (a) microfibrous PGA with a mean fibre diameter of 14.0 ± 

1.7 µm and (b) nanofibrous fibrin gel with a mean fibre diameter of 0.09 ± 0.05 µm. (c) The hybrid scaffold 

showed two fibre populations of mean fibre diameter 0.14 ± 0.09 µm and 14.5 ± 2.0 µm (mean and standard 

deviation reported from 100 measurements). (d) Mechanical testing of the fibrin hydrogel (black), PGA 

scaffold (light grey) and hierarchical culture system (dark grey). Unconfined compression testing performed 

on the different systems showed that hybrid scaffold had a 60% greater compressive Young’s modulus than 

the PGA scaffold only, which in turn had a compressive Young’s modulus double that of the fibrin hydrogel. 

(Results based on N=3 from 3 technical repeats for each condition; statistical significance was calculated using 

an unequal variance two-tailed t-test where * P=<0.05; *** P=<0.005). 
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Figure 4. 3D reconstructions (X/Y axis shown) of co-cultured cells on each culture substrate at 6, 12, 18 and 

24hr time points. (a) Cells seeded on PGA can be seen to fall through the scaffold gradually over time. (b) 

Cells seeded on fibrin also appear to fall slowly through the gel over the 24hr time-course. (c) Cells seeded 

on the hybrid scaffold are shown to have fallen the least over the 24hr time-course. Grid scales (bottom right) 

= 250µm x 250µm. 
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Figure 5. Scanning electron micrographs of 600,000 podocytes and GEnCs, in a 50:50 ratio, seeded onto the 

different scaffold systems for three days at 33 C. (a, b) Cells seeded on the micro-fibrous, fibronectin-coated, 

PGA scaffold formed globular colonies of rounded cells which appear unable to migrate well between 

neighbouring PGA fibres. (c, d) Cells seeded on fibrin hydrogel can be seen to be completely encapsulated in 

gel. Closer inspection reveals that the gel fosters cell-cell interaction. (e, f) The different length scales in the 

hierarchical culture system seemed to favour larger, multi-cellular structures that spanned multiple micron-

sized PGA fibres, supported by the nano-fibrous fibrin in-between. 
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Figure 6. AlamarBlue assay showing proliferation and viability (inferred from 590nm fluorescence intensity) 

of podocytes (black squares), GEnCs (white triangles) and 50:50 mixture of the two cells types (grey circles) 

seeded at 33C on: (a) fibronectin-coated PGA scaffold, (b) fibrin gel and (c) the hybrid scaffold. Bars plotted 

show mean fluorescence (A.U.) (+SD) at 590 nm of samples after incubation with alamarBlue reagent for four 

hours. Statistical significance was calculated using a non-parametric, two-way ANOVA, compared to day one 

as a control ((**) P ≤ 0.01, (****) P ≤ 0.0001 and (ns) P > 0.05). 
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Figure 7. Confocal maximum-intensity projection images of 300,000 podocyte (green) and 300,000 GEnC 

(red) co-cultures on fibronectin coated PGA, fibrin gel, hybrid and 2D tissue culture plastic after seeding (0 

days) and after 3 days of proliferative culture (at 33°C). (a) Cells on fibronectin-coated PGA are disorganised 

at first but have attached to fibres and formed multi-cellular aggregates by day 3. (b) Cells on fibrin gel are 

disorganised at first, but have self-organised into a large, multicellular aggregate by day 3. (c) Cells on the 

hybrid scaffold are disorganised at first but have self-organised into a smaller multicellular aggregate by day 

3. (d) Cells on 2D tissue-culture plastic are unorganised first, and still appear unorganised by day 3. All scale 

bars = 200µm.  
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Figure 8. Confocal maximum-intensity projection images of 300,000 podocyte (green) and 300,000 GEnC 

(red) co-cultures on fibronectin coated PGA, fibrin gel, hybrid and 2D tissue culture plastic after 3 days of 

proliferative culture (at 33°C) and an additional 5 days of differentiation culture (at 37°C). (a) Podocytes on 

fibronectin-coated PGA have remained on the scaffold fibres but it appears GEnC survival is very low. (b) Cells 

on fibrin gel have remained in a large aggregate, with GEnCs at the core with peripherally located podocytes. 

(c) Cells on the hybrid scaffold have remained in an intermediate-sized aggregate, with GEnCs at the core and 

peripherally located podocytes. (d) Cells on 2D culture plastic appear to have reorganized somewhat in two 

dimensions, with GEnCs appearing elongated.  
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Figure 9. Immunohistochemical staining of glomerular cells cultured on (a) Fibronectin-coated PGA  (b) Fibrin 

(c) Hybrid platforms, compared to staining of (d) glomerulus from a human kidney section. H&E staining was 

used to locate podocytes and GEnCs (blue), while immunohistochemistry  identified collagen IV (brown). The 

IgG-only control showed negligible staining. All scale bars =100µm. 
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Figure 10. Confocal fluorescence IHC images of collagen IV deposition from 2D monocultured (a) podocytes 

and (b) GEnCs, as well as these two cell types in (c) 2D co-culture. (d) 3D cocultures on fibronectin-coated 

PGA (e) fibrin and (f) Hybrid systems are also shown. Degree of collagen IV deposition is perceptibly lower in 

2D monocultures than in their co-cultured counterpart. 3D co-cultured cells all appear to have deposited 

collagen IV in differing organisations. Scale bars = 100µm. 

 

 

 

 

 

 

 

 

 

 

 


