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A B S T R A C T   

Human induced pluripotent stem cell (hiPSC)-derived kidney organoids have prospective applications ranging 
from basic disease modelling to personalised medicine. However, there remains a necessity to refine the bio
physical and biochemical parameters that govern kidney organoid formation. Differentiation within fully- 
controllable and physiologically relevant 3D growth environments will be critical to improving organoid 
reproducibility and maturation. Here, we matured hiPSC-derived kidney organoids within fully synthetic self- 
assembling peptide hydrogels (SAPHs) of variable stiffness (storage modulus, G′). The resulting organoids con
tained complex structures comparable to those differentiated within the animal-derived matrix, Matrigel. Single- 
cell RNA sequencing (scRNA-seq) was then used to compare organoids matured within SAPHs to those grown 
within Matrigel or at the air-liquid interface. A total of 13,179 cells were analysed, revealing 14 distinct clusters. 
Organoid compositional analysis revealed a larger proportion of nephron cell types within Transwell-derived 
organoids, while SAPH-derived organoids were enriched for stromal-associated cell populations. Notably, dif
ferentiation within a higher G’ SAPH generated podocytes with more mature gene expression profiles. Addi
tionally, maturation within a 3D microenvironment significantly reduced the derivation of off-target cell types, 
which are a known limitation of current kidney organoid protocols. This work demonstrates the utility of syn
thetic peptide-based hydrogels with a defined stiffness, as a minimally complex microenvironment for the 
selected differentiation of kidney organoids.   

1. Introduction 

Human embryonic [1] and induced pluripotent stem cells (hiPSCs) 
[2] have facilitated ground-breaking advancements in the field of 
regenerative medicine in recent years, including the directed differen
tiation of numerous three-dimensional (3D) organotypic structures in 
vitro [3–7]. These self-organising, heterogeneous cellular aggregates, 
termed organoids, have been shown to closely approximate structural 
and functional features of their respective in vivo counterparts and 
represent a novel means to study human development and disease [8,9]. 
Organoids may also circumvent existing pre-clinical caveats and 

improve early drug development attrition rates by serving as a suitable 
human tissue model for pharmacological and toxicological screening 
strategies [10–12]. Ultimately, stem cell-derived organoids may facili
tate the generation of personalised and immuno-compatible replace
ment tissues for patients. 

Considering its remarkable anatomical complexity and the current 
paucity of effective treatment options for patients with chronic kidney 
disease (CKD), the generation of stem cell-derived kidney organoids has 
been a particularly exciting breakthrough in recent years [6,8,13–18]. 
Recent advances have been guided by an improved understanding of 
renal specification in vivo, including initial mesodermal patterning and 
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subsequent induction of the two primary kidney progenitors, the 
ureteric bud and the metanephric mesenchyme. Guided by an under
standing of normal developmental processes, current stem cell-derived 
kidney organoid culture methods induce renal cell fate trajectories by 
temporal addition of exogenous growth factors and small molecules to 
ultimately give rise to collecting duct and segmented nephron structures 
[6]. 

Precise control of exogenous morphogens to induce renal develop
mental signalling pathways and subsequent self-organisation is a com
mon feature of current stem cell-derived kidney organoid protocols. 
Indeed, alterations to the timing and concentrations of certain small 
molecules has been shown to affect anterior and posterior patterning 
and hence the proportions of renal cell types generated in vitro [6]. 
However, both the biochemical and the biophysical properties of the 
cellular microenvironment are known to influence tissue growth and 
morphogenesis (reviewed in Refs. [19–22]). Consequently, biomaterials 
have increasingly been introduced to a variety of culture systems to 
more readily control the bio-interface and investigate how chemical and 
mechanical parameters influence developmental processes [5,23–27]. 

Self-assembling peptide hydrogels (SAPHs) represent a particularly 
advantageous class of synthetic biomaterial for prospective cell culture, 
regenerative medicine and drug discovery applications [28,29]. In na
ture, the process of self-assembly occurs due to the spontaneous, 
non-covalent association of molecules into well-ordered and structurally 
stable configurations. Inspired by this hierarchical organisation, artifi
cial amphipathic peptides have been designed to undergo spontaneous 
self-assembly into β-sheet rich fibrillar structures in aqueous solution. 
These flexible nanofibres subsequently associate and entangle when 
above a critical concentration to form physical hydrogels with archi
tecture and properties analogous to native ECM [30,31]. Interestingly, 
the resulting peptide hydrogels combine the favourable properties of 
both natural and synthetic matrices; the peptide sequences are 
composed of naturally occurring amino acids that may be reproducibly 
chemically formulated, and their spontaneous self-assembly obviates the 
requirement for chemical cross linkers. Moreover, due to their compo
sition, peptide degradation generates amino acid products that are 
physiologically metabolised [32]. Additionally, the mechanical prop
erties of peptide hydrogels can be easily altered by modifying parame
ters including peptide concentration, amino acid sequence and solvent 
electrolyte ion composition [31,33]. Considering their ECM-like 
configuration, inherent biocompatibility, physical tunability and 
reproducible preparation, SAPHs have already been utilised for a variety 
of applications including drug delivery and tissue engineering strategies 
[34–36]. 

In this work, we describe the growth, differentiation, maintenance, 
and characterisation of hiPSC-derived kidney organoids within fully 
synthetic SAPHs. We first aimed to address limitations associated with 
current kidney organoid differentiation protocols which either do not 
utilise support matrices [6,13] or rely on poorly reproducible 
animal-derived materials, such as Matrigel [14], as extracellular scaf
folds for differentiation. The effect of hydrogel stiffness on cell differ
entiation was subsequently investigated using two SAPHs of varying 
mechanical strengths. Similarities and differences between constituent 
organoid cell types within the two synthetic hydrogels were compared to 
organoids grown in an air-liquid interface (Transwell) or 
Matrigel-supported organoids using single-cell RNA sequencing 
(scRNA-seq). This work highlights the potential of SAPHs as physio
logically relevant, 3D support matrices for the derivation of 
hiPSC-derived kidney organoids. 

2. Materials and methods 

2.1. Self-assembling peptide hydrogels 

Synthetic SAPHs were obtained from Manchester BIOGEL (Alderley 
Edge, UK), and used as received. Two mechanically distinct hydrogels 

were used in this study, both characterised by the same high positive 
charge when maintained at physiological pH: PeptiGel Alpha4 (low 
stiffness) and PeptiGel Alpha5 (high stiffness). 

2.2. Oscillatory rheology 

Rheological studies were performed using the MCR301 rheometer 
(Anton Paar). Parallel plate geometry with a 25 mm diameter top plate 
and 0.25 mm gap was used. 300 μL of hydrogel samples were pre- 
conditioned in 1 mL STEMdiff APEL 2 Medium (StemCell Technolo
gies) containing 1% Antibiotic-Antimycotic (100X) (Gibco) and 5% 
PFHM-II Protein-Free Hybridoma Medium (Gibco) for 1 h (day 0) or 15 
days ± kidney organoids. Medium was changed at timepoints corre
sponding to changes in the kidney organoid differentiation protocol 
(Fig. 1B). Day 15 represents the maximum duration of organoid 
encapsulation within the respective hydrogels. Samples were main
tained at 37 ◦C, in a 95% air and 5% CO2 environment. For measure
ments, 300 μL of sample was placed on the bottom stationary plate using 
a spatula, with the top oscillating plate lowered slowly to minimize 
hydrogel disruption. To measure samples following organoid exposure 
for 15 days, organoids were first excised using an 18-gauge needle. The 
sample was allowed to equilibrate at 37 ◦C for 3 min. The mechanical 
properties of the hydrogels were recorded by performing frequency 
sweeps from 0.1 to 15 Hz at 0.2% strain within the linear viscoelastic 
regime of the samples at 37 ◦C (as shown in (Fig. S1A). Presented values 
are shown as mean ± SD from frequency sweeps at 6.13 rad s− 1. For 
rheological experiments, minimum n = 3 of PeptiGels Alpha4 and 
Alpha5 were taken from multiple purchased batches. 

2.3. Swelling test 

Alpha4 and Alpha5 swelling ± kidney organoid was measured over 
15 days with medium changed at timepoints corresponding to changes 
in the kidney organoid differentiation protocol (Fig. 1B). Samples were 
prepared on sterile coverslips of known weights. Samples were weighed 
in a sterile environment pre-medium exposure, and at 1 h (day 0), day 3, 
day 7 and day 15 timepoints. The percentage swelling was calculated by: 
%S = (w1/w0) x 100, where w1 is the weight at each timepoint and w0 is 
sample weight pre-medium exposure. Minimum n = 3 of Alpha4 and 
Alpha5 from multiple purchased batches were used for measurements. 

2.4. Transmission electron microscopy (TEM) 

For TEM of the peptide hydrogels, samples were diluted (1:40) in 
ddH20 to visualise individual peptide fibres. A carbon-coated copper 
200 mesh grid (Electron Microscopy Sciences) was first placed on 10 μL 
of sample for 1 min, 10 μL of ddH2O for 10 s and 10 μL 1% uranyl acetate 
solution for 30 s. Grids were then washed by placing the samples on to 
10 μL ddH2O for 10 s. Excess liquid was drained off with lint-free tissue 
after each step. The grid was allowed to dry at room temperature before 
imaging using the FEI Tecnai F12 TEM at 120 kV. Nanofibre width was 
quantified using ImageJ [37] by measuring ten fibre points per TEM 
micrograph. 

For TEM of day 24 kidney organoids, samples were fixed in 2% 
paraformaldehyde (Electron Microscopy Sciences) and 2.5% glutaral
dehyde (Sigma-Aldrich) in 0.1 M Sorensen’s buffer overnight at 4 ◦C. 
Samples were post-fixed in 1% osmium tetroxide (OsO4) in 0.1 M Sor
ensen’s buffer and subsequently in 1% tannic acid (Sigma-Aldrich) in 
0.1 M Sorensen’s buffer. Each of the post-fixation incubations were 
carried out for 1 h at room temperature. 20 min (x3) 0.1 M Sorensen’s 
buffer washes were performed prior to and between all post-fixation 
steps. Dehydration in 70% (10 min), 90% (10 min), 100% ethanol 
(20 min x3) and acetone (15 min x2) was then performed. Samples were 
incubated overnight in acetone:epon resin (50:50) at room temperature 
prior to polymerisation in epon resin at 60 ◦C overnight. The Leica EM 
UC7 ultramicrotome was then used to obtain ultra-thin sections (80 nm) 
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that were collected on carbon-coated copper grids. 2% uranyl acetate 
(20 min) and 3% lead citrate (5 min) were used for post-staining of 
samples. Sections were imaged using the FEI Tecnail2 BioTwin TEM at 
120 kV. 

2.5. Mass spectroscopy 

Alpha4 and Alpha5 mass spectroscopy (MS) analysis ± kidney 
organoid was measured on day 0 and day 15 with medium changed at 
timepoints corresponding to changes in the kidney organoid differenti
ation protocol (Fig. 1B). To measure samples following organoid expo
sure for 15 days, organoids were first excised using a 18-gauge needle. 
Samples were diluted 1:20 and subsequently 1:640 in 80% Optima LC/ 
MS Grade H2O/20% Optima LC/MS Grade acetonitrile (both Thermo 
Fisher Scientific) with 0.1% formic acid (Merck). Analysis was carried 
out using an Agilent 6546 QTOF Mass Spectrometry system equipped 
with an Agilent 1260 Infinity Prime II LC system. Initial chromato
graphic conditions for sample introduction used a flow rate of 0.6 mL/ 
min with 90% H2O with 0.1% LC/MS formic acid, 10% CHROMASOLV 
LC/MS grade acetonitrile (Honeywell), with a linear gradient increase to 
90% acetonitrile over 5 min and held isocratically at 90% for another 5 
min. A post-run delay of 3 min was used to allow equilibration before the 
next sample. Injection volumes of 0.5 μL and 4 μL were used. A Zorbax 
Eclipse Plus C18 RRHD 2.1 × 50 mm, 1.8 μm LC column was used to 
effect chromatographic separation. MS acquisition was carried out on an 
Agilent 6546 system equipped with an AJS (Agilent Jet Stream) ESI 
source. Source conditions were: Drying gas temperature 325 ◦C at 8 L/ 
min, Sheath gas 350 ◦C at 11 L/min, Capillary Voltage 4000 V, Nozzle 
voltage 2000 V, Fragmentor voltage 175 V. Data analysis was carried out 

using Agilent MassHunter Qualitative Analysis 10.0 software. Extracted 
Ion Chromatograms (EICs) were generated by combining the [M+H]+
and [M+Na]+ isotope series of both measured peptides. 

2.6. Maintenance of hiPSCs 

The human induced pluripotent stem cell (hiPSC) line HPSI1213i- 
babk_2 was obtained from the Wellcome Trust Sanger Institute in 
Cambridge, UK and was used for all experiments. hiPSCs were main
tained in Essential 8™ Flex Medium (Gibco) in 6-well tissue culture 
plates coated with 10 μg/mL Vitronectin XF (StemCell Technologies) in 
a 37 ◦C incubator containing 95% air 5% CO2. hiPSCs were passaged at 
70% confluency using ReLeSr™ (StemCell Technologies). Essential 8™ 
Flex Medium was supplemented with Y-27632, a specific Rho- 
associated, coiled-coil containing protein kinase (ROCK) Inhibitor (10 
μM) (Tocris) for 24 h following passaging. 

2.7. Kidney organoid differentiation 

hiPSCs were differentiated using a modified version first described 
by Takasato and colleagues [6]. Briefly, hiPSCs were seeded on 10 
μg/mL Vitronectin XF-coated 6-well tissue culture plates at a density of 
15,000 cells/cm2 with Essential 8™ Flex Medium supplemented with 10 
μM Y-27632. Cells were placed in a 37 ◦C, 95% air 5% CO2 incubator for 
overnight culture. Monolayer cells were differentiated using STEMdiff 
APEL 2 Medium containing 1% Antibiotic-Antimycotic (100X) and 5% 
PFHM-II Protein-Free Hybridoma Medium (basal medium) supple
mented with 8 μM CHIR99021 (Sigma-Aldrich). Medium was replen
ished after 48 h. On day 3, culture medium volume was doubled and 

Fig. 1. Microstructural and mechanical charac
terisation of SAPHs Alpha4 and Alpha5. A) TEM 
micrographs of Alpha4 and Alpha5 showed peptide 
nanofibre networks that mimic in vivo fibrillar extra
cellular matrix architecture. 135000x, scale bar =
100 nm. B) Using oscillatory rheology, the mechani
cal stiffness (Storage Modulus, G′) of the SAPHs was 
investigated over a 15-day period with day 0 equating 
to the point of encapsulation on day 9 of the kidney 
organoid protocol. Days in red represent media 
changes that correspond to timepoints in the organoid 
protocol. Days in blue represent rheology measure
ment timepoints. C) Alpha4 and D) Alpha5 showed an 
increase in G′ over time. Measurements (minimum n 
= 3 from multiple purchased batches of hydrogel) 
were taken at 37 ◦C, with data expressed as mean ±
SD; **** for p < 0.0001.   
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changed to basal medium supplemented with 200 ng/mL Recombinant 
Human Fibroblast Growth Factor 9 (FGF9) (Peprotech) and 1 μg/mL 
Heparin (Sigma-Aldrich). Medium was replenished every 48 h. On day 
7, spent medium was removed and monolayer cells were incubated with 
basal medium containing 5 μM CHIR99021 for 1 h in a 37 ◦C, 95% air 
5% CO2 incubator. Cells were then washed with DPBS (Gibco) and 
incubated for 3 min in 0.05% Trypsin-EDTA (Gibco) to detach cells. 
Trypsin was neutralised with DMEM, low glucose, GlutaMAX™ Sup
plement, pyruvate (Gibco) supplemented with 10% (v/v) fetal bovine 
serum and 100 U/mL of penicillin, 100 μg/mL streptomycin (both 
Gibco). Cells were subsequently centrifuged at 400 g for 3 min at room 
temperature and re-suspended in basal medium containing 200 ng/mL 
FGF9 and 1 μg/mL Heparin. A cell count was performed and suspensions 
containing 500,000 cells were centrifuged in 1.5 mL microcentrifuge 
tubes at 400 g for 2 min at room temperature, with 180◦ rotations (x4 
times) to generate compacted pellets of cells. Pellets were either trans
ferred to 96-well Clear Round Bottom Ultra-Low Attachment Micro
plates (Corning) or placed on Transwell inserts with basal medium 
containing 200 ng/mL FGF9 and 1 μg/mL Heparin. On day 9, aggregates 
in ultra-low attachment plates were encapsulated within PeptiGel 
Alpha4, PeptiGel Alpha5 or Matrigel® Basement Membrane Matrix 
(LDEV-free, Corning). Aggregates were transferred to 12-well tissue 
culture plates using wide bore p200 pipette tips. Excess media was 
removed, and encapsulation was carried out by pipetting 100 μL of 
PeptiGel or Matrigel adjacent to the aggregate causing the pellet to be 
drawn into the hydrogel. Hydrogels containing organoids were main
tained on the surface of the 12-well plate for the duration of the dif
ferentiation. PeptiGels were handled using a positive displacement 
pipette. Encapsulated aggregates were cultured in basal medium con
taining 200 ng/mL FGF9 and 1 μg/mL Heparin. Medium was replen
ished on day 10. On day 12, culture medium was switched to basal 
medium only. Medium was then replenished every 2–3 days until day 
24. 

2.8. Organoid viability assay 

On day 24 of differentiation, viability of encapsulated organoids was 
assessed using the Invitrogen™ LIVE/DEAD Assay. Organoids were 
washed with DPBS three times (3 × 5 min) on a rocker at room tem
perature. Organoids were incubated with 2 μM Calcein-AM (live) and 2 
μM ethidium-homodimer-1 (dead) for 30 min, protected from light, at 
37 ◦C in a 95% air and 5% CO2 incubator. Organoids were then washed 
with DPBS three times, with the final wash lasting 15 min on a rocker at 
room temperature. Images were acquired with the Axiovert 200 M mi
croscope with an Andor iXon EMCCD camera. For this assay, encapsu
lated organoids were differentiated on μ-Dish 35 mm, polymer coverslip- 
bottom dishes (Ibidi) to facilitate subsequent imaging. Quantification of 
viability was calculated on ImageJ using the live or dead Integrated 
Density value (product of area and mean grey value) per organoid and 
expressing this as a percentage of the live plus dead Integrated Density 
value. 

2.9. Immunofluorescence 

On day 24 of differentiation, organoids were washed once with DPBS 
and fixed with 2% paraformaldehyde for 1 h at 4 ◦C. Organoids were 
subsequently washed twice with ice-cold DPBS and cryo-protected with 
a sucrose (Sigma-Aldrich) gradient; 10% (w/v) for 2 h at 4 ◦C, 15% (w/ 
v) for 3 h at 4 ◦C and 30% (w/v) overnight at 4 ◦C. Organoids were then 
embedded in a 7.5% (w/v) type A gelatin (Sigma-Aldrich) 10% (w/v) 
sucrose solution, frozen in an ice-cold isopropanol bath and stored at 
− 80 ◦C. Organoids were cut into 14 μm sections using the Leica CM1860 
UV cryostat and stored at − 80 ◦C on SuperFrost Plus™ Adhesion slides 
(Thermo Fisher Scientific) until required. For immunostaining, sections 
were traced with a 1 mm Edge Hydrophobic Barrier PAP Pen (Vector 
Laboratories) and re-hydrated/blocked with 5% goat serum (Sigma- 

Aldrich), 0.06% Triton X-100 (Sigma-Aldrich) in DPBS (blocking buffer) 
for 1 h. Sections were incubated with the primary antibodies diluted in 
blocking buffer overnight at 4 ◦C, then washed with DPBS three times. 
Sections were incubated with secondary antibodies and Hoechst 33342, 
Trihydrochloride, Trihydrate (Invitrogen) diluted in DPBS containing 
5% goat serum overnight at 4 ◦C, then washed with DPBS three times. 
Biotinylated antibodies were additionally blocked using the Streptavi
din/Biotin Blocking Kit (Vector Laboratories). DyLight® 649 Streptavi
din secondary (Vector Laboratories) was diluted in DPBS and incubated 
for 15 min at room temperature. SlowFade Gold Antifade Reagent (Life 
Technologies) was added to slides prior to the addition of cover slips. For 
monolayer characterisation, hiPSCs were seeded and differentiated on 
Vitronectin-XF-coated μ-Slide 8 well dishes (Ibidi) or on glass coverslips 
and stained in situ, as above. Cells stained for Brachyury were blocked 
using donkey serum (Sigma-Aldrich). For wholemount immunofluores
cence, organoids were processed in 48-well plates. Organoids were 
blocked for 2 h, with subsequent washes lasting 1 h using 0.1% Triton X- 
100 in DPBS. Organoids were cleared with a previously developed 
method using 60% (v/v) glycerol (Sigma-Aldrich) and 2.5 M fructose 
(Sigma-Aldrich) in dH2O [38] and imaged in μ-Slide 8 well dishes. 

Primary antibodies include: Oct 3/4 (Santa Cruz, sc-5279, 1:300, 
secondary antibody 1:500), E-Cadherin (ECAD) (BD Biosciences, 
610181, 1:300, secondary antibody 1:500), Brachyury (T) (R&D Sys
tems, AF2085-SP, 1:100, secondary antibody 1:200), N-Cadherin (BD 
Biosciences, 610920, 1:300, secondary antibody 1:500), HOXD11 
(Sigma-Aldrich, SAB1403944-100UG, 1:300, secondary antibody 
1:500), Pax2 (Invitrogen, PA5-81235, 1:300, secondary antibody 
1:500), LTL (Vector Laboratories, B-1325, 1:200, secondary antibody 
1:400), WT1 (Santa Cruz, sc-7385, 1:100, secondary antibody 1:300), 
Laminin (Sigma-Aldrich, L9393, 1:300, secondary antibody 1:500), ZO- 
1 (Invitrogen, 61–7300, 1:300, secondary antibody 1:500), MEIS1/2/3 
(Santa Cruz, sc-101850, 1:100, secondary antibody 1:200), αSMA 
(Sigma-Aldrich, A2547, 1:300, secondary antibody 1:500), NPHS2 
(podocin) (Sigma-Aldrich, P0372, 1:300, secondary antibody 1:500), 
SIX2 (Proteintech, 11562-1-AP, 1:300, secondary antibody 1:500), F- 
Actin (Invitrogen Rhodamine phalloidin, R415, 1:200). Images were 
acquired using a Leica SP8 confocal microscope. Secondary antibodies 
include: Alexa Fluor™ 488 goat anti-rabbit IgG (H + L), Texas Red® 
goat anti-rabbit IgG (H + L), Alexa Fluor™ 568 goat anti-mouse IgG (H 
+ L), Alexa Fluor™ 555 donkey anti-goat IgG (H + L) (all Invitrogen). 

For haematoxylin and eosin (H&E) staining, slides were thawed and 
rehydrated in ddH2O. Sections were subjected to standard H&E (Sigma- 
Aldrich) staining. Images were acquired using the Nikon Eclipse E 600 
microscope with Micron 5 camera. 

2.10. Dextran uptake assay 

On day 22, 50 μg/mL of 10,000 MW dextran Alexa Fluor 488 
(D22910, Thermo Fisher Scientific) was added to the basal medium for 
48 h. Organoids were then fixed, cryo-protected, embedded, frozen, 
sectioned, and imaged, as previously described. Images were acquired 
using a Leica SP8 confocal microscope. 

2.11. Kidney organoid dissociation and single-cell isolation 

Organoids used in single-cell RNA sequencing experiments were 
differentiated from a single well of passage 35 hiPSCs. On day 24, six 
organoids per support matrix were pooled as part of a single indepen
dent experiment and dissociated for scRNA-seq. Organoids were washed 
with ice-cold DPBS. PeptiGels and Matrigel were first manually removed 
using blunted p10 pipette tips and a fine spatula. The Olympus SZX10 
Wide Zoom Stereomicroscope was used during this process to aid in 
visualising the samples. Remnant hydrogel in wells was then removed 
using a cell scraper (Starstedt) and by washing with ice-cold DPBS. 
Organoids were then dissociated on ice using 500 μL of protease solution 
(5 mM CaCL2, 10 mg/mL Bacillus Licheniformis protease (Sigma- 
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Aldrich) and 125 U/mL DNase I (Thermo Fisher Scientific). Plates were 
agitated by hand for 19 min on ice. Every 2 min (for 15 s) the cell/ 
protease solution was titrated using a p1000 pipette and combination of 
wide bore p1000 (Satorius) and standard p1000 pipette tips. Following 
this, cells were passed through 70 μm (Miltenyi Biotec) and 40 μm 
(Corning) diameter strainers into 2 mL ice cold 5% FBS/DPBS (Gibco). 
The well and each filter were washed with 1 mL 5% FBS/DPBS. Cells 
were centrifuged (150 g, 5 min, 4 ◦C) and pellets were re-suspended in 4 
mL 2% BSA/PBS (Sigma-Aldrich). Cells were pelleted by centrifugation 
(150 g, 5 min, 4 ◦C), re-suspended in 500 μL 2% BSA/PBS and passed 
through a 40 μm Flowmi Cell Strainer (Sigma-Aldrich) into LowBind 
microcentrifuge tubes (Sarstedt). Cell count and viability were deter
mined using a hemocytometer and Trypan Blue (Sigma-Aldrich) stain
ing. Cells were centrifuged (300 g, 3 min, 4 ◦C) and pellets were 
resuspended in the appropriate volume of 2% BSA/PBS to achieve 1000 
cells/μL per condition. Cell counts and viabilities were determined once 
more to ensure concentrations were in the range of 1000–2000 cells/μL 
and that there was high cell viability before proceeding. 

2.12. Single-cell library preparation, sequencing and analysis 

Cells were processed using the 10x Genomics Chromium platform 
following the Single-Cell 3′ v3.1 protocol. Briefly, the Chromium Next 
GEM Chip G was loaded with reverse transcriptase (RT) master mix and 
single cell solutions to achieve targeted recoveries of 3000–4000 cells, 
according to the manufacturer’s protocol. Within the Chromium 
Controller, Gel Beads-in-Emulsion (GEMs) were formed containing sin
gle cells, RT reagents and a single gel bead composed of barcoded oli
gonucleotides. Following cell lysis and gel bead dissolution, reverse 
transcription of cellular mRNA resulted in the incorporation of barcoded 
oligonucleotides into cDNA which was then amplified by PCR. Enzy
matic fragmentation, end repair, A-tailing and A-tailing double sided 
size selection were employed to generate libraries with index read se
quences incorporated, as per manufacturer’s instructions. Libraries were 
quantified by Qubit dsDNA High Sensitivity Kit (Thermo Fisher Scien
tific) and size profiles examined with the High Sensitivity DNA Assay 
(Agilent). Libraries were sequenced on the NextSeq 500 (Illumina). 
Sample reads were demultiplexed with BCL2Fastq and initially pro
cessed using Cell Ranger v3.1.0. The resulting data was analysed using 
Seurat v3.1.5 [39]. Alpha4, Alpha5 and Matrigel samples were merged 
and processed using the standard scTransform pipeline, with the addi
tion of scDblFinder v1.1.8 [40] for the removal of doublets. The 
Transwell-maintained kidney organoid datasets (Accession No. 
E-MTAB-11138) were integrated using Harmony v0.1.0 [41]. 

2.13. Single-cell RNA sequencing visualisation 

Figures presented were generated using Seurat [42] and dittoseq 
packages [43] with customisations made using ggplot2 [44] and Ink
scape [45]. In violin plots throughout, the y-axis displays level of gene 
expression while the x-axis represents number of cells expressing the 
gene per condition. The top 50 differentially expressed genes (DEGs) per 
cluster were used for gene ontology (GO) analysis using ToppFun [46]. 
To measure differences in the expression of ECM components between 
conditions the GSEA-MSigDB datasets NABA_CORE_MATRISOME and 
NABA_ECM_REGULATORS were used [47]. 

2.14. Total RNA isolation and RT-qPCR 

For RNA isolation, organoids were pooled and dissociated as in 
section 2.11. E.Z.N.A Total RNA Kit I (Omega Bio-Tek) was employed for 
extraction and purification of RNA following the manufacturer’s pro
tocol. Purified RNA was quantified using a NanoDrop 2000 Spectro
photometer (Thermo Fisher Scientific). cDNA was then synthesized 
using a High Capacity cDNA Reverse Transcription Kit (Applied Bio
systems) using a T3000 Thermocycler (Biometra). RT-qPCR 

(QuantStudio 7 Flex Applied Biosystems, Thermo Fisher Scientific) was 
employed to quantify gene expression from cDNA (10 ng/well) using 
either PowerUp SYBR Green Master Mix or TaqMan Gene Expression 
Master Mix (both Applied Biosystems, Thermo Fisher Scientific). 
GAPDH was used for data normalisation. The following Taqman assays 
were used: GAPDH (Hs99999905_m1), PDGFRA (Hs00998018_m1), 
NPHS2 (Hs00922492_m1) and MAP2 (Hs00258900) (All Applied Bio
systems, Thermo Fisher Scientific). The following SYBR primers were 
used for NPHS1: Forward: AGTGTGGCTAAGGGATTACCC Reverse: 
TCACCGTGAATGTTCTGTTCC. 

2.15. Flow cytometry 

Organoids were dissociated as in section 2.11. and incubated with 
DRAQ5 (Biostatus) at 5 μM for 15 min at room temperature to identify 
nucleated events and propidium iodide (PI) (Sigma-Aldrich) at 1 μg/ml 
for 15 min at room temperature to determine viability. Cells were ana
lysed on a BD Accuri C6 Flow Cytometer, calibrated following manu
facturer specifications. DRAQ5 was excited with the red laser (635 nm) 
and the main signal was collected with a 675/25 nm band pass filter. PI 
was excited with a blue laser and the signal was collected with 585/25 
and 670LP filters. C6 files were exported as FCS files and reanalysed 
with FCSExpress Cytometry v.7 (DeNovo Software), excluding aggre
gates using the pulse signal of the forward scatter detector in area and 
high. The gating strategy can be observed in Fig. S6A. 

2.16. Statistical analysis 

GraphPad Prism 7.0 (GraphPad, San Diego, CA, USA) was used for 
statistical analyses. To compare multiple groups within an experiment, a 
one-way ANOVA followed by Tukey’s multiple comparisons test was 
used. A student t-test was performed when comparing two groups. P 
values in figures are reported as: **p < 0.01, ***p < 0.001, ****p <
0.0001, n.s. = not significant. 

3. Results and discussion 

3.1. Mechanical profiles of Alpha4 and Alpha5 SAPHs 

The structural arrangement of the extracellular microenvironment is 
known to play an instructive role in the process of branching morpho
genesis and renal specification [8,48]. Central to the regulation of early 
kidney development are fibrillar extracellular matrix (ECM) compo
nents, such as collagens and fibronectins, whose hierarchical assembly 
and transient distribution influence fundamental nephrogenic processes 
including branching and early tubule formation within the primordium 
[49]. Given the inherent similarities of the native filamentous ECM ar
chitecture to fibrillar hydrogels, we hypothesised that SAPHs constitute 
an appropriate 3D synthetic environment for renal specification. 

Different cell culture and organoid systems have been shown to 
favour varying mechanical properties. For example, intestinal and 
mesenchymal stem cells have been shown to preferentially differentiate 
into intestinal organoids and osteoblasts in soft (1.3 kPa) [5] or stiff (34 
kPa) [50] environments, respectively. To investigate kidney organoid 
differentiation within SAPHs of varying mechanical strengths, two 
peptide hydrogels were used; Alpha4 (soft) and Alpha5 (stiff). TEM 
analysis of both SAPHs confirmed an ECM-like hydrogel microstructure 
containing β-sheet rich nanofibres (Fig. 1A). Notably, nanofibres within 
hydrogels measured in the range of ~3–4 nm in diameter (Fig. S1B), 
which is typical of in vivo fibrillar ECM components (reviewed in 
Ref. [51]). To confirm the presence of two mechanically distinct mi
croenvironments for organoid differentiation, the biophysical properties 
of both hydrogels containing kidney organoids in the presence of culture 
medium was monitored over a 15-day period, the total duration of 
organoid encapsulation, using oscillatory rheology. Measurements for 
both hydrogels were taken on day 0 (1 h) and day 15. During this period, 
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samples were exposed to basal differentiation medium which was 
replaced at timepoints that corresponded to medium changes in the 
kidney organoid differentiation protocol (Fig. 1B). On day 15, kidney 
organoids were removed immediately prior to measurements. Soft 
solid-like hydrogel behaviour, typical for these systems, was confirmed 
by the storage shear moduli (G′) being an order of magnitude larger than 
the loss shear moduli (G′′) at low strain (Fig. S1A). On day 0, the G′ of 
Alpha4 was 1,050 Pa while that of PeptiGel Alpha5 was significantly 
higher, at 4,310 Pa, thus confirming PeptiGel Alpha5 is a stiffer hydrogel 
in comparison to Alpha4. Interestingly, when exposed to basal medium 
+ kidney organoids, the G′ for Alpha4 increased to 7,1393 Pa over the 
course of 15 days (Fig. 1C) while the G′ for Alpha5 increased to 16,533 
Pa (Fig. 1D). The increases in G′ upon exposure to cell culture medium 
have also been reported in similar hydrogel systems [52] and are due to 
the action of salt and ions screening the charges on the fibres, which 
encourages fibre aggregation and results in a stiffening of the hydrogel 
[53]. Crucially, a substantially higher G′ stiffness for Alpha5 was 
retained in our culture conditions at both timepoints versus Alpha4. 
Notably, the bulk G’ stiffness of both SAPHs did not change significantly 
in the presence or absence of kidney organoids after 15 days (Fig. S1C). 
Mass spectroscopy (MS) semi-quantitative analysis of the constituent 
peptide in both SAPHs revealed that while exposure to medium at 37 ◦C 
with regular changes over 15 days reduced the peptide signal, the 
presence of differentiating organoids did not have a significant effect 
(Figs. S2A and S2B). In addition to Alpha4 and Alpha5 ± kidney orga
noids retaining mechanical integrity over 15 days, swelling experiments 
demonstrated a low degree of degradation with Alpha5 shrinking, in 
comparison to Alpha4, to ~80% of the gels weight pre-medium expo
sure (Fig. S2C). While MS analysis showed a reduction in peptide signal 
over time, both rheological and swelling measurements demonstrated 
the bulk properties of the hydrogels were not heavily impacted over 15 
days. Both SAPHs displayed higher G′ stiffness in comparison to the 
reported range of <100 Pa for Matrigel [27]. Shear wave elastography 
(SWE) imaging has demonstrated cortical stiffness in healthy subjects is 
in the range of 6.6 kPa–11.44 kPa [54]. The mechanical profiles of the 
SAPHs utilised in this study spanned and exceeded this range of stiffness 
between day 0 and day 15 of culture, thus providing two contrasting 
biophysical microenvironments to study cell fate determination. 
Importantly, because the charge profiles of both SAPHs are the same at 
physiological pH, effects on cellular differentiation can be solely 
ascribed to mechanical differences between the scaffolds. Our SAPH 
characterisation confirmed that kidney organoids could be matured 
within structurally similar, yet mechanically distinct microenviron 
ments. 

3.2. SAPHs support hiPSC-derived kidney organoid growth and 
differentiation 

A modified version of the Takasato protocol [6] was employed to 
generate kidney organoids within SAPHs (Fig. 2A). hiPSCs were first 
differentiated as a monolayer by supplementing with the WNT signalling 
activator CHIR99021, resulting in the loss of the pluripotency marker 
OCT4 and the induction of primitive streak. This was confirmed by the 
expression of Brachyury (T) by day 3 (Fig. 2B). Differentiating cells 
underwent an epithelial-mesenchymal transition, losing ECAD and 
gaining NCAD expression. Supplementation with FGF9 and heparin 
from day 3 subsequently generated intermediate mesoderm-committed 
cells, marked by PAX2 and HOXD11, from which all cell types of the 
mammalian kidney emerge [55]. Cells were then exposed to a 5 μM 
CHIR99021 pulse to induce nephrogenesis, pelleted by centrifugation 
and transferred to round bottom ultra-low attachment plates for 48 h. 
Day 7 was chosen to form 3D aggregates as the necessary cell types were 
present for kidney organoid generation (Fig. 2B, S3A). These aggregates 
comprising PAX2 and SIX2 (Fig. S3A), which are both markers and 
co-expressed in the nephron progenitor population [13], were placed in 
suspension culture from day 7 to day 9 to facilitate cellular compaction 

for subsequent encapsulation within matrices (Fig. 2A, S3B, S3C). 
Without 48 h of suspension culture, the morphology of aggregates 
during encapsulation was greatly compromised (Fig. S3D). Suspension 
culture has been previously utilised for kidney micro-organoid differ
entiation [17]. These micro-organoids were differentiated for 18 days in 
suspension with fibrosis evident only after day 28. To demonstrate that 
the suspension culture for 48 h utilised in this study did not induce 
fibrosis, day 9 pellets and the resulting organoids were shown to be 
negative for the fibrotic marker αSMA (Fig. S3E). Additionally, aggre
gates from suspension culture and Transwell inserts were comparable on 
day 9, with nephron progenitor and mesodermal markers PAX2 and 
NCAD expressed, and LTL and ECAD nephron structures not yet formed 
(Fig. S3F). By day 24 of differentiation, organoids within each of the 
synthetic matrices possessed a dense central cellular region and visible 
tubular formation at the peripheries of organoids, as observed using 
bright field microscopy (Fig. 2A). 

To ensure an appropriate level of organoid viability within hydrogels 
by day 24 of differentiation, calcein-AM (live) and ethidium- 
homodimer-1 (dead) staining were employed as a readout of gross 
toxicity (Fig. 2C). Viability of organoids within SAPHs was compared to 
organoids differentiated within the animal-derived ECM, Matrigel. 
Although there is a shift away from Matrigel and similar basement 
membrane matrices, such as Geltrex, their use remains an integral part 
of renal cell culture [56,57], kidney organoid protocols [8,14,58,59] 
and many other organoid systems [4,60,61]. In total, 18 organoids per 
support matrix were assessed (6 organoids per condition, three inde
pendent experiments). Subsequent quantification revealed that both 
SAPH conditions generated organoids with a high degree of viability, 
with slight decreases in cell viability noted with increased matrix stiff
ness (Matrigel: 92.47%, Alpha4: 88.21%, Alpha5: 84.25%) (Fig. 2C). 
Cell death within the stiff Alpha5 hydrogel was primarily noted in pe
ripheral regions of organoids at the bio-interface, where TEM micro
graphs and F-actin immunostaining demonstrated the close association 
between matrix and cells (Fig. S1D). The diffusion of molecules such as 
nutrients and growth factors in and out of hydrogels is known to be 
linked to the nature of interactions between the fibrillar network and the 
solutes, as well as the porosity of the network. The SAPHs utilised have 
the same charge profile at pH 7, as well as similar fibrillar morphologies 
and therefore porosities. The expectation is that diffusion of molecules 
in and out of these hydrogels will be similar. Due to the low mechanical 
properties of Matrigel, it is likely that fibre distribution and therefore 
pore sizes are larger. Importantly, regular medium changes were per
formed including 24 h post encapsulation. This ensured the differenti
ating organoids received the necessary nutrients for growth and that all 
hydrogel systems are exposed to the same conditions. Organoids grown 
in each condition differentiated into complex, heterogeneous structures, 
indicating the maturing cells received the appropriate signals through 
the hydrogels. As ethidium-homodimer-1 staining is observed solely at 
the periphery of Alpha5, we therefore propose that cell survival in stiffer 
scaffolds is potentially being perturbed by higher mechanical pressure at 
these bio-interface regions. Overall, these results confirmed that the 
properties of both SAPHs were not inherently cytotoxic and that the 
scaffolds could be used to investigate cell fate trajectories within envi
ronments of variable stiffness. 

Subsequent immunostaining of organoids confirmed the formation 
of key cell types associated with the development of the maturing 
nephron within both Alpha4 and Alpha5 SAPHs (Fig. 2D, S4B). Orga
noids contained WT1+ve podocytes, leading into LTL+ve proximal tu
bules and were supported by a Laminin+ve basement membrane. 
Additionally, LTL+ve proximal tubular cells were noted to be adjacent to 
ECAD+ve distal tubules. Inner luminal areas of tubular epithelia were 
ZO-1+ve, marking the epithelial tight junctions of these structures. 
Nephron structures within the kidney organoids were supported by 
MEIS1/2/3+ve interstitial cells. H&E staining highlighted a dispersed 
tubular morphology throughout the SAPH-derived organoids by day 24 
(Fig. 2D). Additionally, proximal tubule structures formed within the 
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Fig. 2. Differentiation protocol and subsequent characterisation of hiPSC-derived kidney organoids formed within SAPHs. A) hiPSCs were differentiated 
into kidney progenitors and day 7 aggregates were placed in suspension culture for 48 h. Compacted pellets were encapsulated within Alpha4 or Alpha5 until day 24. 
Resulting organoids comprised a dense centre with peripheral tubular structures. Day 0 scale bar = 250 μm, rest = 1 mm. B) Monolayer immunofluorescent 
characterisation from pluripotent hiPSCs to day 7 nephron progenitors. Scale bar = 100 μm. C) Viability of kidney organoids was compared on day 24 using live 
(calcein-AM) and dead (ethidium-homodimer-1) stains. Scale bar = 300 μm. Increased matrix stiffness (Matrigel < Alpha4 < Alpha5) had an inverse effect on cell 
viability. Data expressed as mean ± SD percentage of organoid area positive for live or dead stain with a one-way ANOVA and Tukey’s multiple comparisons test 
used; ** for p < 0.01, **** for p < 0.0001. N = 18 for each condition from three independent experiments. D) H&E and immunofluorescent characterisation of 
Alpha4 and Alpha5-derived organoids demonstrated successful formation of complex structures and comprised typical cell types of the developing nephron (WT1+ve 

podocytes, LTL+ve proximal tubules, ECAD+ve distal tubules and ZO-1+ve epithelial tight junctions) and supporting cells (MEIS1/2/3+ve interstitium and LAM+ve 

basement membrane). H&E scale bar = 250 μm, immunofluorescence = 50 μm. E) Organoids showed functionality by the uptake of fluorescently labelled 10,000 MW 
dextran. Scale bar = 35 μm. 
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synthetic hydrogels demonstrated a level of endocytic functionality. 
LTL+ ve proximal tubules, with ZO-1+ve tight junctions marking the 
lumen, had the capacity to uptake fluorescently labelled dextran 
(10,000 MW) (Fig. 2E). These results demonstrated a high degree of 
structural self-organisation within the matrices. Notably, structures 
generated within SAPHs were shown to be equivalent to those formed on 
Transwell inserts and within Matrigel (Fig. S4A). We observed that 

organoids grown in suspension without a matrix or Transwell insert 
formed renal and supporting cell types. However, these organoids 
possessed extensive cellular debris and appeared to have reduced 
structural maturity (Fig. S7A). As a further control, we differentiated 
organoids on Transwell inserts within Alpha4, Alpha5 and Matrigel. 
Organoids generated within support matrices ± Transwell inserts simi
larly formed the same complex structures and supporting cell types 

Fig. 3. scRNA-seq characterisation of the integrated day 24 kidney organoid dataset. A) The annotated UMAP highlighted fourteen distinct clusters formed in 
kidney organoids differentiated within Alpha4, Alpha5, Matrigel and on Transwell inserts. The condition from which each cell originated is shown in a separate 
UMAP and highlights the influence the extracellular environment on cell clustering. B) Violin plot of a single differentially expressed gene from each cluster which 
was used to define the identity of each population. C) Heatmap of five differentially expressed genes in each of the fourteen clusters illustrating the unique gene 
expression pattern in each cluster. D) Hierarchical clustering demonstrated similarities and differences between each cluster while gene ontology analysis highlighted 
biological processes linked with the cell types generated. 
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(Fig. S4, Fig. S7B). 

3.3. scRNA-seq of Alpha4, Alpha5, Transwell and Matrigel integrated 
dataset highlights diversity of renal cell types within kidney organoids 

To further delineate the cell types generated within hydrogels, the 
transcriptional landscape at the single-cell level was examined. On day 
24 of differentiation, single-cell solutions were generated from organo
ids encapsulated in Alpha4, Alpha5 and Matrigel using mechanical and 
enzymatic methods. Single-cell transcriptomics was then performed 
using the 10x Chromium platform. In addition, Harmony [41] was used 
to perform integrative analysis on Alpha4, Alpha5 and Matrigel-derived 
organoids with organoids differentiated on Transwell inserts to compare 
cell types generated in 3D matrices to those grown at an air-liquid 
interface. Following filtering to remove stressed cells, a total of 13, 
179 cells (Alpha4 3,946; Alpha5 3,350; Matrigel 1,764; Transwell 4, 
119) were retained for analysis. Cells with greater than 25% mito
chondrial reads and with numbers of genes and transcripts further than 
2 standard deviations away from the mean were filtered out, in addition 
to genes expressed in fewer than 5 cells. Unsupervised clustering of the 
combined integrated dataset was then performed, followed by annota
tion of the clusters revealing 14 distinct cell types that were visualised 
using a Uniform Manifold Approximation and Projection (UMAP) 
(Fig. 3A). The integrated dataset was used so that cell types with similar 
gene expression profiles in each condition were appropriately clustered 
together. This subsequently facilitated comparison of cell types within 
clusters and the identification of clusters with unique gene expression 
signatures. The cellular identity of each cluster was assigned by 
comparing differentially expressed genes (DEGs) per cluster to marker 
genes of known cell types found in literature and by comparing to 
datasets found in GUDMAP (https://www.gudmap.org/) (Table S1) [62, 
63]. A violin plot with a representative marker gene from each popu
lation is shown (Fig. 3B). 

A heat map of the five most significant DEGs per cluster is also shown 
(Fig. 3C). Clusters identified in the analysis comprised three nephron, 
four stromal, two kidney progenitor and five non-renal cell types. Of the 
three nephron-related clusters, the most enriched for progenitor genes 
was the Nephron Progenitor population. This cluster showed high levels 
of genes linked with the specification and maintenance of nephron 
progenitors in renal development including PDGFC [64], SHISA2 [65], 
EYA1 [66], SIX1 and SIX2 [67] (Fig. 3C, S5A). PITX2 was also differ
entially expressed in this cluster. This transcription factor has previously 
been used to increase the induction efficiency of nephron progenitors 
from human pluripotent stem cells by increasing SIX2 expression [68]. 
The Proximal Precursor cluster also expressed nephron progenitor genes 
including RSPO3, which through activation of the canonical WNT 
pathway [69] regulates this progenitor pool and is essential to their 
epithelial differentiation [70]. CITED2, whose expression persists in the 
resulting epithelial structures [71] was also highly expressed in this 
cluster (Fig. S5A). Importantly, these cells expressed genes found in the 
developing and differentiated proximal tubule including CDH6, IGFBP7 
and PCSK1N. In early stages of kidney development, CDH6 plays a vital 
role. CDH6 mutations in mice causes decreased nephron number in the 
adult due to reduced polarisation of the developing tubular epithelia and 
a failure of nephron fusion to the ureteric bud [72]. CDH6 is expressed in 
the renal vesicle and its expression persists during early proximal tubule 
formation [73]. Similarly, IGFBP7 is found in proximal precursors and in 
adult proximal tubular cells [74] alongside PCSK1N [75]. The third 
nephron-related cluster, Podocyte/Tubular Epithelia, contained genes 
largely related to tubular cells of the nephron, but also contained genes 
expressed by podocytes. DEGs included EMX2 [64], ARL4C [76], KRT18 
[77] and ID4 [78] which are found in the varying segments along the 
developing nephron epithelium. EMX2 [79] and ARL4C [80] are 
essential genes involved in tubulogenesis, with EMX2 mutant mice 
lacking a urogenital system. PAX8, a key gene in the specification of 
nephron segments and branching morphogenesis [81] was similarly 

highly expressed. A podocyte signature was also present in this cluster, 
including high expression of WT1 [82] and BST2 [83] which are known 
markers of human podocytes. WT1, shown to be structurally organised 
in the kidney organoids (Fig. 2D, S4B), acts as a master regulator of 
podocyte gene expression, with loss of the gene leading to glomerulo
sclerosis [84]. Interestingly, a small but distinct population of cells 
within this cluster expressed genes associated with mature podocytes 
including NPHS2 (Fig. S5D) [82]. 

Hierarchical cluster analysis was employed to investigate similarities 
between the cell types generated (Fig. 3D). The Proximal Precursor and 
Podocyte/Tubular Epithelia cell types clustered closely together with 
GO analysis revealing involvement in biological processes such as 
epithelium development and metanephric nephron morphogenesis, 
respectively (Fig. 3D). The Nephron Progenitor cells displayed greater 
similarity to the Proliferating Kidney Progenitor cluster, which, along
side the Proliferating Stroma cluster contained genes relating to cell 
division including TOP2A and HIST1H1B [85]. The dataset contained 
three additional clusters of a stromal lineage. Of these, Stroma I and II 
displayed similarities and thus showed close hierarchical clustering. 
Stroma I was composed of differentially expressed fetal stromal genes, 
namely MEIS2 [86], NR2F2 and NR2F1 [87]. The identity of this pop
ulation was further delineated by the presence of EDNRA and COL3A1, 
which are highly expressed in each of the stromal populations in the 
Lindström human fetal kidney dataset [88]. The expression of EDNRA 
has been shown to play an integral role in the determination of devel
oping renal stromal cell types [89]. Stroma II expressed stromal devel
opmental gene LGALS1 [90], as well as PDGFRA which is linked with 
renal differentiation processes [91] and is a reported unifying stromal 
marker in multiple human fetal kidney datasets [64,92]. Additionally, 
marker genes PRRX1 and MAB21L1 are expressed in stromal progenitor 
cell types in the fetal kidney [88]. PEG10 and NR2F1 were differentially 
expressed by Stroma III, with NR2F1 expressed by stromal cells 
throughout embryonic kidney development in mice [87]. Other marker 
genes for Stroma III included CDKN1C [93] and COL6A3 [85]. Inter
estingly, CDKN1C expression in the kidney has been shown to be 
restricted to a subset of stromal cells in the medulla [94], while COL6A3 
expression has previously been shown to be conserved between fetal 
kidney and organoid datasets [64]. An additional kidney-related cluster 
was identified from our analysis, Kidney Progenitor, which expressed 
genes associated with various processes of renal development. For 
example, VCAN [95] and IGFBP2 [96] which have been reported as 
nephron progenitor genes. This cluster similarly contained 
stromal-associated genes such as COL1A1 and COL1A2 [85] and is likely 
the reason this progenitor population is hierarchically clustered close to 
Stroma III. However, this population was composed of poor marker 
genes with DEGs also expressed at high levels in cells outside of the 
cluster (Table S1). The remaining clusters comprised five prominent 
off-target non-kidney populations (Fig. 3A). Two neuronal progenitor 
clusters were identified which shared similar gene expression profiles, 
including high expression of STMN2 and ELAVL4 [64]. A melanocyte 
population was present marked by the expression of PLP1 and PMEL 
[97]. A Muscle Progenitor cluster expressing MYLPF and MYH3 [64] 
was also identified from the analysis. Additionally, a Cartilage-like 
cluster was identified comprising genes involved with ECM production 
and organisation including EPYC, COL9A1 and MATN4 [98]. The single 
cell transcriptomic data highlighted the diverse populations formed 
within the organoids, which structurally displayed a high degree of 
complexity and organisation (Figs. 2D and 4E, S4A, S4B). Structurally, 
we did not observe spatial differences within organoids, aside from 
obvious segmentation of epithelial structures (Fig. S4B). Stromal cells 
were apparent at the periphery of the organoids as evidenced by 
MEIS1/2/3 expression; however, staining was detected throughout the 
organoids (Fig. 4E). Recent advances in spatial transcriptomics could be 
used in the future to stratify gene expression from the periphery to the 
centre of the organoid to increase our understanding of kidney organoid 
developmental patterns. 
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3.4. scRNA-seq reveals cellular heterogeneity within kidney organoids 
differentiated in varying extracellular growth environments 

Once we verified appropriate differentiation of renal cell types 
within conditions, we next aimed to compare cell populations generated 

within the two synthetic peptide hydrogels to those formed within 
Matrigel or on Transwell inserts. Splitting the integrated UMAP by 
organoid identity and subsequent analysis of the composition of each 
cluster revealed that the extracellular environment in which the orga
noids were grown had a significant impact on the cell populations 

Fig. 4. Day 24 kidney organoid scRNA-seq analysis demonstrates cell type variability when differentiated in varying growth environments. A) UMAP of 
the integrated dataset was split by the identity of each organoid to highlight the influence of the extracellular environment on the resulting clusters. B) The per
centage composition of each cluster. C) The percentage cell type composition of each condition. D) Off-target neuronal cell types were visualised in each organoid by 
UMAP expression of STMN2 and TAGLN3. E) Immunofluorescence of Alpha4 and Alpha5-derived organoids demonstrated an increase level of LTL+ve proximal 
tubular structures in the stiffer matrix. Scale bar = 200 μm. F) TEM micrographs demonstrated the presence of podocyte (p) cell types displaying structures similar to 
primary foot (pf) processes, with secondary foot (sf) process-like structures present with matrix-derived podocytes. Scale bar = 1 μm G-I) Dot plots of the differ
entially expressed genes from each nephron-related cluster showing average expression and the percentage of cells expressing the genes in each organoid. J) Dif
ferences in the expression of podocyte signatures within the Podocyte/Tubular Epithelia cluster was examined by dot plot. 
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generated (Fig. 4A and B). For example, the identity of Stroma I and II 
were almost completely formed from organoids grown within a three- 
dimensional environment, whereas Stroma III was almost exclusively 
associated with Transwell-grown organoids (Fig. 4B). Stroma II and 
Stroma III clusters comprised a mixture of stromal and kidney progen
itor genes which were differentially expressed between the populations 
(Fig. S5C). Clusters comprising cell types of the same lineage were then 
grouped and the cell type composition per organoid was examined 
(Fig. 4C). Organoids which contained the largest proportion of nephron 
cell types were Transwell-derived, followed by those formed in Alpha5. 
This is likely due to biophysical differences between encapsulated 3D 
supports and solid support matrices, such as polyester Transwell inserts. 

A small off-target Cartilage-like cluster was identified which was 
predominantly composed of cells grown within the stiff Alpha5 SAPH. 
This population contained genes related to the medullary and cortical 
stromal regions (COL2A1, COL9A3, FIBIN, MGP) [64,99]. However, 
these cells also had a unique expression pattern associated with cartilage 
ECM production (COL9A1, EPYC) which is likely due to the stiffer 
environment (higher G′) within which the organoids were differenti
ated. This phenomenon was not observed in the low G′ Alpha4 hydrogel 
or in Matrigel. Given the enrichment of stromal-associated cell pop
ulations within SAPH-derived organoids, we compared matrisome and 
ECM regulator gene expression profiles between conditions using the 
Naba dataset [47]. The expression of matrisome and ECM regulator 
genes was highest within Alpha4-derived organoids (Fig. S5B). Addi
tionally, PDGFRA a reported unifying stromal marker [64], whose 
expression was evident in each stromal population in this dataset 
(Fig. S6C), was most highly expressed by Alpha4-derived organoids by 
RT-qPCR (Fig. S6D). These results were consistent with Alpha4 orga
noids containing the largest proportion of stromal associated cell types 
(Fig. 4C). This data highlights the importance of assessing matrix pro
duction and turnover within encapsulated organoids as the microenvi
ronment is a critical determinant of cell fate. 

Transwell organoids did however possess the largest number of off- 
target cells. These included neural, muscle and melanocyte clusters 
(Fig. 4B). Examples of highly enriched off-target neuronal genes were 
visualised by UMAP (Fig. 4D), which highlighted their specificity to 
Transwell populations. This was also confirmed by RT-qPCR, where 
Transwell-derived organoids displayed a higher expression of the 
neuronal marker MAP2 (Fig. S6D). Variable formation of off-target cells 
is recognised as a significant limitation to current kidney organoid dif
ferentiation protocols (reviewed in Refs. [100,101]). Given the reduced 
off-target signatures within Alpha4, Alpha5 and Matrigel, we propose 
that the 3D microenvironment offers significant improvements for 
appropriate cell fate determination. Furthermore, differentiation within 
synthetic hydrogels reduced the proportion of kidney progenitor cell 
types observed in the poorly-defined Matrigel growth environment 
(Fig. 4C). Matrigel-derived organoids contained a much higher per
centage of progenitor cell types (up to 50%). A widely accepted limi
tation of Matrigel is that the poorly-defined biochemical composition 
adversely impacts cellular differentiation patterns [102,103]. This may 
also affect the efficiency of differentiation between independent exper
iments. For example, in this study, TEM analysis of Matrigel-derived 
organoids possessed podocytes with foot process-like structure. How
ever, in subsequent differentiations various analyses (RT-qPCR, 
scRNA-seq and immunofluorescent imaging) revealed limited podocyte 
maturity. 

The biophysical environment has previously been reported to elicit 
control over organoid patterning [5] and influence the generation of 
specific cell types [104,105]. Both synthetic and natural hydrogels have 
been utilised to this end, and are emerging as viable alternatives to 
animal-derived materials. An excellent example is alginate, a natural 
scaffold, which has been utilised for a range of organoid types [27,106], 
including the kidney, where it has been used in conjunction with 
Transwell inserts for 2.5D culture [104]. Similar to SAPHs, alginate 
provides numerous advantages such as its biocompatibility, ease of 

handling and low cost. However, as it is a biologically-derived material, 
variability in its mechanical properties from preparation-to-preparation 
exists. Synthetic matrices, on the other hand, offer the promise of fully 
defined conditions while eliminating batch variabilities. Interestingly, 
this work, in addition to the discussed alginate study [104] demon
strates that the mechanical properties of the microenvironment plays an 
instructive role over organoid and cellular behaviour without the 
requirement for adhesion motifs. Our scRNA-seq results further sub
stantiates the role of the 3D bio-interface in refining renal cell types 
within kidney organoids. Notably, this refinement was achieved using a 
minimally complex fully synthetic environment. 

Further comparison of percentage cell type composition revealed 
increased nephron formation in Alpha5-derived organoids in compari
son to Alpha4 (Fig. 4C). This was reflected by the relative abundance of 
LTL+ve proximal tubules by immunofluorescence (Fig. 4E). We then 
compared levels of differentially expressed nephron-associated genes 
across all conditions. The Nephron Progenitor cluster lacked Transwell- 
derived cells and was primarily composed of cell types generated within 
Alpha5. Alpha4 and Alpha5 showed increased expression of PITX2 and 
SHISA2 over Matrigel organoids (Fig. 4G). These genes have regulatory 
roles in the induction and self-renewal of nephron progenitor cells [65, 
68]. The Proximal Precursor cluster displayed similar gene expression 
profiles among conditions, with selective genes persisting into the 
Podocyte/Tubular Epithelia cluster (Fig. 4H). Transwell-derived cells 
comprised the majority of the Podocyte/Tubular Epithelia cluster and 
showed an enrichment of nephron specifying genes LHX1 and LYPD1 
(Fig. 4I) [88,107]. Each condition showed similar expression of imma
ture podocyte markers FOXC2, PAX8 and WT1 (Fig. 4J), however, 
Alpha5-derived organoids showed increased expression of mature 
podocyte genes including NPHS2, ANXA1 and PODXL. This trend was 
reflected by RT-qPCR where Alpha5-derived organoids displayed higher 
expression of NPHS2 and NPHS1 (Fig. S6D). While stiffer microenvi
ronments have previously been shown to favour podocyte differentia
tion [108], Alpha4 organoids did show some expression of mature 
podocyte genes (PODXL). Notably, TEM micrographs of 
Transwell-derived organoids lacked structural components associated 
with mature podocytes. In contrast, organoids differentiated within a 
support matrix were shown to possess podocytes with more mature 
structural features, including primary and secondary foot process-like 
structures (Fig. 4F). 

As technologies to investigate the transcriptome have developed in 
recent years, it is becoming increasingly apparent that different ap
proaches have distinct advantages and disadvantages. For example, 
scRNA-seq allows for the characterisation of heterogeneous organs such 
as the kidney and the identification of rare cell populations. However, 
single cell transcriptomic data is inherently noisy and requires more 
complex bioinformatic tools compared to bulk RNA-seq. The adaptation 
of a set of guidelines or standards for analyses and quality control is an 
urgent need. This study has been guided by best current practice 
including the pooling of cells from multiple organoids. Additionally, the 
cold active protease Bacillus Licheniformis was employed to minimize 
gene expression alterations and the generation of gene expression arti
facts during dissociation [109]. During method development, we widely 
employed flow cytometry to quantify our population and ensure 
dispersal. Results indicated that after dissociation, cells were 91%–98% 
viable, confirming no appreciable cell loss (Fig. S6A). 

However, limitations still exist particularly in the initial dissociation 
where it has been reported that epithelial cells may be depleted [64]. 
Care must also be taken during comparative studies as 
sample-to-sample, and cell line-to-cell line variation is common and 
must be controlled for. For example, previous reports using 
Transwell-derived organoids have demonstrated derivation of podo
cytes with a more mature signature [6]. However in this study, this level 
of maturation was lacking in Transwell-derived organoids as confirmed 
by scRNA-seq, RT-qPCR, TEM and fluorescent imaging suggesting a level 
of variability between iPSC lines which, while somewhat limiting, is not 
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surprising considering their different origin and degree of pluripotency. 
Importantly, RT-qPCR reflected gene expression trends observed by 
scRNA-seq such as the increased level of stromal marker PDGFRA and 
reduced expression of the neuronal marker MAP2 in encapsulated 
organoids. Improved maturity of podocytes in the stiff Alpha5 hydrogel 
was also identified (Fig. S6D). To further validate that these results are 
due to the presence of an ECM, a similar trend was found when orga
noids were cultured within each of the respective matrices, grown on 
Transwell inserts (Fig. S7C). Interestingly, PDGFRA expression in 
organoids grown within matrices on Transwell inserts was reduced 
when compared to the original culture method (Figs. S6D and S7C). This 
supports the idea that Transwell culture may reduce stromal formation. 

Stiffness has been shown to have regional-specific effects on devel
oping organoids [110]. It is likely that different cell types within an 
organ favour varying stiffness profiles, as was the case with podocytes in 
this study. Due to this, developments in peptide hydrogel bioprinting 
technologies [111,112] could be employed in the future to generate 
stiffness gradients and enable cell-type specific maturation and 
concurrently improve our understanding of ECM mechanics within or
gans. Such advances could also be used to investigate the emergence of 
the various cell types of the kidney over extended culture periods within 
varying stiffness gradients. Maturation of the nephron may be depen
dent both on culture time and mechanical influence. Developmentally, 
podocytes have been shown to emerge first from the nephron progenitor 
pool [113]. Therefore, extended culture could result in enhanced 
maturation of residual proximal and distal cells within hydrogels. 
Additionally, technologies such as spatial transcriptomics could reveal 
the cellular location of mature gene signatures in response to these 
mechanical influences. 

Much of the impetus in the kidney regenerative therapeutics field is 
being driven by the overarching aims of the ‘(Re)Building a Kidney’ 
consortium [114]. The first iterations of stem cell-derived kidney 
organoids were lacking in maturity, vascularity and had no appropriate 
input or output mechanism. Since then, significant efforts to aid matu
ration have been undertaken. Further translation towards human studies 
requires support matrices that are not only biocompatible, but are 
approved for use in humans. In this regard, SAPHs have many favour
able characteristics, notably the ability to define biomechanical prop
erties in a fully-synthetic matrix that facilitates the differentiation of 
specific cell types. The successful example of bringing stem cell-derived 
pancreatic progenitor cells to clinical trial for the treatment of Type I 
Diabetes ([115], NCT02239354) provides an excellent template for how 
the transplantation of stem cell-derived nephrons will benefit patients 
with Chronic Kidney Disease (CKD) in the era of Next-Generation 
Therapeutics. 

4. Conclusion 

The translational utility of kidney organoids relies on the ability to 
grow tissues within physiologically relevant and non-xenogenic micro
environments that enable the controlled differentiation of renal cell 
types. We highlight self-assembling peptide hydrogels (SAPHs) as a 3D 
biomimetic environment for the specification of hiPSC-derived kidney 
organoids. The functional renal cell types generated within SAPHs 
demonstrates that minimally complex synthetic matrices are sufficient 
for kidney organoid culture, thus negating the requirement for complex, 
poorly defined animal-derived matrices such as Matrigel. Using scRNA- 
seq, we also reveal the influence of the in vitro growth environment in 
generating compositionally distinct cell types and perturbing cell fate 
determination. The stiffer matrix, Alpha5, generated organoids with an 
increased proportion of nephron cell types containing more mature 
podocyte signatures in comparison to the softer matrix, Alpha4. 
Compared to kidney organoids grown at the air-liquid interface, orga
noids generated within 3D matrices possessed reduced off-target cell 
types, illustrating the influence of the biophysical environment for 
appropriate cell fate specification. To the best of our knowledge, this is 

the first investigation of hiPSC-derived kidney organoids embedded 
within fully synthetic peptide-based hydrogels. These results will further 
support the global effort to produce viable replacement organs from 
hiPSCs. 
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