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3D Hydrogel Encapsulation Regulates Nephrogenesis in

Kidney Organoids

Bryan A. Nerger, Sumit Sinha, Nathan N. Lee, Maria Cheriyan, Pascal Bertsch,
Christopher P. Johnson, L. Mahadevan, Joseph V. Bonventre, and David J. Mooney*

Stem cell-derived kidney organoids contain nephron segments that
recapitulate morphological and functional aspects of the human kidney.
However, directed differentiation protocols for kidney organoids are largely
conducted using biochemical signals to control differentiation. Here, the
hypothesis that mechanical signals regulate nephrogenesis is investigated in
3D culture by encapsulating kidney organoids within viscoelastic alginate
hydrogels with varying rates of stress relaxation. Tubular nephron segments
are significantly more convoluted in kidney organoids differentiated in
encapsulating hydrogels when compared with those in suspension culture.
Hydrogel viscoelasticity regulates the spatial distribution of nephron
segments within the differentiating kidney organoids. Consistent with these
observations, a particle-based computational model predicts that the extent of
deformation of the hydrogel-organoid interface regulates the morphology of
nephron segments. Elevated extracellular calcium levels in the culture
medium, which can be impacted by the hydrogels, decrease the
glomerulus-to-tubule ratio of nephron segments. These findings reveal that
hydrogel encapsulation regulates nephron patterning and morphology and
suggest that the mechanical microenvironment is an important design
variable for kidney regenerative medicine.

epithelial cells in nephrons can proliferate
to repair damage,!'3] the human postna-
tal kidney has a limited regenerative ca-
pacity and cannot produce new nephrons.
Nephron loss due to acute kidney injury
or chronic kidney disease is therefore irre-
versible and often results in renal failure.
Stem cell-derived human kidney organoids
have emerged as a promising strategy for
studying human kidney disease as well
as regenerating and repairing nephrons
in vivo. Directed differentiation of human
pluripotent stem cells (hPSCs) generates
kidney organoids that contain nephron-like
structures with podocytes, proximal and
distal tubules, and loops of Henle.[**] How-
ever, kidney organoids do not recapitulate
the cellular complexity of mature nephrons
in vivo; rather, they resemble first*l or
second’! trimester human fetal kidneys.
These limitations, along with evidence that
mechanical signals impact kidney organoid
differentiation,’-'!] suggest that biochemi-
cal signals alone are insufficient to generate
mature nephrons in culture.

Extracellular matrix (ECM) mechanical properties such as

1. Introduction

Nephrons form the functional unit of the kidney and are respon-
sible for filtering blood and processing the filtrate. While tubular

stiffness and viscoelasticity regulate cell behaviors, including
proliferation,!?! differentiation,[**] and migration,[** that drive
nephrogenesis. We therefore hypothesize that 3D encapsula-
tion of differentiating kidney organoids will affect the cellular
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organization of nephrons. 3D hydrogel encapsulation enables
the presentation of mechanical signals to cells in a physiolog-
ically relevant microenvironment!®®! and significantly impacts
embryonic stem cell differentiation when compared with 2D
culture.l'7] Although Matrigel and type I collagen hydrogels
are commonly used for encapsulation of kidney cells, 82!l
animal-derived ECMs have a limited stiffness range. Moreover,
these materials can have lot-to-lot variability,!??! poorly defined
compositions,??! and risks from immunogen and pathogen
transfer. Synthetic ECMs such as polyacrylamide (PA)”! and
polyethylene glycol (PEG)[2*-%] have been used as xenogenic-free
alternatives due to their defined composition, tunable mechan-
ical properties, and ready chemical modification. However,
precursors for PA hydrogels are toxic, precluding 3D encapsu-
lation, while PEG hydrogels are largely covalently crosslinked,
which generates elastic behavior that does not capture the
time-dependent viscoelastic properties of the ECM.*! PEG
hydrogels with dynamic covalent crosslinks are viscoelastic, but
these materials cannot currently reproduce the extent of stress
relaxation of ECM hydrogels such as Matrigel.[?’]

The role of mechanical signals in nephrogenesis also remains
unclear because the mechanical properties of the nephrogenic
niche in the developing kidney are unknown. The impact of
ECM mechanics on nephrogenesis has largely been explored
using very soft (~0.1-1 kPa) elastic materials in 2D or 2.5D
microenvironments!” !l that do not account for the viscoelastic
properties of tissues and ECM. Recently, soft viscoelastic hydro-
gels have been added on top of kidney organoids grown on a
transwell membrane, %! but the rate of hydrogel relaxation was
at least an order of magnitude larger relative to the postnatal
pig kidney.!?®] 3D differentiation of kidney organoids in synthetic
peptide hydrogels!®! or kidney decellularized ECM/Matrigel!?”]
improves differentiation, butitis unclear how mechanics of these
materials compare to the developing kidney. Identifying bioma-
terials that recapitulate the mechanical environment of the devel-
oping kidney and support kidney organoid differentiation in 3D
culture will enable further investigation of how mechanics regu-
late nephrogenesis.

Here, we use ionically crosslinked alginate hydrogels to inves-
tigate how stiffness and viscoelasticity influence 3D differentia-
tion of encapsulated human kidney organoids. Both the stiffness
and the viscoelasticity of the alginate hydrogels are designed to
approximate the mechanical properties of the developing embry-
onic mouse kidney. In contrast to native ECM, alginate hydrogels
cannot be degraded by mammalian cellsi*"] and enable viscoelas-
ticity to be tuned independently of stiffness and ligand density.[?¢]
Moreover, ionically crosslinked alginate hydrogels can approxi-
mate the fast rates of stress relaxation observed in the develop-
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ing kidney while remaining stable in culture over several weeks.
Encapsulation of differentiating kidney organoids in alginate re-
veals that matrix mechanics regulate nephron morphology and
patterning and informs design principles for engineering bioma-
terials for kidney regenerative medicine.

2. Results

2.1. Alginate Hydrogels Support 3D Differentiation of Kidney
Organoids

We began by generating kidney organoids from human embry-
onic stem cells (hESCs; H9 line) in 3D suspension culture. Us-
ing a directed differentiation approach modified from a previ-
ously developed protocol,!®! embryoid bodies were differentiated
for 21 d. The resulting kidney organoids contained proximal
tubules (positively stained with lotus tetragonolobus lectin; LTL),
podocytes (positively stained for podocalyxin; PODXL), and distal
tubules (positively stained for E-cadherin; ECAD) (Figure 1a,b).
Nephron segments were organized with proper proximal-to-
distal patterning (Figure 1b) and contained additional markers
for distal tubules (Figure S1, Supporting Information), basement
membrane (Figure S2, Supporting Information), and vasculature
(Figure S3, Supporting Information). Regions of high mitochon-
drial density in tubular nephron segments and cell membrane
folds between podocyte-like cells were visible with transmission
electron microscopy (TEM) (Figure S4, Supporting Information).

To understand the impact of physical confinement on nephro-
genesis, organoids were encapsulated on day 7 of the differenti-
ation protocol into Matrigel, type I collagen, or alginate hydro-
gels (Figure 1c). Sporadic differentiation was observed in Ma-
trigel and type I collagen hydrogels, which is likely due, in part,
to cell migration away from organoids during differentiation and
differences in cell proliferation (Figure 1c—e and Figure S5, Sup-
porting Information). The resulting organoids contained mark-
ers for renal stroma and off-target cell populations (Figure S6,
Supporting Information). In contrast, organoids encapsulated in
alginate hydrogels differentiated without significant cell migra-
tion (Figure 1d,e and Figures S5 and S7, Supporting Informa-
tion), and all major nephron segments were present after 21 d
of differentiation (Figure 1c and Figures S1-S4, Supporting In-
formation). In the absence of physical confinement, organoids in
suspension culture extruded cells that had persistent elevated lev-
els of intracellular calcium (Ca**) (Figure S8, Supporting Infor-
mation). These data show that nondegradable alginate hydrogels
can provide a 3D mechanical environment that supports kidney
organoid differentiation.

2.2. Alginate Hydrogels Approximate the Mechanical Properties
of the Mouse Embryonic Kidney

The mechanical properties of the embryonic mouse metanephric
mesenchyme, within which nephrons develop, were character-
ized with atomic force microscopy (AFM) to identify the range
of stiffness and viscoelasticity relevant for nephrogenesis. To vi-
sualize the mesenchyme in unfixed tissue, sections of embry-
onic kidneys (E15-E17) from SIX2Cre(+)EGFP mice were ana-
lyzed, wherein the population of SIX2-expressing nephron pro-
genitor cells (NPCs) are EGFP positive (Figure2a).’!l In terms

© 2024 Wiley-VCH GmbH

85UB017 SUOWIWIOD dA 181D 3(eoldde au Ag peusenob a.e sajolie VO ‘85N JO o[l 1oy Akeld1aUIIUO AB|IA UO (SUORIPUOD-PUR-SLLIBYWIOD A8 | I AReq Ul UO//SciL) SUOTIPUOD Pue SWwie | 8u 89S *[202/G0/yT] uo Akeiqiauliuo AB|im ‘AIsIeAIUN EUOIEN N0eS Aq SZE80£202 BWPR/Z00T OT/I0P/W00" A8 | AReiq 1 ul|uo// Sty Wl pepeojumod ‘YT ‘v202 ‘S60rT2ST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

a format| suspension culture (96-well round bottom plate) I suspension or hydrogel culture
medium mTeSR1 advanced MEM
supplement Y—27632[ - CHIR - | CHIR + FGF9 FGF9 -
dayl-2 -1 5 7 12 18 21
late posterior o tanephric kidne
stage| hPSCs primitive intermediate P y
mesenchyme organoid
streak mesoderm
b

suspension culture

hydrogel culture (encapsulate day 7)

(¢}

d suspension

day 8

day 15

Adv. Mater. 2024, 36, 2308325

%

St

2308325 (3 of 16)

8
time (days)

© 2024 Wiley-VCH GmbH

85UB017 SUOWIWIOD dA 181D 3(eoldde au Ag peusenob a.e sajolie VO ‘85N JO o[l 1oy Akeld1aUIIUO AB|IA UO (SUORIPUOD-PUR-SLLIBYWIOD A8 | I AReq Ul UO//SciL) SUOTIPUOD Pue SWwie | 8u 89S *[202/G0/yT] uo Akeiqiauliuo AB|im ‘AIsIeAIUN EUOIEN N0eS Aq SZE80£202 BWPR/Z00T OT/I0P/W00" A8 | AReiq 1 ul|uo// Sty Wl pepeojumod ‘YT ‘v202 ‘S60rT2ST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

of stiffness, the region of the developing kidney that contains
SIX2-expressing NPCs had an average Young’s modulus (E) of
~0.88 kPa (Figure 2b). To evaluate viscoelasticity, the third time
(t13) of force relaxation upon indentation of the mesenchyme was
quantified. Rapid relaxation with an average t,, relaxation time
of 9 s was observed (Figure 2b).

Alginate hydrogels with mechanical properties that varied
around the measured properties of the metanephric mes-
enchyme were next developed. To control hydrogel viscoelasticity
independently of stiffness or ligand density,?®! the concentration
of Ca’* crosslinker and alginate molecular weight were altered
(Figure 2c). Soft alginate hydrogels (E ~ 3 kPa; G’ ~ 0.5 kPa)
were designed to approximate the stiffness of the mouse embry-
onic kidney, and stift hydrogels (E = 13 kPa; G’ ~ 5 kPa) were de-
signed to be an order of magnitude stiffer (Figure 2d and Figure
S9, Supporting Information). Viscoelastic gels with fast stress re-
laxation (fast) and slow stress relaxation (slow) were obtained by
varying the molecular weight of alginate (Figure 2e and Figure
S9, Supporting Information). Fast gels approximated the stress
relaxation properties of the embryonic kidney at short timescales
(<10 s) (Figure 2e,f), although the stress relaxation profiles of
the gels and mouse embryonic kidneys deviated at longer times.
These deviations may be due, in part, to differences in the bulk
compression testing of hydrogels and local AFM analysis of the
mouse embryonic kidney tissues.

2.3. 3D Encapsulation of Differentiating Kidney Organoids
Affects Nephron Patterning and Morphology

To understand how stiffness and viscoelasticity impact nephro-
genesis, kidney organoids were encapsulated on day 7 of dif-
ferentiation into alginate hydrogels (Figure 3a). Because algi-
nate does not have any cell-binding domains, arginine-glycine—
aspartic acid (RGD) ligands were conjugated to the alginate to
mediate integrin engagement. Quantification of the fraction of
PODXL, LTL, and ECAD nephron segments revealed a shift in
nephron patterning in encapsulated organoids (Figure 3b,c). Rel-
ative to suspension culture, the fraction of PODXL nephron
segments decreased while LTL and ECAD markers for tubu-
lar nephron segments increased (Figure 3c). In encapsulated
organoids, PODXL nephron segments decreased in size while
the size of LTL and ECAD nephron segments remained un-
changed (Figure S10, Supporting Information). The fraction of
organoid cross-sectional area (Figure S11, Supporting Informa-
tion) filled with nephron segments was significantly higher in
stiff fast relaxing hydrogels relative to soft slow relaxing gels
(Figure 3d). LTL and ECAD nephron segments were also found
to have more convoluted geometries, as quantified by decreased
circularity [Equation (1), Experimental Section], in encapsulated

www.advmat.de

organoids relative to suspension culture (Figure 3e-g). Both
the nephron patterning shift and the decreased circularity of
nephron segments were observed in all alginate gel conditions,
independent of the stiffness or viscoelasticity. However, based on
the distribution of nephron segments observed in fluorescent im-
ages (Figure 3b), we hypothesized that organoids encapsulated in
slow relaxing hydrogels had decreased nephron density relative to
fast relaxing hydrogels. Quantification of the density of nephron
segments as a function of radial position revealed that the spatial
positioning of nephrons varied with hydrogel viscoelasticity as
hypothesized (Figure S12, Supporting Information). Hydrogels
with slow rates of stress relaxation resulted in a reduced fraction
of nephron segments located along the inner edge and core of the
organoids relative to hydrogels with fast stress relaxation (Figure
S12, Supporting Information). Moreover, the radial position of
the peak nephron density was significantly closer to the organoid
perimeter in slow relaxing hydrogels (Figure S12, Supporting In-
formation). Encapsulating organoids in alginate on day 0 of the
differentiation protocol resulted in no differentiation, which is
likely due to the loss of SIX2 and SALL1 transcription factor stain-
ing in cell nuclei (Figure S13, Supporting Information). Together,
these data demonstrate that kidney organoid encapsulation in al-
ginate hydrogels affects the circularity, spatial localization, and
the glomerulus-to-tubule ratio of nephron segments.

We next sought to identify the mechanism by which nephron
patterning and morphology were altered in encapsulated kidney
organoids. To test if the increased LTL and ECAD segments in
encapsulated organoids were a result of accelerated differentia-
tion, the organoid suspension culture was extended to day 30.
Extending organoid culture in suspension did not reproduce the
nephron patterning shift observed when organoids were encap-
sulated (Figure S14, Supporting Information), suggesting that al-
tered rates of differentiation in encapsulated kidney organoids
are not driving changes in nephron patterning.

The role of RGD-mediated mechanical interactions was in-
vestigated next by differentiating kidney organoids in alginate
hydrogels without RGD peptides (Figure 4a). Quantification of
the fraction of nephron segments revealed a similar nephron
patterning shift as observed with RGD-functionalized alginate,
with reduced PODXL and increased LTL and ECAD nephron
segments (Figure 4b and Figure S15, Supporting Information).
In addition, similar trends were observed for the circularity of
tubular nephron segments for organoids differentiated in gels
without RGD (Figure 4c and Figure S15, Supporting Informa-
tion). The density of nephron segments as a function of distance
from the organoid perimeter followed the same trend as with
RGD alginate, wherein nephron segments in slow relaxing gels
were predominately located close to the perimeter of the organoid
(Figures S15 and S16, Supporting Information). However, the
differences in nephron density between fast and slow hydrogels

Figure 1. Alginate hydrogels support the differentiation of human kidney organoids in 3D culture. a) Directed differentiation protocol for the generation
of kidney organoids from hESCs. b) Representative fluorescent images of kidney organoids differentiated in suspension culture showing markers for
podocytes (PODXL), proximal tubules (LTL), and distal tubules (ECAD). Scale bars represent 200 um (low magnification) and 50 um (high magnification).
) Representative fluorescent images of kidney organoids encapsulated on day 7 of differentiation in alginate (stiff fast; see Figure 2), Matrigel, or type
| collagen and cultured in these matrices for the last two weeks of differentiation. Scale bars represent 200 um. d) Phase contrast images of kidney
organoids on day 8 and day 15 of the differentiation protocol. Scale bars represent 500 um. e) Outlines of the perimeter of kidney organoids on days 8
through 15 of the differentiation protocol. All fluorescent images except 1b (high magnification) represent a single optical slice of a 50-um-thick organoid
cryosection. The dashed yellow outlines denote the perimeter of the organoids.
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Figure 2. Alginate hydrogels approximate the soft viscoelastic mechanical properties of the metanephric mesenchyme in the mouse embryonic kidney.
a) Representative fluorescent images of SIX2Cre(+)EGFP mouse embryonic kidneys. Scale bars represent 500 um (left), 250 um (middle), and 100 pm
(right). b) Young’s modulus, force relaxation, and t;,; relaxation time of force relaxation of embryonic mouse kidneys measured with AFM. Young’s
modulus data are shown as individual measurements (n = 81 622) acquired from n = 7 area scans (25 um?) of n = 7 embryonic kidney tissues. Force
relaxation and ;3 relaxation time data represent n = 8 measurements over n = 3 embryonic kidney tissues. Aggregate data of E15-E17 kidneys are
shown. c) Schematic of viscoelastic alginate hydrogel crosslinked with Ca?* ions. d) Young’s modulus and e) normalized force relaxation of alginate
hydrogels relative to E15-E17 mouse embryonic kidney tissues. f) t;,; time of force relaxation of alginate hydrogels. The blue dashed lines represent
the d) average Young’s modulus or f) ¢, 5 relaxation time of E15-E17 mouse embryonic kidney tissue. Statistical comparisons were performed using an
ordinary one-way ANOVA (d) or a one-tailed Student’s t-test (f) with n = 3 gels per condition. Data represent mean + standard deviation (SD). *p <

0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and ns, not significant.

were no longer significant, which suggests that RGD-mediated
mechanical interactions may impact the effect of viscoelasticity
on nephron density within the organoids. To further explore the
mechanical interactions between kidney organoids and alginate
hydrogels with and without RGD, organoids were stained for the
mechanosensitive proteins phosphorylated focal adhesion kinase
(pFAK) and yes-associated protein 1 (YAP) (Figure 4d). pFAK
puncta were only observed around the perimeter of organoids
encapsulated in alginate hydrogels with RGD (Figure 4d). Con-
sistent with the culture of epithelial spheroids in viscoelastic
hydrogels,['*] YAP was located in the cytoplasm of cells. Cytoplas-
miclocalization of YAP is likely due to the high cell density, which
is known to increase the fraction of cytoplasmic YAP.3* These
results suggest limited direct mechanical engagement through
integrins between the organoid and the hydrogel and that encap-
sulation itself might be driving changes in nephron morphology.

Next, we investigated how encapsulation in viscoelastic hydro-
gels contributes to the observed changes in the morphology of
tubular nephron segments. Kidney organoids were first differ-
entiated in 2D on top of alginate hydrogels (Figure 5a), and the
glomerulus-to-tubule patterning of the nephron segments was
assessed (Figure 5Db). Organoids differentiated in 2D on top of
alginate hydrogels showed a similar shift in the glomerulus-to-
tubule ratio as observed in 3D hydrogel culture (Figure 5c,d),
which was independent of the hydrogel mechanical properties
(Figure S17, Supporting Information). However, we did not ob-
serve any differences in the morphology of tubular LTL or ECAD
nephron segments (Figure Se). These results suggest that 3D en-
capsulation drives changes in nephron morphology while agents
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released from the gels into the culture medium may be respon-
sible for the glomerulus-to-tubule patterning shift.

2.4. Ca?* Release from Alginate Hydrogels Decreases the Ratio of
Glomerulus-to-Tubule Nephron Segments

We next investigated how alginate hydrogels impact culture
medium in the absence of cells. Ca?* used to crosslink alginate
hydrogels can be lost over time due to competition between Ca**
and Na* at guluronic crosslink sites (Figure 6a).*] To assess how
Ca®* loss from alginate hydrogels impacts culture medium, we
immersed hydrogels in culture medium and performed medium
changes comparable to the differentiation experiments with kid-
ney organoids (Figure 6b). We observed that Ca?* levels in the
medium first increased and then gradually returned to normal
levels as the medium was changed (Figure 6¢). As expected,
changes in the Ca?* levels in the culture medium were most sub-
stantial for stiffer gels, which contain a higher concentration of
Ca** for ionic crosslinking.

In addition to elevated Ca’** in the culture medium, un-
crosslinked alginate can be released from immersed hydrogels
gels initially, and the loss of Ca?* from the hydrogels over time
could lead to further dissolution of alginate chains. We hypothe-
sized that these changes would increase the osmolality of the cul-
ture medium. Analysis of culture medium conditioned with algi-
nate hydrogels revealed elevated osmolality at the beginning and
end of the experiment (Figure 6d). Consistent with these data, we
observed a decrease in the Young’s modulus and an increase in

© 2024 Wiley-VCH GmbH
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Figure 3. 3D differentiation of kidney organoids in alginate hydrogels affects nephron patterning and morphology. a) Schematic of kidney organoid em-
bedding and post-fixation analysis. GATA3 is used here to denote distal tubules, but it is also expressed by mesangial cells in developing glomeruli.[32]
Nephron schematic inspired by Rennke and Denker.[*3] b) Representative fluorescent images of kidney organoids differentiated in suspension or en-
capsulated on day 7 and differentiated in alginate hydrogels. Scale bars represent 200 um. c) Fraction of PODXL, LTL, and ECAD nephron segments
in organoids. d) Total fraction of organoid cross-sectional area that contains any nephron segment. Representative €) low-magnification and f) high-
magnification fluorescent images of LTL and ECAD nephron segments for organoids differentiated in suspension (left) or a stiff fast alginate hydrogel
(right). Dashed yellow outlines denote the perimeter of the organoids. Scale bars represent 200 or 50 um (high magnification). g) Circularity of LTL (left)
or ECAD (right) segments in kidney organoids differentiated in suspension or in alginate hydrogels. Statistical comparisons were performed using an
ordinary one-way ANOVA. n = 21, 9, 6, 9, and & organoids per condition (c, d) or n = 23, 12, 8, 10, and 8 organoids per condition (g). Data represent
mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and ns, not significant.

Adv. Mater. 2024, 36, 2308325 2308325 (6 of 16) © 2024 Wiley-VCH GmbH

85UB017 SUOWIWIOD dA 181D 3(eoldde au Ag peusenob a.e sajolie VO ‘85N JO o[l 1oy Akeld1aUIIUO AB|IA UO (SUORIPUOD-PUR-SLLIBYWIOD A8 | I AReq Ul UO//SciL) SUOTIPUOD Pue SWwie | 8u 89S *[202/G0/yT] uo Akeiqiauliuo AB|im ‘AIsIeAIUN EUOIEN N0eS Aq SZE80£202 BWPR/Z00T OT/I0P/W00" A8 | AReiq 1 ul|uo// Sty Wl pepeojumod ‘YT ‘v202 ‘S60rT2ST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SORNCF s JAATERTALS

www.advancedsciencenews.com www.advmat.de

a alginate without RGD ligands
soft stiff

viscoelastic (slow) viscoelastic (fast)

suspension (susp.) viscoelastic (fast) viscoelastic (slow)

sk
b sk * = * :
3 1.0- 0.8 e — 0.6
x s — o -
8 I: Fk 5 sk
g 9.8 206 —r . W04y = ¢
£ 061 : . 5 o - g ] 2 047
Q L £ 0ée o ¢ 0.3 . s
g’ o o D044 o S ° g, . §
(2] e C
& 0.4 Liid 5 : & 0.2 S g2+
‘5 c © 9
£ 0.2- : i g 027 1w 5 0.1
'.g © . 8 B '
g > £ g
& 0.0 T T T T T 0.0 T T T T T = 0.0 T T T 0.0- " -
susp. fast slow fast slow susp. fast slow fast slow susp. fast slow fast slow susp. fast slow fast slow
soft stiff soft stiff soft stiff soft stiff
d alginate without RGD ligands (stiff fast) alginate with RGD ligands (stiff fast)

phospho-FAK (pFAK)

YAP

Figure 4. Nephron patterning and morphology are independent of RGD binding domains in alginate hydrogels. a) Representative fluorescent images
of kidney organoids differentiated in suspension or in alginate hydrogels without RGD binding domains. Scale bars represent 200 um. b) Fraction of
PODXL, LTL, and ECAD nephron segments in kidney organoids. c) Circularity of LTL (gray) or ECAD (white) nephron segments in kidney organoids
differentiated in suspension or in alginate hydrogels without RGD binding domains. d) Representative fluorescent images of pFAK and YAP in kidney
organoids differentiated in stiff fast alginate hydrogels without RGD (left) and with RGD (right). Scale bars represent 25 or 12.5 um for insets. Statistical
comparisons were performed using an ordinary one-way ANOVA. n = 15, 12, 13, 11, and 5 organoids per condition (b) or n = 14, 11, 13, 11, and 5
organoids per condition (c). Data represent mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001, and ns, not significant.
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Figure 5. 2D differentiation alters the glomerulus-to-tubule ratio without affecting the morphology of tubular nephron segments. Schematic of a) dif-
ferentiation of kidney organoids in 3D suspension culture or in 2D on top of alginate hydrogels and of b) nephron patterning. Schematic of nephron
inspired by Rennke and Denker.33] ¢) Representative fluorescent images of kidney organoids differentiated on top of RGD-functionalized alginate hydro-
gels. Scale bars represent 200 um. d) Fraction of PODXL, LTL, and ECAD nephron segments in kidney organoids. 2D represents combined analysis for
organoids differentiated on all four types of alginate hydrogels. e) Circularity of LTL (left) and ECAD (right) nephron segments. Dotted lines represent
the average fraction of nephron segments (d) or circularity (e) for kidney organoids differentiated in 3D within alginate hydrogels. All fluorescent images
represent a single optical slice of a 50-um-thick organoid cryosection. Statistical comparisons were performed using a two-tailed Student’s t-test. n = 12
and 17 organoids per condition (d, e). Data represent mean + SD. **p < 0.01 and ns, not significant.

the relaxation time of stiff alginate hydrogels immersed in culture
medium (Figure S18, Supporting Information). The relaxation
time of soft hydrogels also increased while the Young’s modulus
remained stable.

To understand if elevated extracellular Ca?* could affect differ-
entiation independent of the alginate hydrogel, kidney organoids
were differentiated in suspension culture using medium with el-
evated levels of Ca?* (Figure 6e). The Ca’** concentration in cul-
ture medium was increased to the highest measured Ca?* con-
centration (=6 x 1073 M) (Figure 6f) in an equilibrium process,
which maintained the same osmolality as the control medium
(Figure 6g). Analysis of kidney organoids after 21 d of differen-
tiation revealed that all major nephron segments were present
(Figure 6h). The same nephron patterning shift observed in 3D
hydrogel culture was observed in suspension culture with ele-
vated Ca?* (Figure 6i), while the morphology of LTL and ECAD

Adv. Mater. 2024, 36, 2308325
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nephron segments was unchanged (Figure 6j). Nephron pattern-
ing of kidney organoids was weakly correlated with differenti-
ation efficiency (Figure S19, Supporting Information), further
supporting the role of Ca?* in regulating nephron patterning as
opposed to intrinsic batch-to-batch variability in nephron matu-
ration and patterning.%®! These data suggest that elevated levels
of extracellular Ca?* in the culture medium drive changes in the
glomerulus-to-tubule patterning of nephron segments.

The role of osmolality was next assessed by differentiating kid-
ney organoids in culture medium with elevated osmolality. To in-
crease osmolality, culture medium was supplemented with un-
polymerized alginate (Figure S20, Supporting Information). Un-
expectedly, culture medium supplemented with unpolymerized
alginate prevented kidney organoid differentiation (Figure S20,
Supporting Information). Elevating FGF9 levels to 50 ng mL™!
and reducing the culture time in elevated osmolality medium

© 2024 Wiley-VCH GmbH
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Figure 6. Elevated levels of extracellular Ca?* affect the ratio of glomerular-to-tubular nephron segments. a) Schematic of alginate hydrogel in cell
culture medium. b) Experimental timeline for medium changes and analysis. c) Ca** concentration and d) osmolality for culture medium conditioned
with alginate hydrogels. Dotted lines represent average values for AMEM. e) Experimental timeline for the addition of Ca?* to culture medium during
kidney organoid differentiation. f) Ca* concentration and g) osmolality in medium with and without the addition of Ca?*. h) Representative fluorescent
images of kidney organoids differentiated in medium with and without the addition of Ca?*. Scale bars represent 200 um. i) Fraction of PODXL, LTL, and
ECAD nephron segments in kidney organoids. j) Circularity of LTL (left) and ECAD (right) nephron segments. Dotted lines represent the average fraction
of (i) nephron segments or (j) circularity for kidney organoids differentiated in 3D within alginate hydrogels. Statistical comparisons were performed
using an ordinary two-way ANOVA (c, d) or a two-tailed Student’s t-test (f, g, i, and j). n = 3 medium samples per condition (c, d, f, and g) or 10 and 13
organoids per condition (i) and 9 and 13 organoids per condition (j). Data represent mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001, *p <0.0001,
and ns, not significant.
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enabled normal kidney organoid differentiation despite the pres-
ence of unpolymerized alginate and without any impact on
nephron patterning (Figure S20, Supporting Information). Con-
sistent with these findings, adjustment of osmolality using b-
mannitol did not affect nephron patterning in kidney organoids
(Figure S20, Supporting Information).

2.5. Deformation of the Hydrogel-Organoid Interface Regulates
Nephron Morphology

We next sought to understand how 3D encapsulation of differ-
entiating kidney organoids affects the morphology of nephron
segments. To obtain a first principle-based perspective, we de-
veloped a particle-based computational model of nephrogenesis
(Supporting Information) for kidney organoids encapsulated in
hydrogels with different extents of deformation (Figure 7a). We
modeled viscoelastic hydrogels with fast rates of stress relaxation
as materials that experience larger deformations relative to hy-
drogels with slow rates of stress relaxation.

Consistent with experiments using alginate hydrogels with co-
valent norbornene-tetrazine (Nb-Tz) crosslinks (Figures S21 and
S22, Supporting Information), simulations predicted that encap-
sulation of the differentiating kidney organoid in an elastic mate-
rial with minimal deformation inhibits the formation of nephron
segments (Figure 7b). Simulations also predicted that encapsu-
lation in nondegradable materials generates nephron segments
with a more convoluted geometry (Figure 7c), which is similar
to experiments (Figure 7d). Unexpectedly, simulations predicted
that differences in the length of nephron segments result from
encapsulation in hydrogels with different extents of deformation
(Figure 7e,f). We experimentally tested this prediction and ob-
served differences in the length of proximal tubules in kidney
organoids encapsulated in hydrogels (Figure 7g). However, no
differences in the length of distal tubules were observed for kid-
ney organoids encapsulated in hydrogels (Figure 7g). Simulating
many rates of deformation revealed an optimum rate of deforma-
tion that maximizes the length of nephron segments (Figure 7h).
The computational model also predicted the experimentally ob-
served radial distribution of nephron segments in encapsulated
kidney organoids (Figure S23, Supporting Information). Finally,
modifying cell-cell interactions in the model, which recapitulates
cell extrusion from organoids in suspension culture, gave rise
to the homogenous distribution of nephron segments observed
in suspension culture (Figure S24, Supporting Information). To-
gether, our experimental and computational data suggest that the
extent of deformation of the hydrogel-organoid interface regu-
lates the length and morphology of nephron segments in encap-
sulated kidney organoids.

3. Discussion

In this study, we encapsulated differentiating kidney organoids
within viscoelastic alginate hydrogels in order to test the hypoth-
esis that mechanical signals regulate nephrogenesis. Our data re-
vealed that viscoelasticity of the encapsulating matrix modulates
the spatial pattern of nephron segments in kidney organoids. 3D
encapsulation also generated more convoluted tubular nephron
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segments as compared to suspension culture. Our computational
model suggested that the extent of deformation of the hydrogel-
organoid interface is a critical variable that regulates nephron
length and morphology. Finally, elevated extracellular Ca?* levels
in the culture medium, which arise due to the loss of Ca’* from
alginate hydrogels, increased the fraction of tubular nephron seg-
ments in kidney organoids.

In contrast to Matrigel and type I collagen, alginate hydro-
gels supported kidney organoid differentiation without allowing
significant cell migration from the organoid. Modifying the en-
capsulation timing or the hydrogel concentration may enable
more consistent differentiation and reduce the cell migration
observed in type I collagen and Matrigel hydrogels. Relative to
alginate hydrogels used previously for kidney organoid culture,
Ca’* crosslinked alginate used here was considerably more vis-
coelastic and more closely approximated the viscoelastic proper-
ties of the embryonic mouse kidney (Table S2, Supporting Infor-
mation). Moreover, the alginate used in the current study was
not oxidized, enabling extended culture times as compared to
prior studies that were limited to less than 1 week of encapsu-
lated culture.['%] Finally, the syringe mixing protocol used here
permitted the 3D encapsulation of organoids within the hydrogel
as opposed to 2.5D systems where alginate hydrogels have been
added on top of cells differentiated on transwell membranes.!1%11]

In hydrogels with slow rates of stress relaxation, nephron seg-
ments were located along the organoid perimeter, while seg-
ments were more broadly distributed throughout organoids en-
capsulated in hydrogels with fast relaxation. These observations
are consistent with previous findings that viscoelasticity affects
the spatial distribution of proliferating cells within epithelial
spheroids.["*] Relative to suspension culture, the lack of nephron
segments in the core of encapsulated organoids is likely due,
in part, to oxygen diffusion limitations in alginate hydrogels!*’!
and the inability of encapsulated organoids to extrude dead cells
throughout differentiation.

In contrast to viscoelasticity, stiffness did not significantly im-
pact the distribution of nephron segments, nephron pattern-
ing, or nephron morphology. Stiffness also has been shown
to not affect lumen formation for hPSCs encapsulated in al-
ginate hydrogels.®®) However, in previous studies with kid-
ney organoids, stiffness affected the transcriptional profile of
podocytes,®! the presence of proteins associated with fibro-
sis and epithelial-mesenchymal transition,’) and the rate of
differentiation.”! The independence of stiffness and nephron dis-
tribution, patterning, and morphology in this study may be due to
the limited stiffness range investigated, gradual softening of stiff
alginate hydrogels after extended immersion in culture medium,
the type and density of conjugated adhesion ligands, or the size of
the kidney organoids encapsulated. While stiffness did not affect
the aspects of nephrogenesis quantified in this study, it is likely
that transcriptional differences result from changing matrix stiff-
ness, as reported previously for kidney organoids.[!

Proximal and distal tubule nephron segments were signifi-
cantly more convoluted when kidney organoids were differen-
tiated within alginate hydrogels. Relative to suspension culture
and transwell culture,3°! the convoluted morphologies of tubu-
lar nephron segments in encapsulated organoids are more remi-
niscent of nephron morphology in vivo. Convoluted tubular seg-
ments were observed independent of stiffness, viscoelasticity,
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Figure 7. The extent of deformation of the hydrogel-organoid interface regulates the morphology and length of nephron segments. a) Representative
simulations of nephrogenesis in kidney organoids. Color bar indicates the pressure (P) experienced by cells relative to a critical pressure (P.). b) Rep-
resentative simulations and fluorescent images of kidney organoids differentiated within hydrogels with different extents of deformation. Scale bars
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sentative degradable material. The circularity values for alginate hydrogels were also reported in Figure 3g and are included here for comparison. Both
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of simulated nephron segments. L, represents the length of a nephron segment and R, is the radius of a cell (Table S1, Supporting Information).
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average of 49 simulations (c, e, and f) or three simulations (h). n = 2158, 3704, and 5517 nephron segments per condition, respectively (c). n = 15, 20,
and 7 organoids per condition (d) or 16, 22, and 7 organoids per condition (g). Data represent mean + SD. *p < 0.05, **p < 0.01, and ****p < 0.0001.
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or RGD peptide conjugation, which suggests that 3D confine-
ment may be the important factor that results in convoluted
tubule morphologies. These findings are consistent with pre-
vious reports that confinement of kidney organoids in soft dy-
namic hydrogels can influence the lumen morphology of proxi-
mal tubules.[') Confinement may also drive differences in cell
cycle progression,!’?] differentiation,[*”] and the transcriptomic
profilel*!] of kidney organoids. During embryonic kidney devel-
opment, the renal capsule may confine the nephrogenic niche
in a similar manner and impart mechanical signals, in addition
to biochemical signals,[*?] that contribute to the patterning and
morphology of tubular nephron segments.

Our computational model predicted that the extent of defor-
mation of the hydrogel-organoid interface regulates the length
and morphology of nephron segments in differentiating kidney
organoids. Our experimental data are consistent with this pre-
diction apart from the length of distal nephron segments, which
is independent of the mechanical properties of the encapsulat-
ing hydrogel. One possible explanation for this discrepancy be-
tween the computational prediction and experimental measure-
ments could be related to the relative timing of differentiation of
the proximal and distal nephron segments. Proximal segments
appear earlier during differentiation!*’! while distal tubule seg-
ments appear later when the hydrogel-organoid interface experi-
ences smaller deformations. Moreover, Matrigel contains a com-
plex mixture of proteins/??l that may impact the formation of
nephron segments in a manner that is independent of matrix
deformation. Finally, extension of the computational model to
3D may also resolve this difference. Consistent with previous
literature,'°! our computational model and experimental data
suggest that confinement in a rigid hydrogel with limited de-
formation can significantly reduce the formation of nephron
segments. While simulations predicted that nondegradable vis-
coelastic matrices can deform in a manner that optimizes the
length of nephron segments in kidney organoid culture, further
investigation will be required to determine how the optimized
nephron length compares to the physiological size of nephrons
in the human kidney. In contrast to encapsulated organoids, ac-
curately simulating nephron formation in suspension culture re-
mains challenging due to the extrusion of cells that takes place
throughout differentiation.

Increased levels of extracellular Ca?* in the culture medium
during kidney organoid differentiation decreased the ratio of
glomerulus-to-tubule nephron segments. The resulting tubule-
rich kidney organoids contained nephron segments where ~65%
of the segment area corresponded to tubule cells (LTL and ECAD)
and ~35% corresponded to podocytes (PODXL). Relative to
hESC-derived kidney organoids generated*!l using the Takasato
protocol,l*] we observed a higher ratio of podocytes/tubule cells
in our tubule-rich kidney organoids, which is likely related to the
significantly higher levels of FGF9 (200 ng mL™!) used in the
Takasato protocol.

Our data suggest a possible role for extracellular Ca?* in spec-
ifying nephron patterning during kidney development. Simi-
lar decreases in the ratio of glomerulus-to-tubule nephron seg-
ments have been reported in response to prolonged canonical
Wnt signaling in kidney organoids(*! and embryonic kidneys!*!
in culture. In addition, the noncanonical Ca**/NFAT Wnt sig-
naling pathway has been implicated in the early stages of
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nephrogenesis.I*’] Extracellular Ca?* levels may therefore im-
pact nephron patterning through Wnt signaling. Moreover,
treatment of kidney organoids with K252a, which inhibits
Ca’* /calmodulin-dependent kinase II, increases the fraction of
tubular cells from 35.2% to 70.4% in kidney organoids.[*l These
data further suggest an important relationship between Ca’*
and nephron pattering. In embryonic kidneys, the glomerulus-
to-tubule ratio of nephron segments is affected by signaling
from the renal stroma.[*®] Thus, extracellular Ca?>* may also in-
directly affect nephron patterning in kidney organoids by alter-
ing the stromal population of the organoid. Further investigation
will be required to understand the signaling pathways that drive
changes in nephron patterning observed in this study and to un-
derstand how the timing and extent of elevated Ca®" levels affect
kidney organoid differentiation. Our data suggest that elevated
Ca’* exposure largely occurs during the first 2 d after encapsula-
tion when cells are transitioning through the metanephric mes-
enchyme stage of differentiation. However, we also observe that
prolonged exposure to elevated Ca?* during suspension culture
reproduces the same nephron patterning shift observed in en-
capsulated organoids. The similar patterning shift observed, in-
dependent of the exact timing of Ca’* elevation, suggests varying
levels of sensitivity to extracellular Ca?* exposure throughout kid-
ney organoid differentiation.

In conclusion, this study reveals that mechanical and soluble
signals derived from 3D encapsulation in alginate hydrogels reg-
ulate nephron patterning and morphology in kidney organoids.
These findings demonstrate that the 3D mechanical microenvi-
ronment is an important consideration for kidney regenerative
medicine and suggest that the extent of cell-induced deforma-
tion of hydrogels broadly regulates epithelial morphogenesis dur-
ing 3D culture of organoids. While encapsulation in hydrogels
with mechanical properties that vary around the properties of
the embryonic mouse kidney significantly impacted nephroge-
nesis, it remains unclear if the developing mouse kidney accu-
rately approximates the mechanical environment in the develop-
ing human kidney. These data motivate further investigation into
the physiological relevance of the 3D mechanical environment
in terms of kidney organoid maturation, function, and integra-
tion in vivo. In terms of scaffold design, there remains an unmet
need to design hydrogel scaffolds that recapitulate the mechani-
cal properties of developing tissues.

4. Experimental Section

Mouse Tissue: Mouse embryonic kidney tissue was obtained from
mice that were handled according to the guidelines of the Institutional An-
imal Care and Use Committee at Boston Children’s Hospital (Laboratory
of Jordan A. Kreidberg).

Maintenance of Human Pluripotent Stem Cells: H9 (WiCell) hESCs
and WTC11 hRETtdTomato:GCaMP6f human induced pluripotent stem
cells (Jain Lab, WUSTL, The (Re)Building a Kidney Consortiuml[#3-31])
were cultured in mTeSR1 feeder-free medium (85857, Stemcell Tech-
nologies, Seattle, WA). Cells were maintained in six-well tissue culture
plates (353046, Corning) coated with hESC-qualified Matrigel (354277,
Corning). Medium changes were performed daily, and the incubator was
maintained at 37 °C and 5% CO,. Cells were passaged as aggregates
using ReLeSR (05872, Stemcell Technologies) every 3 d using a 1:3 to
1:5 split ratio. Cells were cryopreserved using mFreSR (05855, Stemcell
Technologies). Mycoplasma testing was conducted using a MycoFluor
mycoplasma detection kit (M7006, Invitrogen). Markers for stem cell
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pluripotency were evaluated using an immunocytochemistry kit for SOX2,
OCT-3/4, and NANOG (SC021, R&D Systems). Protocols for working
with hESCs were approved by the Harvard University Embryonic Stem
Cell Research Oversight Committee.

3D Kidney Organoid Differentiation: ~ After thawing, hPSCs (H9) were
passaged at least twice and grown to ~#90% confluency before starting the
kidney organoid differentiation protocol. On day —2, cells were washed
twice with 1 x p-PBS (no Ca®* or Mg?*, 37354, Stemcell Technologies).
Cells were next incubated in 500 uL ACCUTASE (07920, Stemcell Tech-
nologies) for 8 min at 37 °C and 5% CO, and resuspended at a concen-
tration of 500 000 cells mL~" in mTeSR1 supplemented with 10 x 1076 ,
Y-27632 dihydrochloride (1254, Tocris Bioscience). 200 pL of cell suspen-
sion was added per well of ultra-low attachment round bottom 96-well mi-
croplate (7007, Corning). On day —1, medium in each well was replaced
with mTeSR1 (without Y-27632 dihydrochloride). On day 0, medium was
replaced with advanced minimum essential medium (AMEM) (12492013,
Thermo Fisher Scientific) supplemented with 6 x 107 m CHIR 99021
(4423, Tocris Bioscience) and 2 x 1073 m GlutaMAX (35050061, Thermo
Fisher Scientific). On days 2 and 4, medium was replaced with AMEM
supplemented with 6 x 107 m CHIR 99021 and 2 x 10~% m GlutaMAX.
On day 5, medium was replaced with AMEM supplemented with 2 x 1073
M GlutaMAX. On days 7 and 9, medium was replaced with AMEM sup-
plemented with 3 x 1076 M CHIR 99021, 10 ng mL~" recombinant human
FGF9 (273-F9-025/CF, R&D Systems), and 2 x 1073 m GlutaMAX. On days
12 and 15, medium was replaced with AMEM supplemented with 10 ng
mL~1 FGF9 and 2 x 1073 M GlutaMAX. On day 18, medium was replaced
with AMEM supplemented with 2 x 1073 m GlutaMAX. On day 21, kid-
ney organoids were collected. Cells were maintained at 37 °C and 5% CO,
throughout the differentiation protocol. A medium volume of 200 uL/well
was used throughout the differentiation protocol.

Alginate Hydrogel Preparation: Experiments were conducted with
sodium alginate (Protanal LF10/60; FMC) with an average molecular
weight (MW) of ~135 kDa and 25%-35% f-p-mannuronic acid and
65%—75% a-L-guluronic acid monomers. Irradiation with a 3mRad cobalt
source was used to modify the average MW of alginate to ~44 kDa.
RGD functionalization of alginate was performed using aqueous carbodi-
imide chemistryl>2! as described previously.[>3! Briefly, alginate function-
alization was conducted with a 1% solution of sodium alginate in 0.1 m
MES buffer [0.1 M MES hydrate (M8250, Sigma-Aldrich) + 0.3 M sodium
chloride (59888, Sigma-Aldrich)] using empirically determined reac-
tion conditions.[>3] N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hy-
drochloride (EDC, E1769, Sigma-Aldrich) and N-hydroxysulfosuccinimide
(sulfo-NHS, 24510 Thermo Fisher Scientific) were used to link a linear
RGD peptide (GGGGRGDSP; Peptide 2.0) to the carboxylate moieties on
the alginate backbone. The reaction was performed at room temperature
for 20 h and quenched with 125 mg hydroxylamine hydrochloride (159417,
Sigma-Aldrich) /g alginate. High MW alginate was functionalized with a
degree of substitution (DS) of 20, which corresponds to 166.67 X 1076 m
RGD per gram of alginate. Low MW alginate was functionalized using the
same molar concentrations of reactants. Functionalized alginate was di-
alyzed (MW cutoff 3.5 kDa, 132594, Spectra/Por 6; Repligen) for 3 d in
decreasing NaCl solutions in DI water (starting at 0.13 m NaCl). After dial-
ysis, alginate was treated with 0.5 g of activated charcoal (C9157, Sigma-
Aldrich) /g alginate for 30 min with continuous stirring. Finally, alginate
was sterile-filtered (0.22 um), lyophilized, and stored at —20 °C. Nb- and
Tz-functionalized alginates (x275 kDa) were functionalized with a DS of 5
as described previously.[>* Unless stated otherwise, all alginate hydrogels
had a final alginate concentration of 20 mg mL~" and were functionalized
with RGD peptide as described above.

Gel Permeation Chromatography: The molar mass distribution of high-
and low-MW alginate (Table S3, Supporting Information) was determined
using a 1260 Infinity Il gel permeation chromatography/size exclusion
chromatography system (Agilent Technologies) at 40 °C. The system was
equipped with a multi-angle light scattering and refractive index detec-
tor. Prior to analysis, lyophilized alginate was dissolved in DMEM/F-12
(11320033, Thermo Fisher Scientific) medium at a concentration of 25 mg
mL~1, diluted to a concentration of 2.5 mg mL™" in 100 x 107> m NaNO,
with 5% w/v sodium azide, and filtered through a nylon filter (0.2 um).
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100 pL sample injections were performed using a tandem column, which
included a Tosoh G4000PWx| 7.8 mm ID X 30 cm and Tosoh G5000PWxI
7.8 mm ID x 30 cm, eluting with 0.5 mL min~" of 100 x 1073 M NaNO,
with 5% w/v sodium azide mobile phase at 40 °C. System calibration was
performed with a narrow standard of polyethylene oxide.

Cell Encapsulation: Kidney organoids were encapsulated in alginate
hydrogels on day 0 or day 7 of the differentiation protocol using 1 mL
Luer-Lok syringes (309628, BD) and a female Luer thread style coupler.
Alginate was dissolved in DMEM/F-12 (11320033, Thermo Fisher Scien-
tific) medium and combined with kidney organoids in one syringe. In an-
other syringe, calcium sulfate dihydrate (C3771, Sigma-Aldrich) was com-
bined with cell culture medium. The contents of the syringes were mixed
(6-8 times) and deposited between glass plates to generate 2-mm-thick
gels. Alginate was incubated at 37 °C and 5% CO, for 1 h and then
transferred to a non-TC treated 12-well plate with 1.2 mL of medium. For
non-RGD functionalized alginate hydrogels, alginate was cast onto glass,
organoids were deposited on top immediately after casting, and then an-
other layer of alginate was added on top to fully encapsulate the organoids.
Encapsulation using Nb-Tz alginate hydrogels!># was performed using
the same method as RGD alginate. Encapsulation in rat tail type | colla-
gen (354249, Corning), low-concentration Matrigel (356231, Corning), or
high-concentration Matrigel (354248, Corning) was completed by mixing
pre-gel with organoids with a wide bore pipette and casting directly onto a
non-TC treated 12-well plate, incubating at 37 °C and 5% CO, for 1h, and
then immersing in culture medium.

Cryosectioning:  Kidney organoids were rinsed in PBS (46-013-CM,
Corning), fixed in 4% paraformaldehyde (15710, Electron Microscopy Sci-
ences) for 1 h at room temperature, and washed three times with PBS.
After washing, organoids were immersed in 30% sucrose (50389, Sigma-
Aldrich) in PBS overnight (>12 h) at 4 °C. Next, organoids were embedded
in Tissue-Tek O.C.T. compound (4583, Sakura), frozen on dry ice, and im-
mediately cryosectioned or stored at —80 °C. 15 or 50-um-thick sections
were cut throughout the entire height of the organoid using a cryostat (CM
1950, Leica) at a temperature of ~#—18 °C. Sections were placed on Super-
frost Plus microscope slides (95057-985, VWR) and stored at —80 °C until
immunofluorescence staining.

Kidney Organoid Staining: To label nephron segments, sectioned kid-
ney organoids were thawed at room temperature and allowed to dry for
~30 min. O.C.T. compound was removed by washing the sections three
times for 10 min with PBS. Next, sections were immersed in blocking
buffer containing 5% (w/v) donkey serum (ab7475, Abcam) in 0.3% PBST
at room temperature for 1 h. After blocking, samples were washed three
times with PBST and then blocked with the streptavidin biotin blocking
kit (SP-2002, Vector Laboratories). Samples were immersed in strepta-
vidin for 15 min, washed with PBS three times, immersed in biotin for
15 min and washed with PBS. Samples were then immersed in primary
antibodies overnight at 4 °C. Samples were then placed at room temper-
ature for 15 min and washed three times with PBS. Next, samples were
immersed in secondary antibody solution for 1 h at room temperature.
To prepare samples for microscopy, 75 uL of Fluoromount-G mounting
medium (35050061, Thermo Fisher Scientific) were added and samples
were sealed with a no. 1.5 glass coverslip (48393-241, VWR) and Cover-
Grip coverslip sealant (23005, Biotium). A complete list of reagents used
for staining kidney organoids is provided in Table S4 (Supporting Informa-
tion).

Transmission Electron Microscopy: Kidney organoids were fixed at
4 °C for #72 h in a 0.1 M sodium cacodylate buffer containing 2.5%
glutaraldehyde and 2.5% paraformaldehyde. Organoids were postfixed
with 1% osmium tetroxide and 1.5% potassium ferrocyanide for 1 h.
Samples were then washed twice in water and once in 50 x 1073 m
maleate buffer pH 5.15 (MB). Next, samples were incubated in 1% uranyl
acetate in MB for 1 h. After incubation, samples were washed once in MB
and twice in water. Samples were next dehydrated in a graded series of
alcohols, transferred to propylene oxide, and infiltrated with a 1:1 mixture
of propylene oxide and TAAB 812 Epon (TAAB Laboratories Equipment
Ltd) for 24 h. Samples were then embedded in TAAB 812 Epon and poly-
merized at 60 °C for 48 h. Embedded samples were sectioned (50-80 nm)
using a Reichert Ultracut-S microtome (Leica), mounted on copper
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grids, and stained with lead citrate. Images were acquired using a JEOL
1200EX transmission electron microscope (JEOL) and an AMT 2k CCD
camera (Advanced Microscopy Techniques). Unless stated otherwise, all
chemicals were purchased from Electron Microscopy Sciences.

Fluorescence Microscopy:  Fluorescence microscopy was conducted us-
ing a Zeiss LSM 710 laser scanning confocal microscope and a 5x air ob-
jective or a 10X, 20x%, or 40x water-immersion objective. The 405, 488, 594,
and 647 nm channels were acquired sequentially. Unless stated otherwise,
images in the manuscript represent single confocal slices of 50-um-thick
organoid cryosections.

Quantification of Nephron Segments: The area of nephron segments
was quantified using Image). Fluorescence images of organoids were con-
verted to binary images. Total fluorescent area (A) and perimeter (P) for
each nephron segment were quantified using the analyze particles com-
mand. The circularity (C) of nephron segments was calculated using Equa-
tion (7).

4rA
=" (M

Atomic Force Microscopy: Experiments were conducted using a JPK
NanoWizard 4XP BioAFM (Bruker) and a cylindrical tip AFM probe (k
~ 0.235 N m~") (SAA-SPH-10 um, Bruker). Mouse embryonic kidneys
(~E15-E17) were dissected, embedded in agar (100262, MP Biomedicals),
and cut into 200-um-thick sections using a microtome (Leica VT1000 S).
Tissue sections were stored in DMEM/F-12 (Thermo Fisher Scientific) at
4 °C until analysis, which was conducted within 48 h of sectioning. AFM
measurements were conducted at room temperature (~22 °C), and tissue
sections remained immersed in DMEM/F-12 throughout the AFM mea-
surements. The Young’s modulus was measured over 25 um? areas using
quantitative imaging mode with a setpoint of 1.5 nN, z length of 1.5 um, z
speed of 78.12 um s~', and pixel time of 48 ms. Stress relaxation measure-
ments were conducted using contact mode force spectroscopy. To mea-
sure stress relaxation, the AFM probe was brought into contact with the
tissue surface with a setpoint of 1 nN, z length of 1 um, and z speed of
1 um s~'. Next, the probe underwent a step indentation into the tissue
with a z length of 0.8 um and z speed of 1 um s~'. The probe was held at
constant height for 120 s while stress relaxation was recorded at a sample
rate of 20 Hz.

Rheological Measurements: Experiments were conducted using a
stress-controlled rheometer (Discovery HR-3, TA Instruments) and a 20-
mm parallel-plate with a 900 um gap. Alginate was mixed with calcium
sulfate to initiate gelation and the top plate was immediately lowered. Ex-
tra material was trimmed, and 5 cSt silicone oil (317667, Sigma-Aldrich)
was added to prevent evaporation. Alginate was allowed to gel until a sta-
ble modulus was reached (1 h). Shear storage and loss moduli were mea-
sured at 1% strain and 1 Hz. Stress relaxation tests were conducted for
3 h at 15% strain. All measurements were conducted at 37 °C.

Parallel-Plate Compression of Alginate Gels: Experiments were con-
ducted using a parallel plate mechanical tester (model 3220-ES Series 11,
Bose) and a previously developed testing program to obtain stiffness and
viscoelasticity.[*®] Alginate hydrogels were cast to a thickness of 2 mm and
diameter of 16 mm. After incubation at 37 °C for 1 hin a cell culture incu-
bator, hydrogels were transferred to 12-well plates with 1.2 mL of culture
medium per gel to be consistent with the cell culture experiments. Gels
were incubated for a total of 15 d, and the culture medium was changed
with the same frequency as that used for cell culture experiments. Mechan-
ical analysis was conducted on days 0, 5, 10, and 15 to assess stability over
the timescales relevant to organoid culture. For mechanical analysis, algi-
nate hydrogels were loaded onto the bottom plate and 100 uL of culture
medium was added on top of the sample to ensure that the hydrogel did
not dehydrate during testing. ~1 g of pre-loading was applied to samples
prior to initiating the test. Next, 10% strain was applied in compression
over 2 s followed by constant strain during a stress relaxation test for 300s.
All measurements were conducted at room temperature.

Quantification of Force/Stress Relaxation Time: The relaxation time of
alginate hydrogels was quantified by calculating the ¢, 3 relaxation time,
which represents the time it takes for the hydrogel to dissipate 33% of the
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initial force or stress measured during the stress relaxation test (described
above).

Calcium Concentration Assay: The free calcium ion concentration of
culture medium was measured using a colorimetric calcium assay kit
(ab102505, Abcam). Samples were analyzed using a multiplate reader
(Synergy Neo2, BioTek).

Osmolality Adjustment and Measurements: The osmolality of cell cul-
ture medium was adjusted by adding various concentrations of unpoly-
merized alginate (MW = 44 kDa) or p-mannitol (M4125, Sigma-Aldrich).
Osmolality was measured using a vapor pressure osmometer (VAPRO
model 5600, Wescor). Instrument calibration was performed using 100,
290, and 1000 mmol kg™' osmolality standards (ELITechGroup).

Computational Model of Nephrogenesis: The computational model,
inspired by previous work,['4°6-611 consists of a particle-based model
wherein the particles are individual cells. In the computational model, cells
have the following properties: a) physical intercellular interaction using
short-range interaction, b) local pressure dictated self-propulsion, growth,
and subsequent cell division resulting in identical daughter cells, and fi-
nally c) linkage formation between neighboring cells using local pressure
and velocity information. These properties of the computational model are
described in detail in the Supporting Information.

Statistical Analysis: Statistical analysis was performed using Graph-
Pad Prism (9.4; GraphPad software). Unless stated otherwise, all exper-
iments were conducted with a minimum of three independent replicates.
For stem cell differentiations, independent replicates are defined as sepa-
rate differentiations. Additional details about the specific statistical tests
are included in the figure legends.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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