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Significance

 Cell biophysical properties drive 
tissue organization and are a 
target for guiding self-
organization in tissue engineering. 
However, quantitative information 
on these properties is sparse. 
Classifying cellular identities and 
biophysical parameters at high 
throughput would accelerate 
progress. However, acquiring cell 
type-indexed information from 
primary tissue- or stem cell-
derived cell suspensions is 
currently challenging. We address 
this through microfabrication, 
data processing, and modeling. 
We present multiplexed adhesion 
and traction of cells at high yield 
(MATCHY) for high-throughput 
measurements of cells dissociated 
from in vitro cultures or primary 
tissues, coupled to identity/state 
and signaling readouts. We apply 
MATCHY to cell biophysical 
transitions in mouse 
nephrogenesis, revealing an 
energetic ratchet occurring during 
nephron condensation. We 
anticipate diverse applications for 
MATCHY across morphogenesis 
and disease.
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Developmental biology- inspired strategies for tissue- building have extraordinary promise 
for regenerative medicine, spurring interest in the relationship between cell biophysical 
properties and morphological transitions. However, mapping gene or protein expression 
data to cell biophysical properties to physical morphogenesis remains challenging with 
current techniques. Here, we present multiplexed adhesion and traction of cells at high 
yield (MATCHY). MATCHY advances the multiplexing and throughput capabilities 
of existing traction force and cell–cell adhesion assays using microfabrication and a 
semiautomated computation scheme with machine learning–driven cell segmentation. 
Both biophysical assays are coupled with serial downstream immunofluorescence to 
extract cell type/signaling state information. MATCHY is especially suited to complex 
primary tissue- , organoid- , or biopsy- derived cell mixtures since it does not rely on a 
priori knowledge of cell surface markers, cell sorting, or use of lineage- specific reporter 
animals. We first validate MATCHY on canine kidney epithelial cells engineered for 
rearranged during transfection (RET) tyrosine kinase expression and quantify a rela-
tionship between downstream signaling and cell traction. We then use MATCHY to 
create a biophysical atlas of mouse embryonic kidney primary cells and identify distinct 
biophysical states along the nephron differentiation trajectory. Our data complement 
expression- level knowledge of adhesion molecule changes that accompany nephron dif-
ferentiation with quantitative biophysical information. "ese data reveal an “energetic 
ratchet” that accounts for spatial trends in nephron progenitor cell condensation as 
they differentiate into early nephron structures, which we validate through agent- based 
computational simulation. MATCHY offers semiautomated cell biophysical characteri-
zation at >10,000- cell throughput, an advance benefiting fundamental studies and new 
synthetic tissue strategies for regenerative medicine.

bioengineering | morphogenesis | cell sorting | kidney development

 Cell collective mechanics are the proximate cause of tissue morphogenesis ( 1 )—the tissue 
growth, shape change, and interfacial geometry between cell compartments that determine 
normal and diseased organ function ( Fig. 1A  ). Interactions between cell tension, adhesion, 
proliferation, and migration sculpt many organs and feedback on cell behavior, for exam-
ple, in heart tube looping, craniofacial development, and condensation of hair follicle, 
feather, gut villus, and limb bud/digit structures ( 2           – 8 ). !e formation of blood-"ltering 
nephron structures in the developing kidney is an archetypal example of the relationship 
between radical mechanical and morphological transitions ( 9 ,  10 ). Cap mesenchyme cells 
(the nephron progenitors) surround the tips of the developing ureteric bud epithelial tree 
(the future urinary collecting ducts), di#erentiating in response to Wnt ( 11 ,  12 ) and other 
biochemical cues from the ureteric bud and surrounding stroma ( 13               – 21 ). Nephron pro-
genitors periodically condense into early nephrons by mesenchymal-to-epithelial transition 
(MET) as they di#erentiate, in parallel with a transition in cytoskeletal and adhesion 
molecule expression typical among other METs ( 10 ,  22         – 27 ). However, this “cell state/
biochemical layer” of understanding has not yet been paired with a commensurate “bio-
physical layer” of cell mechanical changes that guide nephron self-organization. !e lack 
of a complete mechanochemical picture of development remains a signi"cant barrier to 
tissue construction by developmental mimicry, a nascent paradigm in tissue engineering 
for regenerative medicine ( 28 ).        

 One di$culty that hobbles the construction of biophysical-layer understanding across 
developmental systems is a lack of accessible tools for the mechanical characterization of 
cells and tissues. Techniques such as atomic force microscopy ( 29   – 31 ), micropipette aspi-
ration ( 32   – 34 ), optical tweezers ( 35 ,  36 ), droplet deformation ( 37 ,  38 ), and traction-force D

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.p

na
s.o

rg
 b

y 
"U

N
IV

ER
SI

TY
 O

F 
PE

N
N

SY
LV

A
N

IA
 U

PE
N

N
, S

ER
IA

LS
 D

EP
T"

 o
n 

Se
pt

em
be

r 1
8,

 2
02

4 
fr

om
 IP

 a
dd

re
ss

 1
58

.1
30

.1
4.

30
.

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:ajhughes@seas.upenn.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2404586121/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2404586121/-/DCSupplemental
https://orcid.org/0000-0002-7936-3669
https://orcid.org/0009-0009-3042-3171
mailto:
https://orcid.org/0000-0001-6801-3455
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2404586121&domain=pdf&date_stamp=2024-9-18


2 of 10   https://doi.org/10.1073/pnas.2404586121 pnas.org

microscopy (TFM) ( 39 ,  40 ) have yielded advances here ( 41 ). 
However, each of these techniques su#ers from low throughput, 
high technical complexity, or both. In parallel, researchers have 
inferred drivers of self-organization during morphogenesis from 
genetic model studies, primary cell self-organization assays, and 
cytoskeletal/adhesion expression pro"ling ( 34 ,  41     – 44 ). For exam-
ple in nephron-forming niches, knockout of tension and adhesion 
regulators including nonmuscle myosin II (Myh9/10) and integrin 
α8β1 (ITGA8) alter niche and early nephron organization, a#ect-
ing nephrogenesis rate ( 45 ,  46 ). Cells dissociated from embryonic 
kidneys spontaneously recover some aspects of native spatial struc-
ture, at least at short spatial length scales. For example, ureteric 
bud aggregates ( 22 ) surrounded by SIX2+ nephron progenitors 
are capable of rudimentary branching ( 47 ) and some connectivity 
with distal domains of nearby reforming nephrons ( 48 ,  49 ). 
Researchers have made signi"cant progress in de"ning a “cadherin 
code” that distinguishes anatomical compartments, namely di#erential 
expression of cadherins between naive nephron progenitors (Cdh2 , 4 , 
 6 ) and those undergoing MET to renal vesicles and later stages asso-
ciated with nephron segmentation (Cdh1, 2, 3, 4, 6, 11, 16 )  

( 22 ,  23 ,  25 ,  50 ,  51 ). However, cadherin expression alone is not 
necessarily predictive of self-organization outcomes ( 52 ). !ough 
di#erential adhesion/interfacial tension has been raised as a com-
pelling theory explaining niche and (more speci"cally) nephron 
self-organization ( 10 ,  22 ,  50 ,  52     – 55 ), it remains to be tested with 
direct biophysical measurements.

 Here, we present m ultiplexed a dhesion and t raction of c ells at 
 h igh y ield (MATCHY), which enables TFM and cell doublet adhe-
sion assays to be integrated with immuno%uorescence (IF)-based 
cell type and state measurement ( Fig. 1 B –D  ). MATCHY is powered 
by a computational pipeline designed for high-throughput and 
multiplexed measurements. We apply MATCHY to associate 
nephron progenitor lineages with biophysical states during mouse 
nephron development. We "rst validate MATCHY on a well-studied 
Madin-Darby canine kidney (MDCK) cell line engineered to 
express the receptor tyrosine kinase RET ( 56 ). RET functions 
through a ligand–receptor interaction with glial cell-derived neu-
rotrophic factor (GDNF) to activate extracellular signal-related 
kinase (ERK) and other downstream signals to drive branching 
morphogenesis ( 57     – 60 ). ERK signaling, in turn, stimulates cell 

A

C

D

B

Fig. 1.   MATCHY quantifies biophysical properties of cells in compositionally complex mixtures and associates them with cell type/signaling state at high 
throughput. (A) Schematic of biophysical contributions to tissue organization and function in development and disease. (B) Schematic of cell suspension sources 
for MATCHY cell traction and adhesion assays. (C) Schematic of microfabrication workflows for MATCHY traction and adhesion assays. (D) Example high- throughput 
traction and adhesion data for dissociated primary E17 mouse embryonic kidney cells and iPSC- derived kidney cell lineages, respectively. Traction data are 
summarized as a mosaic IF image (Left) of a subset of 200 cells per type category, along with a heatmap showing traction stress for 4,000 cells per category. 
Inset, example cell postfixation and IF staining, alongside fluorescent image of beads in the same area of substrate, as a projection of pre-  and postfixation 
states. Contact angle data are summarized similarly (Right) for a subset of 200 doublets of GATA3 reporter iPSC- derived kidney cell lineages per type category 
out of 2,000 doublets per category. “Homotypic” refers to a contact angle measurement between two cells of the same type, while “heterotypic” refers to that 
between dissimilar cell types. Inset, example fluorescence micrograph of a cell doublet and microwell boundary, indicating one contact angle measurement.
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traction forces across epithelial tissue layers ( 61 ). We show that cell 
traction forces can be measured upon cell "xation rather than lysis, 
enabling downstream analyses such as IF for phospho-ERK (active 
ERK) using semiautomated data analysis. We next apply MATCHY 
to measure traction forces produced by single cells in heterogeneous 
primary cell populations dissociated from the mouse embryonic 
kidney “nephrogenic zone.” We leverage the ability of our pipeline 
to retrospectively link cell traction and identity in these heteroge-
neous cell mixtures. We then repeat a similar analysis for cell dou-
blet adhesion assays in microwell arrays. !ese measurements 
together serve as a biophysical atlas of nephron progenitor lineage 
commitment, showing progressively increasing cell traction and 
homotypic adhesion along the nephron condensation “trajectory.” 
Heterotypic adhesion data reveal an energetic bene"t that would 
tend to drive cells toward physical segregation from the nephro-
genic niche, as observed in vivo. Speci"cally, we "nd that the het-
erotypic adhesion of a given nephron lineage cell type with its most 
closely related di#erentiation state is higher than its homotypic 
adhesion (with cells of the same state), which we refer to as an 
“energetic ratchet.” We show that biophysical data alone are par-
tially su$cient to account for nephrogenic niche-like and early 
nephron structure formation using agent-based modeling and 
primary cell spheroid self-organization assays.

 Together, these data establish MATCHY as a %exible tool for 
mechanical analysis of cell mixtures and provide a biophysical basis 
for nephron formation by MET. By linking such data to organi-
zational outcomes, we establish an engineering blueprint for syn-
thetic nephrogenesis through cell engineering or other methods 
requiring initial or boundary biophysical conditions. Such data 
will inform future e#orts to generate uniform, compact arrays of 
functional nephrons for kidney replacement duty. MATCHY is 
designed for application across a variety of cell systems, enabling 
biophysical characterization of organization across diverse appli-
cations in development, disease, and engineered tissues. 

Results

 We designed MATCHY to correlate cell biophysical information 
with cell identities/states. !is is achieved through simultaneous, 
multiplexed measurement of cell traction forces/cell–cell adhesion 
and protein biomarker expression. For the traction arm of 
MATCHY, we fabricate polyacrylamide gel sheets with validated 
mechanical properties ( 62 ,  63 ) bearing %uorescent microparticles 
as "ducial markers on standard microscopy slide substrates 
( Fig. 1C  ). Cell-adhesive ligands (speci"cally Matrigel in this study) 
are then covalently bound to the gel via an N -hydroxysuccinimide 
(NHS) ester-functionalized acrylic acid comonomer ( 63 ) after 
assembling substrates into a modular culture well system. Cells 
adhere and develop traction forces that can be visualized as a strain 
"eld through de%ection of the %uorescent microparticles. 
Traditionally this is done by comparing bead positions local to 
cells in the stressed state to those after cell traction has been ablated 
via cell detachment/lysis ( 39 ). For the cell–cell adhesion arm of 
MATCHY, we adapted a microwell-based approach to create 
highly parallelized arrays of cell doublets ( 44 ). We polymerized a 
30- µm-thick sheet of nonadhesive polyacrylamide around arrays 
of 20 × 40 µm microposts fabricated through photolithography. 
Once demolded, these arrays enriched for the capture of cell dou-
blets from cell suspensions settled into them by gravity ( 64 ). Cells 
then form contacts upon incubation that report on adhesion 
energy through their contact angle ( 41 ,  44 ,  65 ).

 For the traction arm, we reasoned that IF staining could be inte-
grated with traditional traction force microscopy by replacing cell 
lysis with "xation. Cell "xation still relaxes cell traction stress ( 66 )  

while permanently adhering cells to the polyacrylamide substrate, 
enabling a serial IF assay. Indeed, reading out cell traction by 
"xation successfully recovered 72% of total traction magnitude 
measured by traditional cell lysis in a human-induced pluripotent 
stem cell (iPSC) population (SI Appendix, Fig. S1A  ). A more 
detailed study on a single-cell basis veri"ed that this ratio was 
independent of cell type and stress magnitude over a ~0 to 1,000 
Pa range in cell traction by "xation (SI Appendix, Fig. S1B  ). 
Fixation was also su$cient to retain >70% of cells on the substrate 
throughout subsequent IF staining steps for MDCKs. !is ena-
bled the quantitation of cell identity markers for subsequent cell 
type classi"cation in series with the traction assay. For the cell–cell 
adhesion arm, we similarly found that the polyacrylamide microw-
ell substrate was compatible with automated imaging of endoge-
nous %uorescence of reporter iPSCs and of markers stained by IF 
in situ. >50% of cell doublets were retained in wells throughout 
the IF staining steps regardless of cell type, enabling subsequent 
cell type classi"cation in series with the cell–cell adhesion assay as 
in the traction arm.

 We next created semiautomated experimental and image anal-
ysis processes for both arms of MATCHY. For the traction arm, 
we instituted high-throughput, “one-button” image acquisition 
and preprocessing, multiplexed cell detection, traction force 
microscopy by Fourier transform traction cytometry (FTTC) ( 67 ), 
and cell type classi"cation based on IF marker expression 
(SI Appendix, Fig. S2 ). For the cell–cell adhesion arm, we per-
formed similar automated image acquisition knowing the nominal 
microwell array dimensions, image "ltering to enrich for cell dou-
blets in proper contact, contact angle annotation, and cell type 
classi"cation. !is process enables high-throughput characteriza-
tion of, e.g., primary tissue- and iPSC-derived cell populations 
( Fig. 1D  ) ( 68 ).

 Of the two biophysical measurements comprising MATCHY, 
the traction arm required modi"cation from standard practice to 
integrate IF, whereas our primary contribution to the adhesion 
arm is a higher-throughput implementation. For deeper valida-
tion of the traction arm, we turned to an MDCK cell line over-
expressing the human RET9 receptor (MDCK-RET) ( 56 ) 
(SI Appendix, Fig. S3A  ). !ese cells model RET’s crucial role in 
branching morphogenesis of the developing kidney ureteric bud 
( 59 ,  60 ) ( Fig. 2A  ). MDCK-RET cells change their adhesive prop-
erties and scatter in response to GDNF ( 56 ). Cells activate pERK 
downstream of GDNF-RET and MEK signaling, which also 
involves a coreceptor GDNF-receptor alpha 1 (GFRA1) ( 57 ,  69 ). 
ERK phosphorylation (pERK) stimulates contractile pulses 
within MDCK cell layers by activating the Rho/ROCK pathway 
( 61 ). A similar action of RET through Rho has been observed in 
other cell types ( 70 ,  71 ). In 2D culture, we veri"ed that the 
addition of GDNF + GFRA1 induced MDCK-RET cell scatter-
ing, while untreated cells maintained intact colonies ( Fig. 2B  ). 
However, a quantitative relationship between GDNF-RET sig-
naling and traction force has not been determined. We quanti"ed 
the traction force of MDCK-RET cells treated with GDNF + 
GFRA1 relative to negative controls consisting of untreated cells, 
those treated with GFRA1 only, those treated with GDNF + 
GFRA1 + the MEK inhibitor trametinib (MEKi), or those treated 
with the Rho-associated protein kinase (ROCK) inhibitor 
Y-27632 (ROCKi) or myosin II ATPase inhibitor blebbistatin 
( Fig. 2 C –E  ). GDNF + GFRA1 increased traction stresses by 
1.6-fold, while cells treated with GFRA1 alone showed no 
increase ( Fig. 2D  ). MEKi ablated the traction increase associated 
with GDNF + GFRA1 treatment. ROCKi and blebbistatin treat-
ments also signi"cantly ablated traction stresses relative to 
untreated cells. Leveraging our ability to simultaneously measure D
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RET marker expression and pERK level in the same cells, we 
noted a positive correlation between the two in the cell population 
for a "xed GDNF + GFRA1 stimulation ( Fig. 2E  ). We further 
found that pERK is not activated by GDNF + GFRA1 in 
MDCK-RET kinase-mutant cells, verifying that GDNF acts 
through RET in these cells (SI Appendix, Fig. S3B  ). Traction 
stresses monotonically increased with RET expression in the pres-
ence of GDNF + GFRA1 and indicated a possible switch-like 
increase in cell traction at intermediate expression. In untreated 
controls, there was no correlation between RET level and ERK 
phosphorylation or cell traction. !ese data indicate successful 
implementation of traction force microscopy integrated with 
multiplexed detection of protein markers of cell identity and state 
by immuno%uorescence.        

 Having validated MATCHY’s TFM integrated with IF, we sought 
to create a biophysical atlas of the nephron-forming niche from 
primary mouse embryonic kidney cells ( Fig. 3 ). !ese niches are 
de"ned by “caps” of mesenchyme (nephron progenitor cells) at the 
tips of the branching ureteric bud ( 72 ,  73 ) ( Fig. 3A  ). Nephron 
progenitors proliferate in the niche and di#erentiate into early 
nephron cells that periodically condense by mesenchymal-to-epithelial 
transition into pretubular aggregates (PTAs) ( 55 ,  72     – 75 ). Such mor-
phological transitions are often triggered by cell rearrangement 
caused by changes in cell cortical tension and cell–cell adhesion, a 
process partially explained by models such as the di#erential adhe-
sion/di#erential interfacial tension hypothesis ( 52   – 54 ,  76 ,  77 ). 
Although nephron progenitors express a changing cell adhesion 
molecule pro"le as they transition along their di#erentiation 

A

C

D
E

B

Fig. 2.   MATCHY captures cell traction effects of GDNF- RET signaling at high throughput. (A) Model schematic of ureteric bud tubule branching in the embryonic 
kidney. Right, detail of nephrogenic niche anatomy at ureteric bud tips and the role of RET in MAPK activation via ERK. (B) Phase contrast micrographs of RET- 
expressing MDCK cell line as a reductionist model, with and without 12 h activation using 50 ng/mL GDNF and 100 ng/mL coreceptor GFRA1. (C) Montage of 
phase and immunofluorescence micrographs and traction force microscopy output (displacement and stress fields) for representative MDCK- RET cells after 
the indicated treatments on adhesive polyacrylamide substrate. (D) Violin plots of traction force distribution for indicated treatments showing means and 
quartiles (gray lines, n = 8 replicate wells per condition. Red points are means of replicates. Total cell numbers were 138, 113, 178, 136, 255, and 134 cells, 
respectively. MEKi, trametinib; ROCKi, Y- 27632; bleb., blebbistatin). One- way ANOVA, Tukey’s test, ****P < 0.0001. (E) Plots of RET expression and pERK intensity 
by immunofluorescence upon GDNF/GFRA1 activation vs. untreated control (>1,700 cells combined across n = 8 replicate wells). Traction stress is represented 
by point color and by running average plots (window size of 25 cells).
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trajectory ( 10 ,  22 ,  24 ,  25 ,  75 ,  78     – 81 ), the downstream e#ect of 
this on cell biophysical properties has not been quanti"ed. We "rst 
veri"ed the molecular basis of nephron MET by analyzing existing 
mouse kidney scRNA-seq data published by Combes et al. ( 82 ). 
Gene set enrichment analysis of a precurated list of sets related to 
cell tension and adhesion revealed signi"cant enrichment for all 
of them in cells from the PTA and renal vesicle clusters vs. those 
from the nephron progenitor and “primed” nephron progenitor 
clusters ( Fig. 3B  ). Feature plots con"rmed di#erential expression 
of cadherins Cdh1, 2, 3, 4, 6 , and 11  over the nephron di#erenti-
ation trajectory; each being previously identi"ed as relevant to 
nephron MET and further development ( 22 ,  23 ,  25 ,  50 ,  51 ).        

 We next sought to quantify how these molecular-level changes 
relate to cell biophysical properties among di#erentiating nephron 
progenitors. Mapping the traction stresses of closely related cell 
lineages along a di#erentiation trajectory by traditional means 
requires them to be separately sorted and assayed. !is is challeng-
ing or impossible for rare cell types or those having poorly char-
acterized surface marker pro"les. Alternatively, lineage-speci"c 
reporter mice can be produced to mark cell types of interest before 
sorting by endogenous %uorescence ( 83 ). However, this adds sig-
ni"cant complexity. We instead recovered “nephrogenic zone” 
(surface/cortical layer) cells from E17 mouse embryonic kidneys 
by brief dissociation according to an established protocol ( 13 ,  68 ) 
and relied on post hoc assignment of cell identity after "xation 
and immuno%uorescence for intracellular markers. !is cell mix-
ture is enriched for stromal, nephron progenitor, and early nephron 
lineages. Less than 10% of the recovered cells are mature nephron, 
ureteric bud, endothelial, or immune cells ( 13 ). We performed 
multiplexed traction force measurements and read out predicted 
cell identity using thresholds for canonical protein marker expres-
sion ( Fig. 3C  , nephron progenitor cells, NPC: CITED1+ SIX2+; 
primed NPC, PN: SIX2+; pretubular aggregate, PTA: SIX2 
medium LHX1+; renal vesicle, RV: SIX2 low LHX1+ JAG1+; 
“beyond renal vesicle,” BRV: LHX1 medium JAG1+) ( 84 ,  85 ). 
We then used t-SNE to reduce dimensionality and cluster distinct 
cell populations ( Fig. 3D  ). Overlaying traction data onto these 
clusters showed a progressive increase along the di#erentiation 
trajectory from NPC to BRV. !is predicts that MET is associated 
with an increase in cell contractility, which may be necessary for 
cell compaction from the niche into PTAs. Indeed, appropriate 
lumenization of PTAs during their transition to RVs requires non-
muscle myosin IIA (Myh9 ) and IIB (Myh10 ) expression, suggesting 
that cell contractility is required for the completion of MET ( 45 ). 
Our data indicate that cells exert higher traction stresses as they 
progress along the nephron di#erentiation trajectory.

 We moved on to complement the "nding of MET-associated 
increase in single-cell traction with data from the cell–cell adhesion 
arm of MATCHY. We read-out cell adhesion information via con-
tact angle of cells in doublets incubated for 3 h, again inferring cell 
identities post hoc using immuno%uorescence (Methods ). Similar to 
our traction data, we measured a monotonically increasing homo-
typic adhesion along the nephron progenitor di#erentiation trajec-
tory ( Fig. 3E  ). !e heterotypic adhesion for a given cell lineage 
tended to be higher with closely related daughter lineages compared 
to the homotypic adhesion for that lineage, for example, NPC–PN 
> NPC–NPC, PN–PTA > PN–PN, PTA–RV > PTA–PTA, and 
RV–BRV > RV–RV. !is structure of increasing heterotypic adhe-
sion to homotypic adhesion creates an “energetic ratchet” that may 
favor physical segregation and transit of cells through the morpho-
logical transition to renal vesicles and S-shaped bodies. Moreover, 
cell–cell adhesion appears to reach a maximum at around the RV 
stage, while traction continues to increase through the BRV stage. 
!is ordering may be necessary to establish su$cient cell–cell 

adhesion to permit the radical shape change occurring in the 
nephron upon S-shaped body formation ( 9 ,  10 ,  86 ). !ese data 
indicate a substantial increase in cell–cell adhesion and traction along 
the di#erentiation trajectory that may drive structural transition in 
the developing nephron ( Fig. 3F  ).

 We next wondered whether biophysical modeling of our traction 
and adhesion data from primary mouse kidney cells would predict 
self-organization of the niche and early nephrons ( Fig. 4A  ). Similar 
models have successfully predicted self-organization of other multi-
cellular structures such as mammary acini ( 44 ) and early embryos ( 41 ). 
Previous models for embryonic kidney cell self-organization have 
partially predicted the e#ects of repulsion/attraction within and 
between the cap mesenchyme and the ureteric bud on bud/niche 
organization. However, these did not quantitatively measure cell bio-
physical properties or attempt to explain self-organization of nephron 
lineage cells during early nephrogenesis ( 22 ,  27 ,  87 ,  88 ). To address 
this question, we adapted a cellular Potts (agent-based) model for early 
embryo self-organization ( 41 ), drawing cell–cell adhesion and cortical 
tension parameters from our quantitative biophysical atlas distribu-
tions in  Fig. 3 D –F   (Methods ). We paired the model with a 
self-organization assay consisting of spheroid cultures of the same 
primary cells ( 13 ) ( Fig. 4B  ). In the model, we neglected possible con-
tributions of ongoing cell di#erentiation and proliferation to reduce 
the number of parameters and simplify interpretation of outcomes. 
We hypothesized that the measured biophysical parameters from our 
experiments on dissociated primary nephrogenic zone cells may be 
su$cient to explain nephron condensation, location in the niche, and/
or proximal–distal polarization (i.e., spatial ordering of cells along the 
di#erentiation trajectory during segment patterning,  Fig. 4A  ). We 
reasoned that the model would enable testing these hypotheses.        

 Previous work has noted intimate interactions between cap 
mesenchyme (nephron progenitor) cells and the ureteric bud 
mediated by adhesion molecules such as ITGA8 ( 14 ,  82 ,  89 ). 
However, we did not recover ureteric bud cells and measure their 
traction or adhesion properties. Instead we assumed that their 
homotypic adhesion and heterotypic adhesion with nephron pro-
genitors were arbitrarily high [since ureteric bud cells form core–
shell structures with nephron progenitors in reaggregation assays 
( 22 ,  47 )]. We also assumed that the heterotypic adhesion between 
ureteric bud cells and more di#erentiated nephron lineages was 
negligible (since these never mix in vivo). Using cell–cell adhesion 
and traction force parameters drawn from our biophysical atlas in 
the simulation led to spontaneous clustering and agent cell organ-
ization given an initial cell composition similar to that in the 
mouse nephrogenic niche ( Fig. 4 C  and D   and Movie S1A ). We 
used an initial condition in which di#erentiated agent cells were 
initially randomly distributed, simplifying the more nuanced 
geometry of cell locations in the niche ( 84 ,  85 ,  90 ). Nevertheless, 
di#erentiated agents condensed and formed several qualitative 
morphologies roughly reminiscent of early polarized nephrons at 
the renal vesicle and S-shaped body stages ( Fig. 4 C  and E  ). 
Mimicking the condensation e#ect, LHX1+ JAG1+ early nephron 
cells formed clusters within our primary cell spheroids after 12 h 
culture ( Fig. 4 F  and G  ). In the model, both average cluster size 
and frequency of polarization phenotypes were signi"cantly 
smaller when parameters were “scrambled” to undermine the ener-
getic ratchet by randomly selecting values from the measured 
cell type distributions, though the total area fraction of clusters 
was una#ected ( Fig. 4 D  and E  ). We reasoned that a similar e#ect 
could be mimicked in the primary cell spheroids using published 
speci"c blocking antibodies to cadherins expressed in the early 
nephron ( 91     – 94 ). Indeed, average cluster size was signi"cantly 
decreased in the presence of blocking antibodies for CDH1 
(expressed in RV, BRV), CDH2 (NPC, PN, PTA), or CDH11 D
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(NPC, PN, PTA), though again the total area fraction of clusters 
was una#ected ( 22 ,  23 ,  50 ,  51 ,  82 ,  95 ) ( Figs. 3B   and  4 F  and 
 G  ). !ese data con%ict with "ndings that genetic knockout of 

individual cadherins does not signi"cantly undermine mouse 
nephron MET in CHIR-induced primary nephron progenitor 
cell cultures (speci"cally Cdh2, 3, 4,  or 11 ) or mouse models 

A

C

E F

B

D

Fig. 3.   A biophysical atlas of primary mouse nephrogenic niche cells reveals an energetic ratchet accompanying nephron progenitor differentiation. (A) Left, 
Whole- mount confocal immunofluorescence micrograph of E17 kidney cortical surface showing CITED1+ SIX2+ nephron progenitor niche compartments 
and LHX1, JAG1 differentiation markers. Right, schematic of niche anatomy and stages of nephron progenitor differentiation. NPC, nephron progenitor cell; 
PN, primed nephron progenitor; PTA, pretubular aggregate; RV, renal vesicle; BRV, beyond renal vesicle (comma- shaped body, S–shaped body, etc.). (B) Top, 
tSNE plot of cell clusters and feature plots of cadherin expression over the nephron differentiation trajectory from scRNA- seq data published in Combes 
et al. (82). Arrows indicate clusters having appreciable marker expression. Bottom, gene set enrichment analysis results for the listed sets, comparing NPC/
PN stages to PTA/RV stages. (C) Montage of phase and immunofluorescence micrographs and traction force microscopy output (displacement, disp., and 
stress fields) for primary mouse E17 embryonic kidney nephrogenic zone cells representative of each cell type along the differentiation trajectory. (D) Top, 
t- SNE dimensionality reduction plots based on expression of the markers in (C) showing annotation of clusters by cell type (Left) and by traction force (Right). 
Bottom, Violin plots of traction force by cell type showing means and quartiles (gray lines, n = 8 replicate wells; red points are means of replicates). One- way 
ANOVA, Tukey’s test, ****P < 0.0001. (E) Plot of cell–cell contact angle between the indicated homotypic and heterotypic pairs (mean ± SD, n > 100 pairs per 
comparison), and heat- map matrix of median contact angles. Arrows highlight the relationship between homotypic contact angle for a given cell type and 
that for its heterotypic contact with the most closely related cell type along the differentiation trajectory. (F) Biophysical atlas showing median traction and 
homotypic adhesion data mapped as colors onto the niche schematic.
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A B

C

F

G H

D E

Fig. 4.   An energetic ratchet in cell contractility and adhesion properties is sufficient to explain early nephron condensation and partially sufficient to explain subsequent 
polarization. (A) Schematic of nephron formation properties potentially affected by an energetic ratchet in cell–cell adhesion and tension during nephron progenitor 
commitment. (B) Schematic of hypothesis for dissociated mouse embryonic kidney cell self- organization driven by cell biophysical properties. NPC, nephron progenitor 
cell; PN, primed nephron progenitor; PTA, pretubular aggregate; RV, renal vesicle; BRV, beyond renal vesicle (comma- shaped body, S- shaped body, etc.). (C) Agent- 
based simulations of nephrogenic niche self- organization. Top Left, Example simulation initial condition with ureteric bud cells clustered together and other nephron 
lineage cells randomly arranged around it. Bottom Left, example “scrambled” parameter simulation with biophysical properties of nephron lineage cells randomly 
chosen from all traction and adhesion distributions. Right, example “correct” parameter simulations with biophysical properties of nephron lineage cells randomly 
chosen from the traction and adhesion distributions corresponding to their correct cell lineages. Condensed cell clusters are qualitatively annotated according to 
the indicated morphology types: “core–shell” (annular distribution of cell types along the differentiation trajectory), “linear” (linear distribution), “mixed” (no apparent 
order), “cup” (combining features of core–shell and linear), or “twin” (clusters with two linear axes fused with each other). (D) Plots of fraction of simulated nephrogenic 
niche occupied by clusters and average individual cluster size (area) at simulation start (“preclustering”), and end (“postclustering”) for correct and scrambled parameter 
cases (points are simulation instances, mean ± SD, n > 30 simulations per condition). (E) Plot of representation of qualitative cell cluster sorting states in the model.  
(F) Immunofluorescence micrographs of primary E17 nephrogenic zone cell spheroids immediately after aggregation (Left), and after 12 h incubation in control 
media (ctrl) or in the presence of blocking antibodies for the indicated cadherins (Right). Arrows indicate condensed cell clusters. (G) Plots of fraction of spheroid 
area occupied by clusters, and average individual cluster size (area) at experiment start (“preclustering”), and end (“postclustering”), for spheroids cultured without 
(“ctrl”) or with cadherin blocking antibody (points are spheroids, mean ± SD, n > 10 spheroids per condition). “CDH1i” = blocking antibody for CDH1, etc. (H) Schematic 
summary of biophysical prediction of nephron formation properties. Statistics in (D) and (G) are one- way ANOVA, Tukey’s test, ***P < 0.001, ****P < 0.0001.D
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(Cdh4 −/− , Cdh6 −/− ) ( 24 ,  50 ,  51 ). However, knockout of Cdh6  
(and potentially of Cdh4 ) does delay nephron epithelialization 
( 24 ,  51 ). Furthermore, kidney explant culture magni"es the loss 
of MET for Cdh4 −/−  kidneys and when a blocking antibody for 
CDH6 is used in wild-type kidneys ( 23 ,  51 ). !is indicates a 
lower robustness and/or slower kinetics of nephron condensation 
upon single cadherin perturbation that reveals itself in our sphe-
roid assay for condensation of already di#erentiated rather than 
induced cells, as it does in explant culture. Overall, the primary 
cell and modeling data indicate that an energetic ratchet in 
nephron lineage cell biophysical properties is su$cient to explain 
early nephron condensation and some of the spatial organization 
of early mouse nephrons ( Fig. 4H  ). Further robustness may be 
achieved in vivo through additional factors provided by the ure-
teric bud and surrounding stromal cells that are not currently 
captured by the model ( 19 ,  84 ,  96   – 98 ).  

Discussion

 Gene expression and signaling pathways operate through single-
cell and supracellular biophysical properties to determine tissue 
structure ( 99 ). A quantitative understanding of biophysical 
changes along di#erentiation trajectories is therefore necessary to 
guide tissue organization in engineered, developing, and diseased 
tissues alike. Cell–cell heterogeneity necessitates high-throughput 
measurements to capture the full distribution of biophysical 
changes within and between multiple cell states. Here, we address 
these needs in MATCHY via microfabrication, serial integration 
of biophysical and molecular characterization assays, and machine 
learning automation. We achieve quantitation of adhesion and 
traction of >10,000 cells across >8 independent experimental con-
ditions in the same experiment, all within 12 h of tissue dissoci-
ation. !e MATCHY approach is adaptable to any tissue type 
amenable to single-cell dissociation. We chose kidney develop-
ment as a case study due to the complexity of cell dynamics, 
decision-making, and self-organization within its nephrogenic 
niches. We "rst validated MATCHY performance for GDNF-
RET tyrosine kinase signaling in a cell line model of its e#ects on 
ureteric bud branching morphogenesis. !is revealed a correlation 
between MAPK signaling activation and downstream cell traction 
that scales with RET receptor expression. We then explored the 
multiplexing capability of MATCHY for primary cell suspensions 
prepared from mouse embryonic kidneys, "nding monotonic 
increases in both cell traction and adhesion along the nephron 
di#erentiation trajectory that complement previous characteriza-
tion of an expression-level adhesive switch program associated 
with MET. !e adhesion data reveal an “energetic ratchet” among 
di#erentiating cell types where the heterotypic adhesion of a given 
cell type with its most closely related di#erentiation state is higher 
than its homotypic adhesion. !is would tend to spatially recruit 
di#erentiating cells into progressively more mature tissue com-
partments, potentially explaining physical segregation of newly 
formed nephrons from the niche. To explore this, we performed 
agent-based modeling, which predicted condensation of early 
nephrons in the nephron progenitor niche using parameters sam-
pled from cell experiments. !e model also partially predicted 
spatial sorting of di#erentiation states in an analogous fashion to 
that occurring during polarization of the nephron in vivo. Together 
these data provide a biophysical atlas of nephrogenesis—an impor-
tant roadmap for tissue engineering e#orts to reconstitute 
nephrogenesis in iPSC-derived kidney organoids for regenerative 
medicine applications.

 Our contributions here leave several areas for future study and 
consideration. First, we did not consider traction or adhesion 

properties of ureteric bud or stromal cells. !ese compartments 
form important niche boundary interfaces that likely contribute 
to nephron progenitor sorting dynamics. For example, the ureteric 
bud makes adhesive interactions with nephron progenitors 
through a range of cell–cell and cell–matrix ligand–receptor pairs, 
notably ITGA8–nephronectin, which is required for proper niche 
organization ( 46 ,  82 ,  89 ). Similarly, the underlying cause of new 
nephron positioning at the curved “armpits” of branching ureteric 
bud tips is an active area of interest ( 100 ,  101 ). Our simulations 
show some intriguing curvature of the ureteric bud local to sites 
of nephron condensation, suggesting that this may be more of a 
“chicken and egg” problem than previously recognized. !e renal 
stroma, which forms “ribbons” that divide niches and surround 
newly forming nephrons, was recently shown to have signi"cant 
spatial heterogeneity local to the niche and along the corticom-
edullary axis ( 102 ,  103 ), and basal adhesion of cells to surrounding 
stroma may contribute to sorting outcomes ( 44 ). !e contribution 
of ureteric bud and stromal cells could be readily integrated in 
future work. Second, removing cells from their native tissue envi-
ronment risks distorting readout of true in vivo biophysical prop-
erties by altering surface adhesion receptor integrity and limiting 
measurements to those possible through cell interactions with an 
appropriate traction force substrate or single partner cell type in 
adhesion measurements. For many questions, these caveats are 
likely to be a reasonable tradeo# against the volume of information 
that can be gathered by MATCHY compared to the few in vivo 
measurement tools that exist ( 38 ,  104           – 110 ). !ird, we used a 
simpli"ed model that neglected possible contributions of contin-
uous cell di#erentiation and proliferation to early nephron mor-
phology. Progressive recruitment of di#erentiating cells ( 85 ) and 
cell proliferation likely have a role in de"ning especially the spatial 
structure of nephron segments after initial nephron condensation. 
In preliminary data, we indeed found that adding a serial cell 
di#erentiation process to the model increased the fraction of early 
nephron structures scored as having a linear sorting state after they 
self-organized (SI Appendix, Fig. S4 , Movie S1B , and Methods ). 
!e model can be readily modi"ed to further accommodate these 
features in future work.

 In summary, MATCHY contributes a high-throughput and 
user-friendly extension to existing cell biophysical characterization 
techniques. MATCHY provides a powerful benchmarking tool 
for mechanobiology studies and emerging tissue engineering strat-
egies. !ese seek to synthetically control and leverage 
self-organization principles to build complex tissue “seeds” with 
further developmental potential ( 28 ,  41 ,  111 ). In the kidney engi-
neering space, for example, such tight feedback between multi-
cellular design, biophysical measurement, structure prediction, 
and in vitro reconstitution carries a promising potential to control 
nephron formation, polarization, and connectivity. Kidney tissues 
assembled by leveraging biophysical principles have enormous 
potential to contribute a third arm to kidney replacement strate-
gies beyond transplantation and dialysis in the future.  

Methods
Full methods are provided in SI Appendix. Distal nephron and ureteric bud epithelial 
cells were derived from GATA3YFP and GATA3mCherry transgenic reporter iPSC lines 
according to published protocols (112, 113). MDCK- hRET9 and MDCK- hRET9KM cell 
lines (56) were cultured in a selection medium containing 100 µg mL−1 neomycin 
(G418, 50 µg mL−1 stock, Penn Cell Center) to remove nonexpressing cells. Mouse 
protocols followed NIH guidelines and were approved by the Institutional Animal 
Care and Use Committee of the University of Pennsylvania. Mouse embryonic kid-
neys were dissected from E17 embryos collected from timed pregnant CD- 1 mice 
(Charles River) and stages confirmed by limb anatomy as previously described (114). D
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Primary cell dissociation was achieved through 0.5% pancreatin (Sigma- Aldrich, 
P7545) and 0.25% Collagenase A (Sigma- Aldrich, C0130) treatment. MATCHY 
microfabrication followed SU- 8 photoresist on silicon wafer, polyacrylamide gela-
tion, and surface treatment protocols. MATCHY traction force and cell–cell adhesion 
protocols are provided in SI Appendix. Cellular Potts modeling was implemented in 
Python. Gene expression matrices generated from scRNA- seq of dissociated E18.5 
mouse embryonic kidneys in Combes et al. were used for feature plots and gene 
set enrichment analysis (82).

Data, Materials, and Software Availability. MATCHY code and agent- based 
modeling code are available at https://github.com/jiageng409/HughesLab_
MATCHY_Pipeline (115). All experiment data necessary for the interpretation of 
results are included in the manuscript and supporting information.
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