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a b s t r a c t 
While it is known that cells with differential adhesion tend to segregate and preferentially sort, the phys- 
ical forces governing sorting and invasion in heterogeneous tumors remain poorly understood. To investi- 
gate this, we tune matrix confinement, mimicking changes in the stiffness and confinement of the tumor 
microenvironment, to explore how physical confinement influences individual and collective cell migra- 
tion in 3D spheroids. High levels of confinement lead to cell sorting while reducing matrix confinement 
triggers the collective fluidization of cell motion. Cell sorting, which depends on cell-cell adhesion, is 
crucial to this phenomenon. Burst-like migration does not occur for spheroids that have not undergone 
sorting, regardless of the degree of matrix confinement. Using computational Self-Propelled Voronoi mod- 
eling, we show that spheroid sorting and invasion into the matrix depend on the balance between cell- 
generated forces and matrix resistance. The findings support a model where matrix confinement modu- 
lates 3D spheroid sorting and unjamming in an adhesion-dependent manner, providing insights into the 
mechanisms of cell sorting and migration in the primary tumor and toward distant metastatic sites. 
Statement of significance 
The mechanical properties of the tumor microenvironment significantly influence cancer cell migration 
within the primary tumor, yet how these properties affect intercellular interactions in heterogeneous 
tumors is not well understood. By utilizing calcium and calcium chelators, we dynamically alter collagen- 
alginate hydrogel stiffness and investigate tumor cell behavior within co-culture spheroids in response 
to varying degrees of matrix confinement. High confinement is found to trigger cell sorting while re- 
ducing confinement for sorted spheroids facilitates collective cell invasion. Notably, without prior sorting, 
spheroids do not exhibit burst-like migration, regardless of confinement levels. This work establishes that 
matrix confinement and intercellular adhesion regulate 3D spheroid dynamics, offering insights into cel- 
lular organization and migration within the primary tumor. 

© 2024 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
1. Introduction 

The primary tumor microenvironment plays a crucial role in 
facilitating the movement of cancer cells beyond the primary tu- 
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mor. These cells navigate through the stroma, eventually infiltrat- 
ing nearby microvessels through the process of intravasation [1–
3] . In confined tumors that exhibit a high cellular density, can- 
cer cells must proliferate and migrate in order to promote tumor 
growth and metastasis. However, unchecked proliferation within 
these restricted spaces can lead to confinement stress [4–6] . This 
stress in turn induces changes in cell-cell interactions and influ- 
ences tumor development and compartmentalization [ 7 , 8 ]. Many 
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cell-cell interactions depend on E-cadherin-based cell-cell junc- 
tions to preserve tissue cohesion and maintain active force trans- 
mission [9–11] . During cancer metastasis, E-cadherin is downregu- 
lated in epithelial-to-mesenchymal transition (EMT), which desta- 
bilizes cell-cell junctions and promotes invasiveness [ 12 , 13 ]. Can- 
cer invasion and metastasis have been shown to occur in both E- 
cadherin-expressing and -deficient tumors [11] . However, the im- 
pact of the mechanical properties of the tumor microenvironment 
on intercellular interactions, especially in heterogeneous tumors, 
remains unclear. 

A heterogeneous cell composition effectively replicates the 
physiological tumor microenvironment and introduces heterotypic 
cell-cell interactions [ 14 , 15 ]. Mixtures of two cell types with differ- 
ences in cell-cell adhesion have been observed to undergo sorting 
[ 16 , 17 ], however the cell-cell and cell-substrate interactions driv- 
ing this phenomenon in tumors are not well understood. Recent 
work suggests that changes to cell-cell adhesion associated with 
EMT are related to cellular jamming and unjamming [ 18 , 19 ]. When 
cells are jammed, they behave as a solid-like state in which in- 
dividual cellular motion becomes arrested, and unjamming rep- 
resents a transition to a fluid-like state in which cells exchange 
neighbors and the tissue flows in response to fluctuations [ 20 , 21 ]. 
In essence, the physical mechanisms that orchestrate jamming—
unjamming behavior are driven by cellular properties, such as cell- 
cell and cell-substrate interactions [22] . 

Migrating cells within the tumor microenvironment encounter 
various physical cues that alter their behavior and migration pat- 
terns, including ECM stiffness, fluid shear stress, interstitial fluid 
pressure, and fluid viscosity [23–26] . In particular, microenviron- 
mental conditions involving cell-substrate interactions play a piv- 
otal role in regulating 3D collective migration [ 23 , 27 ]. Many cell 
types rely on integrin-based traction forces to facilitate migration, 
and enhanced cell-substrate adhesion is associated with increased 
cell spreading and greater motility [ 22 , 28 , 29 ]. Notably, the me- 
chanical properties of the substrate itself are also a significant fac- 
tor in influencing cell behavior, and cells tend to exhibit more pro- 
nounced spreading and faster migration on stiffer substrates [30–
32] . 

Collagen gels provide a versatile method for adjusting substrate 
stiffness, achieved through measures such as increasing collagen 
concentration or employing more potent crosslinking agents [33–
35] . Hybrid hydrogels, such as GelMA-collagen gels, offer a pre- 
cise mechanism for finely tuning both mechanical properties and 
ligand density [36] . Similarly, collagen-alginate gels allow for the 
independent modulation of the stiffness of the alginate compo- 
nent, with collagen introduction regulating ligand density for cell 
adhesion and interactions. Collagen-alginate hydrogels display vis- 
coelastic properties only during gelation, which occurs as the tem- 
perature increases from 4 to 37 °C [37] . Post-curing, they be- 
have more like solids than viscous fluids [37] . Changing the cal- 
cium concentration does not significantly alter the distribution of 
their pore sizes [37–39] . Moreover, varying the degree of calcium 
crosslinking does not impact the availability of cell adhesion mo- 
tifs on the collagen network [37] . By leveraging calcium and cal- 
cium chelators such as ethylene glycol tetraacetic acid (EGTA), we 
can manipulate the hydrogel’s stiffness in a time-dependent man- 
ner, mirroring the physical properties observed in the tumor mi- 
croenvironment. Invasive cancer cells possess the capability to de- 
grade collagen through the secretion of matrix metalloproteinases 
(MMPs) [40] . Thus, alginate finds greater relevance in contexts 
where degradation is limited or not feasible. In our study, we aim 
to investigate the specific influence of matrix stiffness on cell sort- 
ing and invasion within 3D spheroids. 

In our investigation into the impact of matrix confinement on 
cancer migration, we propose that tumor cell migration occurs in 
two distinct stages, in which cell sorting leads to pressure-driven 

cellular invasion. In this study, we tune matrix confinement to 
illustrate the critical role that ECM stiffness plays in tumor de- 
velopment and distant metastasis. Increased matrix confinement 
triggers cell sorting within a spheroid, causing cells sorted to the 
spheroid core to become jammed. A reduction in matrix confine- 
ment causes the collective fluidization of cell motion, propelling 
normal epithelial cells and cancer cells into the matrix with high 
velocity. Using a computational Self-Propelled Voronoi (SPV) model 
to simulate a heterogeneous tissue, we confirm the experimental 
finding and further show that decreasing the cell-medium contact 
tension downregulates confinement stress and leads to cell inva- 
sion. The results yield insights into the interplay between confine- 
ment stress, cell-cell adhesion, and 3D jamming–unjamming tran- 
sitions in breast cancer metastasis. 
2. Materials and methods 
2.1. Cell culture 

The cell lines MCF10A, MCF7 and MDA-MB-231 were gifts from 
Sofia Merajver (University of Michigan). MCF10A cells were ob- 
tained from Gloria Heppner at the Michigan Cancer Foundation 
where the cell line was originally developed, MCF7 cells were 
originally obtained from ATCC, and MDA-MB-231 cells were ob- 
tained from Janet Price (MD Anderson Cancer Center) where the 
cell line was originally developed. MCF10A cells were cultured in 
DMEM/F12 medium (Gibco) supplemented with 5 % horse serum, 
20 ng/ml epidermal growth factor (EGF), 0.5 µg/ml hydrocortisone, 
100 ng/ml cholera toxin and 10 µg/ml insulin. MCF7 and MDA-MB- 
231 cells were cultured in DMEM medium (Gibco) supplemented 
with 10 % FBS. Cells were cultured in a humidified atmosphere 
containing 5 % CO2 at 37 °C. 
2.2. Stable cell lines 

Stable cell lines expressing EGFP or Lifeact-RFP were gener- 
ated via lentiviral transduction. EGFP lentivirus was produced from 
pSMPVW-EGFP obtained from Andrew Tai (University of Michi- 
gan). The lentiviral transfer plasmid pLVX-puro-RFP-Lifeact was 
cloned from RFP-Lifeact obtained from Gaudenz Danuser (UT- 
Southwestern). Lentiviruses were generated by transfecting HEK 
293T cells with the transfer vector, psPAX2 packaging vector, and 
pMD2.G envelope vector. Viral supernatant was collected 48 h af- 
ter transfection and used to infect the target cell lines. After 24 h, 
transduced cells were selected with 2 µg/mL puromycin for 5 days. 
2.3. E-cadherin knockdown 

MCF10A cells expressing inducible shRNA knockdown of E- 
cadherin was generated using a transfer plasmid provided by Va- 
lerie Weaver at UCSF [41] . The transfer vector consisted of a mod- 
ified pLKO.1 neoplasmid (Addgene) with expression of the shRNA 
sequences under control of 3 × copies of the lac operator. The 
E-cadherin shRNA had the following sequence: 5′ - GAACGAGGC- 
TAACGTCGTAAT - 3′ ; scramble shRNA (Sigma #SHC002) had the 
following sequence: CCGGCAACAAGATGAAGAGCACCAACTCGAGTTG- 
GTGCTCTTCATCTTGTTGTTTTT. MCF10A cells were transduced with 
E-cadherin shRNA or scramble non-targeting control shRNA for 
48 h. shCDH1 and scramble cells were selected with 200 µg/ml 
G-418 (Sigma) and 2 µg/mL puromycin, respectively. E-cadherin 
knockdown was induced in shCDH1 cells by adding 200 µM 
isopropyl- β-d-thiogalactoside (IPTG; Sigma) 72 h prior to experi- 
ments. 
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2.4. Encapsulation of tumor spheroids in a collagen-alginate hydrogel 
Inverse pyramidal PDMS microwells (AggreWellTM , Stem Cell 

Technologies) were treated with anti-adherence rinsing solution 
(Stem Cell Technologies) to prevent cell adhesion. Cells were de- 
tached with 0.25 % trypsin-EDTA (Life Technologies) and added 
to the microwells at a concentration of ∼10 0 0 cells per microw- 
ell. For co-culture spheroids, MCF10A cells were mixed with MDA- 
MB-231, MCF7 or MCF10A shCDH1 KD cells at a 2:1 ratio. The 
cells were centrifuged at 300 g for 5 min to aggregate the cells 
at the bottom of the microwells, and spheroids formed overnight. 
The following day, the spheroids were harvested from the microw- 
ells and encapsulated in collagen-alginate hydrogels consisting of 
3 mg/ml type I rat tail collagen (RatCol, Advanced BioMatrix) and 
0.25 % alginate (Nalgin HG, Tilley Chemical). A 6-well plate with 
a central hole in each well, with a glass slide adhered beneath, 
was utilized to create uniform and flat hydrogels. Subsequently, 
the hydrogels were incubated at 37 °C for 1 h for collagen poly- 
merization, and then the encapsulated spheroids were imaged (day 
0). Alginate crosslinking density and hydrogel stiffness were inde- 
pendently modulated through the concentration of CaCl2 that was 
added to the cell culture medium after imaging on day 0. On day 
4, the spheroids were imaged and then washed 1 × with PBS. Af- 
terward, the spheroids were either fixed for immunofluorescence 
staining or incubated with 0, 5 or 10 mM EGTA in PBS for 1 h to re- 
verse the alginate crosslinking process. Following this, the samples 
were washed 3 × with PBS and then fresh medium was added. On 
day 6, the spheroids were fixed for immunofluorescence staining. 

FITC-labeled collagen-alginate hydrogels were prepared by in- 
cubating 2.5 % FITC-labeled rat collagen on ice overnight. The fol- 
lowing day, MCF10A and MCF7 Lifeact-RFP co-culture spheroids 
were harvested from the microwells and encapsulated in collagen- 
alginate hydrogels consisting of 2.5 % FITC-labeled 2.5 mg/ml type I 
rat tail collagen and 0.25 % alginate treated with different amounts 
of CaCl2 . 

The Young’s moduli of collagen-alginate hydrogels were mea- 
sured after 4 days of incubation with 0, 5 or 10 mM CaCl2 or after 
treatment with 0, 5, or 10 mM EGTA in PBS for 1 h following 4 
days of incubation in 10 mM CaCl2. Measurements were made us- 
ing a MicroSquisher (CellScale). A microbeam with a diameter of 
203.2 µm, modulus of 411,0 0 0 MPa, and length of 59.5 mm was 
fixed to a 0.75 mm diameter glass bead and mounted to the ver- 
tical actuator. The samples were submerged in a solution of 1 % 
BSA in PBS to reduce adhesion and compressed 3–4 times at dif- 
ferent locations with a vertical displacement of 50–150 µm and 
at a loading rate of 1 µm/s. The Young’s modulus was calculated 
using the linear slope of the stress-strain curve. 

Viscoelasticity characterizations were performed using a Dis- 
covery HR-2 rheometer (TA Instruments) with 20 mm top- and 
bottom-plate stainless steel geometries. After incubation with 0, 5, 
or 10 mM CaCl2 for 24 h, collagen-alginate hydrogels were loaded 
onto the center of the bottom plate, and the 20 mm flat top plate 
was quickly lowered to secure the gel. Prior to loading, sandpaper 
was glued onto the top and bottom plate to prevent hydrogel slip- 
ping. A time sweep was conducted at 1 rad/s and 1 % strain for 
10 0 0 s, and measurements were taken every 10 s. The loss tangent 
for each measurement was calculated by the TRIOS software (TA 
Instruments), and the averages of each run were recorded. 
2.5. Confocal microscopy 

Images were taken using an oil immersion UplanFL N 10 x/1.30 
NA (Olympus) objective on an inverted microscope (Olympus IX- 
81) equipped with an iXON3 EMCCD camera (Andor Technology), 
National Instrument DAQ-MX controlled laser (Solamere Technol- 
ogy), and a Yokogawa CSU-X1 spinning disk confocal unit. Z-stack 

images of spheroids expressing EGFP or Lifeact-RFP and fluores- 
cently labeled for DAPI were taken at excitation wavelengths of 
488, 561 and 405 nm, respectively. Z-stack images of spheroids 
fluorescently labeled for E-cadherin, vimentin, or F-actin (by 670- 
phalloidin) were taken at an excitation wavelength of 640 nm. 
2.6. Immunofluorescence staining and image analysis 

Spheroids embedded in hydrogels were washed with PBS and 
fixed with 4 % paraformaldehyde for 1 h, washed with PBS, and 
permeabilized with 0.1 % Triton X-100 in PBS for 4 h. Then, cells 
were washed with PBS and blocked with 3 % BSA in PBS overnight 
at 4 °C. The following morning, cells were incubated with a mouse 
anti-E-cadherin antibody at 1:500 (610,181, BD Biosciences) or a 
rabbit anti-vimentin antibody at 1:400 (D21H3, Cell Signaling) in 
3 % BSA overnight at 4 °C. Next, cells were washed 3 × with PBS 
for 30 min per wash and incubated with DAPI and a secondary 
antibody in 3 % BSA overnight at 4 °C. Hydrogels were washed 
3 × with PBS as described above and imaged by spinning disk con- 
focal microscopy. 

To quantify cell sorting and the E-cadherin signal, the median 
slice from each z-stack was analyzed. Using the Fit Ellipse and Cen- 
troid options in Fiji, the coordinates of the center of the spheroid 
and the semi-major axis of the spheroid were extracted. Using the 
Multi-point tool, the coordinates of individual cells were recorded. 
As a measure of cell sorting, the distance index (DI) was calcu- 
lated by dividing the cell’s distance from the spheroid center by 
the spheroid’s semi-major axis [17] . The E-cadherin signal at cell–
cell contacts was quantified by measuring fluorescence intensity at 
the cell membrane and was calculated per cell by dividing the inte- 
grated density by the number of cells (indicated by DAPI) for each 
image. 

ImageJ was used to generate maximum projection images of 
FITC-labeled collagen gel and fluorescence intensity line scans. Line 
scans (3-pixel width) of about 350 µm were drawn across the cen- 
ter of the spheroid. Fluorescence intensity was measured along the 
line and background subtraction was performed by subtracting the 
minimum intensity along the scan from all measurements. “Fire”
LUT was used for image color representation. 
2.7. Time-lapse imaging and analysis 

For time-lapse imaging, images were acquired on an Olympus 
IX-81 inverted microscope, as previously described, or a Nikon-A1 
laser scanning confocal microscope, equipped with an environmen- 
tal chamber. Cell motility was recorded at 1-hour intervals over 
18 or 24 h, with a 4 µm z-step. Individual cell trajectories were ob- 
tained using TrackMate in Fiji, where the LoG detector was used 
for spot detection with median filtering and subpixel localization, 
and the linear motion LAP tracker was used to link spots. After ex- 
porting the tracks as XML files, cell motility rates were calculated 
for each spheroid [42] , and MSDs were analyzed using a MATLAB 
per-value class for MSD analysis of particle trajectories [43] and 
plotted in log-log scale, where the slope gives the diffusion coeffi- 
cient α. 

To calculate distance index from time-lapse sequences, z-stacks 
captured at 0, 8, 16 and 24 h were analyzed. Using the 3D pro- 
jections of z-stacks taken at 0 h, the initial time point, the cen- 
troid location and semi-major axis of each spheroid were extracted 
in MATLAB via the “regionprops” function, which approximates 
spheroids as ellipses. Next, individual cell positions were acquired 
in TrackMate using the median slice of each z-stack. After export- 
ing the cell coordinates as XML files, the distance index for each 
cell at all four time points was calculated using custom MATLAB 
code. 
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2.8. Western blotting 
Samples were run on SDS–PAGE 4–20 % Bio-Rad gels (15 

well/15 µl). SDS-PAGE gels were run at a constant 120 V for 90 min. 
Proteins were transferred to a nitrocellulose membrane using the 
iBlot transfer system and the membrane was blocked in 5 % milk 
in TBS-T for 1 h at room temperature. Blots were incubated with 
a primary rabbit GAPDH antibody at 1:10 0 0 (D16H11, Cell Signal- 
ing), a mouse anti-E-cadherin antibody at 1:20 0 0 (610,181, BD Bio- 
sciences), and a primary rabbit anti-vimentin antibody at 1:10 0 0 
(D21H3, Cell Signaling) in 5 % BSA in TBS-T overnight at 4 °C. 
GAPDH was used as a loading control for quantifying relative gene 
expression. Blots were washed 3 × with TBS-T, incubated with sec- 
ondary antibodies for 1 h at room temperature, and then washed 
again with TBS-T as described above. Western blots were imaged 
using an Azure Biosystems Sapphire System. 

Western blot results were acquired for unencapsulated 
spheroids. In the case of spheroids encapsulated in crosslinked 
collagen-alginate hydrogels, the hydrogels did not break down 
in lysis buffer. This lack of breakdown caused the spheroids to 
become trapped within hydrogel fragments, leading to a very low 
protein yield. 
2.9. Statistical analysis 

Statistical analysis was carried out in Origin and performed 
with one-way ANOVA followed by Tukey post-hoc multiple com- 
parisons test. Results were collected from three independent ex- 
periments and data from individual cells or spheroids were plotted 
as mean ± S.E. or shown as boxplots, depending on the experiment. 
Statistical significance was denoted by asterisks in the figure pan- 
els, with ∗ = p < 0.05, ∗∗ = p < 0.01, ∗∗∗ = p < 0.001. 
2.10. Self-propelled voronoi (SPV) model of a heterogeneous tissue 

To investigate how cells behave invasively under different con- 
finement levels, we use the recently developed SPV model [45,46]. 
In the SPV model, the basic degrees of freedom are the set of 2D 
cell centers {ri } and cell shapes are given by the resulting Voronoi 
tessellation. The complex biomechanics that governs intracellular 
and intercellular interactions can be coarse-grained [46–52] and 
expressed in terms of a mechanical energy functional for individual 
cell shapes. 
E = 1 

2 
N ∑ 

i =1 
[ 

KA ( Ai − A0 ) 2 + KP ( Pi − P0 ) 2 ] + 2 ∑ 
⟨ i j ⟩ λi j Li j . (1) 

The SPV energy functional is quadratic in both cell areas Ai 
with modulus KA and cell perimeters Pi with modulus KP . The pa- 
rameters A0 and P0 set the preferred values for area and perimeter, 
respectively. To simulate a heterogeneous tissue [53] , we have a 
linear tension term in the energy function Eq. (1) . λi j is the junc- 
tional tension shared by cells i and j with contact edge length Li j . 
In a heterogeneous tissue with two types of cells, λi j is determined 
by the cell type of i and j. For example, in a tissue with two cell 
types A and B, we can define tensions as τAA , τBB and τAB for A-A, 
B-B and A-B cell contacts. 

The deformation of the actin-myosin cortex concentrated near 
the cell membrane is mainly responsible for changes to cell 
perimeters. After expanding Eq. (1) , the term 1 

2 KP P2 
i corresponds 

to the elastic energy associated with deforming the cortex. The 
linear term in cell perimeter, −KP P0 Pi , and λi j Li j represent the ef- 
fective line tension in the cortex and gives rise to a ‘preferred 
perimeter’ P0 . The value of P0 can be decreased by upregulating 
the contractile tension in the cortex [49,50,53] and it can be in- 
creased by upregulating cell-cell adhesion. A0 is set to be equal to 

the average area per cell and √ 
A0 is used as the unit of length. 

After non-dimensionalizing Eq. (1) by 1 
2 KA A2 

0 as the unit energy 
scale, we choose KP / (KA A0 ) = 1 such that the perimeter and area 
terms contribute equally to the cell shapes. The choice of KP does 
not affect the results presented. The preferred cell perimeter is 
rescaled p0 = P0 /√ 

A0 and varied between 3 . 7 (corresponding to 
the perimeter of a regular hexagon with unit area) and 4 . 6 (corre- 
sponding to the perimeter of an equilateral triangle with unit area) 
[52] . The ground states of Eq. (1) are amorphous tilings where the 
cells have approximately equal area, but varying perimeters as dic- 
tated by the preferred cell perimeter p0 . It has been shown that 
at a critical value of p∗

0 ≈ 3 . 81 , the tissue collectively undergoes 
a solid-fluid transition [52] . When p0 < p∗

0 , the cells must over- 
come finite energy barriers to rearrange and the tissue behaves 
as a solid, while above p∗

0 , the tissue behaves as a fluid with a 
vanishing shear modulus as well as vanishing energy barriers for 
rearrangements [52] . 

The effective mechanical interaction force experienced by cell i 
is defined as Fi = −∇i E. In addition to Fi , cells can also move due 
to self-propelled motility. Just as in SPP models, we assign a po- 
larity vector ˆ ni = (cos θi , sin θi ) to each cell; along ˆ ni the cell exerts 
a self-propulsion force with constant magnitude v0 /µ, where µ is 
the mobility (the inverse of a frictional drag). Together these forces 
control the over-damped equation of motion of the cell center ri 
dri 
dt = µFi + v0 ̂  ni (2) 

The polarity is a minimal representation of the front/rear char- 
acterization of a motile cell [54] . While the precise mechanism for 
polarization in cell motility is an area of intense study, here we 
model its dynamics as a unit vector that undergoes random rota- 
tional diffusion, 
∂t θi = ηi ( t) , 〈
ηi ( t) η j (t ′ )〉 = 2Dr δ(t − t ′ )δi j , (3) 

where θi is the polarity angle that defines ˆ ni , and ηi (t) is a white 
noise process with zero mean and variance 2Dr . The value of an- 
gular noise Dr determines the memory of stochastic noise in the 
system, giving rise to a persistence time scale 1 /Dr for the polar- 
ization vector ˆ n . 

The mechanical state of cell i is characterized by a local stress 
tensor σ i 

αβ given by [ 55 , 56 ] 
σ i 

αβ = −*i δαβ + 1 
2Ai ∑ 

li j ∈ i τα
i j lβi j , (4a) 

*i = − ∂E 
∂Ai , τi j = ∂E 

∂li j , (4b) 
where τi j = τi j ̂  li j is the edge tension shared by cell i and j

with ˆ li j = li j / |li j | , and *i is the hydrostatic cellular pressure. Here 
i, j, . . . are cell labels, and α, β denote Cartesian components. Both 
the tension along the edge and the intracellular pressure force per- 
pendicularly to an edge contribute to the mechanical force bal- 
ance at every vertex for a solid tissue [57] . In our simulations, the 
instantaneous tensions and pressures can be calculated based on 
Eq. (4b) , 
τi j = KP [( Pi − P0 ) + (

Pj − P0 )] + 2λi j ,*i = −KA ( Ai − A0 ) , (5) 
where Pi is the perimeter and Ai is the area of cell i respectively. 
The tissue stress is related to the cellular stress as 
σαβ = 1 

AT ∑ 
i Ai σ i 

αβ , (6) 
where AT is the area of the tissue. The tissue compressive stress is 
the trace of the stress tensor σn = (σxx + σyy ) / 2 . 
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We simulate tissues containing two cell types (A and B) under 
periodic boundary condition. Each cell type has NA = NB = 72 cells. 
To initialize the simulation, a set of random cell centers are gen- 
erated. Each cell is also randomly assigned a cell index and cell 
type label, A or B. A0 = 1 , P0 = 4 . 2 and motility v0 = 0 . 3 are set to 
be constant values for all cells throughout the simulations. The cell 
shapes are obtained via Voronoi tessellations based on cell centers 
at each time step of the simulation. Therefore, the initial configu- 
ration is an amorphous tissue with cells A and B randomly mixed. 

Junctional tensions are defined based on the types of neighbor- 
ing cells, τAA , τBB and τAB for A-A, B-B, and A-B cell contacts. In 
accordance with prior studies of cell sorting and the differential 
adhesion hypothesis [ 58 , 59 ], we set τAB > τAA +τBB 

2 to obtain an en- 
gulfed. 

Subsequently, we used the engulfed configuration as the start- 
ing state and manipulate the contact tensions between cells and 
medium τAM and τBM , to investigate the effects of confinement on 
cell invasion. We solved eq. (2) using Euler’s method by running 
2 x 105 steps with time interval +t = 0 . 01 . To quantify the cell in- 
vasion, we calculated the sorting index IA = 1 − NA cluster /NA for A 
cells and IB = 1 − NB cluster /NB for B cells under changing confine- 
ments. Here, NA cluster means the total number of isolated clusters 
of A cells. When the state is well sorted, there is only one A or 
B cell cluster, and the sorting index is I ≈ 1 . At low confinement, 
cells are invading into the medium to form a mixed configuration, 
therefore the sorting index is I ≈ 0 . 
3. Results 
3.1. 3D matrix confinement inhibits single-cell cancer migration 

Spheroids are extensively utilized as a 3D in vitro multicellular 
model, mirroring the structure and function of tissues [ 60 , 61 ]. To 
form co-culture spheroids, we selected MCF10A, a non-tumorigenic 
breast epithelial cell line, and MDA-MB-231, a triple negative, 
highly invasive cancer cell line [62] . MCF10A cells have stable ad- 
herens junctions with high E-cadherin expression, whereas MDA- 
MB-231 cells lack E-cadherin [63] . We generated stable cell lines 
expressing Lifeact or a soluble fluorescence protein as markers to 
denote different cell types and mixed normal epithelial cells and 
cancer cells to replicate intratumor heterogeneity. Subsequently, 
we encapsulated mixed spheroids in collagen-alginate gels and 
manipulated the matrix stiffness by varying the concentration of 
CaCl2 to crosslink alginate ( Fig. 1 A), yielding Young’s moduli rang- 
ing from ∼0.7 kPa to ∼4.3 kPa ( Fig. 1 B), resulting in matrix con- 
finement. This falls within the ECM stiffness range of 2–20 kPa 
found in breast tumors [ 64 , 65 ]. The crosslinking, and thereby hy- 
drogel stiffness, was reversible by adding EGTA, a calcium chelator. 
By maintaining the concentration of collagen, the number of cell 
adhesion sites, which depend on the density of collagen fibers, re- 
mains constant. 

Over 4 days, MDA-MB-231 cells sorted to the spheroid bound- 
ary and migrated as single cells into the surrounding matrix, de- 
pending on the hydrogel stiffness ( Fig. 1 , C and D). Under low con- 
finement, single cancer cells escaped the tumor spheroid and in- 
vaded into the matrix after 4 days of culture, whereas higher con- 
finement inhibited cancer cell migration ( Fig. 1 C). Breast carcinoma 
cells, which are known to be mechanically soft compared to nor- 
mal cells [63] , possessed low F-actin (Fig. S1), suggesting higher 
deformability than the MCF10A cells confined to the spheroid. As 
a measure of cell sorting and migration, a distance index was cal- 
culated for each cell using the relative distance of the cell to the 
spheroid center [17] . In hydrogels with low matrix stiffness, can- 
cer cells exhibited a higher distance index ( Fig. 1 E) and were more 
elongated ( Fig. 1 F). Although MDA-MB-231 cells localized to the 
spheroid boundary after 4 days of culture regardless of matrix con- 

finement, high confinement restricted cancer cells to the periphery 
of the spheroid and prevented invasion into the matrix. Further- 
more, these cancer cells displayed a round morphology ( Fig. 1 C). 
Cancer cell invasion was not impeded in mixed spheroids cultured 
in collagen gels with 10 mM CaCl2 (Fig. S2), showing that the be- 
havior observed was not caused by the presence of calcium. 

To study the kinematics of 3D cancer cell migration in co- 
culture spheroids, we performed experiments with varying degrees 
of alginate crosslinking and computed the mean square displace- 
ment (MSD) in log-log scale of cells in different conditions of ma- 
trix confinement, with the average slopes ( α values) representing 
super-diffusive ( α > 1), diffusive ( α = 1), and sub-diffusive ( α < 
1) cell motility [ 17 , 43 ]. Under low confinement, MDA-MB-231 cells 
were more diffusive than MCF10A cells (i.e., α of ∼1.51 vs. ∼1.21), 
whereas diffusivity was similar for both cell types under high con- 
finement (i.e., α of ∼0.86 vs. ∼0.83, Fig. 1 , G and H). Normal breast 
epithelial cells and cancer cells both demonstrated lower diffusiv- 
ity when cultured in crosslinked hydrogels ( Fig. 1 I). In gels with 
low matrix confinement, cancer cells were more elongated, which 
possibly correlated with super-diffusive behavior ( Fig. 1 H), linking 
cell shape to diffusive motion [ 66 , 67 ]. 
3.2. High ECM confinement drives spheroid sorting 

To investigate how the metastatic potential of the cancer cell 
line impacts migration behavior under confinement, we gener- 
ated MCF10A and MCF7 co-culture spheroids. MCF7 is a poorly 
metastatic breast epithelial cell line that does not express mem- 
brane type 1-matrix metalloproteinase 1 (MT1-MMP)/MMP14 [11] . 
As a result, MCF7 cells are unable to degrade or remodel ECM and 
are non-invasive. When subjected to matrix confinement, these 
mixed spheroids undergo different degrees of sorting, showing 
minimal sorting in 0 mM CaCl2 , intermediate sorting in 5 mM 
CaCl2 , and complete sorting in 10 mM CaCl2 ( Fig. 2 , A and B). Af- 
ter 4 days of culture, mixed spheroids cultured in low-stiffness gels 
were significantly larger than those in crosslinked gels (Fig. S3A), 
despite containing a similar number of cells. This indicates higher 
cell density in conditions of increased confinement (Fig. S3B). To 
quantify the spatial organization of MCF10A and MCF7 cells within 
spheroids as matrix confinement increased, we measured the dis- 
tance index for the subpopulations, which yielded notable cell 
sorting under high confinement ( Fig. 2 C). Cell sorting was evident, 
as the subpopulations were distinctly separated into the core and 
edge regions of the spheroids ( Fig. 2 C and Movie S1). This obser- 
vation is correlated with differences in E-cadherin expression, as 
measured by fluorescence intensity normalized to the number of 
each cell type, where MCF10A cells at the core expressed higher E- 
cadherin levels than MCF7 cells localized to the periphery ( Fig. 2 D). 
As a measure of the differential E-cadherin expression in sorted 
spheroids, the relative adhesion ratio was calculated for individual 
spheroids as the ratio of E-cadherin expression of the adhesive cell 
type to the less adhesive cell type, based on their fluorescence in- 
tensity ( Fig. 2 E). The adhesion ratio increased with spheroid sort- 
ing under high matrix confinement, indicating that sorting is in- 
deed linked to intercellular adhesion strength, consistent with the 
differential adhesion hypothesis (DAH) [58] . 

Moreover, under high matrix confinement, mixed spheroids 
transitioned from a homogeneous adhesion state to a sorted state 
containing a defined core with high adhesion and a boundary com- 
partment with low adhesion. These results suggest that physical 
confinement stress generated by the mechanical properties of the 
matrix was sensed by and transduced through cells, resulting in 
differential sorting. To confirm that the sorting behavior observed 
was not induced by the addition of calcium, we showed that the 
spheroids failed to sort when cultured in collagen gels with 10 mM 
CaCl2 (Fig. S4). In conditions of high matrix confinement, MCF7 
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Fig. 1. 3D matrix confinement inhibits the migration of cancer cells in co-culture spheroids. (A) Schematic depicting a spheroid encapsulated in a collagen-alginate hydrogel. 
Adding Ca2 + to crosslink sodium alginate into calcium alginate increases matrix stiffness, leading to high matrix confinement. (B) Young’s moduli of collagen-alginate 
hydrogels following 4 days of incubation with 0, 5 or 10 mM CaCl2 or after a 1 h-treatment with 0, 5, or 10 mM EGTA following 4 days of incubation in 10 mM CaCl2 . 
Error bars denote S.E. (C) Representative fluorescence images of MCF10A and MDA-MB-231 co-culture spheroids encapsulated in collagen-alginate hydrogels, imaged on days 
0 and 4, and immunostained for E-cadherin and DAPI. On day 0, the spheroids were encapsulated and 0, 5 or 10 mM CaCl2 was added. Fluorescence images show maximum 
projection of the z-slices. (D) Schematic depicting a MCF10A (red) and MDA-MB-231 (blue) co-culture spheroid embedded in a collagen-alginate hydrogel. Addition of 
Ca2+ increases confinement stress. (E) Boxplot of distance index for MDA-MB-231 cells in co-culture spheroids (with MCF10A cells) after 4 days of culture. Only the median 
slice of the z-stack was utilized to calculate the distance index. (F) Boxplot of cell aspect ratio for MDA-MB-231 cells on day 4. (G & H) Mean square displacements (MSDs) 
of (G) MCF10A EGFP cells or (H) MDA-MB-231 EGFP cells in co-culture spheroids (with MCF10A Lifeact-RFP cells) plotted over an 18-h period. Each line represents the mean 
MSD for n = 12 spheroids. The plots are shown in log-log scale, and the power law exponent α is shown for each condition. (I) Effective diffusion coefficient ( Deff) is shown 
for MCF10A and MDA-MB-231 cells for n = 12 spheroids per condition. Z-stacks were used to calculate MSD and Deff . Scale bars are 90 µm. ∗ = p < 0.05, ∗∗ = p < 0.01, 
∗∗∗ = p < 0.001. 
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Fig. 2. High confinement drives cell sorting in co-culture spheroids. (A) Fluorescence images of MCF10A and MCF7 co-culture spheroids encapsulated in collagen-alginate 
hydrogels and imaged on day 0 (day of encapsulation). 0, 5 or 10 mM CaCl2 was added on day 0, and the spheroids were imaged again on day 4. Spheroids were im- 
munostained for E-cadherin and stained for DAPI. Fluorescence images show maximum projection of the z-slices. (B) Schematic depicting a MCF10A (red) and MCF7 (blue) 
co-culture spheroid embedded in a collagen-alginate hydrogel. Under high matrix confinement, MCF7 cells sort to the periphery and MCF10A cells form a cluster at the 
spheroid core. (C) Boxplot of distance index for MCF10A and MCF7 cells after 4 days of culture ( n = 12 spheroids per condition). (D) Boxplot of E-cadherin fluorescence per 
cell for MCF10A and MCF7 co-culture spheroids on day 4 ( n = 12 spheroids per condition). Only the median slice of the z-stack was utilized to calculate the distance index 
and E-cadherin fluorescence intensity. (E) Boxplot of the corresponding relative adhesion ratio of MCF10A and MCF7 co-culture spheroids. Scale bars are 90 µm. ∗∗ = p < 0.01, 
∗∗∗ = p < 0.001. 

cells sorted to the periphery, but lacked the ability to remodel the 
ECM [11] . Along with increasing matrix stiffness, we found that 
alginate crosslinking modified the ability of cells to remodel col- 
lagen fibers (Fig. S5), where there is a band of collagen fibers in 
the absence of additional calcium following 4 days of culture. In 
comparison, the accumulation of labeled collagen was less pro- 
nounced when alginate was crosslinked, indicating less remodel- 
ing. Together, these experiments indicate that, in our model sys- 
tem, cell sorting is driven by increased matrix confinement and is 
dependent on cell-cell adhesions. 
3.3. Tumor spheroid sorting depends on E-cadherin expression 

When investigating the correlation between sorting and differ- 
ential E-cadherin upregulation, we observed that spheroids con- 
sisting of MCF10A Lifeact-RFP and MCF10A EGFP failed to sort 
when subjected to high matrix confinement ( Fig. 3 A), consistent 
with our hypothesis that sorting is linked to differences in cell–
cell junction strength and stability. In the absence of alginate, 
MCF10A spheroids collectively invaded into the surrounding matrix 
when cultured in collagen gels with 10 mM CaCl2 (Fig. S6). How- 
ever, when embedded in collagen-alginate gels, MCF10A spheroids 
neither sorted nor invaded. Additionally, matrix confinement did 

not affect the size of the spheroids (Figure S7). We observed 
that spheroid size was not influenced by confinement conditions 
in unsorted 3D cultures, such as monoculture MCF10A spheroids. 
However, the size of MCF10A and MCF7 mixed spheroids signif- 
icantly decreased as confinement increased and sorting occurred 
(Fig. S3A). In gels with high matrix stiffness, MCF10A E-cadherin 
levels were significantly lower, ( Fig. 3 B), and a similar result was 
found when MCF10A cells were co-cultured with invasive mes- 
enchymal cells ( Fig. 1 C). Thus, the sorting behavior observed in 
mixed spheroids is likely attributed to the difference in E-cadherin 
expression of cancer cells and normal epithelial cells. 

Next, we asked if differences in E-cadherin expression regulated 
spheroid sorting. We knocked down E-cadherin (encoded by CDH1 
gene) in MCF10A cells with inducible short hairpin RNA (shRNA) 
( Fig. 3 C), as previously established [ 6 , 41 ], generating shCDH1 KD 
cells. Subsequently, MCF10A Lifeact-RFP and MCF10A shCDH1 KD 
co-culture spheroids were formed. The DAH proposes that strongly 
adhesive cells have a higher tissue surface tension and should pref- 
erentially adhere to each other and be enveloped by less adhesive 
cells. In agreement with the DAH, Lifeact-RFP cells clustered to- 
gether at the core of the spheroid and were surrounded by layers 
of shCDH1 KD cells ( Fig. 3 D). In conditions of low confinement, in- 
dividual cells detached from the spheroid and migrated into the 
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Fig. 3. Tumor spheroid sorting depends on E-cadherin expression. (A) Representative fluorescence images of MCF10A Lifeact-RFP and EGFP co-culture spheroids encapsulated 
in collagen-alginate hydrogels and imaged on day 0 (day of encapsulation) and day 4 (day of fixation). Spheroids were immunostained for E-cadherin and stained for DAPI. 
(B) Boxplot of E-cadherin fluorescence per cell for MCF10A Lifeact-RFP and EGFP spheroids in hydrogels with 0, 5 or 10 mM CaCl2 . (C) Western blot illustrating IPTG-induced 
shCDH1 KD in MCF10A cells and of vimentin expression in MCF10A scramble and shCDH1 KD cells. GAPDH was used as the loading control. (D) Representative fluorescence 
images of MCF10A Lifeact-RFP and shCDH1 KD mixed spheroids imaged on days 0 and 4. CaCl2 was added on day 0. Fluorescence images show maximum projection of the 
z-slices. (E) Boxplot of E-cadherin fluorescence per cell for MCF10A Lifeact-RFP and shCDH1 KD subpopulations in co-culture spheroids ( n = 12 spheroids per condition). 
Only the median slice of the z-stack was utilized to calculate distance index and E-cadherin fluorescence intensity. Scale bars are 90 µm. ∗ = p < 0.05, ∗∗ = p < 0.01, 
∗∗∗ = p < 0.001. 
surrounding matrix. When we calculated the distance index for 
the separate subpopulations within mixed spheroids, it revealed a 
distinct spatial separation between the two cell types under high 
confinement ( Fig. 3 D). According to the DAH, tumors behave like 
fluids, and surface tension-like effects hold shCDH1 KD cells and 
non-invasive cancer cells within the spheroid boundary [ 16 , 58 ]. 
These cells are unable to break through compartment bound- 
aries and invade into the surrounding matrix. shCDH1 KD cells 
in co-culture exhibit the same sorting behavior observed in MCF7 
cells, showing that the sorting process is regulated by the differ- 
ence in E-cadherin expression between the co-culture cell types 
( Fig. 3 E). 

3.4. Sorted tumor spheroids unjam when matrix confinement is 
released 

Having established that spheroid sorting is a result of increased 
matrix confinement, we then investigated whether reducing con- 
finement will permit invasion. Addition of the calcium chelator 
EGTA relieves crosslinked alginate by binding to and removing cal- 
cium ions from the crosslinked hydrogel, lowering confinement. 
MCF10A Lifeact-RFP and MCF10A EGFP spheroids were used as a 
control and cultured with 10 mM CaCl2 ( Fig. 4 A). Then, after 4 
days of culture, the spheroids were treated with 0 or 5 mM EGTA. 
Fluorescence imaging 2 days after treatment showed that EGTA- 
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Fig. 4. Sorted tumor spheroids unjam when matrix stiffness is lowered. (A & B) Representative fluorescence images of (A) MCF10A EGFP and (B) shCDH1 KD spheroids 
(co-cultured with MCF10A Lifeact-RFP cells) encapsulated in collagen-alginate hydrogels and imaged on day 0 (day of encapsulation), day 4, and day 6 (day of fixation). 0, 5 
or 10 mM CaCl2 was added on day 0. On day 4, the spheroids were incubated with 0 or 5 mM EGTA for 1 h, after which the solution was replaced with fresh medium, and 
the spheroids were cultured until day 6. Spheroids were immunostained for vimentin and stained for DAPI. Fluorescence images show maximum projection of the z-slices. 
Scale bars are 90 µm. 
treated control spheroids did not migrate into the surrounding ma- 
trix ( Fig. 4 A), indicating that EGTA treatment and reduced confine- 
ment do not initiate invasion in unsorted spheroids. 

Next, we explored whether lowering matrix confinement re- 
stores single-cell migration in MCF10A Lifeact-RFP and shCDH1 
KD spheroids. We hypothesized that reversing the crosslinking re- 
duces the confinement conditions responsible for spheroid sorting 
and for inhibiting cell migration into the matrix. Spheroids that 
were not treated with EGTA maintained a sorted state and were 
unable to invade. In EGTA-treated spheroids, MCF10A Lifeact-RFP 
cells emerged from the spheroid core by rupturing the surround- 
ing shCDH1 KD cell layer ( Fig. 4 B). Downregulation of E-cadherin 
corresponded with upregulation of the mesenchymal marker vi- 
mentin ( Fig. 3 C), and vimentin expression in wildtype and shCDH1 
KD cells was not influenced by confinement conditions (Fig. S8). 
As a benign epithelial cell line, MCF10A cells express low levels 
of vimentin ( Fig. 4 A), and as EMT is known to replace the keratin 
cytoskeleton with vimentin [16] , the upregulation of vimentin ob- 
served in shCDH1 KD cells suggests a partial EMT. To rule out the 
effects of matrix viscoelasticity, we measured the loss tangent (the 
ratio of viscous to elastic effects) of our collagen-alginate compos- 
ite gel using a rheometer (Fig. S9). We found that the loss tan- 
gent ranges from ∼0.08 to ∼0.12 (typical stress-relaxing hydro- 
gels have a loss tangent between 0.05 and 0.12), but it does not 
exhibit a monotonic trend with respect to calcium concentration. 
In contrast, differential adhesion and the degree of cell sorting in 

co-cultured spheroids are correlated with calcium concentration. 
Thus, we believe the behaviors we observed are more closely re- 
lated to the hydrogel stiffness than its viscoelasticity. 
3.5. Reducing matrix stiffness triggers burst-like migration in sorted 
spheroids 

To examine the migration of sorted spheroids upon lowering 
matrix stiffness, we performed timelapse imaging for a 24-h period 
following EGTA treatment. Thus far, we have analyzed spheroid 
compartmentalization at different time scales, however time-lapse 
sequences are critical to capturing cell speed and trajectories. Since 
EGTA chelates calcium at a 1:1 ratio, we tested whether complete 
reversal of alginate crosslinking via the addition of 10 mM EGTA 
can further promote invasive behavior in co-culture spheroids. We 
generated two types of mixed spheroids: MCF10A Lifeact-RFP cells 
co-cultured with MCF10A EGFP or shCDH1 KD cells, and cultured 
the spheroids as previously described. On day 4, CaCl2 was re- 
moved from the medium, and the hydrogels were treated with 
0 or 10 mM EGTA for 1 h prior to imaging. As expected, wild- 
type spheroids failed to sort or migrate regardless of EGTA treat- 
ment (Fig. S10), whereas untreated mixed shCDH1 KD spheroids 
remained in a sorted state over the 24-h period (Movie S2 and 
Fig. 5 A, top). At the spheroid core, where cell density is high, 
MCF10A Lifeact-RFP cells were jammed, whereas the surrounding 
shCDH1 KD cells were in a more fluid-like state, confined by the 
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Fig. 5. The reversal of alginate crosslinking stimulates burst-like migration in sorted spheroids. (A) Timelapse of MCF10A Lifeact-RFP and shCDH1 co-culture spheroids over 
a 24-h period, starting on day 4 after incubation with 0 or 10 mM EGTA for 1 h, after which the solution was replaced with fresh medium prior to time-lapse imaging. 
Fluorescence images show maximum projection of the z-slices. (B) Corresponding tracked trajectories of MCF10A shCDH1 KD cells in spheroids treated with 0 mM EGTA (top) 
and 10 mM EGTA (bottom). (C) Boxplot of distance index for MCF10A EGFP or shCDH1 KD cells in co-culture spheroids (with MCF10A Lifeact-RFP cells) analyzed at 8-hour 
intervals over 24 h. A positive change in distance index indicates cell motion away from the spheroid core. Only the median slice of the z-stack was utilized to calculate 
distance index. (D) Boxplot of average cell motility for MCF10A EGFP or shCDH1 KD cells ( n = 9–12 spheroids per condition). (E) MSDs for MCF10A EGFP or shCDH1 KD cells 
plotted over a 24-h period. Each line represents the mean MSD for n = 12 spheroids. The plots are displayed in log-log scale. Z-stacks were used to calculate cell motility 
and MSD. Scale bars are 90 µm. 
barrier of high matrix confinement (Fig. S11 and Fig. 5 B, top). In 
sorted spheroids, EGTA treatment reduced matrix confinement, re- 
sulting in the dissemination of both cell types ( Fig. 5 A and B, bot- 
tom). Cells that were sorted to the spheroid core rapidly migrated 
outwards into the matrix with high motility (Movies S2 and S3). 

The results presented thus far led us to hypothesize that the 
jamming—unjamming transition in 3D can be manipulated by 
modulating matrix confinement. To statistically quantify the spatial 
organization of spheroids over time, we tracked individual MCF10A 
EGFP or MCF10A shCDH1 KD cells within the two types of mixed 
spheroids and calculated the change in distance index compared to 
the initial time point. The average distance travelled by shCDH1 KD 
cells away from the spheroid core in treated spheroids was signif- 
icantly higher than in non-treated spheroids ( Fig. 5 C). Correspond- 
ing to the change in distance index (quantified as the difference 
between the mean distance index of cells for a given spheroid at 
a specified time point and the cells’ initial mean distance index), 
EGTA treatment triggered and accelerated the migration of shCDH1 

KD cells, whereas wildtype MCF10A cell motility was not impacted 
( Fig. 5 D). Computation of the MSD revealed that EGTA treatment 
increased diffusivity for both cell types, however shCDH1 KD cells 
were more diffusive than their wildtype counterparts under the 
same conditions ( Fig. 5 E). 
3.6. In theory and experiment, matrix confinement governs spheroid 
sorting and invasion 

In order to understand the impact of matrix confinement on 
cellular invasion, we utilized a SPV model [ 44 , 45 ], which mim- 
ics the dynamics of a heterogeneous tissue comprised of two dif- 
ferent types of cells. Our simulations produced a well-sorted tis- 
sue, a result of setting differential adhesions parameters [ 58 , 59 ] 
at cell-cell junctions (Fig. S12). Using the sorted tissue as a start- 
ing point, we manipulated the cell-medium contact tensions ( τ ) to 
study changes in cell sorting and invasion behaviors. 
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Fig. 6. SPV simulations portraying a heterogeneous tissue with two cell types, blue A cells and red B cells. (A) Representative snapshots of cell invasion into the ECM under 
varying confinement levels. Left: high confinement prevents dispersion. Middle: dispersion of the outer-layered B cells. Right: both A and B cells invade under low confine- 
ment. The three snapshots are marked as star, circle, and square in panel (B). (B) Cell sorting index I is plotted as a function of compressive stress σn . By downregulating 
σn , the cells could disperse into the ECM and the sorting index decreases. The dashed white and black lines denote the commencement of dispersion for B and A cells 
respectively. The invasion behavior bifurcates into three distinct regimes: (1) Red region to the left of the white dashed line indicates high confinement and a sorted tissue. 
(2) Blue region between white and black dashed lines signifies dispersed B cells and sorted A cells. (3) Green region to the right of the black dashed line represents vanishing 
compressive stress and unsorted A and B cells. 

Fig. 6 A presents representative snapshots illustrating cellular 
dispersion under conditions of high (left), medium (middle) and 
low (right) confinement stress ( σn ). These computational results 
suggest that cells in a well-sorted state manage to breach their 
boundaries and invade the ECM when confinement is diminished. 
In order to quantify this cellular dispersion of cells, we calculated 
a sorting index, defined as I = 1 − N cluster/N, where N cluster is 
the count of isolated cell clusters and N is the total cell count for 
each cell type. In instances where the cells are fully sorted, each 
cell type would form a single cluster, resulting in a sorting index 
of I ≈ 1 . If the cells are dispersed, they form a mixed state, and 
each cell forms an isolated cluster unconnected from others, mak- 
ing the sorting index 0. The sorting index I, as a function of σ n , is 
shown in Fig. 6 B. We can classify the behavior of the cell disper- 
sion into three distinct phases. On the left of the white dashed line, 
the tissue experiences high confinement. Both A and B cells remain 
sorted with sorting index I ≈ 1, corresponding to the left snapshot 
of Fig. 6 A (marked by a star). The middle region, located between 
the white and black dashed lines, shows that the outer-layered red 
B cells have dispersed while the A cells stayed sorted, correspond- 
ing to the middle snapshot in Fig. 6 A (marked by a circle). On the 
right of the black dashed line, the confinement has essentially van- 
ished. The B cells have completely dispersed, and A cells begin to 
invade into the ECM, corresponding to the right snapshot in Fig. 6 A 
(marked by a square). 

Taken together, our results corroborate a model in which matrix 
confinement promotes spheroid sorting in an adhesion-dependent 
manner and subsequently affects cellular unjamming processes 
( Fig. 7 ). Starting from a mixture of wildtype and shCDH1 KD 
spheroids encapsulated in collagen-alginate gels, the addition of 
10 mM CaCl2 crosslinked the hydrogel, increasing matrix confine- 
ment, which caused the spheroids to sort. The ability of cells 
to invade the surrounding matrix hinges on the competition be- 
tween the forces generated by the cells and the resistance exerted 
by the matrix. Crosslinking the hydrogel amplifies its yield stress 
which hinders spheroid volume expansion [68] . At the spheroid 
core where cell density is high, the adhesive wildtype cells cannot 
overcome the solid stress to intercalate positions with neighboring 
cells, leading to a jammed state [69] . Conversely, shCDH1 KD cells 
at the spheroid periphery are not jammed, however the cells lack 
sufficient energy to escape their compartment boundary. By revers- 
ing the crosslinking, the resistance to cell motion is removed, and 
the cells flow in an unjamming transition, reminiscent of the re- 
lease of solid stress and elastic energy when the mechanical con- 
fining structure of an excised tumor is disrupted [70] . 5 mM EGTA 
treatment partially reversed the crosslinking and correspondingly 
reduced ECM confinement. As a result, the compacted wildtype 
cells escaped from the spheroid core as a strand and broke through 
the surrounding layers of shCDH1 KD cells. When the crosslinking 
was completely reversed by the addition of 10 mM EGTA, the cells 
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Fig. 7. Tumor spheroid sorting and burst-like migration in a composite hydrogel with tunable stiffness. Summary depicting a spheroid generated from a mixture of cells 
with high cell-cell adhesion (red) and cells with low cell-cell adhesion (blue) on day –1, encapsulation of the spheroid in a collagen-alginate hydrogel on day 0 and sorting 
under high-confinement ECM on day 4. The rightmost panel depicts, on day 6, the spheroid sustaining the sorted state after 0 mM EGTA treatment (top), a strand-like cluster 
emerging from the spheroid core after 5 mM EGTA treatment (middle) and burst-like unjamming after 10 mM EGTA treatment (bottom). 
displayed collective and super-diffusive motion as they were pro- 
pelled into the matrix with high velocity (Movie S1). 
4. Discussion 

In the present study, we show that tuning matrix confinement 
regulates 3D spheroid sorting and collective cell migration into the 
ECM. ECM stiffness is known to play a significant role in cancer 
spread and metastasis in the body [71–73] , and we first estab- 
lish that single-cell cancer migration is restricted by matrix stiff- 
ness ( Fig. 1 ). We then demonstrate the sorting of non-invasive can- 
cer cells and normal breast epithelial cells in co-culture spheroids 
( Fig. 2 ). The DAH assumes that sorting is a result of cells rear- 
ranging to minimize interfacial tension, which is directly propor- 
tional to differences in cell-cell adhesion [ 16 , 22 , 58 ], and as a re- 
sult, spheroid sorting achieves an equilibrium thermodynamic state 
[58] . In hydrogels with minimal crosslinking, spheroids grow over 
four days of culture without exhibiting sorting behavior. However, 
spheroids were observed to sort in conditions of high matrix con- 
finement ( Fig. 2 A). In monoculture spheroids of benign breast ep- 
ithelial cells, E-cadherin expression is reduced in response to high 
matrix confinement ( Fig. 3 A). One possibility is that in the absence 
of mesenchymal cells to induce sorting and secrete enzymes to re- 
model the matrix, normal cells undergo a partial EMT to promote 

invasion [74] . Previous studies have established that the unjam- 
ming transition is distinct from EMT in 2D cultures [ 6 , 75 ]. Benign 
cells may adapt to confined conditions by adjusting the proper- 
ties of the cellular collective, however a stiff matrix environment 
presents a barrier that the cells are unable to overcome. 

When hydrogels are crosslinked, they create a barrier that hin- 
ders cell movement into the matrix, leading to cell jamming. Con- 
ditions of high confinement enhance cell sorting within a co- 
culture model through the regulation of cell adhesion properties, 
which amplifies the differential adhesiveness between distinct cell 
populations. This results in a highly pronounced sorting of cells 
based on their adhesive properties within the co-culture model. 
Conversely, it is possible that cells exhibit a reduced tendency to 
sort in low confinement conditions because their adhesive interac- 
tions with neighboring cells are weak, which is a potential barrier 
to cell sorting. Stably downregulating E-cadherin identifies differ- 
ences in intercellular adhesion as the primary driver of cell sorting 
( Fig. 3 B). A possible explanation is that spheroid sorting creates a 
high local cell density in the core, where cells enhance their adhe- 
sions, reduce their volume, and display jammed behavior. In this 
state, the cells are restricted by adhesion, leading to increased ten- 
sion along cell-cell interfaces [ 22 , 76 , 77 ]. 

One open question is how stress fluctuations driven by nearby 
cell division impact cell motility and structural rearrangements 
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in the dense spheroid core [22] . Since less adhesive mesenchy- 
mal cells are relegated to the outer edges of the spheroid, core 
cells require energy to escape the boundary constraints imposed 
by both their neighbors and the surrounding matrix. Cell sorting 
may increase internal spheroid pressure, and thus, reducing ma- 
trix stiffness would lead to a pressure differential between the 
spheroid and the surrounding matrix. Raghuraman et al. recorded 
burst-like cellular motion in soft collagen matrices (0.5 mg/ml) 
and attributed it to the pressure increase within the cancer aggre- 
gate due to cellular swelling [78] . In this study, we provide evi- 
dence that manipulating matrix confinement directly impacts 3D 
spheroid sorting, as well as individual and collective cell invasion. 
In comparison to single-cell cancer migration, burst-like migra- 
tion provides a potential outlet for cells confined by the spheroid 
boundary and for tumor cells to rapidly escape into the surround- 
ing matrix. Further studies are required to test this model and ex- 
plore the impact of stress fluctuations from nearby cell division 
on cell motility and structural changes in different regions of 3D 
spheroids. 

Our hydrogel system closely replicates the tumor microenviron- 
ment and facilitates the study of cell-cell and cell-matrix interac- 
tions within a 3D matrix, which is more physiologically relevant 
compared to 2D culture systems. The ability to adjust and reverse 
the crosslinking, and thus the stiffness of the hydrogel matrix, by 
tuning the calcium concentration and adding a calcium chelator, 
enables dynamic studies of cell behavior in response to changes in 
matrix confinement over time. Our results show how matrix con- 
finement leads to changes in surface tension at the cell-ECM in- 
terface, influencing cellular sorting and spheroid dispersion. How- 
ever, an unresolved question is whether the sorting process is ki- 
netically hindered under conditions of low confinement. This hin- 
drance could arise from several factors: the physical constraints of 
expanding spheroids, which result in lower cell density; the early 
departure of less adhesive cells; or a diminished inclination for 
cells to sort due to weaker adhesive interactions with neighboring 
cells when matrix confinement is low. These points highlight the 
need for further research into the kinetic barriers to cell sorting 
and the impact of confinement on cellular organization and migra- 
tion. 

To better understand how cells in spheroids respond to me- 
chanical stimuli, analyzing expression levels of mechanotransduc- 
tion markers is crucial in understanding how cells perceive and re- 
spond to mechanical signals [79] . Exploring nuclear mechanosens- 
ing in this context would be particularly interesting, as it could 
provide deeper insights into how cells respond to mechanical stim- 
uli at the nuclear level [80] . This can shed light on how mechanical 
forces affect crucial processes such as gene expression and DNA re- 
pair. 

In tumor development, cancer cells are confined by compart- 
ment boundaries until a late stage [ 16 , 81 ]. Primary tumors are 
encapsulated and confined by a basement membrane, and as the 
tumor cells proliferate, the tumor experiences high confinement 
stress and may be driven to sort according to the DAH. In the 
case of tumor cell sorting, mesenchymal cells will preferentially 
sort to the spheroid boundary, and a reduction in ECM confine- 
ment can instigate an unjamming transition, leading to a rapid 
spread of tumor cells. Our work presents new insights into how 
matrix mechanical properties impact the mechanisms of collective 
cell motion within primary tumors and cancer migration to distant 
metastatic sites, both as individual cells and as cellular aggregates. 
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