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Cells in functional tissues execute various collective activities to achieve diverse ordered processes in-
cluding wound healing, organogenesis, and tumor formation. How a group of individually operating cells
initiate such complex collective processes is still not clear. Here, we report that cells in 3D extracellu-
lar matrix (ECM) initiate collective behavior by forming cell-ECM network when the cells are within a
critical distance from each other. We employed compaction of free-floating (FF) 3D collagen gels with
embedded fibroblasts as a model system to study collective behavior and found a sharp transition in the
amount of compaction as a function of cell-cell distance, reminiscent of phase transition in materials.
Within the critical distance, cells remodel the ECM irreversibly, and form dense collagen bridges between
each other resulting in the formation of a network. Beyond the critical distance, cells exhibit Brownian
dynamics and only deform the matrix reversibly in a transient manner with no memory of history, thus
maintaining the disorder. Network formation seems to be a necessary and sufficient condition to trigger
collective behavior and a disorder-to order transition.
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Statement of significance

Macroscopic compaction of in vitro collagen gels is mediated by collective mechanical interaction of cells.
Previous studies on cell-induced ECM compaction suggest the existence of a critical cell density and
phase transition associated with this phenomenon. Cell-mediated mechanical remodeling and global com-
paction of ECM has mostly been studied at steady state. Our study reveals a link between a transition in
cell dynamics and material microstructure as cells collectively compact collagen gels. It underscores the
significance of temporal evolution of these cell-ECM systems in understanding the mechanism of such
collective action and provides insights on the process from a mechanistic viewpoint. These insights can
be valuable in understanding dynamic pathological processes such as, cancer progression and wound
healing, as well as engineering biomaterials and regenerative tissue mimics.

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Emergent behavior of multi-component systems results from
coordination and interaction among constituting entities, which
has distinct characteristics compared to individual component be-
havior. Such behavior is found in nature in a diverse range of or-
ganisms, such as- flocks of birds [1], schools of fishes [2], herds
of sheep or colonies of ants. Collective motion and pattern for-
mation is also observed in sub-tissue level cell organization dur-
ing embryonic development and morphogenesis [3-6]. The under-
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lying mechanism of the onset of collective behavior in multicellular
systems is instrumental to understand physiological and pathologi-
cal processes, such as-wound healing [7-9], tumor progression and
metastasis during cancer development [10-12]. Several studies in
the past have reported extrinsic or intrinsic critical parameters as-
sociated with transition from stochastic behavior of individual cells
to population-level ordered collective activity in a variety of mul-
ticellular systems including collective migration of epithelial cells
[13,14], synchronous firing of neurons [15], vasculature formation
by endothelial cells [16] and population-level rhythmic activity of
social amoeba [17]. All of these studies have identified cell density
as a general critical parameter associated with this behavioral tran-
sition. This transition from disordered to ordered state in cellular
activity as a collective behavior emerges is reminiscent of material
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phase transitions in physical systems. A structural method to es-
tablish physical parameters that describe phase transition in mul-
ticellular living systems has been developed by Yang et al. in a re-
cent study [18]. Grekas et al. [19] proposed a bistable energy-based
model for phase transition in fibrous ECM remodeled by cells that
is analogous to austenite-martensite transformation in metals [20].
However, a mechanistic origin of this cellular phase transition and
how it is associated with a critical cell density is not well under-
stood.

Biopolymer network-based 3D in vitro platforms such as- col-
lagen, fibrin or reconstituted basement membrane matrix have
emerged as an excellent tissue mimics to study cell response to
various mechanical signaling arising from cell-ECM interactions.
With such a platform first developed by Bell et al. [21] by em-
bedding fibroblasts in a free-standing collagen lattice, subsequent
studies have demonstrated that cells macroscopically compact the
ECM by exerting contractile force [22,23]. This is attributed to per-
manent remodeling of collagen microenvironment by cells through
interaction with the fibrous ECM. Contractile cells mechanically
interact with the surrounding fibers by pulling onto them. The
rich nonlinear mechanics of fibrous collagen networks enable long
range cell-cell interaction through strain-stiffening of collagen [24-
27]. To get insight into the mechanism of compaction of tis-
sues, a number of models have been developed correlating global
compaction to various phenomenon arising from local mechani-
cal crosstalk between individual cells and ECM. Fiber alignment
and contractile stress exerted by cells in response to mechanical
stimuli [28], pericellular collagen concentration [29], and contact
guidance [30,31] have been highlighted in previous studies. The
seminal work by Bausch et al. [32] suggested that compaction re-
sults from collective mechanical activity of cells, where the authors
measured contraction of a bounded collagen gel perpendicular and
parallel to the boundary and deduced the role of nonlinear elas-
ticity of collagen, cell orientation and cell density in regulating
contraction. Their findings suggested a critical cell-cell distance of
100 pum for global contraction of collagen gel in their system. How-
ever, whether there is a threshold mechanical factor (e.g. cell force
or ECM stiffness) corresponding to this critical cell-cell distance for
global ECM remodeling remains unclear. Quantification of traction
force of single and multiple cells embedded in 3D collagen lattice
has revealed that force does not scale linearly with number of cells
[33,34]. This implies that it is difficult to directly pinpoint one or
more physical cues related to the critical cell density for ECM com-
paction, and spatiotemporal evolution of coordination in cellular
interaction needs to be studied thoroughly to have a better under-
standing of the origin of this emergent behavior.

Here, we have developed a simple high throughput 3D plat-
form for making free floating (FF) collagen gels to study the role of
critical cell density in macroscopic compaction from a mechanical
viewpoint. Our experimental platform enables us to gain insight on
the temporal evolution of global compaction through the dynamic
interplay between cell and ECM. Our experiments revealed the ex-
istence of a critical cell density needed for global compaction of
free floating collagen gels. We have found striking structural differ-
ences in the microstructure of collagen gels with supercritical and
subcritical cell densities. Using tracer beads, we showed that sin-
gle cells exhibit a transient remodeling of ECM when cell density
is below a critical value, whereas permanent remodeling of ECM
through collective mechanical interaction is observed at cell den-
sity above the critical regime. By tracking the position of cells over
time, we found a transition from Brownian to ballistic motion as
cells compact the gel - a further evidence of a phase transition
associated with global compaction. Finally we showed that this
phase transition is mediated by mechanical interaction between
cells by incorporating inert polystyrene (PS) beads along with cells
in our system.
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2. Materials and method
2.1. High throughput PDMS platform for free-floating collagen gel

We designed a 3D-printed mold for making FF collagen gels
and an array of wells for imaging large number of samples si-
multaneously (Fig. 1A). Liquid polydimethylsiloxane (PDMS) (SYL-
GARD® 184- Sigma Aldrich, Saint Louis, MO) was poured in these
3D printed molds and cured at 60 °C overnight. The PDMS scaf-
folds for the FF gels and the imaging wells are then peeled off
from the molds. Each scaffold contains 19 through-holes of 2 mm
diameter and has a thickness of 500 um (Fig. 1D). The imaging
wells are 3 mm in diameter and 10 mm high and are connected
by microfluidic channels at the bottom (Fig. 1B). The PDMS scaf-
folds and imaging wells were sterilized by autoclaving at 121 °C for
45 minutes. The imaging wells were attached to glass-bottom petri
dishes and treated with O, plasma to render the PDMS surfaces
hydrophilic and prevent the formation of air pockets after inundat-
ing with culture media. All PDMS structures were treated overnight
with 2% w/v Pluronic® F-127 (Sigma Aldrich, St Louis, MO) to re-
duce collagen adhesion to PDMS and thereby facilitate the detach-
ment of collagen gels from the scaffolds. The selected dimensions
of the imaging wells ensure that the free-floating collagen gels are
always confined to the field of view of our microscope objective
during imaging. We can produce 19 gels from one scaffold and
do time-lapse imaging of 19 wells containing gels with different
cell densities simultaneously using a motorized stage (PRIOR Sci-
entific, Rockland, MA). This experimental platform is simple to fab-
ricate, yet highly efficient in terms of duration of experiments and
sample yield. The main advantage of our 3D-printed platform over
standard 96 or 384-wells plates is that it ensures that the floating
discs are always confined within the field of view of a 4x objec-
tive while doing time lapse imaging. Also, it enables us to do time
lapse imaging of a large number of samples using a standard mo-
torized stage without the need for any additional fixtures to fit a
standard 96 or 384-well plate in our microscope system.

2.2. Cell culture

We used NIH 3T3 fibroblasts(passage number 5-10) for our ex-
periments. Cells were cultured in flasks in media consisting of
89% v/v Dulbecco’s Modified Eagle’s Medium (DMEM) (Corning®
Inc., Corning, NY), 10% v/v Fetal Bovine Serum (FBS) (ThermoFisher
Scientific™, Waltham, MA) and 1X Penicillin Streptomycin (Lon-
za®, Basel, Switzerland) until reaching 70-80% confluency. Cells
were detached from the flasks using 0.05% Trypsin-EDTA (Gibco™,
Waltham, MA) and centrifuged at 150 g for 5 minutes to obtain a
cell pallet. The cells were next resuspended in cell culture media
and counted using a hemocytometer (Hausser Scientific™). Next,
cell suspension of double the desired cell densities were prepared
with cell culture media.

2.3. Collagen preparation

Type I collagen with a density of 4mg/ml (Corning® Inc., Corn-
ing, NY) was prepared from a stock solution according to the
manufacturer’s protocol. Briefly, collagen was diluted with ice-cold
deionized water and 10X phosphate buffer saline (PBS) (Lonza®,
Basel, Switzerland). The solution was neutralized by adding 10N
NaOH (Sigma Aldrich, Saint Louis, MO) to achieve a pH of 7.2-7.4.

2.4. FF collagen gel preparation
Equal volumes of collagen solution and cell suspension contain-

ing double the desired cell densities were mixed on ice to achieve
a cell-collagen mixture of the desired density, with a final colla-
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Fig. 1. High throughput platform for constructing and imaging collagen samples. A. Schematic diagram of the process flow for making 3D free-floating (FF) collagen discs.
B. An array of PDMS wells. The wells are connected by microfluidic channel at the bottom to facilitate dispensing media inside the wells. C. Zoomed-in image of two
wells containing collagen discs. D. PDMS scaffolds for making collagen discs. E. Bright field image of a free-floating collagen disc seeded with 3T3 fibroblast cells. Scale bar

represents 1mm.

gen concentration of 2 mg/ml. The cell-collagen mixture was dis-
pensed inside the holes of the PDMS scaffolds. The samples were
then incubated at 37 °C for 25 minutes until the collagen solution
polymerized, forming disc shaped gels. After polymerization, cell-
culture media was poured on top of the discs to detach them from
the Pluronic coated scaffolds. The scaffolds were removed, and free
floating collagen discs were obtained. The discs were then taken
out from the media using a wide-tip pipette and dispensed inside
the imaging wells. The wells were then filled with a mixture of cell
culture media and Percoll (Sigma Aldrich, Saint Louis, MO) to pre-
vent the discs from sinking and settling at the bottom of the wells.
Percoll results in a density gradient and lifts the FF discs above the
floor.
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2.5. PS bead preparation

Inert polystyrene (PS) beads (Bangs Laboratories, Fishers, IN) of
15 pm diameter were coated with collagen before mixing them
with cell-collagen mixture according to manufacturer’s protocol.
Briefly, the desired volume of bead stock solution was centrifuged
at 200g for 5 minutes to obtain a bead pallet with desired num-
ber of beads. After aspirating the liquid suspension, the bead pallet
was re-suspended in 0.1% collagen solution in PBS for 20 minutes.
This solution was then centrifuged again and the solvent was aspi-
rated to obtain collagen-coated PS beads. For the experiments with
different cell densities, a bead density of 1 million/ml of collagen
was used.
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2.6. Data acquisition and image analysis

Time-lapse imaging of FF discs with different cell densities were
done using a 4x objective lens in an IX81 Olympus Microscope
for 72 hours. The images were analyzed with Image] to measure
the diameter of the collagen discs at different time points. Two
photon Second Harmonic Generation (SHG) and confocal images of
the FF discs were obtained using a LSM 710 microscope (Zeiss).
Cell tracking was done using the open-source tracking software
Tracker-Video Analysis and Modeling Tool. Temporal mean square
displacement (tMSD) analysis was done using a custom MATLAB
script. For the MSD analysis, cell tracking was done using Image]
plugin Trackmate and MATLAB pre-class MSD analyzer [35].

2.7. Immunofluorescence assay

FF gels with super and subcritical cell densities were fixed and
stained using a standard staining protocol. Briefly, samples were
fixed with 4% v/v Paraformaldehyde (Electron Microscopy Sciences,
Hatfield, PA) in PBS (ThermoFisher Scientific™, Waltham, MA).
Next the samples were permeabilized in 0.1% v/v Triton™ X-100
(Sigma Aldrich, Saint Louis, MO) in PBS for 30 minutes. Blocking
was done by incubating the samples in a solution containing 0.1%
v/v Triton-X 100, 0.2% w/v bovine serum albumin (BSA) and 2%
v/v natural goat serum in PBS for 1 hour. After rinsing the samples
with PBS, conjugated antibody Phalloidin Alexa Fluor 647 (Ther-
moFisher Scientific™, Waltham, MA) was added to stain the cells
for actin and kept in room temperature for 2 hours. Following rins-
ing with PBS, the nuclei were stained with DAPI (Sigma Aldrich,
Saint Louis, MO) for 10 minutes. A final rinsing was done with PBS
to complete the staining procedure. All the steps were performed
at room temperature.

For the cell-bead experiments, live cell imaging was done by
using green cell tracker (ThermoFisher Scientific™, Waltham, MA).
After detaching the cells from the culture flask, they were incu-
bated in 5 mM green cell-tracker solution (serum free media) for
45 minutes at 37 °C. After that, the media was removed, and cells
were suspended in cell culture media and collagen to form the FF
discs as described above. Live imaging for cell tracking experiments
was done by labeling the nuclei with a far red flourescent SiR
DNA kit (Cytoskeleton Inc., Denver, CO). The cells were incubated
in phenol red-free culture media containing the staining reagent
prepared according to the manufacturer’s protocol.

2.8. Quantification of fiber orientation

Fiber orientation was quantified by nematic order parameter
(NOP) using the Image] plugin Orientation] [36]. For perfectly
isotropic and anisotropic material, the value of NOP is 0 and 1,
respectively. Angular distribution of collagen intensity in circular
region of interest (ROI) was determined using custom MATLAB
scripts.

2.9. Scanning Electron Microscopy (SEM) of collagen gels

SEM imaging of the collagen discs was done following the pro-
tocol described in [37]. Briefly, collagen disks of different cell den-
sities were fixed with 4% PFA (paraformaldehyde) for 1 hour at
room temperature. The samples were then washed three times, 10
minutes each, in PBS and two times, 10 minutes each, in bio-
grade water (Corning Inc., NY). After that, samples were trans-
ferred to a glass vial containing 1% Osmium Tetroxide (Electron Mi-
croscopy Sciences, Hatfield, PA) and incubated for 1 hour at room
temperature. Following Osmium Tetroxide fixation, dehydration of
the samples was done in graded water/ ethanol series (10 minutes
of washing in 30%, 50%, 70%, 90%, and two 100% ethanol). Then the
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samples were washed with graded ethanol/HMDS (Electron Mi-
croscopy Sciences, Hatfield, PA) solution (15 minutes of washing in
33%, 50%, 66%, and 100% HMDS). Finally, the samples were allowed
to dry overnight at room temperature. The dried sample was then
coated with Pd/Au using the Denton Desk II TSC turbo-pumped
sputter coater (Denton Vacuum, Inc., USA). The SEM imaging was
done using FEI Quanta FEG 450 ESEM (FEI Company, USA).

2.10. Statistics

All data presented here except for the single cell and bead
tracking are in terms of mean + SD. Student t-test was done for
the quantification of NOP where p<0.01 is considered as statisti-
cally significant.

3. Results

3.1. A critical cell-cell distance exists for cell-mediated compaction of
FF collagen discs

In order to test whether there is a critical cell density above
which cells compact the FF discs, we seeded them with 3T3 fibrob-
last cells of various initial densities, and measured corresponding
compaction of the discs by the cells. We formed collagen gels with
10 different cell densities (0.01-5 million/ml cells). Using our PDMS
wells, we did time lapse imaging of multiple samples (n=6) for
each cell density simultaneously for 72 hours and recorded the cor-
responding reduction in disc area due to compaction. Area of the
discs at any time point are normalized by the initial area, which
is same for all samples. Consistent with previous studies, we ob-
served different shrinking rate for different cell densities during
the first 72 hours (Fig. 2A, Supplementary Movie S.1-S.2). How-
ever when we measured the area reduction ratio (A/Ag) on day 11,
we found a sharp distinction in distribution of samples with dif-
ferent initial cell densities. Samples with cell densities above 0.1
million cells/ml clustered around an area reduction ratio of 0.2,
while samples with cell densities of 0.1 million/ml and below ex-
hibited an approximate area reduction ratio of 1, i.e., their areas
did not reduce (Fig. 2B). We estimated cell-cell distance from cell
density by assuming cell-populated FF discs as uniform cubic lat-
tice structures with cells at the vertices. The compaction parameter
(¥r=1-A/Aq) vs cell-cell distance graphs at different time points re-
veal high degree of compaction (1/~0.8) when cell-cell distance is
below a lower bound (160 um), and negligible compaction (~0)
when the distance exceeds an upper bound (210 pm, Fig. 2C).
These bounds define a relatively small cell-cell distance regime
(160-200 pm), indicating the existence of a critical cell-cell dis-
tance that separates two distinct cell-induced phenomena.

In order to assess the effect of cell proliferation and apoptosis
on the initial cell density and concomitant compaction of the discs,
we quantified both cell proliferation and cell death rate. Cell pro-
liferation rate was quantified by counting the number of cells in
collagen discs from bright field images taken every 24 hours af-
ter forming the discs. We repeated this for n=10 samples for up
to 72 hours and found that cell density (million/ml) increases by
approximately 5.5% on average in every 24 hours (Supplementary
Information S.1, Fig. S.1). This suggests that rate of proliferation of
3T3 fibroblasts in 3D collagen is rather slow and the population
doubling time for these cells is much longer compared to the dura-
tion of our experiment (72 hours). Cell viability was quantified by
staining the nuclei of the dead cells in collagen discs at different
time points using a cell viability assay kit (Abcam, MA). We found
that the percentage of cell death during first 24-48 hours is ap-
proximately 8-9% (Supplementary Information S.2, Fig. S.2). Com-
bining these two findings, we can infer that the rate of cell pro-
liferation and apoptosis during the length of our experiment nul-
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Fig. 2. Compaction of FF collagen discs seeded with different initial densities of 3T3 fibroblast cells. A. Bright field images of compaction process at different time points
for 0.1, 1 and 5 million/ml cells. Collagen concentration is 2 mg/ml. Scale bar represents 1mm. B. Normalized area of FF collagen discs recorded continuously for 72 hours
for different initial cell densities along with the data taken after 264 hours (11 days), each data point represents mean =+ standard deviation of multiple (n=6) samples. C.
Compaction parameter ¥ as a function of cell-cell gap at different time points. A sudden drop in compaction is observed beyond a critical cell-cell distance at different time

points.

lify each other and thus have a negligible effect on the total cell
number. We also measured the change in thickness of the discs as
a function of time and calculated the volumetric change from the
reduction in thickness and area of the discs. We then estimated
how cell-cell distance changes over time, assuming the number
of cells in a disc remains constant over the duration of our ex-
periment (72 hours). The results are presented in supplementary
section (Supplementary Information S.6). Our findings on the exis-
tence of a critical cell density for compaction are consistent with
previous studies that reported the cell-cell distance-dependence of
different collective cellular processes [15,16,32]. However, the ori-
gin of this criticality for compaction remains elusive. We explored
the mechanism next.

3.2. Formation of network of cells is associated with phase transition
in collagen architecture

We next focused on examining the collagen microarchitecture
of FF collagen discs with sub and supercritical cell densities. Sam-
ples of each category were fixed and stained for actin and nuclei
at different time points. Confocal image of a disc with supercritical
cell density (1 million/ml) fixed after 24 hours shows cells extend
long actin-rich filopodial protrusions towards each other, forming
a network-like structure. Second harmonic generation (SHG) image
of collagen fibers in the same location reveals formation of colla-
gen bands consisting of aligned fibers bridging the cells. Thus, a
network like pattern consisting of densified collagen tracts as links
with cells at the nodes emerges (Fig. 3A-C). Fiber alignment and
formation of thick collagen bundles is mediated by cell-induced
contractile force as reported in previous studies [19,38-40]. In con-
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trast, cells in a subcritical sample (0.025 million/ml) after 72 hours
had filopodial protrusions in random direction. The corresponding
ECM microenvironment consists of a homogenous distribution of
randomly oriented collagen fibers (Fig. 3E-G). Collagen densifica-
tion has been quantified as a function of collagen intensity in SHG
images previously [40]. To quantify the isotropy vs anisotropy in
collagen microarchitecture, we measured collagen intensity from
the SHG images in a circular region of interest (ROI) centering
at the nuclei for both cases. We found that for supercritical cell
density, collagen intensity values along the direction of filopodial
protrusions are much higher than the mean intensity value of the
ROI (Fig. 3D). For samples with subcritical cell-density, no signif-
icant peaks in collagen intensity distribution in the ROI was ob-
served (Fig. 3H). We used nematic order parameter (NOP), which is
a quantitative measure of fiber anisotropy- to assess the isotropic-
anisotropic transition. The range of NOP varies from 0 to 1, signify-
ing pure isotropy and anisotropy respectively. From the quantifica-
tion of fiber orientation at different locations of the discs with both
super and subcritical cell densities, we found that NOP is 0.45 and
0.12 for supercritical and subcritical cell density, respectively, sug-
gesting the existence of isotropic to anisotropic transition in colla-
gen microstructure (Fig. 3I). Formation and non-formation of cell-
collagen network corresponding to super and subcritical cell den-
sity was also observed globally in gels from SHG images (Supple-
mentary Information S.8, Fig. S.9), supporting our claim of global
cell-ECM network formation consisting of fiber bridges when the
collagen discs compact. We have also done SEM imaging of the
discs of both categories to compare the dimensions of the colla-
gen bridges with single collagen fibers (Fig. 3]-K, Supplementary
Information S.9). Gerkas et al. showed formation of such collagen
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Fig. 3. Transition from disordered to ordered orientation of collagen fibers in FF discs with subcritical and supercritical cell density. A. Confocal image of multiple interacting
cells extending filopodia towards each other in a supercritical sample (1 million/ml cells), fixed after 24 hours. B. Corresponding SHG image shows densified collagen bands
aligned with the direction of cell protrusions. C. Superimposed image of cell and collagen fibers. D. Polar plot of the collagen intensity distribution in the ROI (marked by the
yellow dotted circle in C), along with the mean intensity (red circle) and mean+SD (yellow circle) of the image. E. Confocal image of a single cell fixed after 72 hours in a
subcritical sample (0.1 million/ml) protruding filopodia in random direction. F. Corresponding SHG image of homogeneous collagen fiber distribution. G. Superimposed image
of cell in 3D collagen. H. Polar plot of the collagen intensity distribution in the ROI (marked by the yellow dotted circle in G), along with mean intensity (red circle) and
mean+SD (yellow circle) of the entire iamge. I. Mean Nematic Order Parameter (NOP) of supercritical and subcritical cell density discs (n=20). Supercritical and subcritical
samples has a mean NOP of 0.45 and 0.12 respectively (p<0.01). J-K. SEM images of cells and collagen fiber distribution in a supercritical (J) and subcritical (K) samples. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

bridges or tethers is a densified phase transition of ECM caused
by buckling instability of fibers under cell induced compression
[19]. This finding along with our images of collagen architecture
for sub and supercritical cell densities suggest a link between ma-
terial phase transition and appearance of cell network in compact-
ing collagen discs.

3.3. Stochastic to deterministic transition in cell dynamics

The observations in the previous section prompted us to fur-
ther investigate the mechanism of how the network formation is
initiated and if there is a transition in cell dynamics as the pro-
cess evolves. High resolution time-lapse imaging of a collagen disc
seeded with cells above the critical density revealed that cells mi-
grate in a random manner during the initial hours after seeding.
As cell-cell interaction commenced, a striking network-like pattern
emerged over time, which resulted in the compaction of the discs.
Initially, individual cells displayed Brownian motion and probed
surrounding microenvironment by extending small filopodia in
random directions and by pulling on the adjacent fibers. This ran-
dom protruding of filopodia ceased when a cell started interacting
with a neighboring cell by extending longer protrusions and mov-
ing towards each other until the tips of the filopodia met. This gave
rise to a network of cells which collectively contracted the gels
(Fig. 4A-C, Supplementary Movie S.3). To quantify this stochastic to
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deterministic transition in cell dynamics, we did a temporal mean-
square displacement (tMSD, MSD(t) ~ t¢) analysis of cell motion
as described by Wylie et al. [41]. Here, we tracked the nucleus of
the cell to quantify cell dynamics. Similar to the diffusion coeffi-
cient obtained from mean square displacement analysis of a parti-
cle, we extracted the parameter « as a continuous function of time,
which allowed us to identify the transition from Brownian to pro-
cessive dynamics. For purely Brownian motion, & = 1, while =2
signifies ballistic motion. The details of the technique are described
in the supplementary section (Supplementary Information S.3., Fig.
S.3). For the cell tracked for tMSD analysis, initially o oscillated
between 0.5-1 (approximately up to ~100 minutes) after forming
the discs, signifying random dynamics. After that, when the cell
started to approach a neighboring cell in a persistent manner, the
value of « reached to approximately 1.6 after ~200 minutes. At
~240 minutes, we observed a drop in « which then started to in-
crease again after ~265 minutes (Fig. 4E). When the cell moved to-
wards the neighboring cell in a deterministic manner, the nucleus
which is being tracked for the analysis moved along with the cell.
As the cell reached close to the neighbor, the cell body became sta-
tionary at ~240 minutes while its filopodial protrusion started to
extend towards that of the neighboring cell (Supplementary Movie
S.5) up until ~265 minutes. During this time, the nucleus exhib-
ited slight jiggling motion which is reflected in decreasing value of
o to a super-diffusive regime. This is evident from the trajectory of
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Fig. 4. Emergence of a network of cells as cell dynamics transitions from stochastic to deterministic at supercritical cell density. A-C. Bright field images of a FF discs at
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Tmax. tMSD values at three time points t=100, 235, 265 minutes (marked by i, ii, iii respectively in E, F) are represented by the blue, red and green curves respectively, along
with the lines of =1 and a=2 (represented with black dashed lines). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

the nucleus on the x-y plane, which shows random motion of the
nucleus, followed by a ballistic trend, then again Brownian motion
of the nucleus (Fig. 4F). After this period, the cell again started to
move towards the neighbor, which explains the increase in . The
log-log plot of tMSD vs local time t in each rolling window 7 max
(details in Supplementary Information S.3) at three representative
time points (t = 100, 235 and 265 minutes), along with lines rep-
resenting « = 1 and o = 2 are shown in Fig. 4G. The distribution
of o for large number (n = 20-80) of cells obtained from mean
square displacement (MSD) analysis revealed the mean value of «
was ~0.5 during the first 2 hours and it went up to ~1.6 as the
disc started to compact (Supplementary Information S.3., Fig. S.4).
The sub-diffusive behavior (¢ <1) implies hindered Brownian mo-
tion of the cells during the first few hours after cell seeding. Our
data suggest the existence of stochastic to deterministic transition
in cell dynamics associated with the emergence of a global net-
work of cells. The structural differences in collagen microarchitec-
ture before and after compaction (Fig. 3) further hint that this net-
work formation through cell-ECM interaction is a key mediator in
regulating macroscopic compaction of the cell-ECM system. To test
whether such network appears for other cell types while compact-
ing collagen, we made tissues seeded with human colon cancer as-
sociated fibroblasts (CAF) and observed similar network formed by
the cells (Supplementary Information S.10., Fig. S.11).

3.4. Local remodeling of ECM by sparsely populated cells is transient
and reversible

Formation of collagen bands and fiber accumulation between
mechanically interacting cells in 3D fibrous matrix mediated by
contractile force has been reported in previous studies [25,32,42-
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44). The absence of such fiber accumulation in FF discs with sub-
critical cell density as found from our SHG images is rather re-
markable (Fig. 3F). This prompted us to investigate the dynamics
of individual cells with their surrounding matrix. As there is only
negligible compaction in tissues with subcritical density over long
time (Fig. 2C), these samples serve as a suitable model to study
interaction between single cell and ECM when there is no cell-cell
interaction. Time-lapse imaging revealed cells migrate randomly in
the entire collagen disc without forming any network. Even when
two cells come in close proximity at any point of time while mov-
ing randomly, they often move away from each other without in-
teracting or contributing in compaction of the discs (Supplemen-
tary Movie S.4)-suggesting negligible effect of local remodeling of
ECM by individual cells in global shrinking of the discs when cell
density is below the critical regime.

To further understand how the matrix surrounding a single cell
is deformed, we mixed 2 pm- diameter beads with collagen as
tracers and tracked the motion of the beads in the vicinity of a cell
over several hours. The strain between a pair of beads as a function
of time was calculated from the initial distance Ly and instanta-
neous distance L between the beads as &(t) = |L(t)-Lo|/Lg (Fig. 5A).
We found that the cell induced a finite tensile strain on the beads,
which then gradually reduced over time (Fig. 5B-D) as the cell re-
tracted the filopodia and migrated to a new location (Supplemen-
tary Movie. S.6). This implies that there is no net deformation or
permanent remodeling of the matrix. Cells only deform the local
ECM reversibly in a transient fashion leaving no memory of its his-
tory. We repeated this bead pair test for five individual cells from
different discs and found similar reversible strain dynamics (Sup-
plementary Information S.4., Fig. S.5).
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was 1 million/ml.

The reversibility in ECM deformation is not just a local phe-
nomenon observed between a single cell and ECM. In order to test
the reversibility of ECM deformation on a global scale, we applied
Blebbistatin in a partially compacted collagen disc and recorded
rate of expansion of the disc by measuring the distance between
two fixed points in the disc. The distance before and after adding
the drug at different time points showed that the gel partially ex-
pands when drug is added (Fig. 5E, Supplementary Information
S.7). This is supported by previous studies that reported similar
partial expansion of collagen disc by applying Blebbistatin [32]. Ap-
plication of Blebbistatin diminishes cell force by inhibiting myosin
activity, indicating the aforementioned findings are governed by
mechanical interactions. Next, we explored whether the cell-cell
interaction is indeed mechanical.

3.5. Network formation is guided by mechanical cues

Cell-cell or cell-ECM interaction can be mediated through me-
chanical and/or biochemical signals. In most of the cases, these
mediators work together, making it difficult to decouple one from
the other. To assess the role of mechanical interaction of cell-ECM
in network formation and phase transition in 3D tissue scaffolds,
we populated our collagen discs with inert polystyrene (PS) beads
(Fig. 6A). The beads have a diameter of 15 microns which is simi-
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lar to the initial cell size (10-15 microns) and a much higher elas-
tic modulus compared to the matrix. Unlike cells, the beads do not
actively pull the surrounding ECM fibers. Rather they increase the
local stiffness of the matrix, providing regions of higher stiffness
that facilitate cell polarization and long range mechanical cell-cell
interactions. We have validated this statement by taking an indi-
rect approach to estimate the microscopic stiffness change in vicin-
ity of a bead. We added 2 pm tracer beads to the cell-PS bead-
collagen mixture and measured the strain as a function of time in
the region between a cell and a PS bead using the displacement
of the tracer beads by the applied contractile force of the cells-
i.e., using the same technique described in Section 3.4. We found
that the strain in the matrix in the vicinity of the PS bead reaches
a maximum of approximately 30% when a nearby cell pulls to-
wards a bead (Fig. 6C, Supplementary Movie S.7). This high strain
indicates that local ECM response to cell force in the vicinity of
a bead is governed by the nonlinear elastic properties of ECM, as
supported by previous studies that reported the critical strain for
nonlinear elastic response for collagen is approximately 10% [45].
A cell which mechanically probes the matrix by applying contrac-
tile force experiences a stiffness gradient towards the direction of
a bead nearby. The beads are chemically inert, but guide cell mo-
tion and interaction in a purely mechanical way, decreasing the ef-
fective cell-cell distance. In other words, the bead presents itself
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as a mechanical cell to the neighboring living cell, effectively in-
creasing the cell density and facilitating the network formation. To
test whether the addition of beads perturbs the critical cell den-
sity for phase transition, we mixed 1 million/ml PS beads (bead-
bead distance 100 microns) with cell-collagen mixture for various
cell densities (0.01 to 5 million cells/ml) and observed the rate of
reduction of disc area (Fig. 6D). We found that critical cell density
decreases from 0.1 million cells/ml to 0.05 million cells/ml with
the addition of beads. The corresponding critical cell-cell (living)
distance for compaction increases from 160 pm to 210 microns
(Fig. 6E). Actin-stained images reveal that cells indeed recognize
the beads. They polarize towards the bead just as they do towards
another live cell (Fig. 6B). This reveals that the addition of beads
indeed shifts the critical length scale for compaction, implying that
phase transition is guided by mechanical cues arising from cell-cell
and cell-ECM interaction.

Cells respond to higher stiffness by exerting higher force on the
surrounding ECM. Therefore, the addition of PS beads might in-
crease the stiffness of the tissue and the observed shift in criti-
cal cell-cell distance might be the outcome of cell response to in-
crease in overall elastic modulus of the matrix. To test if this is the
case, we measured the stiffness of the cell-free collagen with and
without adding PS beads using a PDMS based force sensor [33].
Stiffness measured by the sensor for control case and for collagen
with PS beads were 6.4 nN/um and 7.1 nN/pum respectively (Sup-
plementary Information S.5), suggesting that the bead has a negli-
gible contribution in overall stiffness of the tissue. Stiffness of the
tissue increases as it compacts due to the strain-stiffening proper-
ties of collagen. To evaluate how stiffness increases as the cell-ECM
network evolves, we have also measured the stiffness at different
time points using the same sensor. We found that the stiffness in-
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creases from 10 nN/um on day 1 of culture to 50 nN/um after three
days (Supplementary Information, Fig. S.6).

4. Discussion

Our study reveals the existence of a phase transition and a crit-
ical cell-cell distance for compaction of 3D collagen gels medi-
ated by contractile cells. From macroscopic compaction of tissue to
gradually zooming into the mechanical interaction between neigh-
boring cells and between single cell-ECM, our study shed light on
the mechanism that links this critical length scale with transition
from Brownian to ballistic motion in cells, as well as isotropic to
anisotropic transition in collagen microstructure. Decoupling the
mechanical cues from the cell-secreted biochemical factors by re-
placing cells with cell-sized inert PS beads, we have showed that
the critical cell density for compaction shifts to a lower value. This
suggests that compaction of tissue is facilitated by mechanical cues
arising from the dynamic mechanical crosstalk between cell and
3D fibrous matrix. Similar shifts in phase transition due to external
stimuli are also observed in other physical systems. For instance,
ferromagnetic materials exhibit magnetism above Curie tempera-
ture under an external magnetic field [46], and the,-triple point
of water shifts when pressure is applied [47]. Nonlinear elasticity
of 3D fibrous matrix such as collagen and fibrin has been impli-
cated in mediating cell-ECM interaction [24,43,48-50]. We found
that the strain in the ECM along the direction of a PS bead result-
ing from an applied cell force reaches approximately 30% (Fig. 6C,
Supplementary Movie S.7), which is much higher than the critical
strain for nonlinear elasticity of collagen as reported by Sharma et
al. [45]. This implies that the cell-cell mechanical interaction that
leads to the formation of network of cells and their subsequent
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compaction falls in the nonlinear elastic regime of collagen, and
therefore nonlinear elasticity plays a key role in driving the pro-
cess. We also found that the addition of PS beads has no signifi-
cant effect in overall stiffness of the tissue (Supplementary Infor-
mation S.5). This supports our assumption that the beads act as in-
clusions that increase stiffness locally, while mechanical properties
of bulk collagen remain unperturbed, thus mediating local cell-cell
mechanical interaction and shifting the critical distance for phase
transition.

Our findings reveal that beyond the critical cell-cell distance,
individual cells deform the matrix transiently and reversibly by
pulling and releasing the adjacent fibers (Fig. 5). This suggests
that in addition to nonlinear elasticity, time-dependent viscoelas-
tic properties of collagen should be considered for further under-
standing of the mechanisms involved. The role of viscoelastic prop-
erties of ECM in regulating its interaction with cells in a tissue has
recently come into focus [51]. A recent study has revealed that vis-
coelastic stress relaxation of collagen gives rise to local matrix re-
organization that facilitates cell migration [52].

We have observed a stochastic to deterministic transition in cell
motion prior to formation of cell network above the critical cell
density. It is unclear how cells give up their random dynamics to
switch to ballistic motion and the mechanistic origin of this per-
sistent motion towards neighboring cells. It has been reported that
substrate stiffness along with inherent diffusive properties of cells
regulate cell-cell mechanical interaction in 2D linear elastic sub-
strates [53,54]. As distance between two cells decreases, their ‘in-
teraction potential’- which is a measure of substrate compliance-
increases, causing the cells to lose their Brownian dynamics and
form stable contacts with each other [55]. The mechanical crosstalk
is mediated by the deformation of the elastic substrate. In contrast,
the nonlinear elastic properties of 3D fibrous matrix play a key role
in establishing the dynamic mechanical crosstalk between cell and
ECM. Single cells mechanically probe the surrounding microenvi-
ronment by extending actin-rich filopodial protrusions in random
directions which originate from the stochastic actin dynamics [56].
This cell-ECM interaction is transient as observed from our results
(Fig. 5). When the cells are nearby (above critical density), two
protrusions from neighboring cells interact with each other by lo-
cally stretching the matrix. This interaction is also transient, as we
observed from time-lapse imaging (Supplementary Movie S.3). Oc-
casionally the facing protrusions synchronize their force when the
local strain becomes high and collagen stiffness increases due to
nonlinearity elasticity. This interaction leads to a transition from
Brownian dynamics of cells to a stationary state when cell protru-
sions approach each other in a persistent feed forward way and
results in a network across the entire matrix. This self-reinforcing
mechanism that guides persistent cell migration arises from local
gradients in collagen density [52] and tension anisotropy [57] me-
diated by cellular interaction.

Confocal images of cells that extend filopodia towards each
other but whose filopodia tips have not meet and corresponding
SHG images of stretched collagen fibers between them (Fig. 3A-
C) imply that the fibers between two cells approaching each other
are under tension until the tips of their filopodia meet. After the
formation of the network, the cells contract with tensile forces
along the protrusions employing the acto-myosin machinery, caus-
ing the fibers previously in tension to go under compression and
buckle. This is supported by the confocal images of two live cells
and fibers between them (Supplementary Information S.11) at two
consecutive time points before compaction had begun. The fibers
in between the cells were buckled but after the contact between
the protrusions was severed, the fibers went back to their un-
buckled state. This implies that the global contraction of the gel
is mediated by compression and buckling of fibers, and the per-
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sistent cell motion towards each other and formation of filopodial
connection precede fiber buckling and overall contraction of the
gels.

The critical length scale for phase transition and compaction is
governed by factors such as- cell-type and ECM properties as well.
For example, formation of a cell-ECM network is also observed in
Fibrin gels seeded with fibroblast cells [58]. In contrast, the process
of forming blood clots by platelets by contracting fibrin gels is dis-
tinct from the compaction mechanism exhibited by fibroblasts. Un-
like motile cells, platelets densify the fibrin network by pulling on
the fibers transversely to their longitudinal axes, resulting in for-
mation of fiber kinks [59]. Platelets also form aggregates as they
come closer while contracting the fibrin gel in this manner. Fu-
ture studies might address whether there exists a critical cell den-
sity and phase transition associated with contraction of fibrin gels.
Gaining insight on the existence of a universal law of phase transi-
tion in multicellular systems could be beneficial for better under-
standing of emergent properties of such systems. These extrinsic
factors (e.g. cell type) along with factors intrinsic to ECM (e.g. con-
centration, viscoelastic properties) together determine the critical
length scale for collective action.

Taken together, our study sheds light on the underlying mecha-
nism of emergence of collective behavior and an associated phase
transition from a mechanics perspective. In a 3D microenviron-
ment individual cells randomly probe the matrix by pulling and re-
leasing the fibers. If a cell approaches a neighbor exercising similar
dynamics, then the two neighbors may occasionally synchronize
their pull on the ECM fibers between themselves. This perturbs
the symmetry and homogeneity of the ECM for both the cells, bi-
asing their interaction with the ECM along the direction towards
each other resulting in ECM alignment and stiffening. The closer
the cells are, the higher the likelihood of cell-cell interaction. Cells
respond to the local stiffness gradients and polarize more towards
each other while applying contractile forces on the ECM. Tensional
stiffness between the cells continue to increase and the process
evolves in a positive feed forward way [60]. The changes in ECM
are now irreversible due to large local strains and possibly deposi-
tion of cross linkers by the cells. Once the interaction begins, the
cells lose their “individuality” and their “free” random dynamics.
They become locked in their relative positions. Each cell becomes
part of a collective society working towards a common functional-
ity, which is the compaction of the gel.

5. Conclusion

Emergence of collective behavior in biological systems has been
a topic of intense research in developmental biology over the past
decade. Understanding the precise mechanism of how a group of
cells communicate and interact with each other to initiate collec-
tive behavior can be invaluable in assessing pathological condi-
tions, as well as engineering functional tissue mimics. Our study
in 3D in vitro tissue scaffold sheds light on the functional rela-
tionship between critical cell density for macroscopic compaction
and structural phase transition in collagen. It also revealed that the
phase transition originates from a complex dynamic interaction be-
tween cells and their ECM. A static view of interaction is not suffi-
cient to explain the emergence of collective behavior in multi cel-
lular systems.
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