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SUMMARY

Currently, there is no mechanistic model that fully explains the initial synthesis and organization 

of durable animal structure. As a result, our understanding of extracellular matrix (ECM) 

development and pathologies (e.g., persistent fibrosis) remains limited. Here, we identify and 

characterize cell-generated mechanical strains that direct the assembly of the ECM. Cell 

kinematics comprise cooperative retrograde “pulls” that organize and precipitate biopolymer 

structure along lines of tension. High-resolution optical microscopy revealed five unique classes of 

retrograde “pulls” that result in the production of filaments. Live-cell confocal imaging confirmed 

that retrograde pulls can directly cause the formation of fibronectin filaments that then colocalize 

with collagen aggregates exported from the cell, producing persistent elongated structures aligned 

with the direction of the tension. The findings suggest a new model for initial durable structure 

formation in animals. The results have important implications for ECM development and growth 

and life-threatening pathologies of the ECM, such as fibrosis.
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The precise mechanisms that control and form animal structure remain unclear. Using an in vitro 
model of corneal development, we directly observed the detailed motion of human cells as they 

began making the incipient fine filaments destined to be woven into the durable structure that 

becomes a tissue. To produce these initial filaments, we observed that the cells must contract 

toward themselves and away from each other to generate mechanical tension, which then produces 

structure in the path of force.

INTRODUCTION

The function of load-bearing (e.g., tendon) and other highly specialized tissues (e.g., cornea) 

is critically dependent on the precise placement and retention of structural polymers directly 

in the path of mechanical force. In vertebrates, fibroblastic cells work with their associated 

molecular secretome to efficiently generate a fully continuous, mechanically competent, 

polymeric extracellular matrix (ECM) orders of magnitude larger than themselves. The 

precise mechanisms driving ECM formation remain obscure because it is difficult to observe 

morphogenesis at high enough temporal and spatial resolution to determine the fate of 

structural molecules as they move from synthesis to secretion and incorporation into the 

developing durable tissue.1 Thus, most knowledge has been gained indirectly through 

destructive, static, high-spatial-resolution electron microscopy2–7 or lower-spatial-resolution 

optical microscopy.5,6 While dynamic live-imaging studies, precisely focused on ECM 

deposition, have the potential to reveal the mechanism of matrix formation, there have been 

very few of them,8,9 and they have not examined the correct temporal and spatial window 
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to reveal the incipient mechanism of deposition. We are thus left with little data capable of 

explaining structural causality with respect to the morphogenesis of organized connective 

tissue.

It is known that the genesis of durable structure (e.g., collagen fibrils) depends on 

the formation of adhesion complexes on the cell surface,10 the polymerization of actin 

filaments,11 the presence of fibronectin (FN),12 and the ability of cells to provide a 

force or to “pull.”13–15 In 2016, we demonstrated that extensional strain alone could 

drive collagen fibrillogenesis in a cell-free solution of collagen molecules.16 In that study, 

extensional strain rates on the order of 0.3 s−1 caused the flow-induced crystallization 

(FIC) of collagen molecules, a concept well known in polymer physics.17,18 Flow-induced 

aggregation (FIA) of numerous important biomolecules (such as FN and tau protein) has 

also been demonstrated.19–23 We suggested that fibroblasts might be capable of initiating 

assembly of ECM materials by pulling receptor-laden cell processes through an extracellular 

macromolecular milieu containing crowded ECM components, including collagen, FN, and 

hyaluronan (HA).16 FN is a particularly important player as it flow aggregates easily20 and 

can “catalyze” collagen fibril formation, lowering the barriers to FIC.21

Using an in vitro model of corneal stromal development,5,9,24 we investigated whether and 

how human fibroblasts use mechanical tension to polymerize ECM structures. This model 

permits live, direct observation of primary human corneal fibroblast (PHCF) cell-matrix 

interactions. Using differential interference contrast (DIC) microscopy, we can take images 

at relatively high spatial (structures down to ~30 nm are detectable)25 and temporal (seconds 

between images) resolution. Here, we combine our PHCF ECM morphogenesis model with 

live DIC and confirmatory live confocal fluorescence imaging to examine ECM deposition 

during the critical window where durable matrix is initially formed.

RESULTS AND DISCUSSION

Cell kinematics

Live DIC microscopy revealed that filaments form via multiple types of cell 
contractions—Using live DIC microscopy to visualize PHCF growth to confluency on 

days 1–4, we observed that PHCFs generate “filaments” via rapid cellular retrograde 

contractions that we term “pulls.” These pulls were productive in that they “caused” the 

formation of persistent filaments, which we believe to be a form of retraction fiber.26 

However, we could not easily fit these structures into a single class of retraction fiber; thus, 

we refer to them here only as filaments with the understanding that they are produced via a 

retrograde contraction or pull.

We recorded and categorized pulling events that led to filament formation based on the 

morphology of the pull. We identified five distinct types of pulls. (1) Flat cell process (CP) 

pull (Figure 1A): originating from transparent lamellipodium-like projections at the cell 

edges, these pulls can occur either between two cells or from a single cell anchored to a 

glass surface. They result in nearly parallel filaments that align with the axis of the pull 

and are perpendicular to the cell border. (2) Thick CP pull (Figure 1B): characterized by 

wide “foot pads” at the end of CPs, these pulls often form the entire trailing edge of a cell 

Silverman et al. Page 3

Matter. Author manuscript; available in PMC 2025 April 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and exhibit a “bubbling” behavior, releasing vesicles into the extracellular space. (3) Thin 

CP pull (Figure 1C): notably thinner than thick CPs (p < 0.05), these pulls can occur at 

any angle relative to the cell’s long axis and do not usually constitute the entire trailing 

edge of the cell. About 50% of these pulls exhibit minor bubbling, either within the CP 

itself or at the base of the forming filament. (4) Ultrafine CP pull (Figure 1D): created 

by the thinnest and longest CPs, these are reminiscent of tunneling nanotubes (TNTs). 

TNTs are actin-rich nanotubular structures stretched between cells above their substrate and 

facilitate the intercellular transfer of organelles, membrane components, and cytoplasmic 

molecules.27,28 In our videos, ultrafine CPs always extend between two cells, and in 80% of 

cases, they contain gondola-like29,30 vesicles (moving vesicles in TNTs that are bigger than 

the diameter of the respective TNT itself; a reference to a gondola aerial lift) transported 

within the pull. (5) Cell surface pull (Figure 1E): resulting from rapid contraction of the cell 

body or the rapid separation of two adjacent cells, these filaments appear to originate from 

nucleation points on the cell surface.

The number of filaments generated during each pull was recorded, and the most prominent 

filament was selected for calculating extensional strain rate and pull velocity. The data 

from this analysis can be found in Table S1. Figure 1 and Video S1 provide representative 

examples for each category of pull, along with their corresponding velocity and extensional 

strain rate plots. Additional examples for each type of pull can be seen in Figure S1 and 

Video S2.

During the growth phase to confluency on glass substrates, we observed diverse filament 

formation patterns. Specifically, some filaments formed between a cell and its underlying 

glass substrate, while other filaments formed between two cells. In cases where two cells 

were involved, the pulls were further categorized as either symmetric (both cells contracted 

in what appeared to be a coordinated event) or asymmetric (only one cell contracted). 

When single-celled contractions occurred, the cell pulled against the culture dish surface 

and deposited filaments directly on the glass. Figure S2 and Video S3 show representative 

still images and videos for the subcategories of symmetric, asymmetric, and single-celled 

pulling.

Pulls generate extensional strain rates capable of forming collagen fibrils via 
FIC—Generally, pulls exhibited an initial slow contraction, then a sharp rise to maximum 

velocity, followed by a sharp decrease as the retrograde pulling event ended (Figure 2A). An 

analysis of 130 pulling events across days 1–4 and various pull types (Figure 2B) revealed 

an average maximum pull velocity of 0.80 ± 0.93 μm/s (n = 130), which is over 20 times 

faster than the average mid-stage retraction fiber speed (0.038 μm/s)26 and over 250 times 

faster than the migration speed of our PHCFs on glass (0.003 μm/s). Figure 2C provides 

a breakdown of maximum pull velocities for each specific pull type. Taken together, these 

results suggest that cell motility was not the primary objective of the pulling events.

The average maximum extensional strain rate was 0.23 ± 0.44 s−1 (n = 130), and the highest 

extensional strain rates created by flat CP, thick CP, and thin CP pulls exceeded 1 s−1 (Figure 

2D). These strain rates are within the range (0.3 s−1) capable of forming collagen fibrils 
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via FIC in a cell-free system.16 However, all pulls analyzed were “productive” in that they 

produced observable filaments, even at the lowest extensional strain rates of 0.01 s−1.

Notable pulling event observations—Through extensive observation using live DIC 

microscopy, we identified several key phenomena that could offer insights into the 

underlying mechanisms of filament formation (Figure 3; Video S4).

Vesicle dynamics suggest active material transfer during filament formation.: Previous 

live-imaging data have shown that cells aggregate surface “bubbles” (vesicles) where 

filaments form.31,32 Here, bubbles were often observed at the site of filament formation 

immediately prior to the pull, and in some cases, they would shrink or disappear following 

the contraction, suggesting that their contents may have been ejected or unspooled during 

the pulling event (refer to Figure 3A and the first pull in Video S4).

A reeling-in mechanism amplifies the filament extensional strain rate.: In many pulling 

events, the filaments were not only extended by the retraction of the CP that created them, 

but they were also “reeled in” toward the cell body at the same time26 (see Figure 3B and the 

second pull in Video S4). This likely makes the actual extensional strain rate of the filament 

higher than could be calculated by simply measuring the change in length of the filament.

Changes in cell surface curvature during pulling events.: Prior to some pulling event, the 

curvature at the base of the forming filament appears to be relatively open (refer to Figure 

3C and the third pull in Video S4). However, as the pull unfolds, we observe a pronounced 

increase in cell surface curvature. This observed change is reminiscent of the “necking 

region” previously documented by Paten et al.16

Orthogonal pulling in PHCFs: Evidence of cellular bi-directionality influencing tissue 
structure.: In this culture system5 and in their natural state, PHCFs produce nearly 

orthogonal sheets of collagen. Interestingly, we observed numerous cases where the same 

cell would pull in one direction (typically along its principal axis) and then immediately pull 

at a different angle (often orthogonally) to the previous pull (see Figure 3D and the fourth 

pull in Video S4). This suggests that there may be some cellular internal bi-directionality 

or bi-polarization that is instrumental in the ultimate orthogonal organization of the tissue 

produced.

Molecular crowding has no effect on pull kinematics.: Molecular crowding of corneal 

fibroblasts can convert secreted procollagen to telocollagen (i.e., activated for assembly)33 

and drastically enhance the rate of matrix deposition.34,35 We conducted this experiment 

with and without Ficoll as a molecular crowding agent. While the addition of Ficoll to the 

culture system resulted in thicker constructs at 2 weeks (20.38 ± 6.36 μm vs. 12.95 ± 1.87 

μm, p = 0.03), we did not observe significant differences in the types of pulls, maximum pull 

velocities, or maximum extensional strain rates during the initial 4-day observation period in 

the crowded versus uncrowded experiments and, thus, pooled the data.
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Molecular composition and dynamics

Filaments comprising thin cellular extensions engage with developing FN and 
collagen matrix—Figure 4 shows the progression of the cell culture by DIC and live-cell 

fluorescence microscopy over the 4 days of observation and at a later time point on day 7. 

While the cell density of the culture increases each day, it is clear from the fluorescence 

images that filaments containing both collagen and FN form at the earliest time points, 

with both biopolymers generally increasing in quantity over time. During days 1–2, FN is 

observed on specific regions of the cell membrane, with punctate aggregates of exported 

collagen colocalizing with FN membrane filaments. By days 3–4, FN strands extend 

between cells, and collagen adopts a more linear arrangement, suggesting the formation 

of collagen filaments. By day 7, continuous collagen filaments separate from FN membrane 

structures to create stand-alone structures, which we anticipate will become “durable” over 

time.

Lower-temporal-resolution (every 5 min) confocal imaging of the pulling events shows that 

the majority of fast pulling events formed thin, undecorated membrane extensions (Figure 

5). We further found that exported collagen and FN aggregates could bind to and stretch 

with some of these membrane extensions. Even at the earliest culture time points, collagen 

and FN were present on some filaments, and collagen was clearly colocalized, translocated, 

and stretched with the FN. These observations suggest that exported “mutable” aggregates of 

collagen are captured and reformed into linear structures by association with the FN in our 

system.

Biopolymer flow aggregation and co-association during pulling events—Figure 

6 and Video S5 show a clear example of flow aggregation and FN/collagen co-association 

during a pulling event. In the video, we see the exportation of punctate collagen aggregates 

to the cell surface, followed by a pulling event that creates an array of continuous FN 

filaments that colocalize with the exported collagen, pulling it along with the stretching 

FN. The FN/collagen association is consistent across our observation period, with nearly all 

observed forming collagen filaments colocalized with extending FN filaments.

If the filaments were indeed being stretched during the pulling event, as opposed to 

being pulled pre-formed out of a cell compartment, this could function to concentrate any 

bound precursor biopolymers and extend them in the direction of load, likely aiding in 

polymerization. To investigate this, we assessed the thickness change of a subset of pulls (n 

= 9) using DIC microscopy.36 Figure S3 shows thinning of filaments during the contraction. 

However, we cannot state with any certainty that all filaments thinned during the pulling 

events; indeed, there appear to be cases where some filaments are formed from vesicular 

contents directly (see Figure 3A) and likely do not thin proportional to their extension with 

deposition.

Our findings are consistent with those of Young et al.4 and Bueno et al.37 who both observed 

that thin cell extensions associate with the forming collagen matrix. Young et al. termed 

these matrix-forming structures “keratopodia.” These cell extensions are likely important 

drivers of early matrix assembly and are possibly critical to fibrotic tissue formation, where 

the cells are highly contractile. To determine whether the same kind of pulling kinematics 
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and resultant filament composition occur in a different species, we examined the behavior of 

rat embryonic fibroblasts under the same conditions and observed similar filament formation 

and kinematic behavior (Figure S4).

Post-formation mutability of collagen filaments guided by FN and mechanical 
strain—When formed, short collagen filaments are not static but can undergo further 

stretching and re-organization through interactions with FN/cell membrane extensions and 

subsequent pulling events. Figure 7 and Video S6 demonstrate that short collagen filaments 

can bind to FN, elongate in tandem with FN/membrane filaments, and align according to 

the most recent pulls. The video reveals a collagen filament (indicated by the lower dotted 

circle) detaching from FN at the 80-min mark. Upon release of tension, it extends its 

tip toward another FN filament, becoming longer and again stretching in the direction of 

the pull by the end of the video. Notably, the upper dotted circle highlights two collagen 

filaments at the 85-min mark that are bound to the same FN filament; these filaments stretch, 

and one subsequently fuses to itself laterally. These observations suggest that both lateral 

and longitudinal growth of collagen fibrils could be facilitated by molecular crowding (via 

adhesion to FN/membrane filaments) and mechanical strain (induced by pulling events).

Mechanisms of collagen scavenging and potential recycling—Video S6 

illustrates how a collagen filament stretches farther when it binds to a prominent FN filament 

during a new pulling event. Conversely, Figure 8 and Video S7 show that, when a collagen 

filament fails to bind to a strong FN filament, it is scavenged by the cell. In this sequence, a 

cell approaches the collagen (Figure 8A), binds to it (Figure 8B), and pulls it inward (Figure 

8C). The collagen then disengages from the small FN aggregate to its left (Figure 8D), 

tension is released (Figure 8E), and, ultimately, the collagen is scavenged (Figure 8F). It is 

possible that such scavenged collagen is recycled by the cell, as discussed previously.38–43

Spontaneous formation of collagen filaments without contraction events—In 

our culture system, we observed instances of “worm”-like collagen structures forming 

spontaneously between cells and the glass substrate without any associated contraction 

events (Figure 9; Video S8). These structures had an average length of 3.5 ± 1.0 μm (Figure 

S5) and were not under any tension. Their growth is likely the result of the enzymatic 

conversion of recently exported, punctate collagen aggregates. Three observers tracked the 

arc length of 10 such collagen worms as a function of time (Figure S5). The average growth 

rate was found to be 44 ± 17 nm/min over the monitoring period (44 ± 11 min), reaching an 

average peak growth rate of 101 ± 35 nm/min.

Pulls are discrete events that have characteristic kinematics capable of flow-induced 
protein aggregation or crystallization of biological polymers and form filaments between 
“anchor” points

Creating highly anisotropic arrays of collagen fibrils is critical for the mechanical function 

of tensile load-bearing (e.g., tendon) and specialized connective (e.g., the cornea) tissues. 

Fibroblast cells possess contractile machinery and polarization and thus have a ready 

mechanism to drive and control ECM organization: mechanical force. Mechanical forces 

are vectors (with direction and magnitude), operate over long distances, and are capable of 
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controlling connective tissue deposition.44 Here we demonstrated that persistent filamentous 

structures form secondary to the act of a fibroblast, or portion thereof, pulling toward itself. 

The active elements involved in this process appear to include contracting cell surfaces (i.e., 

cell surface protrusions, lamellipodia, and CPs) and mechanosensitive biopolymers (FN and 

collagen), at least.

We label the events described in this study “pulls” to distinguish them from the normal 

movements of the cells. Pulls could involve single or multiple cells and different structures 

associated with each cell. A pull is a rapid kinematic event that has a clearly characteristic 

motion comprising three parts (Figure 2A): (1) slow initiation, stretching attachments, and 

building tension in the structures that connect the pulling cell to a collaborating cell or to 

the glass; (2) acceleration to a peak retraction velocity, well above average cell velocity, 

and attainment of peak extensional strain rate; and (3) sharp deceleration. Only one subset 

of pulls (ultrafine), which we believe were generating/extending TNTs, did not follow this 

pattern. TNTs are specialized cellular extensions that transport signals directly between 

cells.45 They have been reported previously to be formed by myeloid cells in the adult 

mouse cornea,46 fibroblast cells,47 and other cell types48 but not corneal fibroblast cells. 

While we did not intend to fully investigate TNTs in this study, for the first time we report 

formation of these structures between PHCFs and demonstrate how they can extend between 

cells via cellular contraction.

We did not observe any long, continuous filaments forming spontaneously in the culture 

system without an associated contraction event (note: short collagen worms did form in the 

confined space between the cells and the glass substrate; we suggest that this is artifactual 

due to the entrapment of the collagen between the cell and the glass), nor did we observe 

the pure extrusion of long filaments from cell invaginations or long filaments emerging 

from the cell surface in the absence of extensional mechanical assistance. All long forming 

filaments started and ended at fixed points, either on a cell surface, a CP, or on the glass. 

The initial connection between the surfaces that subsequently “separate” is thus an important 

mechanism to examine in detail. Our data further suggest that filaments are not being 

pre-formed within the cell and drawn out. In many cases, filaments grew to lengths longer 

than the cell body, providing further evidence that the filament was assembling, growing, or 

stretching as a direct result of the pull. Cooperation between cells is also likely critical for 

filament formation, and data on collagen fibril synthesis support this idea. Lu et al.8 reported 

that individual collagen fibrils are formed by more than one cell when they used co-cultures 

of two different colored collagen-expressing cells.

Some pulls captured were of the highest velocities recorded in the literature for retrograde 

CP retraction.49 For four of the pull categories, flat CP, thick CP, thin CP, and cell 

surface pulls, the maximum extensional strain rates were sufficient to cause collagen fibril 

formation via FIC based on the data of Paten et al.16 and well above that needed for 

hybrid collagen/FN fiber formation via combined FIA/FIC, as shown by Paten et al.21 

However, the fact that filaments also formed at very low strain rates and under conditions 

of low precursor biopolymer concentration suggests that polymerization is assisted through 

binding to receptor-laden membrane extensions,50 which collect, concentrate, and extend the 

precursor biopolymers to promote assembly. It is also important to note that most pulls do 
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not produce polymer assembly in our open, molecularly “uncrowded” culture system (even 

with the addition of Ficoll), which likely frustrates matrix production prior to confluency.

Proposed models of initial ECM filament formation—The long-standing model 

of collagen fibrillogenesis, initially proposed by Birk and Trelstad7 and Trelstad and 

Hayashi7,51 and further developed by Canty and Kadler52 posits that cells directly 

generate fibrils within narrow plasma membrane channels and protrusions (fibripositors). 

Subsequently, based on the fibripositor model, collagen fibrils are discharged into the ECM 

to achieve tissue-specific organization. The fibripositor model, however, is not consistent 

with the strong evidence that hyaluronic acid,53 FN,12 actin filaments,11 and integrins10 are 

necessary for collagen fibrillogenesis (see Siadat et al.1 for a more detailed discussion of 

the shortcoming of previous collagen fibrillogenesis models). Based on the data presented 

in the current study, we propose two possible models, along with relevant live-cell imaging 

examples, of ECM structure formation driven by cellular contractions (Figure 10; Video 

S9). The molecules included in our models are all known to assemble into fibers, with FN 

and collagen known to assemble under extensional strain.16,20 Additionally, it is known 

that procollagen is exported to the surface in secretory granules54 and that it (and its 

propeptidases) is potentially bound to FN to facilitate local activation.55 While we did not 

stain for HA, we include it in the model as it is thought to assist in FN/collagen deposition,56 

and it is known that HA is synthesized by HAS-257 near the membrane. Because all 

filaments were formed by the mechanical separation of two structures, both of our models 

begin with the formation of an attachment between cells.

Model 1: CP/receptor-mediated FIA/FIC.: Figures 10A and 10B depict a stretching 

filament that has a long, thin cell surface extension at its center. In this model, the cellular 

retrograde pull stretches the cell membrane(s) into a long, thin filament replete with cell 

surface receptors that bind extracellular structural precursor biopolymers such as FN and 

collagen (synthesized previously or ejected concurrently from vesicles). The surface binding 

of precursor biopolymer molecules to an extending CP facilitates aggregation/crystallization 

in four important ways. (1) It reduces biopolymer motility, increasing the effective relaxation 

time. (2) As the CP thins and lengthens, it aligns the bound precursor biopolymers, 

extending them in the direction of load. (3) The radial contraction concentrates the 

biopolymers on the filament circumference. (4) The surface confinement prevents internal 

flows16 that can disrupt formation of biopolymer structures. The combined effect produces 

physical conditions that, we hypothesize, promote the organized assembly/crystallization of 

ECM filaments.

All three of our candidate molecules are ligands for cell receptors found on corneal and 

other fibroblasts (HA-CD44,58,59; FN:a5b1,60 and Col:a2b161). Additionally, it has been 

demonstrated that monomeric collagen in solution rapidly homes to and incorporates with 

collagen fibrils under strain.62 This model is also consistent with the co-alignment of corneal 

CPs (“keratopodia”) with collagen arrays observed by Young et al.4 and Bueno et al.37

Model 2: Pure FIA/FIC.: Figures 10C and 10D show filaments that are generated without 

a cell membrane extension at their core. The attachment point is formed so that biopolymer 

precursor molecules are positioned between the two surfaces. Upon retrograde pulling, 
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the dense polymer solution is stretched, rapidly “spooling” out of the vesicles to form 

filaments. (We believe that the first pull in Video S4 and Figure 3B, where the cell 

deposits matrix directly on glass purportedly from a vesicle, is a clear example of this 

model.) As the stretching progresses, the filament further thins and lengthens, and the 

dense molecular milieu outside of the cells (pre-synthesized or ejected concurrently from 

vesicles) may participate in the filament composition. In our system, we visualized FN from 

vesicles stretching to form thin filaments and visualized collagen aggregates colocalizing 

and stretching with these FN filaments.

Nearly all pulling events that generated ECM filaments followed model 1, where FN 

aggregates were stretched into a filament with the cell membrane at its core. Over time, 

the membrane core of these filaments would dissipate, and the filament would become 

re-associated with another cell surface and further stretched and organized (Figure 10E; 

Video S10). We also visualized collagen aggregates colocalizing and stretching along with 

FN to form durable structure that remained linear even when tension was removed (Figure 

10F). We occasionally saw FN filaments form following model 2, where the filament spools 

out of a vesicle without a membrane core, but these filaments were very small and occurred 

during the initial days of culture. In both models, the durable filaments (collagen) separate 

from the FN after it facilitates their formation, completing the process of initial matrix 

morphogenesis (Figure S6).

There is strong evidence to support FN’s role in collagen fibrillogenesis, where FN 

aids in the processing of procollagen by providing a scaffold for both procollagen and 

the C-propeptide proteinase bone morphogenetic protein 1 (BMP-1).55 The meticulous 

experiments by Saunders and Schwarzbauer55 suggest that, after cleavage, fibrillar collagen 

no longer requires association with FN. Their findings are consistent with our observation 

that collagen filaments eventually separate from FN after “maturation,” as shown in Figure 

S6.

A note on the role of FN—The role of FN in the formation of durable collagen structure 

has been reconsidered recently.63 We view FN as an assistive molecule, promoting the 

flow crystallization of collagen fibrils,21 which do not flow assemble as readily as FN.20 

Thus FN, by binding collagen (i.e., increasing its relaxation time) and stretching it, thereby 

lowering its barrier to FIC,35,64 is likely of great utility in producing durable structure in 

situations where the collagen cannot easily be preconcentrated, such as in wound healing, 

tissue remodeling, or open cell culture systems. However, under highly controlled conditions 

where collagen can be preconcentrated before pulling, such as in development, a substantial 

FN “assist” may not be as critical to promote collagen assembly.63

Collagen export to the ECM—Based on our imaging, there were two ways we observed 

collagen export to the ECM. In the first method, small, punctate, collagen-rich droplets 

appear on the surface of the cells. This collagen has two possible fates in our data: (1) it will 

bind in its amorphous form to FN that is close by and under tension, and (2) if there is no 

proximate FN, it can begin to polymerize into malleable “worms,” which are then subject 

to binding and reformation along an FN filament. We did not detect membrane surrounding 

these emerging droplets (Figures 6 and 9). It is possible that the punctate collagen-rich 
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droplets were bound by membrane, but we did not observe the membrane due to the more 

prominent cell membrane in the background. Alternatively, it is possible that the collagen 

droplets are in liquid-liquid phase separations with the surrounding medium. In the second 

method of exportation, on which we have limited data, we observed large membrane-bound 

vesicles to undergo shrinkage (disruption) during a pull. Notably, collagen seems to emerge 

from the vesicle, binding to a proximate FN filament (Video S11).

Molecular interaction during and after fibril formation—The assembly mechanisms 

of fibrils differ between FN and collagen. FN undergoes assembly under tension20 through 

force-driven conformational changes and unfolding of its cryptic modules.65,66 In contrast, 

collagen flow crystallizes with an extensional strain, achieved by the co-alignment of 

molecules in an extensional flow.16 The co-alignment changes the nature of the molecular 

interactions from 3D random collisions to lateral collisions of elongated molecules. The 

effect significantly reduces the activation energy for assembly (crystallization).17,18,67 For a 

more in-depth exploration of force-driven assembly in biopolymers, please refer to a review 

by Siadat and Ruberti.68

After collagen fibril formation, the structural integrity is primarily maintained by hydrogen 

bonds, involving both intermolecular and intramolecular interactions.69,70 Lysyl oxidase 

(LOX) cross-linking takes place subsequently, following the initial assembly of collagen 

fibrils. LOX catalyzes specific lysine and hydroxylysine residues in the N- and C-

telopeptides, generating reactive aldehydes that form covalent intra- and inter-molecular 

cross-links. These divalent cross-links play a crucial role in stabilizing nascent fibrils and 

can eventually progress into mature trivalent cross-links by reacting with a third residue 

or another divalent cross-link. The abundance of trivalent cross-links increases during 

development as collagen fibers undergo hierarchical maturation.71–73 Hence, we speculate 

that the observed collagen fibrils in our experiments are predominantly maintained by 

hydrogen bonds, and LOX-mediated cross-linking is likely to occur in a more mature ECM 

constructed by cells.

Implications of the observed behavior—There are a number of potential implications 

for ECM development, growth, maintenance, repair, and pathology if we cautiously extend 

the fundamental pulling behaviors observed in our model system to the in vivo cell-ECM 

relationship.

A new model of durable ECM formation: Mechanochemical force-structure 
causality.: The first implication is the potential discovery of a fundamental, proximal 

mechanism driving organized durable ECM production, which we posit to be 

mechanochemical in nature. In all cases, we observed that filaments were produced by 

pulling, and we describe this activity as mechanical causation of structure or, more formally, 

mechanochemical force-structure causality (MFSC).68 Mechanical strain has been shown 

previously to cause structure formation for two of the three major structural biopolymers 

involved in the development of ECM: FN65 and collagen.16 In the case of FN, the 

deformation of the molecules opens a cryptic binding site to promote FN fiber assembly 

via FIA.65 For collagen, extensional strain rates align molecules and accelerate assembly via 

FIC.16 When FN and collagen are together, there is a synergistic effect, further lowering the 
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energy barrier to assembly.21 The most important aspect of MFSC is that structure is formed 

directly in the path of the forces that create it, ostensibly to resist subsequent forces that 

propagate along the same direction. This is possibly why we first see cell and CP alignment 

with the eventual matrix that is formed in developing organized tissues.4,7,74,75 Cells 

produce the initial structure along local lines of “pull,” and then global-level tissue forces 

(i.e., muscle contractions, growth pressure increases) complete the structure formation, as 

described by Paten et al.16 It has been shown that knocking out non-muscle myosin II 

disrupts initial collagen fibril formation,14 abrogating muscle contractions cause tendon 

formation to fail,76–79 and de-pressuring the ocular globe leads to impaired growth,80 

underscoring the importance of collaboration between global and cell-generated forces.

Prestress: Filament deposition under tension.: Tissues generally exhibit prestress, 

suggesting fibril deposition under tension,81 If mechanical strains are required to cause 

the formation of structure, then the structures that are formed are going to be pre-strained by 

design. It is interesting to note that the seminal demonstration of engineered tissue formation 

was a collagen gel contracted by fibroblasts.82

Substrate effective stiffness: Soft vs. hard substrates.: Our cells were plated on glass, 

which is, in effect, infinitely stiff. Thus, cells can generate maximum forces and velocities, 

provided they were well anchored to the substrate. On very soft materials, fibroblasts cannot 

generate the same separation forces or speeds, limiting their ability to produce structure. 

Fibroblasts on soft tissues under load would experience an effectively higher resistance in 

the direction of force and strain, and therefore would likely be more effective at producing 

structure precisely where the loads are highest.

The structural organization kernel: Effect of cell polarization.: In our system, we used 

corneal stromal cells, which inherently produce orthogonal layers of parallel collagen fibrils. 

We found many examples of double pulls, where cells would pull in one direction and then 

follow that quickly by pulling in another direction, which was often close to orthogonal. 

We also visualized ECM filaments extending in an “L shape” at the cell surface, with one 

end extending along the cell surface and the other perpendicular to the cell surface, bridging 

the gap between two adjacent cells (Figure S7). Electron micrographs7 and reconstructions4 

of developing chick cornea show that the same cell has collagen fibrils extending in two 

directions from the cell body. Therefore, multiple pulling directions could be fundamental to 

the ultimate organization of the tissue being constructed.

Fibrosis, wound healing, and tissue engineering.: Nearly 45% of all deaths worldwide are 

related to some form of fibrosis.83 It is well known that increased contractile machinery is 

present in myofibroblasts and that the transformation of local fibroblasts to myofibroblasts 

is a marker of fibrosis.84 The increased muscularity of myofibroblasts could cause the 

formation of pathogenic structure through MFSC, provided there are available precursor 

biopolymers. Further, as structure is produced and stiffens, the effectiveness of each pull 

likely increases, leading to more accumulation of ECM in a positive feedback loop. When 

we understand the incipient mechanisms of fibrosis, there are opportunities to control or 
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reverse it. As a corollary, wound healing and engineering of ECM tissues could be enhanced 

through the harnessing of MFSC principles.

Study limitations

First, there is limited physiological relevance of early cultures on glass. Our experimental 

model is a human primary cell culture system that is known to produce orthogonal arrays 

of collagen, in an arrangement similar to the native cornea stroma, over a period of weeks. 

Early on, when there is minimal molecular crowding to prevent molecules from diffusing 

away, the cells cannot produce extensive matrix because collagen is lost to the medium 

prior to conversion by propeptidases.85 Thus, we are observing the actions of a frustrated 

matrix production culture system working with a limited supply of precursor biopolymer 

molecules. Additionally, these cells behave more like myofibroblasts than fibroblasts in 

early culture, so the timing of this model could be more representative of healing than 

development. However, prior to confluence, we can better observe and quantify their 

behavior with high-resolution DIC. Furthermore, because of filaments’ extreme fragility 

during fixation and immunohistochemistry (IHC) staining (Figure S8), live cell stains were 

necessary to identify components associated with the forming filaments. Last, there are 

potentially interfering effects of FN and other components in the system due to the presence 

of bovine serum in the medium.

Conclusion

Our observations, performed at high spatial and temporal resolution, support the principal 

hypothesis that structures (filaments) are formed preferentially “along the lines of local 

mechanical strain.” More succinctly, we directly observed mechanical causation of 

biological structure at the cellular-length scale. These data suggest that local pulling leads 

to durable structure formation in an in vitro model of developing ECM. The nature of 

the pulling profile indicates that pulling events are separate and distinct from those that 

provide cell motility or apply tension in general. Tying mechanical force and the resulting 

strain rates directly to biopolymer structure formation via FIA and FIC could lead to a 

clearer, functional understanding of the cell-matrix interplay during development, growth, 

and pathological changes of connective tissues (e.g., fibrosis). There are rather important 

implications associated with the proposed MFSC model. However, on a more philosophical 

note, if millions of micron-scale, cooperative cell contractions cause the formation of tiny 

polymeric strings that integrate to form our load-bearing structure, then we could be, quite 

literally, “pulled” into existence.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact—Further information and resource requests should be sent to the lead 

contact, Jeffrey W. Ruberti (j.ruberti@northeastern.edu).

Materials availability—No new unique materials were produced by this investigation.

Data and code availability—No data or code are available for request.
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Cell isolation and culture

PHCFs were isolated from 74-year-old or 67-year-old human donor corneas (obtained 

through the National Disease Research Interchange) following the procedure established 

by Bueno et al.37 Briefly, donor corneas were gently scraped of their epithelium and 

endothelium to ensure that only stromal cells were isolated. Then, the corneas were cut 

into 2 × 2 mm pieces and cleaned by soaking in 1× Gibco phosphate-buffered saline (PBS) 

(Thermo Fisher Scientific, 10–010–023) containing 1% HyClone penicillin-streptomycin 

100× solution (Thermo Fisher Scientific, SV30010) and 0.1% amphotericin B (250 μg/mL) 

solution (Sigma-Aldrich, 1397–89–3).

Each explant was adhered to the center of a 6-well culture plate (Corning, 3516), and 

PHCFs were cultured using the reagents and techniques established by Siadat et al.86 

Complete PHCF medium, comprising Corning DMEM with L-glutamine and 4.5 g/L 

glucose without sodium pyruvate (Thermo Fisher Scientific, MT10017CV), 1% penicillin-

streptomycin, 0.1% amphotericin B, and 10% Corning regular fetal bovine serum (Thermo 

Fisher Scientific, MT35010CV), was gently added to the well. Cells were incubated at 37°C 

with 5% CO2. A half-medium exchange was performed every 3–5 days until the PHCFs 

migrated off the explant. When confluent, the explants were discarded, and PHCFs were 

expanded and frozen for future use.

Rat embryonic fibroblasts (ATCC, Rat2 CRL-1764) were cultured with complete rat 

medium, comprising DMEM with L-glutamine, glucose, and sodium pyruvate (ATCC, 30–

2002), 1% penicillin-streptomycin, 0.1% amphotericin B, and 10% Corning regular fetal 

bovine serum, under the same conditions as PHCFs.

Live-cell DIC imaging

PHCF cells from the 74-year-old donor were seeded at passage 3 on uncoated, 170-μm-

thick, glass-bottomed, temperature-controlled culture dishes (Bioptechs, 04200417B) at a 

concentration of 10,000 cells/cm2. On day 1, a full medium exchange was performed, and 

CO2-infused, complete medium containing 0.5 mM L-ascorbic acid (Sigma-Aldrich, A4544) 

was added to stabilize the collagen produced by the culture. For half of the samples, 37.5 

mg/mL Ficoll 70 (Sigma-Aldrich, F2878) and 25 mg/mL Ficoll 400 (Sigma-Aldrich, F8016) 

were added to the medium to increase the molecular crowding of ECM proteins. 6 PHCF 

samples treated with only ascorbic acid and 6 PHCF samples treated with ascorbic acid, 

Ficoll 70, and Ficoll 400 were assessed.

After the medium was exchanged, the cells were incubated for 3 h and then imaged with a 

coverglass lid (Bioptechs, 4200312) using a Nikon Eclipse TE2000-E inverted microscope. 

A 60× Nikon CFI Apochromat total internal reflection fluorescence (TIRF) oil objective 

and Photometrics CoolSNAP EZ charge-coupled device (CCD) camera were used to take 

high-resolution DIC photos every 5 s for 1 h. The Nikon Perfect Focus system was utilized 

to ensure that the sample remained in focus during imaging. To keep the sample at 37°C, an 

objective heater (Bioptechs, 150819), an objective heater controller (Bioptechs, 150803), a 

microscope stage adapter (Bioptechs, 04202602), and a culture dish temperature controller 
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(Bioptechs, 0420–04–03) were used. All samples were imaged at approximately the same 

location to ensure a consistent distribution of cells.

After imaging the sample, it was placed back in the incubator to be subsequently imaged on 

days 2, 3, and 4. On days 2 and 4, no medium exchange was performed prior to imaging. 

On day 3, a full medium exchange was performed 3 h prior to imaging using CO2-infused 

complete medium containing either only 0.5 mM L-ascorbic acid or 0.5 mM L-ascorbic 

acid, 37.5 mg/mL Ficoll 70, and 25 mg/mL Ficoll 400.

Rat2 cells were imaged only on day 3 following the same methods as for PHCF cells. 

Complete rat medium containing 0.5 mM L-ascorbic acid, 37.5 mg/mL Ficoll 70, and 25 

mg/mL Ficoll 400 was used.

Assessing cell culture thickness

After DIC imaging on day 4, PHCF samples were grown until day 14 with full medium 

exchanges every 2–3 days using complete medium with consistent concentrations of either 

only L-ascorbic acid or L-ascorbic acid, Ficoll 70, and Ficoll 400. On day 14, cell construct 

thickness was assessed by using the Nikon inverted microscope with the 60× oil objective 

and DIC to perform a Z scan in center, north, south, east, and west locations in each cell 

culture. Multiple locations were used due to heterogeneity in the cell culture; these locations 

were averaged to obtain a mean thickness for each cell construct.

DIC time-lapse analysis

Time-lapse videos were analyzed frame by frame using Fiji.87 For each identified pull, the 

length of the most prominent persistent filament was measured over time, and the following 

equations were used to analyze the pulling events:

PHCF pull velocity: vn = Ln − Ln − 1
tn − tn − 1

PHCF pull extensional strain rate: ε̇n = Ln − Ln − 1 /Ln − 1
tn − tn − 1

where Ln is the length of the persistent filament in frame n, Ln − 1 is the length of the persistent 

filament in the previous frame n − 1 , tn is the time in frame n, and tn − 1 is the time at the 

previous frame. Though our microscope was set to take photos every 5 s, this timing was not 

always precise, and images were taken approximately every 4–6 s. For our analysis, we used 

the exact time points exported from our data.

A total of 130 pulling events were analyzed individually by three authors to obtain 3 

measurements for length, 3 measurements for velocity, and 3 measurements for extensional 

strain rate for each pull at each time point. These values were averaged to obtain a mean 

length, velocity, and extensional strain rate for each pull at each time point. The maximum 

velocity and extensional strain rate for each pulling event was used to compare events.
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Pulling events were subsequently categorized into five pull types based on pull morphology. 

For pulling events that created multiple persistent filaments, we recorded the total number 

of filaments created and their maximum length and then analyzed the most prominent and 

visible filament. The length of the contracting CP and its average thickness were recorded. 

To determine CP thickness, measurements were taken at 5 locations along the process and 

then averaged. For each pulling event, it was noted whether the CP contained a bubbling 

footpad and whether the event occurred between two cells or one cell and the glass surface 

of the culture dish.

DIC-edge intensity shift (DIC-EIS) analysis for estimating filament diameter changes

Filament diameter change was estimated from DIC images based on a method that measures 

collagen fibril diameter.36 Only filaments that stayed in focus during the entire pulling event 

were analyzed. Briefly, DIC images were uploaded into MATLAB. A rectangular region of 

interest was defined along the middle section of each filament. DIC-EIS was calculated as 

the average difference between the maximum and minimum intensities across each filament.

Live-cell confocal imaging

CNA35-EGFP, a collagen binding protein with green fluorescent protein, was prepared 

following the protocol established by Aper et al.88 Briefly, single E. coli colonies 

with the pET28a-EGFP-CNA35 gene (Addgene, plasmid 61603) were cultured in LB 

(Lysogeny broth) medium, and protein expression was induced with 0.5 mM isopropyl 

β-D-1-thiogalactopyranoside (Sigma-Aldrich, I1284). Bacterial pellets were resuspended 

in Bugbuster (Sigma-Aldrich, 70584–3) containing 1 μL/mL benzonase (Thermo Fisher 

Scientific, 70–746–3). Protein was purified via Ni2+ affinity chromatography using the 

N-terminal 6xHis-tag.

FN stain was prepared by mixing 100 μL Alexa Fluor 594 anti-FN antibody (Abcam, 

ab275336) with 0.3 mL glycerol (Thermo Fisher Scientific, G33), 0.01 g bovine 

serum albumin (Sigma-Aldrich, A8654), and 0.6 mL PBS (Thermo Fisher Scientific, 

AAJ67670AP) to create a stock solution of 50 μg/mL antibody that was stored at −20°C 

until use.

For each sample, (1) nucleus-membrane and (2) collagen-FN staining solutions were 

prepared with complete medium containing 0.5 mM L-ascorbic acid, 37.5 mg/mL Ficoll 

70, and 25 mg/mL Ficoll 400. Nucleus-membrane staining medium was supplemented with 

2 drops/mL of NucBlue (Thermo Fisher Scientific, R37605) and 1 μL/mL CellBrite Steady 

Membrane Dye (Biotium, 30105-T and 30108-T). Initially, CellBrite Steady Membrane 

Dye 405 nm was used, but it was replaced with CellBrite Steady Membrane Dye 650 

nm due to phototoxicity. Collagen-FN staining medium was supplemented with 20 μL/mL 

CNA35-EGFP and 15 μL/mL FN stain.

Cells from the 67-year-old donor were cultured on Bioptechs culture dishes with complete 

medium containing 0.5 mM L-ascorbic acid, 37.5 mg/mL Ficoll 70, and 25 mg/mL Ficoll 

400 as described previously. Prior to imaging, a full medium exchange was performed, 1 

mL of nucleus-membrane staining medium was added, and cells were incubated for 30 

min at 37°C and 5% CO2. Then, another full medium exchange was performed, 1 mL 
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of collagen-FN staining medium was added, and cells were incubated for at least 30 min 

at 37°C and 5% CO2. This collagen-FN staining medium was kept in the dish during all 

confocal imaging.

Cells were imaged on a Carl Zeiss LSM 880 confocal laser-scanning microscope using a 

63× oil objective with controlled incubation settings of 37°C, 5% CO2, and humidity. Cells 

were imaged using 405-nm, 488-nm, 561-nm, and 640-nm laser lines with a pixel dwell 

time of either 0.55 μs or 1.1 μs. The laser intensity, pinhole size, and gain were optimized 

to decrease photobleaching while enabling visualization of fine filaments. Live-cell confocal 

time-lapse images were taken every 5 min. Z stacks and tile scans were also performed. 

After imaging, cells were discarded.

Video creation

Files were imported into Fiji87 as an image sequence and cropped, rotated, and adjusted to 

have increased contrast and better showcase the pulling event. All image modifications (i.e., 

rotations, contrast enhancement, etc.) were minimal and applied to the entire image. The 

scale bar and time stamp were also added in Fiji.87 Our time stamp was set to increase in 

increments of either 5 s (for DIC imaging) or 5 min (for confocal imaging). Photoshop and 

BioRender were utilized to create video annotations, and iMovie was used to assemble and 

edit the videos.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

The kinematics of fibroblast motion were quantified

Five unique classes of retrograde pulls by fibroblasts were identified

Pulls resulted in formation of fibrillar fibronectin and collagen in ECM

A new model for initial durable structure formation in animals is proposed
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PROGRESS AND POTENTIAL

The work presented here has the potential to dramatically alter our understanding of 

durable structure (load-bearing tissue) formation in vertebrate animals. The current 

models of tissue production do not generally contemplate mechanical tension as a 

direct catalyst for the assembly of structural biopolymers (e.g., collagen) that will 

then resist the very forces that create them. If tension can induce the formation of 

structure directly in the path of the force that creates it, then there are large-scale 

implications across multiple research and therapeutic domains, from developmental 

biology to wound healing to orthopedic tissue repair and enhancement. The investigation 

formally introduces mechanochemistry to matrix formation at the cellular level and 

suggests that animals could be quite literally “pulled” into existence.
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Figure 1. Classification of five types of retrograde pulls with corresponding kinematics
(A–E) Representative PHCF DIC live-cell images for each identified pull type. Initial and 

final time points are shown on the right, while the corresponding velocity and extensional 

strain rate plots are displayed on the left. Kinematics data are represented as mean ± 

standard deviation, based on observations from three independent analysts. Filaments under 

tension during pulling events are denoted in white brackets. Scale bars represent 10 µm. 

Dashed white arrows show the direction of pulls. Black arrowheads show the cell borders 

involved in the pulls. N, nucleus. Images are snapshots taken at initial and final timepoints in 

Video S1.

(A) Flat CP pulls are formed by transparent, lamellipodium-like projections at the cell 

edge, resulting in nearly parallel filaments that align with the direction of pulling and are 

perpendicular to the cellular border.
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(B) Thick CP pulls are characterized by a broad “foot pad” at the end of the cellular 

extension, capable of generating multiple filaments. Notably, 90% of thick CPs display 

vesicle “bubbling” at their foot pads. They generally align with the cell’s long axis and often 

constitute the entire trailing edge of a cell.

(C) Thin CP pulls are distinguished by their significantly reduced width compared with thick 

CPs (p < 0.05). They can orient at any angle relative to the cell’s long axis and usually do 

not constitute the entire trailing edge of the cell. Approximately half exhibit minor vesicle 

bubbling, either by the CP itself or by the collaborating cell at the base of the forming 

filament.

(D) Ultrafine CP pulls are generated by the thinnest and longest cellular extensions, 

resembling TNTs. Most contain gondola-shaped vesicles (indicated by white arrowheads) 

that move along with the pulling force.

(E) Cell surface pulls occur when a large portion of the cell body contracts quickly or when 

two adjacent, parallel cells rapidly separate. Filaments in this category appear to nucleate 

directly from the cell surface, in contrast to those in flat CP pulls, which are formed by 

stretching flat lamellipodia.
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Figure 2. Kinematic analysis of retrograde pulling events
(A) Velocity profiles. The graph standardizes 130 assessed retrograde pulling events with 

maximum velocity set at time 0. Initially, pulling elements stretch their connecting structures 

to build tension, resulting in a slow onset of motion (left side of plot). As more contractile 

elements engage and some structures yield to the applied load, pulling events accelerate to 

their peak retraction velocity and extensional strain rate (center of plot). Eventually, the pull 

velocity sharply declines as the local cellular motion arrests (right side of plot).

(B) Temporal distribution. This plot shows the distribution of assessed pulling events across 

days 1–4, categorized by pull type.

(C) Maximum pull velocity. Shown is a boxplot comparing the maximum pull velocity for 

each identified pull type. The average PHCF migration speed was found to be significantly 

slower (p < 0.01) than the average maximum contraction velocity across all pull types.

(D) Maximum extensional strain rate. Shown is a boxplot depicting the maximum 

extensional strain rate observed for each pull type.
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Figure 3. Notable observations during pulling events
(A) Bubble formation and dissipation. Long before the pulling event starts (left), no bubbles 

or vesicles are present. Just prior to the event (center), numerous vesicles appear and 

concentrate at the edges of the cell CP, as shown by the small arrow. During the pulling 

event, a filament is deposited directly onto the glass surface (indicated by small arrows), and 

the vesicles diminish and vanish.

(B) Filament reeling. During this pull, vesicles form and accumulate at the cell surface, 

particularly where filaments are forming. As vesicles deplete, new ones emerge in a rapid, 

bubbling manner. Concurrently, the cell appears to reel in the newly created filaments.

(C) Cell surface curvature. Prior to the pull, the filament’s base curvature is relatively open, 

as indicated by small arrows. During the pull, the cell surface becomes more curved, evoking 

comparisons with the necking region described by Paten et al.16
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(D) Multidirectional filament formation. Initially, the cell’s left CP pulls inward, forming 

filaments. Subsequently, the cell’s top CP engages to create additional filaments that are 

nearly perpendicular to the first set. These filaments are further pulled inward, resulting in a 

crumpled region at the filament’s base (indicated by a small arrow).

Scale bars represent 10 μm. Large, dashed arrows indicate the direction of the pull. Time is 

presented in min:sec format. The images are snapshots taken at specified time points from 

Video S4.
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Figure 4. Progression of PHCF cell culture
Shown are representative DIC (top row) and confocal (bottom row) live-cell images captured 

on days 1–4 and day 7. Cells are stained for nucleus (blue), membrane (blue), FN (red), 

and collagen (yellow). During days 1–2, cells exhibit a flat morphology and are relatively 

sparse. FN is detectable on specific regions of the cell membrane, and punctate aggregates 

of exported collagen can be seen incorporated into some FN-associated membrane filaments 

(delineated by dashed circles). By days 3–4, the culture approaches confluence, with 

increased FN stretching between cells and a more linear rather than punctate appearance 

of collagen (indicated by arrows), suggesting the formation of collagen filaments. On day 

7, some collagen filaments have disengaged from the FN membrane filaments (highlighted 

by a triangular arrow), evolving into independent structures that are anticipated to become 

“durable.” The scale bars represent 20 μm, and all images are presented at the same scale.
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Figure 5. Colocalization and stretching of collagen and FN in membrane extensions
Shown is a thin membrane extension (blue) colocalized with exported collagen (yellow) and 

FN aggregates (red). The filament is stretched between two cells and is actively retracted by 

the upper cell, as indicated by the arrowhead. As the filament is pulled inward (depicted by 

the curved arrow), collagen localized at the filament’s base (highlighted by dashed ellipses) 

stretches in the direction of the pull (represented by the dashed arrow), and the filament is 

reeled into the cell (straight arrow). Scale bars correspond to 10 μm, and time is presented 

in min:sec format. The bottom row offers isolated channel views at different time points to 

emphasize the distinct membrane, FN, and collagen compositions of the filament.
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Figure 6. ECM structure formation induced by pulling events
Live-cell confocal microscopy of PHCF culture on day 1 shows cells stained for nucleus 

(blue), membrane (blue), FN (red), and collagen (yellow), with a focus between the cell and 

the glass substrate.

(A and B) Low-magnification images capture the cell environment before and after a slow 

cell-surface pulling event that leads to ECM formation.

(C–F) A high-magnification inset highlights the pulling event. Prior to the pull (C and D), 

punctate collagen and FN aggregates on the cell surface become more vibrant and numerous 

(circled). As the pulling commences (E), FN seems to “streak” (indicated by an arrowhead) 

in the direction of the pull (large dashed arrow), becoming brighter and starting to form a 

filamentous matrix (F). Collagen aggregates colocalize with FN (indicated by thin arrows) 

and elongate as the ECM stretches (F and G).
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(G and H) A white arrowhead highlights an ECM filament containing a membrane core 

(small rectangle), while a hollow arrowhead points to an ECM filament lacking a membrane 

core (small rectangle). Subtraction of FN and membrane enhancement (H) reveals a network 

of membranous cell filaments that mostly colocalize with the newly formed ECM.

Scale bars correspond to 10 μm. Images are snapshots taken at specific time points from 

Video S5.
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Figure 7. Collagen filament mutability and interaction with FN during pulling events
Live-cell confocal images show the PHCF culture stained for membrane (blue), FN (red), 

and collagen (yellow). Time-stamped snapshots are taken from Video S6 for reference.

(A and B) Existing short collagen filaments (shown in dashed circle) undergo modifications 

due to local pulling activity. Cells traverse and exert force (pull direction indicated by large 

dashed arrows) on these short collagen filaments, which subsequently bind to FN filaments 

(denoted by small arrows) and stretch alongside FN/membrane structures in the direction of 

the pull.

(A) A single collagen filament elongates longitudinally without visibly merging with other 

collagen filaments, possibly through the accretion of collagen molecules or aggregates 

and/or molecular reconfiguration.

(B) Two closely associated collagen filaments undergo stretching due to the same pulling 

event and binding to a shared FN filament. One of these collagen filaments appears to fold 

and laterally fuse with itself in the final frame captured.
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Figure 8. Dynamic collagen scavenging observed in PHCF culture
Live-cell confocal imaging shows a PHCF culture stained for membrane (blue), FN (red), 

and collagen (yellow). A cell moves over an extracellular collagen filament, outlined by a 

dashed ellipse (A). The cell binds (B and C) and subsequently stretches the collagen (D) in 

the direction of the dashed arrow. The tension on the collagen is released at the 45-min mark 

(E), ultimately leaving the collagen in a shortened, curled configuration and leading to the 

scavenging of this collagen (F). A small, punctate FN aggregate is initially bound to one end 

of the collagen filament (A–C). During stretching, the collagen detaches from this small FN 

aggregate on its left (D). Time-stamped snapshots are sourced from Video S7 for reference.
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Figure 9. Formation of collagen “worms” in PHCF culture
Live-cell confocal images depict a PHCF culture stained for membrane (blue), FN (red), and 

collagen (yellow). In these settings, punctate collagen aggregates become trapped between 

the cell and the glass substrate, giving rise to short collagen filaments (indicated by arrows) 

without any associated pulling events. These resulting collagen filaments are typically short, 

measuring less than 5 μm in length (see Figure S5 for reference), and do not appear to be 

under tension. The images are time-stamped snapshots taken from Video S8 for context.
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Figure 10. Mechanistic models for filament assembly in early, uncrowded environments
(A–E) Two proposed mechanistic models (A and C) along with corresponding live-cell 

confocal microscopy examples (B and D) for mechanically driven filament assembly in an 

early-stage, uncrowded cellular system. Time-lapse confocal images feature PHCFs stained 

for nucleus (blue), membrane (blue), FN (red), and collagen (yellow). Composite images 

are shown above each set of individual channels (B, D, and E), and the direction of cellular 

pulling is indicated by dashed arrows. Images used are snapshots from Videos S9 and S10.

(A) Model 1 outlines a filament assembly process with a cellular membrane extension at 

its core. The sequence begins with two adjacent, bubbling cells releasing collagen and FN 

from their vesicles at the site of pulling (A, i). These molecules then adhere to the cell 

surface (A, ii) and become increasingly aligned as a membrane bridge forms between the 

separating cells (A, iii). As the bridge thins and elongates, FN molecules further align, 
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concentrate, extend, and polymerize to create filaments, while collagen aggregates and other 

ECM components also bind FN filaments and become aligned in the path of force (A, iv).

(B) Live-cell example supporting model 1. A filament comprising membrane, polymerized 

FN, and collagen aggregates is stretched between two adjacent cells (B, i). Additional FN 

and collagen aggregates are exported to the cell surface (small arrows). As the cells separate, 

the membrane core elongates and thins (B, ii and iii). FN appears brighter, thinner, and 

straighter, and collagen aggregates appear brighter, and more aligned.

(C) Model 2 proposes a filament formation mechanism without a cellular membrane at the 

core. This model begins with a single cell releasing collagen and FN from vesicles at the 

pulling site (C, i). These molecules accumulate due to external HA limiting their diffusion. 

The CP rapidly pulls, which exerts extensional strain on the surrounding molecules, causing 

the FIA of FN (C, ii). Collagen aggregates (and additional ECM biopolymers) can bind to 

the FN filaments (C, iii) and become stretched and aligned in the path of force (iv).

(D) Live-cell example supporting model 2. A bubbling cell releases vesicular content (small 

arrows; D, i). As the cell pulls (D, ii), an FN filament “streaks” out of a vesicle with no 

membrane extension at its core (vesicle indicated by arrowheads in the inset images; FN 

filament shown in dashed rectangle). The cell continues to pull, and the FN filament grows 

longer and thicker, with the end section only comprising FN (D, iii).

(E) An FN and collagen aggregate (E, i) is pulled and stretched into an FN filament 

with a cell membrane at its core (E, ii and iii; filament indicated by hollow arrows). 

The cell membrane core then dissipates and is no longer visible (E, iv), and then the FN 

filament associates with surrounding membrane filaments (E, v). Ultimately, the FN filament 

associates with the cell surface, is further stretched, and is thickened by associating with 

other FN on the cell surface (E, vi and vii).

(F) A small collagen aggregate (F, i) is stretched with FN into a filamentous structure (F, 

ii and iii) which remains linear even when tension is removed (F, iv) and then is later 

reorganized by the cells.
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