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Fibroblast migration plays a key role during various physiological and patho-

logical processes. Although migration of individual fibroblasts has been well

studied, migration in vivo often involves simultaneous locomotion of fibroblasts

sited in close proximity, so-called ‘en masse migration’, during which intensive

cell–cell interactions occur. This study aims to understand the effects of matrix

mechanical environments on the cell–matrix and cell–cell interactions during

en masse migration of fibroblasts on collagen matrices. Specifically, we hypo-

thesized that a group of migrating cells can significantly deform the matrix,

whose mechanical microenvironment dramatically changes compared with

the undeformed state, and the alteration of the matrix microenvironment reci-

procally affects cell migration. This hypothesis was tested by time-resolved

measurements of cell and extracellular matrix movement during en masse
migration on collagen hydrogels with varying concentrations. The results illus-

trated that a group of cells generates significant spatio-temporal deformation of

the matrix before and during the migration. Cells on soft collagen hydrogels

migrate along tortuous paths, but, as the matrix stiffness increases, cell

migration patterns become aligned with each other and show coordinated

migration paths. As cells migrate, the matrix is locally compressed, resulting

in a locally stiffened and dense matrix across the collagen concentration

range studied.
1. Introduction
Migration of fibroblasts is a key phenomenon during various physiological and

pathological processes including wound healing [1] and cancer development

[2,3]. During these processes, fibroblasts remodel compliant collagen extracellular

matrix (ECM) by compacting, degrading and synthesizing the matrices [4].

In addition, when collagen-based acellular constructs are used as exogenous

provisional matrices to treat chronic wounds by enhancing wound closure [5],

fibroblasts infiltrate and remodel the matrices to form regenerated tissues [6].

For successful healing, fibroblasts must migrate into the wound site, and then syn-

thesize and remodel the matrices [7]. The granulation tissue formation and wound

closure depend on proper infiltration of this provisional matrix by fibroblasts [4].

During fibroblast migration, mechanical cues by the ECM are known to play

a major role in regulating cellular behaviours [8,9]. There have been numerous

studies of regulation of individual fibroblast migration by ECM mechanical

properties and microstructure [10–13]. In the absence of neighbouring cells,

fibroblasts preferentially migrate from low stiffness to high stiffness regions

both on polymeric substrates and within collagen matrices with generated

rigidity gradients through a process known as durotaxis [10,11]. Cells cultured

on stiff substrates are associated with increased size of cell matrix adhesions

that enable application and transmission of larger traction forces than those

on softer substrates [12].
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Figure 1. Study outline indicating the treatment groups studied, experiments performed and measured quantities of interest. (Online version in colour.)
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Although single cell studies provide insights on mechan-

isms of cell motility and cell–matrix interactions, migration

in vivo often involves fibroblasts that move at the same time

and at close proximity [14,15]. Unlike collective migration

that is typically observed in epithelial cell sheets with cell–

cell contact [16,17], this en masse migration behaviour does

not necessarily depend on cell–cell adhesion, yet it suggests

a degree of coordination in fibroblast behaviours during

wound healing in vivo. Traction forces applied simultaneously

by a group of migrating cells can give rise to large-scale defor-

mation of the matrix, as well as stress and mechanical property

gradients across the matrix [15]. This altered mechanical

environment is expected to further stimulate fibroblast

migration. However, these bi-directional interactions between

groups of fibroblasts and their mechanical environment are

not well understood. Specifically, in the current literature

there is a lack of research on the effects of spatio-temporal

alteration of the mechanical environment by multiple cells

on the cell–cell and cell–matrix interactions.

This study, thus, aims to understand the effects of the matrix

mechanical environment, which undergoes dynamic remodel-

ling by a group of cells, on the cell–matrix and cell–cell

interactions during en masse migration of fibroblasts on collagen

matrices. Specifically, we hypothesize that a group of migrating

cells can significantly deform the matrix, whose mechanical

microenvironment drastically changes compared with that of

the undeformed matrix, and this dynamic alteration of the

matrix microenvironment reciprocally affects cell migration be-

haviour. The underlying rationale for this mechanism is that

multiple fibroblasts collectively generate mechanical forces

large enough to deform the collagen matrices, which spatio-

temporally alters their mechanical environment including elastic

modulus and porosity. Thus, the migration may correlate

with the spatio-temporal patterns of this deformed matrix. As

outlined in figure 1, this hypothesis was tested by perform-

ing time-resolved measurements of cell and ECM movement

during the en masse migration of fibroblasts on collagen hydro-

gels with varying collagen concentrations. For this study, a

new in vitro fibroblast–collagen matrix platform was developed

that allows simultaneous measurement of cellular movement

and matrix deformation. The results of this study are further dis-

cussed to understand the mechanical interactions between cells

and the ECM during wound healing and development of new

wound dressings for improved wound healing outcomes.
2. Material and methods
2.1. Cell culture and reagents
Early passage human foreskin fibroblasts were maintained in cul-

ture medium (DMEM/F12; Invitrogen, NY, USA) supplemented

with 10% fetal bovine serum, 2 mM L-glutamine and

100 mg ml21 penicillin/streptomycin. The fibroblasts were cul-

tured in 75 cm2 T-flasks at 378C and 5% CO2 and were

consistently harvested at 80% confluency by using 0.05% trypsin

and 0.53 mM EDTA. The cells that were used in the experiments

were between the 10th and 15th passages. For selective cell seeding

in the tissue expansion assay, 2 � 105 cells were retrieved from the

flask and centrifuged at 2000 rpm for 4 min. Cells were then labelled

with targeted quantum dots (QDs; Q-tracker 655; Invitrogen, NY,

USA) by incubation in culture medium containing QD stock with

1:500 dilution for 30 min. Then cells were centrifuged twice while

being washed with unsupplemented culture medium in between.

The resulting cell pellet was resuspended in 80 ml of unsupplemen-

ted culture medium and used in the experiments. Migration studies

were conducted using a promigratory growth factor medium with

reduced serum content [18], which included culture medium

supplemented with 1% fetal bovine serum, 2 mM L-glutamine,

100 mg ml21 penicillin/streptomycin and 50 ng ml21 human

platelet-derived growth factor (PDGF-BB; Millipore, MA, USA).

2.2. Collagen matrices
Collagen matrices were prepared as described in our earlier work

[19] with several modifications. Briefly, a stock solution of rat tail

collagen type-1 (Corning Inc., NY, USA) was mixed with 10� Dul-

becco’s phosphate-buffered saline (10� DPBS; Life Technologies),

1.0 N NaOH, cell culture grade distilled water and fluorescent

microspheres with 10 mm diameter (G1000B; Thermoscientific) at

appropriate proportions to obtain a final collagen solution that

had neutral pH, isotonic ionic strength, a collagen concentration

of 1.5, 3 or 6 mg ml21 and a microsphere concentration of 9 � 105

particles ml21. The microspheres served as tracers of matrix move-

ment in subsequent tissue image deformetry analysis. The

collagen solution was dispensed into sample containers and

allowed to polymerize by incubation at 378C overnight. The

sample container was sealed using laboratory parafilm to prevent

dehydration of the specimen during incubation. The resulting

hydrogels exhibited an isotropic fibrillar matrix microstructure

with direction-independent distributions of pore size, fibre density

and orientation as observed in our previous studies [19,20]. We con-

trolled for other factors that may affect stiffness and microstructure,

such as polymerization temperature and pH and we did not use

external cross-linking agents. For collagen coating, glass substrates
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were incubated with a solution of 50 ng ml21 rat tail collagen type-1

in 0.02 M acetic acid at 378C for 1 h, rinsed with DPBS three times

and dried under a stream of sterile air.

2.3. Mechanical characterization of collagen matrices
The elastic modulus and hydraulic conductivity of collagen

matrices were measured by a dynamic mechanical analyser

(DMA) (Q800; TA Instruments, DE, USA) and interpreted as key

indicators of mechanical stiffness and matrix porosity, respectively

[21,22]. Acellular collagen matrices were cast into a disc shape with

12 mm diameter and approximately 3 mm thickness. Force–

displacement measurements were performed during unconfined

compression of the specimen between two parallel plates by appli-

cation of a loading ramp from 0 to 10 mN at a rate of 2 mN min21

without any preconditioning or equilibration phases. A small

amount of compressive force (less than 1 mN) was applied in the

beginning to ensure initial contact between the specimen and com-

pression plate. During compression, the specimen was fully

immersed in physiological saline solution (PBS) where free flow

of interstitial fluid in and out of the specimen through its lateral

boundaries was allowed. The loading programme resulted in a

simultaneous increase in compressive strain and the presence of

stress relaxation evidenced by a concave-down trend observed in

experimental stress–strain profiles. This behaviour was in agree-

ment with the material’s poroelastic nature where relaxation time

is dependent upon the hydraulic conductivity and elastic modulus

of the solid matrix [23]. We, therefore, used a poroelastic model [24]

that considers the collagen matrix as a porous material saturated

with interstitial fluid and describes its mechanical response

based on its linear elastic properties and resistance to interstitial

flow. Assuming isotropic material and small strains, our model

expresses the compressive stress and strains in the collagen

matrix as transcendental functions of time and three model par-

ameters: elastic modulus (Es), Poisson’s ratio (ns) and hydraulic

conductivity (K). The details of the model are provided in the

electronic supplementary material. The model parameters were

determined by fitting the predictions of the stress–strain profile

against the DMA data by nonlinear least-squares regression that

minimized the squared sum of the difference between the exper-

imental observations and the model predictions. Optimization

was performed using a custom Matlab routine that used a

third-party optimization toolbox, OPTI [25].

2.4. Tissue expansion assay
Thin rectangular slabs of collagen matrices with approximate

thicknesses of 1 mm were produced in a customized chamber

slide (Nunc Labtek-II; Fisher Scientific) as described in the pre-

vious section and illustrated in figure 2a, inset (i). Then, 80 ml of

fibroblast suspension in unsupplemented DMEM containing 2 �
105 cells was placed on top of the collagen hydrogels where the

spread of the solution was confined to a rectangular region with

45 mm2 area using a thin, flexible blocker made of polydimethylsi-

loxane (PDMS) as illustrated in figure 2a(ii). Upon incubation at

378C for 30 min, the cells settled down onto the hydrogel surface.

We identified 30 min to be sufficient for cells to attach to the sub-

strate, after which they began the remodelling process both

mechanically and potentially in other ways. At the end of the incu-

bation, the culture medium was removed, and the blocker was

carefully peeled off the hydrogel surface with tweezers, resulting

in a densely packed cell monolayer patterned selectively on the

hydrogel surface (figure 2a(ii)). Cells freely migrated out from

this initial seeding region into the unpopulated regions on the sur-

face of the hydrogel in every direction. Since the main focus of this

study is the early phase of matrix remodelling by migrating cells,

time-lapse observations were immediately started in order to

measure cell migration and matrix deformation in a region of inter-

est (ROI) located at the boundary of the seeding as indicated in
figure 2a(iv). Densely seeded adherent cells result in general conso-

lidation unless the substrate is properly restrained. In order to

prevent tissue-wide displacements and detachment at the chamber

boundaries, we used four cylindrical support posts, 3 mm in diam-

eter, partially overlapping with the cell seeding region as shown

in the electronic supplementary material, figure S1. These posts

effectively constrained the bulk hydrogel displacement, particularly

in the y-direction. The ROI for imaging purposes was located

away from the posts and the corners of the seeding region such

that the migration and matrix translocation were predominantly in

the x-direction.

2.5. Fluorescence labelling and microscopy imaging
Figure 2b presents a partial view of a typical imaging field of view

at the beginning of the experiments where the fibroblast monolayer

and the unpopulated collagen matrix were separated by a distinct

interface, referred to as the baseline. The left- and right-hand sides

of the baseline are referred to as the seeding and migration regions,

respectively. A coordinate system is defined such that the baseline

is aligned along the y-direction, cell migration predominan-

tly occurs in the þx-direction, and the z-axis is defined along the

thickness of the collagen matrices.

For time-lapse study of cell migration and matrix deformation,

collagen matrices that were seeded with fibroblasts were placed in

a stage top incubator (Okolab H501-EC; Warner Instruments, CT,

USA) and imaged under an inverted epifluorescence microscope

(IX71; Olympus, Center Valley, PA, USA) every 15 min for 24 h.

At each time point, images were acquired at multiple focal planes

100 mm apart from each other and at positions between the hydrogel

surface and 500 mm deep into the hydrogel as indicated in figure 2b
and illustrated in the electronic supplementary material, figure S2.

At each focal plane, both bright field and fluorescence illuminations

were used to identify the 10 mm sized microspheres embedded

within the collagen matrix (excitation/emission: 495 nm/519 nm)

and QDs internalized by the cells (excitation/emission: 547 nm/

573 nm) as shown in figure 2c. All images were captured by a

CCD camera (Retiga 2000R; Qimaging, Canada).

For endpoint measurements of migration distances, the cell

nuclei were labelled with Hoechst 33342 (Sigma Aldrich, MI,

USA) in culture medium, fixed with 4% formaldehyde, and

imaged under an epifluorescence microscope (IX71; Olympus,

Center Valley, PA, USA). Three fields of view, approximately

2.5 mm wide, were imaged across the baseline for each specimen.

For visualization of the actin cytoskeleton, fibroblasts on col-

lagen matrices were fixed with 4% formaldehyde, blocked with

2% bovine serum albumin, permeabilized with 0.5% Triton-X and

stained with Alexa Fluor 488 phalloidin (Invitrogen). Confocal

images were obtained using a fluorescence microscope (BX51;

Olympus, Center Valley, PA, USA) equipped with structured

light illumination (OptiGrid; Qioptiq Photonics, Munich, Germany)

and a CCD camera (DP72; Olympus) at locations x ¼ 500 mm and

x ¼ 1000 mm in the migration region.

2.6. Tissue image deformetry
A tissue image deformetry technique that enables time-resolved

measurements of large deformations was developed. Time-

lapse fluorescence images of extracellular tracers, i.e. fluorescent

microspheres, were first analysed by digital particle image

velocimetry (PIV) [26] using multi-pass window deformation

[27] implemented in DaVis (LaVision, MI, USA). The resulting

instantaneous velocity field was then integrated over time to deter-

mine the paths of material points (electronic supplementary

material, figure S3). Similar incremental-PIV (I-PIV) techniques

have been previously used for deformetry measurements to

study microstructural alterations in collagen matrices [28–30].

Material paths calculated by I-PIV were validated against trajec-

tories of extracellular tracers directly determined by single
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particle tracking [31] in Fiji [32]. Additional details of this method

are provided in the electronic supplementary material.

A 60 � 45 grid of material points enabled calculation of the

displacement and deformation fields of the collagen matrix at a

resolution of approximately 60 mm. The collagen matrix was

assumed to be initially undeformed. The displacement of each

material point i, ui, was defined as ui(t) ¼ xi(t) 2 xi,o in terms of

the particle position at time t, xi(t), and the initial position, xi,o.

The displacement field, ui, was approximated by interpolation

and used to calculate the displacement and deformation gradient

tensors, rui and F ¼ I þ rui, with I being the identity tensor.

Then the Cauchy finite strain tensor was calculated by

C ¼ FTF: ð2:1Þ

The calculated strain is based on the finite strain tensor, E,

calculated by

E ¼ 1

2
C� Ið Þ: ð2:2Þ
The deformation calculations were performed using a custom

Matlab script.

2.7. Characterization of cell migration
In the endpoint migration assays, the number and distribution of

cells within the migration region were determined by counting

the labelled cell nuclei and binning the nuclei locations at

100 mm intervals from the baseline at 48 h from the beginning of

the experiment. In the time-lapse studies, the time of onset

of migration was estimated by observation of the time point at

which cells first started to emerge from the baseline. The apparent

trajectories of individual cells were determined by semi-automatic

tracking of intracellular QDs using Trackmate [31] in Fiji [32]. Each

treatment group involved 38–75 cells tracked for 7–23 h. For con-

ditions with collagen matrices, the reported trajectories were based

on the relative velocity of the cell with respect to the matrix where

the matrix velocity obtained by PIV was subtracted from the

apparent cell velocity obtained by QD tracking. The mean speed

of each cell was defined as the ratio of the total distance travelled
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by the cell to the total duration of the trajectory. The tortuosity of

the cell trajectory was defined as the ratio of the total distance tra-

velled by the cell to the net distance between the coordinates of the

cell at the first and last time points of the trajectory. Tortuosity is

considered as a measure of deviation from the straight path and

is always greater than or equal to unity. The definitions of mean

speed and tortuosity are illustrated in the electronic supplemen-

tary material, figure S4. All calculations were performed using a

custom Matlab script.

2.8. Statistical analysis
Experiments were repeated three or four times for each treatment

group. Experimental data are reported as the mean+ standard

deviation. Differences in treatment means were tested by one-

way analysis of variance (ANOVA) and pairwise comparisons

were performed by Student’s t-test unless otherwise noted. Bonfer-

roni adjustments were not used to minimize the type-II error while

testing for differences between specific pairs of treatment groups

[33–35]. Dynamic cell migration metrics, i.e. mean speed and tor-

tuosity, were non-normally distributed and hypothesis testing on

those quantities was based on Kruskal–Wallis ANOVA. The

associated pairwise comparisons were performed by Wilcoxon–

Mann–Whitney rank sum test. In this study, each specimen was

tested once and the number of repetitions (N � 3) sufficiently

resolved the differences between treatment groups of interest.

In all experiments, differences were considered statistically

significant when the p-value was less than 0.05.

3. Results
3.1. Mechanical properties of collagen matrices
The results of dynamic mechanical analysis are shown in

figure 3. As the collagen concentration increases, the strain

decreases at a given stress condition. Thus, the elastic modulus

was found to be between 150 and 750 Pa and showed a signifi-

cant increase with collagen concentration (figure 3a). Hydraulic

conductivity, which is a measure of the porosity of the collagen

matrices, showed a reverse trend. It decreased with increasing

collagen concentration. The values were between 1 � 10210

and 3 � 1029 m2 Pa21 s21 (figure 3b). Then, matrix porosities

were estimated based on hydraulic conductivity
measurements and were found to be between 0.90 and 0.99

(electronic supplementary material, figure S5). These results

confirm that the collagen concentration changes both

mechanical stiffness and matrix porosity simultaneously.

3.2. En masse migration of fibroblasts
The tissue expansion assay developed in this study allowed

the formation of a densely packed fibroblast monolayer

with controlled geometry on both collagen matrix and glass

substrates. Upon removal of the elastomer blocker, cells

started moving into initially unpopulated regions of the sub-

strates. Figure 4a–c shows micrographs of the migration

pattern after 48 h. It was observed that relocation of fibro-

blasts occurred in bulk, where a large number of cells

started to migrate and remained in close proximity as they

simultaneously migrated. The timing and extent of the mass

migration of fibroblasts on compliant collagen matrices were

markedly different from those on collagen-coated glass sub-

strate. First of all, the initiation of migration was delayed on

collagen matrices in comparison with glass. Migration on glass

started as early as 4 h after the beginning of the experiment

while the time to onset of migration increased up to nearly 8 h

on collagen matrices, with the largest increase observed for the

case of the lowest density collagen (1.5 mg ml21) (figure 4d).

The number of migrating cells and the penetration depth of

the cell front in the case of 1.5 mg ml21 collagen were signifi-

cantly lower than those for high density collagen

(6.0 mg ml21) and glass. As a result, cell densities observed on

1.5 mg ml21 collagen after 48 h were significantly less than

those on 6.0 mg ml21 collagen matrix and glass substrates. On

the other hand, these metrics were comparable between high

density collagen (6.0 mg ml21) and glass (figure 4e,f).
The morphological characteristics of migrating fibroblasts

are presented in figure 5. The cell nucleus alignment changed

direction between the seeded cells and the cells that were

migrating. In the seeding region, the nucleus orientation was

predominantly parallel to the baseline while in the migrating

cells the nucleus orientation became aligned with the migration
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direction of the cells (figure 5a,b). The morphology of the fibro-

blasts on the collagen matrix was typical of migrating cells

(figure 5c,d).

Cells also showed differences in their migration dynamics

between collagen and rigid glass substrates. Cells on low den-

sity collagen (1.5 mg ml21) showed varying orientations while

cells on stiff collagen matrix (6 mg ml21) showed aligned cells

and unidirectional migration which was similar to the
behaviour on the glass substrate (figure 6a,b; electronic sup-

plementary material, movie S1). Cells on 1.5 and 3.0 mg ml21

collagen matrices showed more variation in direction than

those on the glass substrate, where cells performed uni-

directional motion resulting in a relatively coherent stream

(figure 6c– f). While cells also moved at a greater velocity on

low density collagen, overall, the low density collagen case

still showed decreased overall migration, potentially due to the
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decreased directional persistence and increased tortuosity of

their motion (figure 6g,h). The definition of the tortuosity is pro-

vided in the Material and methods section and illustrated in the

electronic supplementary material, figure S3.

3.3. Matrix remodelling prior to en masse migration
The collagen matrices underwent significant remodelling prior

to initiation of migration. Figure 7 presents micrographs of

migration acquired at several time points on the low and

high density collagen matrices. It was observed that cells on

collagen matrix first remodelled this deformable substrate by

contraction. The mass contraction of fibroblasts resulted in dis-

placement of the migration baseline from its initial position

towards the seeding region. Cells started migrating only after

partial recovery of the matrix compaction. The amount of
both compaction and partial release depended upon the col-

lagen matrix density (figure 7a– f; electronic supplementary

material, movie S2).

3.4. Spatio-temporal matrix deformation during
en masse migration

Using the developed tissue image deformetry technique, the

extent, distribution and evolution of cell-mediated collagen

matrix remodelling were determined. The translocation of the

matrix by fibroblasts was predominantly on the hydrogel sur-

face, as indicated by the contours of displacement magnitude

in figure 8a. The magnitude of matrix translocation diminished

within the hydrogel for the collagen densities studied

(figure 8b; electronic supplementary material, figure S1b).
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These results suggest that the deformation has three-dimensional

characteristics, whose penetration also depends on the collagen

concentration.
Figure 9 compares the translocation rates and strain of col-

lagen matrices with low (1.5 mg ml21) and high (6.0 mg ml21)

collagen densities. Within the first several hours, rapid
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translocation of the matrix was observed, whose magnitude

decreased and direction reversed once the migration started

(figure 9a). In addition, the seeding region (X , 0) underwent

gradual compaction, indicated by the negative values of strain.

An expansion whose magnitude increased over time was also

observed in the migration region. After the onset of migration,

the trend started to reverse, and the matrix within the

migration region was compressed. The region of compression

increased as the migration front advanced. After 24 h, there

was net expansion in the seeding region and net compression

in the migration region, particularly in the vicinity of the base-

line. The magnitude of compression was greater and the region

affected was wider for low collagen density compared with

high collagen density (figure 9b; electronic supplementary

material, movie S3).

The translocation of the baseline was dependent upon the

collagen density, and it decreased significantly with increasing

collagen density. The trends in baseline translocation also cor-

related with the amount of delay in the initiation of migration,

as described previously (figure 10a). At the time of the onset

of migration, the magnitudes of maximum and minimum
strain generally decreased with increasing collagen concen-

tration, and the difference in minimum strain between 1.5 and

6.0 mg ml21 was statistically significant (figure 10b). The sig-

nificant spatio-temporal deformation of the matrix and the

drastic change in displacement near the migration front imply

that the migration occurs on substrates with distinctly different

stiffness and porosity from those of the initial collagen matrices.

4. Discussion
Our study shows that traction forces arising from simultaneous

action of a group of fibroblasts can result in significant

deformation of compliant collagen matrices with stiffnesses

between 0.17 kPa and 0.76 kPa. This stiffness range is parti-

cularly interesting for the investigation of cell–matrix

interactions during tissue regeneration where the early

granulation tissue also exhibits a similar level of stiffness

(0.01–1 kPa) [36]. By considering the matrix deformation as

an indirect quantitative measure of architectural remodelling

of collagen, we identified two distinct remodelling phases

separated by the onset of migration.
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The first remodelling phase lasted for 5–8 h depending on

the collagen density, and was marked by the compression of

the cell-laden region and expansion of the cell-free region.

The main mechanism of force generation during this phase

is thought to be spreading and contraction of fibroblasts

[37–39]. It is possible that the forces that initiated the com-

pression originated from cell spreading since the compression

was observed at as early as 15 min, when cells still showed cir-

cular morphology and were not yet fully spread on the

hydrogel surface. On the other hand, continuation of com-

pression until the onset of migration is considered to be

mainly due to non-migratory contraction of cells where

elongated cell bodies gradually shortened without significant

translation.

During the second remodelling phase that started with

the initiation of migration, the deformation patterns were

reversed. The compression within the original seeding region

decreased particularly near the baseline while the initially

cell-free region that was populated by cells showed a com-

pression wave that propagated with the migration front

moving in the þx-direction. We consider the compression

wave to be a direct result of contractile traction forces generated

by the migrating cells at their leading edge. We make a distinc-

tion between the traction forces by migrating cells and the forces

that arise from the contractile behaviour of stationary cells

within the seeding region. It is not currently clear how exactly

these forces within the seeding and migration regions evolve

and whether the shifting balance between them causes

the relaxation within the seeding region near the baseline. How-

ever, it is possible that the relaxation is due to a decrease in

the contractile traction exerted by non-migratory cells alone.

It is also possible that the migrating cell sheet exerts a pulling

force (in the þx-direction) that contributes to the partial recov-

ery of compression within the seeding region. It is interesting

to note that, by 24 h into the experiments, the average magni-

tude of compression underneath the migrating cell sheet had

become greater than the compression within the seeding

region for both collagen densities illustrated in figure 9. An

intriguing question that is raised from this observation is

whether cells in locomotion could exert an increased amount

of force on the matrix when compared with adjacent quiescent
cells. Since the current assay does not provide a direct mean for

the estimation of surface traction forces, answering this question

will require further research. We believe a detailed analysis of

deformation gradients across the hydrogel surface will provide

further insight into the relative magnitudes of cellular traction

forces during contraction and migration.

The presence of a delay in initiation of migration on col-

lagen matrices with respect to the glass control suggests that

architectural remodelling of collagen matrices may be playing

a role in the cell motility decision-making process through

dynamic alteration of the local matrix microstructure and

mechanical properties. The underlying mechanisms of col-

lagen fibril flow, alignment and mechanical tension may help

gradually create a mechanical environment that is more

favourable for migration than the initial state of the substrate.

In particular, fibril flow changes the matrix porosity and the

concentration of binding domains available for cell surface

receptors. In addition, anisotropic expansion within the

cell-free region can result in alignment of collagen fibrils

in the direction perpendicular to the baseline, which may

have served as a cue for guiding directional migration.

There are numerous reports of cells following aligned

collagen fibrils during their motion [15,40,41]. Finally,

the tension built up within the cell-free region can lead

to local strain stiffening and result in an increase in the effec-

tive stiffness experienced by cells at cell–matrix adhesions.

Moreover, the increase in the effective modulus can be one

of the ways the collagen matrix is primed so that it can sus-

tain the traction forces necessary to mobilize cells during

migration [42,43].

The idea that the remodelling phase serves a functional role

in reinforcing the matrix to sustain traction stresses is also

supported by the dependence of both the time of onset of

migration and the magnitude of deformation on the initial

matrix stiffness. In particular, the duration of the migration

delay increased with decreasing collagen density, and the mag-

nitude of deformation was greatest for lowest density collagen

at the onset of migration. In other words, the collagen matrix

with the lowest initial compressive stiffness and highest poros-

ity also experienced the greatest delay in migration and

underwent the greatest degree of remodelling.



rsif.royalsocietypublishing.org
J.R.Soc.Interface

14:20170287

11
Despite its constant occurrence on collagen substrates,

whether the remodelling phase was required for initiation

of migration on collagen remains an open question. There

are differences between the collagen matrices and glass

substrates that extend beyond the ability to deform, which

were not controlled for in this study. The presence of a

porous structure in the collagen matrix as well as inherent

differences in binding domain density and substrate stiff-

ness could have an effect on the cell migratory behaviour

through mechanisms that do not involve deformation. Our

results also lead to an interesting question of whether there

was an effective stiffness threshold attained by the matrix

during remodelling above which cells were enabled to

migrate on collagen matrices. Investigation of this aspect

requires further study and will benefit from in situ measure-

ments of local stiffness by atomic force microscopy and/or

nano-indentation.

The unidirectional expansion of the fibroblast monolayer

represents coordinated or guided movement of individual

fibroblasts that took place on all substrates including the glass

control. Since fibroblasts do not form persistent cell–cell adhe-

sions, the mass migration of fibroblasts in this context is

different from collective migration where cells achieve coordi-

nation by the formation and maintenance of cell–cell contacts

[17,44]. Instead, the overall persistent movement of fibroblasts

away from the seeding region seems to be guided by asym-

metric collisions of neighbouring cells that drive them across

negative gradients of local cell density [45]. This exclusion

effect is separate from either durotaxis or haptotaxis,

which may have occurred due to the formation of gradients

of ECM stiffness or binding site density by the previously

described matrix remodelling. While such gradients

within the matrix coincidently develop in the predominant

direction of mass migration, it is not certain from the current

study whether these forms of mechanotaxis have taken

place up to a broad extent within the migration region.

However, we have occasionally observed the formation

of local clusters across the baseline, particularly on low

density collagen. These are hallmark examples of durotaxis

occurring in a local context [11,18].

The observed differences in the speed and persistence of

the migrating cells between soft and stiff substrates could be

explained by the differences in local cell density. It has been

reported that the speed of single cells in a monolayer tends to

decrease with increasing cell packing density [45]. High cell

packing density is also associated with a jamming effect

in which contingent blocks of cells that move in a common

direction are created [46]. These two effects could provide an

explanation for the transition between the fast but tortuous

motion of cells on low density collagen to the slow but

stream-like motion of cells on a glass substrate. The number

of cells migrating on low density collagen after 48 h was

lower than that on high density collagen and the glass substrate.

These results are in agreement with Pan et al. [15], who found

that a decrease in substrate stiffness also resulted in a decrease

in the number of fibroblasts migrating from a droplet densely

packed with cells onto a hydrogel. The density-dependent

delay in the initiation of migration could explain why cells on

collagen matrices travelled shorter distances while having

higher ‘spontaneous’ velocities than those of cells on glass.

In addition to the local cell density, we anticipate that local

gradients in the effective matrix stiffness and density generated

by remodelling activities of individual cells also played a role in
guidance of migration and could have contributed to the

observed differences in dynamic migration metrics between

different collagen substrates. In particular, diminished direc-

tional persistence with decreased collagen density, as indicated

by increased path tortuosity, correlates with an increased level

of mean strain and strain anisotropy in our experiments.

Interestingly, such a mechanical bias, when applied globally

and consistently across a medium, has been recognized to act

as a guidance cue that enhances the directional persistence of

migrating cells. For instance, in a previous collagen–fibrin

wound model, the directional persistence of fibroblast migration

increased in the presence of strain anisotropy generated by par-

tial mechanical restraint of the tissue [47]. In contrast, our

observation in the present study shows that cells follow more

tortuous paths when migrating on softer collagen substrates,

while experiencing the greatest level of mean deformation and

strain anisotropy. A possible reason for this difference is that

individually migrating cells can remodel soft substrates more

easily and generate the variations in effective matrix stiffness

and density in their vicinity. An earlier report indicates that

human mammary fibroblasts can generate a fivefold increase

in Young’s modulus across a 100 mm distance in front of their

leading edge when they are on collagen matrices with approxi-

mately 100 Pa nominal stiffness, similar to that of low density

collagen matrix used in this study [42]. Apart from the globally

persistent stain anisotropy, such local gradients in substrate

properties could transiently guide other cells in the vicinity,

and contribute to frequent alteration of the migration direction

for cells on a soft collagen matrix. In summary, the cell–matrix

and cell–cell interactions during mass migration are complex

and cannot be fully explained by the mechanobiology of single

cell migration on substrates.

Quiescent cells near the baseline aligned in a direction

parallel to the hydrogel short axis (y-axis) and perpendicular

to the direction of compaction (x-axis) as inferred by nucleus

orientation in that region. The alignment may be caused by

the restrained matrix configuration where the hydrogel was

anchored at four support posts as well as at the boundaries

of the rectangular culture chamber to prevent tissue-wide dis-

placements. Under these conditions, restraining forces are

expected to develop preferentially along the hydrogel short

axis and provide a relatively higher mechanical resistance

in that direction. Our observations are consistent with a pre-

vious study where fibroblasts responded to matrix anisotropy

by alignment along the axis of highest mechanical resistance

[48]. It is important to note that global restraining of hydrogel

in this manner does not preclude the development of local

deformation and stresses within, which was the primary

focus of this study.

There are several limitations of this study with respect to

the characterization of cell migration and collagen mechanical

properties. While there were cells that emerged from the base-

line only to return into the seeding region shortly after, the

crowding in the vicinity of this region precluded accurate track-

ing of those cells based on the present QD labelling. As a result,

the tracking method selected cells that started in the seeding

region and wandered into less densely populated regions so

that they remained distinguishable from the neighbouring

cells at all time points. Any potential bias in the analysis result-

ing from exclusion of cells returning to the seeding region

would be present for all treatment groups and we consider

its effect on quantified cell speed and path tortuosity to be

minimal.
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In this study, time-resolved deformation fields were

obtained that could be used to further estimate the traction

forces based on the measured mechanical properties.

However, we considered the bulk compressive modulus

obtained by DMA only for qualitative comparison and rank-

ing of the collagen substrates with respect to their mechanical

rigidity. This is mainly because indirect estimation of the

traction stresses within collagen still remains highly challen-

ging due to difficulties in modelling the complex

mechanical behaviour of collagen networks [41,49,50]. In par-

ticular, collagen matrices exhibit fibril alignment and strain

stiffening under tension [51,52], but undergo fibril buckling,

and plastic deformation during compression [50], which

can result in a higher effective modulus in tension than in

compression. Therefore, the bulk compressive modulus esti-

mated by the poroelastic model in the present study could

be underestimating the effective modulus, particularly at

regions that were under net tension. In addition, collagen

matrices exhibit nonlinear, inelastic behaviour under physio-

logically relevant rates and amounts of deformation [53,54].

Given the deformation in excess of 20% observed under the

current experimental settings, the part of the deformation is

likely to be plastic [53]. Quantitative assessment of traction

forces within collagen will require in situ measurement of

the effective matrix stiffness [42] and computational models

that take into account the nonlinear, inelastic properties of

the matrix [50].

Our main interest in this study has been modulating the col-

lagen matrix mechanical environment by controlling substrate

rigidity through variation of collagen density. However,

matrix microstructural characteristics are also affected by

collagen density. Porosity and pore size are particularly impor-

tant since these are indicative of the ligand density presented on

the matrix surface for cell–matrix adhesion [55]. It is reported

that ligand density rather than substrate stiffness can determine

fibroblast morphology [56]. We, therefore, also reported pre-

liminary estimates for porosity based on the measured
hydraulic conductivity (electronic supplementary material,

figure S5). For quantification of other microstructural metrics

such as void area fraction and fibre diameter, we refer the

reader to our previous studies where we performed morpho-

logical assessment of collagen matrices using scanning

electron microscopy [19,20,57].
5. Conclusion
In this study, a new in vitro fibroblast–collagen matrix platform

was developed that allows simultaneous measurement of

cellular movement and matrix deformation. It was found

that fibroblasts collectively generate mechanical forces large

enough to dramatically deform the collagen matrices and

alter their mechanical environments. Cells on soft and stiff col-

lagen substrates migrated at different speeds and showed

different directional persistence, whose overall effect was an

increased level of matrix infiltration on stiffer collagen matrices.

Compliant substrates such as collagen matrices can represent

the mechanical aspects of granulation tissue in early-phase

wound healing. The findings in this study could be useful in

the design of collagen-based biomaterials for regenerative

therapy and improved wound healing outcomes.
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