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Abstract
In three dimensional collagen matrices, cell motile activity results in collagen translocation, cell
spreading and cell migration. Cells can penetrate into the matrix as well as spread and migrate along
its surface. In the current studies, we quantitatively characterize collagen translocation, cell spreading
and cell migration in relationship to collagen matrix stiffness and porosity. Collagen matrices
prepared with 1 to 4 mg/ml collagen exhibited matrix stiffness (storage modulus measured by
oscillating rheometry) increasing from 4 to 60 Pa and matrix porosity (measured by scanning electron
microscopy) decreasing from 4 to 1 μm2. Over this collagen concentration range, the consequences
of cell motile activity changed markedly. As collagen concentration increased, cells no longer were
able to cause translocation of collagen fibrils. Cell migration increased and cell spreading changed
from dendritic to more flattened and polarized morphology depending on location of cells within or
on the surface of the matrix. Collagen translocation appeared to depend primarily on matrix stiffness,
whereas cell spreading and migration were less dependent on matrix stiffness and more dependent
on collagen matrix porosity.
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INTRODUCTION
Fibrous connective tissues provide mechanical support and frameworks for the other tissues
of the body. Type I collagen is the major protein component of fibrous connective tissues.
Fibroblasts are the cell type primarily responsible for collagen biosynthesis and remodeling.
Interactions between fibroblasts and the surrounding collagen matrix establish a homeostatic
mechanism for tissues to respond to diverse mechanical forces including interstitial fluid flow
[1], tissue stretch [2], and tissue loss [3,4]. Abnormal functioning of tissue mechanical
homeostasis contributes to pathological changes in aging [5], fibrotic disease [6,7] and tumor
progression [8,9].
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Three dimensional collagen matrix cultures exhibit structural and mechanical features that
resemble fibrous connective tissue [10–12]. These matrices have been used to investigate cell
physiology in a tissue-like environment [1,13–16]. On 2D culture surfaces, cell spreading and
migration can be described in terms of a balance between cellular forces of protrusion,
contraction, and adhesion [17,18]. The situation is more complicated in 3D matrices [19].
Matrix porosity makes possible entanglement between the cells and matrix fibrils, and initial
cell spreading is typically dendritic [15]. Cells exhibit dual modes of migration -- mesenchymal
and amoeboid [20,21]. In mesenchymal migration, the cells attach to and pull on the matrix.
In amoeboid migration, cells protrude through the spaces and push off the matrix. In addition,
cells in 3D matrices can remodel matrix topography to produce their own migratory tracks
[22–24].

Recently, we reported that fibroblast migration and collagen translocation were coupled in 3D
collagen matrices. The balance between the two appeared to depend on how well the matrix
resisted tractional force exerted by fibroblasts [25]. The features of matrix biomechanics that
regulate cell physiological response are poorly understood. In the current work, we investigate
quantitatively the effects of matrix stiffness and porosity on collagen translocation, cell
spreading and cell migration

MATERIALS AND METHODS
Materials

Type I rat tail collagen high concentration was purchased from BD Biosciences (Bedford, MA).
Dulbecco’s modified Eagle medium (DMEM), CO2-independent DMEM and 0.25% trypsin/
EDTA solution were purchased from Invitrogen (Gaithersburg, MD). Fetal bovine serum
(FBS) was purchased from Atlanta Biologicals (Lawrenceville, GA). Platelet-derived growth
factor BB isotype (PDGF) was obtained from Upstate Biotechnology, Inc. (Lake Placid, NY).
Fatty acid-free bovine serum albumin (BSA), Sodium borohydride, and Collagenase A were
obtained from Sigma (St. Louis, MO). Alexa Fluor 594 phalloidin and Propidium Iodine (PI)
were obtained from Molecular Probes, Inc. (Eugene, OR). RNase (DNase free) was purchased
from Roche (Indianapolis, IN). Anti-actin and anti-vinculin antibodies were obtained from
Sigma (St. Luis MO). Antibodies to focal adhesion kinase (FAK) were purchased from BD
Transduction Laboratories (Franklin Lakes, NJ). Antibodies to phosphor (Y397) FAK were
purchased from Biosource International (Camarillo CA). Goat-anti-mouse HP-conjugated was
obtained from ICN Biomedicals (Aurora, OH). Goat-anti-rabbit HP-conjugated was purchased
from Thermo Fisher Scientific (Rockford, IL). 6 μm Fluoresbrite YG Microspheres were
obtained from Polysciences. Inc. (Warrington, PA). Fluoromount G was obtained from
Southern Biotechnology Associates (Birmingham, AL).

Cell culture
Use of human foreskin fibroblasts was approved by the University Institutional Review Board
(Exemption #4). BR5 human foreskin fibroblasts [26] were cultured in DMEM supplemented
with 10% FCS. Cell culture was carried out at 37°C in a 5% CO2 humidified incubator.
Experiments were carried out in DMEM (or CO2-independent DMEM for time-lapse studies)
containing 5 mg/ml BSA and 50 ng/ml PDGF.

Cell migration and collagen translocation in nested collagen matrices
Preparation of restrained and floating nested collagen matrices and measurement of cell
migration and collagen translocation in nested matrices were accomplished as before [25].
Briefly, dermal equivalents were formed by overnight contraction of 200 μl collagen matrices
(1.5 mg/ml collagen, 2×105 cells/matrix). Subsequently, dermal equivalents were embedded
in 200 μl outer cell-free collagen matrices with collagen concentration in outer matrices ranging
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from 1 to 4 mg/ml as indicated in the figure legends. A layer of outer matrix underneath the
inner matrix prevents any direct interactions between the cells and culture surface. To obtain
floating nested matrices, samples were gently released from the culture dishes after 1h
polymerization. Restrained and floating nested matrix cultures were incubated 24 h in PDGF-
containing medium. Cell Migration Index was determined using propidium iodide-stained
samples by counting the average number of cells that migrated out of dermal equivalents in
four 10X microscopic fields selected arbitrarily. Each field included the border of the dermal
equivalent (detected by dark field microscopy) and the furthest moving cells. In some
experiments, 6 μm fluorescent microspheres were added (1:200) to the outer matrices. Collagen
translocation was quantified using the Analyze Particle Function of Image J software by
measuring bead accumulation at the interface between inner and outer matrices relative to
starting conditions.

3D reconstruction of cell migration in nested matrices was carried out using Imaris software
(version 5.0 from Bitplane AG). Z stacks images were collected with a Leica TCS SP1 confocal
microscope using a 20X/0.75 HC PL APO objective from Leica. Z stack images were taken
in steps of 2 μm and usually covered a range of 100 μm from the first cell visualized on the
top of the matrix to the last cell visualized in the bottom of the matrix.

Cell spreading, migration and collagen translocation in uniform collagen matrices
For time-lapse analysis of fibroblasts within collagen matrices, neutralized collagen solutions
(1 to 4 mg/ml, 200 mu;l) containing cells (103/matrix) were polymerized 1 h and then incubated
4 h in PDGF-containing medium. For time-lapse analysis of fibroblasts on the surface of
collagen matrices, matrices were polymerized 1 h after which cells were added and then
incubated 4 h. Time-lapse analysis of uniform matrices was accomplished using a Zeiss
Axiovert 200M inverted microscope equipped with an A-PLAN 10X/0.25 PH1 Zeiss objective
and a Hamamatsu Model Orca 285 CCD camera. Images were acquired at 5 min intervals using
Openlab 4.02 (Improvision) software. Collagen translocation was analyzed by measuring the
displacement of 6 μm beads (eight/sample) embedded in the matrices. Samples to be analyzed
by Immunostaining were prepared as above but contained 104 cells/matrix.

To increase matrix stiffness chemically, polymerized matrices were treated with 0.5%
glutaraldehyde for 2 h at room temperature. Subsequently, samples were rinsed twice (5 min)
with phosphate buffered saline (PBS) followed by 2 × 2 h incubations in 2% glycine in PBS,
2 × 30 min incubations in 1% sodium borohydride in H20, overnight incubation with 2% glycine
in PBS, rinsed twice with PBS, and finally incubated 1 h with DMEM at 37°C. Control matrices
were treated identically except with PBS substituted for glutaraldehyde treatment. Time-lapse
and immunostaining analyses of cells on the surfaces of glutaraldehyde-treated matrices were
carried out as above.

Immunostaining
Immunostaining of fixed and permeabilized cells was accomplished as described previously
using Alexa fluor-594 phalloidin to detect for actin, propidium iodide to detect cell nuclei, and
anti-vinculin antibodies to detect focal adhesions [26,27]. Samples were mounted on glass
slides with Fluoromount G (Southern Biotechnology Associates, Birmingham, AL). Images
were collected with a Nikon Eclipse E600 fluorescence microscope and 10X/0.45 and 20X/
0.75 Nikon Plan Apo infinity corrected objectives using a Photometrics SenSys CCD camera
and MetaVue imaging software (Molecular Devices). Morphometric measurements were
carried out using MetaVue software. Dendritic Cell Index -- cell perimeter2/4π· area (1.0 for
a round cell) – was determined using the Integrated Morphometry Analysis function. Data
presented for each condition are based on measurement of five cells in three separate
experiments.
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Immunoblotting
Immunoblotting was accomplished as described previously [26] except that cell lysates were
treated with collagenase (10 U/gel) for 10 min at 37° C before adding SDS-PAGE sample
buffer. Blots were probed with mouse anti-actin, mouse anti-FAK, and rabbit anti-pFAK
antibodies followed by HP-conjugated goat- anti-mouse and anti-rabbit. Without pretreatment
of the samples with collagenase, it was difficult to visualize FAK and phospho-FAK in the
samples.

Scanning Electron Microscopy and Matrix Porosity
Collagen matrices were polymerized and prepared for scanning electron microscopy (SEM)
using a combination of glutaraldehyde and osmium fixation followed by critical-pointed drying
and paladium coating as described previously [26]. SEM specimens were analyzed and
photographed with a 840A scanning electron microscope (JEOL, Tokyo, Japan). SEM images
were subjected to thresholding to convert matrix pores and collagen fibrils to black and white
images, adjusting pixel density so that obviously deep collagen fibrils were eliminated. The
2D black and white representation of the matrix was evaluated using the analyze particle
function of Image J (particles = black pores) with 100 nm set as the lower limit.

Rheometry
Collagen matrices was measured by oscillation rheometry using an AR-G2 rheometer (TA
instruments, New Castle, DE) with parallel plate geometry. 12 mm diameter collagen samples
were polymerized in special designed plates that later were mounted to be the base plate of the
rheometer. Subsequently a 12 mm diameter plate was lowered onto the sample until filling the
gap between both plates. Measurements were carried out in a controlled 21 °C room
temperature. To characterize matrix response for the first time, the shear modulus was
measured using oscillatory strain and strain sweep at a frequency of 0.1 Hz until sample breaks.
Once the linear response of matrices was found, subsequent measurements were performed
with an oscillating fixed 0. 5% strain amplitude and at a frequency of 0.1 Hz for 30 min. Storage
(G′) modulus was registered for each sample. Data presented for each condition are based on
measurement of three samples in two separate experiments

RESULTS
Cell migration and collagen translocation in nested collagen matrices prepared with 1 to 4
mg/ml collagen outer matrices

In nested collagen matrices, fibroblasts migrate out of a cell-containing inner matrix (IM) into
a cell-free, outer matrix (OM). Nested matrices can be restrained on an underlying culture dish
or floating in medium (Figures 1A and 1B). We compared cell migration in floating and
restrained nested matrices as a function of collagen concentration in the outer matrix. Figure
1C shows that in floating nested matrices with 1 mg/ml outer matrices, little cell migration
occurred. However, as the collagen concentration in the outer matrix was increased, cell
migration increased. With 2 mg/ml collagen in the outer matrix, cell migration in floating
nested matrices was equivalent to that observed if the nested matrices were restrained.

Although the extent of cell migration in restrained nested matrices did not change between 1
to 4 mg/ml collagen, the pattern of migration varied. This variation can be observed in Figure
1B, which shows top and side 3D reconstruction views of the distribution of migrating cells
(entire depth of field = ~100 μm). With 1.5 mg/ml outer matrices, the density of migrating cells
was higher in regions closer to the underlying culture surface on which the nested matrices
were restrained. However, if the concentration of collagen in the outer matrix was increased
to 4 mg/ml, then the distribution of migrating cells was more uniform. Time lapse time-lapse
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videos demonstrated that the trajectory of cell migration was oriented towards the restraining
surface with 1.5 mg/ml but not 4 mg/ml outer matrices.

Previously, we showed that collagen translocation was favored over cell migration if nested
matrices are were floating rather than restrained [25]. Figure 2 describes experiments with
floating nested matrices to measure the dependence of collagen translocation on outer matrix
collagen concentration. Collagen translocation was assessed by observing movement of 6 μm
fluorescent beads trapped within the outer matrix. Accumulation of beads at the interface
between outer and inner matrices was highest with 1 mg/ml outer matrices and decreased as
the collagen concentration was increased (Figure 2A). Quantification of bead accumulation
relative to the starting distribution showed a progressive decline from a 6 fold increase in bead
accumulation with 1 mg/ml outer matrices to no detectable increase with 4 mg/ml outer
matrices (Figure 2B).

Quantitative measurements on the porosity and stiffness of collagen matrices varying from
1 to 4 mg/ml collagen

Taken together, the findings in Figures 1 and 2 show that the consequences of cell motile
activity in nested collagen matrices changed dramatically when the collagen concentration in
the outer matrix was increased from 1 to 4 mg/ml. As the collagen density increased, collagen
translocation decreased. At higher collagen concentrations, cell migration became independent
of the underlying restraining surface. Independence was shown by the increased extent of cell
migration in floating nested matrices and the altered trajectory of cell migration in restrained
nested matrices.

Experiments were carried out to determine porosity and stiffness of collagen matrices varying
from 1 to 4 mg/ml. Figure 3A shows the appearance of collagen matrices ranging from 1 to 4
mg/ml visualized by scanning electron microscopy. To quantify matrix porosity, SEM images
were subjected to thresholding using a 0.1 μm lower limit, and average void space between
collagen fibers was determined. Figure 3B shows that over the range of 1 to 4 mg/ml, the
average pore area decreased from 3.7 μm2 to 0.9 μm2, which corresponds to average pore
diameter ranging from 2.2 to 1.1 μm. We also measured stiffness (storage modulus) of the
matrices using an oscillating rheometer. Figure 3C shows that as collagen concentration
increased from 1 to 4 mg/ml, matrix stiffness increased from 4 to 62 Pa.

Motile activity of fibroblasts within and on top of collagen matrices
The inner component of nested collagen matrices (Figure 1A) is prepared by overnight
contraction of a floating collagen matrix. Volume decreases approximately 90% with no loss
off collagen. As a result, the collagen concentration increases from ~1.5 mg/ml to ~15 mg/ml,
and the storage modulus overnight contracted matrices was measured to be 855 +/− 93 Pa
(SEM?). Therefore, fibroblasts migrating in nested matrices cross an interface changing in
stiffness by more than an order of magnitude.

One interpretation of the findings in Figures 1 and 2 was that the outer matrix collagen
concentration-dependence of collagen translocation and cell migration were responses to
mechanical restraints imposed by the interface. On the other hand, collagen-dependence of
collagen translocation and cell migration may have reflected coupling between fibroblast
motile activity and matrix mechanical features independent of the interface. Therefore, we also
measured individual cell motile behavior using fibroblasts sparsely distributed either within
and on the surfaces of uniform collagen matrices.

Figures 4A and 4B present phase-contrast images from time-lapse videos of fibroblasts
incubated for 4 h within (Supplemental time-lapse videos 1 and 2) and on the surfaces
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(Supplemental time-lapse videos 3 and 4) of 1 and 4 mg/ml collagen matrices. Regardless
whether cells were within or on the surfaces of the matrices, collagen fibrils translocated
towards the cells in 1 mg/ml matrices and remained stationary in 4 mg/ml matrices. Figure 5A
shows quantification of collagen translocation towards the cells based on displacement of 6
μm beads trapped within the matrices. The extent of collagen translocation (Bead Trans.)
decreased with increasing collagen concentration over the range of 1–4 mg/ml.

During the 4 h incubation period, cell spreading occurred. Spreading of cells within or on the
surfaces of 1 mg/ml matrices was dendritic. However, spreading of fibroblasts within 4 mg/
ml matrices was dendritic whereas cells became flattened and polarized if they were located
on the matrix surface.

Parallel experiments were carried out with fixed and stained cultures (cf. Figure 6A). Figures
5B and 5C show morphometric measurements of fibroblast spreading (projected cell area) and
overall cell shape (dendritic index = 1 for a round cell). Over the collagen concentration range
of 1 to 4 mg/ml, the extent of cell spreading increased about 50%. In general, fibroblasts within
or on the surfaces of matrices showed somewhat greater spreading as the collagen concentration
increased. However, the biggest difference was in cell shape as had been observed in the time-
lapse videos. That is, dendritic index was similar for cells within matrices or on the surfaces
of 1–2 mg/ml matrices. Above 2 mg/ml, dendritic index remained relatively constant for cells
within matrices but decreased for fibroblasts on the matrix surfaces.

Actin stress fibers, focal adhesions, and focal adhesion kinase (FAK, Y397) phosphorylation
Figure 6A shows the collagen concentration-dependent transition in morphology from
dendritic to flattened and polarized of fibroblasts on the surfaces of the matrices. Actin stress
fibers (phalloidin-staining) were readily visible in the flattened cell regions. Focal adhesion
could be observed by immunostaining for vinculin. To test functionality of focal adhesions,
we measured FAK (Y397) phosphorylation. Figure 6B shows that for cells on collagen-coated
coverslips (2D), robust FAK phosphorylation could be observed after 1 hr, whereas little FAK
phosphorylation was detected at this time in fibroblasts interacting with 1 and 4 mg/ml collagen
matrices (M1 & M4) or trypsinized cells (T). However, after 4 h, FAK phosphorylation also
could be detected in fibroblasts interacting with 1 and 4 mg/ml collagen matrices.

Cell spreading and migration on glutaraldehyde-treated collagen matrices
The collagen concentration-dependent transition in morphology of fibroblasts on the surfaces
of collagen matrices might have occurred because of increased matrix stiffness. To test this
possibility, matrices were stiffened by treatment with glutaraldehyde. Figure 7A shows storage
modulus vs. collagen concentration for glutaraldehyde-treated (glu-treated) and control
matrices. The results are presented on a logarithmic scale to facilitate comparison.
Glutaraldehyde treatment increased matrix stiffness as much as 10 fold. Glu-treated 1.75 mg/
ml collagen matrices exhibited a storage modulus similar to 4 mg/ml control matrices.

Motile activity of fibroblasts was compared on control and glu-treated matrices. Figures 7B
and 7C present morphometric measurements of fibroblast spreading and dendritic index, and
Figure 8 shows the appearance of phalloidin-stained cells. Cell morphology and quantitative
measures of fibroblast spreading and dendritic index showed similar collagen concentration
dependence over the range of 1 to 4 mg/ml collagen matrices regardless whether or not the
matrices had been glu-treated.

Finally, Figure 9A shows phase-contrast images from representative time-lapse videos of
fibroblasts on the surfaces of fixed 1 and 4 mg/ml collagen matrices (Supplemental time-lapse
videos 5 and 6). In contrast to control matrices (Figures 4 and 5A), little collagen translocation
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occurred in 1 or 4 mg/ml matrices that were glu-treated. However, fibroblasts on 4 mg/ml but
not 1 mg/ml glu-treated matrices began to migrate. Figure 9B shows quantitative data on the
extent of cell migration (nuclear displacement). Cell migration was similar on control and glu-
treated matrices.

DISCUSSION
The features of matrix biomechanics that regulate cell physiological responses are poorly
understood. We found that over the collagen concentration range of 1 to 4 mg/ml, the
consequences of fibroblast motile activity changed markedly. Collagen fibril translocation
decreased and cell spreading and migration increased depending on location of cells within or
on the surface of the matrix. As will be discussed, collagen translocation appeared to depend
primarily on matrix stiffness, whereas fibroblast spreading and migration were influenced
strongly by collagen matrix porosity.

Increasing the collagen concentration of matrices from 1 to 4 mg/ml resulted in an increase in
matrix stiffness from 4 to 62 Pa (storage modulus) as measured by an oscillating rheometer.
Stiffness measurements were made at low strain (0.5%) and frequency (0.1 Hz). Although
collagen matrices have been shown to exhibit linearity up to 10% strain [28], atypical behavior
has been reported at low collagen matrix concentrations [29]. We used low strain and frequency
to insure a linear response over the range of collagen concentrations that we tested, and our
results are similar to those reported by others using rheological methods [28–31]. In the
experiments using glutaraldehyde treatment to increase matrix stiffness, glycine and Na
borohydride treatments were included to prevent cytotoxic effects of glutaraldehyde [32,33],
and fibroblasts interacting with glutaraldehyde-treated matrices did not show evidence of
morphological abnormalities.

Increasing the collagen concentration from 1 to 4 mg/ml also resulted in a decrease in matrix
porosity from 3.7 μm2 to 0.9 μm2 -- corresponding to average pore diameter 2.2 to 1.1 μm.
Since preparation of the samples for scanning electron microscopy analysis involved a
combination of glutaraldehyde and osmium fixation followed by critical-pointed drying and
paladium coating, the data likely reflect relative rather than absolute pore sizes. Nevertheless,
our findings are in the same size range as reported for native collagen matrices analyzed by
3D reconstruction confocal reflection microscopy [34].

As the collagen concentration in the outer matrix of floating nested matrices was increased
from 1 to 4 mg/ml, the ability of cell motile activity to cause collagen translocation decreased,
and little collagen translocation occurred with 4 mg/ml outer matrices. Similarly, fibroblasts
spreading within or on the surfaces of uniform collagen matrices showed decreased collagen
translocation as collagen concentration increased from 1 to 4 mg/ml. After matrix stiffening
with glutaraldehyde, translocation of 1 mg/ml collagen matrices no longer occurred. Taken
together, these findings suggested that matrix stiffness determined the possibility of collagen
translocation independently of cell population or position.

In contrast to collagen translocation, the effects of collagen concentration on cell migration
and spreading varied according to cell population and position within the matrix indicating that
collagen concentration influenced cell migration and spreading by mechanisms different from
collagen translocation. For instance, with floating nested collagen matrices, increasing the
collagen concentration from 1 to 2 mg/ml was sufficient for maximal cell migration. On the
other hand, differences in spreading and migration of fibroblasts in uniform collagen matrices
were not observed in 2 mg/ml collagen matrices, but did become evidence at higher collagen
concentrations. Above 2 mg/ml collagen, cells on the surfaces but not within collagen matrices
switched from dendritic to flattened and polarized morphology and exhibited migration.
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Studies comparing control and glutaraldehyde-treated collagen matrices provided direct
evidence that matrix stiffness was not responsible for the switch from dendritic morphology
to flattened, polarized and migratory that occurred when fibroblasts were incubated on the
surfaces of high concentration collagen matrices. That is, increasing matrix stiffness 3–10 fold
by glutaraldehyde treatment had no effect on cell spreading and migration. Surface topography
[35] and arrangement of adhesion ligand domains [36–38] have been shown to exert a strong
influence on cell morphology and migration on 2D surfaces. Our findings support the idea that
closer spacing of collagen fibrils (i.e., decreased matrix porosity) plays a key regulatory role
in determining cell spreading and migration in collagen matrices.

To test signaling function of focal adhesions formed by fibroblast on the surfaces of collagen
matrices, we measured activation of focal adhesion kinase (FAK), which plays a key role in
cell motile function [39]. Most studies on cells interacting with 3D matrices have demonstrated
absence of FAK signaling as measured by FAK (Y397) phosphorylation [40–42]. Consistent
with previous findings, we also observed a lack of FAK phosphorylation after short incubation
periods. However, slow FAK (Y397) phosphorylation occurred and could be detected after 4
h. The biological significance and regulatory mechanism of slow FAK phosphorylation require
further investigation.

The collagen-concentration dependent behavior that we observed for fibroblasts interacting
with collagen matrices differs markedly from the results of studies on 2D surface biomechanics
using ligand-coated polyacrylamide surfaces. The softest polyacrylamide surfaces have
stiffness values in the range of 200–1000 Pa [43], and are stiffer than 1–4 mg/ml collagen
matrices. Yet, fibroblasts on soft polyacrylamide surfaces tend to remain round and spread
poorly [43–45], migrate poorly [Pelham, 1997 #141;Lo, 2000 #287;] and form cell clusters
[46].

The difference between our studies on 3D collagen matrices and previous findings with 2D
polyacrylamide surfaces may derive in part because of the growth factor environment. The
studies with polyacrylamide surfaces were carried out in serum-containing medium, whereas
we used medium containing PDGF, which stimulates fibroblast migration in 3D matrices more
than other growth factors that we have tested [47]. Indeed, human fibroblasts incubated on the
surfaces of 1 to 4 mg/ml collagen matrices in serum-containing medium spread much more
slowly that in PDGF-containing medium and contract into clusters rather than migrating as
individuals [48]. We speculate that in serum-contain medium, because of the contractile effect
of Rho activation [49], fibroblasts require a stiff surface against which to pull in order to
overcome the forces of cell membrane tension and tensegrity that tend to impede cell
polarization [50,51]. On the other hand, PDGF-stimulated Rac activation [52] facilitates cell
protrusion and dendritic morphology [4,15]. Understanding the differences in cell behavior on
3D collagen matrices vs. 2D polyacrylamide surfaces is an important topic for future
investigation.

CONCLUSIONS
In the current studies, we quantitatively characterize collagen translocation, cell spreading and
cell migration in collagen matrices varying in collagen concentration. Collagen translocation
appeared to depend primarily on collagen matrix stiffness, whereas cell spreading and
migration were less dependent on matrix stiffness and more dependent on collagen matrix
porosity.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Fibroblast migration in nested collagen matrices prepared with 1 to 4 mg/ml collagen
outer matrices
(A) Diagram of nested collagen matrices showing cell containing inner matrix within cell free
outer matrix and nested matrices restrained on culture dishes or floating in medium. (B)
Restrained nested matrices were incubated 24 h. 3D reconstruction shows pattern of cell
migration from the inner matrix (IM) to the outer matrix (OM) with 1.5 and 4 mg/ml outer
collagen concentrations. With 1.5 mg/ml outer matrices, the density of migrating cells was
higher in regions closer to the underlying culture surface. If the concentration of collagen in
the outer matrix was increased to 4 mg/ml, then the distribution of migrating cells was more
uniform. (C) Restrained and floating nested matrices were prepared using the outer collagen
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concentrations indicated and incubated 24 h after which cell migration index was determined.
Data shown are the averages +/− SD of cell migration index based on three separate experiments
with duplicate matrices at each collagen concentration. In floating nested matrices, cell
migration index increased as the outer collagen concentration increased. In restrained nested
matrices, cell migration index was similar over the range of outer collagen concentrations
tested.
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Figure 2. Collagen translocation in nested collagen matrices prepared with 1 to 4 mg/ml collagen
outer matrices
(A) Floating nested matrices were incubated 24 h. Distribution of 6 μm fluorescent
microspheres was visualized at the interface between inner and outer matrices. Bar = 200 μm.
(B) Bead density at the interface was quantified using Image J software, and the extent of
collagen translocation determined as bead # relative to starting conditions. Data shown are
averages +/− SD based on two separate experiments with duplicate matrices for each collagen
concentration. As the collagen density increased, collagen translocation decreased.
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Figure 3. Quantitative measurements of porosity and stiffness of collagen matrices varying from 1
to 4 mg/ml collagen
Collagen matrices prepared at the collagen concentrations indicated were polymerized 1 h. (A)
Samples that were fixed, critical point dried, and palladium coated were imaged by scanning
electron microscopy. Bar = 5 μm. (B) Fibril spacing was quantified by measuring matrix poor
size. Data shown are the averages +/− SD based on two separate experiments with duplicate
matrices at each collagen concentration. (C) Freshly polymerized samples were used to
measure matrix stiffness (storage modulus) by oscillating rheometry. Data shown are the
averages +/− SD based on two separate experiments with triplicate matrices at each collagen
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concentration. Increasing the collagen concentration resulted in decreased matrix porosity and
increased matrix stiffness.
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Figure 4. Motile activity of fibroblasts within and on top of collagen matrices
Phase-contrast images showing initial and final frames from time-lapse videos of fibroblasts
incubated for 4 h (A) within (Supplemental time-lapse videos 1 and 2) and (B) on top of
(Supplemental time-lapse videos 3 and 4) 1 and 4 mg/ml collagen matrices. Polystyrene beads
(6 μm) added to the matrices were used to quantify collagen translocation. Bar = 100 μm. Cell
spreading was dendritic within or on the surfaces of 1 mg/ml matrices. With 4 mg/ml matrices,
cell spreading was dendritic within matrices but flattened and polarized on the surfaces of
matrices, and cells on the surfaces of matrices began to migration.
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Figure 5. Collagen translocation and cell spreading of fibroblasts within and on top of collagen
matrices
(A) Analysis of collagen translocation from time-lapse videos (Figure 4) as a function of
collagen concentration based on displacement of 6 μm beads within the matrices. Data shown
are the averages +/− SD based on three separate experiments. As the collagen density increased,
collagen translocation decreased. (B & C) Fibroblasts were incubated 4 h within or on top of
collagen matrices. At the end of the incubations, the cells were fixed and visualized by
immunostaining for actin (c.f. Figure 6). Cell spreading (projected surface area) and cell shape
(dendritic index) were determined by morphometric analysis. Data shown are the averages +/
− SD of three separate experiments with five cells at each collagen concentration in each
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experiment. As collagen concentration increased, the extent of cell spreading increased.
Fibroblasts on top of matrices became more spread than cells within. Dendritic index was
relatively constant for cells within matrices, but decreased as a function of collagen
concentration for cells on top of matrices.
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Figure 6. Actin stress fibers, focal adhesions, and focal adhesion kinase (FAK) Y397
phosphorylation by fibroblasts on top of collagen matrices
(A) Fibroblasts were incubated 4 h on top of collagen matrices prepared at the collagen
concentrations indicated. At the end of the incubations, cells were fixed and visualized by
immunostaining for actin and vinculin. As the collagen concentration increased, cell
morphology switched from dendritic to flattened and polarized. Actin stress fibers (phalloidin
staining) and focal adhesions (vinculin staining) were readily visible in the flattened cell
regions. Bar = 50 μm. (B) Fibroblasts were incubated 1 and 4 h on top of collagen matrices
prepared with 1 mg/ml collagen (M1) or 4 mg/ml collagen (M4) or on 50 μg/ml collagen-coated
coverslips (2D). Cells incubated 1 h on collagen-coated coverslips but not on collagen matrices
or trypsinized cells (T) showed FAK phosphorylation. After 4 h, fibroblasts incubated on
collagen matrices also showed FAK phosphorylation. Data shown are representative of three
independent experiments.
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Figure 7. Cell spreading on collagen matrices stiffened chemically by treatment with
glutaraldehyde
(A) Collagen matrices prepared with the collagen concentrations indicated were polymerized
1 h and then subjected to glutaraldehye (glu-treated) or PBS (control) treatment. Matrix
stiffness (storage modulus) was measured by oscillating rheometry. Data shown are the
averages +/− SD based on two separate experiments with triplicate matrices at each collagen
concentration. Glu-treated samples had 5–10 fold increased matrix stiffness. (B&C)
Fibroblasts were incubated 4 h on top of glu-treated and control matrices. At the end of the
incubations, the cells were fixed and visualized by immunostaining for actin (c.f. Figure 8).
Cell spreading (projected surface area) and cell shape (dendritic index) were determined by
morphometric analysis. Data shown are the averages +/− SD of three separate experiments
with five cells at each collagen concentration. Fibroblast spreading and dendritic index showed
similar collagen concentration dependence regardless whether or not the matrices were
stiffened by glu-treated.
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Figure 8. Cell morphology and actin stress fibers on collagen matrices stiffened chemically by
treatment with glutaraldehyde
Fibroblasts were incubated 4 h on top of collagen matrices prepared at the collagen
concentrations indicated and treated with or without glutaraldehyde as indicated in Figure 7A.
At the end of the incubations, cells were visualized by immunostaining for actin. As the
collagen concentration increased, cell morphology switched from dendritic to flattened and
polarized and actin stress fibers were visible in the flattened cell regions. Increasing matrix
stiffness by glu-treatment had no effect on cell morphological appearance. Bar = 50 μm.
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Figure 9. Cell migration on collagen matrices stiffened chemically by treatment with
glutaraldehyde
(A) Phase-contrast images showing initial and final frames from time-lapse videos of
fibroblasts incubated for 4 h on the surfaces of glu-treated (see Figure 7A) collagen matrices
at the collagen concentrations indicated (Supplemental time-lapse videos 5 and 6). Cells on 4
mg/ml but not 1 mg/ml matrices developed flattened, polarized morphology and began to
migrate. (B) Same as (A) except cell migration determined by measuring nuclear displacement.
Data are the average +/− S.D of three separate experiments with five different cells for each
collagen concentration. The extent of cell migration was similar on control and glu-treated
matrices.
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