
VU Research Portal

Extracellular Matrix Mechanics and Implications for Cellular Mechanosensing

Jansen, K.A.

2016

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Jansen, K. A. (2016). Extracellular Matrix Mechanics and Implications for Cellular Mechanosensing. [PhD-Thesis
– Research external, graduation internal, Vrije Universiteit Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 24. May. 2023

https://research.vu.nl/en/publications/397a6484-012c-4901-a6f6-6678433a28a4


7. Cells in Collagen Type I gels

Collagen is a widely used extracellular matrix (ECM) material to study
cell physiology in a tissue-mimetic, three dimensional environment. The me-
chanical properties of collagen are known to influence cell behavior, while, in
turn, cells can restructure the matrix and change its mechanical properties
by the exertion of traction forces and enzymatic degradation. In this chap-
ter, we study the contribution of cellular traction and network remodeling on
the mechanical properties of collagen networks. For this purpose, we employ
3T3 mouse fibroblasts inside collagen networks reconstituted from collagen I
extracted from rat tail. Surprisingly, we find no difference in the mechanical
properties of collagen networks with and without cells. By using time-lapse
microscopy, we can explain this observation in terms of limited cell spreading.
Obvious candidate mechanisms to increase cell spreading (changing cell den-
sity, serum concentration, collagen concentration and dimensionality) did not
improve cell spreading. Using quantitative polymerase chain reaction assays,
we verified that the fibroblasts in principle did express collagen binding inte-
grins. Apparently, the cells are unable to form sufficiently mature adhesions to
the collagen matrix to allow them to exert significant traction forces. Therefore
we recommend to use a different cell line for future experiments, which is more
contractile than the 3T3 cell line used here.

Karin A. Jansen, Hendy Kristyanto, Gijsje H. Koenderink
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Chapter 7 section 7.1

7.1 Introduction

Collagen is the most abundant and structurally important component of the
extracellular matrix [301]. The predominant type of collagen in all connective
tissues, except cartilage, is collagen type I. Collagen I forms networks of stiff
fibrils whose stiffness and tensile strength is essential for healthy tissue func-
tioning [3,587]. Moreover, the collagen network provides important mechanical
cues to cells, which regulate a multitude of cell functions including motility,
proliferation, and differentiation, as discussed in detail in Chapter 1. Abnor-
mal increases in stiffness of the collagen matrix have been shown to trigger
tumor cell behavior and tumor-like behavior of non-tumorigenic cells [3–5]. In
turn, cells also actively change the structural and mechanical properties of the
collagen matrix by matrix synthesis and enzymatic degradation as well as by
exerting traction forces [244,632].

This bidirectional mechanochemical interplay between cells and their ex-
tracellular matrix has been widely studied using reconstituted collagen gels as
a minimal tissue system. Bell and co-workers [238, 633] pioneered the use of
cell-seeded collagen gels for so-called contraction assays, demonstrating that
cellular contractile forces could macroscopically compact collagen gels in vitro.
Since then, fibroblast-populated collagen gels have served as a model system to
study cell-matrix interactions during physiological processes like wound heal-
ing [243–245,634–637]. Cell-seeded collagen matrices are also widely studied for
their potential use in tissue engineering applications [638,639], and are increas-
ingly popular as model systems to study the effect of the three-dimensional
(3D) fibrous collagen matrix on cellular mechanotransduction and cell migra-
tion [90,271,606,627,628].

Since cells are known to remodel and tense collagen gels, many of the re-
ported studies of cell-seeded collagen gels focused specifically on the question
whether the cells change the mechanical properties of the gel, which would
cause a mechanical feedback loop for mechanosensing. The mechanical prop-
erties of cell-seeded collagen gels have been measured using uniaxial tensile
tests [393, 627, 640–643], shear rheology [395], and microrheology [403]. Sev-
eral studies showed an increase in collagen stiffness with increasing cell den-
sity [394,395] (see Table 7.1), which was attributed to a combination of cellular
contractility and (permanent) ECM remodeling. Evans and coworkers [394]
described the low strain modulus based on an ’inclusion model’, where cells
create small dense inclusions whereas the bulk of the network is uninfluenced.
Some studies reported a decrease in gel stiffness upon the inclusion of cells,
which was attributed to digestion of the collagen matrix by cell-secreted met-
alloproteases [393,395]. It is unclear which mechanism dominates under which
conditions. Moreover, most of these studies have focused on the low strain
modulus and ignored possible changes to the nonlinear elastic modulus. Else-
where in this thesis (see Chapter 3), we showed that cells can stiffen fibrin gels,
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section 7.1 Chapter 7

as a consequence of the highly non-linear elastic response of these gels. Like
fibrin, collagen networks also strongly stiffen when subjected to a mechani-
cal stress [251–253, 272]. We confirmed this nonlinear behavior for in vitro
polymerized collagen in Chapter 6, and in addition we demonstrated that this
nonlinearity can be quantitatively understood based on the network architec-
ture and the normal stress. Since we now have a quantitative model to link
macroscopic observables, such as stiffness and onset strain for strain-stiffening,
to the underlying network architecture, it should in principle be possible to
elucidate the degree of remodeling (change in architecture) and degree of trac-
tion force generation (change in normal force) by investigating the nonlinear
elastic response of cell-seeded versus acellular gels.

Motivated by these findings, we here aimed to test whether cells can stiffen
collagen networks, in analogy to the cell-seeded fibrin networks presented in
Chapter 3. We directly measured the contribution of cellular traction to col-
lagen network mechanics by comparing the nonlinear mechanical properties of
cell-seeded gels with acelular gels. We use macrorheology to measure the me-
chanical properties, and optical and confocal microscopy to study cell spread-
ing and network structure. Unexpectedly, cell spreading was low, both inside
and on top of thick collagen gels. We investigated the possible origin of the
lack of cell spreading by varying serum concentration, cell density, collagen
concentration, and the source of collagen. However, these parameters did not
improve cell spreading. Next, we quantified the integrin expression profiles
for cells on top of 2D collagen gels and inside the 3D gels by a quantitative
polymerase chain reaction (qPCR) assay. Even though collagen-binding in-
tegrins were expressed, we conclude that the 3T3 fibroblast cell line that we
used is not ideal to study changes in mechanical properties due to cell traction
forces. This is supported by a pilot measurement with a different fibroblast
line (human CCL-224), which gave better cell spreading.
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Chapter 7 section 7.1
Table 7.1: Overview of articles reporting mechanics of cell-seeded collagen
gels, where ’Rheology’ stands for macrorheology, ’Tensile’ for tensile tests,
’Microrheology’ for magnetic tweezer microrheology and CFM for cell
force monitor (a form of tensile test that monitors force over time, and
optimized for cell culture).

Ref.
Collagen
source

Cell type
and density

[Mechanical probe] Main
observations

[395]

Rat tail1

(BD Bio-
sciences)

CHO cells 2,
7,000-18,000
cells/µl

[Rheology] At 0.42 mg/ml collagen,
G′

0
increases with cell density,

whereas at 1.8 mg/ml, G′

0
decreases

with cell density. Nonlinear
properties were not tested.

[644]

Rat tail1

(BD Bio-
sciences)

Corneal
fibroblasts,
100-500
cells/µl

[Ball indentation]3 The Young’s
modulus increased over several days
of culture. At 1 day of culture,
cell-seeded gels were stiffer than
acellular gels, except at 3.5 mg/ml

collagen.

[394]

Bovine
skin4

(Organo-
genesis)

NHDFs5,
50-250
cells/µl

[Tensile] Increasing Young’s modulus
with increasing cell density.

[403]

Bovine skin
4 (Vitrogen

100)

LL-246,
25-100
cells/µl

[Microrheology] On day 1 of culture,
the gel stiffness decreased with cell
density (2 mg/ml collagen). On day
2 and up, the stiffness increased with

cell density.

[64]

Collagen
Type I 1

(Integra
Life

Sciences),
5 mg/ml

Dermal rabbit
fibroblasts

[CFM] Force per cell increases with
time and saturates after 6 hours,
independent of stiffness of its

environment.

continued on next page

1acid-soluble and has intact telopeptides
2CHO, Chinese hamster ovary
3A sphere of 4 mm diameter was placed on top of a suspended (thin) cell-seeded collagen

gel and the deformation was measured. [645]
4pepsin-treated and lacking the telopetides
5Neonatal human dermal fibroblasts
6human lung fibroblasts
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Ref.
Collagen
source

Cell type
and density

[Mechanical probe] Main
observations

[393,
640]

Rat tail7

(Upstate
Biotechnol-

ogy)

Chicken
embryonic
fibroblasts,
100-1,000
cells/µl

[Tensile] The collagen gels become
stiffer over the time scale of days,

partly due to cell-matrix remodeling
(already apparent after 2 hours). In
the absence of serum, cells still

spread, but there was no increase in
force. Antibody blocking of integrin

β1 did not completely inhibit
contractile force generation.

[646]

Rat tail7

(First Link
Ltd.)

Human
dermal

fibroblasts,
1,000 cells/µl

[Tensile] Buildup of contractile force
with time. Cells adapted their
contractile force to changes in

external tension to keep the total
matrix tension at a constant level of
∼ 40-60 dynes/million fibroblasts.

[627,
647]

Rat tail7

(First Link
Ltd.)

Human
foreskin

fibroblasts,
1000 cells/µl

[Tensile] There is less contractile
force generation when the external
strain on the collagen matrix is

increased (5, 10, 15% strain). In the
absence of serum, cell spreading and
force generation was inhibited, but

the cells remained viable.

[648]

Rat tail7

(Upstate
Biotechnol-

ogy
Inc.)

Chicken
embryo

fibroblasts,
6,000-100,000

cells/µl

[Tensile] After 3 days of culture,
experiments were started. Gel

stiffness increased with increasing
cell density due to cellular

contraction and ECM remodeling.

[641]

Rat
tail7(First
Link Ltd.),
plasticaly
compressed

MG-63 8

(600-100k
cells/µl post-
compression)

[Tensile] Due to collagen
degradation, the rupture force

decreases with cell density after 10
days of culture.

continued on next page

7acid-soluble and has intact telopeptides
8Human osteosarcoma
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Ref.
Collagen
source

Cell type
and density

[Mechanical probe] Main
observations

[649]

Rat tail9

(Collabora-
tive

Biomedical
Products),
1.5 mg/ml

Adult dermal
fibroblasts,
HOS and
KHOS-240,
100-1000
cells/µl

[CFM] In the control case, force
increased rapidly within 5 hours.
With an antibody to integrin β1,
force generation was lower and

slower. Force generation was related
to α2β1 integrin levels.

7.2 Materials and Methods

7.2.1 Cell culture and Cell labeling

3T3 mouse fibroblasts (a gift from Dominique Donato, Leiden Institute of
Physics, University of Leiden, the Netherlands) were cultured to near-confluency
in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal
bovine serum (FBS, Gibco), 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) buffer (Sigma-Aldrich, Zwijndrecht, NL) and 0.1% antibiotics
(10 µg/ml pen/strep, Sigma-Aldrich). Human CCL-224 fibroblasts (a gift
from Prof. J. Boonstra, Biology Department, Utrecht Universiteit, NL) were
cultured to near-confluency in the same medium, but supplemented with 1%
L-Glutamine (Gibco). Unless stated otherwise, 3T3 cells were used in exper-
iments. Both cell cultures were incubated at 37 ◦C in a 5% CO2 humidified
incubator. Cells were harvested by trypsinization with a 0.1% EDTA/0.25%
trypsin solution and were pelleted by centrifugation. The pellets were resus-
pended in DMEM. The cell density was determined with a counting chamber
(Hemacytometer, Optik Labor, Lancing, UK). The cell suspension was aliquot-
ted and the volume of the aliquots was adjusted to obtain a cell density that
was 10x the cell density in the final experiment. The aliquots were protected
from light and used within one hour. To visualize cells by confocal fluores-
cence microscopy, the plasma membrane of cells in culture was labeled with
CellTrackerTM Green CMFDA (Invitrogen). Cells were labeled at about 50%
confluency by incubation for 1 hour with 1.25 µM in DMEM, and subsequently
washed for 30 min with DMEM to remove unbound dye. The next day, the
labeled cells were trypsinized and used for experiments.

7.2.2 Collagen Gel Preparation and Cell Seeding

We used rat tail collagen Type I (BD Biosciences, Breda) in all experiments,
except in a few cases (explicitly states), where we used bovine dermal colla-
gen type I (Nutragen, Advanced Biomatrix, San Diego, CA). Aliquots of the

9acid-soluble and has intact telopeptides
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section 7.2 Chapter 7

collagen stock solution, DMEM, DMEM10x (Sigma-Aldrich), HEPES 1M so-
lution, antibiotics, FBS, 1M NaOH and sterilized milliQ water were stored on
ice for at most 1 day, to prevent bacteria growth. Collagen type I was pipetted
into a precooled 2 ml Eppendorf tube and weighed to determine the pipetted
amount. We followed this procedure because the high viscosity of the collagen
stock solution creates problems with accurate pipetting. We then added in the
following order: DMEM1x, DMEM10x, HEPES, antibiotics, FBS and sterile
milliQ water. The pH was set with NaOH, using a pH meter (Hanna Instru-
ments, Germany) with a micro-electrode. In the case of cell-seeded collagen
gels, cells suspended in DMEM 1xwere added last (after setting the pH). The
final buffer composition was 1x DMEM, 1% FBS, 20mM HEPES and 0.1%
antibiotics, unless stated otherwise. The time between setting the pH with
NaOH and transporting the sample to a sample holder (the rheometer bottom
plate or a glass-bottom petridish) was kept around 10 min to minimize possible
variations due to premature polymerization on ice [607].

All collagen gels were polymerized at 37 ◦C in a humidified atmosphere to
prevent solvent evaporation.

We performed a few experiments with cells cultured on top of collagen gels
(2D situation). In this case, collagen gels were prepolymerized overnight at
37 ◦C in a humid atmosphere. The cell suspension was added on top of the
collagen gel, in 1x DMEM, 1% FBS, 20mM HEPES and 0.1% antibiotics, and
the cells were left to spread overnight.

7.2.3 Microscopy

To visualize the effect of the cells on the structure of the collagen networks,
we imaged collagen gels with and without cells using an inverted Eclipse Ti
microscope (Nikon). Confocal reflectance images of the collagen fibers were
obtained using a 488 Ar laser (Melles Griot, Albuquerque, NM) for illumi-
nation, using a 40x (N.A. 1.30) oil immersion objective. Cells labelled with
CellTrackerTM Green CMFDA (Invitrogen) were imaged in a separate channel
using the same laser to excite a fluorescent signal. Three-dimensional image
stacks to determine the time course of cell spreading inside 1 and 2 mg/ml
collagen gels were obtained by scanning through the z-direction with a step
size δz = 0.5 µm over a 40 µm total depth.

To quantify the degree of cell spreading, cell-seeded collagen gels were poly-
merized in a humid atmosphere at a 37 ◦C room, protected from light and
imaged after overnight spreading. Images were taken using a Nikon inverted
microscope in phase contrast, equipped with a 10x air objective, additional
1.5x magnification, and an EM-CCD camera (Roper Coolsnap, Photometrics,
Tucson, US) with an exposure time of 200 ms. The cell spreading ratio was
determined by counting the number of spread cells, round cells, and dead cells
based on the cell morphology. The results are shows as normalized counts
(normalized by the total number of cells). Where error bars are shown, a min-
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imum of 3 measurements were averaged and the standard deviation is shown.
In these cases, at least 80 cells were counted per gel.

To follow the kinetics of cell spreading, the Nikon inverted microscope was
equipped with a humidified incubation chamber in combination with an objec-
tive heater to maintain a constant temperature of 37 ◦C (TokaiHit, Shizuoka-
ken, Japan), in a similar geometry as presented in Chapter 3 (Fig. 3.1A). The
cells were imaged in bright field using a 10x air objective at a rate of 1 frame/5
min or 1 frame/min. The exposure time was fixed at 200 ms. Cell viability was
maintained by blocking infrared and UV light with a bandpass filter and by
controlling light exposure with a light shutter synchronized with image frame
grabbing. Typically, at least 10 cells were tracked per sample.

7.2.4 Rheology

Rheology tests were performed with a stress-controlled rheometer (Physica
MCR 501, Anton Paar, Graz, Austria) equipped with a 40 mm steel cone
and bottom plate. The cone angle was 1 ◦. The plates were prewarmed to
37 ◦C. Collagen solution (∼300 µl) was pipetted onto the bottom plate and
the cone was immediately lowered. The sample was trimmed and a solvent
trap was added while keeping the cone stationary. Collagen polymerization
was followed continuously by applying a small amplitude (0.5%) oscillatory
strain at a constant frequency of 0.5 Hz to probe the development of the
elastic modulus, G’, and viscous modulus, G”, during a period of 6 hours. The
linear viscoelastic moduli of the fully formed gels were determined by small
amplitude (0.5%) oscillatory shear tests at a range of frequencies between
10 and 0.05 Hz. To probe the nonlinear response of the gels, we performed
differential measurements using a prestress protocol. A stepwise increasing
steady prestress σ was applied, and a small oscillatory stress with an amplitude
of 0.1σ was superposed. The differential elastic, K’, and viscous, K”, moduli
were determined from the oscillatory differential strain response. The onset
of stiffening, σ0, was defined as the point where K ′ = 1.1K ′

0
, where K ′

0
is the

linear low strain modulus.

7.2.5 qPCR

To quantify integrin expression, qPCR (quantitative real time polymerase
chain reaction) analysis was used following published procedures [435]. Cells
were allowed to spread overnight, either on top of collagen gels or seeded within
collagen gels, at a cell density of 1000/µl. Cell-seeded collagen gels were incu-
bated for about 5 minutes on ice with TRIsure (Bioline) to isolate the RNA and
vortexed until the gels were fully dissolved. The samples were stored at −80 ◦C

until further use. RNA was precipitated in 2-propanol for 1 hour at room tem-
perature. 500 ng of RNA was DNaseI treated and used as a template to
generate cDNA following the manufacturer’s instructions (Quantitect-Qiagen,
Venlo, the Netherlands) with a mixture of oligo dT and random primers at
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Figure 7.1: Time course of polymerization of cell-seeded and acellular col-
lagen gels monitored by small amplitude oscillatory shear rheology. (A)
Examples of the time course of the linear elastic modulus, G’, of cell-
free collagen type I gels at collagen concentrations ranging from 0.5 to
4 mg/ml (bottom black squares to top purple left triangles). (B) Exam-
ples of polymerization curves of two individually prepared cell-seeded gels
(containing 500 cells/µl and 2 mg/ml collagen; solid symbols) compared
with polymerization curves of three individually prepared acellular gels
(open symbols, 2 mg/ml collagen).

42◦C during 30 min. The resulting cDNA (10 µl) was diluted 20-fold and
served as a template in real-time quantitative PCR assays (SYBR Green PCR
Master Mix (ABI)). Quantification and normalization procedures are described
in detail elsewhere [436]. Briefly, a B-element primer was used to normalize
the detected integrin expression, which gives an estimate of the total mRNA
expression, and was developed by Jo Vandesompele ( Universiteit Gent, Bel-
gium). Primers were designed for the PCR product to be intron spanning
using NCBI’s Primer Blast [437]. qPCR was performed for integrin β3, β1,
α1, α2, α10 and α11.

A two tailed student t-test was performed on the relative expression levels
for the different integrin subunits. p < 0.05 was considered significant.

7.3 Results

7.3.1 Rheology of Acellular and Cell-seeded Collagen Gels

In Chapter 3, we showed that cells can stiffen fibrin gels by generating an inter-
nal contractile stress that exceeds the critical stress for strain-stiffening. Our
goal for this Chapter is to investigate whether a similar stiffening mechanism
exists for collagen. Previous studies mostly show an increase in collagen stiff-
ness with increasing cell density [394,395] (see also Table 7.1), which has been
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Figure 7.2: Frequency dependence of the linear elastic modulus, G’, for
acellular (open black symbols) and cell-seeded (red and blue filled sym-
bols) collagen gels. (A) Example curves of the frequency dependence of
G’ for 2 mg/ml collagen gels. (B) The frequency exponent for acellu-
lar (open symbols) and cell-seeded (filled symbols) collagen gels plotted
as a function of collagen concentration. Cell-seeded gels contained 500
cells/µl.

attributed to a combination of cellular contractility and (permanent) matrix re-
modeling. In some cases, collagen decreased in stiffness, which was attributed
to collagen digestion [395]. We aimed to directly measure the contribution
of cellular traction and matrix remodeling on collagen network mechanics by
comparing the linear and nonlinear mechanical properties of cell-seeded gels
with acellular gels.

First, we investigated the polymerization kinetics of collagen in the absence
and presence of cells. We measured the development of the linear viscoelastic
moduli by small amplitude oscillatory shear measurements with a cone-plate
rheometer. In the absence of cells, there is an immediate and rapid increase
of G’ (Fig. 7.1A). We note that the rheology experiment is started about
two minutes after placing the sample on the preheated rheometer plate. The
fast kinetics we observe here are consistent with prior observations for rat tail
collagen I [90]. When the collagen concentration is raised from 0.5 to 4 mg/ml,
the kinetics remain unchanged but the final elastic modulus increases strongly,
from 1.7 Pa at 0.5 mg/ml to 200 Pa at 4 mg/ml, similar to what has been
shown in Chapter 6.

When cells were included during polymerization, we observed two types of
polymerization curves (Fig. 7.1B): one category showed a monotonic increase
of G’ that resembled the behavior of acellular gels (blue squares), whereas the
second category exhibited a biphasic increase (red stars) for G’ (but not for
G”).
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Figure 7.3: Differential measurements of the nonlinear viscoelastic re-
sponse of cell-seeded collagen gels (500 cells/µl, color filled symbols) and
acellular 2 mg/ml collagen gels (black open symbols). (A) Example curves
for the differential elastic modulus K’ against prestress σ. (B) Example
curves for the differential loss tangent, K′′/K′, against prestress σ.

To probe the viscoelastic properties of the fully formed gels (considered
complete after 6 hours), we performed small amplitude oscillatory shear mea-
surements over a range of frequencies (Fig. 7.2). We observed identical be-
havior for the cell-seeded and the acellular gels (Fig. 7.4): the elastic modulus
was only weakly dependent on frequency and much larger than the viscous
modulus, indicating solid-like behavior. Furthermore, the moduli were inde-
pendent of the presence of cells. For both the cell-seeded and the acellular
gels, G’ increased with collagen concentration according to an approximate
power law with an exponent of around 2.5. Similar dependences have been
reported in prior studies of acellular collagen gels, with reported exponents
varying between 2 and 3 [253, 272, 395, 602, 603]. However, a weaker depen-
dence on collagen concentration has also been observed [92,251,527,603]. The
linear modulus for cell-seeded gels was indistinguishable from that of the acel-
lular gels for all collagen concentrations tested (Fig. 7.4A). This finding is in
contrast to earlier studies, where the addition of cells was reported to cause
either an increase [394] or a decrease [403] in stiffness [395]. To our knowledge,
there is only one earlier study that reports no change in network stiffness [647],
although this study was performed in the absence of serum.

The nonlinear elastic mechanical properties likewise showed no change upon
the addition of cells, as shown in Fig. 7.3. The elastic differential modulus,
K ′, increased with increasing shear stress (σ), after an onset stress (panel
A). The modulus increased until apparent sample breakage. Close to sample
breakage, the loss tangent K ′′/K ′ also sharply increased (panel B). The maxi-
mal stiffness before apparent network failure, Kmax, increased with increasing
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Figure 7.4: Plateau moduli G0 (A) and loss tangent (B) of cell-seeded
(closed symbols) and acellular (open symbols) collagen gels as a function
of collagen concentration. (A) The plateau moduli were taken as the
linear elastic moduli measured at 0.5 Hz. Black squares depict G’, while
red circles denote G”. (B) Corresponding loss tangents.

collagen concentration (Fig. 7.5 panel A), but was indistinguishable from the
control case without cells (panel B). The stress just before the onset of stiff-
ening also increased with collagen concentration, and was also independent of
the presence of cells. If the network architecture would be much affected by
the presence of cells, one would expect a change in the onset of stiffening, as
discussed in detail in Chapter 6. Also the stiffening exponent β is unaffected
by the presence of cells (panel D). Altogether these observations suggest that
cells do not generate enough traction forces to change the network structure
and mechanical properties, nor do they significantly remodel the network by
enzymatic degradation.

7.3.2 Cell Morphology and Spreading

To understand why the cells do not influence the viscoelastic properties of the
collagen networks, we studied the cell morphology, survival, and the spatial
distribution of cells inside the gels. To this end, fibroblast-populated collagen
gels were imaged in phase contrast and in bright field. In the most dilute
gels (0.5 mg/ml collagen), the cells were mainly found near the bottom glass
surface, indicating that they sediment under gravity during polymerization
of these soft gels. In the higher-density collagen gels, the cells were more
evenly distributed, indicating that they are trapped in the network (Fig. 7.6C).
Time-lapse imaging of cells during spreading showed that both at low (0.5
mg/ml) and high collagen densities (3 mg/ml), a large fraction of cells exhibited
blebbing behavior. This behavior has been seen before for suspended cells
[650]. A fraction of these transient blebbing cells did eventually successfully
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Figure 7.5: Parameters characterizing the nonlinear elastic properties of
cell-seeded collagen gels (solid symbols) and acellular collagen gels (open
symbols) plotted as a function of collagen concentration. (A) Maximum
differential elastic and viscous moduli reached just before sample break-
age. Solid symbols represent K’, while open symbols represent K”. (B)
Maximum stress reached before sample breakage, σbreak. (C) The stress
at the onset of strain-stiffening. (D) Stiffening exponent, β, defined as
the power law exponent characterizing stiffening in the nonlinear elastic
regime. In all cases, the cell-seeded gels contained 500 cells/µl.
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Figure 7.6: Cell distribution as a function of height inside collagen gels.
(A) Typical image of cells in a 0.5 mg/ml collagen gel taken at a height
of 0 µm from the bottom coverslip surface. (B) Typical image of cells in
a 0.5 mg/ml collagen gel taken at a height of 200 µm. Scale bars denote
50 µm. (C) Cell distribution as a function of height, where a height of
zero corresponds to the bottom coverslip surface, for 0.5 mg/ml (black
squares), 1 mg/ml (red circles), 2 mg/ml (green triangles up) and 3 mg/ml
(blue triangles down) collagen. Every data point is an average over 10
images, where only cells that were well in focus were counted.
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spread (Fig. 7.7). The time point where cells first started to spread varied
greatly, from almost immediately after the start of collagen polymerization to
about 5 hours later. Most of the cells remained round, indicating that they
did not spread well (Fig. 7.9A).

The cells that did spread exhibited highly dynamic membrane extensions,
which were observed both for high and low collagen concentrations (Fig. 7.7B
and C). Time-lapse imaging showed that new extensions were formed every 20-
30 minutes and retracted at similar time scales. We observed polar cell shapes
and random (’star’) shaped morphologies, resembling previous observations
of fibroblasts in type I collagen gels [393, 403, 410, 651, 652]. Highly dynamic
extensions are indicative of low force generation, since focal adhesions need
time to mature to permit transmission of high traction forces (see section 1.6.1
in Chapter 1).

To verify whether the cells attached to the collagen networks, we performed
confocal imaging of cell-seeded gels, using fluorescence imaging to visualize the
cells, which were labeled with CellTrackerTM Green CMFDA, and reflectance
imaging to visualize the collagen fibers. We observed that the round cells
did attach to the surrounding collagen network, although they did not ex-
tend protrusions into the collagen networks (Fig. 7.8A). In some cases, we
observed density modulations in the collagen network surrounding the cells,
with densifications and empty pockets near the cell surface (Fig. 7.8B). These
remodeled regions extended out to distances ranging up to 3 times the cell
diameter, leaving the rest of the network unaltered. For well-spread cells with
membrane protrusions, extensive recruitment of collagen was seen near the cell
body and the cellular extensions (Fig. 7.8C). Similar local condensation of col-
lagen fibrils has been reported before [394,410,653,654], where collagen fibers
aligned along the direction of the cellular traction forces. The notion of local
collagen densification around the cells has been used to model the low strain
mechanics of cell-seeded collagen gels [394]. The empty pockets near round
cells are reminiscent of prior observations of collagen matrix degradation by
cell-secreted proteases [395].

We tested various possible scenarios that might explain the limited extent
of cell spreading. First, cell spreading could be hampered due to the small
mesh size of the collagen gels. To investigate this possibility, we varied the
collagen concentration between 0.5 and 3 mg/ml, corresponding to a three-
fold decrease of the pore size from ∼10 down to ∼3 µm2 [90, 92, 194]. The
largest pore size is thus about half the cell size, which is about 20µm2, which
should be large enough to allow for cell spreading and migration [90]. However,
the spreading ratio did not change with collagen concentration (see Fig. 7.9A).
It is thus unlikely that effective cell spreading is restricted by the collagen mesh
work. The second scenario that we tested is that the serum concentration in
the cell culture medium was insufficient to promote cell spreading, in view
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Figure 7.7: Time-lapse image sequences of cells spreading inside collagen gels. (A)
Example of a cell in a 0.5 mg/ml collagen gel that stays spherical over the entire 6
hour time scale that was investigated and exhibits transient blebbing. (B) Example
of a cell that spreads inside a 3 mg/ml collagen gel. During the first hour, the cell
shows blebbing behavior. (C) Example of a spreading cell in a 0.5 mg/ml collagen
gel. Blebbing was apparent in the first few hours, similar to the example shown
in panel B. Scale bars denote 50 µm. The cell density was 500-1000 cells/µl for all
cases.
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Figure 7.8: Confocal images of cells fluorescently labeled with
CellTrackerTM Green CMFDA (shown in red red) inside 2 mg/ml col-
lagen gels (reflectance channel, shown in white). (A) Merged image of
a cell which, despite having a round morphology, shows attachments to
the collagen network. (B) Merged image of another round cell, where the
surrounding network shows signs of remodeling. (C) Merged image of a
well-spread cell, with extensive collagen recruitment around the cellular
protrusions. (D) Same image as (C), but now fluorescence channel (top)
and reflectance channel (bottom) are split. All images are summations of
images acquired over a total depth of 40 µm. The cell density was 1000
cells/µl. Scale bars denote 20 µm.

of reports showing effects of serum concentration on cell-induced contraction
of collagen gels [647, 652, 655, 656]. However, we observed no change in cell
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spreading over a serum concentration range of 1 to 4% (Fig. 7.9C). The third
scenario that we tested is that cell spreading could depend on cell density. We
observed a decrease in cell spreading and a concomitant increase in cell death
with increasing cell density (Fig. 7.9B), possibly due to depletion of nutrients.
Finally, we tested whether cells spread better on top of collagen gels instead of
inside the gels. Cells were seeded on top of thick collagen gels and incubated
overnight at a range of cell densities (Fig. 7.9D). We observed an even smaller
fraction of spread cells than inside the gels. The fraction of spread cells was
also low compared to prior observations for cells cultured on top of 2D glass
coated with fibrillar collagen I [657]. Moreover, the latter study reported an
increase in cell spreading with increasing cell density, opposite to the trend we
observe here for cells inside collagen gels.

A few other studies also reported a mixture of spread and round cells,
both inside and on top of collagen gels [606, 658]. However, we cannot make
a quantitative comparison to those data, since the spreading ratio was not
quantified. It is known that fibroblasts spread better in anchored collagen
gels in which contractile tension can build up, than in free-floating collagen
gels [632, 643, 659, 660]. This is not likely to be the limiting factor in the
rheology and imaging experiments, since the gels are adhered to the cone and
plate and glass surfaces, respectively. Moreover, even in a freely floating gel
where there is no build-up of tension, the cells should still show spreading,
albeit less compared to a gel with fixed boundaries [660].

Figure 7.9 (facing page): Fibroblast spreading ratios measured under dif-
ferent experimental conditions. Top panels: Cells were classified as spread
when they exhibited extensions, round (and non-spread) if they retained
a spherical shape and did not make protrusions, or dead, when the cell
showed fragmentation and was not spread. (A) Normalized counts of
morphologies observed in collagen gels under standard culture conditions,
plotted as a function of collagen concentration. Each data point corre-
sponds to a measurement on one gel with a cell density of 500 cells/µl,
where about 100 cells were counted. (B) Cell spreading ratios in gels
of a fixed collagen concentration (2 mg/ml), plotted as a function of cell
density. The error bars represent standard deviations over 3 independent
measurements, except for the data point at 500 cells/µl, which shows one
measurement. (C) Cell spreading ratios for cells cultured inside 2 mg/ml
collagen gels at a fixed cell density of 1000 cells/µl, plotted as a function
of serum concentration. One measurement was done per data point. (D)
Cell spreading ratios for cells spreading on top of thick collagen gels (1
mg/ml). One measurement was done per data point. Inset in (D): Ex-
ample image of spread and round cells on top of thick collagen gels. Scale
bars of all the images denote 50 µm.
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7.3.3 Integrin Expression

In an attempt to further resolve the question why the cells do not spread well
in the collagen gels, we determined the expression levels of integrins that are
known to bind collagen using qPCR (see Fig. 7.10). We compared integrin
expression levels for cells cultured either on top of thick collagen gels or in-
side collagen gels, using the same samples that were used for quantification of
spreading ratios (data shown in Fig. 7.9B and Fig. 7.9D). Known collagen-
binding integrins are mostly heterodimers of β1 integrins with α1, α2, α10,
or α11 [24, 661–663]. These integrins differ in binding strength and are asso-
ciated with different cell behaviors [662, 664] (see Table 7.2). Integrin αvβ3
can indirectly bind to collagen via fibronectin (which is present in serum) or
fibrin [665] and can directly bind to RGD sequences in the triple helical do-
main of collagen [666]. Different collagen-binding integrins play distinct roles
in regulating cell behavior. For instance, α1β1 is related to cell proliferation
inside collagen gels, α2β1 is related to cellular contraction and matrix remod-
eling [664], and αvβ3 is related to cell migration inside collagen gels as well as
contraction [666].

We found that the integrins α1 and α10 are only sporadically expressed by
cells cultured on top of collagen gels (2D case) or inside of collagen gels (3D
case), as shown in Fig. 7.10A. This result is not surprising, since integrin α10 is
expressed by chondrocytes and highly specialized fibroblasts [667,668] in vivo
and mostly in collagen type II expressing tissues. The integrins α11 and β1 are
expressed in all three cases that we investigated, i.e. cells on top of a 2 mg/ml
collagen gel, and cells inside 1 mg/ml or 2 mg/ml collagen gels. For integrin αv,
the expression was elevated in the 3D case compared to the 2D case (p<0.05,
1 mg/ml). Interestingly, however, the dimerization partner, integrin β3, did
not follow the same trend (panel B) (p>0.05). Instead, β3 increased when
the collagen density was increased from 1 mg/ml to 2 mg/ml in the 3D case
(p<0.05). This could mean that αv dimerizes with a different integrin partner
in our system, or that there is enough β1 present in the cytosol as dimerizing
partner until more ligands (i.e. collagen) are presented to the cell membrane.
The integrin α2 is expressed, though not for all the samples tested and there
was no significant difference between 2D and 3D for this integrin subunit. The
β1 subunit was expressed in all the samples tested (panel B). Without the
β1 subunit, cell spreading, migration and ECM compaction is reduced [669]
and loss of β1 is embryonic lethal in mice [8]. Interestingly, the expression
of β1 decreases with dimensionality (i.e. going from 2D to 3D), following
the opposite trend to β3. These data suggest that the 3T3 cells do express
receptors for collagen, and the most likely candidate is the integrin αvβ3,
since its two subunits increase in expression upon increasing the ligand (i.e.
collagen) density. This integrin is related to cell contraction. Together with
the confocal imaging of collagen networks in the neighborhood of spread cells
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Figure 7.10: Relative integrin expression levels for the α integrin subunits
(A) and the β integrin subunits (B) measured by qPCR in 3 different
conditions. (A) Five different α integrin subunits were checked. From left
to right: α1 (gray), α2 (white), α10 (blue), α11 (purple) and αv (green).
(B) Two different β integrin subunits were checked. From left to right: β1
(white) and β3 (gray). The cell density was 1000 cells/µl. Stars indicate
statistically significant differences between the two indicated conditions
(p<0.05).

(Fig. 7.8), we can conclude that the 3T3 cells are in principle able to attach
to the collagen matrix. However, time-lapse movies of cells spreading using
bright field microscopy show thin and highly dynamic protrusions (Fig. 7.7).
We therefore hypothesize that these cells do not form mature focal adhesions,
which result in a lack of large traction forces. This would explain why our
microscopy images show little evidence of cell-induced network contraction,
and the rheology data show no change in network stiffness.

Given that studies reported in the literature use different sources of col-
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lagen, we decided to compare cell spreading in gels prepared from either rat
tail collagen or bovine dermal collagen, the two main sources of collagen that
have been used. Confocal reflection imaging of these networks prepared at
the same concentration shows that bovine dermal collagen forms a network
with larger pores than rat tail collagen (Fig. 7.11) [90, 606]. Thus, one might
anticipate better cell spreading since the pores are less confining and the fibers
are thicker and allow for larger focal adhesions to form. Surprisingly, the cell
spreading ratio in gels prepared from bovine dermal collagen was even smaller
than in gels prepared from rat tail collagen, as shown in Fig. 7.12. Perhaps
the biochemical cues offered by the gels made of bovine dermal collagen are
less favorable than for gels made of rat tail collagen. One important difference
is that the bovine dermal collagen is pepsin-treated and therefore lacks the
telopeptides, in contrast to rat tail collagen.

We conclude that the 3T3 fibroblast cells, even though they have been
widely used in other studies [643, 651, 660, 670, 671], may not be ideal for
studying the effect of cellular traction forces on collagen mechanics. This
idea is supported by a recent study, showing that 3T3 fibroblasts exert only
small traction forces on a surrounding collagen matrix as judged from limited
matrix remodeling over time [671]. Also, it has been suggested that the 3T3
cell line can lose their ability to contract collagen gels [528]. Indeed, a reduced
ability to contract collagen gels have been reported for some established cell
lines [672]. To test the hypothesis that the 3T3 cell line might not be ideal,
we did a pilot experiment using a different fibroblast cell line (CCL224, Fig.
7.12), which we selected because these cells showed excellent cell spreading
inside 3D fibrin networks (see Chapter 3). With this cell line the spreading
ratio inside 3D collagen networks improved from about 0.4 to about 0.7.

7.4 Conclusion and Outlook

Our original aim was to understand the effect of cell-generated traction forces
on the nonlinear mechanical properties of cell-seeded collagen gels. However,
we discovered in our rheology assay that there was no difference in the me-
chanics of cell-seeded and acellular collagen gels, even though several earlier
studies showed otherwise (see Table 7.1).

Imaging of the gels by optical microscopy revealed that a large fraction of
the fibroblasts did adhere to the collagen gels, but they stayed round and did
not exert substantial traction. Cell spreading was not improved when we tested
several parameters known to affect cell spreading (serum concentration, colla-
gen density, and cell density). qPCR analysis confirmed that the fibroblasts
do express known collagen-binding integrins. This result was consistent with
confocal imaging, which revealed that the cells developed cellular extensions
that attached to collagen fibers. Time-lapse imaging revealed that the cells
showed transient blebbing behavior in the first hour or so, before thin and dy-
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Figure 7.11: Confocal reflection images of 2 mg/ml collagen type I gels
prepared from different collagen sources. (A) Rat tail collagen. (B)
Bovine dermal collagen. Scale bars denote 20 µm. Images are summations
of images acquired over a total depth of 40 µm in z
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Figure 7.12: Cell spreading ratio for 3T3 (’3T3’) and CCL224 (’CCL224’)
fibroblasts, which were cultured inside 2 mg/ml rat tail collagen (’rat’) or
bovine dermal collagen (’bovine’) networks. Blue bars denote a spherical
cell morphology, green bars are spread morphologies and red are dead
cells. The cell density was 1000 cell/µl. For the 3T3 cell line, we have 2
samples per condition, while we have 1 for the CCL224 case.
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namic extensions were seen. We hypothesize that, due to the highly dynamic
nature of these extensions, there is insufficient focal adhesion maturation to
support large traction force generation.
We conclude that the fibroblasts here are not an ideal candidate cell line

to test how cellular traction forces influence collagen mechanics. Cells that
are known to show substantial force generation and spreading inside collagen
would be better candidates, for instance human corneal fibroblasts [673] or
myofibroblasts [674].
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Table 7.2: Collagen type I integrins: Summary of their binding strength
and function.

Ref. Integrin
Relative Binding

strength 10 Function

[649,663,
664,675,
676]

α1β1
Binds more weakly
compared to α2β1

Stimulates proliferation
and decreased collagen

production.
[663,664,
675,676]

α2β1 High binding strength
Stimulates cell contraction
and matrix remodeling.

[675] α10β1
Similar binding strength

as α1β1
Important for cartilage

development.

[664,677] α11β1 unknown11 12

Stimulates cell contraction
and collagen remodeling
(similar to α2β1).

[664,666] αvβ3 unknown11 Stimulates cell contraction
and cell migration.

10Predicted from cell spreading experiments on top of 2D substrated coated with collagen
fibrils.

11To our knowledge not quantified or compared with other collagen binding integrins.
12
α11 was identified as a collagen I receptor based on binding of the α10I domain, using

solid phase binding assays.
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