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Abstract

When cells come in contact with an adhesive matrix, they begin to spread and migrate with a 

speed that depends on the stiffness of the extracellular matrix. On a flat surface, migration speed 

decreases with matrix stiffness mainly due to an increased stability of focal adhesions. In a 3-

dimensional (3D) environment, cell migration is thought to be additionally impaired by the steric 

hindrance imposed by the surrounding matrix. For porous 3D biopolymer networks such as 

collagen gels, however, the effect of matrix stiffness on cell migration is difficult to separate from 

effects of matrix pore size and adhesive ligand density, and is therefore unknown. Here we used 

glutaraldehyde as a crosslinker to increase the stiffness of self-assembled collagen biopolymer 

networks independently of collagen concentration or pore size. Breast carcinoma cells were 

seeded onto the surface of 3D collagen gels, and the invasion depth was measured after 3 days of 

culture. Cell invasion in gels with pore sizes larger than 5 μm increased with higher gel stiffness, 

whereas invasion in gels with smaller pores decreased with higher gel stiffness. These data show 

that 3D cell invasion is enhanced by higher matrix stiffness, opposite to cell behavior in 2D, as 

long as the pore size does not fall below a critical value where it causes excessive steric hindrance. 

These findings may be important for optimizing the recellularization of soft tissue implants or for 

the design of 3D invasion models in cancer research.

INTRODUCTION

The ability of cells to migrate through their surrounding 3-dimensional (3D) extracellular 

matrix (ECM) is crucial for wound repair, immune responses, embryogenesis, tumor 

progression and metastasis formation, but also for the recellularization of biomaterials and 

the revascularization of porous implants [1-4]. Previous studies of cells grown on flat 2-

dimensional (2D) substrates have shown that the mechanical properties - in particular the 
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stiffness - of the underlying substrate influences cell migration [5, 6]. On a more rigid 

substrate, cells form more stable focal adhesions, which leads to a reduced migration speed 

and contributes to durotaxis where cells migrate in the direction of increasing substrate 

stiffness [7, 8]

In a 3D environment, the migrating cells must, in addition to adhesion forces, also overcome 

the resisting forces imposed by the surrounding matrix [9-11]. Resisting forces arise from 

steric effects as the cell moves through the matrix and deforms it. This steric hindrance 

depends on cell shape and cell mechanics but is also modulated by the effective mechanical 

properties of the matrix. For non-porous degradable PEG-based hydrogels, cell migration 

speed and migration persistence has been shown to decrease with increasing matrix stiffness 

[12]. In a porous matrix, however, the effective mechanical properties also depend on the 

porosity or the mesh size of the matrix [13-17].

3D cell migration studies where the matrix protein concentration and hence matrix stiffness 

was changed, however, have reported inconsistent data. Cell migration speed in a 3D porous 

collagen network was shown to decrease with increasing matrix protein concentration and 

hence higher stiffness [18]. By contrast, in a porous Matrigel network, cell migration speed 

was shown to exhibit a biphasic response, with a maximum speed at intermediate matrix 

protein concentrations [9]. These results are difficult to interpret, however, as matrix protein 

concentration not only determines the matrix stiffness but also pore size and adhesion ligand 

density [13, 14, 19], all of which can influence cell migration speed [9, 18, 20, 21].

In this study, we changed the pore size and stiffness of porous, fibrillar collagen gels 

independently, using the chemical crosslinker glutaraldehyde [22, 23]. The highly reactive 

aldehyde groups of glutaraldehyde bind covalently to the N- and C-terminal ends of the 

collagen fibrils and increase matrix stiffness without changing the pore size [24]. We show 

that a higher matrix stiffness promotes 3D cell invasion in gels with large pores where steric 

effects are small. By contrast, in gels with small pore sizes, an increasing matrix stiffness 

amplifies the steric hindrance of the matrix and therefore impairs cell invasion.

MATERIALS AND METHODS

Gel preparation

For collagen gels with a concentration of 2.4 mg/ml, we mixed 1.2 ml collagen G (4 mg/ml 

bovine collagen type I; Biochrome), 1.2 ml collagen R (2 mg/ml rat collagen type I; Serva, 

Heidelberg, Germany), 270 μl NaHCO3 buffer (26.5mM) and 270 μl 10× DMEM 

(Biochrome), and adjusted to pH 10 with 43 μl 1M NaOH. All ingredients were kept on ice 

in order to prevent premature polymerization. For final collagen concentrations of 1.2 

mg/ml, 0.6 mg/ml and 0.3 mg/ml, the solution was diluted with a mixture of 1 vol. part 

NaHCO3 (26.5mM), 1 part 10× DMEM and 8 parts H2O, adjusted to pH 10 with NaOH 

(1M). 1.2 ml of the final solution was pipetted in a 35 mm culture dish (Greiner, Germany), 

and gels were polymerized in a tissue culture incubator at 37°C, 5% CO2 and 95% humidity 

for 2h. Afterwards, cell culture medium was added in order to prevent dehydration.
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Crosslinking of collagen gels

Collagen gels were crosslinked for 1 h using 0.2% glutaraldehyde (25% stock solution, 

Merck, Darmstadt) in PBS (Invitrogen). After crosslinking, the gels were washed every 2 h 

with 2 ml of 20 mM TRIS buffer (Roth) for at least 12 times. Before adding cells, the gels 

were washed twice with cell culture medium.

Cell Culture

MDA-MB 231 cells were kept in 75cm2 cell culture flasks with Dulbecco's modified Eagle's 

medium (DMEM 1g glucose, Greiner) and 10% fetal calf serum (FCS, Greiner) at 37°C, 5% 

CO2 and 95% humidity. Cells were split every two days.

Invasion assay

50,000 cells were seeded on top of collagen gels and allowed to invade for 3 days at cell 

culture conditions. Afterwards, cells were fixed with 2ml of 2.5 % glutaraldehyde in PBS, 

and cell nuclei were stained with 1 μg/ml Hoechst 33342 (Sigma) for 20 minutes. To 

analyze the invasion profile, 3D image stacks with a z-distance of 2 μm were obtained with a 

motorized Leica 6000 inverse fluorescence microscope. The z-position of cell nuclei as a 

function of the invasion depth was determined in 36 fields of view using a custom-written 

Matlab script. The invasion profile was then computed as the cumulative probability to find 

a cell at or below a given depth. We defined a characteristic invasion depth as the invasion 

depth that was reached or exceeded by 5 % of the cells. This choice guarantees that we 

analyze only cells that have migrated away from the gel surface into the depth of the gel. 

Changes of invasion depth in response to changes in gel density and stiffness (see Fig. 3), 

however, remain qualitatively similar for lower or higher percentiles between 1% and 10%.

Magnetic tweezer microrheology

Stiffness measurements of collagen gels were performed with a magnetic tweezer setup as 

described in [25]. Fibronectin-coated 5μm superparamagnetic beads were bound on top of 

collagen gels for 1h. A staircase-like force step protocol was applied with 20 consecutive 

steps of 0.5 nN and 1 s duration, up to a maximum force of 10 nN. Bead displacements in 

response to force steps were measured with a microscope equipped with a CCD-camera 

(Orca ER, Hamamatsu) and a 20× 0.4 NA objective under bright field illumination. Bead 

displacements followed a weak power law at all force steps. The creep compliance was 

fitted to the equation [25, 26],

where 1/J0(F) is the force-dependent differential creep modulus measured at t0 = 1s, and 

β(F) is the force-dependent power-law exponent.

Extensional rheometer

For measuring the stress-strain relationship of collagen under uniaxial stretch, a cylinder of 

collagen was cast between two parallel plates with holes arranged in a checkerboard pattern 
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(Fig 2c, inset). The plates were pretreated with Pluronic F-127 (Sigma-Aldrich,) to prevent 

adhesion of the gel. The lower plate was connected to a precision scale (AND GR-200), and 

the upper plate was mounted to a motorized micromanipulator (Eppendorf Injectman). The 

gel was vertically stretched at a rate of 10μm/s, and the weight change was continuously 

recorded. In this setup, the stretched gel has two different cross-sections between the plates 

and in the holes. This geometry corresponds to a serial connection of two mechanical 

elements with different cross-sections (A) and length (l0). The Young's modulus E was 

calculated from the weight change ΔF and the change in total extension Δl as

The factor of 2 enters because there is an upper and a lower plate, both with the same hole 

geometry. The force-length relationship  of the gel was corrected for the mechanical 

compliance of the device.

Pore size

The distribution of pore sizes in collagen gels were determined from confocal reflectance 

microscopy stacks as described in [19]. From binarized image stacks, the histogram of the 

nearest obstacle distance (Fig. 1e) was calculated and fitted to a Rayleigh distribution. The 

mean value of the Rayleigh distribution rmean was corrected for missing fibers due to the 

blind spot effect in confocal reflectance microscopy [27]. For a 20× objective with NA=1.0, 

the cut-off angle above which fibers are invisible was determined to be θcut= 51°. rmean was 

then converted into a more commonly used measure for the diameter of a pore as defined by 

the covering radius transform (CRT) [19, 28, 29]

Note that in the following we report the pore diameter according to the CRT definition.

MMP inhibitor treatment

The broad-spectrum matrix metalloproteinase (MMP) inhibitor GM6001 (Merck Millipore) 

was used to block the activity of cell-secreted MMPs. 25mM GM6001in PBS were added 

directly after seeding the cells on top of the collagen gels.

Cell shape analysis

Cells were fixed with 4% paraformaldehyde (Thermo Fisher Scientific) in PBS for 20 min, 

stained with phalloidin TRITC (0.2 μg/ml, Sigma) for 1 h and then washed twice with PBS. 

Fluorescence image stacks (z-distance = 839.8 nm) of invaded cells were obtained with a 

confocal microscope (SP5X Leica upright microscope equipped with a 20× dip-in water 

immersion objective with NA=1.0). After a maximum intensity projection, the cell outline 

was determined with an edge detection algorithm implemented in Matlab and fitted to an 

ellipse. Cell eccentricity was computed as the ratio of the distance between the foci of the 
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ellipse and its major axis. Eccentricities close to 0 indicate circular shapes, while values 

close to 1 indicate highly elongated shapes.

Statistical analysis

All results are represented as arithmetic mean from at least three independent experiments ± 

one standard deviation or standard error of the mean, as indicated.

RESULTS

Morphological and mechanical properties of collagen networks

The pore size of reconstituted collagen networks have been shown to depend on the collagen 

monomer concentration and polymerization conditions including temperature and pH [13, 

14, 17, 19, 30]. At the same time, the stiffness of these gels is expected to increase with 

higher collagen concentration [13, 31]. We polymerized collagen at monomer 

concentrations ranging from 0.3 mg/ml to 2.4 mg/ml at 37°C and pH 10, and confirmed that 

the resulting networks became denser with increasing collagen concentration (Fig. 1a-d). 

Quantification of confocal reflection microscopy image stacks using the nearest obstacle 

distance revealed a distribution of pore sizes that followed a Rayleigh distribution for all 

collagen concentrations measured (Fig. 1e). The average pore size decreased from 8.20 μm 

at the lowest collagen concentration to 2.92 μm at the highest concentration (Fig 1f). 

Repeating this experiment on different samples prepared on different days showed highly 

reproducible results (Fig. 1e inset black line, and Fig. 1f).

To measure the bulk stiffness (Young's modulus) of these gels in the linear regime, we 

applied a uniaxial strain and measured the resulting force with an extensional rheometer (Fig 

2c, inset). The gel stiffness increased approximately linearly with increasing collagen 

concentrations from 45 Pa at the lowest concentration to 550 Pa at the highest concentration 

(Fig 2c).

To estimate the micromechanical properties of collagen at a force and deformation scale 

relevant for cells, we used a magnetic tweezer setup (Fig 2a inset). We applied forces 

between 1 nN and 10 nN to 5 μm diameter beads bound to the collagen gel surface, and 

measured the resulting bead displacements. Bead displacements were on the order of several 

micrometers except for 0.3 mg/ml collagen gels, where displacements exceeded 10 μm at the 

highest force (Fig 2a, black lines). All gels stiffened with increasing forces, with a more 

pronounced stiffening for higher concentrated gels (Fig 2b, black lines). Micromechanical 

stiffness scaled approximately linearly with collagen concentration similar to the bulk 

stiffness data.

Crosslinking with GA

Gel stiffness at the highest collagen concentration was below the stiffness reported for soft 

connective tissue such as brain tissue [32]. To increase the stiffness of reconstituted collagen 

gels without altering their morphology and pore size, we used the crosslinker glutaraldehyde 

[23]. Confocal imaging showed that the pore size was not affected by crosslinking (Fig. 1e 

inset and 1f, red lines and columns). Linear bulk stiffness measured with an extensional 
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rheometer was 6-fold higher compared to non-crosslinked gels (Fig. 2c). Microrheology 

measurements with magnetic beads also showed a pronounced stiffening of the crosslinked 

gels, with a stiffness that was approximately 4-fold higher compared to non-crosslinked gels 

(Fig. 2b). Gel displacements remained below 3 μm even at the highest forces (10 nN) and 

lowest collagen concentration (0.3 mg/ml) (Fig. 2a, red lines).

Cell invasion depends on mechanical and morphological properties

We next performed an invasion assay to evaluate the ability of tumor cells to migrate 

through gels with different stiffnesses and pore sizes. MDA-MB 231 breast carcinoma cells 

were seeded on top of the gels, and after three days of incubation, we determined the 

invasion profile as described in [33]. Cell invasiveness showed a pronounced biphasic 

response with collagen concentration: Invasion was poor for diluted gels (0.3 ml/ml), 

reached a maximum at a collagen concentration of 1.2 mg/ml, and then decreased at higher 

collagen concentrations (Fig 3a-e, black profiles and columns). When the collagen gels were 

stiffened with glutaraldehyde, a similar biphasic response was observed, but the maximum 

invasiveness shifted to lower collagen concentrations and larger pore sizes: Invasiveness 

greatly improved for the more diluted gels (0.3 and 0.6 mg/ml), started to decrease at 

intermediate concentrations (1.2 mg/ml) and stopped nearly completely at the highest gel 

density of 2.4 mg/ml (Fig 3a-e, red profiles and columns). Although the invasion behavior of 

MDA-MB 231 cells responded strongly to changes in matrix stiffness and pore size, the cell 

shape did not change and remained highly elongated, with eccentricities close to unity for all 

conditions (Fig 3 g-h).

Influence of matrix metalloproteinases on cell invasion

To investigate if cells rely on matrix degradation through secretion of metalloproteinases 

(MMPs) for invasion [34-36], we repeated the invasion assays in the presence of the broad-

band MMP inhibitor GM 6001. Cell invasiveness in glutaraldehyde-stabilized gels was not 

altered by MMP-inhibition (Fig 3f, orange columns). This finding was expected as the 

glutaraldehyde-treated gels remain stable in the presence of MMPs (Fig. S1). Interestingly, 

MMP inhibition also had little or no effect in untreated gels (Fig 3f, grey columns), 

demonstrating that cell invasiveness in these cells did not depend critically on MMP 

secretion and matrix degradation. Only at the highest collagen concentration (2.4 mg/ml) did 

we find a reduced invasion in the presence of the MMP inhibitor.

DISCUSSION

In this study, we analyzed the invasive behavior of a breast carcinoma cell line in collagen 

gels of different stiffnesses, pore sizes and collagen concentrations. Cell invasiveness 

followed a biphasic response with a maximum invasiveness in gels at an intermediate 

collagen concentration, stiffness, and pore size. To evaluate the influence of stiffness 

changes without introducing changes in collagen concentration and pore size, we stiffened 

the gels by crosslinking with glutaraldehyde. Interestingly, gel stiffening lead to an increase 

of cell invasiveness in diluted gels with large pores, but to a decrease of cell invasiveness in 

dense gels with small pores. This resulted in a similar biphasic response as seen in the 

untreated gels but with a shift of the maximum invasiveness to larger pores (Fig 3e, f).
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We confirmed that glutaraldehyde treatment did not alter the pore size, in line with previous 

data [24], which is an advantage over cross linking for example by non-enzymatic glycation 

where the pore sizes are affected [37]. A disadvantage of glutaraldehyde cross-linking, 

however, is the requirement to remove toxic unbound aldehyde groups from the gels by 

thorough washing with TRIS-Buffer over a time course of at least 24 h. Moreover, gels after 

glutaraldehyde treatment are considerably less susceptible to proteolytic degradation by cell-

secreted matrix metalloproteinases, as shown by the stability of the reflection signal in 

confocal images recorded over the course of several hours in the presence 2 mg/ml of 

collagenase (Fig. S1). We therefore tested the effect of a broad-band metalloproteinase 

inhibitor on cell invasiveness both in native and in glutaraldehyde-treated collagen gels. We 

found no systematic influence of the metalloproteinase inhibitor on MDA-MB 231 cell 

invasiveness (Fig. 3e,f) and observed only a small effect in 2.4 mg/ml gels where cells have 

to migrate through a dense material, which indicates that MMP secretion is not essential for 

MDA-MB 231 invasion in our gels. Moreover, these data demonstrate that the effect of 

glutaraldehyde treatment on cell invasion was conferred mainly by stiffness changes of the 

matrix and not by inhibiting matrix degradation.

To characterize the Young's modulus of the collagen gels, we performed measurements with 

an extensional rheometer. As expected, collagen stiffness increased with increasing collagen 

concentration, in line with previous studies [13, 38, 39]. Here, we used a combination of rat 

and bovine collagen, which produces gels that are stiffer compared to gels polymerized from 

pure calf skin or rat tail collagen: Young's moduli of our gels are between 45 Pa (for 0.3 

mg/ml gels) and 550 Pa (for 2.4 mg/ml gels), compared to pure calf skin collagen gels (1 -13 

Pa for concentrations ranging from 0.5-1.5 mg/ml; [13]) or pure rat-tail collagen gels (5-60 

Pa for concentrations ranging from 1-4 mg/ml) [31]. Thus, the stiffness of our gels before 

glutaraldehyde treatment is in the range of PEG-hydrogels (25-1200 Pa) [12] and ribose-

crosslinked 1.5 mg/ml collagen gels (200-700 Pa) [37] that have been used for similar 3D 

cell migration studies. However, the stiffness of our gels is higher compared to that of 

Matrigel (8-50 Pa) [9].

After glutaraldehyde treatment, gel stiffness of our samples increased by 4-6 fold and 

reached values from 200 Pa to 3400 Pa, which is in the range of soft polyacrylamide gels 

used in numerous 2D traction studies, and of soft connective tissue [32]. To measure the 

mechanical behavior of collagen gels on a length scale more relevant for cells, we performed 

microrheology measurements with a magnetic tweezer. Bead displacements in response to a 

force step increased with time according to a weak power-law, with an exponent around 

0.12 for control gels, suggesting a predominantly elastic behavior (Fig S2 a). After 

glutaraldehyde treatment, the power-law exponent decrease to values below 0.05 (Fig S2 b), 

indicating that crosslinked gels are nearly perfectly elastic, in agreement with previous 

findings [40]. Micromechanical gel stiffness roughly scaled with the bulk stiffness for the 

different collagen concentrations, although the increase of the microscale stiffness after 

glutaraldehyde treatment was somewhat less pronounced (2-4-fold) compared to the bulk 

stiffness. This can be explained by the higher mechanical stress levels in the magnetic 

tweezer experiments that lead to a gel stiffening (Fig. 2b) and, as shown previously, to a 

collapse of the differential force-displacement responses for different gels [40].
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From the magnetic bead measurements where we apply forces between 0.5-10 nN, we 

estimate that the traction force of a single focal adhesion site, which has been evaluated to 

be around 5 nN/μm2 [41], cannot deform a dense collagen network by more than a few 

microns, and even less than 1 μm in the case of glutaraldehyde-treated gels. This is in 

agreement with previous results of a reduced translocation of fibers by cells seeded in dense 

collagen gels [31]. Given that dense gels of 2.4 mg/ml have a pore size below 3 μm, the 

decreased cell invasiveness at high collagen concentrations in particular after glutaraldehyde 

treatment can thus be explained by a strong steric hindrance of the collagen fiber network. 

Inhibition of matrix metalloproteinases had only minor effects on the invasion behavior of 

breast carcinoma cells studied here. Our data show that the combination of a small pore 

sizes with a high gel stiffness can severely impair cell invasion.

It is less clear why cell invasiveness was also impaired in soft diluted gels with large pore 

sizes but was increased after glutaraldehyde treatment (Fig. 3e). Our data of reduced 3D 

invasion in soft gels is in agreement with recent data showing that the migration speed of 

cells in compliant microfabricated channels decreased with decreasing matrix stiffness, 

mostly due to poor cell polarization [42]. The microfabricated channels with diameters 

between 10 - 40 μm, however, were as large or larger than the cell diameter, and thus steric 

hindrance did not play a role in that study. In fact, according to another recent study where 

cells migrated through porous but stiff membranes of a Boyden chamber, steric hindrance 

effects emerge only for channel diameters below 5 μm, with some cell lines being able to 

migrate through pores with diameters below 1 μm [18].

On the one hand, our observation of impaired 3D invasion in soft gels is in contrast to 

reports that cells tend to migrate faster on soft planar 2D substrates [5, 7, 43]. On the other 

hand, our data are in line with more recent studies that showed a biphasic response of 2D 

cell migration speed to substrate stiffness; cells on soft substrates failed to polarize and 

therefore did no migrate persistently [42, 44]. However, we see a high degree of cell 

elongation even in untreated dilute gels with low stiffnesses in the range of 50 -100 Pa (Fig. 

3g-h). Therefore, the impaired invasion in the softest gels was not attributable to impaired 

cell polarization but may be a sign of cellular mechanotransduction. According to a model 

for adhesion-independent cell migration [45], channel-like confinements lead to an increase 

of cell internal hydrostatic pressure, which in turn - by some unknown mechanism - 

enhances actin polymerization and thus cell protrusions and cell movements. Although cell 

migration and invasion in collagen networks is adhesion-dependent [46], it is plausible that 

cell internal pressure and actin turnover dynamics may also increases as cells squeeze 

through narrow pores. We have not tested this hypothesis in our study, but it is consistent 

with our observation that cell invasion decreases in diluted and soft gels. Finally, it is also 

possible that cells in soft gels may become durotactically trapped in regions with a higher 

local stiffness.

Conclusion

Our study demonstrates the critical role of matrix stiffness for cell migration and 

invasiveness in a porous 3D biopolymer network such as a collagen gel. Cells fail to invade 

very soft matrices, whereas high matrix stiffness promotes 3D cell invasion as long as the 
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pore size remains above a critical value. These findings may be important for optimizing the 

re-cellularization of soft tissue implants or for the design of 3D invasion models in cancer 

research.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Morphological properties of collagen networks. (a-d) Optical section (total thickness 0.350 

μm) of collagen gels with concentrations 0.3mg/ml (a), 0.6mg/ml (b), 1.2 mg/ml (c) and 2.4 

mg/ml (d) imaged with confocal reflection microscopy. Scale bar is 20μm. (e) Pore size 

distributions from the same data sets as in (a-d) followed a Rayleigh–distribution. With 

increasing collagen monomer concentration, the pore sizes became smaller. Inset: 

Characteristic pore size of a 1.2 mg/ml collagen gel (mean ± sd from 5 fields of view of 4 

gels for each condition). Glutaraldehyde treatment did not change the pore size of the gels. 

(f) Pore sizes versus collagen concentration (mean ± sd, from 5 fields of view of at least 3 

gels for each condition).
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FIGURE 2. 
Mechanical properties of collagen networks. (a) Bead displacement in response to a 

staircase-like force protocol (from 0.5 nN with 0.5 nN increments every second) applied 

using magnetic tweezers. With increasing collagen monomer concentration and after 

glutaraldehyde treatment (red), bead displacements for a given force decreased. Error bars 

indicate SE around the mean of at least 30 beads per condition measured on at least 3 

different gel samples. Inset: magnetic tweezer setup (b) Microrheological creep modulus 

versus applied force calculated from the data shown in Fig. 2a. The creep modulus increased 

with increasing monomer concentration and after glutaraldehyde treatment (red). (c) 

Stiffness (Young's modulus) from control gels (black) and gels treated with glutaraldehyde 

(red) measured with an extensional rheometer (inset) (mean ± se of at least 3 different gel 

samples).
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FIGURE 3. 
Cell invasion depends on matrix pore size and stiffness. (a-d) The invasion profile of MDA-

MB 231 cells is expressed as the probability to find a cell at or below a given invasion depth 

in control gels (black) and glutaraldehyde-treated gels (red). Shaded areas indicate ±1 SE 

around the mean from at least 90 fields of view measured on at least 3 different gels 

prepared on different days. (e,f) From the invasion profiles, a characteristic invasion depth 

was defined as the depth that 5% of the cells reached within 3 days of culture. As a guide to 

the eye, a log-normal curve was fitted to the results. (e) Cell invasion showed a biphasic 

dependence on collagen concentration, with a maximum around 1.2 mg/mg (black bars). 

This maximum was shifted towards smaller collagen concentrations around 0.6 mg/mg in 

glutaraldehyde-treated gels (red bars). (f) A similar biphasic response of cell invasiveness 

was observed after cell treatment with the MMP-inhibitor GM6001 (25 mM). (g) Bright-

field images of invaded cells showed elongated shapes for all conditions. Scale bar is 20 μm. 

(h) The eccentricity of invaded cells (mean ± SE of at least 20 cells) did not change with 

collagen concentration or glutaraldehyde treatment (red bars).
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