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ZUSAMMENFASSUNG 

Migrierende Zellen sind an allen Prozessen des Lebens beteiligt: von der Embryogenese 

über die Wundheilung bis hin zu Metastasenbildung während einer Krebserkrankung. 

Im Gegensatz zu flachen, 2-dimensionalen Substraten sind Zellen während ihrer 

Migration durch ein 3-dimensionales Biopolymernetzwerk von Matrix umgeben. Dabei 

wird vermutet, dass die Eigenschaften der Matrix, wie zum Beispiel deren Porengröße 

oder Steifigkeit, das Zellverhalten beeinflussen. Diese Eigenschaften zu kennen ist 

daher von großer Wichtigkeit. Eine weit verbreitete Methode die Porengrößen dieser 

Netzwerke zu bestimmen, ist die Verwendung von konfokaler Reflexionsmikroskopie. 

Allerdings werden bei dieser Methode unvollständige Datensätze erzeugt, da keine 

senkrechten Fasern aufgelöst werden können. In porösen 3-D Biopolymernetzwerken 

wie Kollagen ist es zudem schwierig, den Einfluss von Matrixsteifigkeit auf die 

Zellmigration unabhängig vom Einfluss der Porengrößen und der adhesiven Liganden 

zu betrachten. 

   Diese Promotionsarbeit zeigt, wie die Eigenschaften von extrazellulärer Matritzen 

bestimmt und die Einflüsse von Matrixsteifigkeit und Porengröße unabhängig 

voneinander betrachtet werden können. Um die korrekte 3-dimensionale Porengröße 

aus unvollständigen Daten zu berechnen, werden zunächst die Distanzverteilungen 

zufälliger Punkte der Porenzwischenräume zur nächstgelegenen Faser bestimmt. Diese 

Verteilung folgt einer Rayleigh Verteilung (unabhängig davon, ob das Netzwerk isotrop 

ist oder nicht), welche durch einen einzigen freien Parameter bestimmt wird - die 

charakteristische Porengröße des Netzwerkes. Aufgrund der fehlenden Fasern in der 

Reflexionsmikroskopie, kommt es zu einem Fehler bei der Abschätzung der Porengröße 

der Netzwerke, der aber durch Multiplikation mit dem, in dieser Arbeit berechneten, 

Korrekturfaktor ausgeglichen werden kann. Wir bestätigen dieses Vorgehen 

experimentell durch einen Vergleich mit Daten aus der Fluoreszenzmikroskopie, welche 

die komplette Netzwerkstruktur widerspiegeln.   

   Um die Einflüsse der Matrixsteifigkeit auf die Zellmigration von denen der 

Porengröße zu trennen, verwenden wir Glutaraldehyd als Vernetzer, der die 

Gelsteifigkeit erhöht, ohne gleichzeitig die Porengröße zu verändern. Die Invasivität der 

Zellen nahm in Gelen mit Porengrößen über 5 µm zu, wenn die Gelsteifigkeit erhöht 

wurde. Im Gegensatz dazu sank die Invasivität der Zellen in Gelen mit kleineren Poren, 

wenn die Gelsteifigkeit erhöht wurde. Diese Daten zeigen, dass 3-D Zellmigration von 

höherer Gelsteifigkeit begünstigt wird, im Gegensatz zur Zellmigration in 2-D, solange 
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die Porengröße nicht unter einen kritischen Wert fällt, ab dem sie eine übermäßige 

sterische Behinderung darstellt. 

Darüber hinaus wird in dieser Arbeit der komplexe Zusammenhang der Migration 

verschiedener Zelltypen aus dem gleichen Ursprungsgewebe in verschiedenen 

Matrixmaterialien gezeigt. Schließlich wird gezeigt, dass das humane Amnion als 

komplett natürliches Ersatzmaterial für das Erforschen von Zellmigration in der 

Zellkultur verwendet werden kann.  

   Diese Erkenntnisse können bei der Optimierung der Neubesiedelung von 

Weichteilimplantaten oder der Entwicklung eines Modelles der Tumor- und 

Metastasenbildung in der Krebsforschung helfen und in der Zukunft eine große Rolle 

spielen. 
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ABSTRACT 

Cell migration through 3-dimensional matrices is involved in numerous biological 

processes, ranging from embryogenesis to wound repair and the progression of 

metastases. In contrast to flat 2D surfaces, cells in a 3D environment, for example a 

biopolymer network, are surrounded by matrix material. The properties of the matrix 

material like pore size or stiffness are suspected to impact the behavior of embedded 

cells. Knowing these properties is therefore of crucial importance. To evaluate the pore 

size of such biopolymer networks, confocal reflectance microscopy is a widely used 

method. However, it fails to resolve vertical fibers and produces directionally biased 

images of the networks. Moreover, for porous 3D networks such as collagen, it is 

difficult to separate the effect of matrix stiffness on cell migration from effects of 

matrix pore size and adhesive ligand density, and is therefore unknown.  

   This work demonstrates how the properties of extracellular matrices can be evaluated 

and the effects of matrix stiffness and pore size on cell migration can be separated. To 

estimate the true 3D pore size from directionally biased data sets, we first determine the 

distribution of distances from random points in the fluid phase to the nearest fiber. This 

distribution follows a Rayleigh distribution, regardless of isotropy and data bias, and is 

fully described by a single parameter - the characteristic pore size of the network. The 

bias of the pore size estimate due to the missing fibers can be corrected by 

multiplication with the square root of the visible network fraction. We experimentally 

verify the validity of this approach by comparison with data obtained using confocal 

fluorescence microscopy, which represents the full structure of the network. 

To separate the effects of matrix stiffness and pore size on cell migration, we used 

glutaraldehyde as a cross-linker to increase the stiffness of self-assembled collagen 

biopolymer networks independently of collagen concentration or pore size. Cell 

migration in gels with pore sizes larger than 5 µm increased with higher gel stiffness, 

whereas migration in gels with smaller pores decreased with higher gel stiffness. These 

data show that 3D cell migration 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.  

   In addition, we show the complex dependence of cell migration from different cell 

types, all originated in breast tissue, on matrix properties like stiffness, pore size and 

matrix composition. Finally we show that the human amnion can be used as a natural 

substitute material to study cell migration. 
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These findings may be important for optimizing the recellularization of soft tissue 

implants or for the design of 3D invasion models in cancer research.
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I       INTRODUCTION 

 

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

extracellular matrix (ECM) is crucial for many biological processes like wound repair, 

embryogenesis, tumor progression and metastasis formation, but also for the 

recellularization of biomaterials and the revascularization of porous implants [1-5]. 

While the role of intracellular processes, like the polymerization of actin to form 

protrusions, has been studied extensively [6, 7], the influence of morphological and 

mechanical properties of the surrounding matrix has yet to be defined. 

   Studies of cells grown on flat 2-dimensional (2D) substrates have shown that in 

particular the mechanical properties of the underlying substrate has great influences on 

cell migration [8, 9]. 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 [10, 11].  

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

overcome the resisting forces imposed by the surrounding matrix [12-14]. 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. In a porous matrix, however, the effective 

mechanical properties also depend on the porosity or the mesh size of the matrix [15-

19]. The mesh size of the extracellular matrix (ECM) is an important parameter that 

influences also the ability of cells to colonize and migrate through the ECM [12, 20, 

21].  
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Figure 1.1: Cells in a 3-dimensional biopolymer network imaged with confocal 

microscopy. (A) Reconstructed image stack (total thickness 18 µm) of a breast carcinoma cell 

embedded in a dilute, 3-dimensional collagen gel of concentration 0.3 mg/ml with larger pore 

size. (B) Brest carcinoma cell embedded in a dense, 2.4 mg/ml collagen gel with smaller pore 

size. Images were reconstructed from 3D confocal image stacks with AMIRA (512x512 pixels, 

174 nm x 174 nm x 241 nm).  

 

Artificial three-dimensional extracellular matrices from self-assembled protein networks 

are widely used for tissue engineering applications and for studying cell behavior in an 

environment that more closely resembles the in-vivo physiologic situation of 

mammalian cells [14, 22]. Knowing the exact pore size is crucial because the ability of 

cells to migrate through steric constrictions drops sharply when the pore size falls below 

a critical value [23, 24]. Moreover, the pore size of the network matrix strongly 

influences cell behavior such as adhesion and polarization, and therefore needs to be 

measured accurately [20, 25, 26].  

 

Typical examples of self-assembled biopolymer networks, ubiquitously used for 3D cell 

culture, are three-dimensional collagen matrices (Fig. 1.2). These matrices are 

composed of randomly oriented fibers that form when monomeric collagen polymerizes 

into a hierarchical structure [27, 28].  
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Figure 1.2: The structure of collagen. (A) Hierarchical structure of collagen. The triple helical 

collagen monomer assembles into fibrils which form collagen fibers that associate into the 

network (Figure reproduced from [29]). (B) SEM image from a collagen network show detailed 

information about fiber structure and pores (image dimensions 100,000X images, bar represents 

500nm, image adapted from [30]). 

 

Another important biopolymer network is fibrin, which provides the structural scaffold 

of blood clots but is also frequently used in tissue engineering applications and cell 

culture [31, 32]. Fibrin networks form during coagulation, when monomeric fibrin 

assembles into protofibrils that laterally aggregate into thicker fibers and occasionally 

branch to form a percolated, three-dimensional structure [33] (Fig. 1.3).  

   In both, collagen and fibrin networks, changes in fiber diameter and density strongly 

affect the mechanics of these network [15-17, 34] as well as the adhesion, spreading, 

polarization and migration of embedded cells [12, 14, 21, 22, 35]. These biological 

effects are attributable not only to the mechanical network properties or adhesive ligand 

density, but also to the morphological structure of the network, most notably the pore 

size.  

 

 

Figure 1.3: The structure of fibrin. (A) Hierarchical structure of fibrin. The cleavage of 

fibrinopeptides allows „knob-hole‟ interactions between fibrin monomers, causing the 

fibrin monomers to polymerize and form protofibrils and fibers. (Figure reproduced from [36]). 

(B) SEM image from a fibrin clot reveals the fibrillar structure of fibrin (image adapted from 

[37]). 
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Because of their low solid (protein) fraction of typically 0.05% to 0.5% (w/v), 

traditional measures of porosity are not sensitive enough for such networks to be useful. 

Similarly, hydrodynamic permeability can only serve as an indirect measure of pore size 

and critically depends on the validity of hydrodynamic models. Rather, network 

morphology is best characterized by a mesh size, or pore size, given by the 3D spacing 

of the fibers within the interstitial fluid that can be directly obtained from microscopic 

images. Moreover, it is the pore size and inter-fiber cross-link distance that most 

critically sets the steric hindrance for the migrating cells and the networks mechanical 

properties [15, 18, 38-42].  

   There are several approaches for quantifying the network pore size from images of the 

network structure. Scanning electron microscopy (SEM) has excellent resolution [12, 

37, 41, 43] but requires the samples to be dehydrated and, thus, can only visualize a 

potentially collapsed network structure. By contrast, light microscopy methods can be 

applied to a fully hydrated sample even when it is containing living cells. A widely used 

imaging modality is confocal reflectance microscopy (CRM) [22, 23, 44-46]. It offers a 

fundamental advantage over confocal fluorescence microscopy (CFM) in that the 

networks need not be labeled with fluorophores, which is both time consuming and 

expensive. Moreover, less laser power is required to obtain the image stack with CRM, 

which helps to avoid cell damage during live cell imaging [14, 44, 47]. These 

advantages make CRM a preferred method for observing cell migration simultaneously 

with the network structure.  

   CRM has a major disadvantage, however. Because CRM only detects light that is 

reflected back into the microscope lens, it preferentially visualizes horizontal fibers. 

Thus, CRM suffers from a blind spot in that it misses fibers with an angle steeper than a 

certain cut-off angle [48]. Therefore, networks imaged with CRM appear anisotropic, 

and fewer fibers are visible, resulting in a substantial overestimation of the pore size of 

the network. Similarly, second harmonic generation microscopy (SHG), another popular 

imaging mode for collagen, also suffers from an anisotropic transfer function [30, 41, 

49]. If, however, the cut-off angle for the missing fibers is known, it seems possible to 

correct for the blind spot effect. Such an approach would allow users to employ the 

convenient methods of CRM and SHG and still evaluate the pore size distribution of the 

network without bias. 

   This work introduces a method to determine the unbiased pore size of a biopolymer 

network even when it is imaged with CRM and SHG. As a mathematically well-defined 
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and robust measure for the network pore size, we introduce the nearest obstacle 

distance. In the case of random networks, regardless of isotropy or anisotropy, it can be 

shown that the distribution of nearest obstacle distances follows a Rayleigh distribution. 

Furthermore, if fibers oriented above a cut-off angle are systematically removed from 

the network, the nearest obstacle distance still follows a Rayleigh distribution with a 

scaling parameter that is a monotonic function of the cut-off angle.  

   Therefore, we can fit a Rayleigh distribution to the distribution of the nearest obstacle 

distances obtained from confocal reflection images and second harmonic generation 

images, and then simply re-scale the distribution function by a correction factor to 

predict the unbiased pore size distribution of the full network. We verify the validity of 

our approach by comparing the pore size distribution predicted from confocal reflection 

data with the pore sizes directly measured with confocal fluorescence on the same 

collagen samples. Furthermore, we demonstrate how the nearest obstacle distance can 

be converted to a previously established pore size measure - the covering radius 

transform. 

   However, not only the morphological properties of a 3D ECM are opted to influence 

cell migration, also the mechanical properties of the surrounding network might dictate 

cellular migration behavior. For non-porous degradable PEG-based hydrogels, cell 

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

matrix stiffness [50]. 

   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 [23]. 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 [12]. 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 [15, 16, 51], all of which 

can influence cell migration speed [12, 23, 52, 53].  

   In this work the stiffness of porous, fibrillar collagen gels was changed independently 

from pore sizes, using the chemical cross-linker glutaraldehyde [54, 55] . 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 

[56, 57]. We show that glutaraldehyde treatment notably increases the stiffness of the 
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network by a factor of 4-6, which is an advantage over transglutaminase, which increase 

the stiffness only by a factor of 1.5 -2, or riboflavin [58-61]. In contrast to non-

encymatic glycation, we will show that glutaraldehyde does not change the pore size of 

the network [62]. By using glutaraldehyde as a cross-linker, we can therefore separate 

the effects from matrix stiffness on cell migration from those of pore sizes. 

   With cell invasion experiments, we show that higher matrix stiffness promotes 3D cell 

migration in gels with large pores where steric effects are small. By contrast, in gels 

with small pore sizes, increasing matrix stiffness amplifies the steric hindrance of the 

matrix and therefore impairs cell migration. 
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II MATERIALS AND METHODS 

 

2.1 Collagen gel preparation 

 

Collagen matrices were produced under sterile conditions and with all ingredients held 

on ice to avoid premature polymerization. In order to avoid bubbles, extra care was 

taken while mixing the ingredients.  

   For every experiment a stock solution was prepared and diluted with buffer solution 

(consisting of 8 ml H2O, 1 ml 10xDMEM and 1 ml NaHCO3, solution was adjusted to 

pH 10 with 1M NaOH) until the final concentration was reached.  

   A 2.4 mg/ml collagen stock solution was mixed out of 1.2 ml Collagen R (2 mg/ml rat 

collagen type I; Serva, Heidelberg, Germany) and 1.2 ml Collagen G (4 mg/ml bovine 

collagen type I; Biochrome). Moreover 270 µl of a 0.25 M NaHCO3 buffer solution and 

270µl 10×DMEM (Biochrome) were added. To adjust the pH to 10, 43 µl of a 1M 

NaOH solution was added.  

   1.2 ml of the mixture was pipetted in 35 mm cell culture dishes and polymerized in a 

cell culture incubator at 95 % humidity, 5 % CO2 and 37° C. After 2 hours, 2 ml of 

1xDMEM complete medium were added. To prevent polymerization at different 

temperatures, the dishes were not placed on top of each other. 

 

2.2 Preparation of fluorescently labeled collagen gels 

 

To obtain fluorescent images of collagen gels, a fraction of the Collagen G stock 

solution was labeled with 5- (and 6) carboxytetramethylrhodamine-succinimidyl-ester 

(TAMRA SE, Invitrogen, Carlsbad, CA, USA) at 4°C according to the manufacturer‟s 

protocol. To minimize possible alterations of the polymerized network due to the 

labeling process, the labeled Collagen G solution was mixed with unlabeled stock 

solution at a volume ratio of 1:6. The mixture of collagen solutions was used to prepare 

the gels as described above.  
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2.3 Preparation of unlabeled and labeled fibrin gels 

 

Lyophilized, plasminogen-free human fibrinogen and a lyophilized human alpha-

thrombin solution (both from Enzyme Research Laboratories, South Bend, IN) were 

rehydrated according to manufacturer instructions and immediately frozen in aliquots at 

-80°C.  

   Prior to experiments, aliquots were thawed and thrombin was kept on ice, whereas 

fibrinogen was kept at room temperature. Both fibrinogen and thrombin were diluted 

with a buffer solution (0.15M NaCl/20mM HEPES at pH 7.4) to twice the final 

concentration each, and fibrin gels were polymerized by mixing these solutions 1:1 by 

volume. Polymerization was allowed for at least 30min at room temperature, after 

which 1ml of buffer was added to prevent evaporation.  

   For fluorescently labeled fibrin gels, the fibrinogen stock solution was labeled with 

TAMRA-SE at room temperature following the same protocol as for collagen. A 1:6 

vol/vol mixture of labeled and unlabeled fibrinogen monomer was used to synthesize 

the gels. 

 

2.4 Confocal microscopy 

 

The confocal microscope employed in all confocal  measurements was an upright Leica 

SP5X (Fig. 2.1, A) equipped with an argon laser emitting wavelengths of 458 nm, 476 

nm,  488 nm, 496 nm and 514 nm as well as two laser diodes, emitting 543 nm and 633 

nm. All laser lines can be used in fluorescent or reflection mode. Fluorescent or 

reflectance signals are monitored with internal photomultipliers. 

   Scanning of the probes was mostly performed with a conventional scanner at a speed 

of 100 to 400 Hz and a line average of 3. In the case of long term experiments with 

living cells, an 8000 Hz fast scanner was employed. With a line average of 3, the 

scanner, in combination with a galvanic stage, can image a 50 µm stack with a step 

width of 350nm in ~ 30 seconds. Therefore, scans were taken fast enough in order to 

prevent cell damages caused by intensive laser light exposure.  

   To be able to monitor migrating cells over several hours, the microscope was 

equipped with an incubation chamber where temperature, humidity and CO2 flow could 

be controlled. To prevent samples from drying out, an additionally perfusion system 
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was build and installed, where purified, sterilized water was added into the chamber 

with a constant flow (Fig 2.1 B, C).  

 

 

Figure 2.1: Confocal microscope with perfusion system. (A) Leica SP5 X upright laser 

scanning microscope equipped with the 1.0 NA 20x water immersion objective. (B) Perfusion 

system for the objective with a needle system to pump water into the chamber. If the perfusion 

system is needed it can be attached to the objective via screw. (C) Perfusor to pump water into 

the chamber. 

 

For pore size evaluation stacks of optical sections were acquired with a Leica 20x dip-in 

water-immersion objective (NA = 1.0). To measure the effect of numerical aperture on 

the cut-off angle, some of the images were also acquired with a Leica 20x water-

immersion objective (NA = 0.7) or a Leica 63x water-immersion objective (NA = 1.2), 

both corrected for imaging through a 170 µm glass coverslips. CRM stacks were 

recorded by collecting the reflected light of the 488 nm argon laser line in one channel; 

CFM stacks were simultaneously acquired by collecting light between 571 nm and 

772nm in a second channel while the sample was also illuminated with a 543 nm HeNe 

laser. All images were recorded at 512×512 pixels with a digital magnification of 4.55, 

resulting in a pixel size of 317×317 nm; a total of 597 z-slices with a spacing of 335 nm 

were collected for each stack. Every line was averaged 3 times during scanning. 

 

  

AA B

C
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2.5 Second harmonic generation imaging 

 

Collagen hydrogels were excited with a femtosecond-pulsed Ti:Sa-Laser (Vision II, 

Coherent, Santa Clara, CA) set to 810 nm. SHG signals were collected at 405 nm using 

a multiphoton microscope (TriM-Scope II, LaVision Biotech, Bielefeld, Germany) with 

a Zeiss 40x NA=1.1 water immersion objective. Voxel size was 310×310×310 nm; 

scanning speed was set to 1200 Hz with a 2x line average.  

 

2.6 Binarization of image stacks  

 

A binarized data set, with pixels values of 1 representing the solid phase (fiber),  and 

values of 0 representing the fluid phase, was obtained using a template-matching 

algorithm that simultaneously performs a binarization and skeletonization of the image 

stack [63].  

   In the algorithm, small subsets of the image stack are compared to a template 

representing a diffraction-limited fiber cross section. Matching voxels are classified as 

fibers based on a mismatch threshold that is iteratively optimized for each image stack 

so that the final skeletonized network obeys a universal property of voxelized random 

line networks, namely, solid-phase voxels have most likely three solid-phase neighbors 

in a 3×3×3 pixel neighborhood. All isolated solid phase voxels are regarded as image 

noise and are removed. The method is self-adapting, largely insensitive to the signal and 

noise in the image, and free of user-selected parameters [63]. However, the pore size 

characterization and conversion presented in this work does not rely on a specific 

skeletonization and binarization method.  

 

2.7 Pore size evaluation with covering radius transform 

 

A second method to determine the pore size distribution of a binarized fiber network is 

the covering radius transform (CRT) [64]. For every voxel of the liquid phase, the 

Euclidean distance to the center of the next solid phase voxel is determined. This 

distance can be interpreted as the radius of a pure liquid-phase sphere around that voxel. 

The CRT assigns every voxel of the fluid phase the value of the radius of the largest 

possible liquid-phase sphere, placed anywhere, that covers that pixel. This results in a 
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complete coverage of the fluid space by overlapping spheres with a distribution of radii. 

For random biopolymer networks, the probability distribution of the radii more closely 

resembles a normal distribution, where the maximum of the distribution is 

approximately the average pore size of the gel.

 

2.8 Evaluation of fiber orientation  

 

We determined the direction vector of short fiber segments by treating their brightness 

distribution as a mass distribution, computing and diagonalizing the moment of inertia 

tensor, and finding the ”easy” axis of minimal inertia. This easy axis is pointing in the 

direction of the locally straight line segment. 105 spherical volume segments with a 

radius of 3 pixels, with each sphere containing at least 5 solid-phase voxels, were 

chosen randomly from the binarized stack. The voxels were treated as mass points, 

located at the voxel centers, with constant mass m=1 for all solid-phase voxels and m=0 

for all liquid-phase voxels. After determining the easy axis of the inertia tensor, the 

corresponding unit direction vector in spherical coordinates was computed. This vector 

does not depend on the exact position of the sphere‟s center as long as the same solid 

voxels are enclosed. Finally, a histogram was generated for the polar angle θ of the 

direction vectors from all fiber segments. 

 

2.9 Magnetic tweezer  

 

Microrheologic stiffness measurements were performed with a magnetic tweezer setup 

(Fig 2.2, A) as described in [65]. For stiffness measurements with collagen gels, 

fibronectin-coated 5 µm superparamagnetic beads were bound on top of collagen gels 

for 1h. For cell stiffness measurements, fibronectin and RGD coated beads were added 

to the cells. In order to prevent internalization of the beads, they were added only 30 

minutes prior to the measurement. In all cases a staircase-like force step protocol was 

applied with 20 consecutive steps of 0.5 nN and 1 s duration for collagen stiffness 

measurements and 10 steps from 0.5 to 10 nN for cell stiffness measurements. The 

maximum force was in all cases 10 nN (Fig. 2.2, B). Bead displacements in response to 

force steps were measured with a microscope equipped with a CCD-camera (Orca ER, 

Hamamatsu) and a 20 x 0.4 NA objective under bright field illumination. Bead 
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displacements followed a weak power law at all force steps (Fig. 2.2, C). The creep 

compliance was fitted to the equation [65, 66]  

 

  ( )    ( ) (
 

  
)
 ( )

 

 

where 1/J0 represents the stiffness. The exponent β is a measure for the fluidity of the 

material. An exponent of β = 0 represents a completely elastic material, whereas β = 1 

represents a completely plastic material. Cells are normally viscoelastic, which means 

their behavior is a mixture between both and their β is therefore between 0 and 1.  

 

 

 

Figure 2.2: Magnetic tweezer setup. (A) Actual image of a magnetic tweezer. A steel 

bar, shaped like a needle on one end (1, tip radius below 10 µm) is surrounded by a 

copper coil (2, ~250 turns) which generates the magnetic field. (B) The force protocol 

which was used consists of 20 consecutive steps, each kept for 1s. Forces ranged from 

0.5 to 10 nN. (C) From the registered bead displacement, the stiffness and the fluidity of 

the cell or the material can be derived by fitting a power law to each step.  
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2.10 Extensional rheometer 

 

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

was cast between two parallel plates with holes arranged in a checkerboard pattern (Fig 

2.3). The plates were pretreated with Pluronic F-127 (Sigma-Aldrich, Germany) 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 10 µm/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  F and the 

change in total extension  l as 

  
  

  
(
         

       
  

        

      
) 

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

hole geometry. The spring constant (
  

  
) of the gel was corrected for the mechanical 

compliance of the device. 

 

 

 

Figure 2.3: Extensional Rheometer Setup. (A) Schematic setup of the Rheometer. A scale 

under the lower plate measured the change in weight when the upper plate was lifted with a 

motorized micromanipulator. (B) Image of the Rheometer plate setup. The gel was polymerized 

in the inner circle. The surrounding basin was filled with water to stabilize the setup.  
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2.11 Cross-linking of collagen gels 

 

To stiffen collagen fibers, collagen gels were cross-linked using 0.2% glutaraldehyde 

(25% stock solution, Merck, Darmstadt) in PBS (Invitrogen, Darmstadt, Germany). The 

cross-linker connects the collagen fibrils via the covalent binding of aldehyde groups 

from glutaraldehyde and amino groups from the collagen (Fig. 2.4).  

 

 

 

Figure 2.4: The cross-linking of collagen. (A) The cross-linker glutaraldehyde (red) connects 

the collagen fibrils, which then form the collagen fiber (Figure modified from [67] and [118]). 

(B) The highly reactive aldehyde groups of glutaraldehyde bind to the amino groups of collagen.  

 

 

An amount of 2 ml glutaraldehyde was kept for 1h on the gels. After removing 

glutaraldehyde, gels were washed with 2 ml of 20 mM TRIS buffer (Roth, Karlsruhe) 

for at least 24h to eliminate free, unbound aldehyde molecules, which would be toxic to 

cells. During that time the buffer was renewed every 2 hours. Before adding cells, TRIS 

Buffer was replaced with cell culture medium and renewed twice before cell seeding. 

 

2.12 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. 
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2.13 Invasion assay preparation and analysis 

 

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

cell culture conditions (Fig. 2.5, A).  

   Afterwards, cells were fixed with 2 ml of 2.5 % glutaraldehyde (in PBS), and cell 

nuclei were stained with 1 µg/ml Hoechst 33342 (Sigma, Schnelldorf, Germany, Fig. 

2.5, B) 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 (Fig. 2.5, 

C) 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.  

 

 

 

Figure 2.5: Principle of an invasion assay. (A) Experimental setup of an invasion assay. Cells 

were seeded on top of a collagen gel. After an invasion time of 3 days in the incubator, the assay 

was stopped. (B) Overlay of a brightfield z-slice from an example stack and the fluorescence 

image of the same z-slice. Nuclei were stained with Hoechst (blue). (C) Evaluation of the 

invasion depth of the cell nuclei. 
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2.14 MMP inhibitor treatment  

 

The broad spectra matrix metalloproteinase inhibitor GM6001 (Merck Millipore, 

Darmstadt, Germany) was used to block the activity of MMPs. 25mM GM6001 were 

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

 

2.15 Transfection 

 

Transient transfection is used to introduce nucleic acids into cells. 200,000 per 35mm 

dish were seeded 24h prior to transfection. We performed transfection with the use of 

cationic liposomes. As a transfection reagent, Lipofectamine 2000 (Invitrogen, 

Carlsbad) was used (7 µl per dish). For each transfection, 1.5 µg of DNA was used. To 

increase transfection efficiency, we used Opti-MEM media (250 µl per dish), which 

additionally increases the permeability of the cell membrane. The solution was gently 

pipetted on 200,000 cells and incubated for 4h. Afterwards the solution was taken off 

and warm (37°C) cell culture DMEM medium was added. 

   Moreover we used a plus reagent provided by the distributor of lipofectamine (3 µl 

per dish), which helped form more stable DNA complexes for transfection. The very 

low amount of foreign DNA and the short incubation time of only 4 hours helped 

raising the survival rate of transfected cells to over 50%. From these 50 % about 70% 

were successfully transfected.  

 

2.16 Live cell imaging - 2D tracking 

 

30,000 cells were seeded in 35 mm culture dishes 24 h prior to the measurement. For 

the measurement of transfected cells, a 4-compartment culture dish (Greiner) was used, 

in order to image simultaneously cells transfected with different constructs from the 

same cell passage. For imaging an inverted microscope (DMI6000B, Leica) equipped 

with a 20x, 0.4 NA objective was used and cells were kept at 37 C° and 5% CO2 in an 

incubation chamber during measurements. Phase contrast images of the cells are 

obtained and analyzed using a customized Matlab program. Images are taken every 300 

s over a time period of 24 h. Cell movements are tracked with a custom image 
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processing software written in Matlab. From the cell trajectories, the mean squared 

displacement (MSD) is calculated [68]  

 

    (  )    (  )  〈( ⃗(    )    ⃗( )) 〉 

 

and described with a power-law relationship, where the slope of the MSD is a measure 

for the persistence of a movement. A slope of 1 denotes randomly migrating cells while 

a slope of 2 indicates completely persistent, ballistically migrating cells (Fig. 2.6).  

 

 

 

Figure 2.6: The MSD as a measure of cell migration speed and directionality. From the 

tracking algorithm the centroid of the cell is known and the x- and y-position can be plotted as a 

cell trajectory (blue crosses and blue dotted line). To derive the MSD, different lag times can be 

used. (Inset) Illustration of a MSD curves plotted over the lag time. A linear equation can fitted 

to the MSD while the slope indicates a totally directed ballistic (slope =2), a diffusive (slope = 

1), a superdiffusive (1 <slope<2) or a superdiffusive (slope <1) motion.  
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2.17 Cell shape analysis 

 

For cell shape analysis of non-transfected cells in 3-D collagen gels, cells were fixed  

with 4% paraformaldehyde (ThermoFisherScientific, Germany) in PBS for 20 min, 

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

twice with PBS. Fluorescence image stacks (z-distance = 839.8 nm) of invaded cells 

were obtained with a confocal microscope (SP5X upright microscope equipped with a 

20x dip in water immersion objective with NA=1.0, Leica Mannheim, Germany). 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 ellipse and its major axis. 

Eccentricities close to 0 indicate circular shapes, while values close to 1 indicate highly 

elongated shapes. 

   In the case of transfected cells, 15,000 transfected and non-transfected cells were 

seeded in 35 mm cell culture dishes and incubated for 24h. 2D-images were obtained 

with the Leica SP5X confocal microscope and a 20x water immersion dip-in lens. Cell 

spreading area was determined from brightfield images using an edge detection 

algorithm implemented in a custom Matlab script.  

 

2.18 Extraction of primary breast cells and cultivation 

 

PS, EJ and KB cells are primary breast cells which were provided from the laboratory 

for Molecular Medicine in Erlangen, where they were derived from patients. The 

fractionation protocol was extensively modified from stem cell technology. In brief, 20-

80ml tissue was placed in a Falcon tube and incubated with PBS and Penicillin-

Streptomycin for 1 h. Afterwards, 20 ml of DMEM and 0.5x final 

collagenase/hyaluronidase were added. Falcons were then incubated for 16 h at 37°C 

with orbital shaking at 75 rpm. Subsequently, the solution was centrifuged at 88g for 30 

s and the fat layer was pipetted off completely. The remaining cell pellet was 

resuspended in 5ml PBS and 1ml trypsin and incubated for 30 min in order to digest the 

mesenchymal cells from the epithelial like glands (organoids). Again the solution was 

centrifuged. The pellet now contained epithelial cells while the supernatant contained 

mesenchymal cells for further cultivation. Primary breast cells were cultivated in 
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EMF5% Media (with 1% PenStrep and 10% FCS) and seeded in T75 flaks coated with 

Collagen I. (For detailed protocol, see appendix)  

 

2.19 Amnion preparation 

 

The amnion is a membrane that protects an embryo in mammals and is attached via the 

chorion to the placenta (Fig.2.7). Amnion extraction from human placentas was 

performed at the Frauenklinik Erlangen (all patients sign a letter of agreement to donate 

the placenta before they are given to research groups and provided for the study in this 

work). Only amnions from C-sections were taken, because they are sterile. The Amnion 

was separated from the chorion and the placenta, and then cut into pieces that fit into 10 

cm dishes. The pieces were washed with PBS 6 times, with each washing step about 2-3 

minutes.  

 

 

Figure 2.7: The amnion in cell culture I: Human placenta after birth with (A) the maternal 

side and (B) the side which is facing the fetus with attached umbilical cord. The 

white/transparent layer in (B) is the amnion attached to the chorion and the placenta. Pictures 

were taken in the Hôptial Sainte-Justine, Montreal, Canada. 

 

After the washing steps, the Amnion pieces were cut again, so that they fit into 35mm 

culture dishes, which were coated before with fibronectin. The membranes were placed 

with the epithelial layer face-up and the connective tissue face-down into fibronectin 

coated the dishes. To be able to flatten and fix the Amnion on cell culture dishes, we 
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developed a PDMS device, which we called “O-ring” (Fig 2.8). The O-ring can be 

washed and autoclaved for future use. 

 

Figure 2.8: The amnion in cell culture II. (A) Example of an extracted and cut amnion placed 

in a 10 cm culture dish. (B) To prevent the building of ruffles in 35 mm dishes we developed the 

O-ring. The cast was milled from hard plastic (right side). The ring itself (left side) was made of 

PDMS which is filled into the cast as a liquid. Subsequently the cast with the liquid PDMS was 

baked over night at 64°C.  
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III RESULTS AND DISCUSSION 

 

3.1 Effects of matrix stiffness and steric hindrance on cell migration in 3D 

 

3.1.1. Morphological properties of biopolymer networks  

 

Beyond the blind spot 

 

The mesh size of the extracellular matrix (ECM) is an important parameter that governs 

its mechanical properties and influences the ability of cells to colonize and migrate 

through the ECM[14, 20, 21]. It can be defined as the 3D spacing between the fibers 

and the interstitial fluid. 

   However, in biopolymer networks, widely used as an ECM mimicking material, the 

low solid (protein) fraction of typically 0.05% to 0.5% (w/v) makes it difficult to apply 

traditional measures of porosity. Measures like the void ratio are not sensitive enough to 

be useful. In a similar way, hydrodynamic permeability can only serve as an indirect 

measure of pore size and critically depends on the validity of hydrodynamic models. 

Evaluating the pore size of these networks is considerably more accurate when 

microscopic images of the network structure are used. 

   A widely used imaging modality is confocal reflectance microscopy (CRM) [22, 23, 

44]. This methodology offers a fundamental advantage over confocal fluorescence 

microscopy (CFM) because the network does not have to be labeled with fluorophores, 

which is both time consuming and expensive. Moreover, less laser power is required to 

obtain the image stack with CRM, making it possible to avoid cell damage during live 

cell imaging [14, 44, 47]. These advantages make CRM a preferred method for 

observing cell migration simultaneously with the network structure.  

   However, also CRM has one major disadvantage. Because CRM only detects light 

that is reflected back into the microscope lens, it preferentially visualizes horizontal 

fibers. Thus, CRM suffers from a blind spot in that it misses fibers with an angle steeper 

than a certain cut-off angle [48]. Therefore, networks imaged with CRM appear 

anisotropic, and fewer fibers are visible, resulting in a substantial overestimation of the 

pore size of the network. In the following, we describe a method to evaluate the 

unbiased pore size from CRM images of biopolymer networks by evaluating the cut off 

angle in different setups.  
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To illustrate the blind spot effect, we simultaneously imaged collagen gels in CRM and 

confocal fluorescence microscopy (CFM). The data obtained with CFM show an 

isotropic distribution of fibers, whereas the data obtained with CRM preferentially show 

fibers aligned horizontally with the imaging plane (Fig 3.1.1).  

 

 

Figure 3.1.1: The blind spot in confocal reflection microscopy. (A-B) Maximum intensity 

projection of 3 x-y slices (total thickness 1.0 µm) of a 0.3 mg/ml collagen gel simultaneously 

imaged with CFM (A) and CRM (B). (C-D) Projected view of 15 x-z slices (total thickness 4.75 

µm) of the same sample imaged with CFM (C) and CRM (D). Compared to CFM, CRM does 

not detect vertical fibers. The scale bar of 20 µm applies to all panels. Stacks were imaged with 

512×512 pixels with a size of 317×317×335 nm. 

 

The effect was also clearly visible in a 3D reconstruction (Fig 3.1.2), where CRM 

images were subtracted from the CFM signal and only vertical fibers remained (Fig 

3.1.1, C, green fibers), proving that these fibers were not visible in CRM. 
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Figure 3.1.2: 3D reconstruction of a 0.3 mg/ml collagen gel. (A-B) Reconstruction of a 50 µm 

image stack (512x512 pixel with pixel size 317x317x335nm). Image stacks were obtained 

simultaneously in CFM (A) and CRM (B). (C) The CRM signal is subtracted from the CFM 

signal and the difference is plotted in green. Co-plotted in orange is the CRM signal. Clearly, 

vertical fibers that are visible in CFM are invisible in CRM. Scale bar represents 10 µm.  

 

 

 

 

To verify that the effect is independent of the protein concentration of a network, we 

imaged several networks of different concentrations with CRM and CFM and found 

similar results (Fig 3.1.3).  The blind spot effect could be observed in all networks. 

 

 



24 III RESULTS AND DISCUSSION 

 

 

Figure 3.1.3:  Different concentrations of collagen monomers influences pore size. x-y 

projections of CFM (A-C) and CRM (D-F) images (3 slices, total thickness 1 µm) from collagen 

gels polymerized at different monomer concentrations of 0.6 mg/ml (A,D), 1.2 mg/ml (B,E) and 

2.4 mg/ml (C,F). With increasing concentrations, the pore sizes become smaller and the 

network denser. The scale bar of 20 µm applies to all panels. Stacks were imaged with 512 x 

512 pixels with a size of 317 nm x 317 nm x 335 nm. Fluorescence mode images appear denser 

compared to reflection mode images because of the blind spot effect. 

 

To test whether the blind spot effect in CRM also occurs in other biopolymer systems, 

we repeated the same measurements on fibrin gels, another widely used ECM 

mimicking material. X-z slices of the reconstituted fibrin gels obtained with CRM 

clearly demonstrate that also vertical fibrin fibers are missing (Fig. 3.1.4 and SI 

Movie_1).  
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Figure 3.1.4: The blind spot effect in fibrin networks. (A) Maximum intensity projection of 3 

x-y slices (total thickness 1.0 µm) of a 1.0 mg/ml fibrin gel imaged with CRM. (B) Maximum 

intensity projection of 15x-z slices (total thickness 4.75µm) of the same sample as in (A). 

Similar to the collagen gels shown in Fig. 3.1.1, vertical fibers in fibrin gels are missing. 

 

To evaluate the pore sizes of biopolymer networks from such directionally biased data, 

the missing vertical fibers have to be taken into account. The brightness of fiber 

segments imaged with CRM depends on their polar angle θ [48]. As mentioned above, 

only fibers with angles larger than θcut relative to the optical axis can be observed (Fig. 

3.1.4 A). This cut-off angle depends predominantly on the numerical aperture of the 

imaging system. To determine the value of θcut in our microscopy system equipped with 

a 1.0 NA objective, we quantified the probability density distribution of collagen fiber 

angles in the CRM data (Fig. 3.1.4 B). To verify that it does not matter which 

biopolymer is used, we repeated the measurement with a fibrin network (Fig 3.1.6 A).  
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Figure 3.1.5: Distribution of fiber orientation. (A) In CRM, the brightness of fiber segments 

depends on their polar angle θ, as illustrated by different shades of red (more saturated color 

indicates brighter CRM signal). Only fibers with angles larger than θcut, relative to the optical 

axis, can be observed. This cut-off angle depends on the numerical aperture of the objective 

lens. (B) Distribution of polar angles of a collagen network measured with CRM (blue line, 20x 

objective, 1.0 NA) compared to the distribution of polar angles for a collagen network measured 

with CFM (black solid line). The polar angle distribution of the fluorescent data set follows the 

expected sin(θ) distribution of an ideal, isotropic network (black dotted line). The fraction of 

fiber segments that are visible in CRM is given by the ratio of the integrals of both frequency 

distributions. The cut-off angle θ cut is chosen so that the grey area equals the integral of the 

polar angle distribution for the CRM data.  

 

 

The density distribution of polar angles for both biopolymers are identical (Fig. 3.1.6 

A), indicating that the angular characteristics of light reflection of collagen and fibrin 

fibers are similar. For comparison, we also measured the probability density distribution 

of collagen and fibrin fiber polar angles in the CFM data (Fig 3.1.5 B and 3.1.6 A, black 

lines). Both probability density distributions closely follow the sinθ dependency 

expected for an isotropic random line network, which demonstrates that our collagen 

and fibrin networks are indeed isotropic.  

   Next, we define the cut-off angle θcut such that the integral over the isotropic angle 

distribution in the interval (θcut, 90°) (Fig. 3.1.5 B and Fig. 3.1.6 A, gray areas) equals 

the total integral over the fiber angle distribution from the CRM data. The cut-off angle, 

θcut,, is 51° in our standard system with an NA=1.0 objective for both, fibrin and 

collagen data.  
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Figure 3.1.6: Distribution of fiber orientation for different biopolymers and objectives. (A) 

Distribution of polar angles of a fibrin (grey line) and a collagen (blue line) network measured 

with a 20x NA=1.0 water immersion objective with CRM , and in a collagen network measured 

with CFM (black solid line) that follows the expected sin(θ) distribution of an isotropic network 

(black dotted line). When measured with the same objective, there is no difference in the cut off 

angle, regardless of which biopolymer is imaged. The cut off angle is again chosen so that the 

grey area equals the integral of the polar angle distribution for the CRM data. (B) Distribution of 

polar angles of a fibrin network measured with CRM and 3 different water immersion 

objectives (20x, 0.7 NA (red line), 20x, 1.0 NA (grey line) and 63x, 1.2 NA (green line)) 

compared to the distribution of polar angles for a fibrin network measured with CFM (black 

solid line). The polar angle distribution of the fluorescent data set follows the expected sin(θ) 

distribution of an ideal, isotropic network (black dotted line). As expected, a higher numerical 

aperture increases the fraction of visible fibers. 

 

 

To measure how the cut-off angle depends on the numerical aperture of the objective in 

use, we measured the polar angle distribution for fibrin gels imaged with CRM using 

either a water immersion 63x objective with NA=1.2 or a water immersion 20x 

objective with NA=0.7 . As previously suggested [69], the cut-off angle increases with 

lower numerical aperture (Fig. 3.1.5 B); for a 63x NA=1.2 objective, we found that θcut 

= 46° , and for a 20x NA=0.7 objective, θcut = 62° (Tab 3.1.1).  
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        Magnification         Numerical aperture               Cut off angle θcut 

20x water immersion         

20x water immersion         

63x water immersion         

40x water immersion 

(SHG) 

        

Table 3.1.1: The cut off angle depends on the numerical aperture. CRM stacks from the 

same collagen networks were obtained with water immersion objectives with different 

numerical apertures. As expected the cut off decreases with increasing numerical aperture, 

indicating that more fibers are visible with higher NA. Note that the SHG measurements were 

performed on a collagen gel.  

 

 

 

 

Second harmonic generation imaging (SHG) also suffers from a blind spot effect  

 

Second harmonic generation imaging is another popular mode to image collagen 

networks. In SHG, contrast is obtained because molecules which are not symmetric 

cause anisotropy of the exciting laser light. In the created oscillating field, the light, 

called the second harmonic, has twice the frequency and half the wavelength of the 

incident light [70, 71]. Similar to CRM, SHG also exhibits an emission probability that 

depends on the orientation of the excited fibers [30, 41]. To test if this leads to a blind 

spot, we acquired 3D data stacks of collagen gels with SHG in backscatter mode. Once 

again, vertical fibers cannot be detected by this imaging modality (Fig. 3.1.7 A).  
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Figure 3.1.7:  The blind spot in collagen gels imaged with second harmonic generation 

(SHG). (A, B) SHG images of a 0.3 mg/ml collagen gel. (A) Maximum intensity projection of 3 

x-y slices (total thickness 0.93 µm). (B) Maximum intensity projection of 15x-z slices (total 

thickness 4.65 µm) of the same sample as in (A). Similar to CRM (Fig. 3.1.1 and 3.1.4), SHG 

images preferentially show horizontal fibers.(C) Distribution of the polar angles of the SHG 

signal from a 0.3 mg/ml collagen network shows systematic deviations from the sin 

dependency expected for an isotropic network. The polar angle distribution is similar to data 

obtained with CRM. The cut-off angle under SHG for a 40x NA=1.1 objective is 48°. 

 

Note that the generation of second harmonics can only be caused by molecules without 

a symmetric center, for example collagen or at interfaces with a high difference in 

refractive index [71-74]. As fibrin is a symmetric molecule, it cannot be imaged with 

SHG. 

   To verify that the presented method to evaluate the pore size from directionally biased 

data is also valid for SHG data, we repeated the evaluation of the cut off angle for SHG 

measurements with collagen (Fig. 3.1.7 B).  

   We observed similar cut-off angles in second harmonic generation images of collagen 

networks in backscatter mode, where we find a cut off angle of θcut SHG = 48° for a 40x 

NA=1.1 water immersion objective (Tab. 3.1.).  

 

 

Rayleigh distribution of nearest obstacle distances (NOD) as a measure of pore size 

distribution 

 

In a binarized line network, we define the nearest obstacle distance as the euclidian 

distance from a voxel of the fluid phase (0) to the closest voxel of the solid phase (1). 
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For a simulated random line network with a line thickness of one voxel, the distribution 

of nearest obstacle distances calculated for randomly chosen points of the fluid phase 

follows a Rayleigh distribution (the complete theoretical approach is provided in the 

supplementary information)  
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Networks with a high density have narrow distributions with a prominent peak. For 

networks with lower densities, the peak shifts to the right and the distribution broadens 

(Fig. 3.1.8 A). Conveniently, the Rayleigh distribution relates the peak and the width of 

the distribution curve with only one free parameter – the average distance rmean. 

Moreover, it can be shown analytically that the distribution of nearest obstacle distances 

in a random line networks follows a Rayleigh distribution even when the network is 

anisotropic (SI).  

 

 

 

Figure 3.1.8: Rayleigh distribution of nearest obstacle distances. (A) The distribution of 

nearest obstacle distances in simulated line networks is determined for 3 different line densities 

by computing the Euclidean distance to the nearest solid phase pixel (inset). Regardless of line 

density, the resulting probability density calculated for 10
5
 test points randomly placed in the 

liquid phase (dots) follows a Rayleigh distribution (solid lines). (B) Probability densities of 

nearest obstacle distances calculated for an isotropic line network (black) and two anisotropic 

networks with cut-off angles of 40° and 55°. In all cases, the probability distribution of the 

nearest obstacle distance follows a Rayleigh distribution (solid lines). 

 

To demonstrate this also numerically, we simulated an isotropic random line network 

and then removed fibers at cut-off angles of 40° and 55°, respectively. For both 

anisotropic networks, we found that the Rayleigh distribution fits the data perfectly, 
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albeit with a right shifted peak and a broader distribution compared to the isotropic 

network (Fig. 3.1.8 B), as expected. Therefore, the characteristic mean value rmean of the 

Rayleigh distribution fitted to the p(rnod) distribution of nearest obstacle distances can 

be taken as a measure of the average pore size of the network imaged with either CRM 

or CFM.  

   This independence of the Rayleigh distribution from fiber anisotropy offers the 

opportunity to reconstruct the unbiased network pore size from CRM and SHG images 

and to correct for the blind spot effect. It can be analytically shown that rmean,unbiased of 

an isotropic network and rmean,biased of the same network but with invisible fibers above a 

cut-off angle are related by a factor that is simply the square root of the fraction of the 

visible fibers (SI). For a cut-off angle of 51°, this correction factor is √cos(51°) = 0.793.  

The correction factor is constant for different network densities and only depends on the 

optical cut-off angle θcut of the imaging system: 

                            √                                        (2) 

 

At first glance, an over-estimation of the pore size by 25% from uncorrected confocal 

reflection images may not seem dramatic. However, several recent reports have 

demonstrated that cell migration in a porous environment critically depends on pore 

size, with a surprisingly sharp cut-off below which cells cannot migrate [23, 24]. A 25% 

change in pore size around a mean diameter of 2 µm, for instance, was associated with a 

more than 10-fold change in transmigration efficiency [23].    

 

 

Comparison with the covering radius transform  

 

To compare the pore sizes obtained using the nearest obstacle distance method with the 

pore sizes obtained using the established covering radius transform (CRT) method [64], 

the scaling factor between the two measures was numerically determined for simulated 

isotropic networks (SI). The average pore radius given by the covering radius transform, 

rCRT, is by a factor of f = 1.82 larger than rmean,unbiased obtained with the nearest obstacle 

distance method. 
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                       √                       (3) 

 

For random isotropic networks, the factor f relating the pore sizes obtained with the two 

methods is independent of the imaging setup and the cut-off angle.  

 

Application to collagen data  

 

To test whether these analytical and numerical results also hold for real biopolymer 

networks, we applied our method to a set of collagen gels polymerized at different 

monomer concentrations imaged with the 20x dip in objective (NA=1.0). For each gel, 

we obtained a CRM and CFM data set and measured the distributions of nearest 

obstacle distances. For all concentrations imaged, the rnod distributions followed 

Rayleigh distributions for both CRM and CFM. As expected, the CRM data showed 

consistently larger pores than the CFM data (Fig. 3.1.9 A-D). With decreasing collagen 

concentrations, these distributions broadened and the maxima shifted to larger pore 

sizes. The quality of the Rayleigh fit was very high, with correlation coefficients 

between r2=0.987 for 2.4 mg/ml collagen gels and r2=0.997 for 0.3 mg/ml collagen gels. 

The CRM data of fibrin gels and the SHG data of collagen gels also followed a 

Rayleigh distribution, thus further confirming that the nearest obstacle distance of 

random biopolymer networks is Rayleigh distributed, irrespective of imaging mode or 

protein composition.  

   We then computed rmean,biased by fitting a Rayleigh distribution (Eq. 1) to the 

anisotropic CRM data, and predicted the unbiased distribution of nearest obstacle 

distances for an isotropic network according to Eq. (2). The Rayleigh distribution 

predicted from the CRM data and the measured distribution from CFM data show 

excellent agreement for all collagen concentrations (Fig. 3.1.9 A-D), confirming the 

validity of our method.  

   We next predicted the covering radius transform pore size, rCRT, for different collagen 

gels from the fit of the Rayleigh distribution to the confocal reflection data according to 

Eq. (3). The predicted rCRT was then compared to the directly measured rCRT from the 

confocal fluorescence images. We found a close agreement between predicted and 

directly measured pore sizes for the different collagen concentrations (Fig. 3.1.9 E), 

confirming the validity of Eq. (3) for converting the different pore size measures.  
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Figure 3.1.9: Blind spot correction. (A) From the binarized reflection data, the nearest obstacle 

distance is determined (green squares) and fitted with a Rayleigh distribution (grey line). Re-

scaling this distribution with a correction factor according to Equ.(2) yields a prediction for the 

distribution of nearest obstacle distance for CFM data, as indicated by the red arrows. The 

distribution of the nearest obstacle distances calculated from a binarized fluorescent data set 

obtained for the same collagen sample (blue squares) is correctly predicted by the re-scaled 

Rayleigh curve (this curve is not a fit to the measurements). (B-D) Repeating this procedure for 

different collagen concentrations from 0.3 mg/ml to 2.4 mg/ml gave excellent agreement 

between predicted and measured distributions. (E) Average pore size rmean, biased for different 

collagen concentrations calculated from reflection data (black line), blind-spot corrected 

(rmean,unbiased , blue dashed line) with Equ. (2), and converted to the corresponding mean CRT 

values (rCRT , red dashed line) with Equ.(3). All predicted values are in good agreement with the 

measured data from fluorescent images (solid lines). The error bars indicate the standard 

deviation between different fields of view (n=8) of the same samples. 

 

 

Relationship between pore size and protein concentration 

 

Our data show that collagen gels polymerized at higher monomer concentrations have 

smaller pore sizes, consistent with previous findings [16, 23] (Fig. 3.1.3 and Tab.3.1.2). 

Moreover, by analyzing the relationship between protein concentration and pore size for 

both, collagen and fibrin, it is possible to address the question whether higher monomer 
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concentrations are stoichiometrically incorporated into the fibers, and whether the 

incorporated monomers contribute to increased fiber length or instead to increased fiber 

thickness. 

   We can take advantage of the fact that the scaling factor rmean of the Rayleigh function 

only depends on the total fiber length per unit volume,   
  

 
  , and not on fiber 

thickness, according to       
 

 √ 
  (SI). N is the number of fibers, and l is the average 

length of the fibers. As       , with polymer concentration c, it follows that        

and         
 

 √  
  . 

   If protein monomers are stoichiometrically incorporated into fibers, and if they 

contribute only to fiber lengthening and not to fiber thickening, we expect that the pore 

size increases with concentration cm according to rmean ~cm
-1/2. The pore sizes 

determined for collagen polymerized at concentrations between 0.6 and 2.4 mg/ml and 

for fibrin polymerized at concentrations between 0.125 and 8 mg/ml closely follow this 

prediction (Fig. 3.1.10). However, for very high fibrin concentrations and accordingly 

small pore sizes, the relationship deviates from the expected square root dependency 

(Fig. 3.1.10, grey area), suggesting that pore sizes below 1 µm cannot be reliably 

resolved.  

   Collagen polymerization is known to be strongly influenced by the source of the 

collagen (36) but also by pH and temperature [15, 16, 75, 76], which differ between 

protocols from different laboratories. Previous studies [77] have reported a stronger 

relationships between collagen monomer concentration and pore size, according to rmean 

~cm
-1. Our gels were polymerized at 37° degrees and with a pH of 10, however, which 

leads to a faster polymerization [76] compared to the more widely used pH of 7 or 

lower [16, 17, 76], and therefore may have contributed to these differences. 

Furthermore, it has been suggested that fluorescent labeling of collagen might affect its 

polymerization behavior [78]. Even though we do not see systematic pore size 

differences between fluorescently labeled and unlabeled collagen, our CRM-based 

method avoids this issue altogether. 
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Figure 3.1.10:  Concentration dependence of the average pore size of fibrin (red) and 

collagen (black) gels. Average pore size rmean,unbiased reconstructed from 3D CRM data vs. 

protein  concentration. The error bars indicate the standard deviation of the mean from different 

collagen gels (n≥3) and different fields of view (n≥5 for each gel). Both data sets are in good 

agreement with a power law with an exponent of -0.5 (gey dashed line), as expected for 

stoichiometrically polymerizing networks where monomer addition contributes to fiber 

lengthening but not to fiber thickening. The grey area illustrates the range (r < 1 µm) where the 

pore sizes cannot be reliably measured. 

 

 

 

Collagen 

concentration 

 Pore size [µm], control Pore size [µm], glutaraldehyde 

0.3 mg/ml                      

0.6 mg/ml                      

1.2 mg/ml                      

2.4 mg/ml                      

 

Table 3.1.2: Average pore size dependence on collagen concentration and glutaraldehyde 

treatment. Average pore size rmean,unbiased reconstructed from 3D CRM data. With increasing 

concentration, the pore size of the network decreases. Glutaraldehyde treatment does not change 

the average pore size. The error bars indicate the standard deviation of the mean from different 

collagen gels (n≥3) and different fields of view (n≥5 for each gel). 
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Relationship between pore size and polymerization temperature 

 

As mentioned before the pore size of a self-assembling biopolymer network is crucially 

dependent on the surrounding conditions during the polymerization [16, 41, 79]. As 

such, the pH of the collagen solution and the polymerization temperature play a 

significant role. To characterize the influence of the polymerization temperature on our 

collagen gels, we varied the polymerization temperature in the incubator. All other 

conditions (pH of the solution, CO2 level and humidity) remained constant.  However, 

due to the properties of our incubators, we could not set the temperature below 22°C. 

The results showed that the average pore size was decreasing with an increase in 

temperature, which could be explained by a faster polymerization. The effect was 

independent of the collagen monomer concentration used in the experiments (Fig 

3.1.11). For 1.2 mg/ml collagen and 2.4 mg/ml collagen gels, the decrease showed even 

a similar trend. However, there is no stoichiometric theory how exactly the 

polymerization temperature influences the network assembling. Therefore we desisted 

from fitting any curve to the measured data. Moreover, due to the fact that we could not 

pre-estimate the pore size when the polymerization temperature was changed we did not 

pursue an experiment where also cells would be seeded in or on those collagen gels.  

 

 

Figure 3.1.11: Polymerization temperature dependence of the average pore size of collagen 

gels. Average pore size rmean,unbiased of a 1.2 mg/ml gel (blue stars) and a 2.4 mg/ml gel (red 

circles); reconstructed from 3D CRM data vs. the temperature during polymerization. The error 

bars indicate the standard deviation of the mean from different collagen gels (n≥4) and different 

fields of view (n≥5 for each gel). Both data sets showed a decrease in pore size with increasing 

polymerization temperature. However, any mathematical function could be fitted to the curves 
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and because no theory of dependence known so far, we resigned on fitting a function to the 

curves. 

 

 

Relationship between pore size and a chemical cross-linker 

 

We have shown that the pore size of reconstituted collagen networks depend on the 

collagen monomer concentration and polymerization conditions including temperature. 

Others have shown, that the pore size also depends on the pH [15, 16, 19, 51, 78]. 

However, the pore size of a reconstituted collagen gel should not change if the gel is 

treated with a cross-linker. To test this hypothesis, we polymerized eight dishes of 1.2 

mg/ml collagen gels and treated four of them with the cross-linker glutaraldehyde. We 

used a 0.2% solution of glutaraldehyde in PBS for the cross-linking procedure, which 

already saturates the free binding sites on the collagen fibrils [80, 81]. After the 

treatment we obtained the pore size of all four of these gels. As expected we did not see 

a difference between the pore sizes of the treated and the untreated gels. We repeated 

the experiment with 3 more sample sets on different days. For all gels, regardless on 

which day they were produced, we did see no difference in the resulting pore size (Fig. 

3.1.12, A). Repeating this experiment on different samples prepared on different days 

showed highly reproducible results, with a variation in pore sizes of ± 0.15 µm (Fig. 

3.1.12, A, black line). Note that if a new batch of collagen solution was used the 

resulting pore size can vary up to ± 2 µm 1. Therefore, if a series of experiments is 

planned with collagen gels, enough collagen solution from the same batch should be 

stored.  

   To verify that the treatment with glutaraldehyde does not change the pore size 

regardless of the collagen concentration, we repeated the pore size measurement with 

treated and untreated collagen gels of different concentrations. Again, we could confirm 

that the treatment with the cross-linker glutaraldehyde did not result in a difference in 

pore sizes, no matter which concentration was used (Fig. 3.1.12, B).  

 

 

                                                 

1 personal communication, data provided in bachelor thesis of Janina Lange, ‚Bestimmung der 

Porengrößenstatistik von Kollagengelen anhand konfokaler Mikroskopaufnahmen„, Lehrstuhl für 

Physikalisch Medizinische Technik, FAU Erlangen, 2011 
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Figure 3.1.12: Cross-linking does not change the pore size of collagen networks. (A) 

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. (B) Pore 

sizes versus collagen concentration (mean ± sd, from 5 fields of view of at least 3 gels for each 

condition).  
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3.1.2. Mechanical properties of biopolymer networks  

 

Besides the morphological properties of the ECM, mechanical properties are also 

known to influence cell migration. On flat 2D surfaces, for example studies showed that 

cell migration is faster on soft substrates, while it is more directed on stiffer ones [8-11]. 

At the same time the spreading area of the cells and the number of focal adhesions was 

increased, when the cells migrated on stiffer substrates [11].  

   The influence of mechanical properties of the ECM on 3 dimensional cell migration is 

more difficult to evaluate. The stiffness of biopolymer networks is supposed to increase 

when the protein monomer concentration is increased. However an increase in protein 

concentration also leads to a decrease in pore size (Fig. 3.1.10). Although several 

studies tried to derive the influence of matrix stiffness on cell migration in 3D by 

varying the protein concentration of the biopolymer networks in use, it has to be pointed 

out that a change in concentration inevitably leads to a change in stiffness and pore size. 

Therefore, the influence of matrix stiffness cannot be defined precisely, if only the 

concentration of the protein is changed. 

   Here we present a method of how the mechanical properties of a collagen network can 

be adjusted, without altering the pore size of the network and how the influence of 

matrix stiffness on 3D migration can be evaluated. As shown before, the chemical 

cross-linker glutaraldehyde did not change the pore size of a collagen network (Fig. 

3.1.12). However, the highly reactive aldehyde groups of glutaraldehyde bind 

covalently to the N- and C-terminal ends of a collagen fibril [55-57]. Due to the fact that 

collagen fibers are assembled of collagen fibrils, the cross-linking between the fibrils 

lead to a stiffer fiber, without affecting the resulting network structure, and therefore the 

pore size. The disadvantage of glutaraldehyde cross-linking, however, was the 

requirement to remove toxic unbound aldehyde groups from the gels by thorough 

washing with TRIS-buffer over a time course of at least 24h before we were able to 

perform cell experiments with these gels. Different cross-linking methods like non-

encymatic glycation would not be cell toxic, but would also not have the advantage of 

not changing the pore size [62].      

   To evaluate the stiffness of biopolymer networks measurements with a conventional 

shear rheometer have been performed [80]. The resulting stress strain relationship 

showed the answer of a non-linear material (Fig 3.1.13). 
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Figure 3.1.13: Illustration of a stress-strain curve of collagen. In a shear rheometer the bulk 

rheology of a collagen network can be monitored over a large scale. However, the shear 

rheometer does not provide sufficient resolution in the range of interest for cellular forces in the 

linear and exponential range (red circle) of low strain (figure provided from Stefan Münster, 

Lehrstuhl für physikalisch-medizinische Technik).   

 

Although, the shear rheometer can resolve a broad spectrum of applied strain it is not 

sensitive enough to resolve the range of small strain in detail. Especially this range 

would be interesting in combination with cell migration experiments because it is within 

the force spectrum a cell can exhibit during migration through a network [82]. 

Therefore we applied also microrheologic methods to evaluate the mechanical 

properties of our collagen gels. 

   To measure the bulk stiffness (Young‟s modulus) of our collagen, we applied a 

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

3.1.14, A). 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 3.1.14, B, black bars). 
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Figure 3.1.14: Mechanical properties of collagen networks part I. (A) Extensional 

Rheometer setup to measure the gel stiffness while a uniaxial strain is applied. The gel is 

polymerized between the plates and the upper plate is pushed in upper direction. Stiffness can 

then be derived from the change in weight, measured with a scale under the lower plate. (B) 

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

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

 

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

relevant for cells, we used a magnetic tweezer setup (Fig 3.1.15, A, inset).  e 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 3.1.15, A, black lines). The 

recorded bead displacements for all gels increased with time according to a weak 

power-law, with an exponent around 0.12 for control gels, suggesting a predominantly 

elastic behavior (Fig. 3.1.16, A). All gels stiffened with increasing forces, with more 

pronounced stiffening for higher concentrated gels (Fig 3.1.15, B, black lines). 

Micromechanical stiffness scaled approximately linearly with collagen concentration 

similar to the bulk stiffness data. 
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Figure 3.1.15: Mechanical properties of collagen networks part II. (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: schematic of the magnetic tweezer setup (B) Microrheologic gel stiffness 

versus applied force calculated from the data shown in A. The creep modulus increased with 

increasing monomer concentration and after glutaraldehyde treatment.  

 

 

As expected, collagen stiffness increased with increasing collagen concentration, in line 

with previous studies [15, 83, 84].   

   To increase the stiffness of the collagen gels, we treated the gels with glutaraldehyde 

after polymerization and repeated the stiffness measurements with the extensional 

rheometer and the magnetic tweezer. Results showed that after glutaraldehyde 

treatment, gel stiffness increased by 4-6 fold in extensional rheometer measurements 

(Fig 3.1.14, red bars). Microrheology measurements with a magnetic tweezer revealed 

more effects of glutaraldehyde. After glutaraldehyde treatment, the power-law exponent 

decreased to values below 0.05 (Fig 3.1.16, B), indicating that cross-linked gels were 

nearly perfectly elastic, in agreement with previous findings [80]. Micromechanical gel 

stiffness roughly scaled with the bulk stiffness for the different collagen concentrations, 

although the increase of the micro scale 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 and, as shown previously, to a collapse of the differential 

force-displacement responses for different gels [80]. 
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Figure 3.1.16: Power-law exponent from creep-experiments with magnetic tweezers. (A) 

During the application of force steps from 1 to 10 nN, the displacement of beads coupled to 

collagen fibers can be fitted with a power law [9, 65]. The power-law exponent β defines the 

dissipative properties of the material, where 0 corresponds to an elastic solid and 1 to a viscous 

fluid. Untreated collagen gels showed predominantly elastic behavior (β ~ 0.1). (B) 

Glutaraldehyde treatment further enhanced the elastic behavior of the collagen gels (β < 0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



44 III RESULTS AND DISCUSSION 

 

3.1.3 Influence of morphological and mechanical properties on cell migration 

 

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 [85] and in the Materials and Methods section. 

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 

3.1.17, A-D, black profiles and Fig. 3.1.18, A, black bars). 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 3.1.17, A-D, red profiles and Fig 3.1.18, A, red 

bars).  
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Figure 3.1.17:  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.  

 

From the magnetic bead measurements where we apply forces between 1-10 nN, we 

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

to be around 5 nN/µm2 [82], 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 [86]. 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.  

   It is less clear, however, why cell invasiveness was also impaired in soft diluted gels 

with large pore sizes but was increased after glutaraldehyde treatment (Fig. 3.1.18, A). 
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Our data of reduced 3D migration 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 [87]. 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 [23].  

 

 

 

Figure 3.1.18: Cell invasion depends on matrix pore size and stiffness. 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. (A) 

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). (B) A similar 

biphasic response of cell invasiveness was observed after cell treatment with the MMP-inhibitor 

GM6001 (25 mM). 

 

 

 

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

reports that cells tend to migrate faster on soft planar 2D substrates [8, 10, 88]. On the 

other hand, our data is 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 [87, 89]. However, 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 3.1.19, A).  
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Even in untreated dilute gels with low stiffnesses in the range of 50 -100 Pa we see a 

high degree of cell elongation (Fig. 3.1.19). Therefore, the impaired migration in the 

softest gels was not attributable to impaired cell polarization but may be a sign of 

cellular mechanotransduction, although the molecular details are currently elusive. 

Alternatively, cells in soft gels may be durotactically trapped in regions with a 

sufficiently high local stiffness.  

 

 

Figure 3.1.19: Cell shape does not depend on matrix pore size and stiffness. (A) The 

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

concentration or glutaraldehyde treatment (red bars).  (B) Bright-field images of invaded cells 

showed elongated shapes for all conditions. Scale bar represents 20 µm.   
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3.1.5 The influence of Matrix metalloproteinase in gels with and without glutaraldehyde 

 

Collagen degradation after glutaraldehyde treatment 

 

Collagen can be proteolytically degraded through matrix metalloproteinase (MMP) 

enzymes. To test whether the degradation is influenced by glutaraldehyde we measured 

the speed of collagen degradation in response to collagenase (2 mg/ml collagenase type 

IA, Sigma-Aldrich, Germany) in gels that were treated or not treated with 

glutaraldehyde. A gel volume of 185 µm x 185 µm x 50 µm (pixel size 361 nm x 361 

nm x 370 nm) was continuously imaged after addition of collagenase with confocal 

reflection microscopy using a 20x water immersion objective with 1.0 NA. The total 

reflected light intensity integrated over the imaged stack was taken as a measure of 

collagen fiber density. Our data shows that the degradation rate of glutaraldehyde-

treated gels is greatly reduced. The total intensity did not fall below 40% of its value 

before collagenase addition, because the dissolved collagen fibers formed aggregates 

that contributed to the reflection signal.  

 

Figure 3.1.20: Collagenase digestion of control and glutaraldehyde-treated gels. (A) 

Integrated reflected light intensity of image stacks versus time (mean ± se of 3 different gels). 

At t=0, collagenase was added to the gels. Every 40 s, an image stack over a volume of 185 µm 

× 185 µm × 50 µm was recorded. After collagenase treatment, collagen fibers disappeared faster 

in control gels (black line) compared to glutaraldehyde-treated gels (red line). (B-G) Confocal 

reflected microscopy images of control gels (top row, B-D) and glutaraldehyde-treated gels 

(bottom row, E-G) at different time points after collagenase addition. Scale bar represents 20 

µm. 
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Influence of matrix metalloproteinases on cell invasion  

 

Cells have the ability to secrete MMPs that allow them to remodel and digest the 

surrounding matrix. It is suspected that the MMPs secretion support cell migration 

through a dense extra cellular matrix. To investigate if cells rely on matrix degradation 

through secretion of metalloproteinases for invasion [90-92], 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 3.1.18, orange 

bars). This finding was expected as the glutaraldehyde-treated gels remain stable in the 

presence of MMPs (Fig 3.1.20, B). Interestingly, MMP inhibition also had little or no 

effect in untreated gels (Fig 3.1.18, B, grey bars), demonstrating that cell migration in 

these cells did not depend critically on MMP secretion and matrix degradation. We 

found only at the highest collagen concentration (2.4 mg/ml) a reduced invasion in the 

presence of the MMP inhibitor.   

   Inhibition of matrix metalloproteinase had only minor effects on the migration 

behavior of the breast carcinoma cells studied here. Our data shows that the 

combination of small pore sizes with high gel stiffness can severely impair cell 

invasion.   

 

3.1.6 Conclusion 

 

Here we analyzed the behavior of a breast carcinoma cell line in collagen gels of 

different stiffnesses, pore size and collagen concentrations. MDA invasiveness followed 

a biphasic response with a maximum invasiveness in gels at intermediate collagen 

concentrations, stiffness and pore size. To evaluate influences 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. This demonstrates the critical role of matrix stiffness for cell migration and 

invasion 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 pore size remains above a critical value.  
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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. 
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3.2 Effects of transfection with fluorescently tagged proteins on cell migration in 

3D 

 

3.2.1 Introduction – why do we use transfection? 

 

As cell migration is a fundamental process involved in organ development, wound 

healing and in the building of metastasis [2, 3] it is crucial to understand the process of 

cell migration in detail. The processing from simple light microscopy to fluorescence 

microscopy and the development of fluorescent cell staining enabled scientists to 

observe not only cellular movement but also intracellular processes. However, the 

observation of single proteins and their interactions inside a living was difficult to 

monitor until the technique of transfection was developed in the early 1970s. There are 

several techniques of transfection, for example electroporation [93], DEAE-dextran 

based transfection [94] or lipofection [95]. All of them combine the task to introduce 

nucleic acid sequences of fluorescent proteins into cells such that the cells express the 

fluorescently tagged proteins. Those “cell-expressed” fluorescent proteins are expressed 

constantly during normal cell cycles and allow therefore imaging over hours without 

major photobleaching difficulties. Cells can either be transfected stably or transiently. In 

our study we used lipofection for transient transfection because it is highly effective 

and, once the protocol is established for a cell line, it is highly reproducible. With 

lipofection a cationic lipid forms an aggregate with the anionic nucleic acid that should 

be transferred into the cell [95]. As a transfection reagent, we used lipofectamine, which 

is a cationic liposome that forms complexes with negatively charged DNA plasmids and 

facilitates DNA transfer into cells. The lipofectamine-DNA complex is then able to fuse 

with the cell membrane such that the foreign DNA is transported into the cytoplasm of 

the cell and eventually transported to the nucleus where the DNA-sequence can be 

transcripted and subsequently translated [96].  

   Together with the improvement of transfection methods, the development of 

fluorescent proteins as molecular tags has revolutionized modern research allowing 

complex biochemical processes to be correlated with the function of proteins in living 

cells. Fluorescent proteins like the green fluorescent protein (GFP) from the jellyfish 

Aequorea victoria and its variants can be fused to nearly any protein to visually analyze 

protein movement and protein interaction in living cells. 
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   Numerous studies have been made in which cells were transfected with fluorescence-

tagged proteins of the cytoskeleton (actin, myosin), the focal adhesion complexes 

(vinculin, talin, FAK) or intracellular signaling cascades (Rho, ROCK) to understand 

the process of cell migration on a molecular level [97-102]. By using cells transfected 

with fluorescence-tagged proteins it was possible to reveal that cell migration on a flat, 

stiff 2D substrate follows a four step process: 1. Polymerization of actin filaments at the 

leading edge is translated into protrusive force. 2. Membrane protrusion facilitates the 

binding of trans-membrane cell surface receptors to the substratum. Nascent adhesions 

are rapidly linked to the network of actin filaments. 3. The combined activity of 

retrograde actin movement and contractile forces produced by stress fibers generates 

tension to pull the cell body forward. 4. The forces produced by the contractile network 

combined with actin filament and FA disassembly help to retract the trailing cell edge 

[6]. 

   Although it is known that transfection is potentially toxic for cells, transfected cells 

are in general considered healthy if their morphological appearance does not change 

after transfection. Sometimes cells are tested for a change in spreading area or cell 

shape index after a transfection [103]. In some cases, even 2D migration, in terms of 

cell speed, is monitored to evaluate if cellular behavior changed.  

   However, in a physiological 3D environment cells face a completely different 

situation than in 2D because they have to overcome the steric hindrance imposed by the 

extracellular matrix. This ECM environment is suspected to influence also intracellular 

signaling through its properties and compositions [104]. To elucidate intracellular 

processes while migrating through a 3D environment, again transfection with 

fluorescence-tagged proteins is used.  

   In this section we reveal that cellular migration in 3D can be impaired after 

transfection, even if results from 2D measurements show no difference between 

transfected and non-transfected cells. Therefore we measured 2D migration, 2D cell 

spreading area, 3D invasion, cell stiffness and binding strength. In our measurements 

we used a GFP-actin plasmid, where G-actin was coupled with a GFP-sequence 

(established in our lab). Furthermore we used GFP-LifeAct, which is a small protein 

that binds on F-actin that is already present in the cell [103].  Moreover we used a single 

EGFP-plasmid, without any further protein, so that EGFP was expressed in the 

cytoplasm. 
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3.2.2 Transfection with fluorescent proteins can impair cell behavior  

 

Transfection with fluorescently tagged proteins has no influence in 2D cell shape and 

migration 

 

In general it is assumed that the transfection procedure with fluorescence-tagged 

proteins did not change cellular behavior when cells appear morphologically normal, 

demonstrate no membrane “blebbing” and do not round up after transfection. Mostly 

studies confirmed with 2D cell shape measurements [103] that their transfection 

procedure was not harmful to cells.  

   To test whether our transfection protocol resulted in unaltered cellular behavior, we 

evaluated the 2D cell spreading area. Therefore we transfected the cell line MDA MB 

231 with 3 different fluorescence-tagged protein plasmids: GFP-actin, GFP-lifeAct and 

EGFP (Fig 3.2.1). Furthermore we performed all measurements with non-transfected 

control cells, as well as lipofectamine only treated cells, to test whether the reagent 

alone was harmful for the cells. Our measurements confirmed that there was no 

difference in the spreading area of non-transfected cells, lipofectamine treated cells and 

transfected cells, regardless of which protein sequence was transfected (Fig. 3.2.2, A).   

Another method to test whether a transfection influences cellular behavior is to monitor 

2D cell migration. In this study we tested the 2D migration of MDA MB 231 cells that 

were expressing fluorescence-tagged proteins. We tracked the cellular movement from 

transfected cells over 24 hours. Subsequently we analyzed the cell trajectory and the 

mean squared displacement of the migrating cells, which combines information about 

migration speed and directionality as well as the general migration behavior. With a 

MSD slope of about 1.1 MDA MB 231 cells showed a weakly superdiffusive migration 

behavior. Again, we confirm that the transfection with any fluorescently tagged protein, 

as well as the lipofectamine treatment alone, did not change the 2D migratory behavior 

in terms of their MSD function (Fig. 3.2.2, B).  
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Figure 3.2.1: MDA cells transfected with pEGFP. MDA MB 231 cell were transfected with 

pEGFP constructs and imaged in order to analyze their spreading area. (A) Brightfield image of 

MDA MB 231 cells. (B) Fluorescent image of the same cells as in (A). (C) Same brightfield 

image as in (A) with illustrated spreading area detected from the edge detection algorithm 

implanted in Matlab (white line). Images were obtained with a confocal microscope (512 x 512 

pixels, 279 nm x 279 nm). Bar represents 20 µm. 

 

 

Figure 3.2.2: 2D Cell spreading and migration after transfection. To test whether the 

transfection with fluorescently labeled proteins alter cell behavior, we evaluated the cell 

spreading area of cells seeded in cell culture dishes. (A) 15,000 transfected cells were seeded 

into cell culture dishes. 2D spreading area was detected via an edge detection algorithm 

implemented in matlab. No difference in 2D spreading area between transfected and non-

transfected cells could be detected (mean ± SE). (B) 30,000 cells were seeded in a cell culture 

dish and tracked over 20 hrs in phase contrast mode. The mean squared displacement shows no 

difference in 2D MSD slopes detected between transfected and non-transfected cells (inset).  
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Transfection with fluorescently tagged proteins influences 3D migration 

 

Although the measurements above show that transfection had no influence on cell 

behavior in 2D, transfected cells appeared less motile when seeded into 3D collagen 

gels and monitored over several hours (Fig. 3.2.3, SI Movie_2).  

 

Figure 3.2.3: Transfected cells in a 3D collagen gel built protrusions but did not migrate. 

Maximum projection of a confocal image stack (512 x 512 pixels, 423 nm x 423 nm x 448 nm 

pixel size, total thickness 22.4 µm). MDA MB 231 cells were transfected with an EGFP 

construct and seeded into 1.2 mg/ml gels. Although the cells were considered to be vital, during 

a 12 h period of time, cell movement simply consisted of the building of several protrusions 

(white arrows; SI Movie_2). In contrast to their non -transfected counterparts, they did not 

migrate more than 1 µm in 70 minutes. Scale bar represents 20 µm. 

 

 

Figure 3.2.4: Non-transfected cells migrated through 3D collagen gels. Brightfield images of 

a confocal image stack (512 x 512 pixels, 447 nm x 447nm x 492 nm pixel size, total thickness 

492 nm). MDA MB 231 cells from the same passage as cells in Figure 3.2.3 were seeded into a 

1.2 mg/ml gel from the same batch as in Figure 3.2.3. In contrast to the transfected cells, non-
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transfected cells did migrate through the collagen gels (red arrows indicate the building of 

protrusions and the direction of cell movement; arrow length indicates speed; SI Movie_3 and 

SI Movie_4). Scale bar represents 20 µm. 

 

To quantify this observation, we performed a 3D invasion assay, where transfected 

cells, lipofectamine treated cells and control cells were seeded on the surface of 3D 

collagen gels. The results revealed that all GFP constructs, regardless if GFP was 

coupled to actin (directly as GFP-actin or indirectly with GFP-LifeAct) or the EGFP 

construct alone, severely impaired the ability of cells to invade a 3-D collagen gel (Fig. 

3.2.5, A). The lipofectamine treatment alone, without DNA, did not alter the invasion 

behavior (Fig. 3.2.5, A, blue) compared to control cells (Fig. 3.2.5, A, black), as both of 

these curves showed a p5 value of ~ 200µm invasion depth (Fig. 3.2.5, B).  These data 

demonstrate that expression of fluorescent proteins can impair the 3-D migration 

behavior of cells. Note that the cells were not exposed to any fluorescent excitation 

during the invasion period, so there was no photo-damage, which could cause altered 

cellular migration behavior.  

 

 

  

Figure 3.2.5: 3D invasion of cells transfected with fluorescently tagged proteins (A) An 

invasion assay as described previously was performed with transfected and non-transfected cells 

as well as with cells treated with lipofectamine only. 40 fields of view from two different assays 

were pooled and analyzed. The invasion profile reveal, that all transfected cells were less motile 

than the non-transfected control cells while lipofectamine treatment had no damaging influence. 

(B) The invasion depth that was reached by 5% of the cells (p5 value) was determined to point 

out the differences in invasion. Error bars indicate SE. Detected cell number was between 3,000 

and 5,000 cells. 
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Transfection with fluorescently tagged proteins influences 2D stiffness and binding 

strength 

 

To investigate if the change in cellular migration behavior in 3D after transfection is 

due to changes in cell mechanics, we performed magnetic tweezer measurements to 

evaluate cell stiffness and binding strength of cellular focal adhesion contacts. Again 

control cells, cells that were only treated with lipofectamine and cells that were 

transfected with GFP-actin, GFP-LifeAct or EGFP plasmids were compared.  

We applied a force step protocol with force steps from 0.5 nN to 10 nN and monitored 

the bead displacement. To evaluate if the binding site, on which the beads attach to the 

cell and the cytoskeleton plays a role, we used RGD coated beads as well as fibronectin 

coated beads.  

   Regardless of bead coating, cell stiffness measurements showed that GFP-actin and 

EGFP transfected cells were softer than control cells (Fig. 3.2.6, A and 3.2.7, A). 

Lipofectamine treatment alone showed a slight, but not significant difference in cellular 

stiffness. Interestingly, GFP-LifeAct transfection did not result in reduced stiffness. 

Regardless of the bead coating, GFP-LifeAct transfected cells showed the same 

stiffness level as control cells.  

 

 

Figure 3.2.6: Bead disruption rate and cell stiffness for RGD coated beads. (A) Cell 

stiffness was derived from the bead displacement data by fitting a power law to every force step. 

Displayed is the stiffness at force step 1 nN. Stiffness from transfected cells was lower than 

stiffness from control cells, except for GFP-LifeAct. (B) While applying forces from 1 to 10 nN, 

it was monitored at which force level the bead disrupted from the cell. This is a measure for the 

binding strength. Data revealed that the binding strength of transfected cells (green, yellow and 

purple curve) was lower than the binding strength of non – transfected cells (red and blue 

curve).   
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Evaluating the bead detachment data however revealed that all cells transfected with 

GFP-constructs had a reduced binding strength, regardless if transfected with GFP-

actin, EGFP or GFP-LifeAct. Lipofectamine treatment alone had no effect on the 

binding strength. Again, the coating of the beads did not play a role for the differences 

between transfected and non-transfected cells. However, when beads were coated with 

fibronectin, fewer beads could be disrupted in total, suggesting that more binding sites 

for fibronectin were present (Fig. 3.2.6, B and 3.2.7, B).   

   These data suggest that the reduced stiffness of the cells was not the reason why 

transfected cells invade less effective since cells transfected with GFP-LifeAct were not 

softer but still less invasive. The reason why GFP-LifeAct constructs did not lead to a 

reduced stiffness when transfected into cells might be due to the interaction of GFP-

LifeAct plasmids with the cytoskeleton. As mentioned above GFP-LifeAct is not 

coupled to the G-actin molecules that still have to form the F-actin fibers. Rather, GFP-

LifeAct reacts with the F-actin that was already built in the cell. Therefore GFP-LifeAct 

might either have less disturbing effects on the building of actin fibrils or it might 

stabilize the actin fibrils which were weakened from the transfection.   

   However, the reduced binding strength of transfected cells might be an explanation 

for the reduced invasion in 3D. It is known that cells attach and pull on collagen fibers 

when they migrate through the networks and that invasion is also reduced, when 

proteins of the focal adhesion complex are knocked out [105]. Therefore, if the 

transfected cells are altered in their binding behavior it might change the migration 

behavior. This effect seems to have more impact when cells are migrating in 3D where 

they have to overcome the steric hindrance of the surrounding network. However, if the 

reduced binding strength is the reason why 3D cell migration was impaired it remains 

unclear why 2D migration behavior was not affected.  
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Figure 3.2.7: Bead disruption rate and cell stiffness for fibronectin coated beads. (A) Cell 

stiffness was derived from the bead displacement data by fitting a power law to every force step. 

Displayed is the cell stiffness at force step 1 nN. Stiffness from transfected cells was again 

lower than stiffness from control cells, except again for GFP-LifeAct. (B) Again, while applying 

forces from 0.5 to 10 nN, it was monitored at which force level the bead disrupted from the cell. 

For fibronectin coated beads, the data also show that transfected cells (green, yellow and purple 

curve) had a lower binding strength as non – transfected cells (red and blue curve). However, 

the differences were less clear to see, because the overall binding strength with FN coated beads 

is much higher due to the increased number of binding partners for fibronectin on the cell 

surface. 

  

 

3.2.3 Conclusion 

 

The above data demonstrate that transfection with fluorescent proteins can impair the 

3D migration behavior of cells, even if measurements in 2D are not pointing towards an 

alteration. The appearance in 3D might be due to the fact, that 3D migration is much 

more complicated for a cell, because it has to overcome the additional steric hindrance 

of the matrix. The reason why fluorescently tagged proteins alter cellular behavior can 

only be speculated. Although a fluorescent cell label may eventually be found that does 

not cause such behavioral changes in a 3-D collagen gel, it is nonetheless an advantage 

if cell labeling is not required. If however it is necessary to label the cells, it should be 

evaluated if the transfection has influence on the behavior that will be observed. If so, 

these changes should be mentioned and discussed, too. 
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3.3 The co-dependence of matrices and cell types  

 

3.3.1 Introduction – the variety of matrix and implant materials  

 

The biochemical and biophysical characteristics of the extracellular matrix, in particular 

ligand density, matrix pore size and fiber orientation, as well as matrix stiffness and 

viscosity, are currently discussed as important parameters to control cell migration [106, 

107]. Widely used 2D culture systems can only supply a poor resemblance to an in vivo 

situation. Therefore, designing a material mimicking the extracellular is a crucial step to 

be able to study and understand cell migration in vivo. Engineering the ideal ECM – 

substitute material is a challenging task because the overall scaffold structure should 

possess all biochemical and biophysical properties of a real tissue but should be easy to 

control and be highly reproducible at the same time. Development of such scaffolds is 

not only important for cell culture experiments in order to understand the very basics of 

3D cell migration but also for the development of sophisticated implant material for 

patients. Implant material should be stable and biocompatible on the one hand but 

biodegradable on the other hand. Moreover they should be designed in a way that cells 

are supported to migrate in, build original tissue as fast as possible and at the same time 

degrade the implant material, before immune rejection reactions begin. Ideally, the 

designed implant would not have to be removed from the patient‟s body in a subsequent 

operation.  

   Possible implant materials for very soft tissues are biopolymer network based 

materials, like collagen or fibrin. These biopolymers build fiber networks that are stable 

with a defined pore size, stiffness and ligand density. Collagen and fibrin have the 

additional advantage that they both originate in mammalian tissue, where collagen is the 

most abundant protein in connective tissue and fibrin plays an important role in wound 

stabilization and wound healing [108].  However, it is challenging to find the optimal 

protein concentration, the optimal pore size, stiffness and composition of the matrix for 

distinct implant sites as well as provide the perfect material for healthy cells to resettle. 

On the other hand these same parameters should be specifically optimized to avoid 

invasion of cancerous cell types into these materials.  

   Here we tested possible materials for breast tissue implants and show that different 

types of tumor cells and different types of breast cells prefer different tissues. Our 

findings can possibly help to develop different, patient and application specific implant 
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materials. In addition, understanding how different matrices influence various breast 

cancer cell types will enhance our knowledge of metastasis formation. 

   Although semi-natural materials like collagen and fibrin have the advantage of being 

highly reproducible in terms of morphological and mechanical properties, they still do 

not provide the complex structure and interaction of various proteins from natural 

material, especially on a molecular level. Therefore, together with the laboratory of 

Molecular Medicine in Erlangen, we developed a method to using of a fully natural 

material – the human amnion. The amnion is the innermost membrane which covers the 

developing placenta and which forms a sac containing the developing fetus. It is 

attached via the chorion to the maternal portion of the placenta. During a pregnancy the 

amnion produces the amniotic fluid, which together with the amniotic membrane 

protects the fetus. The amnion itself consists of a monolayer of epithelial cells, which is 

facing the fetus, and a thin layer of basement membrane filled with Laminin 5 and 

collagen IV and a thick layer of connective tissue, where all types of collagen and 

fibroblasts are found (Fig. 3.3.1). 

 

 

Figure 3.3.1: The hierarchy of an amnion. (A) The layer of epithelial cells is linked to the 

basement membrane via integrins. Laminin 5 connects integrins on the basal surface of 

epithelial cells to the type IV collagen network of the basement membrane. Anchoring fibrils 

composed of type VII and type XV collagen link the basement membrane to the interstitial 

matrix where type I collagen, type III collagen and fibroblasts are found (rebuild from [109]). 

(B) Confocal reflection image of an amnion (512 x 512 pixels, 553 nm x 553 nm, bar represents 

50µm). The image slice was a single z-slice from a z-stack of the amnion (total stack size ~50 

µm) but because the amnion was not perfectly flat, all layers from the epithelial line to the 

connective tissue can be imaged simultaneously. 

 

In its organization of an epithelial layer adjacent to a basement membrane it resembles 

very closely the hierarchy of a fibrotic tissue surrounding a tumor [110, 111]. Therefore 

it provides a perfect model system to study tumor cell migration and the building of 
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metastasis. Moreover the amnion is routinely used as an implant material for wound 

healing, the treatment of COPD and as a source for human stems cells [109, 112, 113].  

Here we analyzed the physical structure of the amnion and additionally studied it‟s 

influence on growth and invasion of different breast cell types. We used the amnion as 

an ECM substitute material for 3D cell invasion experiments and show our preliminary 

results, as this study is still in its beginnings. As an outlook we show that this complex 

human membrane can be used for cell migration experiments to study cell behavior in a 

completely natural system. 
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3.3.2 Cell migration in different matrices  

 

We previously demonstrated that cell migration was sensitive with changes in 

morphological and mechanical properties of collagen gels. But cell migration is also 

likely to be influenced by the composition of the ECM [114]. As mentioned before, 

cells have the ability to remodel and digest the matrix, but this also depends on the 

proteins that are present in the ECM [115]. Therefore we tested the invasive behavior of 

MDA MB 231 cells not only in collagen but also in fibrin, another biopolymer. Fibrin 

networks self-assemble in a similar way as collagen gels. We analyzed the fibrin gels in 

terms of pore sizes as described above. To be able to compare the invasion of MDA 

cells in collagen and fibrin, we used similar concentrations in both networks.  

   We assembled collagen gels from 0.3 mg/ml to 2.4 mg/ml and fibrin gels from 0.25 

mg/ml to 2 mg/ml to perform invasion assays. We observed that the 0.25 mg/ml fibrin 

gels completely detached from the cell culture dishes, thus, were technically difficult to 

use for experiments. We repeated the experiment with 0.25 mg/ml fibrin gels 3 times 

and although the gels polymerized normally, after 3-5 hours they detached from the cell 

culture dish and floated in the dishes. Therefore cells were seeded only on fibrin gels 

from 0.5 mg/ml to 2 mg/ml gels, which remained stable over the time of measuring. 

Following the protocol for the invasion assay, 50,000 cells were seeded on top of all 

gels, collagen and fibrin, and placed into the incubator for 3 days. When the assays were 

stopped by fixation after 3 days, we observed that in 0.5 mg/ml fibrin gels, cells 

produced extensive holes in the gels (Fig. 3.3.2, B), which made it impossible to analyze 

as all cells had accumulated at the bottom of the dish. Thus we only analyzed fibrin gels 

of 1 mg/ml and 2 mg/ml and collagen gels of 0.3 mg/ml, 0.6 mg/ml, 1.2 mg/ml and 2.4 

mg/ml. Analyzing the assays showed that MDA invasion into both fibrin gels was 

possible and that they invaded with similar p5 values of 150.32 ± 2.31 µm for 1 mg/ml 

and 165.03 ± 3.08 µm for 2 mg/ml (Fig. 3.3.3). For the collagen gels, we found the 

same biphasic response of cell invasion on concentration as shown in Chapter 3.1.3, 

although in this experiment, p5 values were higher than before. This shows on the one 

hand, that with every passage of the cells, the maximum invasion depth can vary. 

However it also shows that the biphasic answer of MDA cell invasion on collagen 

concentration, with a maximum of invasion at 1.2 mg/ml, is highly reproducible. For 

fibrin we were not able to measure such a broad spectrum of concentrations, but we 

were able to show that MDA cells also invaded into fibrin and that their invasion depth 
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was similar to those of MDAs in collagen gels. To evaluate in detail how cell invasion 

is dependent on the composition of an ECM however, it is necessary to repeat the 

invasion assays in fibrin gels, ideally with a broader range of concentrations. Moreover, 

invasion assays in co-polymerized networks of collagen and fibrin would help to 

enlighten the question of how composition of the ECM influences cell migration and 

invasion.  

 

 

Figure 3.3.2: MDA cell invasiveness in different matrices (A-D) Invasion profiles of MDA 

cells in fibrin networks of different concentrations. Fibrin networks of concentration 0.25 mg/ml 

(A) were not stable enough in 35mm culture dishes to seed cells on top and measure invasion. In 

0.5 mg/ml fibrin gels (B), MDA cells did invade, but created massive holes (red arrowheads) in 

the gels. All MDA cells were attached to the bottom of the dish and an analysis of invasion 

depth was not possible. MDA cells did invade into fibrin gels of 1 mg/ml (C) and 2mg/ml (D). 

(E-H) Invasion profiles of MDA cells in collagen gels of concentrations 0.3 mg/ml (E), 0.6 

mg/ml (F), 1.2 mg/ml (G) and 2.4 mg/ml (H).  The collagen profiles show the same biphasic 

answer of invasion depth on collagen concentration as seen before (Fig. 3.1.17), with a 

maximum at 1.2 mg/ml. In all panels, at least 3,000 cells were analyzed.  
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Figure 3.3.3: MDA cell invasiveness in different matrices. P5 values derived from the 

invasion profiles in 3.3.2. Invasion of MDA MB 231 cells was similar in fibrin gels of 1.0 

mg/ml and 2.0 mg/ml (left side). In collagen gels (right side), invasion of MDA MB 231 cells 

followed a similar biphasic answer as seen in Figure 3.1.17. For the analysis at least 25 fields of 

view and 3,000 cells were analyzed (mean ± SE). 
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3.3.3 Different cell types prefer different matrices  

 

To evaluate if the different migration behavior in different matrices is cell type specific, 

we tested some of our matrices with different cell lines. The knowledge of cell type 

specific migration behavior in different matrices could provide new information for the 

development of implants and answer the questions why some tumor cells are more 

aggressive and malignant than others. 

   In our experiments we compared the following cell lines: MDA MB 23, which is an 

established epithelial cell line from the metastatic tissue of a 51 years old breast tumor 

patient [119]. The cell line was cultured in our lab and treated as described in the 

Materials and Methods section. PS and EJ cells were primary mesenchymal cells, 

extracted from two breast tumors from cancer patients at the Frauenklinik in Erlangen. 

Both women with breast cancer demonstrated a clinical and molecular phenotype where 

both types of cancer were rare and with poor prognosis (Tab. 3.3.1).  

 

Cell line ER PR  Her2  Ki67 type other Patient 

Age 

Tumor 

PS pos pos 1+ 90% Ductal 

inflammatory 

Ecadh+ 47y Yes 

EJ neg neg neg 70% Basal 

cell 

carcinoma  

100%CK5+ 

 

74y Yes 

MDA neg neg neg - Pleural 

effusion 

- 51y Yes 

         

KB pos pos pos - Breast 

stromal cells 

- 50y No 

         

Table 3.3.1: Clinical screening of cell types used in the experiments. PS, EJ and KB cell 

lines were primary cell lines extracted at the Frauenklinik in Erlangen. PS and EJ cells were 

from tumors, KB was from normal breast tissue. The high value of Ki67, which is a 

proliferation marker and higher E-cadherin values in PS cells indicated a poorer prognosis. EJ 

cells also had higher values in Ki67 (a normal value would be 1% [116]) and were triple 

negative for the steroid hormone and Her2 receptors necessary for treatment. Therefore this 



III RESULTS AND DISCUSSION 67 

 
patient also had a poorer prognosis. MDA cells were franchised from ATCC and were also 

triple negative for treatment receptors.  

 

 

To compare these three types of tumor cells with non-cancerous normal cells, we also 

extracted primary epithelial cells from healthy breast tissue as a control cell line, labeled 

with the letters KB. We then performed invasion assays of all cell lines in fibrin and 

collagen to test for differences.  

   Data analysis revealed that all cancerous cell lines where highly invasive into the 

collagen gels (Fig. 3.3.4). Especially PS cells, where 5% of the cells migrated to an 

invasion depth of ~ 200 µm. EJ and MDA cells migrated similarly to a value of  171.01 

µm ± 2.66 µm and 169.79 µm ± 2.82µm, respectively. For Non-cancerous normal KB 

cells on the other hand, a significant invasion was not observed. Their p5 value was 

only ~ 60µm and microscopically we observed that they formed colonies which grew 

into a similar depth. We did not consider KB cells invasive, because when the colonies 

were growing on the surface of the gel, they could also indent the matrix up to 60 µm. 

 

 

Figure 3.3.4: Different cell types in collagen gels. The origin of all cells used in the 

experiment is breast tissue. All collagen concentrations are 2.4 mg/ml. (A-D) Invasion profiles 

of EJ cells (A), PS cells (B), MDA cells (C) and KB cells (D). All cell types were invading into 

the collagen gels, although it is clearly visible that PS cells (B) are more invasive compared to 

the rest, whereas non – cancerous normal KB cells are less invasive than the rest. (E) For better 

comparison, the profiles from panels A-D are plotted into one graph. Moreover, the p5 value 

was determined (inset) for easier comparison. In all panels, at least 2,000 cells were analyzed.  
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The analysis of the fibrin gels showed a very different result (Fig. 3.3.5). All cell types 

demonstrated decreased invasion depths compared to collagen gels. For example, the 

highly invasive PS and MDA cells only invaded ~ 90 µm or ~ 100 µm, respectively, 

compared to collagen gels. Surprisingly, EJ, which was also a deep migrating cell line 

in collagen gels, had a strongly reduced and non-significant invasion depth of only ~ 35 

µm. The non-cancerous KB also showed a p5 value of ~ 50 µm, which we attributed 

again to the colony growth and considered these cells as performing no significant 

invasion into the fibrin gels.  

   In conclusion, these data show that different cell types alter their migratory behavior 

and appear to prefer different types of extracellular matrix for invasion and migration. 

In addition, repeating the measurements with MMP inhibitors will show which cells 

rely on MMPs and will further enlighten the details of their migration through a 3D 

ECM. These findings could be important if a patient needs a soft tissue implant, for 

example after a successful cancer treatment. This implant should be based on a material 

which prohibit the building of metastases and promote the re-cellularization of non-

cancerous cells.  

 

 

Figure 3.3.5: Different cell types in fibrin gels. All cells used in the experiment were breast 

isolated cells. All collagen concentrations were 1 mg/ml. (A-D) Invasion profiles of EJ cells (A), 

PS cells (B), MDA cells (C) and KB cells (D). All cell types invaded into the collagen gels, 

although it is clearly visible that PS cells (B) were more invasive compared to the other cell 

lines, whereas the non–cancerous KB cells were the least invasive. (E) For better comparison, 

the profiles from panels A-D are plotted into one graph. Moreover, the p5 value was determined 

(inset) for easier comparison. In all panels, at least 1,800 cells were analyzed.  
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3.3.4 New frontiers – the human amnion as a substitute material for cell migration 

experiments   

 

The idea to use the human amnion from the placenta, a „leftover‟ from childbirth, for 

implant use was first realized in the 1950s [117]. Our aim was to use this fully natural 

material as a substitute material to study cell migration in vitro. To better visualize the 

composition of the amnion, we stained the cell nuclei with Draq5 and the cell 

membrane with agglutinin membrane stain and obtained image stacks with confocal 

microscopy. We reconstructed the image stacks with the 3D reconstruction software 

AMIRA. The reconstructed images confirmed the organization of the amnion, with the 

epithelial cuboidal cell layer on top of the basement membrane and the connective 

tissue housing single fibroblasts (Fig. 3.3.6 and SI Movie_5).  

 

 

Figure 3.3.6: The human amnion as an extracellular matrix. Confocal image stacks of an 

amnion were obtained (512 x512 pixel, 599 nm x 599 nm x 1007 nm). Amnion was stained with 

Draq5 for nuclei and membrane stain wheat germ agglutinin 488. (A) Side view of a 

reconstructed image stack. The basement membrane is imaged in reflection mode and illustrated 

in light gray, whereas the dark gray areas indicate the connective tissue. Red color indicates cell 

nuclei of the epithelial layer of cells. Draqu5 also diffused through the epithelial layer of cells 

and stained the nuclei of fibroblasts in the connective tissue. Cell membrane of epithelial layer 

is indicated in green. (B) Magnification of the image area marked with a black box in (A). It is 

clearly visible that the membrane was only specific for the epithelial layer, indicating a 

monolayer of epithelial cells. (C) Top view of the same stack as in (A) and (B). Again the 

epithelial layer is clearly visible. All image stacks were reconstructed with AMIRA 5.3.  
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When monitoring the amnion in reflection mode, the basement membrane and the 

extracellular matrix appeared as a dense and homogenous material. However, it was 

possible to find deep areas where the tissue represented a fibrillar network structure 

(Fig. 3.3.7). We estimated a preliminary pore size of ~ 50 µm.   

 

 

Figure 3.3.7: Fibrilar structure of the human amnion. Confocal image stacks from human 

amnion (512 x 512 pixels, 450 nm x 450 nm x 465 nm). (A) Image slice from the obtained 

stack. The light gray areas on the left side indicate the thick basement membrane, where no 

measurement of the pore size was possible, due to the dense material. (B) Magnification and 

brightening of the area marked with the red box in (A). The connective tissue shows areas where 

more fibrillar structures could be found. We analyzed these structures and found a preliminary 

pore size of ~50 µm. Total thickness of both slices was 465 nm. 

 

 

To analyze the invasive behavior of breast cells on the amnion, we seeded 300,000 cells 

of either MDA MB 231 cells, PS cells, EJ cells or KB cells on top of the amnion. 

Similar to the invasion assay we treated the amnion along with the cells with 2.5 % 

glutaraldehyde to fix the cells in the state they were. We stopped the assays after 3, 6, 

10 and 13 days. While EJ and PS cells formed large colonies over the days (Fig. 3.3.8 

and 3.3.9) MDA cells did not form colonies (Fig. 3.3.10). In normal cell culture flasks 

or dishes none of these cell lines form colonies. Interestingly, EJ cells built colonies on 

the amnion that grew in length and width but also in height. At day 13, they did not 

invade deeper than 20µm into the basement membrane. PS on the other hand, built 

colonies that were quite large in width and length (30 µm and 70 µm, respectively) and 

that grew deep into the basement membrane (80 µm). We conclude that although both 
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breast tumor cells can breach through the epithelial layer into the basement membrane 

and beyond, PS cells are more invasive into the amnion compared to EJ.  

 

Figure 3.3.8: EJ cells on amnion at day 3. (A) Top view of a reconstructed stack from 

confocal images (512x512 pixel, 486 nm x 486 nm x 495 nm, total stack height 110 µm). The 

agglomeration of cells is the colony of EJ cells, the cell nuclei in the monolayer are the 

epithelial cells. Although only the EJ cells were stained with Draq5, the staining diffused out of 

the EJ cells and stained the nuclei of the epithelial cells.  (B) Side view of the same stack as in 

(A). EJ cells already piled up in their colony but did not invade into the basement membrane.  

 

 

Cell line Form 

colony? 

Height after 3 

days 

Height after 13 

days 

Depth after 13   

days 

PS yes 70µm 20µm 80µm 

EJ yes 55µm 80µm 20µm 

MDA MB 231  no -  -  10µm 

Summe     

Table 3.3.2: Different cell lines on amnion. PS, EJ and MDA cells were seeded on the 

amnion. PS and EJ cells formed colonies that were growing in height over 13 days. Moreover, 

they began to invade into basement membrane around day 6. MDA cells neither build colonies 

nor did they invade into the amnion. Note that all measurements are preliminary from 1-2 

experiments. Therefore no SD or SE could be provided. 
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Figure 3.3.9: EJ cells on amnion at day 13.  (A) Top view of a reconstructed stack from 

confocal images (512x512 pixel, 526 nm x 526 nm x 494 nm, total stack height 150 µm). The 

EJ colony is clearly visible in the middle as well as the monolayer of epithelial cells. (B) Side 

view of the same stack as in (A). The colony of EJ cells grew in height but also invaded ~20 µm 

into the basement membrane. Note that the colony represents many cells densely arranged, 

where we could not resolve single cell nuclei.  

 

The single MDA cells however did not invade into the basement membrane although 

they proliferated on top of the epithelial layer. To test if the epithelial layer was 

inhibiting the invasion of MDA cells we denuded parts of the amnion by scratching the 

epithelial layer off with a scalpel. Indeed, MDA accumulated in the “wounded” area by 

day 3 (Fig. 3.3.10) and began to grow into the basement membrane (Tab. 3.3.2). 

Although MDA cells are highly invasive in all other matrices we monitored, in 

particular collagen and fibrin networks, MDAs seemed to be unable to overcome the 

epithelial layer of the amnion. Moreover, although the epithelial cell layer was partially 

removed, the MDAs were not as invasive as they were on collagen or fibrin matrices. 

MDAs only reached an invasion depth of ~ 10 µm on the amnion after 13 days 

compared to an invasion depth of ~140 µm on collagen after 3 days. 
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Figure 3.3.10: MDA cells on a denuded amnion at day 3. (A) Top view of a reconstructed 

stack from confocal images (512x512 pixel, 490 nm x 490 nm x 495 nm, total stack height 150 

µm). MDA cells remained single on the amnion epithelial cell line and did not form colonies 

like PS and EJ cells. The amnion was denuded before the MDAs were seeded. (B) Side view of 

the same stack as in (A). Solely if the amnion is denuded before seeding MDA cells, the MDA 

cells were able to invade slowly into the basement membrane.  

 

 

3.3.5 Conclusion and outlook   

 

Despite the fact, that the experiments involving the amnion as a natural substitute ECM 

material to study cell migration are still in their beginnings, we could already show, that 

the amnion can be used in cell culture. Implementing confocal microscopy allowed 

accurate measurements for colony size and invasion depth. The amnion is a natural 

tissue which is relatively easy to handle and non – toxic to foreign cells. In further 

experiments we plan to work on specific identification of epithelial cells and cells 

seeded onto the amnion, in order to be able to distinguish them reliably. One way to 

achieve specific cellular identification might be with the use of fluorescent beads since 

tumor cells internalize and maintain the beads over several days. Thus we would be able 

to measure the position of a cell with an internalized bead and simultaneously visualize 

the epithelial cell line.  
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IV.       SUMARY AND CONCLUSION 

 

This work demonstrates how morphological and mechanical properties of a 3D 

biopolymer network can be evaluated, how their influence on cell migration can be 

studied and how cell migration is affected by changes in ECM stiffness. We show that 

the true pore size of 3-dimensional biopolymer networks can be evaluated fast and easy 

by using confocal reflection microscopy (CRM). Although CRM does not resolve 

vertical fibers, this work shows how to conquer this drawback. By evaluating the fiber 

orientation and calculating the missing fraction of the fibers, the blind spot can be 

corrected. The true 3D pore size can be determined by fitting the distribution of the 

nearest obstacle distance to a Rayleigh distribution. We have verified this method by 

comparing the corrected pore size from CRM images to the pore size of fluorescently 

labeled networks. Moreover, we introduced a conversion factor to compare the pore size 

evaluated with our method to a more common pore size measure – the CRT. In addition, 

we could clarify that an increase in collagen and fibrin monomer concentration 

contributes to fiber lengthening not to thickening.  

   We were able to evaluate the influence of matrix stiffness on cell migration 

independent of changes in pore size. By cross-linking collagen gels with glutaraldehyde 

we increased gel stiffness without changing the pore size. In unstiffened collagen gels, 

cell invasiveness shows a biphasic response to an increase of collagen concentration and 

thus a decrease in pore size. For stiffened collagen gels, this biphasic response remains 

similar. However the maximum invasiveness shifts towards gels with lower collagen 

concentration and thus larger pore size. For small pores and high stiffness, however, 

invasion is stopped completely indicating that cells could not overcome the steric 

hindrance. By using an MMP inhibitor, we show that MDA invasion is mostly 

independent of proteolytic degradation. 

   We reveal, that transfection of fluorescent proteins can bias cell migration results in 

3D. Transfection with EGFP, GFP-actin or GFP-LifeAct constructs strongly impair 3D 

cell invasion although cells appeared unaltered in 2D migration experiments. Magnetic 

tweezer measurements show that cell stiffness and cell binding strength are reduced for 

transfected cells, indicating that transfection influences cell mechanics. Therefore, in 

order to analyze intracellular protein processes during 3D migration, other staining 

techniques have to be developed to circumvent side effects caused by transfection.  
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   Furthermore, we show that cell migration is sensitive to the composition of matrices. 

We seeded MDA MB 231 breast carcinoma cells in different 3D matrices, collagen and 

fibrin, with similar pore size and protein concentration and observed that cells reach a 

similar maximum invasion depth. However, when primary breast cancer cells were 

seeded into different matrices, they demonstrate a change in invasive behavior. 

Especially one primary cell line invades deep into collagen matrices but fails to invade 

into fibrin networks. Therefore, we could show that different cell types favor different 

extracellular matrices. This knowledge might be helpful in the development of soft 

tissue implant material, which could be personalized for individual patients.  

   Finally this work presents a completely natural tissue to be considered for cell culture 

experiments. We showed that the human amnion is stable under laboratory conditions 

and can be used as a matrix system for cell migration experiments. 

   In conclusion, this work clarifies the role of matrix stiffness on tumor cell migration 

and the dependence of cell migration on matrix composition. Moreover it presents 

scientific tools to evaluate the true 3D pore size from directionally biased data sets. 

Additionally, we provide a protocol to research the effects of stiffness and pore size on 

cell migration independent from each other. The results of this work might help 

optimizing the re-cellularization of soft tissue implants or designing of 3D invasion 

models in cancer research. 
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V.       OUTLOOK 

 

Although many studies, including this dissertation, investigated the role of matrix 

properties on cell migration, it will be a task for many years to come to fully understand 

cell migration in 3-dimensional matrices.  

   To reveal more details about the influence of matrix stiffness on cell migration, the 3-

dimensional migration path of cells in stiffened and unstiffened collagen can be 

analyzed. Preliminary results from monitoring 3D cell migration over 24h in unstiffened 

collagen gels show a biphasic response of the MSD slope to increasing collagen 

concentration (Fig.5.1). This is similar to the biphasic response of cell invasiveness on 

increasing collagen concentration2. A detailed analysis of the migratory behavior in 

glutaraldehyde treated gels is the topic of an ongoing PhD thesis.  

   To understand the „decision making‟ process of cells, why they follow certain 

migratory paths and deny others, it will be helpful to correlate the cell shape, migratory 

paths and the 3D local pore size of ECMs. Cell trajectory and cell shape can be 

evaluated in brightfield mode while the surrounding matrix can be simultaneously 

imaged with CRM. With a staining procedure that doesn‟t impair 3D cell migration it 

would even be possible to study intracellular processes while following migrating cells 

in a 3-dimensional matrix and monitoring the interaction of the cells with the matrix.  

   The continuative experiments on the MMP dependence of primary breast cancer cell 

lines migrating through 3D biopolymers will provide detailed answers when and why 

proteolysis is crucial for 3D migration. 

 

 

                                                 

2 Bachelor thesis of Sebastian Hurst, ‚Superstatistik der Migrationsdynamik von MDA Zellen durch 3D-

Kollagenmatrizen‟, Lehrstuhl für Physikalisch Medizinische Technik, FAU Erlangen, 2013 
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Figure 5.1: 3D cell migration in collagen gels of different concentration. MDA MB 231 cell 

were embedded in four different, unstiffened collagen gels cells were embedded and tracked in 

brightfield mode over a time period of 24h to evaluate their migration behavior. (A) Mean MSD 

from at least 30 cells per gel. Images were taken every 5 minutes with an inverse Leica 6000 

microscope equipped with an incubation chamber. (B) MSD slope of MSDs from (A). 

Interestingly, a similar biphasic response to changes in collagen concentration is observed for 

the MSD slope as for the invasion depth of cells on collagen concentration. (Data reproduced 

from²)   

 

 

Further quantification of the mechanical properties of the amnion, evaluated with 

atomic force microscopy, will help to use the amnion in cell culture as a matrix system. 

With this system cell migration and tumor progression could be studied in a fully 

natural material.  
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APPENDIX 

 

SUPPLEMENTARY INFORMATION 

 

Theory of pore sizes in random line networks 

In order to characterize the stochastic geometry of random line networks, a frequently 

used parameter is the average pore size rpore. It is determined by finding, for a 

representative fraction of network pores, the largest spheres that can be fit into that 

pores and then computing the average of the radii of these maximum spheres. While this 

can be done numerically in a straight forward way, this definition of pore size is not 

suited very well for exact analytical calculations. Therefore, we suggest as an 

alternative measure the most probable nearest obstacle distance σ for randomly chosen 

test points and show that it is directly related to the pore size.  

 e start our investigations with a „Mikado‟-like network model that has two 

parameters, the length l of the line segments and the volume density ρ of their centers. It 

is possible to compute the distribution p(rnod) of nearest obstacle distances analytically 

in this model. In the limit of zero line length, the Mikado model contains the case of 

point networks. More interesting is the opposite limit, where l is much larger than the 

average pore size. In this case, the Mikado model converges towards a more general 

model that represents any random line network with a large persistence length. Indeed, 

the single system parameter in this limiting case is the overall line density λ, i.e. the 

total line length per unit volume. This parameter only sets the spatial scale of the 

network, and no other details matter for the distributions p(rnod) or W (rpore). For 

example, a network composed of random circles with identical overall line density 

would yield the same universal Rayleigh distribution p(rnod) as the Mikado model, 

provided the radius of the circles is much larger than the average pore size. We compare 

these analytical results to a numerical simulation that is directly based on the exact 

analytic geometry of points and lines, thus avoiding any possible artifacts arising from 

voxelation.  

After demonstrating perfect agreement of the simulations with the analytic results, we 

use the simulations to determine the pore size distribution for line networks of various 

density parameters λ. As expected from scaling arguments, the average pore size rpore = 

cσ is simply proportional to σ, allowing us to determine the conversion factor as c 

≈1.82.  
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Distribution of nearest obstacles distances p(r
nod

), accessible volume fraction Q(r) and 

pore sizes  

We consider random biphasic networks, in which every point of 3-dimensional space 

either belongs to phase 0 (pore, liquid) or phase 1 (material, solid). In order to map out 

the stochastic geometry of the network, one can repeatedly choose a random point 

R0=(x,y,z ) within the 0-phase of the network and the find its „nearest obstacle distance‟ 

r0(R0), defined as the Euclidean distance from that point R0 to the closest point of the 1-

phase (Fig.S1(a)). The network is then characterized by the distribution p(rnod) of the 

nearest obstacle distances.  

 Closely related to p(rnod) is the „accessible volume fraction‟ Q(r), defined as the 

fraction of the 0-phase in which a sphere of radius r (from now on called a r-sphere) 

could be centered without overlapping the 1-phase (Fig. S1(b)). In general, the 

dimensionless quantity Q(r) has the value Q(r =0)=1 and decreases monotonically for 

all radii r>0.  

The complementary quantity 1 − Q(r) is the fraction of 0-phase for which an r-sphere 

overlaps the 1-phase. It corresponds to the probability that a random 0-phase point R0 

has a nearest obstacle distance rnod smaller than r, or  

   ( )      (      )  

         ∫  (    )     
 

 
.          (1) 

The derivative of this equation with respect to r shows that Q(r) is just the negative 

cumulative probability of p(rnod): 

  (      )   
 

  
 ( ).     (2) 

While both quantities carry the same information about the network, the cumulative 

Q(r) is more convenient for analytical considerations, as will be demonstrated below.  

Another way to characterize pores of a network is to find the maximum sphere that fits 

to each pore and to define the „pore size‟ rpore as the radius of this maximum sphere. The 

concept is also illustrated in Fig. S1(c). We denote the distribution of pore sizes by W 

(rpore).  

 



APPENDIX 87 

 

 

Figure S1: 2D illustration of various statistical measures used for networks of line segments. 

(a) Nearest obstacle distances rnod (thin lines) for a few selected points (circles). (b) Accessible 

volume (shaded areas) for spheres of a given radius. (c) Maximum spheres fitting into network 

pores; thereby defining the pore sizes rpore. (d) A homogeneous, isotropic random distribution of 

straight line segments. The segments have a prescribed length l and their center points a spatial 

density of ρ. (e) Classification of line segments in the 2D Mikado model. 1-group (squares): 

Centers within r-sphere. 2-group (full circles): Centers outside r-sphere but with partial overlap. 

3-group (empty circles): Remote segments without overlap. (f) 2D illustration of an r-sphere 

(green), a concentric spherical shell of radius R (gray) and a specific point (red) within this 

shell. From all line segments centered at the red point, only those can intersect the r-sphere with 

orientations falling into a cone of apex angle ω. 

 

 

Random Line Networks: The Mikado model  

In the following, we consider random networks in which the 1-phase consists of straight 

line segments of fixed length, with isotropic orientations and a homogeneous 

distribution throughout the 3D volume. We refer to this model as the Mikado model.  

Each individual line segment (LS) can be described by its center point and a unit 

direction vector. In order to avoid ambiguities, we require that all unit vectors have a 

positive z-component and thus „point upwards‟ (Fig. S1(d)). The two parameters of the 

Mikado model are the length l of the LSs and the volume density    
 

 
  of their center 

points, where N is the number of line segments within a volume V.  

Consider first the extreme case l → 0, where all LSs degenerate into their center points. 

The configuration of LS-centers throughout the volume is a spatial Poisson process with 

„event rate‟ that is identical to the volume density ρ. On average, a randomly placed r-

sphere will contain a number of  

       ( )    
 

 
         (3) 
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LS-centers. The probability Q(r) that not a single LS-center lies within the r-sphere is 

given by the Poisson probability for k =0 events, which is  

 ( )          {               ( )}           ( )   

 (4) 

Therefore, in the case of the random point network, the accessible volume fraction is 

given by 

 ( )      
  

 
                   (5) 

We now turn back to the general case l> 0. As before, we can write    

 ( )       ( )       (6) 

In order to compute nav(r), we note that with respect to a given r-sphere, the LSs can be 

classified into 3 groups (Fig. S1 (e)):  

 1-group with LS-centers inside the r-sphere.  

 2-group with LS-centers outside the r-sphere, but with partial overlap of the 

fibers.  

 3-group with LS-centers outside the r-sphere and with no fiber overlap.  

Only the groups 1 and 2 contribute to nav(r). The contribution of the 1-group is identical 

to the case of point networks above:  

     ( )   
 

 
    .      (7) 

Fibers belonging to group 2 consists of LSs with centers in a sphere of radius r +(l/2) 

around the center of the r-sphere. We now consider in more detail the fibers in an 

infinitesimal spherical shell of radius R around the center of the r-sphere, with 

0<R<r+(l/2). This R-shell contains a number of  

                                         (8) 

candidates for intersection. Among them, only those LSs will actually overlap the r-

sphere that have orientations within a certain cone (Fig. S1(f)). This cone has an apex 

angle of ω = 2 arcsin(r/R) and the corresponding solid angle is 
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Since the total solid angle available for LS orientations is Ωtot =2π (according to our 

convention that all unit direction vectors are pointing upward), the intersecting LSs 

amount to a fraction of  ( )       (   √  (
 

 
)
 

). We conclude that the average 

number of actual intersections from LSs within the R-shell is  
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The total contribution from all LSs of group 2 fibers is obtained by integration over the 

relevant R-shells: 

           ( )  ∫   ( )
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.    (11) 

This integral can be performed analytically. Using the abbreviation  

     ( )   
 

 
*   (    ) 2/3 +,         (12) 

one obtains    

                                                       ( )       * (  
 

  
)   ( )+                     (13)

  

By adding the contributions of both relevant groups, nav(r)=nav,1 (r) + nav,2 (r), and using 

Q(r) =exp(-nav(r)), we arrive at an analytic expression for the accessible volume fraction 

in the Mikado model. Defining another useful abbreviation  

 ( )   * (  
 

 
)  

 

 
+,       (14) 

the result can be cast into the form  

 ( )     
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)+ .    (15) 

It correctly contains the limit of point networks, since  (l/r) → 0 for l → 0. All the 

differences between point and LS networks are included in the „perturbation function‟ 

 (l/r). 

From the accessible volume fraction Q(r), we immediately obtain the distribution of 

nearest obstacle distances p(rnod =r)= -d/dr Q(r) in the Mikado model. With increasing 
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rnod, this distribution starts with p(rnod = 0) = 0, develops a single peak and then decays 

exponentially for distances much larger than the average pore size Rpore of the network.  

Mikado model in the long fiber limit  

We next consider the case l » r, where the LSs are much longer than the typical 

distances of interest. Since p(rnod) is exponentially small for distances beyond the 

average pore size, this limit can also be interpreted as l » Rpore. Note that this is a typical 

situation for networks of semi-flexible fibers, such as collagen.  

It is straight-forward to show that in this limit the perturbation function diverges  

as  (
 

 
)  

  

  
. One therefore obtains  

    
    ( )    (   )  

  

 
 

 
(
 

 
)
 

         (16) 

which is the „right half‟ of a Gaussian bell curve with standard deviation 

         √     .    

 (17) 

The corresponding distribution of the nearest obstacle distances is a Rayleigh 

distribution 
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The most probable nearest obstacle distance, i.e. the value of r at which p(r) is 

maximum, is given by σ. We note that the accessible volume fraction in Eq.(16) 

depends only on the ratio r/σ. Therefore, all nearest obstacle distance distributions 

    ( ) should collapse onto a universal distribution when the distance r is measured in 

units of σ. In the long fiber limit, a dense and a dilute Mikado network cannot be 

distinguished from each other, if the spatial scale is unknown.  

 

Relating σ to line density  

It is remarkable that in the long fiber limit of the Mikado model, the properties of the 

network are completely determined by the parameter combination ρl, which appears in 

the quantity     √    .  

Recalling the definition of ρ as the volume density of LS centers, we can write  

        
 

 
  

    

 
   ,                             (19) 

 

where Ltot is the total length of all LSs. The new density parameter λ corresponds to the 

total „fiber‟ length per unit volume. It follows that  
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         √   .         (20) 

 

 

Numerical test of the Mikado model  

In order to test the predictions of the Mikado model, we have simulated random line 

networks and compared the resulting numerical p(rnod) with the analytical results above.  

In the simulation, each line segment (of constant length l) was numerically represented 

by its center coordinates and a unit direction vector, as depicted schematically in Fig. 

S1(d). Initially, a list of N such line objects was generated, with the center points 

distributed randomly throughout a cubic simulation box of linear dimension L (with 

homogenous density   
 

 
 

 

  
) and with random, isotropic direction vectors (more 

precisely, in order to avoid boundary effects, we extended the simulation box on each 

side by l/2 and distributed a correspondingly larger number of N
∗ 

= N(L + l)
3
/L

3 
line 

centers within this extended box.). 

 The distribution p(rnod) was determined by randomly choosing K = 10
5 

test points 

        within the simulation box, finding the nearest obstacle distance rnod(Rk) for each 

test point and then computing a histogram of these distances. The distance rnod(Rk) is 

found by first computing the distances rkn between test point Rk and all the lines n of the 

network and then finding the smallest of those values. Note that the distance rkn between 

a point and a line segment can be obtained exactly (without any „voxelization‟ 

required).  

For the numerical test of the Mikado model in the long fiber limit, we prescribed the 

density parameter λ, set L = l = 1 and computed the required number of fibers as 

  
   

 
. We found an excellent agreement between the analytical prediction and the 

simulation (Fig. S2(a)).  

 

 

Relationship between the most probable nearest obstacle distance σ and the average 

pore size r
pore 

 

For any real network, it is possible to compute the nearest obstacle distance rnod(R0) for 

each spatial point R0, resulting in a so-called „Euclidean distance map‟ (EDM). The pore 

centers of the network can then be defined as the positions R0=R(i)
max

 

of the local 
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maxima of the EDM and the pore size distribution  W(rpore) is the distribution of the 

distance values  r(i)

pore=rnod(R
(i)

max) 
taken at these local maxima (1). 

Based on our numerically exact simulation of random line networks we have computed 

the pore size statistics W(rpore) and compared it to the corresponding distribution p(rnod) 

of nearest obstacle distances. As expected, W(rpore) is peaked at a larger value than 

p(rnod) (Fig. S2(c)). In the long fiber limit, the ratio rpore/σ between the average pore size 

and the most probable obstacle distance is a constant, i.e. independent from the density 

parameter λ of the network. This follows from the fact that the distribution p(rnod) is 

universal in length units of σ. To demonstrate the constant ratio, we have plotted rpore(λ) 

and σ(λ) double-logarithmically (Fig. S2(d)).  

 

 

Summary  

Here, we have theoretically explored random line networks, modelled as isotropic and 

macroscopically homogeneous distributions of straight line segments in 3D space. In 

the limiting case when the line segments are much longer than the average pore size 

rpore, the distances rnod of random test points to the nearest line segment are distributed 

according to a Rayleigh distribution  

     (    )  
    

     
 

 
(
    

 
) .    (21) 

 

The most probable distance σ (peak position of the distribution) is determined by the 

overall line density λ, i.e. the total line length per unit volume, by  

         √    .     (22) 

The average pore size rpore, defined as the radii of maximum spheres fitting into the 

pores, is proportional to σ, with rpore ≈ 1.82σ.  
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Figure S2: (a) Distribution of nearest obstacle distances in 3D networks of straight line 

segments, for three different density parameters λ. Analytical predictions of the Mikado 

model in the long fiber limit (dashed lines) are compared to numerical simulations (solid 

lines). The unit of length was set equal to the size of L of the simulation box, which in 

turn was equal to the length l of the line segments. (b) Distribution of the nearest 

obstacle distances p(r) (red line) and pore size distribution W(r) (black line with 

symbols) in a 3D network of straight line segments, for a density parameter of  λ= 

100/L². (c) Most probable obstacle distance sigma (squares) and average pore size rav
pore 

(circles) as a function of the density parameter λ. In the long fiber limit, the ratio is 

constant with rpore/σ ≈1.82
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1.  Münster, S., and B. Fabry. 2013. A Simplified Implementation of the Bubble 

Analysis of Biopolymer Network Pores. Biophys. J. 104: 2774–2775. 

Flow chart of data analysis and evaluation for pore size estimation 

 

 

Fig. S3:     Data analysis flow chart. Analysis steps in the shaded region from confocal 

fluorescence data are not required for obtaining the pore size distribution of networks and were 

only performed for validation of our method, which is based on confocal reflectance data. 
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Movies 

 

Several movies are provided on an extra CD.  

SI Movie_1_Fluorescence_Reflection 

Comparison of CRM and CFM. Projected views of 3 x-y slices (total thickness 1 µm) (top) 

and 15 x-z slices (total thickness 4.75 µm) (bottom) of the same field-of-view of a 1 mg/ml 

fibrin network are imaged simultaneously in fluorescence mode and reflectance mode, and are 

switched back and forth in rapid succession to visualize missing fibers, similar to a blink 

comparator for astronomical images. Vertical fibers that can be seen in fluorescence mode are 

not detected in reflectance mode due to the blind spot effect. 

SI_Movie_2_Transfected_cell 

Transfected MDA cells in a 3D collagen gel. Maximum projection of a confocal image stack 

from a MDA cell transfected with pEGFP and embedded into a 3D collagen gel of 

concentration 1.2 mg/ml (512x 512 pixels, 423nm x 423nm x 448nm pixel size, total thickness 

22.4 µm). Unlike the non-transfected MDA cells, transfected MDA cells were less motile and 

did not migrate through the network although they were building protrusions. Scale bar 

represents 20µm. 

SI_Movie_3_NonTransfected_cell 

MDA cells embedded in a 3D collagen gel. Brightfield image sequence of a non-transfected 

MDA cell embedded in a 1.2 mg/ml collagen gel (512x512 pixels, 447nm x 447nm x 492nm). 

Cells were seeded 24h prior to the measurement into the collagen gels and were imaged over 12 

h. Non-transfected cells were migrating vitally through the network in x-y and z direction.  

SI Movie 4 NonTransfected cell in CRM 

MDA cells embedded in a 3D collagen gel of concentration 1.2 mg/ml. Reflection mode 

image sequence from the same measurement as in Movie 3 (512x512 pixels, 447nm x 447nm x 

492nm). In confocal reflection mode, the collagen network can be imaged with relatively low 

laser intensity, which allows monitoring the cell and the gel over several hours. Over the time 

course the cell migrates through the network and it can be observed how the cell pushed and 

pulled on the collagen fibers. 

SI_Movie_5_Amnion_under _confocal_microscope  

3D reconstruction of an amnion from confocal images. A human amnion was imaged in 

confocal fluorescence microscopy (512x512 pixels, 599 nm x 599 nm x 1007 nm, stack size 150 

µm). The fluorescent image stacks were reconstructed with AMIRA using the Isosurface 

function for the cell nucelei (red, stained with Draq5) or the Volren function for the cell 

membrane (green, stained with agglutinin 488). The hierarchical structure of the amnion with a 

monolayer of epithelial cells above the basement membrane and the connective tissue filled 

with singular fibroblasts can be verified and imaged in detail in confocal microscopy.  
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Abbrevations 

 

CFM   confocal fluorescent microscopy 

CRM   confocal reflection micrsocopy 

DMEM  Dulbecco‟s modified Eagle‟s medium 

DMSO   dimethyl sulfoxide 

ECM   extracellular matrix 

FAK   focal adhesion kinase 

FCS   fetal calf serum 

FN   fibronectin 

GA   glutaraldehyde 

GFP   green fluorescent protein 

MSD   mean squared displacement 

NA    numerical aperture 

NaHCO3  sodium bicarbonate 

NaOH   sodium hydroxide 

NOD    nearest obstacle distance 

RGD   tripeptide Arg-Gly-Asp 

PEG   poly(ethylene glycol) gel 

PBS   phosphate-buffered saline 

PDMS   polydimethylsiloxane 

SHG    second harmonic imaging 

TRIS   trishydroxymethylaminomethan 
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Protocols 

 

Protocol to prepare collagen gels 

Stock solution of concentration 2.4 mg/ml,  

Amount is enough for 2 cell culture dishes ( ø35mm) 

1.2 ml Coll R (Collagen R, Serva, Heidelberg, Germany) 

1.2 ml Coll G (Collagen G, Biochrom, Berlin, Germany) 

270 µl 10x DMEM (Biochrom) 

270 µl NaHCO3 (23 mg/ml stock solution) 

43 µl NaOH 

Mix everything together, be careful not to make too much bubbles. 

Put 1.2 ml stock solution per culture dish 

Place it in the cell culture incubator (37°C, 5% CO2, 95 % humidity) 

Let it polymerize for 2hrs 

After 2 h put 2ml PBS on it  

 

Protocol to crosslink collagen gels 

For collagen gels prepared after protocol 

For fixation use 2.5 % glutaraldehyde in PBS.  

Put 2ml on top of a collagen gel for 30 minutes 

Remove the glutaraldehyde and put PBS on top of the gel 

For stiffening use 0.25 % glutaraldehyde in PBS 

Put 2ml on top of the gel for 30 minutes 

Wash several times with TRIS Buffer (or any buffer which binds aldehyde groups) 

Put 2ml PBS on top of the gel 

 

Protocols for Fibrin 

Fibrin buffer: 

0.15M NaCl / 20 mM HEPES bei pH 7.4 

Preparation of fibrinogen: Thaw at 37°C. 

Dilute 0,25g lypholized fibrinogen in 15,6ml H2O (37°C) 

Do not vortex!! Fibrin polymerizes under shear stress 

Prepare aliquots with 100µl or 1ml. Freeze at -80°C 
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Preparation of alphaThrombin: Always thaw on ice!! Dilute 1mg protein in 100 µl 

cold water. Prepare aliquots with 3µl. Freeze at -80°C 

 

Fibrin gel preparation: 

Eppi A: 98µl Fibrin Buffer + 2 µl Thrombin from Stock 

Eppi B: 10µl from Eppi A in 90µl fibrin Buffer 

For 1 Unit Thrombin -> 50µl from EppiB in 950µl fibrin buffer 

 900µl fibrinogen from stock  + 900µl thrombin  solution (1 Unit)  

 Pipette fast and carefully into cell culture dish (1 mg/ml gels) 

 

 

Invasion Assay 

Gel preparations: Prepare a collagen gel, fibrin gel or matrigel in a 35mm dish or a six 

well plate (see also protocol for gel preparation). Every concentration can be used for an 

invasion assay. Prepare the gels a few hours or a few days before use. Don‟t prepare to 

soon in advance because of the danger of bacteria or fungus infection.  

Cell preparations: The cell line you want to use should have been in culture for at least 

a week, but not longer than passage 30.  

Per gel, 50 000 to 75 000 cells should be seeded (depends on the cell line, cells should 

be around 60-70% confluent on the gels). 

After seeding, the gels are stored in the incubator at cell culture conditions for 3 days. 

Stop the assay: Take off the medium and add 2 ml warm glutaraldehyde (2.5% in PBS). 

Incubate for 30 min. Take off glutaraldehyde and add 2 ml PBS.  

 

Epithelial and mesenchymal cell fractionation from primary human breast control 

and breast tumor tissues (adopted from Pamela Strissel, Laboratory for Molecular 

Medicine; personnel communication) 

 

1) 20-80 ml tissues (20 ml / Falcon tubes or a beaker) wash with 1x PBS for 2 

times without centrifugation. 

2) Add 1x PBS and 1x Pen/Strep for 1 hr at RT (20 ml 1x PBS for 20 ml of tissue). 

3) Take tissues and cut into small pieces with scalpel. 
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4) Add to Falcon tubes (20 ml cut tissue + 20 ml DMEM each) and add 0.5x final 

Collagenase /Hyaluronidase (10x Stem Cell) in DMEM plus Pen/Strep and 

incubate 16hr  at 37°C with orbital shaking at 75 rpm. 

5) Dilute the cells 1:1 with 1x PBS and spin 88g /30 sec/ RT. 

6) Pipette off the top fat layer (yellow) completely; pipette the supernatant into a 

new 50 ml Falcon; carefully with the cell pellet. 

7) Resuspend pellet in 5 ml 1xPBS and 1 ml 0.0625 % Trypsin (Gibco) and 

incubate for 30 min at 37°C/5% CO2 on a rotator (Miltenyi). For digesting the 

mesenchymal cells from the organoids. 

8) Add 5 ml of Epicult media + 5% FCS (EMF5%) (StemCell); spin 88g/30 

sec/RT. The first cell pellet (P1) contains epithelial lining structures, which 

derived from the columnar epithelium (extralobular) or double layer of cuboidal 

epithelium (intralobular). 

9) Sup are mesenchymal cells for further cultivation. Can be pooled with sup of 

step 6). 

10) Pellet are organoids of only epithelial cells; wash with EMF5% and spin 217g 

/3min/RT.  

11) Resuspend pellet in 5 ml 1xPBS and 1 ml 0.0625 % Trypsin (Gibco) and 

incubate for 60 min at 37°C/5% CO2 on a rotator (Miltenyi). For digesting the 

epithelial cells. 

12) Add EMF5% and filter through 100µm filter to remove residual undigested 

fibers 

13) Wash filtrated cells 3 times with EMF5%. 

14) Resuspend the pellet in EMF5%+supplement C and plate on collagen coated 

T75. 

15) Sup from step 9) filter with 40µm filter to remove organoids. Spin filtrate 

217g/3min/RT. 

16) Pellet in 1ml of PBS and 3 ml Amm-Cl solution on rotator (Miltenyi) for 12 min 

RT to destroy RBCs 

17) Wash with 5ml of EMF5% 2 times and spin 217g/3min/RT. 

18) Pellet resuspend in EMF5%+supplement and plate in T75. 
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Chemicals 

 

CHEMICAL  DISTRIBUTOR STOCKNUMBER 

 

Alpha thrombin 

CollagenG (Bovine 

collagenI, 4mg/ml)        

 

Haemochrome Diagnostics, Essen 

Biochrom, Hamburg, Germany 

 

HT1002a 

L7213 

CollagenR (Rat collagen I, 

2mg/ml) 

Serva, Heidelberg, Germany 004725401 

DMEM 1g/l Glucose Life Technologies, Darmstadt, 

Germany 

31885049 

DMEM 10x  Biochrom, Hamburg, Germany F0455 

DMSO 

 

FCS 

 

Fibronectin 

Fibrinogen  

Glutaraldehyde 

GM 60001 

 

Hoechst 33342 

Lipofectamine 2000 

+ Plus Reagent 

NaHCO3 

 

NaOH 

PBS w/o Ca MG (1x)  

 

PDMS 

PDMS crosslinker 

TRIS  

Trypsin 0.25% EDTA  

 

Sigma Aldrich, Taufkirchen, 

Germany 

Sigma Aldrich, Taufkirchen, 

Germany 

Roche, Mannheim 

Haemochrome Diagnostics, Essen 

VWR 

Merck-Millipore,Darmstadt, 

Germany 

Sigma 

Invitrogen, Carlsbad, CA, USA 

 

Sigma Aldrich, Taufkirchen, 

Germany 

Roth, Karlsruhe, Germany 

Life Technologies, Darmstadt, 

Germany 

Biesterfeld Spezial Chemie 

GmbH, Hamburg,Germany  

Roth, Karlsruhe, Germany 

Life Technologies, Darmstadt, 

Germany 

D2650 

 

F7524 

 

11080938 

FIB3 

1.04239.0250 

364205 

 

B2261 

15338030 

 

S9888 

 

X891.1 

14190169 

 

5498840000 

DC184 A+B 

4855.2 

25200056 
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