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Abstract 
Cell fate is known to be triggered by cues from the extracellular matrix including its chemical, biological 
and physical characteristics. Specifically, mechanical and topological properties are increasingly 
recognized as important signals. The aim of this work was to provide an easy-accessible biomimetic in 
vitro platform of topologically defined collagen I matrices to dissect cell behaviour under various 
conditions in vitro. We reconstituted covalently bound layers of three-dimensional (3D) networks of 
collagen type I and collagen type V with a defined network topology. A new erosion algorithm enabled 
us to analyse the mean pore diameter and fibril content, while the mean fibril diameter was examined 
by an autocorrelation method. Different concentrations and ratios of collagen I and V resulted in pore 
diameters from 2.4 µm to 4.5 µm and fibril diameters from 0.6 to 0.8 μm. A comparison of telopeptide 
intact collagen I to telopeptide deficient collagen I revealed obvious differences in network structure. 
The good correlation of the topological data to measurements of network stiffness as well as invasion 
of human dermal fibroblasts proofed the topological analysis to provide meaningful measures of the 
functional characteristics of the reconstituted 3D collagen matrices. 
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1. Introduction 
The complex interactions of cells with their microenvironment affect cell fate decisions in vivo as well 
as in vitro. These phenomena include mechanical contact with the extracellular matrix (ECM), binding 
of immobilized and dissolved signalling molecules and direct interactions with neighbouring cells. The 
biochemical and biophysical cues of the ECM, in particular the type of ligand, ligand density, their 
spatial distribution (2D versus 3D), matrix topology and orientation as well as matrix stiffness and 
viscosity are currently discussed as important parameters to control cell fate decisions [1-3]. Recent 
reports emphasize the importance of 2D and 3D distributions of ECM ligands in affecting cell 
morphology, proliferation, differentiation and apoptosis [4, 5]. Especially, 3D scaffolds were shown to 
distinctively alter cell behaviour to a more in vivo phenotype in comparison to standard 2D culture 
systems [5, 6]. 
To understand the underlying regulatory mechanisms, there is a need for advanced in vitro assays that 
mimic in vivo microenvironments but limit the overwhelming complexity therein. In order to modulate 
the topology and mechanical properties of ECM scaffolds two main approaches are followed: synthetic 
and natural matrices. Many efforts established synthetic hydrogels as cell culture scaffolds [7-9]. Within 
this approach, the introduction of small synthetic peptides like RGD within these scaffolds is 
increasingly used as a substitute of native protein ligands [10, 11]. Beside the highly reproducible 
chemical quality of synthetic materials, a major drawback is their lack of specificity, decreased receptor 
binding affinity and synergistic functionality [2, 12]. In contrast, other research focuses on the 
application of decellularized ECM of intact mammalian tissues as a scaffold for tissue engineering 
bearing the advantage of a complex natural composition and topology [13]. The unknown complex 
composition and immunologic side effects constitute a major drawback in this approach. Matrigel, as 
another prominent example of natural matrices [14, 15] has similar consequences of a mostly undefined 
composition and difficulties to dissect cell-ECM interactions. 
Approaches at an intermediate level between synthetic and decellularized scaffolds use defined matrices 
based on natural ECM proteins. Reconstituted 3D collagen [16, 17] or fibrin networks [18] are applied 
as various cell culture scaffolds, e.g. as support of vascularization of tissues [19]. Fibril-forming 
collagens i.e. type I, III, V, XI, XXIV and XXVII are interesting candidates for reconstitution of a bio-
analogue 3D ECM in vitro. The ECM of the skin for instance mainly consists of collagen type I (Coll I) 
in co-assembling with collagen type III and lesser amounts of collagen type V (Coll V). In contrast, 
cornea is constructed from Coll I and higher amounts of Coll V [16]. The varying amounts of Coll V 
found in different tissues suggest a role in modulating the structure of collagen fibrils. Tissues with less 
Coll V contain fibrils with larger and more variable diameter, whereas the fibril diameter of matrices 
with high levels of Coll V is small and tightly controlled [20]. Additionally, different collagens were 
found to co-assemble into banded fibrils [16]. However, it is unclear whether a heterotypic supercoiled 
structure is formed or if the molecules are buried within the fibrils [21]. Cells use Coll V and collagen 
type XI to nucleate Coll I fibrils, while fibronectin is used to instruct the fibril assembly by using specific 
collagen binding sites [22, 23]. Although these collagen structures are frequently found in vivo, only a 
few studies on in vitro matrix engineering address the co-assembly of different types of collagens. 
Piechocka et al. [24] reconstituted matrices using Coll I and V to investigate the influence of collagen 
composition on the network structure and rheology. As a result, the network stiffness decreased with 
increasing content of Coll V with no remarkable changes in the fibril diameter. Many other studies use 
solely Coll I to engineer different ECM properties by varying pH, salinity, temperature, collagen sources 
and concentration during fibrillogenesis [25-29]. By comparing commercially available collagens from 
different species including preparations of pepsinized and non-pepsinized Coll I and different self-
assembly conditions, the in vitro reconstituted collagen networks have remarkable differences regarding 
pore size and fibril morphology. It was demonstrated that the characteristic homogeneous structure of 
in vitro reconstitutions of pepsinized and non-pepsinized collagen with a mean pore area of 2 and 
15 µm², respectively, at 1.7 mg/ml is not found inside in vivo tissues, which exhibit pore areas from 10 
to 1000 µm² [28]. 
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Because of the extensive use of collagen to generate 3D cell culture scaffolds and the importance of the 
physical parameters of ECM to regulate cell behaviour, there exist several approaches to analyse the 
topology of reconstituted networks. Image analysis algorithms based on microscopic investigations 
become a powerful strategy for the topological characterization of collagen-based networks. Collagen 
fibril reconstitution is performed either in presence or in absence of fluorescent-labelled tropocollagens. 
Subsequently, collagen networks are typically investigated either by second harmonic generation 
microscopy (SHG) [30-32], confocal reflection microscopy (CRM) [33, 34], scanning electron 
microscopy (SEM) [32, 35, 36], transmission electron microscopy (TEM) [36] and confocal 
fluorescence microscopy (CFM) [34, 37-39]. Studies comparing CRM and SHG to CFM reveal a higher 
fidelity of the 3D network topology reconstructed from CFM images [34, 40] as collagen fibrils oriented 
above a cut off angle to the imaging plane cannot be detected by CRM [40, 41]. A drawback of 
fluorescence labelling of tropocollagen prior to fibrillogenesis is the possible impact of the fluorescent 
label on the structure and mechanics of the reconstituted collagen networks [34]. SHG two-photon 
microscopy demonstrated a more accurate fibril detection than fluorescence-based methods [32]. SEM 
and TEM analysis require scaffold processing and drying which modifies the collagen networks. In this 
regard the broad spectrum of microscopy tools needs a critical examination with respect to pros and 
cons on the required network modifications as well as the microscopic accuracy.  
To reveal the collagen network topology from the microscopic analysis, i.e. the pore size, frequently 
manual measurements are applied which are time consuming and lack statistical significance. Only a 
few automated approaches exist mainly based on iterative algorithms or probability calculations to 
determine pore or mesh size of collagen networks. Iterative methods randomly select a point and its 
associated largest sphere touching the nearest collagen fibril in the pore space. Subsequently, the point 
position is adapted until the sphere fits the surrounding fibrils [42]. The usage of probability calculations 
is based on a density-function to gain the pore-size probability [43]. Fibril diameter and orientation 
inside collagen networks were analysed by several methods including ellipse fitting method [31], two-
dimensional Fourier transformation [30] and grey level analysis along a search line [35]. Possible image 
analysis methods considerably differ in time consumption and accuracy and strongly depend on the 
quality of source images. 
In this report, topologically defined 3D collagen matrices are engineered and characterized. A newly 
developed image analysis algorithm based on CFM data performs the topological characterization of 3D 
collagen matrices, e.g. pore size, fibril diameter and fibril content. Correlation of the topological data to 
mechanical measurements and cell invasion studies demonstrates the applicability of the approach.  
 
2. Materials and Methods 
2.1 Covalent collagen network immobilization 
For a covalent immobilization of collagen networks onto stable carriers we prepared thin coatings of 
poly(styrene-alt-maleic anhydride) (PSMA) as published elsewhere [44]. Briefly, a 0.14% (w/w) 
PSMA-copolymer (MW 20000-30000) solution in acetone (AppliChem, Darmstadt, Germany) and 
tetrahydrofurane (AppliChem) at a ratio of 1:2 was spin-coated onto pre-cleaned and amine-
functionalized glass coverslips of 13 mm diameter (VWR international, Leuven, Belgium). The 
presence of anhydride groups during the collagen fibril formation enables a covalent collagen-surface 
binding by lysine side chains. For a sketch of the setup, see Figure 1. 
 
2.2 Collagen network reconstitution 
All preparations of 3D collagen networks were performed at identical conditions. Collagen solutions 
were diluted in 1× phosphate buffered saline (PBS, Biochrom, Berlin, Germany) and neutralized with 
10× PBS and 0.1 N NaOH (Diagonal, Münster, Germany). Final collagen concentrations ranged from 1 
to 2.8 mg/ml. Networks reconstituted from Coll I with telopeptides (rat tail, BD Bioscience, Heidelberg, 
Germany) were limited to concentrations of 2.8 mg/ml and atelo Coll I (bovine, Nutacon BV, 
Leimuiden, Netherlands) to 2.0 mg/ml. Networks with mixtures of Coll I and Coll V (human, Sigma 
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Aldrich, Munich, Germany) were prepared at 20%, 35% and 50% content of Coll V at a final collagen 
concentration of 2 mg/ml. Neutralized collagen solutions were kept on ice prior to the induction of 
fibrillogenesis by warming to 37 °C within 90 min. For topological and mechanical analysis of the 
collagen networks as well as for cell invasion experiments fibrillogenesis was performed on PSMA-
coated glass coverslips using 20 µl of neutralized collagen solutions. The reconstituted networks were 
strictly kept in a hydrated state to avoid artefacts by drying and aggregation. 
 

 
Figure 1.  
Setup of covalently bound collagen scaffolds and 3D projection of a reconstituted collagen I network. Cover 
glasses are modified using maleic anhydride co-polymers by thin-film coating. Collagen fibrillogenesis in the 
presence of reactive anhydride groups enables a covalent binding of native collagen scaffolds via lysine side 
chains. 
 
 
2.3 Analysis of network topology  
For analysis of the network topology we investigated 6 samples per experimental condition using a 
confocal laser scanning microscope (LSM 780) and a 63× oil immersion objective (both Zeiss, Jena, 
Germany). Prior to microscopy the reconstituted networks were labelled with 50 µM 
carboxytetramethylrhodamine (TAMRA, Sigma Aldrich) overnight at room temperature with a 
subsequent rinsing three times in PBS and embedding on glass slides using Eukitt® (Diagonal). 16-bit 
images at a xy-size of 1024×1024 pixels and a vertical stack size of 80 images, equivalent to 40 µm, 
were typically taken near the substrate surface. The resulting voxel size of the images was 
0.13×0.13×0.5 μm (x×y×z). Total layer thickness was evaluated in the CFM investigations by the 
vertical difference between the surface of the glass substrate and the top surface of the collagen network 
using a 10× dry objective (Zeiss). 
The newly developed automated algorithm for image analysis (using MATLAB (MathWorks, USA)) 
consists of 4 major steps and is applied to each xy-image of the image stack: I) automated image 
segmentation into pore and fibril segments, II) calculation of the mean pore diameter by an erosion 
algorithm, III) evaluation of the mean fibril diameter by autocorrelation, and IV) calculation of the fibril 
content. An extended explanation of the algorithm of the automated topology analysis, is found in the 
Supplementary data including a work flow of image processing and analysis of pore diameter, fibril 
diameter and fibril content (Supplementary Figure S1). 
In brief, automated image segmentation (I) applies a binary transformation of original CFM images by 
thresholding, see Figure 2A and Supplementary Figure S2. Pixels with an intensity above the median 
value of the xy-image were set to 1 (pore) and pixels with the mean intensity and below were set to 0 
(fibril). Thereafter, edge-smoothing using non-linear filtering (mean values of neighbouring 3×3 pixels) 
removed remaining noise in segmented images. The accuracy of binary image transformation is depicted 
in Supplementary Figure S2. The erosion algorithm (II) randomly fills up all segmented pores with 
circular disks of a predefined diameter (1 to 15 µm), see Figure 2B. The number of disks results from 
all possible disk placements within each single pore ensuring a spatial confinement within the contour 
of the segmented pores. The eroded pore area depends on the disk diameter. We take the value of the 
mean pore diameter of the network at 50% of the total pore area, see Figure 2C. A visualization of the 
erosion of total pore area by the varying disk diameter is provided in Supplementary Figure S3, too. 
The mean fibril diameter Dfib is calculated similar to the approach published elsewhere [29] using an 
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autocorrelation analysis with small improvements, see below and Figure 3B. The 2D autocorrelation 
function C(i,j) is usually applied to assess a randomly or directional alignment of structures within an 
image (e.g. fibril orientation). It is calculated from the intensities I of the images of size M×N pixels by: 
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with i and j being the separation distance in pixels in x and y direction. We now fit a rotating 2D Gaussian 
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to the central 128×128 pixels of C(i,j) and take the smaller value of 2σ1 and 2σ2 as Dfib, with 2σ1 and 2σ2 
being the two independent width of the 2D Gauss function in the xy-plane at 68% of C'(0,0). C'0 is the 
background offset, while q depicts to free rotation angle of the 2D Gaussian in the xy-plane. The rotating 
2D Gaussian fit was performed using the fit command within Curve Fitting Toolbox, resulting in a 
surface fit to the xyz data, whereby x and y were set as independent variables and z as dependent 
variable. The fibril diameter was averaged over the stacked image. Choosing the Gaussian fit with 
variable s in two axes and free rotation allows for a better analysis of non-isotropic effects of fibril 
orientation and a more meaningful analysis of the fibril diameter as the smallest relevant length scale in 
the image. The fibril content (IV) as an additional network parameter was estimated by counting black 
and white pixels out of the segmented image. 
For the validation of the algorithm, see results section 3.1 ʻValidation of the automated image analysisʼ, 
phantom images were generated from binary model images with disks and lines of defined diameter and 
width, respectively, to simulate pores and fibrils of a collagen network (Figure 3A and B) using Adobe 
Photoshop CS5 (Adobe System Inc., USA). Lines varied in width of 20 and 40 pixel and disks varied in 
diameter between small (100 pixel), middle (200 pixel) and large (300 pixel). The porosity of each 
phantom image, equal to the total pore area, was constant, whereas the ratio of the different disk diameter 
varied (Figure 3A). Phantom images were 1024×1024 pixel in resolution. 
 
2.4 Kinetic study of fibrillogenesis 
Neutralized collagen solutions were prepared at 1, 2 and 2.8 mg/ml if not stated otherwise. 100 µl of 
each collagen concentration were transferred into pre-chilled (4°C) 96-well plates prior to 
fibrillogenesis. Plates were loaded into a pre-warmed (37°C) plate reader (Tecan Infinite F200Pro, 
Tecan, Grödig, Austria) and optical density at 405 nm was measured at 1 min intervals for 4 h. 
Measurements were performed in at least three independent experiments. 
 
2.5 Quantification of non-fibrillar collagen content 
The concentration of non-fibrillar collagen after fibrillogenesis was determined in supernatants by 
Bradford assay. 300 µl of neutralized collagen solution was prepared and fibril formation was performed 
at 37°C for 90 min in tubes (Eppendorf, Wesseling-Berzdorf, Germany). Fibrils were separated by 
centrifugation (2-16PK, Sigma, Osterode am Harz, Germany) for 15 min at 4°C and 10000 g according 
to the method previously reported [45]. Supernatant and pellet were separated and retained at 4°C for 
subsequent analysis. 20 µl of supernatant was mixed with 180 µl Bradford reagent and incubated for 
10 min at room temperature. Subsequently, the absorbance was measured at 595 nm using a Power 
Wave XS universal microplate spectrophotometer (BIO-TEK Instrument Inc., Vermont, USA). A 
calibration curve was derived from solutions of the respective collagen type ranging from 0 to 2 mg/ml. 
All experiments were performed in triplicates. 
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2.6 Colloidal probe force spectroscopy of 3D collagen networks 
A Nanowizard III AFM (JPK Instruments, Berlin, Germany) was used for performing colloidal probe 
force spectroscopy of the 3D collagen networks. The colloidal probes were prepared by attaching a 
15 µm polystyrene microbead (Polyscience Europe GmbH, Eppelheim, Germany) to a tipless MLCT 
triangular cantilever (Bruker AFM probes, Camarillo, CA) with a spring constant of approx. 60 nN/m. 
The exact spring constant was determined by the thermal noise method [46].  
All measurements were performed in phosphate buffered saline (PBS, Biochrom, Berlin, Germany) at 
room temperature. At least 80 force-distance curves were measured for each collagen network 
preparation. The Young’s modulus of the networks was evaluated from the force-distance curves by 
fitting the Hertz model for an indentation of 3 to 10 µm. 
 
2.7 Analysis of cell invasion, migration and morphology 
Primary human dermal fibroblasts from healthy donor after informed consent were isolated and 
cultivated in DMEM (Biochrom, Berlin) supplemented with 10% fetal calf serum and 1% antibiotics 
(Penicillin/Streptomycin, Biochrom) as published elsewhere [47]. Finally, 5×103 cells were seeded on 
top of substrate-bound collagen matrices placed in 24-well plates (Greiner, Bahlingen, Germany) and 
cultivated at 37°C, 95% humidity and 5% CO2 atmosphere. Cell invasion was analysed after 5 days of 
culture. For analysis, cells were fixed in 4% paraformaldehyde (Roth, Karlsruhe, Germany) for 10 min, 
permeabilized with 0.1% Triton X100 (Roth) at room temperature for 10 min and incubated with DAPI 
(Invitrogen) for 30 min at room temperature and directly analysed for cell invasion.  
Images were taken at 1388×1040 pixels in xy-size and 5 µm z-distance using a 10× objective on an 
AxioObserver.D1 with scanning stage (Zeiss). Z-positions of about 200-300 cells per data point were 
analysed using DAPI signal from individual cell nuclei. Cells found >10 µm below the collagen layer 
surface were counted as invasive cells. Experiments were performed in triplicates.  
For analysis of the cell morphology, additional incubation with Alexa Fluor488 Phalloidin (Invitrogen, 
Freiburg, Germany) was performed after permeabilization to visualize the actin cytoskeleton. Samples 
were embedded on glass slides in PBS using Eukitt® and analysed using a confocal laser scanning 
microscope (LSM 780, Zeiss) with 40× oil immersion objective. 
 
2.8 Statistical analysis 
Experiments were usually done in at least three independent runs, if not otherwise stated. Results are 
represented as mean + standard deviation. Significant differences between data sets were calculated 
using an unpaired t-test at a p-level of 5% using OriginPro 8 (OriginLab Corp.). 
 
3. Results  
3.1 Validation of the automated topology analysis 
We developed an automated image analysis tool to examine the topology of 3D fibrillar networks i.e. 
pore diameter, fibril diameter and fibril content from image stacks taken by CFM. The new approach to 
determine the mean pore diameter of a 3D network using an erosion algorithm is depicted in Figure 2. 
In a first step, original CFM images are transformed into binary images by thresholding (Figure 2A (1) 
and (2)). The binary image is then converted into pore and fibril segments and an erosion of the total 
pore segment-area with disks of varying diameter reveals the mean pore diameter at 50% of eroded pore 
area. Figure 2A (3) exemplary visualizes the binary image with 50% of eroded pore area. For 
clarification, Figure 2B demonstrates the erosion of one drafted pore segment by two different disk sizes 
and in Figure 2C the eroded pore area is plotted depending on the disk diameter. More detailed 
information on the image binary transformation and subsequent segmentation are provided in Materials 
& Methods.  A comprehensive work flow of the algorithm, the accuracy of binary image transformation 
and the principle of pore area erosion by varying disk diameter are described and visualized in 
Supplementary data.  
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Figure 2.  
Erosion method to determine the pore area. (A) Overview of work flow of the erosion algorithm. A binary image 
generated from an original image is eroded by the analysed mean pore diameter. (B) A network pore is exemplary 
shown and eroded by disks of increasing diameter (for clarity not all disks shown). While small-diameter disks fill 
the pore area to a large fraction, disks with large diameter only partly fill the pore area. (C) The eroded pore area 
in percent plotted above the increasing disk diameter. The disk diameter at 50% of total pore area is taken as the 
mean pore diameter. 
 
 
To validate the algorithm we generated phantom images with defined parameters such as circle diameter 
and line width, see Figure 3A and B. The ratio of circle diameters was varied in each phantom image 
generating different numbers of small, middle and large circles in order to mimic various pore 
distributions in fibrillar networks. Corresponding diagrams in Figure 3A and B show results of the 
automated topology analysis and confirm the capability of the algorithm to determine the mean pore 
diameter and the mean fibril diameter with high precision. In a uniform phantom with only one pore 
diameter as well as in a phantom with an equal ratio of small, middle and large pores, the calculated 
mean pore diameter is exactly the implemented pore diameter or the diameter of the middle pore size. 
With a higher ratio of small or large pores, the erosion algorithm exactly determines the small or large 
pore diameter. The improved autocorrelation algorithm for the determination of fibril diameter precisely 
detects the correct fibril diameter in pure and mixed configurations from the smallest 2σ of the rotating 
Gaussian fit, see Figure 3B. 
 
3.2 Topological analysis of the 3D collagen matrices 
To test the applicability of our topological analysis we prepared a set of different matrices. We used 
Coll I from different preparations (acid-solubilized with telopeptides and pepsin-solubilized without 
telopeptides (atelo Coll I) and supplements of Coll V to modulate collagen network properties as these 
parameters are known to influence fibril self-assembly and intrafibrillar crosslinks. The Coll I 
concentration was varied from 1 to 2.8 mg/ml. The content of Coll V was adjusted between 20% to 50% 
at a total collagen concentration of 2 mg/ml. 
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Figure 3. 
Validation of the automated topology analysis by phantom images mimicking different pore size distribution and 
fibril diameter of a collagen network. (A) First row: Networks were simulated by circular pores of defined diameter 
e.g. small (100 pixels), middle (200 pixels) and large (300 pixels) and varying ratios of small : middle : large. The 
overall porosity (open area) of each phantom is constant. Corresponding graphs (below each phantom image) show 
the application of the new erosion algorithm to determine automatically a mean pore diameter. (B) Lines with a 
defined width (20 pixels (left phantom) and a 1:1 ratio of 20 and 40 pixels (right phantom)) and random orientation 
mimic the collagen fibrils. The algorithm calculates a fibril diameter from the minimal 2σ of the rotating 2D 
Gaussian fit of the autocorrelation function C(i,j).  
 
 
At first, the visual inspection of image stacks from CFM investigations indicated general trends. Figure 4 
exemplarily shows networks of Coll I and atelo Coll I of different concentration and varying content of 
Coll V. As expected, the network density increased with increasing Coll I concentration (Figure 4A - 
C). A content of 50% Coll V does not influence the network density (Figure 4B and D), which is in 
agreement with the optical density (OD) analysis (data not shown). Networks reconstituted from 
atelo Coll I exhibited a more loose structure with thinner and shorter fibrils, see Figure 4E. Interestingly, 
in case of atelo Coll I the presence of Coll V (20%, Figure 4F) enhanced the network connectivity as 
well as the fibril length and thickness. However, when analysing the homogeneity of atelo Coll I 
networks even in combination with Coll V we found a slight gradient in the fibril structures with a high 
fibril content near the substrate surface and a low fibril content at the top surface of the layer. In contrast, 
collagen matrices reconstituted from telopeptide containing Coll I and Coll I/V revealed a high 
homogeneity in fibril content and pore diameter from bottom to top. Figure 5 depicts the homogeneity 
of different collagen matrices in vertical direction concerning fibril content (A) and mean pore diameter 
(B). For all matrices (telopeptide containing and atelo Coll I networks as well as networks containing 
Coll V) a homogenous distribution of mean pore diameters is found throughout the matrices, indicating 
a reliable preparation procedure of the collagen networks. 
To ensure no impact of a varying thickness of the collagen layers on cell culture experiments [48] we 
checked the total layer thickness of the collagen matrices in the CFM measurements. In general, we 
found a layer thickness between 170 – 190 µm for Coll I preparations, while atelo Coll I matrices were 
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slightly thinner with roughly 130 – 150 µm. There was a slight tendency of thinner layers with 
increasing Coll V content. 
 

 
Figure 4.  
Collagen networks reconstituted from different types of collagen. A variety of images of collagen networks 
investigated by CFM is exemplary shown. (A) 1 mg/ml Coll I, (B) 2 mg/ml Coll I, (C) 2.8 mg/ml Coll I, (D) 50% 
Coll V at 2 mg/ml Coll I/V, (E) 2 mg/ml atelo Coll I, (F) 20% Coll V at 2 mg/ml atelo Coll I/V. Scale bar 20 µm. 
 
 

 
Figure 5.  
Homogeneity of the fibril content and the pore diameter throughout the network. Mean values of fibril content (A) 
and pore diameter (B) throughout a network segment of 80 or 100 µm in z-direction were determined by automated 
topology analysis of confocal image stacks. Typical data are shown for networks reconstituted at 1, 2 and 
2.8 mg/ml Coll I (solid line, filled symbols); Coll I networks at 2 mg/ml containing 20 - 50% Coll V (solid line, 
blank symbols); and atelo Coll I at 2 mg/ml (dotted line, filled symbol).  
 
 
As next, we quantitatively analysed the topological parameters, namely pore diameter and fibril 
diameter. For both, Coll I and atelo Coll I (Figure 6A and 6B), the pore diameter can be adjusted over a 
wide range, while the fibril diameter is maintained at a nearly constant value. The increase in Coll I 
concentration from 1 to 2.8 mg/ml leads to a decrease in pore diameter from 4.5 µm to 1 µm, see 
Figure 6A. A high content of Coll V (35% and 50%) at 2 mg/ml of total collagen concentration leads to 
a significant increase of the pore diameter from about 2.5 µm (0% and 20%) to 4.5 µm (at 50%). No 
significant difference of the pore diameter at 50% content of Coll V was found comparing the pore 
diameter at 1 mg/ml Coll I. Analysis of the pore diameter of Coll I and atelo Coll I revealed no 
significant differences at 2 mg/ml collagen concentration with a pore diameter of about 2 µm. However, 
a visual comparison of these two networks in Figure 4B and 4E indicated a different network topology 
(atelo Coll I having loose structures with thinner and shorter fibrils compared to Coll I). Remarkable 
our analysis can also reveal these differences, when plotting the full range of the pore diameters eroding 
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the pore area, see Figure 6C. This distribution of pore diameters reflects the shift in details of the network 
topology. While atelo Coll I exhibited a narrow distribution of eroding pore diameters, 1 µm to 5 µm, 
Coll I exhibited a broader range of 1 µm to almost 10 µm. Hence, we can conclude, that although the 
mean pore diameter give a good measure for the network topology, in-depth analysis provides additional 
information for correlation to functional studies, e.g. mechanical properties and cell culture. 
The fibril diameter was found to be almost constant for all samples with values of approx. 800 nm for 
Coll I. Only preparations with high content of Coll V (50%) and atelo Coll I matrices resulted in smaller 
fibril diameters of approx. 600 nm. As expected, fibrils are randomly and isotropically oriented within 
the networks, which can be concluded from the autocorrelation analysis. 
We further analysed the fibril content to validate the trends of pore area and fibril diameter in the context 
of the overall network porosity (data not shown). As it can be expected from the almost constant fibril 
diameter, the fibril content was found to correlate with the pore diameter. Networks with a high pore 
diameter exhibit a low fibril content and vice versa. 
 

 
Figure 6. 
Comparison of the mean pore diameter and pore diameter distribution in collagen networks. Automated topology 
analysis reveals the pore diameter of Coll I (A) and atelo Coll I (B) alone and in combination with a defined content 
of Coll V. Distributions of pore diameter eroding the pore area of Coll I and atelo Coll I networks at 2 mg/ml are 
exemplary shown (C). The blue line indicates the mean pore diameter at 50% eroded pore area. Mean values +SD 
are calculated out of topology analysis of at least 3 independent experiments. Unpaired t-test at 0.05 level revealed 
significant (*) differences comparing pore diameter of Coll I at 2 mg/ml to Coll I at 2 mg/ml with varying amount 
of Coll V (20%, 35% and 50%). The pore diameter comparing Coll I at 1 mg/ml to Coll I at 2 mg/ml with a content 
of 50% Coll V and comparing Coll I at 2 mg/ml to atelo Coll I at 2 mg/ml was not significantly different (#).  
 
 
3.3 Further characterization of fibrillogenesis and collagen networks  
Besides the topological analysis, we investigated the kinetics of fibrillogenesis, the remaining amount 
of non-fibrillar collagen after fibrillogenesis and the stiffness of collagen networks in order to better 
control the conditions of the preparation of the collagen networks and to test the correlation of these 
parameters to the topological data. 
We examined the kinetics of fibrillogenesis at 37°C and pH 7.4 by OD measurements at 405 nm to 
obtain information on collagen fibrillogenesis and to correlate the nucleation and kinetics with the 
network topology, see Figure 7A. In general the results are in agreement with the existing knowledge 
on collagen fibrillogenesis [16]. After the lag phase of fibril nucleation samples for Coll I and 
atelo Coll I reached the same OD at identical collagen concentrations. The lag phase shortened with 
increasing collagen concentration due to the higher probability of promoting nucleation of fibrils. 
Atelo Coll I at 2 mg/ml showed a significant retardation of fibrillogenesis (60 min compared to 12 min) 
due to the absence of telopeptides that are known to support early aggregation of tropocollagen. This 
effect was compensated by the presence of Coll V known to nucleate collagen fibrils in vivo [22, 23]. 
This finding points to a similar function as nucleator in the presented in vitro system, although the impact 
of Coll V was only observed for the relatively slow fibrillogenesis of atelo Coll I (data not shown).  
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The kinetic results were supported by the analysis of non-fibrillar collagen in the supernatant after fibril 
formation. The percentage of non-fibrillar collagen in relation to the initial amount of collagen increased 
with increasing Coll V content (0% to 50%) from 0.8% to 12%, see Figure 7B. Also the disturbed fibril 
formation of atelo Coll I (layer thickness, lag phase, heterogeneity) was reflected in a higher amount of 
non-fibrillar collagen in the range of 17.7% to 23.8% in comparison to telopeptide intact Coll I. These 
results correlated with the slightly smaller layer thickness at increasing Coll V content, see above. It is 
further in line with the larger pore diameter at higher Coll V content, see Figure 6A pointing to an 
impaired efficacy of collagen fibrillogenesis at high Coll V content. 
Furthermore, we used colloidal probe force spectroscopy to investigate the micromechanical properties 
of the collagen networks. The results of three different matrices, Coll I at 1 mg/ml and 2 mg/ml as well 
as Coll I with 20% Coll V at 2 mg/ml were measured, see Figure 8A. As expected from the topology 
analysis the Young’s modulus decreased with a lower collagen concentration from 19 Pa to 8 Pa in good 
correlation to an increase in mean pore diameter for these matrices. This is similar true for the 
heterotypic matrix with 20% Coll V showing similar Young's moduli in correlation to similar pore 
diameters. Interestingly, the spreading of data was much narrower for the heterotypic indicating an 
influence of Coll V as nucleator of fibril assembly leading to a more homogenous fibril distribution.  
 

 
Figure 7. 
Kinetic studies of fibrillogenesis and analysis of remaining non-fibrillar collagen content. (A) Fibrillogenesis of 
telopeptide containing Coll I at varying concentration from 1 to 2.8 mg/ml and of atelo Coll I at 2 mg/ml was 
analysed by optical density measurements at 405 nm. A typical experiment out of 3 independent experiments is 
shown. (B) Non-fibrillar collagen content of Coll I compared to atelo Coll I in dependence on concentration and 
varying content of Coll V as determined after fibrillogenesis. The non-fibrillar collagen protein amount in the 
supernatant is shown in percent of total employed collagen. Mean value +SD of 3 independent experiments are 
shown. Significant differences of non-fibrillar collagen amounts were proofed comparing Coll I samples 
containing 20%, 35% and 50% Coll V as well as atelo Coll I at 2 mg/ml to Coll I at 2 mg/ml (*) using an unpaired 
t-test at 0.05 level. 
 
 
3.4 Topological and mechanical control of cell invasion 
The engineered collagen matrices are intended for usage in in vitro cell assays mimicking a 3D cellular 
microenvironment. In order to demonstrate the possibility to correlate the quantitative topological 
analysis with cell behaviour we cultured primary dermal fibroblasts on three different collagen matrices. 
The cell type was chosen as it was envisioned to show mesenchymal migration characteristics sensitive 
for the network topology, which dictates the network mechanics likewise [49, 50]. The collagen 
networks were chosen by the topological data in order to have a set of matrices with different topology 
at similar composition and a set of matrices with similar topology at different composition. For this 
purpose we used Coll I matrices with 1 and 2 mg/ml and a network consisting of Coll I and 20% Coll V 
at a final concentration of 2 mg/ml. While the latter ones (Coll I, Coll I / 20% Coll V, both at 2 mg/ml) 
had a quite similar topology with a pore diameter of about 2 µm and a fibril diameter of 0.8 µm, Coll I 
matrices at 1 mg/ml exhibit larger pore diameter of 4.5 µm at a similar fibril diameter.  
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Cell invasion after 5 days of cell culture was evaluated as a straightforward parameter to access cell-
matrix interaction in dependence on topology and mechanics. We quantified the number of cells which 
invaded the matrix at least 10 µm. As shown in Figure 8B, cell invasion reflects the differences in matrix 
properties. In comparison to Coll I at 2 mg/ml with 12% invasive cells, dermal fibroblasts have 
drastically reduced invasion characteristics on Coll I matrices at 1 mg/ml with only 1.4% invaded cells. 
This behaviour reflects the correlation of matrix topology and matrix mechanics. The stiffer matrices 
with the smaller pore diameter (2 mg/ml) better withstand cellular traction forces of the invading 
fibroblasts leading to a higher invasion efficacy as it would be expected from a mesenchymal migration 
type. The spindle shaped cell morphology, exemplarily shown in Figure 8C, supports the argument of a 
mesenchymal migration characteristic. The behaviour of dermal fibroblasts on heterotypic collagen 
matrices (Coll I/Coll V) shows an intermediate invasion potential (5% of the total cell number) which 
is again correlated to the intermediate stiffness of those matrices, see Figure 8A.  
 

 
Figure 8. 
Mechanical properties and cell invasion of selected matrices. (A) Micromechanical analysis of the collagen 
networks exhibit differences between matrices at 1 and 2 mg/ml (8 and 19 Pa) and a slight decrease in matrices 
containing 20% Coll V (15 Pa). (B) Networks at 1 and 2 mg/ml Coll I and 20% Coll V at 2 mg/ml enable invasion 
of primary fibroblasts after 4 days to a different extent in correlation to network mechanics and topology. (Boxes 
in (A) and (B) show the 25th and 75th percentile, whiskers indicate the standard deviation and black squares give 
the mean values of 3 independent experiments.) (C) A typical cell morphology on Coll I matrices at 2 mg/ml is 
shown from CFM. The spindle shaped cell with long filopodia indicate a typical mesenchymal behaviour. 
Significant differences of mechanical properties and cell invasion were observed comparing Coll I at 1 mg/ml and 
Coll I at 2 mg/ml containing 20% Coll V to Coll I at 2 mg/ml (*) using an unpaired t-test at 0.05 level. Scale bar 
50 μm. 
 
 
4. Discussion 
Fundamental knowledge in cell-ECM interaction is required to either reveal, predict or control cell 
behaviour for applications in regenerative medicine or tissue engineering. The in vitro reconstitution of 
well-defined cellular microenvironments using artificial or natural materials is a promising tool to 
improve our understanding in cell behaviour. Advantageously, engineered matrices need to be 3D with 
a defined composition, stiffness, and topology, as these parameters are known to significantly influence 
cell behaviour. Within this study, we introduce a new erosion method within an image analysis algorithm 
to reveal the topology of fibrillar and porous 3D matrices. This strategy allowed us to characterise the 
topology of 3D scaffolds at high throughput and precision. Topological properties of substrate-bound 
collagen scaffolds were varied by controlling collagen composition and concentration leading to 
modulated fibrillogenesis, mechanics and cell invasion of these collagen networks.  
With respect to the isotropic fibril orientation in a 3D collagen network which was found in this study 
(data not shown) and by others [29, 30, 40], the determination of the mean pore diameter using the 
introduced erosion method on 2D images is assumed to be a good measure of the 3D network topology. 
Our straightforward algorithm allows the analysis of a stack size of 100 images with 1024×1024 pixels 
within 2 min using a standard PC (Intel Core i5, 8 GB RAM). Topology analysis from 3D network 
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segments would enhance the time for image acquisition, 3D image reconstruction and topological 
analysis to a high extend while the gain on information depth would be modest. Other methods for pore 
size analysis are prone to misinterpret the pore structure when using only the maximal sphere radii [39, 
42]. Furthermore, when fibril diameter or pore diameter are investigated manually as frequently done 
[51], the analysed network topology compromised by subjective decisions and the limited amount of 
data. Additionally, these methods would be time consuming. It has to be noted, that different types of 
networks and matrices can be analysed using the developed algorithm as it is simply based on a stack of 
grey scale images, which have to be binarized for further analysis. 
We defined the mean pore diameter at 50% eroded pore area of the total one. We expect this measure 
together with fibril diameter and fibril content as a meaningful equivalent to the overall porosity of the 
scaffold or mesh size of the network. The mean pore diameter defined in that way provides a 
characteristic number to be correlated to the cross-section of an invading cell and mechanical properties 
of the network. Additionally, we could show that our analysis provides information on pore size 
distributions if needed, see Figure 6C. 
It is important to note that the sensitivity of our method relies on the image resolution and on errors 
generated by the point-spread-function of the microscope. In particular, the fibril diameter is expected 
to be overestimated in our approach due to the optical resolution being in the similar range as the fibril 
diameter. Besides that, the used binarization was shown to maintain relevant image information and the 
improved autocorrelation method to more precisely determine fibril diameter than a circular 2D 
Gaussian fit.     
The process of collagen fibril formation is highly sensitive to any additional molecule present during 
fibrillogenesis and strongly dependent on temperature, pH and salt concentration. For this reason, we 
omitted any addition of cell culture media, serum or fluorescent dye during fibrillogenesis and kept all 
physical and chemical parameters constant. Furthermore, to circumvent artefacts during the analysis of 
network topology and cell experiments we kept the reconstituted collagen networks in hydrated state. 
As topological analysis by CRM is not suitable to detect all collagen fibrils [40, 41] we fluorescently 
labelled the reconstituted 3D collagen networks subsequent to reconstitution for the investigation by 
CFM. 
The quantitative analysis of the topology of the investigated collagen matrices allowed us to draw 
conclusions in respect to the engineering of defined network topologies of collagen matrices for cell 
experiments. Within our experimental setup we can adjust the pore diameter at an equal fibril diameter 
by varying the collagen concentration. Since the atelo Coll I preparations frequently exhibited 
heterogeneities we would not recommend to use atelo Coll I for in vitro 3D network reconstitution. 
Compared to in vivo situations the content of Coll V used herein (20 – 50%) is quite high since only 
about 10 – 12% Coll V was found in bovine cornea [52]. However, we demonstrated that for a matrix 
engineering approach the formation of collagen networks is possible even at high Coll V content. By a 
variation of Coll V content we can vary the resulting pore diameter at a constant fibril diameter in 
agreement with earlier reports [24]. We can engineer a similar network topology of about 4.5 µm pore 
diameter using different network compositions of 2 mg/ml Coll I/V at 50% in comparison to 1 mg/ml 
Coll I. Our results reveal that telopeptide intact Coll I does not need a trigger to initiate fibrillogenesis 
at high collagen concentrations, which are dominated by an entropy-driven self-assembly [22]. The data 
support earlier reports, that Coll V only acts as a nucleator, but cannot form fibrils itself [16, 17]. 
Our results agree with other studies on mechanical properties of heterotypic collagen networks [24]. For 
the mechanical analysis of reconstituted collagen matrices we used colloidal probes of 15 µm in 
diameter which is larger than the pore diameter of all investigated networks. Such an approach is 
necessary to access the micromechanical characteristics of networks, in contrast to other studies on the 
mechanics of single collagen fibrils [53] or macromechanical properties of collagen networks by 
rheometry [24, 54, 55]. By that, we are able to better probe local states of the somewhat heterogeneous 
collagen networks and to correlate it to differences in local cell response or to the distribution of data 
discussed above. On the other hand, we are confronted with relatively high standard deviations of our 
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measurements as a drawback of our approach. Nevertheless, the micromechanical analysis quite nicely 
shows that our new topological analysis provides a meaningful measure for the collagen networks 
characteristics. 
A comparison of matrix topology, mechanics and cell invasion indicates an enhanced cell invasion into 
networks of smaller mesh size and with higher Young´s modulus. Interestingly, not the topology alone 
provides an indication of cell invasion behaviour in heterotypic collagen scaffolds, at least for the 
specific cell type investigated - namely fibroblasts. Obviously, the composition and thereby the different 
inner structure of these collagen fibrils result in different micromechanical properties of fibrillar 
networks and dictate an altered cell behaviour. As cell behaviour is frequently investigated in 3D 
collagen matrices with encapsulated cells, we want to point out, that our procedure is also suitable to 
analyse networks topology in this context. The automated analysis of network topology based on CFM 
and the analysis of network mechanics by colloidal probe can be applied with embedded cells as both 
methods can be used in localized way. This would be especially interesting, as it is known that 
fibrillogenesis is changed under such conditions due to variations in pH, buffer or proteins of serum-
containing cell culture media.     
 
5. Conclusion 
In summary, we can conclude that we successfully reconstituted 3D composite collagen matrices with 
defined topological parameters including pore diameter, fibril diameter, fibril content, and isotropy of 
fibril orientation. The efficient algorithm can be used to characterize different kinds of networks and 
matrices investigated by different microscopy techniques as long as image data can be segmented into 
binary images. 
The correlation of the quantified network topology to the mechanics of collagen networks as well as to 
the invasion of primary human dermal fibroblasts indicate the suitability of the introduced matrix 
reconstitution and topological analysis to better control cell behaviour in biomimetic cell culture 
scaffolds. 
The straightforward and robust approach to fabricate and characterize collagen matrices of varying 
topology allows for further options of matrix modification like crosslinking or functionalization with 
other matrix components including glycosaminoglycans. Such experiments will allow the dissection of 
the impact of important parameters of ECM including topology, mechanics and mediator binding, which 
usually interfere with each other in cell studies. 
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