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Abstract— Full understanding about the interactions between 
cells and their surrounding environment is needed to 
characterize the implication of cellular dynamics on physiology 
and pathology. The knowledge about the composition, the 
geometry and the mechanical properties of the extracellular 
matrix is essential for this purpose. In this manuscript, we use an 
established method for the characterization of 3D collagen 
networks at fiber resolution in confocal reflection microscopy 
images.  Firstly, a binary mask of the entire network is obtained 
using steerable filtering and local Otsu thresholding. Secondly, 
individual collagen fibers are reconstructed by tracking 
maximum ridges in the Euclidean distance map of the binary 
mask. The approach was applied to quantify the 3D network 
geometry of hydrogels polymerized with different collagen 
concentrations in two in vitro platforms: an eight-well culture 
plate and a microfluidic device. Our results shown similar fiber 
lengths, fiber persistence lengths and cross-link densities for the 
fibers of the collagen hydrogels polymerized in different 
platforms for the same concentration, while the differences on 
the pore size are large reflecting on the anisotropy of the 
network polymerized on the microfluidic device.  

Keywords—Collagen networks, confocal reflection microscopy, 
fiber reconstruction algorithm, microfluidic devices. 

I. INTRODUCTION  

Extracellular matrix is the three-dimensional environment 
where cells live. It is mainly composed by collagen [1] and 
for this reason, collagen-based networks are widely employed 
as three-dimensional environments to study cell motility and 
tumor invasion [2]. Moreover, recent works reflect that the 
composition and mechanical properties of these three-
dimensional environments affect cellular phenotypes and 
migratory patterns [3, 4, 5].  

Collagen-I gels belong to a class of materials known as 
polymers and are modeled as a random network of fibers joint 
by covalent links. Three-dimensional collagen networks are 
typically acquired using either confocal reflection microscopy 
or confocal fluorescence microscopy [6]. The former is the 
modality chosen to imaging in this work due to its simplicity 
and lower cost. Namely, fluorescent labeling is avoided 
together with the associated issues as photobleaching and 
background noise. However, confocal reflection microscopy 
suffers from a blind spot [7], leaving the fibers oriented nearly 
perpendicular to the imaging plane (i.e., cutoff angle) 
undetected. 

Recent works in the literature have been devoted to the 
quantification of 3D collagen network geometry in confocal 
microscopy images [8, 9, 10, 11]. Two main steps can be 
identified in their pipelines: First, a rough binary mask of the 
network is computed. If a reasonable signal-to-noise ratio 
through the whole acquired sample is present and the collagen 
intensity levels in deeper optical sections are homogeneous, 
intensity-based global thresholding methods are often applied 
[8, 9]. If the image quality is low, fiber enhancement 
techniques (such as template-matching [10] or steerable 
filtering [11]) followed by a local thresholding are used 
instead. In the second step of the network quantification, the 
skeleton of the binary mask is computed. For this task, two 
types of approaches are reported in the literature: simple 
skeletonization preventing from the identification of the 
individual fibers [10] and more complex algorithms based on 
a Euclidean-distance-map-driven skeletonization resulting in 
the reconstruction of the individual fibers [8, 9, 11].  

In this paper, we use the pipeline proposed in [11] to 
quantify the 3D collagen network geometry at fiber resolution 
in confocal reflection microscopy images. In the first step, a 
binary mask of the network is computed using the 
combination of a steerable filter and a local Otsu threshold. In 
the second step, a fiber reconstruction algorithm (FIRE) [9] is 
applied to identify individual collagen fibers. The method is 
validated on synthetic images generated with the simulator 
distributed in [9]. An alternative would be to use the 
validation framework based on a manually generated ground 
truth proposed in [11]. Our experimental data consist of pure 
collagen I hydrogels polymerized in a range of concentrations 
and in two platforms: culture wells and microfluidic devices. 
Both platforms are well adapted to image acquisition using an 
inverted microscope. Our experimental results demonstrated 
that there are differences in the geometry of the hydrogels 
depending on the platform used for the polymerization that 
should be taken into account when extracting conclusions 
from cell migration experiments.  

This manuscript is structured as follows: Section II 
describes the fabrication of the collagen hydrogels and the 
image acquisition protocol. Section III presents the fiber 
reconstruction algorithm and the computed measures. In 
Section IV, the validation of the pipeline using synthetic 
images and the characterization of the collagen hydrogels 
when polymerized both in the culture wells and the 
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microfluidic devices is presented. Finally, in Section IV, some 
concluding remarks are provided. 

TABLE1. Volume (µL) of reagents used for each concentration of hydrogel 
to obtain a final volume of 400 µL. Note: PBS: Phosphate buffered saline, 
H2O: Water, NaOH: Sodium Hydroxide. 

Reagent 
Collagen Hydrogel Concentration (mg/mL) 

1,0 1,5 2,0 2,5 
Collagen I 
(3.43 mg/mL) 

116,62 174,92 256 291,54 

PBS (10x) 40 40 40 40 

H2O 237,38 178,08 94 56,46 

NaOH (0.5 N) 6 7 10 12 

     

 

II. COLLAGEN HYDROGELS  

A. Fabrication of hydrogels: 
Hydrogels were fabricated by diluting Collagen I from 

stock (CorningTM, Collagen I, Rat Tail, 3.43 mg/mL) to the 
desired final concentration using H2O, PBS 10x (adjusted to 
1x at the final concentration) and NaOH. The process was 
performed at 4ºC to prevent early polymerization. Four 
concentrations of hydrogel were fabricated: 1.0, 1.5, 2.0 and 
2.5 mg/mL as described in [8]. First, H2O and PBS were 
mixed with collagen. Then, NaOH 0.5 N was added to adjust 
pH to 7-7.5. Microfluidic devices and culture wells were 
filled with 10 and 300 µL of collagen hydrogel, respectively. 
The polymerization temperature of 37ºC was kept during 90 
min in the case of the microfluidic devices and overnight for 
the culture wells. After polymerization, collagen fibers were 
fixed by adding para-formaldehyde 4% (PFA) during 5 min. 
Table 1 shows the volume of reagents used for each 
concentration.  

B. Polymerization platforms: 
1) Culture wells: 
Culture wells are chambered coverglass systems made of 
borosilicate glass (Nunc™ Lab-Tek™). They have eight 

wells with a working volume of 200-400 µL and a culture 
area of 0.7 cm2. See Figure 1 for an example. They are 
sterile and offer an optimized visualization for inverted 
microscopy.  

2) Microfluidic devices:  
They were built following the design described in [12]. The 
device consists of a central chamber (1.44 mm long and 
0.68 mm in its widest area) connected to an inlet for 
hydrogel and cell insertion, and laterally connected to two 
channels for serum loading. The confinement of the gel was 
achieved by positioning three pairs of posts along the 
merging areas of the chamber and the lateral channels (see 
Figure 1). The devices were loaded using a p20 
micropipette with a p200 tip. Devices were made of 
polydimethylsiloxane (PDMS) by conventional replica-
molding processes. The final devices were 40 mm in 
diameter and 7.5 mm thick. 

C. Image acquisition: 
Twelve image stacks of each collagen hydrogel concentration 
were acquired in reflection mode on a Leica SP2 confocal 
microscope equipped with a glycerol-immersion Plan-
Apochromatic 63x (1.3 NA) lens. Each stack is composed by 
1024x1024x33 voxels covering a total volume of 
238.1x238.1x14.2 μm3. Illustrative sample crops of the 
acquired collagen hydrogels images polymerized in the 
culture wells and the microfluidic devices are shown in 
Figures 2 and 3, respectively.  

III. NETWORK CHARACTERIZATION 

To characterize the collagen network geometry of the 
acquired volumes, we have used an existing pipeline [11]. In 
this section, we describe its main steps, which are further 
illustrated in the schematic workflow of Figure 4.  

A. Collagen Network Binarization: 
The first step to characterize the network geometry is to 

obtain a precise segmentation of its component fibers. In [11], 
the input images (see Figure 5 (a)) are pre-processed using a 
3D-steerable filter [13].  Its response is computed as the 
dominant eigenvalue of the Hessian matrix decomposition of 
a Gaussian filtered version of the input image. The steerable 
filter acts as an edge detector increasing the contrast of 
oriented ridges and thus, extending the fibers’ signal to noise 
ratio (see Figure 5 (b)). The fibers are segmented from the 
steerable filter output computing an Otsu threshold for each z-
slice (see Figure 5 (c)) to deal with the fact that the amount of 
light captured going deeper into the sample is progressively 
reduced.   

B. Fiber Extraction: 
The second step of the network characterization approach 

is the reconstruction of the individual fibers on the collagen 
network by tracing maximum ridges in the Euclidean distance 
map on the previously computed binary mask. For this, we 
rely on the FIRE algorithm [9].  

The network is described as ࡺ = ሼࢂ, ,ࢄ ࢂ ሽ, whereࡲ ,ଵݒ]= ,ଶݒ … ,  ே] is a list of N numbered vertex or nucleationݒ
points, ࢄ = ,૚࢞] ,૛࢞ … ,  are the coordinates of the vertexes [ࡺ࢞

 

 

Fig. 1.  (Top) Eight-well culture plate; (Bottom, Left) Schema of the 
microfluidic device. It consists of two lateral channels connected to a 
central chamber where the hydrogel is loaded; (Bottom, Right) Central 
chamber and lateral channels in detail.   
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࢏࢞) = ,௜ݔ) ,௜ݕ ࡲ ௜)) andݖ = ,૚ࢌ] ,૛ࢌ … ,  are the M fibers [ࡹࢌ
composing the network. Each fiber has associated a list of p 
vertex points ࢏ࢌ = ,௜,ଵݒ] ,௜,ଶݒ … ,  ௜,௣] that this fiber passesݒ
through. 

To discover the network description associated to our 
collagen hydrogel, first the Euclidean distance map (ࡰ) 
corresponding to the binary mask is computed. Then, a set of 
nucleation points is calculated as follows:  

For each grid point ࢞, a square box ࡮ of radius ݎ and its 
boundary ࣔ࡮ is defined as ࢞)࡮, (ݎ = ሼ࢟ ∈ ℝଷ|	‖࢞ − ஶ‖࢟ ≤ ,࢞)࡮ࣔ ሽ (1)ݎ (ݎ = ሼ࢟ ∈ ℝଷ|	‖࢞ − ஶ‖࢟ =  ሽ, (2)ݎ

 
The nucleation points (ࢂ) are defined as the local maxima 

inside each box ࢂ = ሼ࢞ ∈ ℝଷ|	(࢞)ࡰ ≥ ,(࢟)ࡰ ࢟∀ ∈ ,࢞)࡮  ሽ (3)(ݎ
After that, every nucleation point in ࢞ ∈  is extended into ࢂ

a short fiber segments following the direction given by the 
local maxima of ࡰ in ࣔ((࢞)ࡰ,࢞)࡮, which are separated from ࢞ at least ߠ௅ெ௉ௗ௜௦௧  grid points. Next, the short segments with 
similar orientation in the corresponding tips, closer than ߠ௟௜௡௞ௗ , are iteratively linked into longer fiber segments. 
Finally, the segments shorter than ߠௗ௔௡௚ି௅ are removed. The 
rest are established as individual collagen fibers forming the 
network (see Figure 5 (d)). 

Once the individual collagen fibers have been 
reconstructed, four geometric network parameters are 
estimated, namely, the fiber length, the fiber persistence 
length, the crosslink density and the pore size. The fiber 
length is computed by aggregating Euclidean distances 
between successive pairs of fiber points. The persistence 
length is a measure of the stiffness of the collagen hydrogel. 
Namely, the pieces of a polymer that are shorter than the 
persistence length are mechanically flexible. This parameter is 
calculated for each fiber by finding the best least squares 
fitting exponential for the cosines of the angle difference 
between the contiguous vertexes [9]. A cross-link is formally 
defined as a bound that links one polymer chain to another.  
In our case, we consider that two chains are cross-linked 
when the distance between them is below the voxel size.  The 
cross-link density is defined as the number of crosslink points 
per the total fiber length of the network. Finally, the size of 
the pores is defined as the average radius of the spheres filling 
the fluid phase spaces [8]. 

IV. EXPERIMENTAL RESULTS 

Synthetic and real datasets were analyzed in a desktop 
computer equipped with an Intel-Core i7-4770 3.4 GHz 
processor and 16 gigabytes of RAM. 

A.  Synthetic generated volumes: 
The simulator given as part of the fiber extraction package 

[9] was used to create three dimensional artificial collagen 
network’s images, so as to test the performance of the 
algorithm.  

Twelve synthetic volumes were created simulating the 
collagen gel concentrations [1, 1.5, 2, 2.5 mg/mL] given 

standard values for the volume size, voxel size, fiber diameter 
and fiber length distribution. The synthetic volumes were 
processed using our pipeline. The difference between the 
cumulative distribution function of fiber length and fiber 
persistence length’s distribution between the synthetic images 
and the results obtained from the output of the FIRE pipeline 
was computed (data not shown). A certain mismatch was 
observed for all concentrations possibly caused by the short 
fibers in the synthetic images being removed by the FIRE 
post-processing steps. Estimated pore sizes were also 
compared (data not shown) giving small differences (below 
6%) for all the concentrations.    

B. Collagen hydrogel volumes: 
The processing pipeline was applied to the whole dataset 

(see Section 2). The median values of the four parameters  we  

 
(a) (b)

 
(c) (d)

Fig. 2.  Sample middle z-slice crops of size 64.64݉ߤ ×  from ݉ߤ47.43
the confocal reflection microscopy images of the collagen hydrogel 
volumes polymerized on a well culture plate. Concentration (mg/mL): (a) 
1.0, (b) 1.5, (c) 2.0, and (d) 2.5.  
 

 
(a) (b) 

 
(c) (d) 

Fig. 3.   Sample middle z-slice crops of size 64.64݉ߤ ×  from ݉ߤ47.43
the confocal reflection microscopy images of the collagen hydrogel 
volumes polymerized on a microfluidic device. Concentration (mg/mL): 
(a) 1.0, (b) 1.5, (c) 2.0, and (d) 2.5. 
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compute to  characterize the network geometry:  fiber length, 
fiber persistence length, cross-link  density and pore size,  per 
collagen hydrogel concentration are presented in Tables 2 
(culture wells) and 3 (microfluidic devices). 

For both platforms, fiber length increases with the 
concentration to reach saturation at 2 mg/mL. There are not 
significant differences between platforms (p>0.05, Wilcoxon 
text), but a slight increment for culture wells is observed.   

Fiber persistence length distribution, as expected, is 
similar for all concentrations. This parameter is set by the 
nature of the collagen proteins and it should not change in 
value neither with differences in concentration nor depending 
on the polymerization platform. There are not significant 
differences between platforms (p>0.05, Wilcoxon test). 

In terms of the pore size, in both platforms, we observe 
that this parameter decreases as the collagen hydrogel 
increases. Moreover, the pore size of the collagen hydrogels 

polymerized in the microfluidic device is significantly larger 
(p<0.05, Wilcoxon test) than when they polymerized in the 
culture wells. In our view, this result may be due to the 
laminar flow that is created when the un-polymerized 
hydrogel is loaded into the microfluidic device and the 
anisotropic nature of the polymerization happening in the 
device (i.e., mostly unidirectional fiber polymerization). It 
could also be partly caused by human error consequence of 
manually loading the devices.  

Finally, the crosslink density keeps mostly constant for 
both platforms independently of the collagen concentration. 
There are not significant differences between platforms 
(p>0.05, Wilcoxon text). 

 

V. DISCUSSION AND CONCLUSIONS 

In this manuscript, we have exploited the reliable and 
robust pipeline presented in [11] to give an initial, distinctive 
characterization of collagen hydrogels polymerized at 
different concentrations in both culture wells and microfluidic 
devices.  This characterization constitutes the basis on which 
to build in further studies about how collagen disposition and 
geometry influences cell-matrix interactions and determines 
cellular migratory patterns. 

Previous efforts to characterize collagen networks were 
performed on hydrogels polymerized in culture wells. 
Nowadays, there are increasingly more studies performed in 
microfluidic devices. In this work, we have given preliminary 
results demonstrating the importance of characterizing the 
networks on the platforms in which the actual experiments are 
performed because a significant variation of the network 
parameters can be caused by the geometry of the device and 
the loading conditions.     

As commented previously, confocal reflection microscopy 
has a limitation. It suffers from a blind spot [7]. Namely, the 

 
Fig. 4.  Schematic workflow of the pipeline. The output of the Otsu thresholding is the binarized collagen network.  The main steps of the FIRE algorithm are 
summarized in the second row. The output of the FIRE processing gives the individual fiber reconstructions, which are used to compute the parameters that 
characterize the network geometry including the pore size. In a final step, the results are graphically displayed. 

 

 
(a) (b) 

 
(c) (d) 

Fig. 5.  Illustration of the main steps of the algorithm. (a) A middle z-
slice crop from an image of a collagen hydrogel with 1 mg/mL 
concentration. (b) The response of the steerable filter. In this case, the 
fibers correspond to a negative response (i.e., dark values). (c) The 
binary mask corresponding to the sample collagen hydrogel network. (d) 
The reconstruction of individual fibers where each individual fiber has 
been labeled with a different color.  
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emission from fibers with orientation exceeding a cutoff angle 
from the imaging plane goes entirely undetected. The blind 
spot affecting the confocal reflection microscopy images 
introduces an error in the estimation of the pore size. 
However, if the cutoff angle for the missing fibers is known, it 
is possible to compute a correction as was done in [6] for 
collagen hydrogels polymerized in culture wells. Currently, 
we are implementing this correction for the estimation of the 
pore size in both platforms.  

Although our results are quite satisfactory, the iterative 
fiber reconstruction process implies a high computational 
demand. It could be worthy to explore alternative approaches 
to reduce the load as the one proposed in [14] that uses 
Stretching Open Active Contours to extract actin network 
centerlines. Even further, when the study of matrix 
remodeling using time-lapse experiments is the objective, 
using fiducial markers (i.e., fluorescent nanobeads) as 
subrogates of the collagen fibers [15] or graph theory to 
compute metrics characterizing the hydrogel geometry [16] 
should be explored. 

 

TABLE 2. The median values of fiber length, fiber persistence length, 
network pore size and crosslink density per collagen hydrogel concentration 
when polymerized in a well culture plate. All the measures are in μm, except 
the crosslink density (crosslinks/µm). 

Measures 
Collagen Hydrogel Concentration (mg/mL) 

1,0 1,5 2,0 2,5 

Fiber length  5.22 5.89 6.66 6.82 

Fiber pers. length  3.91 4.05 4.12 4.14 

Pore size 2.96 1.88 1.42 1.31 

Crosslink dens. 0.26 0.25 0.23 0.22 

 

TABLE 3. The median values of fiber length, fiber persistence length, 
network pore size and crosslink density per collagen hydrogel concentration 
when polymerized in a microfluidic microdevice. All the measures are in μm, 
except the crosslink density (crosslinks/µm). 

Measures 
Collagen Hydrogel Concentration (mg/mL) 

1,0 1,5 2,0 2,5 

Fiber length  4.89 5.03 5.91 5.90 

Fiber pers. length  3.98 3.50 3.98 4.12 

Pore size 5.12 4.42 2.52 1.75 

Crosslink dens. 0.25 0.27 0.25 0.25 
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