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Angiogenesis, as example of collective migration of endothelial cells (ECs), is the main dynamic process that culminates in sprout formation from 
existing vessels. After tissue injury, the vascularity is inter- rupted, triggering the regeneration process and the release of different growth factors (GFs). 
The main aim of this work is to quantify the effect of specific GFs during the initial stage of sprout formation, 
namely: VEGF, PDGF-BB, TGFβ and BMP-2, all of them involved in regenerative processes. For this pur- 
pose, we designed a novel algorithm implemented in Matlab to quantify the advance of the EC mono- layer over time and the sprout structure in 3D. Our 
results show that VEGF is the main regulatory GF on angiogenesis processes, producing longer sprouts with higher frequency. However, the 
chemoattractant effect of VEGF depends on its concentration and its spatiotemporal location, having a critical impact on the sprout time evolution. 
PDGF-BB (namely as PDGF) has a global negative effect on both the number 
and length of sprouts. TGFβ enhances sprout length at earlier times, although its effect gradually dis- 
appears over time. Finally, BMP-2 produces, overall, less number and shorter sprouts, but was the only GF with a positive evolution at longer times, 
producing fewer but longer sprouts. 
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1. Introduction 

 
Regeneration processes occur in all living tissues after some 

injury or damage is produced. The regeneration of the global 
vascular network and its connection with the damaged tissue is 
one of the first steps to restore the tissue functionality (Huttala et 
al., 2015; Johnson and Wilgus, 2014). 

Angiogenesis is the process of new blood vessel growth from 
preexisting ones (Chung et al., 2014; Daub and Merks, 2013; Jung 
and Kleinheinz, 2013; Park et al., 2014) and it is mainly guided by 
VEGF (Vascular Endothelial Growth Factor) gradients, one of the 
most potent proangiogenic GFs (Bentley et al., 2009; Johnson and 
Wilgus, 2014; Shamloo et al., 2008), and other signals such as 
oxygen (Decaris et al., 2009; Vempati et al., 2014). Chemotactic 
and polarizing effects of VEGF have been thoroughly analyzed in 
previous works (Shamloo et al., 2008) and its relevance inducing 
sprout formation have been confirmed by many research works 
(Blanco and Gerhardt, 2013; Farahat et al., 2012; Feng et al., 2013; 
Johnson and Wilgus, 2014; Vempati et al., 2014).owever, there are 
other GFs implicated in tissue vasculariza- tion such as TGFβ 
(Human Transforming Growth Factor-Beta), PDGF-BB (Human 
Platelet Derived Growth Factor-BB, henceforth referred as PDGF) 
and BMP (Bone Morphogenetic Protein) among others. For 
instance, PDGF is implicated in osteogenesis, acting as mitogen for 
osteoblast and increasing VEGF expression (Jung and Kleinheinz, 
2013). The secretion of PDGF in fracture healing con- tributes to 
marrow stromal cells recruitment, which may in turn increase the 
liberation of other angiogenic factors (Cenni et al., 2011; Park et al., 

2013). Additionally, PDGF stabilizes blood vessels by recruiting of 
pericytes, whereas VEGF promotes EC growth 
(Banfi et al., 2012). Regarding TGFβ, its proangiogenic effect 
depends on assay conditions. In vivo, TGFβ contributes to the 
stimulation of macrophages which release angiogenic factors, 
whereas in vitro, TGFβ inhibits the ECs growth and proliferation, 
thus decreasing the sprout formation (Tonnesen et al., 2000). The 
main factor involved in bone regeneration is BMP-2 (Human Bone 

Morphogenetic Protein), which affects EC proliferation and 
migration (Pardali and Ten Dijke, 2012) and promotes the che- 
motaxis and differentiation towards the osteogenic pathway (Ribeiro 
et al., 2015). In Table 1, we show a summary of the main impact of 
the GFs on tissue regeneration. 
In recent years, microfluidic devices have gained great popu- 
larity due to the easy reproduction, control and monitoring of a 
wide variety of microenvironmental factors. In fact, these devices 
have been used to reproduce fundamental aspects of angiogenesis, 
such as those presented by Jeon et al. (2013) and Zervantonakis 
et al. (2012) to simulate wound healing or tumor growth. Other 
works using similar microdevices have been focused on regen- 
eration processes such as the generation of 3D capillary beds 
in vitro (Chan et al., 2012), anti-angiogenesis drug screening (Kim 
et al., 2015) or on cellular dynamics to analyze cell migration in 
sprouting processes (Vickerman et al., 2008). 
In addition, the high versatility of PDMS to design different cell 
culture platforms and protocols has allowed the analysis

of molecular signalization involved in angiogenesis (Theberge et 
al., 2015). However, to the best of our knowledge, none of them 
have analyzed under similar conditions the temporal effect of 
several GFs on angiogenesis. In this work, we aim to quantify the 
capacity of four different GFs involved in angiogenic processes 
(namely VEGF, PDGF, TGF, and BMP-2), to promote sprouting in 
a collagen type I scaffold which replicates the ECM 
microenvironment. To evaluate the angiogenic effect on the ECs 
monolayer, we measured the frequency and the length of the 
formed sprouts during 24 h. 

  



2. Materials and methods 
 

2.1. Microfluidic device 
 

The geometry and fabrication of microdevices was based on the methods 
implemented by Farahat et al. (2012). These devices present a central 
chamber filled with hydrogel, and two lateral channels for cell seeding (EC 
channel) and the supply of different growth factors (GF channel) (see Fig. 1 
for geometric details). 

 
2.2. Collagen hydrogel scaffold in a microfluidic assay 

 
The collagen hydrogel was prepared from type I collagen gel solution (Corning 

Collagen I, Rat Tail. 3 mg/ml) at 2.5 mg/ml following the methodology proposed by 
Farahat et al. (2012) and Zervantonakis et al. (2012), with phosphate buffered 
saline (PBS; Lonza), NAOH and EGM2 (Endothelial Cell Growth Media, Lonza). 
It was softly pipetted into the devices and polymerized for 40 min in a humid 

chamber, at 37 °C and 5% CO2. After that, the matrix was hydrated and incubated 
overnight at the same conditions. The mechanical properties of 2.5 mg/ml collagen 
gels have been characterized in literature (Antoine et al., 2014; Miron-Mendoza et 

al., 2010; Zui-dema et al., 2014), presenting a storage modulus G0 ~ 18 Pa. In 
regards to the transport properties of these gels, and according to the 
measurements of Farahat et al. (2012) , GF concentration decreases almost 
linearly from the source channel and across the collagen, with a diffusion 
coefficient of 5e-11 m2/s. Using the same protocol, Zervantonakis et al. (2012) found 
the diffusive permeability to range from 
0.7570.093e-7 m/s to 4.087 1.11e-7 m/s. Further quantification of GF gradients in 
collagen can be found in Farahat et al. (2012) and Moreno-Arotzena et al. (2014). 

 
2.3. Cell culture and seeding 

 
Human Umbilical Vein Endothelial Cells (HUVEC, C2519A, Lonza) in passages 3– 

8 and 70–90% confluence were seeded in the microfluidic devices with a con- 
centration of 1.5 x 106 cell/ml. Endothelial cell growth media (EGM-2, Lonza) was 
used as cell culture medium. 

 
 
 

 
Table 1 
Summary of the impact of different GFs on cell and tissue behavior. 

 

Growth factor (GF) Characteristics Effects References 
 

Vascular Endothelial Growth 
Factor (VEGF) 

 
 

Human Platelet Derived 
Growth Factor-BB (PDGF-BB) 

 
Human Transforming Growth 

Factor- Beta 1 (TGFβ1) 

 
Some isoforms: VEGF-A, VEGF-B, VEGF-C, VEGF-D and 
PlGF(placental growth factor) VEGF-A: homodimer with 
a molecular weight of 40 kDa and 165 amino acid resi- 
dues/subunit. 
Protein of 24.3 kDa, a disulfide-linked homodimer of 
two chains of 218 amino acids 

 
Protein of 25 kDa synthesized by human platelets, has 
a central role in cell growth regulation, differentiation 
and function. 

 
Cell Proliferation, migration, differentia- 
tion Increasing of vascular permeability, 
formation of new blood vessels 

 
Cell proliferation, angiogenesis and 
fibrosis recruitment and proliferation of 
pericytes during angiogenesis 
Cell proliferation, migration and capillary 
tube formation 

 
Blanco and Gerhardt (2013), 
Johnson and Wilgus (2014), and 
Tonnesen et al. (2000). 

 
Rong et al. (2015), and Ucuzian 
et al. (2010). 

 
Pardali and Ten Dijke (2012), and 
Ucuzian et al. (2010). 

Human Bone Morphogenetic 
Protein (BMP2) 

Protein with 26 kDa belonging to the TGFβ superfamily  Bone formation growth, differentiation, 
chemotaxis and apoptosis. 

Ribeiro et al. (2015), Suwanadabol 
et al. (2012), and Willette et al. 
(1999). 

 
 

 
 

Fig. 1. (A) Self-made microfluidic device prototype used in our assays. Geometry was obtained from the work of Farahat et al. (2012). (B) Top view and inset of the device 
geometry with a central chamber (green) and two lateral channels (blue: growth factor (GF channel), pink: endothelial cell seeding (EC channel)). Channel and pillar heights 
(and therefore gel thickness) are 120 micrometer. (C) Example image from the experiments: cells forming sprouts between two micropillars of the device. Yellow and green 
windows are the actual regions of interest (ROIs) submitted to analysis. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 



 

 

 
Firstly, we used EGM2 to equilibrate the microdevices, which had been 

treated in the previous 24 h, and incubated them for 2 h. Secondly, 20 ml of ECs 
suspension were filled by a previously dried lateral channel (Fig. S1A). The 
seeded devices were placed in a humid box for 40 min and oriented vertically 
to promote the deposition of cells on the collagen hydrogel (Fig. S1B). After cell 

 
Table 2 
Different GFs conditions found in the literature that have been applied in micro- 
fluidics-based experiments of angiogenesis. Concentration of GFs at each channel. 
*EGM-2: Endothelial cell growth media. 

 

Condition GF channel EC channel References 

0-0 EGM-2* EGM-2 – 

0-vegf EGM-2 40 ng/ml [VEGF] Kim et al. (2015) 
vegf-0 40 ng/ml EGM-2 – 
vegf-vegf 50 ng/ml [VEGF] 40 ng/ml [VEGF] Qutub and Popel (2009) 
tgfb-vegf 10 ng/ml [TGFβ] 40 ng/ml [VEGF] Schreier et al. (1993) 
pdgf-vegf 10 ng/ml [PDGF] 40 ng/ml [VEGF] Schreier et al. (1993) 
bmp-vegf 2 ng/ml [BMP-2] 40 ng/ml [VEGF] Kramer et al. (2000) 

 
incubation, the EC channel was washed to remove the surplus cells, hence 
leaving a monolayer (Fig. S1C). Finally, the growth factors were added at the GF 
channel. Conditions used in each assay are shown in Table 2. 

 
2.4. Design of experiment 

 
The experiment was designed to obtain enough samples for each condition 

so that the statistical analysis was able to distinguish specific effects of the 
different GFs. Application of VEGF only in the EC channel was chosen as the 
reference/control condition (0-vegf). Each additional condition (vegf-vegf, tgfb- 
vegf, pdgf-vegf, bmp-vegf) was replicated 4 times, always accompanied by a 
control experiment (0-vegf). Finally, to isolate the effects of VEGF and complete 
the study, 2 replicates of the null condition (0-0) and 2 of the control-inverted 
condition (vegf-0) were performed (See Table 3). 

 
2.5. Sprout tracking and quantification 

 
Two hours after ECs seeding and GFs incorporation, cell tracking was initiated 

in the monolayer and maintained for 24 h with 37 °C, 95% humidity and 5% of CO2 
conditions. Phase contrast images were captured every 20 min. 

 
Table 3 
Main descriptive indicators: number of replicates per condition, number of processed ROIs, total number of measured sprouts, percentage of sprouts longer than 30 mm, 
mean length, standard deviation and skewness of the distribution. Note the different number of ROIs per condition due to the variability in the number of finally selected 
regions caused by the disposal of invalid samples. 

 

Condition # Replicates # ROIs # Sprouts % Length 430 Length (mm) 
 

     
Mean Sd Skewness 

 

0-0 2 22 22,947 2.7 9.01 8.66 3.65 
 

0-vegf 16 66 90,814 13.9 16.48 18.72 2.67  

vegf-0 2 16 23,260 28.7 25.79 25.76 2.02  

vegf-vegf 4 25 26,255 13.4 16.77 18.56 3.28  

tgfb-vegf 4 28 28,907 6.7 11.74 13.23 3.02  

pdgf-vegf 4 24 22,229 12.7 15.47 18.62 2.78  

bmp-vegf 4 14 18,788 8.9 12.76 14.81 2.96  

 

Fig. 2. (A) Workflow scheme of the developed image-processing code. (B) Image shown to the user for manual correction. When necessary, the user is allowed to draw 
masks to add/remove specific regions so that the script can re-process the image. Purple/yellow circles represent end/branch points of the computed 2D sprouts. Red dots 
represent pixels corresponding to sprouts. Light blue line highlights the cell mass boundary (leading edge), used as reference to measure the sprout lengths. (C) 3D 
reconstruction of the z-stacks at a specific time step. Semi-transparent gray represents the cell mass, whereas cell sprouts are plotted as red/cyan segments. These segments 
are colored in red when they join a branch-point with an end-point, and in cyan when they join two branch-points. This coloring method provides visual information 
regarding the sprout network complexity, although both type of segments are considered equivalent for the numerical quantification. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.) 



 

Each microdevice has 36 micropillars alongside the EC channel, and therefore 
there are 37 regions of interest (ROIs) to quantify cell sprouting (Fig. 1C). Among all of 
them, up to 16 ROIs per replicate were selected, although only those regions of higher 
image quality were kept for processing. Each of these ROIs represents 10 z-stacks (one 
slice every 20 mm) overtime (about 70 frames). In sum, we processed up to 195 ROIs, 
or in other words more than 1.35e5 images, and measured more than 2.3e5 sprouts 
(See Table 3). For this analysis, we developed a hand-coded script with a graphical 
interface using Matlab. This script automatically cleans the noise from the input 
images and segments background from cell mass by using different filters (Fig. 2A). 
Besides, it permits the user to define masks to correct or discard any frame or part of it 
if necessary (eg. highly blurred captures). Fig. 2B shows an example of an image seen 
by the user while checking the frames. Once this process is finished, the z-stacks of 
each temporal frame are joined in a 3D volume which skeleton is computed (Lee et al., 
1994) (see Fig. 2C). Finally, all the necessary data is automatically collected for the 
statistical analysis. More details regarding the implementation of the image processing 
can be found in Supplementary material. 

 
2.6. Statistical analysis 

 
Statistical hypothesis tests were performed in order to analyze the significance 

of differences between sprouting length distributions under different conditions. 
An elevated sample size of sprouts was obtained for all conditions, ranging from 
18,788 to 90,814 (See Table 3). The skewed right distribution shown in Fig. 3 
implies that non-parametric tests based on ranks were the best option to compare 
distributions. Firstly, Kruskall–Wallis (KW) tests were used to check the null 
hypothesis establishing that the length distribution is unchanged regarding the 
conditions. Secondly, when the null was rejected at 0.01 significance level, a 
multiple comparison test (simultaneous confidence level of 95%) was applied to 
distinguish conditions that were significantly different (see in Fig. S2, S3, S4). 

 
 

 
3. Results 

 
3.1. Measurements of VEGF-induced sprouting 

 
To test the effect of VEGF on the EC monolayer, four different 

conditions were used: (i) null concentration in both channels (0- 
0), (ii) VEGF only in the ECs channel (0-vegf), (iii) VEGF only in the 
GFs channel (vegf-0) and (iv) VEGF in both channels (vegf-vegf). 

To perform our analysis, we created the following two groups 
of results: (i) all sprouts and (ii) only long sprouts. A sprout was 
considered long when its 3D length was higher than 30 mm. We 
choose this threshold since HUVEC cell size usually range between 
20–40 mm (Bauer et al., 2009). Additionally, we measured our cells 
confirming that their medium size was in the same range. 

The distribution of length of all sprouts is remarkably skewed 
under all conditions (Fig. 3, Table 3), with condition (vegf-0) having 

 

Fig. 3. Length distribution of all sprouts for each condition. All the cases show an 
asymmetric distribution with high values (up to 300 mm). Condition (vegf-0) pre- 
sents the greatest dispersion whereas condition (0-0) has the most 
concentrated data. 

the greatest dispersion. In spite of their similarities, a median test 
(Kruskal–Wallis) confirmed that all the groups had mean ranks 
significantly different among each other (p o 0.01) (Fig. S2). 

The frequency of sprout formation was tracked over time every 
20 min. Compared to condition (0-vegf), condition (0-0) produced 
a similar amount of sprouts (Fig. 4A), however, very few of them 
were long (Fig. 4B). Condition (vegf-0) presented the greatest 
number of sprouts during the first half of the experiment (Fig. 4A), 
although its effect was reduced over time. However, the number of 
long sprouts was higher during the whole period (Fig. 4B), which 
is reflected in the significantly higher number of total sprouts per 
ROI (Fig. 4C). The opposite effect was observed in condition (vegf- 
vegf) where the growth of sprouts was minimal at the beginning, 
but increased with time until the number of long sprouts was the 
highest among all conditions (Fig. 4B). On average, the total 
number of long sprouts was similar (no significant differences) 
compared to condition (0-vegf) (Fig. 4C). 

Overall, sprout length distribution was highly concentrated at 
low values, so that the frequency of long sprout formation was 
rather low. In any case, the mean sprout length over time was 
higher for condition (vegf-0), lower for condition (0-0), and similar 
for condition (vegf-vegf) compared to the condition (0-vegf) 
(Fig. 4D). 

 
3.2. Chemotactic effect of nonspecific angiogenic factors 

 
We analyzed whether specific GFs of wound healing (PDGF and 

TGFβ) or bone regeneration (BMP2) could stimulate the vessel 
formation. 

The negative effect of nonspecific angiogenic factors was neatly 
observed, especially in the frequency of sprout formation. The 
number of sprouts for conditions (pdgf-vegf), (tgfb-vegf) and (bmp- 
vegf) was significantly lower compared to condition (0-vegf) dur- 
ing most of the time (Fig. 4A, C), being this difference more critical 
for long sprouts. In fact, in these conditions, long sprouts practi- 
cally disappeared at the end of the experiment (Fig. 4B). 

Regarding sprout lengths, the trends were similar to those 
observed in the frequency data, with these conditions getting 
overall shorter sprouts compared to condition (0-vegf). However, 
condition (bmp-vegf) showed an interesting behavior during the 
last hours of the experiment. While the number of sprouts was 
greatly reduced compared to the initial times, the length of these 
sprouts was larger, even superior to those produced in the con- 
dition (0-vegf) (Fig. 4D). 

 
3.3. Quantification of failed sprouts 

 
For the successful formation of sprouts, cells make many 

attempts, some of them succeed but others do not. Since we aimed 
to quantify the number of failed attempts in each ROI, we counted 
the number of cells loosed from the cell mass (the monolayer) 
trying to create a new sprout. Some of the tip cells left the 
monolayer and some returned to it after a while. However, at the 
moment they were unattached, we assessed them as a failed 
sprout. As shown in Fig. 5, although the median value of loosed 
cells was different for all conditions compared to condition (0- 
vegf), only condition (tgfb-vegf) presented significant differences. 
Overall, conditions including VEGF as GF ((0-vegf), (vegf-0) and 
(vegf-vegf)) did not promote the migration of individual cells and 
therefore the connection between cells was maintained over time. 
In fact, looking together at the high number of loosed cells of 
conditions (pdgf-vegf), (tgfb-vegf) and (bmp-vegf) (Fig. 5), and their 
low number of long sprouts produced (Fig. 4), suggests a direct 
relationship between the propensity of cells to get unattached 
from the monolayer and the frequency of successful sprouts. 



 

 

 

Fig. 4. Number of sprouts (A) and long sprouts 430 mm (B) per ROI over time. (C) Total number of long sprouts per ROI. * indicates (po 0.01) in a Kruskal–Wallis median test 
(Fig. S4). (D) Mean of the sprout length distribution over time. Panels A, B and D share legend and are plotted using a r-Loess smoothing filter. At earlier times, condition 
(vegf-0) produced the largest number of sprouts (A), a third of which were long (B). This effect gradually disappeared, yet the number of observed long sprouts was higher 
compared to the case (0-vegf) at the end of the experiments. Condition (vegf-vegf) reduced the number of sprouts (both short and long) at the beginning, although this effect 
was reversed as time advanced, producing the highest number of sprouts during the last steps. The other conditions, had negative effects on the number of sprouts produced, 
which almost disappeared in the last hours. Overall, condition (vegf-0) produced a significant higher number of long sprouts (C) which is reflected in a higher value of the 
mean sprout length over time (D). Condition (vegf-vegf) was similar to the condition (0-vegf) with no significant differences in the total number of sprouts. Mean values of 
sprout length were slightly higher at the end of the experiment. Conditions (pdgf-vegf), (tgfb-vegf) and (bmp-vegf) presented overall fewer and shorter sprouts compared to 
condition (0-vegf), critically decreasing the sprout length at later times except for condition (bmp-vegf) which, interestingly, produced longer sprouts during the last 
hours (D). 

 

4. Discussion 
 

This study aimed to analyze the paracrine effects of GFs com- 
monly released by different cell types (epithelial cells, ECs or 
osteogenic cells) on the formation of novel angiogenic sprouts. 

From our experiments, we clearly concluded that the applica- 
tion of VEGF in the GF channel significantly enhanced the angio- 
genic response compared to non-specific factors. The generation of 
a chemoattractant gradient in the direction of sprout growth, 
(condition (vegf-0)), promoted sprouting and cell reorganization, 
producing longer sprouts with higher frequency. This effect was 
stronger at earlier times (Fig. 4A,B,D). As time progressed and the 
concentration of VEGF decreased due to degradation, the number 
of sprouts as well as their length decreased, although the number 
of long sprouts and the mean sprout length kept at higher values 
compared to the condition (0-vegf) (Fig. 4B,D). 

To test the effect of VEGF when present in both channels, we 
created a concentration gradient between the GF and the EC 

channel (condition (vegf-vegf)). The initial decrease in sprout for- 
mation (Fig. 4A,B) suggests a saturation of VEGF receptors in ECs, 
not responding to the chemoattractant signal probably due to the 
distortion of DII4/Notch signaling activity (Blanco and Gerhardt, 
2013; Carlier et al., 2012). In any case, sprout formation frequency 
was recovered, and the number of long sprouts was the highest 
among all the conditions during the last hours (Fig. 4B). Mean 
sprout length was similar, and sometimes higher than the condi- 
tion (0-vegf) (Fig. 4C). The average number of loose cells was 
similar compared to the condition (0-vegf) (Fig. 5), suggesting that 
the overexposure to VEGF may inhibit sprouting but still does not 
promote single cell migration. 

The endothelium secretes several GFs such as PDGF and it may 
act in an autocrine or a paracrine way, amplifying the angiogenic 
response (Fox and Gasparini, 2001). In previous studies, PDGF was 
determined to affect EC indirectly by inducing the release of VEGF 
(Li et al., 2005). Moreover, Banfi et al. (2012) concluded that the 
co-expression of VEGF and PDGF was able to induce efficacious 



 
 

 
Fig. 5. Number of single cells detached from the main cell mass in each ROI. 
Compared to the condition (0-vegf), the number of cells that failed to form a sprout 
was lower for conditions (vegf-0) and (vegf-vegf), and higher for the rest of them, 
although the difference was statistically significant only for condition (tgfb-vegf) 
(po 0.01) (Fig. S4). 

 
angiogenesis. However, our results showed the negative effect of 
condition (pdgf-vegf) on sprout development. This could be 
explained by the non-optimal balance of concentration between 
PDGF and VEGF and the inappropriate spatiotemporal gradient. In 
fact, in some kinds of tumors, the recruitment and proliferation of 
pericytes (special vascular cells) increase the PDGF expression but 

do not increase the vascular development (Bhowmick et al., 2004). 
TFGβ may promote tumor growth by enhancing angiogenesis 

(Bhowmick et al., 2004). Previous works have demonstrated that 
shallow gradients of TGFβ (0.5–2 ng/ml) show no discernable 
effect on sprout formation (Nakatsu et al., 2003). Our results 
revealed that the effect of higher concentrations of TGFβ (10 ng/ 
ml) was neither relevant on angiogenic processes. In fact, there 
was a significant high number of loose cells (failed sprouts) sug- 
gesting that single cell migration is promoted, which could explain 

the low effectiveness of this GF to form long sprouts. 
Previous reports have shown the modest effect of BMP2 on 

HUVEC migration and therefore on sprout formation (Willette et 
al., 1999). In our results we confirmed this inhibiting effect, 
although we observed a delayed effect leading to the formation of 
long sprouts at final phases. The number of loose cells was similar 
to (pdgf-vegf) assay, presenting the same behavior regarding 
sprout formation and elongation. 

We developed our own software to quantify sprouting from 
microscopy images, which provided us freedom and total adapt- 
ability for the required analysis. It is worth noting that despite the 
potential of our code, it presents some limitations, since its 
effectiveness relies on image quality. Blurriness, brightness, water 
drops due to condensation or other image artifacts require specific 
attention and adjustments. Additionally, the image-processing 
workflow is time-consuming. While the automatic processes 
present almost no computational cost (a few hours at most to 
build the 3D volume and measure the sprouts of a whole micro- 
device), the time required by the user to check specific frames and 
add the proper masks may reach weeks of work. 

To summarize, our results show that VEGF is the main proan- 
giogenic factor, able to stimulate the sprout formation especially 
when applied in the GF channel, opposite to the EC monolayer. 
This fact indicates that the induction of a VEGF gradient enhances 
the angiogenesis process. The chemoattractant effect of this 
growth factor could be employed for instance to accelerate 

regenerative processes, which could be crucial for tissue regen- 
erative purposes. On the other hand, TFGβ was found to be the 
main factor inhibiting sprout formation and thus, it could be used 
to suppress the angiogenic process in tumor expansion. The effect 
of the rest of non-specific factors (PDGF and BMP2) were not 
relevant to enhance sprouting, although the effect of BMP at 
longer times should be further studied to better understand its 
behavior. 

Our workbench allows a fine control of the conditions applied, 
such as the GF concentration and gradient and the fluid flow. In 
fact, several studies have shown the mechanical influence of fluid 
flow, inducing shear stress to the endothelial cells and significantly 
affecting branching, capillarisation (Hernández Vera et al., 2009), 
sprout promotion (Galie et al., 2014; Vickerman and Kamm, 2012) 
or vessel formation (Song and Munn, 2011; Vickerman et al., 
2008). Hence, due to the importance of interstitial fluid on 
angiogenic development, we will combine GFs with fluid flow in 
future experiments. Furthermore, instead of using exogenous GFs, 
we aim to co-culture different cell types to analyze their effect on 
angiogenesis. 
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