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Abstract 

Angiogenesis or the formation of new blood vessels from existing ones plays a key role in 

physiological processes. Many existing pathologies are associated with its deregulation and the 

comprehension of the molecular mechanisms triggered in endothelial cells (EC) during angiogenesis 

remains an open field of research. 

Blood flow and Vascular Endothelial Growth Factor (VEGF) have antagonist functions and modulate 

the polarity machinery of EC in retina angiogenesis to grow inwards and outwards, in the direction of 

the flow respectively. Franco hypothesize that Blood Flow and VEGF compete to determine the axis of 

polarization through Par3/Par6/aPKC (Par) complex. A microfluidic device was modelled and fabricated 

at INESC-MN Cleanroom facilities to test this hypothesis. The device simultaneously generates a VEGF 

gradient and a shear stress gradient, to evaluate the response of competing stimulus in cell polarization. 

The influence of both shear stress and VEGF gradient on EC was simulated using a CFD commercial 

code. Averaged cross section velocities from 0.1 𝑚𝑚. 𝑠−1 to 20 𝑚𝑚. 𝑠−1 were imposed to the flow. As 

example, for an average cross velocity, 𝑈, of 20 𝑚𝑚. 𝑠−1 the EC maximum shear stress for transient 

conditions was found to be 2,5 𝑃𝑎 and the transient regime establishment time in the VEGF gradient 

generator (GG) at the membrane pores was seen to be below 4 𝑠. 

The PDMS microfluidic device was fabricated by soft lithography and mechanically sealed. The 

experimental results determination of average flow velocity and concentration profile exhibited 

concordance with simulated. 

 

1 Introduction 

In the last two decades, the development of 

microfluidic device for cellular applications has 

become generalized due to the easiness and low 

cost of fabrication, use of reagents at a lower 

scale, an improved control of parameters and 

dissemination of multi-physics simulations that 

can predict more accurately the behavior of 

traditional cell culture techniques. 

In this context the emergence of organ-on-a-

chip applications enables further research of 

living cells in physiological environment with 

organ and tissue models, by mimicking the 

parameters and stimulus-response relationships 

as also spatiotemporal dynamics. 

This project aimed the development of a 

microfluidic device based on 

polydimethylsiloxane (PDMS) for biomedical 
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analysis, in a joint collaboration between Instituto 

de Engenharia de Sistemas e Computadores – 

Microssistemas & Nanotecnologias (INESC-MN) 

and Instituto de Medicina Molecular (IMM). The 

biomedical model of IMM aims to the use of 

Endothelial Cells (EC), genetically modified in the 

Par3/Par6/aPKC (Par) complex modulation that 

plays multiple roles in several cell polarization 

events. 

The microfluidic device was designed to 

control simultaneously a VEGF gradient and a 

shear stress gradient experienced by a group of 

EC to evaluate the response of competing 

stimulus in cell polarization. 

2 State of the Art 

Angiogenesis or the formation of new blood 

vessels from existing ones and plays a key role 

in physiological processes. Endothelial cell 

migration is essential to angiogenesis. This 

motile process is directionally regulated by 

chemotactic, haptotactic, and mechanotactic 

stimuli and require the activation of several 

signalling pathways that converge on 

cytoskeletal remodelling. 

Sprouting angiogenesis is characterized by 

sprouts composed of EC, which usually grow 

toward an angiogenic stimulus such as VEGFA 

and add blood vessels to portions of tissues 

previously devoid of blood vessels. On the other 

hand, intussusceptive angiogenesis involves 

formation of blood vessels by a splitting process 

in which transvascular tissue pillars expand in low 

shear stress areas. 

Microfluidic devices are related to the 

manipulation and analysis of minute volumes that 

together with the automation of processes (e.g. 

reagent / sample actuation, mixing, separation, 

filtration, reaction, control, monitoring, etc.) and 

micro-to-nano elements integration (e.g. 

mechanical or electronic sensors and actuators) 

contribute for an overall high throughput and low 

cost devices [1] [2]. 

Cellular assays aim to replicate adequate 

media conditions that enable viability and activity 

managing control parameters (e.g. 𝑝𝐻, 

temperature, gas levels (𝑂2, 𝐶𝑂2, etc.), nutrition 

and metabolite removal). Organ-on-a-chip are 

miniaturized microfluidic platforms for cellular 

assays designed to reproduce physiological and 

biological parameters of organ and tissue models 

Figure 2.1. These platforms can fill the gap 

between conventional planar, static cultures used 

for preclinical animal models in drug screening 

and have the potential for personalized medicine 

applications. 

Pressure driven platforms is characterized by 

liquid transport mechanism based in pressure 

gradient that leads to hydrodynamically stable 

laminar flow profiles in microchannels. Pressure

  
(a) (b) 

Figure 2.1 – (a) Schematic illustration of integrated microfluidic device composed by 

microbioreactors, breadboard, reservoir, bubble trap, physical sensors, and electrochemical 

biosensors. (b) Photograph of the PDMS integrated microfluidic device (B).[3] 
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source implementation can be internal or external 

and induced by syringes, pumps, pneumatic 

displacement of membranes, amongst others. 

In microfluidic devices mixing presents a 

challenge due to its laminar flow nature. The 

mixing enhancement techniques can be 

classified in passive mixing and active mixing [5]. 

Passive mixing techniques are easy to 

integrate but difficult to control after fabrication 

and explore Taylor dispersion effect that include 

stream splitting and recombination, patterned 

grooves, surface modification and multiphase 

mixing enhancement. 

PDMS has become the most commonly used 

elastomer in rapid prototyping of microfluidic 

devices due to its simplicity and strong sealing to 

a myriad of materials, and additional useful 

properties like low cost, low toxicity, transparency 

from visible to near ultraviolet wavelengths and 

chemical inertness. 

PDMS belongs to the group of siloxanes, 

where the skeletal atoms consist of an inorganic 

siloxane group and bear side groups of methyl. 

The repeating unit, the simplest repetitive 

structure, is [−𝑆𝑖(𝐶𝐻3)2𝑂 −]. PDMS has low 

interfacial free energy which is susceptible to 

protein adhesion, exhibit some fluorescence and 

aging effects. 

Microfabrication of a PDMS microfluidic 

device is composed by three main steps: 

hardmask patterning, master mold fabrication 

(both photolithography processes) and replica 

micromolding that lead to the production of 

several components (Figure 2.2). The hardmask 

defines the 2D geometry of the master mold and 

the photoresist (PR) coating and spinning defines 

the master mold height. Final geometry of the 

microfluidic device is defined when the elastomer 

is poured and cured in the master mold. 

A common approximation used in hydraulics 

is the Bernoulli’s principle [6] that can relate 

pressure, velocity and height in a steady motion 

of an ideal fluid derived assuming the energy 

conservation along a streamline between two 

cross sections imposing one dimensional flow. 

Microflows in microchannels are suitable for the 

Bernoulli’s principle application if the flow is 

mainly one dimensional, the fluid incompressible 

and boundaries rigid. Along the flow occurs a 

redistribution of energy between pressure, inertia 

and gravity. 

The dissipative term due to friction at the wall 

is given by ( 2.1 ), where 𝑓 is the dimensionless 

Fanning friction factor and 𝐿 the duct length. 

∆𝑝 = 𝑓
𝑃𝐿

𝑆
 (

1

2
𝜌𝑈2)  ( 2.1 ) 

In a fully developed flow, the wall shear stress 

can be approximated using as dissipative term 

the friction and dividing the volume to yield ( 2.2 ). 

𝜏 =
𝑅ℎ ∗ ∆𝑝

2𝐿
 ( 2.2 ) 

Diffusion is the process by which a concentrated 

group of particles in a volume will spread out over 

time by Brownian motion, so that the average

 

Figure 2.2 – Hardmask (glass substrate with thin film layer of Aluminum), master mold (silica 

substrate with SU-8 PR layer) and PDMS microfluidic device. [1] 
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concentration of particles throughout the volume 

is constant [7]. Microfluidic systems can combine 

diffusive transport with convective flow of the bulk 

fluid. From the simplified mass transfer equation, 

the transient state can be derived (Fick’s second 

law) which at one dimension for a small 

concentration burst is given by ( 2.3 ) where the 

argument denominator represents the 

characteristic diffusion length 𝑥𝑐 ≈ √4𝐷𝑡. 

𝑐(𝑥, 𝑡) =
𝑐0

√4𝜋𝐷𝑡
𝑒−

𝑥2

4𝐷𝑡 ( 2.3 ) 

3 Material and Methods 

To fabricate the master mold that provides the 

scaffold for PDMS microfluidic device a previous 

step of hardmask patterning is required. The 

hardmask patterning can be further subdivided in 

five steps: (1) glass substrate dicing cleaning and 

preparation, (2) Aluminum deposition, (3) 

photolithography, (4) Aluminum wet etching and 

(5) PR strip. 

PDMS molding requires the fabrication of a 

master mold whose process is composed by 

several steps. Starts with the Silica substrate 

cleaning and preparation, followed by a 

dehydration bake, SU-8 pouring and substrate 

spinning, a pre-bake and soft bake, an UV 

exposure with the previous hardmask, a post-

exposure bake, a development step and final 

cleanup. 

The PDMS devices for SS and GG were 

prepared in a mold consisting of two SU-8 molds 

onto 2” Si plus one PMMA plate for mold 

thickness. The SU-8 mold is fabricated by soft 

lithography and the PMMA plate is fabricated by 

micromilling. 

The PDMS molding is composed by the 

following steps who can be performed in parallel 

starting with PDMS preparation, mold cleaning, 

scaffold assembly, scaffold filling, baking and 

peeling and mold cleaning. 

For testing purpose, two types of microfluidic 

assemblies were considered to ensure the 

constitution of a reversible assembly that fit the 

needs of the final device and an irreversible 

assembly that could provide the maintenance of 

the laboratorial conditions required for its 

complete study. 

The irreversible assembly accomplished by 

bonding in the UVO cleaner while the reversible 

assembly is achieved by mechanical sealing of 

the PMMA holder micromachined. 

To experiments were made to study the 

creation of a steady-state gradient, to validate the 

effect of the molecular gradient along the 

microchannel width extension of the GG and the 

flow rate at both GG and SS. 

To observe the GG main microchannel two 

alignments were chosen, the first at the mixer exit 

and the second at the membrane entrance. Three  

 
(a) 

 
(b) 

Figure 3.1 – (a) Schematic illustrating the 

standard experimental setup for GG microfluidic 

device at left. (b) Images taken with microscope 

field of view. 
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pictures per alignment had to be taken 

considering a superposition area between 

consecutive pictures since the FOV didn’t cover 

all channel extension (Figure 3.1 (b)). 

In these experiments an exposure time of 

540 𝑚𝑠 was used to minimize photobleaching. 

Each image was post-processed in MATLAB 

2015 (b) for: 

• aligning the consecutive images; 

• computing the intensity (𝐼𝑖) using the RGB 

intensity along a given alignment ( 3.1 ) for the 

pure DI water solution and non-mixed 

concentrated solutions with concentrations 

ranging from 1: 1 to 1: 200; 

𝐼𝑖 =
0.2126 ∗ 𝑅 + 0.7152 ∗ 𝐺 + 0.0722 ∗ 𝐵

3
 

( 3.1 ) 

• computing the relative intensity (
𝐼𝑖

𝐼0
) of a 

concentrated solution relative to the 

correspondent DI water solution; 

• computing relation between the image 

intensity (𝐼) and the concentration of known 

solutions (𝑐𝑖) using relation ( 3.2 ). 

𝐼

𝐼0

(𝑐𝑖) = 𝑎 + 𝑏 ∗ 𝑒−𝑐∗𝑐𝑖 
( 3.2 ) 

• concentration estimation on images ( 3.2 ). 

The flow rate was determined for both the GG 

and the SS to measure the average velocity and 

to determine indirectly the shear stress at the 

microfluidic device walls. The average flow rate 

was determined measuring the volume occupied 

by DI water mass in the Eppendorf™ placed at 

the outlet considering the average water density 

at the room temperature and dividing it by the 

elapsed time during the experiment according: 

𝑉𝑖 =
𝑚𝑓𝑖−𝑚𝑖𝑖

𝜌
 𝑡𝑖 = 𝑡𝑓𝑖 − 𝑡𝑖𝑖

 𝑄𝑖 =
𝑉𝑖

𝑡𝑖
 

( 3.3 ) 

The experimental setup for both the SS and 

GG can be observed respectively in Figure 3.2. 

 
(a) 

 
(b) 

Figure 3.2 – Experimental setup for flow 

estimation in SS (a) and GG (b). 

4 Results and Discussion 

The microfluidic device components are 

depicted in Figure 4.1 (a) as well as the hydraulic 

circuit sections along with its geometric 

properties. The device was fabricated through 

soft lithography techniques and characterized 

through the fabrication process. The final aspect 

of hardmask, SU-8 mold and microfluidic device 

is present in Figure 4.1 (b) and (c). 

The Bernoulli principle application is valid for 

most of the hydraulic circuit except for transition 

zones due to cross sectional variation and the 

mixer zone (GG-2a) of GG. To determine the 

pressure in the membrane only channel sections 

(SS-3) and (SS-2b) in SS and sections (GG-3) 

and (GG-2c) in GG must be considered. 

The values of pressure drop for each region of 

the flow were estimated for an average flow 

velocity 𝑈𝑎𝑣𝑔,𝑆𝑆 = 20𝑚𝑚. 𝑠−1 in SS. The wall 

shear stress was computed according to ( 2.2 ) 

and for the SS surface in the PETE membrane 

area (SS-2a and SS–2b) found to be 1.96 𝑃𝑎. 

To balance pressure in the PETE membrane, 

the flow rate of SS and GG must be set to the 

relation ( 4.1 ). The pressure loss in polyethylene 

and mixer areas isn’t negligible. The calculated 

averaged wall shear stress. 

𝑄𝐺𝐺 = 0.82 ∗ 𝑄𝑆𝑆 
( 4.1 ) 

An estimate of the time required to simulate the 
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(b)  

 

(a) (c) 

Figure 4.1 – (a) Top view of microfluidic device. Hydraulic circuit model simplification is defined by 

section of the Microfluidic device. PETE tubing placed upstream (1) and downstream (3) the model is 

omitted to avoid excess of information. In red GG sections, in grey the SS sections and in yellow the 

PETE membrane. (b) Microfluidic technology auxiliary components (Hardmask, SU-8 mold and PDMS 

microfluidic device) for SS. (c) Hardmask, SU-8 mold and PDMS microfluidic device for GG. 

VEGF diffusion at the membrane pore provides 

an order of magnitude of the process and limits 

the time of CFD simulation (𝑡𝑠𝑖𝑚) used to assess 

the effective concentration diffusion and yielded 

simulation times comprised between 0,13 𝑠 and 

3,25 𝑠 for a travelling distance depicted in Figure 

4.2 (a). 

The CFD analysis made for two velocities 

(𝑈 = {0.1 , 20.0}𝑚𝑚. 𝑠−1) and two molecules, 

water and VEGF-A (𝐷 = {100 ;  5} ∗

10−11 𝑚2. 𝑠−1), with model Figure 4.2 (b), 

confirmed the magnitude of effective diffusive 

time estimates with a maximum relative error of 

10%. This finding support that the concentration 

settling time in the GG system is mainly 

dependent on the convection time in the 

streamwise direction added to the convection 

time in the spanwise direction. 

In the shear stress generator, the area used in 

these simulations is only a portion of the entire 

system for computational simplification, however 

it is a representative model of the actual shear 

stress experienced by EC above the PETE 

membrane in red at Figure 4.2 (a) and the 

conditions detailed in (b). 

The minimum and maximum velocities (𝑈) 

considered were of 0.1 𝑚𝑚/𝑠 and 20.0 𝑚𝑚. 𝑠−1 

that results in Reynolds number below 𝑅𝑒 < 10 

for any of the cases, that confirm laminar flow  

 
(a) 

 
(b) 

Figure 4.2 – (a) Side View schematic of GG 

and travelling distances of 𝑥1 and 𝑥2 in CFD 

model. (b) 3D view of Pore diffusion CFD model. 
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hypothesis. Seven models were created to study 

the influence of packing of cells in the channel 

width, influence of positioning of anti-fouling 

pillars and cell spacing depicted in Table 4.1. 

Table 4.1 – Cell configurations in SS CFD 

model. 

Model Cell 
Spacing 

Disposition 
of cells 

Cell 
Packing 

Presence 
of pillars 

Cel 1 2 𝑅 Diamond Full No 

Cel 2 2 𝑅 Diamond Partial No 

Cel 3 2 𝑅 Diamond Full Yes 

Cel 4 2 𝑅 Quadrangular Full Yes 

Cel 5 3 𝑅 Diamond Full Yes 

Cel 6 4 𝑅 Diamond Full Yes 

Cel 7 6 𝑅 Diamond Full Yes 

 

The shear stress parametrization in EC is 

depicted in Table 4.2. Diamond disposition and 

the lower spacing between EC (Cel 3) leads to a 

maximum shear stress 𝝉𝒎𝒂𝒙 = 2.46 ±  0,09 [𝑃𝑎]. 

Quadrangular configuration (Cel 4) and higher 

cell spacing (Cel 5) increases 𝜏𝑚𝑎𝑥 relative to the 

diamond configuration (Cel 3). The full width at 

half maximum 𝐹𝑊𝐻𝑀 increases from 2𝑅 (Cel 3) 

to 3𝑅 (Cel 5) spacing to stabilize for larger 

spacings denoting its reduced influence for lower 

EC density. These latter findings agree with EC 

disposition in physiological conditions that 

optimizes hydrodynamic flow resistance. The 

lateral deviation for Cel 4 to 7 distribution exhibit 

large values (ranging from 1.18𝜇𝑚 𝑡𝑜 1.65𝜇𝑚) 

that could be issued with a higher mesh 

refinement. The wall shear stress magnitude is 

comparable to the estimated 𝜏𝑎𝑣𝑔 = 1.96𝑃𝑎 ( 2.2 ). 

The concentration gradient determination 

required the prior model calibration for the six 

images taken in GG (Figure 4.4) using a non-

linear model ( 3.2 ) homogenized to a DI water 

solution. The experimental results exhibit some 

concordance with CFD analysis for lower 

velocities 𝑈 = 0.1 𝑚𝑚. 𝑠−1 in a qualitative way, 

supported by the definition of transition areas 

coincident with the mixer outlet microchannels 

confluence (Figure 4.4 (a)). In the membrane 

entrance (Figure 4.4 (b)) the concentration profile 

for this velocity exhibit a larger degradation could 

be attributed to a velocity field modification that 

enhances diffusion in the spanwise direction. 

For higher velocities 𝑈 = 20.0 𝑚𝑚. 𝑠−1 the 

mixer performed poorly without the definition of 

all transition areas contemplated in the CFD 

analysis in the mixer outlet (Figure 4.4 (c)). CFD 

model simplifications or deffective PDMS-glass 

bonding in the mixer area could contribute for this 

deviation. Additionally, discounting the mixer 

efficiency, the concentration profiles between 

profiles computed in the mixer outlet and 

membrane entrance Figure 4.4 (d) should be 

Table 4.2 – Shear stress parametrization for 

SS cell configuration models. 

Model Max. SS 
𝝉𝒎𝒂𝒙 [𝑷𝒂] 

Ass. Dist. 
𝜹 [𝝁𝒎] 

Width 
𝑭𝑾𝑯𝑴[𝝁𝒎] 

Cel 1 2,46 ± 0,09 0 ± 0 27,52 ± 2,93 

Cel 2 2,28 ± 0,12 0 ± 0 28,13 ± 1,85 

Cel 3 2,46 ± 0,09 0 ± 0 27,52 ± 2,93 

Cel 4 2,53 ± 0,09 1,27 ± 1,71 29,43 ± 1,77 

Cel 5 2,60 ± 0,08 1,40 ± 1,91 32,14 ± 0,87 

Cel 6 2,57 ± 0,07 1,18 ± 1,82 31,63 ± 4,6 

Cel 7 2,52 ± 0,08 1,65 ± 2,18 33,31 ± 0,66 

 
(a) 

 
(b) 

Figure 4.3 – SS (a) top view and (b)3D View 

of CFD model and boundary conditions. 
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(a)  (b) 

  
(c)  (d) 

Figure 4.4 – Concentration gradient determination in the GG based on the relative light intensity ( 

3.2 ) for inlets with concentration (𝑐𝐼1 = 1: 2 ; 𝑐𝐼2 = 1: 20 ; 𝑐𝐼3 = 1: 200) for different average velocities 

at mixer outlet and membrane entrance. 𝑈 = 0.1 𝑚𝑚. 𝑠−1 at (a) mixer exit and (b) membrane entrance. 

 𝑈 = 20.0 𝑚𝑚. 𝑠−1 at (c) mixer exit and (d) membrane entrance. The inlet concentrations are 

represented in dashed lines and the CFD analysis results for diffusion of a water and VEGF molecules 

presented in the gray filled area.

similar due to the dominance of convective 

transport. PETE membrane weak bonding 

cause blister in the area which causes a 

spanwise fluid dispersion, a virtual increase in 

the relative intensity and lower virtual 

concentration that result in larger variations to 

the concentration profile obtained in CFD 

analysis. 

From Table 4.3 the method exhibited overall 

improved precision in the mixer outlet compared 

to the membrane entrance. Its overall accuracy 

was better for higher concentration regions 

(zones 1 and 4) compared with the remaining 

ones. This finding could be attributed to the 

resolution of the method for diluted solutions 

that present light intensities close to the 

calibration DI water solution. 

Table 4.3 – Relative uncertainty depiction 

by GG zone of concentration determination. 

 Zone 
1 

Zone 
2 

Zone 
3 

Zone 
4 

Zone 
5 

Zone 
6 

𝜹𝒓 
[%] 

32 50 50 22 44 85 

 

The flow rate was estimated for the several 

velocities in the SS and GG with an increasing 

error for faster flow rates (Table 4.4). The mean 

cross section velocity ranges from 0.1 𝑚𝑚. 𝑠−1 

to 20 𝑚𝑚. 𝑠−1. Flow rate determination 

exhibited a relative error lower than 6.2% for SS 

and 3.8% for GG. This error isn’t derived from 

the method precision indicating that 



9 
 

experimental errors derived from faulty 

detachment of water droplets and 

desynchronization between pump and clock 

start and stop instants could be pointed out. 

Table 4.4 - Flow estimation in SS and GG. 

Device 𝑸𝒔𝒆𝒕 

[𝝁𝑳 / 𝒎𝒊𝒏] 
𝑼𝒔𝒆𝒕 

[𝒎𝒎/𝒔] 
𝑸𝒎𝒆𝒂𝒔  ±  𝝈𝑸 

[𝒖𝑳 / 𝒎𝒊𝒏] 

𝜹𝒓𝑸 

[%] 

𝑬𝒓𝑸 

[%] 
SS 2,7 0,1 2,588 ± 0,003 0,1% 4,1% 

SS 40,5 1,5 38,46 ± 0,04 0,1% 5,0% 

SS 283,5 10,5 274,6 ± 0,4 0,2% 3,1% 

SS 540 20 506,0 ± 1,0 0,8% 6,2% 

GG 1,8 0,1 1,737 ± 0,002 0,1% 3,5% 

GG 27 1,5 26,40 ± 0,02 0,1% 2,2% 

GG 189 10,5 185,8 ± 0,3 0,2% 1,7% 

GG 360 20 346,0 ± 3,0 0,8% 3,8% 

 

The reversible microfluidic device system 

was tested with varying flow rate range and 

exhibited minor leakage issues in the PETE 

membrane (Figure 5.1). 

5 Conclusions and Future 

Developments 

Microfluidic technology has been 

disseminated in cellular applications due to the 

ease of fabrication, better parameter control 

and low cost that has led to the emergence of 

the Organ-on-a-Chip concept. 

The microfluidic device was designed to 

generate simultaneously a VEGF gradient and  

a shear stress experienced by a group of EC in 

response of this competing stimulus in cell 

polarization proposed by IMM. The design was 

assisted by simplified calculations and CFD 

analysis. To set a 2 𝑃𝑎 shear stress at the EC, 

the average flow velocity in SS must be set to 

 

Figure 5.1 - Third and last version of 

microfluidic device with minor leakage issues. 

20 𝑚𝑚. 𝑠−1 , a flow rate relation between SS 

and GG (0.8 ∗ 𝑄𝑆𝑆 ≈ 𝑄𝐺𝐺) guaranties the 

pressure balance in the PETE membrane. The 

experiment settling time in the GG is essentially 

given by the convection time in the streamwise 

direction added to the diffusion time in the 

spanwise direction. The simplified computations 

were supported by CFD analysis that determine 

a EC wall shear stress 𝜏𝑚𝑎𝑥 = 2,60 𝑃𝑎 and 

determined the optimum EC disposition and 

spacing to be a diamond one with a diameter 

spacing. 

The microfluidic device was designed 

considering the geometric and logistic 

limitations of the PETE membrane where the 

EC were to be expand and included anti-fouling 

pillars in the developing zones to avoid channel 

ablation due to larger channel aspect ratio. The 

microfluidic fabrication was made through soft 

lithography techniques in PDMS and two types 

of devices were fabricated. The first device, with 

a reversible assembly, met the project 

requirements of reusability and posterior cell 

access made with a PMMA holder with a 

through holes for bolts tightening to enable 

mechanical sealing. The second, with an 

irreversible assembly, was made to test the 

microfluidic device systems separately with the 

PETE membrane, whose permanent bonding 

was made to the glass substrate through 𝑂2 

plasma treatment. 

The experimental validation of GG and SS 

conditions was made separately to enable the 

detachment of the interaction between the two 

PDMS devices. The first experiment consisted 

on the determination of the concentration profile 

based on the relative intensity resorting to basic 

imaging processing techniques. 

The experimental results exhibit some 

concordance with CFD analysis for lower 
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velocities 𝑈 = 0.1 𝑚𝑚. 𝑠−1 in a qualitative way, 

supported by the definition of transition areas 

coincident with the mixer outlet microchannels 

confluence. The concentration profile 

degradation in membrane entrance could be 

attributed to a velocity field modification that 

enhanced diffusion in the spanwise direction. 

For higher velocities 𝑈 = 20.0 𝑚𝑚. 𝑠−1 at the 

mixer outlet there wasn’t a definition of all 

transition areas contemplated in the CFD 

analysis that could be due to CFD model 

simplification or deffective PDMS-glass bonding 

in the mixer area. Additionally, at the membrane 

entrance the concentration profile degradation 

was more prominent, contradicting CFD 

analysis where the transport should be 

convective. The channel blister in the PETE 

membrane blister, whose bonding is weak to 

PDMS, caused a spanwise fluid dispersion, that 

increased relative intensity and contributed for 

the lower concentration computed. 

The second experiment measured the flow 

rate with relative errors lower than 6.2% for SS 

and 3.8% for GG by defect that could be 

attributed to experimental errors. 

Some improvements could be made to 

increase the microfluidic device effectiveness 

like the inclusion of EC, or a diamond anti-

fouling pillar disposition could reduce the minor 

leakages between SS and GG, observed for 

higher flow rates. The use of VEGF embedded 

membrane could generate the concentration 

gradient in EC and reduce the device to one 

channel, the SS. 

Regarding the experimental setup, the 

inclusion of a pressure pump and flowmeter 

would create a transient regime closer to 

physiological conditions and enable its 

reproducibility in CFD analysis. The inclusion of 

a pulsatile flow, Fluid-Structure Interaction in 

the EC model to mimic the dynamic response 

could lead to important findings is dependent on 

cellular membrane stiffness characterization 

using 3D microscopy with a minimum time 

resolution of 10Hz. 
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