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Abstract 

Engineering a thin air-liquid interface membrane is important to 

model in vitro the complex lung alveoli structure. To date, only few in 

vitro microfluidic platforms have been able to reproduce the in vivo 

size of alveoli while making it fast, easy to pattern and with a high 

yield. Moreover, no current platforms are including lung fibroblasts in 

the model. Here, we introduce a 3D printed open microfluidic and 

technique to create a thin hydrogel membrane close to the alveoli 

dimensions around a 100µm and usable for cell culture. 3D printed 

organ-on-chips allow the same biological performance and 

biodegradability in comparison to the usual PDMS chips while 

providing a high-throughput and no small molecule absorption. 

Utilizing the strong surface tension between hydrogel and closely 

spaced micropillars, after the suction of the liquid, provides a solution 

to pattern the desired thin hydrogel membrane. These platforms using 

specific patterning techniques can be used for a wide range of 

applications as an air-liquid interface model for powder inhalation 

tests or pharmaceutical drugs screening for instance. 

Keywords : Lung-on-chips, Open microfluidic platform, capillary 

pinning, microfluidic patterning technique 

Student Number : 2020-24846 
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Chapter 1. Introduction 
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1.1. Study Background 

The human lung is divided in 3 parts namely the trachea, the 

bronchiole and the alveoli, which are interfaces enabling exchanges 

between the air and the blood system that mediate the transport of 

oxygen and nutrients into the human system. The size of the interface 

between blood and air can go from few microns in the alveoli to 

hundreds of microns in the bronchioles1. Lungs are an expected area 

to develop disease in the airway, therefore the need to study and 

model this organ is nowadays increasing. Organ-on-chips represent a 

great tool to model in vitro the cellular micro environment of organs 

and an improvement compared to animal studies in terms of cost, ethic, 

time but also in performance. Manufacturing a thin air-liquid interface 

is a crucial component for the creation of a more accurate, realistic 

and robust model for lung-on-chips which has a wide range of 

applications2.  

To date, only few in vitro microfluidic platforms have been able to 

reproduce the in vivo size of alveoli (around 100µm) while making it 

fast, easy to pattern and with a high yield. And no current platforms 

consider lung fibroblasts in their models which have an important role 

in airway inflammation and are necessary for asthma and diseases 

model studies3.  

Most of the traditional microfluidic platforms use 
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polydimethylsiloxane (PDMS) which is a burden in terms of 

performance due to the low throughput and small molecules 

absorption4. These limitations are a burden for the scalability and the 

integration in an industry-oriented mass production due to the need of 

personalized hand processing at each step. The low throughput 

generally comes from the complex adhesion of several PDMS or 

PMMA structures which are bonded to each other or to a substrate by 

plasma treatment. A solution to these issues can be found in 3D 

printing. Indeed, 3D printed organ-on-chips allow the same biological 

performance and biodegradability in comparison to the usual PDMS 

chips while providing a high-throughput and no small molecule 

absorption. Nevertheless, the resolution of most current 3D printers 

is currently not comparable to the resolution of soft lithography 

technique which can generate few microns structures. And the use of 

stretchable polymeric membrane helps to induce mechanical forces 

mimicking the breathing motion for a better recapitulation of the cell 

dynamic inside the lung alveoli5 which is not possible with cured resin. 

Recent devices made of expensive materials such as gold and 

complex multiple manufacturing processes could reach the desired 

alveoli dimensions of few microns thickness and the in vivo epithelium 

area size of a single alveolus, and, moreover, exhibit a stretchable 

hydrogel membrane deflecting under an applied vacuum to reproduce 
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the breathing motion. Nevertheless, they fail in the high throughput 

and expendable objective for a more diverse range of applications6. 

 

1.2. Purpose of Research 

Hence, using 3D printing and the physical phenomenon of capillary 

pinning for the patterning process is a possible answer to these 

challenges. This publication describes a 3D printed microfluidic 

platform to recapitulate in vitro the cellular microenvironment of the 

alveoli. The platform mimicries the size of the air liquid interface 

around a 150µm thick hydrogel membrane which could potentially be 

stretchable while still being possibly made for mass production. The 

procedure to use the capillary pinning is as followed. We inject a liquid 

inside a channel which contains a structure containing micro size 

pillars. The liquid infiltrates the pillars and is then suctioned out. A 

small amount is retained and stays pinned between the pillars due to 

the surface tension. This process forms the thin hydrogel membrane 

used for cell culture. Lung fibroblasts can be suspended in this 

particular hydrogel membrane and endothelial and epithelial cells can 

be cultured on layers on both sides for few weeks. This platform 

provides insights of a novel high throughput organ-on-chips device 

with a thin stable membrane and potentially made for mass production. 

This platform is: (i) simple, quick-to-use and open top, (ii) using a 3D 



 

 ６ 

printed resin biocompatible usable with different wetting contact angle 

and surface treatments, (iii) using a 150µm thin hydrogel biological 

membrane containing lung fibroblasts, (iv) allowing potential culture of 

endothelial, epithelial cells on the membrane sides. 
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Chapter 2. Materials and methods  

 

2.1. Device fabrication 

The devices were prototyped with a 3D printer (Perfectory mini 4 

Systems, EnvisionTec) using the PIC100 resin with the ERM 

(Enhanced Resolution Module). It uses the digital light projector (DLP) 

process with an UV light and a projector to print highly detailed 

features which can reach at the smallest a 100µm feature. The pillars 

size was 200×150 µm, spaced by 200µm and 300µm tall. The device 

features were modeled using SolidWorks (Dassault Systèmes, Velizy-

Villacoublay, France), rinsed using isopropyl alcohol and post cured 

by 385 nm UV for an hour. The resin is not initially biocompatible, 

therefore to change that surface property to adapt for cell culture, we 

deposited poly(x-xylene) with a thickness of 5µm by a plasma 

enhanced CVD process (Lavida, Femtoscience). This chemical vapor 

deposition process changes the contact angle as well which will have 

a definite impact on the capillary pinning phenomenon. 3M™ 9795R is 

an advanced polyolefin diagnostic microfluidic medical tape with a 

50µm thickness applied as a substrate on the bottom of the wells to 

complete the device. The medical tape is considered as a pressure 

sensitive adhesive film (PSA film) coated with silicone acrylic and 
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pasted by pressure exerted on it. To induce hydrophilicity, the 

microfluidic platform underwent plasma treatment at 75W and at a 

specific time to get the desired contact angle, 5 minutes before cell 

loading. 

 

2.2. Cell preparation 

Human umbilical vein endothelial cells (HUVECs, Lonza) were 

cultured in endothelial growth medium (EGM-2, Lonza) until passage 

5 and were then used for the experiments. Lung fibroblasts (LFs, 

Lonza) were cultured in a fibroblast growth medium (FGM-2, Lonza) 

until passage 7 and were then used for experiments. A549 cancer cells 

were cultured in DMEM supplemented with 10% FBS, penicillin (100 U 

mL-1) and streptomycin (100 U mL-1). All cells were plated and 

incubated at 37°C and 5% CO2 3 days prior to experiments.  

 

2.3. Preparation and loading of the alveoli cell 

configuration 

A549 cells, HUVECs and LFs were detached from culture dishes, 

centrifuged at 1100 rpm and suspended at 12× 106
 cells per mL in 

EGM-2 for the LFs and at 6× 106
 cells per mL for the other two cell 
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suspensions. The hydrogel was made by a fibrinogen powder from 

bovine plasma (F8630, Sigma-Aldrich). The powder was dissolved in 

phosphate-buffered saline (PBS, Hyclone) with 0.45 U mL-1 of 

aprotinin (A1153, Sigma-Aldrich) to create a fibrinogen solution with 

a concentration of 40 mg mL-1. The LFs solution was suspended in a 

1:1 ratio creating a final fibrinogen concentration of 20 mg mL-1 and 

cell densities of 6× 106
 cells per mL. The solution was mixed uniformly 

on a volume ratio 1:20 with thrombin at 50 U mL-1 and quickly loaded 

in the microfluidic well. Using the capillary phenomenon described 

with more details in the following section, the liquid was injected 

flowing through the channel and the micropillars then suctioned. Some 

residual liquid got retained between the pillars and formed the 

hydrogel interface membrane. The gel was allowed to crosslink for 5 

minutes. The HUVECs solution was then injected in one of the media 

channels, and tilted 90°. The chip was then incubated for 30 minutes 

to allow the deposition of the cell layer on one surface of the hydrogel 

membrane. We then filled media channels with EGM-2 and kept in the 

incubator. The same steps were made for the other channel which we 

filled with A549 cancer cell lines solution. The device was incubated 

at 37°C with 5% CO2 for six days and medium was replaced with fresh 

medium on the third day suctioning and injecting only through the 

inlets far from the micropillars.  
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2.4. Immunostaining 

Cells in the device were fixed using paraformaldehyde buffered in 

PBS for 20 minutes, then treated for 20 minutes with 0.2% Triton X-

100 (Sigma) for permeabilization and 30 minutes of bovine serum 

albumin to block nonspecific binding at room temperature. The cells 

were incubated overnight at 4°C. Endothelial cells were stained using 

mouse monoclonal antibody specific for human CD31 (Alexa Fluor® 

conjugated 594nm) at 4°C. Cells nuclei were stained using Hoechst 

33342 at (Molecular Probes 461nm) and lung fibroblasts were stained 

using chicken polyclonal antibody for human anti-Vimentin (abcam, 

647nm), finally, A549 small lung cancer cells were stained using 

CD326 Ep-Cam (Alexa Fluor® 488nm). 

 

2.5. Imaging 

The imaging was made using a confocal laser scanning microscope 

(Nikon- Ti) and images were captured with a confocal PMT detector 

with lenses of ×4 and ×10. The images of the different z-stacks of the 

confocal images were obtained using Fiji, a package based of ImageJ. 
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2.6. Numerical simulation 

The numerical simulations were performed with COMSOL 

Multiphysics 5.3 (COMSOL Multiphysics GmbH, Switzerland) to 

visualize the liquid patterning process, estimate the pressure inside 

the channel and confirm the patterning condition in 2D. We used the 

Two-phase flow, Phase field microfluidic module considering air and 

water as materials. 

 

2.7. Statistical analysis 

Statistical analyses were made using Prism (GraphPad, USA) 

obtained from an unpaired two-tailed Student t-test. The standard 

error of the mean (SEM) is presented in error bars. 
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Chapter 3. Results and discussion  

Our microfluidic platform consists of a 3D printed photo curable 

resin and a pressure sensitive adhesive film attached to the bottom 

channel. The device is divided in three parts. The middle part is made 

by an array micropillars and the gap in between which is the location 

for the thin hydrogel membrane to be formed. Last parts are the two 

side channels which contain inlets to pattern firstly the pinned 

hydrogel then the different kind of cell suspension layers. The side 

channels have an enlargement of the fluidic channel in the opposite 

side of the inlet to slow the liquid and to allow the user to see the 

liquid front. The platform uses the capillary pinning principle to create 

a thin hydrogel layer.    

Capillary pinning phenomenon is a technique especially used in 

microfluidic valves as they can regulate the flow by either stopping or 

letting the fluid flow only using spatial and geometrical structure 

properties such as the enlargement or the reduction of the fluidic 

channel width. This property has been deeply studied and analyzed7. 

Here, we use this physical property due to the surface tension to stop 

the flow at will and engineer a thin hydrogel layer trapped between 

micropillars due to the surface tension. The following patterning 

process has been introduced as an aspiration-based method useful for 
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its time-cost efficiency and for the high throughput of the method8, 9. 

The patterning steps are divided in two main steps which is the 

infiltration and the retention as shown in the patterning images in 

Figure1 (a). Using a pipette, we first inject hydrogel in the inlet of one 

of the channels, it will flow between the pillars depending on the 

contact angle of the different surfaces and when the liquid reaches the 

enlargement of the channel we suction it. Some liquids will be trapped 

between the pillars if the process is successful, this is the retention 

phase. In the following section, we examine the different treatment to 

control the thickness of the channel and the patterning principle. 

 

3.1. Capillary pinning liquid patterning process 

3.1.1. Surface treatment 

Different surface treatments can be used with the chips 

depending on the desired hydrophilicity of the substrate. Indeed, 

different cell types adhere better on the surface properties. It depends 

on integrins which react differently depending on the reaction and 

interaction of cells with the substrate10. We observed that different 

surface hydrophilicity will give different shapes for the liquid trapped 

between the pillars. Basic trigonometry relationships show that the 

shape should be thinner in the center where the curvature radius is 
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Figure 1: (a) and (b) show the capillary pinning process, the fluid (red 

dye) is firstly injected through an injection hole, then flows through 

the channel and the pillars. It will get pinned and, therefore, stop due 

to the enlargement of the channel. Lastly the fluid is suctioned and the 

capillary force due to the surface tension will trap residual liquid 

between the pillars and form the membrane used for cell culture. (c) 

shows the 3D design of the microfluidic platform and (d) shows the 

cross section view and the placement of the different elements such 

as the substrate, the gel and the cell layer. 
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maximum as shown in the schematic of the chip cross section in Figure 

2 (a). Using previous studies about the shape of a liquid under a liquid 

guide rail21, in Figure 2 (a), considering a highly hydrophilic contact 

angle for both θa and θb, it has been shown that the value x is going to 

be equal to 𝑥 = ℎ ∗ tan(
𝜃𝑏

2
−

𝜃𝑎

2
). In our case, the value is going to be 

positive due to the fact that experimentally in an hydrophilic case 𝜃𝑏 >

𝜃𝑎 which does not provide the optimum volume between the pillars to 

get the minimum width. Due to the surface tension as shown in the 

schematic in Figure2 (b), and as shown experimentally in Figure2 (d), 

the liquid thickness is inferior to the pillar’s size width. We studied and 

tried to identify experimentally the best liquid shape comparing 

different surface treatment on both the 3D printed resin and the PSA 

film considering the liquid had a rectangular shape uniform on the 

height. We observed that the liquid shape did not significantly change 

depending on the contact angle when both materials had a contact 

angle between 30° and 90°. Nevertheless, the shape of the liquid in 

hydrophobic condition and when the contact angle is close to 0° were 

both not appropriate to pattern the membrane of hydrogel. Indeed, 

when the contact angle was highly hydrophilic, the liquid shape 

increased by 35% compared to the pillar size due to the spreading of 

the retained liquid on the hydrophilized surface which can be explained 

by the Tanner’s law for example11. When the contact angle was 
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hydrophobic, the patterned membrane was either not retained between 

the pillars or too fragile and unstable to withstand the next patterning 

step of the cell suspensions. This observation will be consistent with 

the theoretical analyzes performed in the next section. The volume of 

liquid in between the pillars does not depend on the volume of liquid 

injected in the side channel but depends on the hydrophilicity of the 

surface.  

 

3.1.2. Numerical simulation 

We made a 2D numerical simulation of the microfluidic platform to 

illustrate the patterning conditions and relevance according to the 

theoretical microfluidic equations.  

We calculated the grid convergence index (GCI). This index is a 

method used to calculate and report the spatial discretization errors 

for computational numerical simulation. We calculated the index while 

evaluating the pressure inside the side channel for two different wall-

contact angles 120° and 60°. The GCI compares two different meshes, 

the decrease of the index as the meshes get finer shows that the 

numerical simulation is converging into an asymptotic solution. Figure3 

shows that the value using the finer mesh gets closer to the theoretical 

pressure calculated from the equation. The theoretical pressure 

difference was obtained considering the pressure due to the average 
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velocity applied in the channel using the Poiseuille flow solution in a 

rectangular channel and the Laplace pressure due to the wall contact 

angle. We measured the velocity using a camera and by averaging the 

pipetting motion and computed the numerical simulation. 

Using the research from Soheili et al12, we calculated the order of 

discretization according to the formula and obtained coherent results 

considering the use a quadratic order of spatial discretization for the 

simulation. The final grid convergence indexes shown in Figure3 (b) 

and (d) demonstrate the convergence of the numerical simulation into 

an asymptotical solution when the meshes get finer. This result shows 

the reduction of dependency of the numerical simulation due to the 

meshes and the spatial discretization. 

   

3.1.3. Theoretical analysis of the capillary pinning 

The capillary pinning process can be divided in three distinct steps. 

The first step consists of the infiltration of the liquid between the 

pillars as shown in Figure4 (a). Indeed, the main issue encountered is 

that the fluid can get pinned at the entrance of the pillars similarly to 

the PDMS microfluidic chip which are using small triangular pillars to 

create an interface between 2 different fluids. The liquid is then 

blocked from crossing or bursting into the adjacent channel as shown 

in the numerical simulation in Figure4 (c) in the case of a contact angle 
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Figure 2 : (a) shows the shape of the gel under the middle channel in 

hydrophilic conditions. The liquid tends to spread on the side when the 

contact angle is close to 0° such as shown in (d). The length x depends 

on the contact angle of both materials, in our case the length is positive 

and has to be minimized to minimize the thickness of the gel. (a) and 

(b) are schematic of the chip and show the parameters that are 

neccesary to understand the capillary pinning, the height of the pillars, 

the interpillar distance and the side channel length. (d) shows the 

thickness of the membrane for a given pillar size of 200µm depending 

on the surface treatment. Using the measured contact angle in (b), we 

deduce a sufficient condition of the capillary pinning phenomenon, at 

least one of the 3D printing chip or the PS substrate in contact with 

the liquid needs to have a contact angle under 90° to allow the capillary 

pinning. Processes in red are non ideal as they either exhibit a poor 

liquid shape which will not withstand the shear stress of the adjacent 

media flow or an unnecessary excess of liquid for the first case.  
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Figure 3 : (a) and (c) show the various pressure difference in the side 

channel using different meshes compared to the theoretical solution 

for two different contact wall contact angles. (b) and (d) show that the 

grid convergence indexes in both cases are both decreasing as the the 

meshes get finer. Therefore, the numerical solutions calculated by 

Comsol are converging into an asympotical solution.  
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of 120°. If one of the advancing contact angles of either the resin or 

the PSA film is under 90° so (𝜃𝐴 ≤  
𝜋

2
)   as analyzed by Berthier et al13, 

the fluid will naturally flow and infiltrate the pillars. This situation 

represents most of the cases in our microfluidic platform as the PSA 

film advancing contact angle will drop under 30° after 10s of plasma 

treatment which is one of the currently used surface treatments for 

the device. In the case where the advancing contact angle of all 

components are over 90° (𝜃𝐴 ≥  
𝜋

2
) which happens after the poly(x-

xylene) surface treatment and using no plasma surface treatment, the 

liquid will get pinned at the edge and not infiltrate the pillars. To 

understand the physical reasons by considering the geometry, the 

theoretical maximum Laplace pressure to burst this capillary pinning 

which is calculated to be in 2D and 3D: 

• ∆𝑃𝑚𝑎𝑥 =
−2𝛾∗𝑐𝑜𝑠(𝜃𝐴) 

𝑒
       

• ∆𝑃𝑚𝑎𝑥 = −𝛾(
2∗cos(𝜃𝐴1) 

𝑒
+

𝑐𝑜𝑠(𝜃𝐴1)+𝑐𝑜𝑠(𝜃𝐴2)

ℎ
)         

with e the width of the media channel, h the pillars height, 𝜃𝐴 the 

advancing contact angle of the 3D printing resin and the PSA film and 

γ the surface tension14. Using the assumption that we consider a 

Poiseuille flow in the media channel, we can approximate the pressure 

difference between the inlet and the outlet as the sum of the pressure 

due to the velocity of the fluid and the pressure due to the capillary 
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force on the wall wetted contact angle. Assuming the average velocity 

we can scale the pressure in 3D as: 

• ∆𝑃~12µ𝑈𝐿 (
1

𝑎²
+

1

ℎ²
) −

2𝛾∗𝑐𝑜𝑠(𝜃𝐴) 

𝑎
 

with L the length of the channel, h the height of the channel, a  the 

side channel length, U the average speed experimentally measured, µ 

the dynamic viscosity of the liquid and 𝛾 the surface tension. 

If we consider only the 2D case and consider the pressure due to 

the velocity of the fluid negligible compared to the capillary pressure 

which was calculated to be the case. The pinning condition becomes 

simply: 

• 𝑎 < 𝑒 

For the 3D case, by using the dimension of the microfluidic chip 

and the value of advancing contact angle, surface tension, the equation 

provides the theoretical result that it is not possible for the pinning to 

get unpinned which is in accordance with experimental results and with 

the numerical simulation estimation of the pressure difference as 

shown in the pressure calculation in Chart1. The theoretical maximal 

bursting pressure is never reached by the channel in our conditions. 

This pinning is currently used for the PDMS chips patterning process 

and stays in accordance with current results. A numerical simulation 

using the microfluidic platform dimension and experimental measured 

velocity shows that the pressure variation inside the channel was 
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estimated to be at all time lower than the estimated maximum critical 

pressure in the BB’ direction shown in Figure4 (c) before the liquid 

gets unpinned as summarized in Chart1. 

The second pinning occurs after the liquid infiltrates the pillars. It 

will suddenly stop at the edge of the pillar when the channel enlarges. 

In this case, the maximum theoretical pressure to burst the channel is 

approximated to be ∆𝑃𝑚𝑎𝑥 = 𝛾(
1

𝑒
+

1

ℎ
)  with e the distance between 

pillars, h the height of the channel15 and 𝛾 the surface tension. Using 

the same analysis made above, we can approximate the pressure as 

the sum of the capillary pressure and the pressure due to the pressure 

drop in the suction process 12µ𝑈𝐿 (
1

𝑒²
) −

2𝛾∗cos(𝜃𝐴) 

𝑒
. 

Approximations and order of magnitude show in this case as well 

that the liquid will get pinned in the microfluidic chip with dimensions 

close to millimeters and it is highly unlikely for the valve to burst 

considering the microfluidic platform dimensions as shown in the 

pressure calculated in Chart2. Figure4 (a) shows how the liquid gets 

pinned in the extremity of the pillars during the injection process. In a 

similar way, a numerical simulation using the microfluidic platform 

dimension and the experimentally measured velocity showed that the 

pressure variation inside the channel in the BB’ direction as seen in 
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Figure 4 : (a) and (b) show the numerical simulation of the whole liquid 

filling process following the Figure 1 (a), (b) technique for a wall 

contact angle of 60°. We experimentally measured the liquid inlet 

velocity and the contact angle of the 3D printed resin and computed 

the simulation. (c) shows the liquid getting blocked by the pillars with 

a contact angle of 120° which is in accordance with the theory. The 

pressure difference in the BB’ direction was below the threshold 

critical pressure value at all time. (d) shows the case where the side 

channel length is equal to the interpillar distance, the theoretical 

critical pressure between the pillars is then equal to the critical 

pressure in the side channel. So the liquid recedes first between the 

pillars, then in the side channel. The liquid patterning, therefore, failed 

because in this 2D case ∆𝑃𝑙 = ∆𝑃ℎ. 
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Figure4 (a) was estimated to be at all time lower than the estimated 

maximum critical pressure before the liquid gets unpinned as 

summarized in Chart2. 

The third step is the retention phase. The model is based on the 

consideration of the critical Laplace pressure which will induce the 

start of the liquid recession8. The contact line between the gas liquid 

is initially immobile while resisting the suction force by the pipette and 

then recedes when the aspiration pressure due to the pipette is higher 

than the critical Laplace pressure which corresponds to the critical 

receding contact angle. Hence, the patterning success depends on 

which interface reaches first the critical capillary pressure which 

induces the liquid recession between the one with the pillars or the 

one in the side channel. It is the competition between the capillary 

force at the edge of micropillars and the capillary force in the side 

channel of the suction16,17. The critical pressure between the pillars 

can be calculated in 3D as: 

• ∆𝑃𝑙 = 𝛾(
2∗cos(𝜃𝑅1) 

𝑒
+

cos(𝜃𝑅1)+cos(𝜃𝑅2)

ℎ
) 

And in 2D as: 

• ∆𝑃𝑙 = 𝛾(
2∗cos(𝜃𝑅1) 

𝑒
) 

And the 3D critical pressure in the side channel is calculated to be: 

• ∆𝑃ℎ = 𝛾(
2∗cos(𝜃𝑅1) 

𝑎
+

𝑐𝑜𝑠(𝜃𝑅2) 

ℎ2
−

1 

ℎ2
) 
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With a, the side channel length, and h2 the approximated height of the 

open channel height supposed to be 1.5mm in this case. We can 

observe that this (
𝑐𝑜𝑠(𝜃𝑅2) 

ℎ2
−

1 

ℎ2
)  term is 10 times negligible compared 

to 
2∗cos(𝜃𝑅1) 

𝑎
. Also, it is interesting to see the geometrical symmetry of 

the height of the pillars and the interpillar distance which is also 

described inside the equations. 

And in 2D as: 

• ∆𝑃ℎ = 𝛾(
2∗cos(𝜃𝑅1) 

𝑎
) 

   For the patterning to be successful we need that:  

• ∆𝑃ℎ < ∆𝑃𝑙              Equation (1) 

Indeed, in this case the fluid will recede first in the side channel 

and the liquid droplet will stay between the pillars, if the aspiration 

pressure stays below this ∆𝑃𝑙 value. 

Using this patterning condition, it is possible to plot the 

dependency of the different parameters which are the height h, the 

interpillar distance e and the side channel width a. The equation 

depicts the evolution of the success of the patterning considering the 

previously mentioned parameters as shown in the different patterning 

plots in Figure6. Considering the inequality, it is possible to determine 

the patterning conditions when fixing one parameter and changing the 

other two. For example, in Figure6 (a) and (b), when fixing the side 
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channel length, a, the patterning condition gives: 

• For𝑒 ∈ [0, 𝑎[, ℎ >
cos(𝜃𝑅1)+ cos(𝜃𝑅2)

(
2∗cos(𝜃𝑅1) 

𝑎
−
2∗cos(𝜃𝑅1) 

𝑒
+
cos(𝜃𝑅2) 

ℎ2
−
1 

ℎ2
)
 

• For𝑒 ∈]𝑎, +∞[, ℎ <
cos(𝜃𝑅1)+ cos(𝜃𝑅2)

(
2∗cos(𝜃𝑅1) 

𝑎
−
2∗cos(𝜃𝑅1) 

𝑒
+
cos(𝜃𝑅2) 

ℎ2
−
1 

ℎ2
)
 

With 𝜃𝑅1 the receding contact angle of the 3D printed resin, 𝜃𝑅2 the 

receding contact angle of the PSA film, h2 the approximated height of 

the open channel height supposed to be 1.5mm in these simulations 

but the value did not influence the theoretical equation. There are two 

theoretical successful patterning zones which are seen in Figure6 (b) 

which are in accordance with the experiment as superposed in Figure6 

(a). 

 Using the equation (1) to determine the successful patterning 

zone for a fixed pillar’s height gives:  

• 𝑎 >
2cos(𝜃𝑅1)

(
2∗cos(𝜃𝑅1) 

𝑒
+
cos(𝜃𝑅1)+ cos(𝜃𝑅2) 

ℎ
−
cos(𝜃𝑅2) 

ℎ2
+
1 

ℎ2
)
 

The equation verifies the experimental conjecture that the theoretical 

side channel length limit reaches a plateau as shown in Figure6 (c). 

Using a safety factor of 0.5, we could fit the theoretical curve to the 

experimental given data. 

Also, it is interesting to note that the 2D condition for patterning 

which can be simplified as: 

• 𝑎 > 𝑒 

And this condition is always respected due to the first pinning 
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infiltration condition. Indeed, in 2D, the capillary pinning phenomenon 

always occurs, when this condition is not satisfied. The side channel 

length should be longer than the interpillar distance.  

 We observed that the 2D liquid patterning condition for the 

retention is a sufficient condition for the success of the patterning 

process. Using the 3D equation gives a necessary and sufficient 

solution to the retention process. 

 

3.2. Patterning for cells co-culture in a 3D 

microenvironment 

To model alveoli cellular microenvironment, we studied a 3D 

culture model involving cell-cell and cell-ECM interactions. We used 

a hydrogel membrane embedded with lung fibroblast which are 

essential in airway inflammation and airway remodeling. Different cell 

loading configurations are available with this platform, indeed up to 3 

different cell types are possibly co-cultured in one microfluidic well18. 

To model the full alveoli cellular microenvironment, HUVECs and 

A549 epithelial cancer cells were cultured on both sides of the 

hydrogel membrane containing LFs beforehand for 6 days. After 6 

days seen to proliferate in terms of cell-cell interaction and formed a 

thick deposited layer which fully surrounds the hydrogel side 
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Figure 5 : (a), (b) and (c) summarize the differing liquid patterning 

steps and the patterning conditions. For the infiltration phase, a 

sufficient condition is that the contact angle of one of the materials 

such as the substrate is under 90°. The liquid will then naturally flow 

between the pillars. For the second pinning step, the phenomenon 

always happen in the small dimensions of the microfluidic platform. 

The retention process depends on different parameters and is more 

complex.     
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Figure 6 : (a), (b) and (c) summarize the patterning conditions on 

the height of the pillars, the interpillar distance and the side channel 

length on the retention process. (a) shows how the pillars height 

dependancy on the interpillar distance for a fixed side channel length. 

According to the theory, in 2D the interpillar distance needs to be 

smaller than the side channel length. Using the symmetry between the 

height and the interpillar distance, when both values are superior to 

the side channel length, the patterning is going to fail. The 3D 

theroretical equation diverges locally, when the interpillar distance 

reaches the side channel length. So by considering these two cases, 

when the interpillar distance is between 0 and the fixed side channel 

length and when the interpillar distance is between the fixed side 

channel length and infinity. We obtain the patterning condition for the 

retention phase in accordance to the experimental values. (c) shows 

the patterning condition when fixing a channel height. The theoretical 

limit when the interpillar distance reaches infinity provides the 

threshold value of the success patterning plateau.  
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membrane whereas the cancer cells mostly deposited on the bottom 

of the plate near the membrane. LFs grew inside the suspended gel, 

while HUVECs were proliferating as seen in confocal images in Figure 

7. The suspended gel kept its stability and integrity and shape even 

after multiple medium change, injection and suction process during the 

whole experiment. We could also establish only half of the alveoli cell 

barrier only using cultured HUVECs and the suspended LFs for few 

days in Figure 7. Cells exhibit the same behavior in this cell 

configuration by growing in their characteristic long elongated shape 

for LFs and proliferating for HUVECs. We then carried immunostaining 

to visually identify and confirm the different cells position and 

configuration. 

 

3.3. An open microfluidic platform to recreate the in-

vivo environment 

In this study, results showed the possibility to culture cells and to 

engineer a thin hydrogel layer in the 100-200 µm range in this high 

throughput device. Nevertheless, there are still some limitations. 

Indeed, the width cannot reach the current desired dimensions under 

20µm such as in the second-generation chip6 or the current PDMS 

membrane used in the commercial lung-on-chip due to the limitations 

of the 3D printing resolution. Therefore, using a more precise 3D 

printer could allow a thinner membrane, nevertheless it would also 

mean changing the design parameters according to the dimensionless 

number but also the stiffness of the hydrogel. Working with a thinner 

membrane, it is possible to tune the fibringel powder concentration to 
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manipulate and add stiffness to the scaffold to withstand the shear flow. 

Although, studies were made using thinner biological membrane 

and mimicking the dynamic flow and membrane deflection in lungs5, in 

this paper, the tools used could be optimized and further improved. 3D 

printing provides the possibilities of potential mass production through 

the use of injection molding18 of the CAD prototype for example. And 

the capillary pinning offers a fast and reproducible technique to load a 

small amount of liquids.  

The platform can be used with different surface treatment, the 

contact angle of the bottom substrate available either in hydrophilic or 

hydrophobic conditions. In fact, some cells adhere better depending on 

the hydrophilicity of the surface. Hence, this platform can be also 

tuned depending on the type of cells used. 

Moreover, the shape of the hydrogel is not perfectly uniform 

between pillars and even varies along with the height, the volume of 

hydrogel is still varying. Some liquid may infiltrate between the pillars  
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Figure 7: (a) and (b) are confocal images of the microfluidic platform 

co-cultured with HUVEC and lung fibroblasts at different z-stacks. We 

can observe the thin hydrogel membrane containing LF cells between 

the pillars in orange and the epithelial cells layer growing on the side 

of the hydrogel in green. (c) and (d) show the scheme of the cell 

configuration used for the experiment to create one layer or full layers.  
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and the PSA film substrate which causes some liquid leaking and 

confusion during the confocal imaging. The capillary pinning highly 

depends on the contact angle of the PSA film and the resin. Therefore, 

this phenomenon will not work with any materials and needs a perfect 

control of the contact angle of the surface and the substrate. 
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Chapter 4. Conclusion 

In this study, we showed how 3D printing and capillary pinning 

represent great tools and answers to manufacture high throughput 

microfluidic devices. Results showed the possibility of engineering a 

thin layer of hydrogel mimicking the size of the air liquid interface 

which is close to 100-150µm usable for cell culture with different 

possible cell patterning configurations and convenient for confocal 

imaging.  

Potential future works include the possibility of growing two full 

cell layers including one with cancer cells or using an air pump to 

mimicry respiration inside the device. This microfluidic platform 

provides a wide range of future applications such as powder inhalation 

assays or pharmaceutical drugs screenings for example.   

These platforms using specific patterning techniques can be used 

for instance for a wide range of applications as an air-liquid interface 

model for powder inhalation tests or pharmaceutical drugs screening 

for example. 
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Infiltration Step 120° 2D 3D 

Maximum ∆P_Water (Pa) 364,5 573,0834117 

Laplace ∆P Maximal (Pa) 209,4555429 541,1312213 

Numerical Simulation ∆P 320   

 

Chart1 : Difference of pressure chart for the infiltration step result for 

a contact angle of 120°. the difference pressure inside the pillars is 

always lower that the critical pressure where the liquid gets unpinned. 

  

Chart1 (a) Pressure difference in the BB’ for a contact angle of 120° 

at all time steps of the whole liquid patterning process. 
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Secondary Pinning 2D 3D 
Critical threshold Maximum ∆P 

(Pa) 729 1215 

∆P inside Pillars (Pa) -364,44882 -501,6266667 

Numerical Simulation ∆P (Pa) -330   

 

Chart2 : Difference of pressure chart for the secondary step result for 

a contact angle of 60°, the difference pressure inside the pillars is 

always lower that the critical pressure where the liquid gets unpinned.  

 

Chart1 (a) Pressure difference in the BB’ for a contact angle of 6° at 

all time steps of the whole liquid patterning process. 
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