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Figure 64. A) Upper vinyl layout dimensioned, B) Intermediate viniyl layout dimensioned, C) Lower vinyl
layout dimensioned. Units are expressed in mm.

The final chip structure comprises seven different layers illustrated in Figure 65:
a) Bottom glass layer
b) Lower microfluidic chamber vinyl layer
c) Intermediate vinyl layer

d) PET membrane with a pore size of 0.4 ym
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Chapter 6. Skin-on-a-chip

e) Second intermediate vinyl layer
f) Upper microfluidic chamber vinyl layer

g) Top layer consisting of a PDMS block including a PTFE plug.

Figure 65. Exploded view of the skin-on-a-chip. Letters are referred to the chips structure explained in
section 6.1.

6.1.1 Skin-on-a-chip fabrication procedure.

The SOC devices have a different structure compared to the previously manufactured OOC
devices, with modifications that have significantly impacted the manufacturing process,
necessitating further adjustments. The critical element responsible for these protocol changes is
the replacement of the PC membrane with the PET membrane, as explained in the previous
section. The increased membrane thickness implies a risk of potential leakage points on the chip.
Photoresist SUS is utilized as an adhesive to seal these sensitive areas of the chip to address this

1Ssue.

Another significant difference from the brain-slice-on-chip manufacturing process is that the
entire assembly process can be completed without the need to seed the biological sample before
the final sealing step since the cells can be pipetted through the entry ports of the compartments

or injected as needed.
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The final difference lies in using a third vinyl layout with a design that only includes the common

area shared by the microfluidic chambers, which enhances the compartmentalization of the chip.

As a result, the fabrication protocol is the following (illustrated in Figure 66):

L.

A

6
7.
8
9

A protective paper is positioned on the aligner tool base, where the first vinyl cut's
adhesive side will be stuck.

Four lower vinyl cuts are overlapped.

A first intermediate cut is affixed above the lower vinyl cuts.

A double-sided vinyl with the intermediate design is placed to secure the membrane.
A liquid sample of SUS resin is lightly spread before placing the PET membrane to
reinforce its fixation and minimize potential leakage points. After that, the membrane
is then placed over the area covered by SUS.

A second intermediate vinyl is placed on top of the membrane to trap it.

Three upper vinyl cuts are overlaid.

A final double-sided vinyl is placed to facilitate the twisting of the last vinyl.

The final vinyl piece is removed from the aligner tool and adhered to a glass slide.

10. The glass-vinyl assembly undergoes temperature and pressure treatment (5 kg, 80°C).

139



Chapter 6. Skin-on-a-chip

Figure 66. Skin-on-a-chip fabrication procedure. Each image represents the indicated steps in section
6.1.1.

140



Chapter 6. Skin-on-a-chip

6.1.2 Design optimization stage.

The chip design underwent several changes from the initial prototype to the final version,
primarily to address issues related to leaks that occurred during the development of cell cultures

within the chips.

Initially, leakage tests were conducted before any cell or biological sample culturing. These tests
involved priming both microfluidic compartments of the chip and perfusing distilled water for 2
hours at a flow rate of 1 uL/min, followed by an additional 2 hours at a lower flow rate of 0.2
pL/min. The first detectable problem in prototype 1 was the leakage between the vinyl layers
when applying flow rates to the chips. These leaks were evident along the long sides of the chips,
occurring between the vinyls adhered to the membrane. This issue had not been found in the brain
slice-on-a-chip; because of that, it was suspected that it might be related to the characteristics of
the membrane. A sealing process using SU8 was applied as a glue to prevent leaks between the

vinyl layers. This solution reduced significantly the number of leaks in the chips.

Another problem arose at the same time as the leakage between vinyls: new leaks around the
outlet tubing port. Up to this point, the tubes were inserted into the chip through the PDMS blocks,
held in place by the pressure exerted by the PDMS itself. When there was an overpressure in the
chip or the inside of the tubing was blocked, the perfused liquid could escape to the outside
through the blocks. To mitigate this, it was decided to seal the tubing once it was inserted into the
chip using acid silicone around the tubing chip entries to reinforce that specific point and prevent

leakage.

After exploring solutions such as using SU8 for membrane bonding and acid silicone for tubing
insertion reinforcement, a new chip design (prototype 2) was created. This design included
resizing the lower layout to widen the microfluidic channels. Once the dual flow was infused in
the new device, the PDMS block bordering to the bottom outlet began to deform, causing the
PDMS block to bend. This problem occurred in approximately 25 percent of the chips. The
bottom layout was redesigned one more time to address this issue, relocating the positions of the
inlet and outlet to a more internal area within the 70 x 25 mm region of the vinyl cutouts.
Additionally, the microfluidic channels of the bottom compartment were widened to reduce
internal pressure within the chip. This configuration is the one used by the final prototype 3

(Figure 67).
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Figure 67. A) Picture of the final skin-on-a-chip prototype. B) Cross-sectional diagram depicting the dual
[flow within the chip.

After implementing these solutions, there were no leaks between the vinyl layers. Despite this
improvement, there was a noticeable emptying of the microfluidic chamber. Since no external
leakage was observed, the cause of this phenomenon was attributed to pressure drop within the

chip and variations in the heights of the outlet tubing relative to the chip.

6.1.3 Chip microfluidic characterization

The issue of chamber emptying was traced back to the differing heights of the outlet tubes. This
issue can be masked by the SOC's two interconnected microfluidic compartments separated by
the PET membrane, which enables volume exchange. This complexity interferes with the

evaluation of chip functionality, making it challenging to determine if chamber-filling issues stem

142



Chapter 6. Skin-on-a-chip

from manufacturing or microfluidic factors. To address this challenge, two microfluidic

characterization tests were conducted to assess flow behavior under controlled conditions.

The first test involves the perfusion of two parallel flows simultaneously in the SOCs. A NE-
1600 multi-syringe pump was employed for the test, with the capability to connect four
microfluidic chips simultaneously, each operating at a flow rate of 1 pL/min, the maximum flow
rate used in all skin-on-a-chip culture tests (Figure 68). Distilled water was chosen as the test
fluid. This choice was made to prevent potential precipitation and blockages in the microfluidic
connections and within the chip. Additionally, as the measurements would be based on weight,
using distilled water facilitated precise mathematical calculations, as the inclusion of soluble dyes

could alter the fluid density and result in less accurate calculations.

Figure 68. Microfluidic set up employed for the microfluidic characterization.

Eight plastic cups were initially weighed to quantify the volume of liquid evacuated from each
chip outlet. After weighing, the chips, inlet, and outlet tubing were primed with distilled water.
Each outlet was then individually placed into one of the plastic cups, ensuring that the outlet
tubing ends were at the same height to avoid preferential flow through lower outlets, which could
invalidate the characterization test. This test was conducted on 16 chips for at least 1000 minutes

per chip, with three exhibiting leaks and being subsequently discarded.

The result of this test is shown in Figure 69. In this graph, the bars represent the ratio between the
experimental flow rate and the theoretical flow rate. It displays each compartment's mean
performance ratio and error bars representing the standard deviation. The performance values
exceed 95%, suggesting no significant volume exchange occurs between the microfluidic

compartments under dual parallel flow conditions.
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Nonetheless, there was a desire to calculate a specific value that could be associate to each
geometry. To achieve this, a second test was performed to determine the pressure drop of each

microfluidic compartment.
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Figure 69. Graph depicting the results of fluidic characterization tests. The yield has been determined
based on the experimental quantities of distilled water perfused through the microfluidic compartments
and the anticipated theoretical value.

Pressure drop concept in microfluidics refers to the phenomenon where the electrical charge
carried by particles, molecules, or ions within a microfluidic system is reduced or neutralized due
to interactions with microchannel surfaces, collisions with oppositely charged entities,
electrochemical reactions, and other factors. Calculating the pressure drop in a fluidic system
requires consideration of two physical principles: the law of conservation of mechanical energy

and Bernoulli's law.

The conservation of mechanical energy is a specific application of the broader law of conservation
of energy. It pertains to mechanical systems in which only conservative forces (those that do not
dissipate energy, such as gravitational forces) are at play. In such systems, the total mechanical
energy remains constant as long as there are no non-conservative forces (like friction or air

resistance) doing work on the system. In a fluidic system this principle can be expressed as:
WF1+ EC1+ EP1= WF2+ EC2+ EP2+Elosses

Where:
- Wg,= Work done by external forces in the initial state
- E¢, = Internal or kinetic energy of the system in the initial state

- Ep, = Potential energy of the system in the initial state
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- Wg, = Work done by external forces in the final state
- Ec, = Internal or kinetic energy of the system in the final state
- Ep, = Potential energy of the system in the final state

- Ejosses = Energy losses, which could include energy lost due to friction, heat, or other non-

conservative forces.

Bernoulli's equation relates the pressure (P), velocity (v), and elevation (h) of a fluid in a steady,
incompressible flow. This equation states that the sum of the pressure, kinetic, and potential

energy per unit volume remains constant along a streamline. The equation can be simplified to:
L 5 L
Pt pvitpghi =Pyt 2 pvatpghy
Where:
- P, =pressure at point 1 along the streamline

- Epv%= kinetic energy per unit volume, where p is the density of the fluid and v is the

velocity of the fluid at that point
- pgh; = potential energy per unit volume due to elevation, where p is the density, g is the
acceleration due to gravity, and 4, is the height above a reference point at point 1

- P, =pressure at point 2 along the streamline
1 o . .
- Epv§= The kinetic energy per unit volume at point 2

- pgh, = potential energy per unit volume due to elevation at point 2

According to Bernoulli's equation, the sum of these terms at point 1 is equal to the sum at point

2, assuming no significant external forces are acting on the fluid along the streamline.

These two principles can be applied in a fluidic system composed of the microfluidic chip, as
depicted in Figure 70. In this system, the inlet is positioned at a higher elevation (h;) compared

to the outlet (hy).
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Figure 70. Diagram of the microfluidic set up prepared for the pressure drop trials. v represents the
velocity, h the height, S the area section, Ax the difference in x value, and F the forces acting in the system.

The first consideration to calculate the pressure drop is the principle of continuity in fluid

dynamics:
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The conservation of energy equation can be represented as follows, associating the height and

flow velocity parameters with energy:
L 5 Lo
FiAx;+ 5 mv] +mgh;= F,Ax,+ 3 mvy+tmghy+E;qges
This equation can be adapted to integrate the Bernoulli principle with the conservation of energy:

FiAx, +1mv% +mgh1 :Fzsz +1mv§ +mgh2 +Elosses
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146



Chapter 6. Skin-on-a-chip

With this last equation, the pressure drop of the microfluidic chips can be calculated

experimentally as a function of the relative height between the inlet and outlet.

The protocol performed to calculate experimentally the pressure drop values of the SOC devices
is the following:
1. The microfluidic compartment of the chip to be characterized and its inlet and outlet
tubing are primed.
2. Once the system is primed, the end of the outlet tubing of the chip is placed onto a surface
exposed to air.
3. The end of the inlet tubing is immersed into a beaker filled with distilled water, and the
glass container is gradually lifted until water begins to flow out from the outlet tubing.
4. At this point, the height from the base of the glass to the ground surface is measured.

With this value, it is possible to calculate the pressure drop.

The pressure drop tests have been conducted with a small number of chips (N=9) in which no
specific correlation with each microfluidic compartment could be discerned from the results, yet
it is possible to extract from the combined data a correlation with the generation of leaks: if one
of the compartments of a chip has a pressure drop value exceeding 900 Pa, that chip has present
leaks. Figure 71 displays the pressure drop values obtained from the nine tested chips. Only chips
8 and 9 (with values of 931 and 901.6 Pa) exceeded this threshold in one of their fluidic

compartments; both experienced volume losses due to structural leaks in the chip.
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Figure 71. Bar graph representing the pressure drop values of the lower compartments (green) and upper
compartments (violet) of the 9 SOCs tested.
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Pressure drop value could be and indicator of potential manufacturing defect on the device. This
procedure must be performed with a more significant number of chips to establish a more reliable
reference value to assess the proper functioning of the devices and obtain specific values for each

type of geometry.

After performing the two fluidic characterization tests, it was determined that the vinyl layouts of
prototype 3 were not the cause of the microfluidic chamber emptying. Instead, this phenomenon
was induced by the elevated positioning of the outlet tubing ends relative to the chip. Therefore,
the characterization tests confirmed the proper functionality of the prototype, establishing it as

the final chip design.

6.2 RESULTS

The objective of this chapter is to develop a SOC model that replicates a three-dimensional skin
structure on a microfluidic platform. Skin models, whether in static plate cultures or microfluidic
systems, typically utilize two primary cell types: fibroblasts and keratinocytes, which constitute
different layers of the skin (Figure 72). These cells are adherent, meaning they require a surface
for attachment, and they possess a natural affinity for plastic materials, eliminating the need for

biofunctionalization to promote cell adhesion.
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Figure 72. A) Simplified representation of skin composition. B) Basic skin-on-a-chip model proposed in
Chapter 6. Created with Biorender.com

The results section of this chapter will present the culture of various cell types, including
fibroblasts, keratinocytes, and immune cells. Each cell type has undergone individual culture both
on plates and on-chip to assess their compatibility with the membrane and observe cell behavior
under flow conditions. Following these monocultures, co-culture experiments have been fulfilled
on-chip to replicate a complex skin model. In contrast to the brain slice-on-a-chip device
discussed in the previous chapter, the microfluidic chips employed for the skin model do not
require an open configuration for introducing biological samples. In this case, cells can be
introduced via pipetting or injection. This characteristic allows the chips to undergo autoclaving.
It is worth noting that the PET membrane included in this new microfluidic chip cannot withstand
the high temperature of 124°C required for autoclaving, rendering the chips incompatible with
this sterilization method, and it was essential to modify the sterilization and assembly process for
the microfluidic setup. For all experiments conducted with this new chip, the following
sterilization protocol was adhered for cell monoculture tests:

1. The microfluidic chip compartments were washed with 500 pL of 70% ethanol, followed

by a rinse with 500 pL of sterile distilled water.
2. The silicon tubing (0.5 mm ID, 2.5 mm ED) was autoclaved.
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The tubing was then cut into 70 cm sections for the inlet tubes and 20 cm sections for the
outlet tubes.

The tubing was inserted into the inlet and outlet ports of the chips.

Syringes were filled with culture medium.

The syringes were connected to the inlet tubes.

The entire microfluidic system, from the inlet tubes to the end of the outlet tubes, was
primed.

A 100 pL volume of the corresponding cell solution was injected through the PTFE plug.
Tubings were sealed with acid silicone to prevent leakage and evaporation losses.
Depending on the cells added, an incubation period must be done, where the chips were
not subjected to any flow to allow cell adhesion.

After the incubation period (if applicable), the syringes were connected to the perfusion
pumps to initiate flow application on the chips. The pumps are located outside the

incubator (Figure 73).
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Figure 73. A) Picture of the microfluidic set up for the skin-on-a-chip cultures. B) Schematic view of the

set up.
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The flow rate of the pumps and the culture medium used varies according to the cells that have
been seeded. To compile all this information, Table 11 presents the flow conditions used for each

culture medium for each of the cell lines.

Cell line Culture medium Type of flow Flow rate
CV-1 DMEM Dual flow 0.2 pL/min
HaCaT DMEM F12 Dual flow 1 pL/min
U937 RPMI Single and dual flow U6:0.0°0°5-02
puL/min
HPF DMEM F12 Dual flow 0.4 pL/min

Table 11. Microfluidic culture conditions of CV-1, HACAT, U937, HPF monocultures.

6.2.1 CV1 - fibroblast monoculture

While the skin model to be recreated in this thesis aimed to consist entirely of human cells,
procuring an adequate and readily available supply of human fibroblasts presented certain
challenges. Due to the fast availability of CV-1 cells by the GOFB research group, the initial
experiments involving SOC devices were conducted using this cell line. The objective was to
acquire insights into the adhesive properties of adherent cells when exposed to the potential

membrane candidates intended for use in the chips.

The initial step involved assessing the in vitro adhesion capacity of fibroblasts on a 6-well plate
housing the two candidate membranes: the hydrophilized PTFE membrane and a PET membrane,
both possessing a pore size of 0.4 um. As shown in Figure 74, this preliminary examination
revealed distinct behaviors exhibited by the cells on each substrate: while the cells demonstrated
an ability to adhere to the PET membrane (Figure 74A), they maintained a spherical configuration
without adhering to the PTFE membrane (Figure 74B). Given the outcomes of these experiments,
it was determined that the most suitable course of action was to proceed with the fabrication of

the initial skin-on-a-chip devices, opting for the utilization of the PET membrane.
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Figure 74. Qualitative CV-1 cell culture images in PET membrane insert (A) and PTFE membrane insert
(B).

The next step in the development of the skin-on-a-chip was the introduction of CV-1 fibroblasts
into the chip to assess their ability to maintain attachment under continuous flow conditions.
Given the chip's configuration with two microfluidic compartments, the cells had the potential to
adhere on both sides of the PET membrane. Four chips were employed for this experiment: in
two of them, 3 x 10* cells were injected using the injection system, while in the other two, the
lower inlet was removed, and the 100 pL containing the same quantity of cells was pipetted using
a 1000 pL micropipette. The chips hosting cells in the lower compartment were flipped to
facilitate cell settling on the membrane. In both scenarios, a 120-minute incubation period was
allowed for cell adhesion, after which the chips were connected to the microfluidic system,

subjecting them to a dual continuous parallel flow of 0.2 pL/min.

After 24 hours of continuous flow application, the chip cultures were evaluated, revealing
successful fibroblast adhesion in both conditions, characterized by the typical morphology of

healthy fibroblasts (Figure 75).

The images obtained from these chips validated the feasibility of culturing CV-1 fibroblasts on
skin-on-a-chip devices within a continuous flow system. The chips exhibited culture media
leakage between the vinyl that constitute the chip structure, primarily at the corners. 24 hours
later, approximately one quarter of each microfluidic chamber had emptied. Under these

conditions, the cell's state could deteriorate after the fourth day of culture.
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Top side Bottom side

Figure 75. Qualitative CV-1 cell culture image on microfluidic chips. A and C show cells cultured on the
upper side of the membrane. B and D show cells on the lower side of the membrane. Cells were cultured
under dual parallel continuous flow of 0.2 uL/min for 24 hours.

6.2.2 HaCaT monoculture.

Following the successful attachment of CV-1 cells to the chips, a series of culture tests involving
HaCaT cells was conducted using an identical approach for CV-1 cells. Consistent with the CV-
1 cell experiments, the initial HaCaT cell test evaluated their adhesion to PET and PTFE
membranes in an in vitro culture plate. The outcome was identical, with HaCaT cells
demonstrating adhesion and growth on the PET membrane (Figure 76C,D). In contrast, the cells
remained viable and capable of division on the PTFE membrane but failed to adhere to the

substrate surface (Figure 76A,B).
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Figure 76. Qualitative image comparison of HaCaT cell cultures on two substrates: PTFE membrane (4,
B) and PET membrane.

After this initial test, HaCaT cells were cultured on the microfluidic chips to determine the optimal
cell density. HaCaT cultures on the PET membrane exhibited a faster proliferation rate than CV-
1 cells. This circumstance leaded to the decision of seed 2 x 10* HaCaT cells instead of the

previous 3 x 10 cells, along with fibroblasts, as the initial starting cell quantity.

Once again, it was imperative to assess the behavior of the cells under continuous flow conditions.
In line with the protocol previously employed for CV-1 cells, 100 pL of culture medium
containing 2 x 10* cells were injected into three chips. These chips remained without any flow for
2 hours, allowing for the adhesion of the keratinocytes to the membrane. Subsequently, the

devices were connected to perfusion pumps.

To facilitate the monitoring of these cultures, Leica DMI3000 microscope was used. Unlike the
traditional inverted culture microscope used to capture images of CV-1 cell cultures, this
equipment possessed fluorescence capabilities, enabling cell labeling like the brain slice-on-a-
chip devices. This round of experiments was the first interaction with this microscope. The chips
were continuously connected to the microfluidic system for eight days at a 1 pl/min flow rate.
The images obtained using the Leica DMI3000 microscope did not achieve the same degree of
sharpness in depicting cell morphology due to the microscope's ability to focus on the granular

texture of the membrane.
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The contrast of the cells appeared lower, especially as the culture reached confluence towards the
later stages. In order to demonstrate that the shapes observed in the images correspond to living
cells, the OGB marker was introduced into the chip. Figure 77 illustrates the progression of the
culture from day 3 to day 8, encompassing the intracellular calcium labeling of live cells on DIV
8. The presence of a green signal throughout the entire membrane area, combined with the visible
cell morphology, provides solid evidence for the successful development and sustained existence
of a HaCaT cell monolayer within the microfluidic chip, even under continuous flow conditions

for a duration of up to 8 days.

Figure 77. Evolution of HaCaT cell culture on-chip after 3, 6 and 8 days in vitro (DIV). Image F shows
live HaCaT cells stained with OGB, highlighted in green. Cells were cultured under dual parallel
continuous flow of 1 uL/min. Scale bars represent 200 um.
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Having successfully demonstrated the viability of maintaining cells within the SOC device, a
conclusive experiment was conducted employing multiple chips in parallel. The objective was to
determine the optimal flow rate for the sustained maintenance of keratinocytes. Experiments were
carried out with a range of flow rates: 0.4; 0.6; 0.8; 1 and 1,2 uL/min, spanning seven days while

maintaining the same initial cell quantity of 2 x 10* cells.

Initially, the cultures maintained a consistent condition for the first three days. As they reached
confluence, noticeable differences in their appearance became evident. In particular, cultures
exposed to flow rates below 1 pL/min displayed a significant decline in cell survivance. This
study establishes a flow rate of 1 pL/min as the recommended rate for the long-term maintenance

of HaCaT cells.

6.2.3 U937 monoculture

The skin model proposed in this chapter was conceived with a co-culture of fibroblasts and
keratinocytes in the upper compartment. At the same time, the lower chamber was intended to
host immune system cells. A challenge arose from U937 cells, which naturally grow in suspension
and their lack the capacity to adhere to surfaces. This inherent characteristic posed an obstacle to
achieving a stable skin model. Therefore, the model approach aimed to stimulate these cells to

acquire adhesive properties.

Several studies have demonstrated that polymistrionic acid stimulation (PMA) can drive the
differentiation of U937 cells into a macrophage-like phenotype (Song et al., 2015; Yang et al.,
2017). This transformation equips the cells with the ability to adhere to culture surfaces.
Considering this U937 cells' ability, the primary objective in the SOC model developed in this
work was to seed U937 cells, stimulate their transition into a macrophage-like state, and facilitate
their adhesion to the porous membrane on the chip's underside. The integration of U937 cells into
a SOC, with their differentiation induced by PMA exposure, has been previously achieved in a

detailed article, demonstrating the feasibility of the model (Ramadan & Ting, 2016).

The existing literature does not provide specific guidance regarding the concentration of the PMA
reagent required for administration in microfluidic chips. The recommended PMA concentration
range in culture plates varies from 10 ng/mL to 200 ng/mL. In order to know the optimal
concentration for inducing differentiation of U937 cells, a series of tests were conducted using a
P12 culture plate. Five different concentrations were tested: 5 ng/mL, 10 ng/mL, 20 ng/mL, 30
ng/mL, and 50 ng/mL.

The P12 culture plate was observed after 48 hours to check for any changes in cell morphology.
The results revealed that a 5 ng/mL concentration yielded virtually no cell adhesion. In contrast,

concentrations of 10 ng/mL and 20 ng/mL exhibited an adhesion rate of approximately 50% of
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the cells, with noticeable alterations in cell morphology (Figure 78). These cells assumed a
dendritic shape and adhered to the well's bottom. Although some cells exhibited adhesion at
concentrations of 30 ng/mL and 50 ng/mL, the dendritic morphology was less pronounced. Based
on these outcomes, concentrations of 10 ng/mL and 20 ng/mL were selected as reference

concentrations for subsequent experiments.

PMA 10 ng/mL 48h PMA 10 ng/mL 72 hours

0 . D
L) L)

PMA 20 ng/mL 48h

L. B »
O

Figure 78. Differentiation of U937 cells into macrophage-like cells through stimulation with PMA at 48
hours (A,B) and 72 hours (C,D) post-administration. Scale bars represent 100 pum.

The next step was to validate whether the differentiation process could effectively occur on the
PET membrane within the microfluidic chips. To minimize potential stress on the cells induced
by the flow within the chips, which could hinder cell adhesion to the membrane, a preliminary
evaluation was done in P6 culture plates using membrane inserts. Only culture medium was
applied over the membrane, while the lower part of the membrane remained dry to prevent the

culture medium from diffusing through the membrane (Figure 79).

500 puL of RPMI medium was pipetted into six membrane inserts, after which 1 x 10 cells were
seeded per well. Then, a PMA was administered to achieve a final concentration of 10 ng/mL.

After a 48-hour incubation period, the cultures were microscopically examined to assess cell
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adhesion, following the same procedure as in the previous test. Due to the membrane's roughness

and granularity, obtaining sharp cell images proved challenging.

Once the adhesion phenomenon on the PET membrane was demonstrated the cell attachment

reproducibility, U937 had to be seeded in the SOC.

U937 cells

>\ Insert membrane

‘Well

Figure 79. Schematic of the membrane insert culture procedure to test cell compatibility and cell
differentiation with the membrane. Created with Biorender.com

During the evaluation phase of the U937 cell culture within the SOCs, a consistent observation
was the cell viability, which sharply declined within the chip after 24 hours of culture. This
outcome remained consistent across various flow conditions and cell quantities tested. Flow rates
ranging from 0.2 pL/min to 2 pL/min were applied, including perfusion through either the upper
fluidic compartment, the lower compartment, both compartments simultaneously, and static
conditions. These tests encompassed a range of cell quantities, including 5 x 10%, 1 x 10%, 1,5 x
10°,3x 10°, 5x 10°, and 1 x 10* cells. Regardless of the flow rate or cell quantity, the cells were

unable to survive beyond the 24-hours.

To elucidate the factors contributing to the failure of U937 cell culture on the chips, control plate
cultures were employed to examine the potential link between cell viability and the membrane.
Cells were seeded both on the well surfaces and membrane inserts to investigate whether
membrane-related issues were responsible for the observed cell survival problems, even if the
cells demonstrated previously the ability to get attached to de PET membrane with PMA

stimulation
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Figure 80. Comparison of U937 cell viability in plate culture (4,B), membrane insert plate (C,D) culture
and on-chip culture. Scale bars represent 100 um.

U937 cells exhibited optimal proliferation on the well surfaces and membrane insert surface,
displaying healthy, spherical cells (Figure 80A-D). In contrast, within the microfluidic chips,
there was an absence of spherical elements resembling viable cells (Figure 80E,F). This
unexpected outcome was shocking because similar cell death issues had not been encountered

with fibroblasts or keratinocytes seeded in the same microfluidic chip design and construction.

Following these results, the potential hypotheses explaining the challenges in culturing U937 cells
were narrowed down to three possibilities:
1. Liquid-Air interface and O, demand: it was considered whether the liquid-air interface

might have a critical impact on O, demand by the cells. This hypothesis appeared less
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plausible because other studies involving U937 cell culture and differentiation via PMA
stimulation had been successful in a traditional well-plate format, loading each well with
culture media at maximum capacity.

Vinyl incompatibility with U937 cells: another possibility was the potential
incompatibility of the vinyl material used in the microfluidic chips with U937 cells
specifically.

Sterilization Protocol: The third hypothesis centered on the sterilization protocol,
specifically the use of ethanol in the sterilization process. This hypothesis emerged due
to the membrane's inability to endure the elevated temperatures required for autoclaving.
Nonetheless, this hypothesis seemed to be less probable since other cell lines had verified
no compatibility issues. Even so, ethanol washing as a sterilization technique must
remained essential, even if it hypothetically contributed to the cell viability challenges

encountered in chip cultures.

A final experiment was conducted to identify whether any of these three hypotheses were valid.

Three different conditions were tested in a p12 culture plate:

Condition 1: Culture of 5 x 10° U937 cells with 500 uL of RPMI medium in wells without
any ethanol washing. This condition corresponded to the methodology employed in all
prior plate cultures involving U937 cells.

Condition 2: culture of 5 x 10° U937 cells with 500 pL of RPMI medium in wells
following surface washing with ethanol and PBS.

Condition 3: culture of 5 x 10* U937 cells with 500 uL of RPMI medium in wells where
a circular vinyl cut stuck on the well base, and the well surface was pre-washed with

ethanol and PBS before cell addition.

The outcomes were highly informative (Figure 81). Cells in the wells under condition 1

demonstrated continued viability and displayed an optimal division rate, starting with the same

initial cell density and culture medium volume as the other conditions. Conversely, conditions 2

and 3 yielded identical, unfavorable results, characterized by cell degeneration and death across

all wells. These results conclusively point to ethanol washing as the underlying cause of impaired

cell survival in the culture, regardless of the presence or absence of vinyl in the cellular

environment.
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20X

CONDITION 1

CONDITION 2

CONDITION 3

Figure 81. Images of the U937 culture in the three proposed conditions to compare the viability of the
culture. Scale bars represent 200 um.

With all the tests performed with this cell type, the use of the U937 cell line for the skin model
under development was ruled out, given the inability to maintain a live U937 culture for 24 hours.
Further testing of surface washes is necessary until a protocol is achieved to eliminate ethanol's
detrimental effect on sterilized materials. One encouraging aspect arising from this study is that
based on all the experiments conducted with these cells, both on chips and in vitro cultures, it can
be concluded that the inability of U937 cells to survive is not attributed to the materials used in

the chip.
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6.2.4 Human primary fibroblasts monoculture

Due to the challenges encountered in culturing U937 cells within microfluidic chips, the skin
model focus shifted towards developing a skin model comprised exclusively of human cell lines.
In this regard, the animal-origin CV-1 cells were replaced with primary human fibroblasts (HPF),
generously provided by the Tissue Engineering and Regenerative Medicine group of the

Universidad Carlos III de Madrid.

Having previously assessed the behavior of fibroblasts on PTFE and PET membranes, as well as
achieving successful cultures inside the chips, HPF cells were cultured immediately on the chips.
During the initial experimentation phase, 2 x 10* cells were injected into each of the four
microfluidic chips. A 2-hour incubation followed the seeding to facilitate cell adhesion to the PET
membrane. Once this period was finished, a continuous flow rate of 0.4 pL/min was set for the
chips. After observing the cultures 24 hours later, only 20% of the membrane exhibited cell
coverage. Subsequent examinations at the 72-hour milestone showed no significant change in
culture status, with minimal cell proliferation evident. This trend persisted throughout the first

week of in vitro culture.

In response to these preliminary results, adjustments were made to the experimental design. First,
the number of injected cells was increased to 3 x 10* to enhance membrane coverage, minimizing
cell spacing to promote cell division. Second, it was determined that the chips should be

connected to the microfluidic system 24 hours after seeding rather than the initial 2-hour period.

Due to the fragile nature of HPF cells as primary cells and the dual-chamber design of the SOC
devices, an alternative culture protocol was explored to enhance cell adhesion and proliferation.
This new approach involved replicating the new cell density and flow conditions using single
upper flow, single lower flow, and double parallel flow configurations. Three chips were
employed for each condition, priming the entire microfluidic system in each one of them. 3 x 10*
cells were injected per chip, followed by a 24-hour incubation period and the initiation of flow at

a rate of 0.4 pL/min, adjusted for each specific condition.

The chips were connected to the microfluidic platform for seven days. All the chips displayed an
increase in cell population, covering approximately 80-90% of the membrane surface. A mild
decline in cell condition was discernible in chips featuring single upper chamber flow, whereas
chips with parallel flow and lower chamber flow exhibited optimal cell visual aspect. The
differences were more evident in the tubing. In chips without flow in the top compartment, the
upper inlet and outlet tubing were filled with air. When the tubes were re-primed to expel any
remaining air from the microfluidic system, noticeable resistance was encountered after pushing
the syringe plunger, akin to the sensation experienced during tube blockages. This phenomenon

suggests the possible formation of solid residues within the tubing resulting from air intrusion.
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This tubing filling issue did not occur in chips featuring laminar flow in the upper chamber. This
discrepancy may be attributed to the upper compartment's upper material boundaries. The PDMS
block allows for gas diffusion, while the lower compartment is made of glass, vinyl, and the PET
membrane. This fact justify the absence of volume loss in the lower compartment due to

evaporation, which may result in the inability to fill the tubing connected to this compartment.

CHIP 1

CHIP 2

CHIP 3

Figure 82. HPF cell culture in the upper side of the membrane of the SOCs in a monolayer distribution
after 9 days in vitro (DIV). Cells were cultured under dual parallel continuous flow of 0.4 uL/min. Pictures
B, D and F show the green, fluorescent signal of the CMFDA tracker that represents living cells. Scale
bars represent 100 um.

The chips with double parallel flow did not exhibit any issues, so the decision was made to use
this type of flow for culturing the skin models. The next objective was to confirm the viability of
fibroblasts attached to the membrane by fluorescent labeling of the cells, equally to previous
monoculture experiments in skin-on-a-chip development. In the case of HPFs, a new reagent

called CMFDA was employed as an alternative to OGB. CMFDA exhibits the unique
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characteristic of being inherited by both daughter cells upon cell division, which is particularly
significant in the context of the skin model in this chapter, where the proliferation and distribution

of the cells must be evaluated.

A round of experiments was arranged involving five skin-on-a-chips, each initially containing 3
x 10* cells, and subjected to 24 hours of incubation with two parallel laminar flows at 0.4 uL/min
to perform this analysis. On DIV 10, a 100 puL solution of the CDFDA reagent at 25 uM was
injected, followed by a 30-minute incubation period before the microscope imaging of the

cultures.

The results, depicted in Figure 82, illustrate the condition of the cultures after DIV 9. The images
depict a complete monolayer of HPF cells exhibiting the characteristic morphology of fibroblasts.
While this pattern can be distinguished in images captured in transmitted light, the fluorescence
pictures truly reveal the distribution of cells on the membrane. This observation is intriguing as it
hints at a direct influence of flow patterns on fibroblast morphology, seemingly causing cellular
stretching with an orientation perpendicular to the flow direction. across all chips. It is important
to highlight that, in contrast to neuron-on-a-chip prototypes, there was no evidence of cell

dragging despite the impact of flow on the culture.

This conclusive round of on-chip fibroblast culture validates the long-term culture of HPF cells
in the upper chamber of the chip. This accomplishment serves as the foundation for the

development of a SOC model to sustain a co-culture of human fibroblasts and keratinocytes.

6.3 SKIN-ON-A-CHIP MODEL BASED ON FIBROBLAST-KERATINOCYTE

CO-CULTURE

Once the culture tests of fibroblasts and keratinocytes cells were performed individually in OOC:s,
the next objective was to maintain a co-culture of both types simultaneously to replicate a
simplified skin model on the microfluidic chip. Considering the challenges associated with U937
cells, the decision was made to prioritize the development of an initial skin model featuring a co-
culture of human-origin fibroblasts and keratinocytes on the chips and enhance the model's
complexity in the future by incorporating other cell types. Both fibroblasts and keratinocytes
would be introduced into the upper compartment of the chip, aiming to emulate a bilayer skin
model. Meanwhile, the lower compartment would remain cell-free to accommodate immune cells

in future iterations of the SOC model.
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After having previously optimized the culture conditions for both primary human fibroblasts and
keratinocytes, the following methodology was used to reproduce the co-culture of these two cell
types:
1. Sterilization of both the chip and tubing.
2. Connection of the chip and tubing within a laminar flow hood and their subsequent
priming with DMEM F12 medium supplemented with 10% FBS and 1% Pen/Strep using
5 mL syringes until the outlet tubings are fully filled.
3. HPF cell seeding in the upper chamber of the chip by injecting a 100 pL solution of
DMEM F12 containing 3 x 10* HPF cells.
24-hour incubation period to allow cell adhesion.
Maintenance of fibroblasts with a parallel dual flow rate of 0.4 pL/min until DIV 7.
Injection of a 100 pL solution of the CDFDA reagent at 25 uM on DIV 8.

A

30-minute incubation period, following by the reconnection of the chips to the
microfluidic system with a parallel dual flow rate of 0.4 uL/min.
8. Injection of a 100 pL solution of DMEM-F12 with 2 x 10 prelabeled HaCaT cells with
CMTPX on DIV 9.
9. 2-hour incubation period of HaCaT cells in the chip.
10. Sustaining the co-culture of HaCaT and HPF cells on the chip with a parallel dual flow
rate of 1 uL/min.
The chip maintenance was carried out in a cell incubator at 37°C, 5% CO, atmosphere under
humidified conditions, while the perfusion pumps remained outside the incubator. Viability and

confluence assessments were conducted using optical microscopy with fluorescent labeling.

6.3.1 HPF-HaCaT co-culture results

As previously remarked in monocultures of various adherent cell lines, the clear visualization of
cell position and morphology is challenging without the use of fluorescent labeling, and it is even

more difficult to identify different cell lines over the same surface area.

To address this issue, two distinct cellular fluorescent markers were employed, each designed to
label a specific cell type. This approach allowed for the acquisition of images where cell
distribution of each cell type could be easily visualized. The markers used were CMFDA,
previously utilized with HPF cells and the CMTPX marker. These markers had different signal
wavelengths, enabling the acquisition of images without signal interference. The staining methods
could be applied in two ways: labeling the cells after they are attached to a surface or pre-labeling

the cells before seeding them.

165



Chapter 6. Skin-on-a-chip

HPF cells were pre-cultured in the SOC cultures for seven days to stabilize the culture and create
a fibroblast monolayer. On DIV §, a 100 pL solution of DMEM F12 containing CMFDA at a
concentration of 25 uM was injected, followed by a 30-minute no-flow incubation. After
incubation, 500 pL of culture medium was perfused through both compartments of the

microfluidic chip to remove any residual staining.

The following day (DIV 9), 2 x 10* HaCaT cells pre-labeled with CMTPX were injected. To pre-
stain the cells, a solution with the desired cell quantity was prepared in a 1.5 mL microtube. The
tube was then centrifuged, and cells were resuspended in 200 pL. of DMEM F12 culture medium
with the addition of CMTPX cell tracker at 25 uM. After incubating the cells in the dark for 30

minutes, they were centrifuged again and resuspended in 100 pL to be injected into the chip.

CHIP 1 DIV10 CHIP 1 DIV11

Figure 83. Images of HPF-HaCaT co-culture after 10, and 11 days in vitro (DIV) after connecting chip 1
to the microfluidic system for the first time. The co-culture was supplied with a dual parallel continuous
flow of 1 uL/min. HaCaT cells are represented in red, HPF cells are represented in green. Scale bars
represent 100 um.
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CHIP 2 DIV11

Figure 84. Images of HPF-HaCaT co-culture 10, and 11 days in vitro (DIV) after connecting chip 2 to the
microfluidic system for the first time. The co-culture was supplied with a dual parallel continuous flow of
1 ulL/min. HaCaT cells are represented in red, HPF are represented in green. Scale bars represent 100

um.

Once the HaCaT cells’ adhesion was achieved, microscopic images were captured to observe the
cell distribution (Figures 83,84). The results indicate that while both cell types coexist inside the
chip, the previously established fibroblast monolayer (green signal) before keratinocyte seeding
is not maintained. Instead, the HaCaT cells (red signal) displace the previously attached
fibroblasts and occupy their position on the membrane. Chip co-cultures were maintained until
day 15 with an optimal fluorescent signal. A trend was observed in which Hacat cells proliferated

on the membrane, gradually replacing the previously adhered HPF cells.

The results indicate that co-culturing HPFs and HaCaTs in the same microfluidic compartment
did not generate a cell bilayer despite seeding each type of cells on different days. In both Figure
83 and 84, transmitted light images show distinct cell textures: one is flatter and elongated,
corresponding to fibroblasts, while the other has a more compact appearance associated to
keratinocytes. This pattern difference is also reflected in the fluorescence images, which reveal a
lack of signal overlap between red and green. Instead, there is complementation in the
fluorescence merge images, without areas in the fluorescence images devoid of red or green

signals. Although the intended skin model was not achieved (Figure 85A), a stable co-culture in
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the SOCs was established, with detectable fluorescence signals from both cell types in all the
chips up to DIV15 (Figure 85B).

A
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Keratinocyte

> Fibroblast

Figure 85. A) Expected fibroblast-keratinocyte co-culture model. B) Achieved fibroblast-keratinocyte co-
culture model. Created with Biorender.com

6.3.2 Melanoma-on-a-chip concept

After having achieved a functional co-culture of fibroblasts and keratinocytes and having
validated the distribution of the cells with the fluorescent trackers, the subsequent objective was
to increase the complexity of the skin model by introducing an additional cell line. SK-MEL-28,
consisting of melanoma cells, was chosen for this purpose. The selection of this cell line aligns
with the primary applications of OOCs, their utility in drug testing, disease therapy development,
and personalized medicine. Being able to replicate a melanoma model in an OOC would enable
the testing of an anticancer drug, such as Gemcitabine, through the injection system present on

the chip (Figure 86).
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Gemcitabine
administration

Melanoma
Keratinocyte

@ Fibroblast

Figure 86. Schematic representation of the skin model discussed in section 6.3.2.

A melanoma-on-a-chip was developed, introducing a third cell line, SK-MEL-28, a human
melanoma cell line, to create a triple cell co-culture, replicating a skin cancer-on-a-chip model
suitable for drug development. The melanoma-on-a-chip concept has as its starting point the co-
culture of HPT-HaCaT cells achieved in the previous section. Initially, a stable co-culture of
keratinocytes and fibroblasts was established, followed by the seeding of melanoma cells.
Regarding the methodology employed to assess co-culture viability, CMFDA and CDTPX
trackers were employed, as they were the only options available capable of transmitting their
signals to the daughter cells of labeled cells. HPF and HaCaT cells already seeded within the
chips were co-stained with CMFDA, while SK-MEL-28 cells were specifically stained with
CDTPX to differentiate the cell types. This approach was chosen in the context of the melanoma-
on-a-chip to evaluate tumor cell proliferation and their subsequent response to drug
administration. For the characterization of the melanoma model, the following procedure was
implemented in two chips:
1. 2 x 10* HPF cells were seeded onto the PET membrane inside the upper chamber of the
fluidic chip via the injection system.
2. After 24 hours, the chip was connected to the pumping system, and HPF cells were
cultured under fluidic conditions at a flow rate of 0.4 pL/min.
3. Following three days, 3 x 10* HaCaT cells were seeded on the HPF monolayer formed

inside the chip to establish a stable co-culture.
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4. At DIV 5, fluorescence labeling was performed with the fluorescence CMFDA tracker to
stain the HPF-HaCaT co-culture. A 100 pL solution of DMEM F12 containing CMFDA
at a concentration of 25 uM was injected, followed by a 30-minute no-flow incubation.

5. After the incubation, 500 pL of culture medium was perfused through both compartments
of the microfluidic chip to remove any residual staining.

6. InDIV 7, 1 x 10* SK-MEL-28 cells were previously labelled with CDTPX (25 uM) were

introduced on the chip by injection.

The time required for fibroblast monolayer formation was reduced to two days, as the monolayer
was achieved in that period. Subsequently, culture steps for HaCaTs, SK-MEL-28, and
fluorescent staining were performed to prevent excessive proliferation of HaCaT cells. This
precaution was taken to avoid negatively impacting the model by reducing the fibroblast

population and to obtain images with a sufficient signal from the two fluorophores.

HPF + HACAT - DIV 5 HPF + HACAT - DIV 6

B

HPF + HACAT + SK-MEL-24 - DIV 7

Figure 87. Images of a co-culture of fibroblasts, keratinocytes, and melanoma cells in a skin-on-a-chip
model. Images A and B illustrate the co-culture of HPF and HaCaT cells. Image C shows the appearance
of the culture after seeding SK-MEL-28 cells in bright field, and D presents the same image in fluorescence.
HPF and HaCaT cells are represented in green, while SK-MEL-28 cells appear in red. Scale bars represent
100 um.
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Figure 87 illustrates the evolution of the cultures within the SOCs. The first image (Figure 87A),
taken on DIV 5, shows the striated morphology of the fibroblasts, contrasting with the 'brick'
morphology of the keratinocytes, which form clusters in the upper part of the image. Figure 87B,
captured the following day, reveals increased HaCaT proliferation, making harder distinguish the
fibroblasts. Finally, images C and D display the state of the triculture, with a predominance of
SK-MEL2S, even though they have been inside the microfluidic chip for only 24 hours (Figure
87D, red signal). While SK-MEL-28 cells are the dominant presence on the chip, the presence of
a green signal in Figure 87D implies the coexistence of multiple cell types. At this point in the
culture, a drug testing trial was performed on the two chips to compare the response of a chip
exposed to an anticancer drug to that of one without this stimulus. In this context, Gemcitabine,

a drug selected for its relevance and appropriateness, was chosen for experimentation.

Gemcitabine, an analog of deoxycytidine and an antimetabolite is a broad-spectrum anticancer
medication that is commonly prescribed against ovarian, pancreatic cancer, lung and breast,
among others (Beutel & Halbrook, 2023; Dent et al., 2008; Lorusso et al., 2005). To examine the
potential impact of Gemcitabine on the co-culture, two melanoma-on-a-chip models were created,
each containing a co-culture of HPF, HaCaT, and SK-MEL-28 cells. One of these models was
subjected to Gemcitabine treatment, while the other served as a control without any treatment.
The drug was administrated using the same method employed for cell seeding, involving the
injection of 100 pL of Gemcitabine (6 uM) through the PTFE plug. A three-hour incubation
period was performed, followed by perfusion of culture medium into both microfluidic
compartments to eliminate the residual drug. After 24 hours, the control chip and the

Gemcitabine-treated chip were examined under a microscope.

GEMCITABINE 6 uM NO GEMCITABINE

Figure 88. Co-culture of HPF, HaCaT, and SK-MEL-28 cells before treatment with Gemcitabine (4) and
after treatment (B). Scale bars represent 100 pum.

The images revealed a more compromised culture and an increased occurrence of cellular death
in the chip subjected to Gemcitabine treatment, in contrast to the untreated co-culture, which

exhibited a healthy and stable appearance (Figure 88). Fluorescence microscopy was not
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employed for image acquisition due to the diminishing intensity of cell trackers after 4 days,
which could lead to potential misinterpretation of the fluorescent signal and consequently result
in inaccurate conclusions regarding the behavior of the cells. Due to this, it is not possible to

distinguish the cell type of the cells that remain viable on the Gemcitabine-treated chip.

With this proof of concept of 'melanoma on a chip,' it was possible to test an anticancer drug using
the chip's injection system and compare the state of the triculture of fibroblasts, keratinocytes,
and melanoma cells with and without Gemcitabine exposure. Noticeable differences exist
between the cultures, indicating a direct impact of drug administration on the cell state. By
optimizing this co-culture of three cell types and conducting a more detailed study on the effect
of Gemcitabine on the culture, an alternative skin model with the potential to evaluate potential
drugs for melanoma cancer could be achieved. By collecting biopsies from patients with this
disease, melanoma-on-a-chip could become a tool for personalized medicine. These results,
which demonstrate the construction of a skin-on-a-chip by injecting fibroblasts and keratinocytes,
and the subsequent proof-of-concept of a melanoma-on-a-chip, have been used as the basis for a

scientific article currently in the submission process.

6.3.3 International research collaboration with University of Hull

During the last year of the doctoral thesis, it was possible to carry out an international stay in
collaboration with the University of Hull. This collaboration provided an excellent opportunity to
test the microfluidic chips developed at UPM with new microfluidic systems and to evaluate the

compatibility of these chips in a different working environment.

The specific objectives defined for this international stay were:

e To test new immune cell types that can be integrated into the SOC model using a
recirculating microfluidic system based on a peristaltic flow system.

e To replicate the skin co-culture, which was initially performed at the CTB in the
facilities of the University of Hull, demonstrating the reproducibility of the proposed
methodology.

e To evaluate and compare the performance of PDMS-vinyl-glass microfluidic chips
with a miniaturized peristaltic system developed by the host group at the University

of Hull against a microfluidic setup composed of perfusion pumps.

6.3.3.1 Jurkat culture — peristaltic system

The first experiments performed in University of Hull facilities was the testing of a single-
chamber chips made of PDMS, vinyl, and glass with Jurkat cell line, an immortalized T

lymphocyte cell. This custom-designed chip comprises a single vinyl layout with microfluidic
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geometry nearly identical to the SOC’s lower compartment, including a pre-chamber injection

(Figure 89).

Figure 89. Layout (Design (4) and picture of the custom single-chamber OOC device (B) used to perform
the peristaltic system and cell recirculation tests on microfluidic chips.

One of the biggest challenges in this thesis has been the integration of immune system cells into
the skin model discussed in this chapter. Therefore, working with new cell types using the
technology previously developed in the CTB was an ideal approach to initiate the collaboration
between the two groups. Currently, the University of Hull group is working on developing a
closed microfluidic platform to recirculate immune cells and simulate their in vivo behavior in
the bloodstream. The microfluidic platform designed for this purpose includes a miniaturized
peristaltic pump, which members of the group have developed. This choice was made because
syringe perfusion pumps, commonly used in OOC systems, cannot be used when cells must be

kept circulating in a closed system.
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Chip

Figure 90. A) Alternative microfluidic setup using a peristaltic pump. B) Diagram of the microfluidic
setup.

The microfluidic setup for the initial test, combining the vinyl microfluidic chip with the
peristaltic pump, is illustrated in Figure 90. It consists of a glass reservoir containing 1 mL of cell
solution with one million Jurkat cells. The diagram shows that the tube through which the cells
are aspirated is completely submerged in the culture medium. The cells within the 1 mL of
medium are aspirated using the force generated by the peristaltic pump, which was programmed
to achieve a flow rate of 2 pL/min. After exiting the peristaltic pump, the tubing is connected to

the vinyl chip, and the outlet tubing is directed back to the initial reservoir. It is worth noting that
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the end of the outlet tubing is positioned above the level of the cell solution. This positioning was
chosen to allow any air or bubbles generated along the microfluidic system to be eliminated
without introducing potential microbubbles into the cell solution. The entire microfluidic setup
was placed in an incubator at 37°C without CO; supply and humidity. The choice to avoid
maintaining a humid environment within the microfluidic platform was made to safeguard the

electronic components of the peristaltic pump from potential damage or malfunctions.

The chip was observed 17 hours after connecting it to the microfluidic system. The device did not
leak, but several bubbles were generated inside the microfluidic chamber. In Figure 91, cells could
be observed inside the chip, effectively demonstrating cell aspiration with the peristaltic system.
However, the size of the particles retained on the chip was smaller than that of cells cultured in a
control reservoir without flow. This phenomenon was consistently observed in all tests using the
peristaltic pump. A literature review was conducted to investigate whether a similar phenomenon
occurred in similar studies using peristaltic pumps. Uesugi et al. reported that when cells pass
through the tubing connected to a peristaltic pump with pins, cell crushing can occur, potentially

explaining the reduction in cell size observed on the chip (Uesugi et al., 2020).

Figure 91. Qualitative image of the microfluidic chamber of the skin-on-a-chip after 17 hours under
continuous flow conditions.

6.3.3.2 Cell distribution trial

As it was not feasible to guarantee the preservation of cell integrity within a closed system
comprising peristaltic pumps, an alternative methodology was pursued to sustain Jurkat cells in

suspension, replicating their conditions in an in vivo setting. Additionally, the objective was to
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assess the consequences of resuspending cells within the reservoir from which they were drawn.
Without any agitation, cells tended to settle at the vessel's base, resulting in challenging cell
aspiration. To examine this phenomenon, an experiment was conducted employing two
microfluidic chips: one chip underwent manual agitation in al5 mL Falcon tube for 10 seconds
every 10 minutes, containing a 1 mL solution comprising one million Jurkat cells, while the other

remained stationary.

Non shaked reservoir

Post-pull

Post-push

Figure 92. Qualitative pictures of a single-chamber chip during the cell aspiration experiment under non-
shaking conditions. Images A and B show the microfluidic chamber after an aspiration process; images C
and D show the state of the microfluidic chamber after the subsequent perfusion phase.

Following the setup, a half milliliter of each solution was aspirated using a perfusion pump set at
a flow rate of 10 pL/min for 50 minutes. One hour after being connected to the equipment, the
chips were examined under a microscope. A notable distinction became apparent between the
chips subjected to varying conditions: chips with the agitated reservoir displayed a microfluidic
chamber completely filled with cells, whereas chips without agitation exhibited only a minimal
number of cells. Figures 92 and 93 illustrate images of the microfluidic chamber surfaces of the
tested chips after the aspiration phase (post-pull) and the infusion phase (post-push). In both chips,

the presence of cells is evident, but a significant disparity is noticeable between the chip without
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reservoir agitation and the chip with continuous reservoir agitation. The latter exhibits a notably

higher cell population.

Shaked reservoir

Post-pull

Post-push

Figure 93. Qualitative pictures of a single-chamber chip during the cell aspiration experiment under
shaking conditions. Images A and B show the microfluidic chamber after an aspiration process; images C
and D show the state of the microfluidic chamber after the subsequent perfusion phase.

This test revealed several key findings. Firstly, subjecting the cell solution to agitation conditions
increased the number of cells that can be aspirated and recirculated within a microfluidic system,
potentially reducing the number of cells stored in the reservoir. Secondly, based on the chip
geometry used in this test, it became evident that all cells remained trapped within the chip after
the infusion step. Thus, redesigning the microfluidic chamber would be imperative to mitigate
this effect if the objective of the microfluidic system is to facilitate cell recirculation. Lastly, in
contrast to the test conducted with the peristaltic pump, the cells exhibited a more prominent
appearance in this experiment, supporting the hypothesis that the pins of the peristaltic pump were

indeed causing cell compression.

6.3.3.3 Fibroblast-HaCaT co-culture replication

Because of the cell viability issues encountered when using peristaltic pumps, a reorientation of

the experiments was made toward replicating the skin model based on the co-culture of fibroblasts
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and HaCaT cells. To achieve this, the HFF cell line was employed as an alternative to HPFs. This
choice was motivated by the desire to investigate whether the displacement of fibroblasts
observed in previous tests on PET membranes was attributable to the primary nature of the cells

or if it could be mitigated by using a commercially available cell line.

Initially, for the fibroblast-keratinocyte co-culture tests conducted on dual-chamber microfluidic
chips, a setup commonly used by the host group at the University of Hull. This setup included a
multi-syringe perfusion pump and incubators capable of maintaining temperature without the
need for additional carbon dioxide and humidity. This configuration without incubators with

carbon dioxide supply offered improved accessibility and manageability for the cultures.

The same protocol employed in subsection 6.3 was replicated with slight modifications, including
the use of DMEM medium (10% FBS, 1% Pen/Strep). The steps involved:

1. Sterilization of both the chip and tubing used for cell culture.

2. Connection of the chip and tubing within a laminar flow hood, followed by priming these
components with DMEM medium using 20 mL syringes until the outlet tubing were
completely filled.

3. Seeding of 100 pL of DMEM medium containing a total of 3 x 10* human fibroblast cells
into the upper compartment of the chip through the upper inlet port.

4. A 24-hour incubation period without any flow to facilitate cell adhesion.

5. Connection of the perfusion pump with a flow rate of 0.4 uL/min.

The 24-hour incubation took place in incubators at 37°C with humidity but without CO» input. In
the initial test, cell adhesion to the membrane was checked at 24 hours. No living cells were
observed when the culture was re-examined at 72 hours after seeding. To address the lack of
carbon dioxide in the incubators, the culture medium was supplemented with HEPES buffer (25
mM) to adjust the medium's pH. The experiment was subsequently repeated with two new chips,
yielding virtually identical results, with isolated cells still attached to the membrane after 72 hours

of culture.

Following the initial findings of null cell survival and adhesion in the dual-chamber chips, it was
decided to replicate the experiment seeding only HaCaT cells. This particular cell line had
previously shown success in the chips, in contrast to HFF cells, which represented a different type
of fibroblast. By making this shift in cell type, the aim was to confirm that the lack of cell survival

was indeed attributed to the absence of CO; supply.

Two chips were employed, each receiving an initial cell population of 2 x 10* cells. After 24
hours, microscopic observation revealed that the cells exhibited a spherical shape instead of their
typical "brick-like" morphology. In response to these observations, the next 24 hours one chip

was maintained in an incubator without CO; input, while the other was placed inside a cell
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incubator with a 5% CO, supply, both chips with no flow supply. Upon inspection after this
period, notable differences were observed. First, there was a noticeable change in the color of the
culture medium, with the chip lacking CO, exhibiting a pinker appearance while the other chip
had a more orange tint (Figure 94A). More significantly, there was a marked change in cell
morphology in the chip that had been incubated in a 5% CO- environment, with the cells adhering
to the membrane (Figure 94B). Conversely, in chip 2, the cells still failed to adhere to the

membrane and appeared smaller than on the previous day (Figure 94C).

Chip 1 - CO, environment

Figure 94. Qualitative HaCaT cells culture images. A) View of the culture medium in the microfluidic chip
chamber. B) Chip 1 picture after been maintained 24 hours inside a gass incubator, C) Chip 2 picture after
remained 48 hours.

Given these substantial disparities between the chips maintained under both conditions, the entire
microfluidic system was relocated to an incubator at 37°C with a 5% CO, atmosphere to culture
the HaCaT cells in an environment with 5% CO2 right from the start of the culture. Under these
revised conditions, co-culturing was attempted on two new chips. Initial seeding involved HFF
fibroblasts on both chips. These cells adhered correctly and remained viable in an optimal state
until DIV 7. On this day, 2 x 10*HaCaT cells were introduced onto the chip. Figure 95 illustrates
the condition of one of the chips on DIV 7 before the seeding of HaCaT cells and on DIV 8, after
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one day of co-culture. The images depict a cell distribution equivalent to the HPF-HaCaT co-

cultures performed in the CTB.

DIV 7 - DIV 8

4X

10X

Figure 95. A, C) HFF cell culture in a double-chamber skin-on-a-chip inside a CO: cell incubator. B, D)
Skin-on-a-chip culture 24 hours after HaCaT cell seeding on the fibroblast monolayer. Scale bars represent
100 um.

6.3.3.4 Syringe pump culture vs peristaltic pump culture

Having successfully demonstrated the capability to co-culture fibroblasts and keratinocytes on
the dual-chamber microfluidic chip within the University of Hull facility, a final in-house test was
conducted. This experiment compared a chip connected to a multi-syringe perfusion pump and a
chip connected to the miniaturized peristaltic pump. The chips were positioned within tip boxes
filled with distilled water and securely sealed with Parafilm to prevent any potential degradation
of the electronic components of the peristaltic pump, thereby maintaining a humidified
environment during the culture phase. Figure 96 provides a diagram of the microfluidic setup
featuring both microfluidic systems. The protocol executed in this experiment encompassed the
following steps:

e Sterilization of both the chip and tubing designated for cell culture.
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e Connection of the chip and tubing within a laminar flow hood, followed by priming of
these components with DMEM medium supplemented with 10% FBS and 1% Pen/Strep
using 20 mL syringes until the outlet tubings were completely filled.

e Seeding by pipetting through the upper inlet port of a 100 uL solution of DMEM,
containing a total of 3 x 10* primary human fibroblasts, into the upper compartment of
the chip.

e A 24-hour incubation period for the cells without any flow to facilitate cell adhesion.

e Sustaining the fibroblasts for two days under a parallel dual flow rate of 1 pL/min using
the multi-syringe perfusion pump. It was necessary to set the flow rate to 1 pL/min as the
chips from the previous experiment were still connected to the perfusion pump, and once
HaCaT cells were introduced, a 1 pL/min flow rate was mandatory.

e Transitioning one of the chips from the perfusion pump to the peristaltic pump maintained
a flow rate of 1 pL/min. This change included replacing the syringes with two glass
reservoirs containing 8 mL of fresh culture media.

e Continuation of culture maintenance for both chips in the two microfluidic systems until

day 6 of culture.

On DIV 6, an assessment of the chip conditions was conducted. Chip 3, which had been connected
to the perfusion pump throughout the entire experiment, remained in excellent condition, with the
microfluidic chambers containing an adequate amount of culture medium. In contrast, Chip 4,
which had been connected to the peristaltic pump for four days after the microfluidic system
change, had its lower compartment entirely emptied, along with the lower inlet and outlet tubes
of the chip. Additionally, more air pockets were in the tubing section, extending from the
peristaltic pump to the tubing inlet port inside the chip. Furthermore, the waste vessel contained
only the eluted volume from the lower reservoir, indicating that no flow had occurred in the lower
chamber since the peristaltic pump had been operational. Despite these circumstances, the

fibroblasts remained viable on the membrane.
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Figure 96. Schematic view of the microfluidic setups employed for the co-culture.

Figure 97 illustrates the cell status in both chips. While a similar condition was observed in both
chips, there was a slight reduction in debris within the chip connected to the peristaltic pump,

resulting in a clearer image of the membrane with the fibroblasts adhering to the surface.

A modification was made to the configuration of the peristaltic microfluidic set up to mitigate the
potential formation of air bubbles within the tubing of Chip 4 (Figure 98). This alteration involved
connecting the reservoirs containing fresh media directly to the chip and routing the outlet tubing
through the peristaltic pump. Additionally, a replacement peristaltic pump with the same
specifications was on standby in case of any malfunctions. The entire chip and tubing system

were re-primed as part of this process.

Chip 1 (Syringe pump) Chip 2 (Peristaltic pump)

Figure 97. Comparison of HFF cell cultures in skin-on-a-chip devices with continuous flow delivered by a
syringe pump (A) and a peristaltic pump (B). Scale bars represent 100 um.
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Upon comparing both setups, apart from the utilization of pumps employing different
mechanisms, there was an additional distinction involving the container for storing fresh culture
medium. The perfusion pump relied on syringes, which are closed and hermetically sealed
containers, ensuring no pressure losses. Conversely, the peristaltic pump employed open
reservoirs. This seemingly inconsequential difference held important implications: with the
syringe, characterized by its closed and sealed nature, there were no pressure fluctuations,
whereas the reservoirs, containing movable components like stoppers and air, were susceptible to
inducing changes in the flow direction of the culture medium through the tubes, potentially

altering the relative positioning of the reservoirs to the chip.

—l —l

Figure 98. Diagram of the microfluidic set up reconfiguration.

Once the fibroblasts were in good conditions on the chips, HaCaT cells were introduced into the
chips to initiate the fibroblast-keratinocyte co-culture. In the case of Chip 3, where syringes were
connected to the inlet tubing, injecting the 100 pL solution containing 2 x 10* HaCaT cells
proceeded without any issues. When this same procedure was repeated with Chip 4 connected to
the glass vessel reservoirs, after the injection of the 100 pL the liquid did not move through the
microfluidic chamber. No HaCaT cells could be observed inside the chip, indicating that the cells
were moving toward the inlet tubing rather than the chip microfluidic channels. The same
outcome persisted despite repeated attempts to retain the cells inside the chip by clamping the
inlet tubing. The final solution employed was to manually advance the flow by moving the pins

of the peristaltic pump to push the volume of the inlet tubing containing cells into the chip.
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Following this seeding of keratinocytes, the chips remained without flow for two hours to

facilitate cell adhesion and were connected to the microfluidic systems.

On culture DIV 8 (day 2 after seeding the HaCaT cells), a microscopic examination of the chips
was conducted (Figure 99). As anticipated, Chip 3 was densely populated with keratinocytes.
Conversely, Chip 4 displayed two small areas of HaCaT cell proliferation near the entrance
channel. The clear demarcation of the region with HaCaT cells forming clusters provided a
valuable opportunity to assess the interaction between keratinocytes and HFF fibroblasts. Figure
99B illustrates how the HaCaT cells in the central zone of the image displaced the fibroblasts by
aggregating around the keratinocyte clusters, replicating the displacement phenomenon observed
in the fluorescence images of subsection 6.7. Given the recurrence of this result, a reevaluation
of cell distribution on the microfluidic chip became has to be considered to establish a skin model

featuring two complete bilayers of keratinocytes and fibroblasts.

Chip 4 (peristaltic pump)

N

Figure 99. Comparison of HFF-HaCaT co-culture in skin-on-a-chip devices with continuous flow delivered
by a syringe pump (A) and a peristaltic pump (B). Scale bars represent 100 um.

The presence of air in the Chip 4 tubing and microfluidic chambers was also confirmed. Despite
modifying the microfluidic setup of the peristaltic pump, the lower chamber was once again
completely emptied, and the volume collected in the waste reservoir corresponded to a single flow
instead of two flows. Since this same issue recurred with the tubing situated in the lower section
inside two different peristaltic pump devices, it suggests that the failure in the chip's flow
application stemmed from the operation of the peristaltic pump rather than any issue with the

microfluidic chip itself.

Upon the conclusion of the three-month international stay, partial attainment of the pre-

established objectives has been accomplished:
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1. Jurkcat cells were cultured on the microfluidic chips using a peristaltic system and
perfusion pumps in brief trials. Although the integration of this culture technique into the
skin-on-a-chip model was not successful, areas for improvement have been identified to
potentially recreate this model in the future. These include altering the layour of the lower
compartment through which HaCaT cells would circulate, implementing a sample
agitation system, and exploring alternatives to the peristaltic pump pin system to prevent
mechanical cell damage during pump passage.

2. The co-culture of fibroblasts and keratinocytes was conducted in the University of Hull
laboratory, following the protocol used in the CTB. The achieved results, even in the
absence of fluorescence images of the culture, indicate that the co-cultures closely
resemble those achieved in CTB.

3. A proof of concept was performed to compare two fibroblast-keratinocyte co-cultures:
one connected to a perfusion pump and the other to a miniaturized peristaltic pump. The
observed differences between the two methodologies primarily relate to the appearance
of bubbles in the peristaltic system and the inability to inject volumes into the chip due
to the chip's inlet tubing being connected to open reservoirs instead of syringes. As the
initial fibroblast seeding was performed with the chips connected to syringes, and one of
the chips was linked to the peristaltic pump, it was feasible to retain these cells within
both methodologies, with less debris and cellular remnants in the chip integrated into the

peristaltic microfluidic system.

6.4 CONCLUSIONS

For the design of this novel skin-on-a-chip, the brain slice-on-a-chip device was used as a
reference but incorporated several modifications. Firstly, inlet and outlet ports were incorporated
into the upper compartment, a feature not previously integrated. Additionally, as detailed in
Chapter 5, various membranes were tested to enhance the visualization of the sample, in this case,
cells, through the membrane. Ultimately, PET polymer was chosen as the membrane material,
allowing the chip to be observed using a wide range of microscopes. This upgrade significantly
reduces the focal length between the sample and the objective, which is particularly beneficial
when employing inverted microscopes, given that the glass layer has a thinner profile than the
PDMS blocks. All these innovations have led to the achievement of the following objectives with
the skin-on-a-chip model:
1. A dual-chamber microfluidic chip has been successfully devised and manufactured to
develop a skin-on-a-chip model, enabling the concurrent or alternating application of two

parallel flows. The chosen cell distribution strategy throughout the thesis development
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involved co-culturing fibroblasts and keratinocytes in the upper compartment of the chip,
reserving the lower compartment for the inclusion of immune cells.

A fluidic characterization of the skin-on-a-chip devices was conducted to enhance
understanding of their microfluidic properties. This step was needed due to the prolonged
duration of the chip optimization phase, primarily attributed to a higher frequency of
leaks. Calculations were performed to determine the pressure drop of the chips. This
value was used to assess the functionality of the chips before cell culture within the
microfluidic devices.

Three types of cells have been tested in the skin-on-a-chip devices: fibroblasts (which
came in three different strains known as CV-1, PHF, and HFF), fibroblasts from the
HaCaT cell line, and immune system cells represented by the U937 cell line. All these
cell types were cultured within the microfluidic chambers of the chip, except for the U937
cell line, as the on-chip culture was found to be incompatible with the chip's sterilization
methods.

A functional skin model based on fibroblast and keratinocyte co-culture was achieved.
The state of this co-culture was evaluated using fluorescence techniques, with both cells
and fluorescent markers introduced into the upper compartment of the chip via injection.
The intended skin co-culture concept aimed to create two cellular bilayers. The cultures
conducted in this thesis revealed that on a PET membrane, despite seeding fibroblasts on
the surface, when HaCaT cells were subsequently seeded, they displaced the fibroblasts
from the membrane, resulting in a mixture of the two cell types on the membrane.

An initial melanoma-on-a-chip model was established through the co-culture of HPF,
HaCaT, and SK-MEL-28 for a proof-of-concept drug test using the injection system.
Using this approach, Gemcitabine was administered in a melanoma-on-a-chip, which was
then compared to another melanoma-on-a-chip that had not been exposed to the drug.
This proof of concept revealed significant changes in the cell population, with a notable

decrease in cell density in the chip treated with Gemcitabine.

In light of all the technological advancements achieved and the establishment of a reproducible

protocol for co-culturing fibroblasts and keratinocytes in a microfluidic system, several

improvements have been identified for implementing a more realistic skin-on-a-chip model. The

primary goal is to establish a bilayer culture of the skin's key cell types: fibroblasts and

keratinocytes. In order to obtain a proper bilayer culture, two methods could be explored. The

first one involves culturing these cell types on separate sides of the membrane, with keratinocytes

on top and fibroblasts below. This approach has shown promise, particularly regarding the culture

of fibroblasts on the underside of the membrane. The second method aims to create a bilayer

within the same compartment. This concept is the main objective, and it involves applying a
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coating to the membrane surface, such as collagen, fibrin, or poly-D-lysine, to strengthen the bond
between fibroblasts and the membrane. This reinforcement is intended to prevent cell detachment

after fibroblast seeding on the initial monolayer of fibroblasts.

The second point of improvement involves incorporating elements of the immune system into the
skin model, a significant challenge in skin models across different settings. Extensive testing with
U937 cells has been conducted, but maintaining their viability inside the chip has proven
challenging. Recent tests have identified the issue: ethanol residues on the surfaces of the
microfluidic compartments used for autoclaving. This problem could be addressed by increasing
the number of washes with alternative liquids like PBS or distilled water. Similar issues were
encountered with traditional culture plates, suggesting the need for a thorough study of ethanol

washes on plates before applying them to the chips.

Another potential solution is to explore alternative sterilization methods that do not require
ethanol within the microfluidic channels. The current chip structure presents challenges in this
regard, as the primary alternative would be autoclaving, which the PET membrane used in these
chips cannot withstand. Ongoing research aims to identify alternative PET membranes capable
of withstanding higher temperatures, making autoclaving feasible. While this approach may
require more time and some delay in co-culture testing, it appears to be the preferred solution to
address the issue of U937 cell survival. Both fibroblasts and keratinocytes are relatively
undemanding in terms of culture media and surface adhesion, making this an appealing path

forward.

The third area of improvement revolves around assessing co-cultures inside the chip. All tests
conducted in this chapter have relied solely on fluorescence microscopy for analysis. While this
method is highly useful for evaluating cell distribution within the chip, it has a temporal
limitation. The fluorescence signal cannot be maintained continuously in cells, so its use is limited
to studies lasting no more than 5 days without re-administering the reagents. The chip itself allows
for the repeated administration of fluorescence markers, so the limitation is not related to the

technology or chip construction but rather the need to use fluorescence markers for each cell type.

Using specific fluorescence markers would only allow us to determine the cell types inside the
chip. It would not provide information on the state of the cells. For example, if an immune cell
were present, visual observation alone would not reveal whether it is activated or producing
specific metabolites of interest. The generation of analytes is crucial in disease models, like the
melanoma-on-a-chip pursued in this thesis, particularly when testing the effectiveness of a drug.
Therefore, it is essential to implement screening methodologies to assess the culture's state within

the chip.
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7 GENERAL CONCLUSIONS AND FUTURE
LINES.

7.1 CONCLUSIONS

The development of a reliable protocol for the fabrication of PDMS-vinyl-glass microfluidic
chips has been successfully accomplished as part of this thesis. The fabrication process exhibits
sufficient versatility to adapt minor modifications depending on the chip's architecture. Three

distinct OOC devices have been meticulously designed, assembled, and effectively tested.

Objective 1: Develop a fabrication methodology for microfluidic chips constructed from PDMS,
vinyl, and glass that enables accurate flow compartmentalization. The new fabrication procedure
must be versatile and adaptable to enable the combination of biocompatible materials while

retaining the capability to recreate micrometer-scale patterns.

This doctoral thesis aimed to choose materials and a fabrication methodology for creating
microfluidic chips suitable for cell culture. After evaluating various alternatives, PDMS, vinyl,
and glass were chosen due to their respective chemical and mechanical characteristics. The
combination of these materials resulted in a compact, biocompatible, and gas-permeable fluidic
chip. The addition of vinyl as a construction material for the microfluidic geometries allowed
easy and rapid layout modifications. The on-chip assembly process enabled the incorporation of
new components into the chip across the three final prototypes created. These components
included permeable membranes for compartmentalizing two microfluidic geometries within a
single device and the use of PTFE plugs. The integration of the last element was particularly
significant as it introduced a key functionality to the OOC devices in this thesis: the ability to
inject volumes into the chip. This innovation provided the chips with a new method for instant
reagent delivery, proving highly valuable for drug testing, fluorescence marker studies, and even
cell seeding through the injection system. These advancements led to the creation of three distinct
microfluidic devices: a single-chamber neuron-on-a-chip, a brain slice-on-a-chip featuring two
compartments administered exclusively through the lower compartment with an integrated

injection system, and finally, a dual-chamber skin-on-a-chip prototype. The latter is the most
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intricate, allowing for the perfusion of dual parallel flows while retaining the integrated injection

system within its design.

Objective 2: Design and manufacture a single-chamber organ-on-a-chip device suitable for
invertebrate neuron culture to achieve higher maintenance over time compared to traditional
culture methods. This microfluidic alternative aims to improve the culture conditions of neural

networks in an in vitro model, resulting in a more stable and durable neural network.

A neuron-on-a-chip device has been successfully developed to study the formation of neural
networks. This model has addressed the challenges of traditional cultures in MEAs, including
achieving a higher cell density per unit area and reducing the harmful effects of melanin exposure
on the culture. The neuron-on-a-chip presented in Chapter 4 has effectively mitigated these
adverse factors, providing an excellent solution to enhance cell density within a specific geometric
area. It also simulates a more realistic microenvironment for neurons compared to conventional
MEA cultures in plates, thanks to the microfluidic system that enables continuous and renewed
administration of the microfluidic chamber housing the invertebrate neurons. Furthermore, the
chip constructed for this bioapplication was intentionally designed for seamless microscopic

imaging, offering full compatibility with microscope stages.

These improvements have enhanced the imaging of the CNN culture and facilitated the formation
of more stable neural networks in fluidic chip cultures compared to culture plates. This
comparison was conducted under optimal culture conditions at 30°C and suboptimal conditions
at 37°C. In both cases, the chip cultures exhibited a superior neural network status, confirming

the effectiveness of this culture method over traditional ones.

Objective 3: Modification of the fabrication methodology to create a brain-slice-on-a-chip device
capable of replicating an organotypic culture on membrane inserts incorporating a novel volume

delivery system within the microfluidic device.

After successfully demonstrating the feasibility of the fabrication methodology with the neuron-
on-a-chip, which allowed for the construction of microfluidic chips without any leakage issues
and the maintenance of cultures for up to 21 days under optimal conditions, there was a motivation
to explore more intricate microfluidic structures. This drive led to designing and fabricating a
novel brain slice-on-a-chip intended to replicate the organotypic culture with membrane inserts
commonly used in traditional culture methods. Additionally, since brain slices are accessible in
culture plates, there was a need to conceive a procedure for delivering reagents within the chip
while preserving the closed system characteristic of microfluidic platforms. To meet this

requirement, two new materials were introduced into the fabrication process.

The first material was a porous polycarbonate membrane to simulate the membrane insert

function. The manufacturing procedure created in this thesis involved the overlapping of vinyl
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cuts, allowing the combination of two distinct layouts and the insertion of a membrane that
compartmentalized two different regions on the same chip. This design resulted in a lower
microfluidic compartment where the culture medium was perfused and an upper compartment,

which remained flow-free, housing the brain slices without submerging them.

To address the accessibility issue, the brain slice-on-a-chip integrated a chip injection system,
enabling culture analysis while administering the OGB marker through this integrated system.
This was made possible by the incorporation of a second novel material, the PTFE plug, which is

a self-sealing material that allowed puncturing the chip without creating contamination points.

These two novelties were employed in the final brain slice-on-a-chip prototype for mouse
hippocampal slice cultures. The viability study was conducted through the fluorescence labeling
of live cells. Chapter 5 results demonstrate the proper functionality of the injection system,
producing clear fluorescence images within the chip and allowing the identification of the
hippocampal slice cytoarchitecture after ten days of culture, despite some loss in slice thickness.
A final proof-of-concept experiment was performed to address this issue by culturing a complete
hemisphere within the chip, which proved to be more effective in maintaining the hippocampal

cytoarchitecture.

Objective 4: Design a functional skin-on-a-chip prototype to replicate a human skin model based
on keratinocyte-fibroblast co-culture and creating a melanoma-on-a-chip model with SK-MEL-
28 cells. The skin-on-a-chip device must include an integrated local drug delivery system on the

microfluidic chip to enable the testing of anticancer drugs.

The development of a new organ-on-a-chip to mimic a skin model introduced several upgrades
to the fabrication methodology. It resulted in a skin-on-a-chip featuring two microfluidic
compartments that could independently accommodate continuous flows, a capability that was not
possible with the previous skin-on-a-chip device. Moreover, the PC membrane was replaced with
a PET membrane to improve sample visibility. The injection system for local reagent
administration, a notable innovation from the brain slice-on-a-chip, was also retained. This feature
was particularly significant for the skin model, as it facilitated drug testing for potential disease
models. With these three key features: the application of dual parallel flow, the new PET
membrane, and the injection system for local drug delivery, the goal was to create a basic skin
model comprising keratinocytes and fibroblasts. This model would allow the integration of
immune system cells or melanoma cells to evaluate the effects of drug administration on the

constituent cells.

The increase in chip complexity impacted the percentage of microfluidic chips experiencing
leaks. This issue became more evident during the design and fabrication of the skin-on-a-chips.

These devices feature two inlets, two outlets, and a permeable membrane that connects both
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compartments. Maintaining pressure balance between the chip outlets is essential for ensuring
proper chip operation. Failing to control this parameter can lead to incorrect assessments of the

chip's fluidic behavior.

To address this challenge, two different studies were conducted to characterize the microfluidic
behavior of the chip. The first study investigated how the volume perfused through a chip could
fluctuate when subjected to two simultaneous flows. The goal was to determine if there was any
indication of volume diffusion from one microfluidic compartment to the other. In this test, under
flow conditions of 1 pL/min for a minimum of 1000 minutes and with consistent outlet tubing
exit heights, the results demonstrated that the experimental flow closely matched the theoretical
flow, confirming the proper functioning of the chips. The second test focused on the concept of
pressure drop. Unlike the previous test, pressure drop values in each microfluidic compartment
could be quantified, allowing for comparisons. While this test did not provide specific pressure
drop values for each geometry within the skin-on-a-chip, it did establish a reference value to
identify chip leakage. Therefore, pressure drop can serve as a metric to assess the manufacturing

quality of the chips.

During the development of Chapter 6, up to seven different cell types were tested, with six of
them successfully cultured on the chip. The U937 cell line was the only one that failed to survive
on the skin-on-a-chip. After a series of experiments, it was determined that the cause of this failure
was the ethanol-washing process, which prevented the U937 cells from thriving on the chip. This

confirmed that the materials used in the chip fabrication were not incompatible with these cells.

For the other cell types, a co-culture of keratinocytes and fibroblasts was successfully achieved
in the upper compartment of the chip. This co-culture was conducted in two different
environments, the CTB facilities and the laboratories of the University of Hull, both yielding
equivalent results. The co-culture reproducibility allowed for the creation of a melanoma-on-a-
chip as a proof-of-concept, introducing the SK-MEL-28 cell line into the co-culture of
keratinocytes and fibroblasts. The recreation of a melanoma model presented an ideal opportunity
to compare two melanoma-on-a-chip models, administering the anticancer drug Gemcitabine in
one of them. This proof-of-concept experiment significantly influenced the culture, notably
reducing the number of cancer cells on the drug-treated chip compared to the untreated one. As a
result, the foundation for a melanoma cancer model on an organ-on-a-chip device has been

successfully established.

7.2 FUTURE LINES

Several areas for improvement and future research directions can be identified to enhance and

expand the fabrication and utilization of the OOC devices developed in this thesis.
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First and foremost, exploring alternative materials for chip construction is a critical avenue to
pursue. While the combination of PDMS, vinyl, and glass has proven highly adaptable for
designing and fabricating small-scale devices, it is now opportune to experiment with other
materials. The current methodology relies heavily on manual labor, resulting in extended
manufacturing times and an increased susceptibility to human errors. A significant number of
chips become unusable due to manufacturing defects, and production efficiency has room for
improvement. As discussed in the literature review, manufacturing processes are inherently tied
to the materials employed, necessitating the exploration of new material alternatives and

manufacturing techniques.

A straightforward research line already in progress within the GOFB research group involves
substituting vinyl with PDMS through molding and soft lithography techniques. This transition
enables manufacturing of more conventional microfluidic chips, wherein PDMS defines the
microfluidic channels. This alternative holds significant advantages, given its cost-effectiveness
and the suitability of layouts previously proven for culturing neurons, mouse brain slices, and

human cell lines. This transition is expected to boost production capacity substantially.

Another intriguing avenue to explore is the use of thermopolymers to mitigate PDMS's capacity
for absorbing hydrophobic molecules. This issue becomes more pronounced with increased
PDMS in the fluidic chip composition. This alternative material selection could address a
significant drawback of PDMS-vinyl-glass chips: their limited recyclability and reusability.
Throughout this thesis, one significant challenge has been the availability of ready-to-use
microfluidic chips, which have consumed a substantial amount of time. One potential solution
that could have helped the manufacturing demand is chip reuse. Unfortunately, this has not been
feasible due to PDMS's inability to withstand organic solvents, which is essential for chip reuse
and remove organic remainings. Additionally, brain-slice-on-a-chip and skin-on-a-chip devices
incorporate integrated membranes incompatible with organic solvents. The adoption of new

materials would open the door to chip reuse procedures.

The second area for development involves the ongoing fluidic characterization of the chips. The
tests conducted in section 6.1.2. represent an early stage, offering merely reference values to
assess proper chip manufacturing. Due to this, it is imperative to advance the characterization
tests further to obtain unique values for each chip type, allowing for establishing more precise
value ranges. These ranges can then be validated using simulation software such as COMSOL,
which facilitates computational fluid dynamics analysis. Progress in analyzing pressure drop in
OOC devices holds particular relevance, in conjunction with the research into new materials, to
observe variations in pressure drop values with identical microfluidic geometries based on the
chip's constituent materials. If such variations are confirmed, fluidic characterization could serve

as a valid criterion for material selection.
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The final potential goal, closely aligned with the research lines of the research group where this
doctoral thesis has been done, is the integration of sensors within the microfluidic platform.
Throughout this thesis, all cultures performed on OOC devices were monitored and assessed
through microscopic image acquisition. While this form of analysis offers a rapid means of
assessing the culture's condition, evolution, and cell distribution within the culture area, it has
limited capacity to detect variations in gene expression or the production of specific analytes of
interest. To address this limitation, molecular screening studies involve collecting expelled liquid
from the microfluidic platform's outlet, followed by molecular screening techniques. While this

process is feasible, it sacrifices real-time data recording.

The significant advantage of utilizing microfluidic systems lies in their capacity for real-time
sample monitoring, achieved by continuously renewing the volume within the microfluidic
chambers. Moreover, the ease of adding new modules further enhances this capability. It becomes
possible not only to integrate on-chip sensors for parameters like O, carbon dioxide, and pH to
monitor the culture's status but also to incorporate a module for molecular screening. This
integration would result in a comprehensive microfluidic platform housing the bioreactor and the

sensing platform, enabling more precise and real-time monitoring of the culture's condition.
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