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Introduction

The technology of three-dimensional fluidic microsystems

Fabrication of a bioreactor combining soft
lithography and vat photopolymerisation to study
tissues and multicellular organisms under dynamic
culture conditionsT

Thomas Meynard,@ia Félix Royer,@ia Robin Houssier,@iab Orégane Bajeux, @2
Sonia Paget,® Fatima Lahdaoui,® Alejandra Mogrovejo Valdivia, Nathalie Maubon,®
Jéréme Vicogne, ®° Isabelle Van Seuningen @ 12 and Vincent Senez @ *@

Despite its capability to create much more realistic microenvironments for in vitro culturing of animal or
human biological models, the spread of microfluidic tools in the world of biology and medicine has still
not reached the predicted scale. Major obstacles to their widespread acceptance by end-users are
manufacturing cost and operational complexity. 3D printing is a technology that is now widely
democratised, thanks to its ease of use and very attractive cost/performance ratio. In particular,
photopolymerisation through a liquid crystal screen is experiencing a very significant growth. Here, we
describe the methodology we developed to evaluate this microfabrication technique and selected a
photoprintable resin to manufacture a fluidic microsystem dedicated to tissue or micro-organism culture.
The first originality of our approach lies in the architecture of the microsystem, which is made up of an
elementary culture chamber in two parts, making it very easy to open after the culture period to carry out
ex situ biochemical analyses. The second one is the nature of the materials used to make up the culture
chamber, which consists of polydimethylsiloxane and a photoprinted resin. This hybrid assembly,
combining an elastomer and a rigid plastic material, ensures a better seal and better dimensional control
once the assembly is complete. We demonstrate the ability of our protocol to flexibly fabricate different
culture chambers with dimensions down to 100 microns and we show for one of them three applications:
a 2D layer of cell lines, a parasitic worm and a 3D microtissue from a pancreatic cancer patient.

(ie. worms, embryos).” These fluidic microsystems are
extremely powerful tools if they possess several essential
attributes: ~ biocompatibility, transparency in visible

makes it possible to manufacture culture chambers with 3D
geometries for the dynamic study of living structures:" single
cells,”> assembly of cells in 2D or 3D configurations using a
bottom-up approach (i.e. creation of a tissue from cells)® or a
top-down approach (i.e. culture of explants, chorioallantoic
membrane of a hen's egg),’ or even multicellular organisms
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wavelengths, low autofluorescence, geometric modularity in
three dimensions, manufacturing process offering high
reproducibility and making it possible to address dimensions
of the order of several hundred microns, low dead volume,
scale-up manufacturing process and ease of implementation.

Although they display many of these characteristics,
silicon/glass technologies derived from microelectronics are
limited to the production of 2.5D structures with thicknesses
of less than 100 microns, and their cost is incompatible with
the mass production of disposable objects dedicated for
biological and medical applications.

Polymer moulding microtechnologies (hot embossing,
injection moulding, elastomer casting) extend the range of
structural materials, reduce manufacturing costs and enable
the production of truly 3D objects.® These methods are based
on the replication of a master structure (the geometric
inverse of the desired structure). The mould is generally an
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object made of metal, silicon, glass or even a polymer. It can
be produced by either mechanical’”™ or thermal'® material
removal methods or by chemical'® or 3D printing
additive'*** techniques.

The development of new optical methods has led to
advances in 3D  printing processes based on
photopolymerisation."®> Early micro/nano-stereolithography
technologies involved manufacturing an object voxel by voxel
and required very long printing times.'®'” Today,
micromirror matrix (DMD)"® or liquid crystal display (LCD)"’
devices enable the voxel-by-voxel processing to be
parallelized. In the latter case, the LCD screen acts as an
optical mask, which minimizes optical distortion but has the
disadvantage of absorbing a large proportion of light energy
(around 90%).%°

New printable polymer materials appear every year. They are
distinguished by different characteristics such as their
biocompatibility and their optical and mechanical behaviours.
These properties depend not only on their chemical
composition but also on the printing conditions: dissolved
oxygen level, annealing temperature, exposure time, object size,
thickness of the layer to be polymerised, orientation of this
layer, and post-printing treatment. The American Scientific
Organisation U.S. Pharmacopeia has defined test standards to
validate the use of a material in the fields of medicine and life
biology.”! These standards have been adopted by the
International Standards Organisation as the ISO 10993 family
of standards.”> However, the specifications provided by
manufacturers of biocompatible photoprintable resins do not
give the tests that have been carried out to qualify the
material.>® It is therefore essential to carry out these tests when
developing a microfabrication process.

In this article, we present our methodology to design an
optimised microfabrication pipeline capable of generating a
wide variety of device geometries dedicated to the culture of
various micro-tissues or multicellular organisms. This work
is part of a series of recent studies demonstrating the value
of LCD photopolymerisation technology for the micro-
engineering of in vitro devices to study living objects.**>* We
first compared the performance in terms of precision,
reproducibility, roughness and flatness of two printers, one
using UV laser scanning and the other using LCD display as
light sources. We then repeated these tests with LCD
technology for four commercially available resins. The
biocompatibility and autofluorescence were also assessed. A
microfluidic culture platform was finally designed to
demonstrate the flexibility of this microfabrication process.

Results
Comparison of LCD- and SLA-based 3D printing technologies

Two commercially available 3D printers were evaluated to
determine which produces the most precise pattern
dimensions: the DWS XFAB 2000, which utilises SLA
technology (Fig. S1at), and the Phrozen Sonic Mini 8K, which
employs LCD technology (Fig. S1bt). Their specifications are
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defined in Table S1.f The aim was to identify the 3D printer
most capable of creating components with the highest
geometrical accuracy. To this aim, we used a digital
microscope to determine the fabrication precision of a
characterisation platform (CP) made of geometrically defined
positive and negative motifs (Fig. 1a). We based our analysis
on indicators such as printing orientation, pattern type and
height (Fig. 1b).

The averaged measured error in pattern height
demonstrated that the two printers could not be significantly
discriminated in accuracy for positive patterns: -120.1 + 5.0
(LCD) and -152.3 + 20.3 (SLA) um for Z+; -33.9 + 0.4 um
(LCD) and -29.6 + 2.3 um (SLA) for XY+ (Fig. 1c and e).
However, for negative patterns, the accuracy was significantly
better for the LCD-based printer compared to the SLA: -9.4 +
3.8 um (LCD) and 52 + 10.8 um (SLA) for Z-, and -11.5 + 2.2
pm (LCD) and -16.7 + 0.7 um (SLA) for XY-, respectively
(Fig. 1d and f). The measured error depending on pattern
design height indicated that the LCD printer generated less
error in Z-axis patterns, even if only a few points were found
to be significantly different. Interestingly, for the precision in
the Z- indicator, the difference in error increased with design
height. However, it was more difficult to determine a
tendency for the XY- patterns as the two printers yielded
similar accuracy.

The area indicator used to represent the curvature of the
CPs was found significantly lower when printed vertically
compared to horizontally: 1.74 + 0.9 mm® (vertical) and 8.77
+ 3,0 mm? (horizontal) for the LCD-based printer, and 2.53 =+
0.2 mm? (vertical) and 27.45 + 4.2 mm?” (horizontal) for the
SLA-based printer. In addition, the LCD-based printer yielded
a lower curvature than the SLA, with a significant difference
for horizontal printing (Fig. 1g).

The measured average surface roughness was significantly
lower for platforms printed horizontally using the LCD
printer: 0.33 + 0.0 um (horizontal LCD) compared to 1.78 +
0.1 pm (vertical LCD), 2.06 + 0.7 um (horizontal SLA) and
1.88 + 0.3 um (horizontal SLA) (Fig. 1h). No significant
differences were observed for the two printers for vertical
print or for the SLA printer for both orientations. On the
images of the platform's surface produced with the LCD
printer (Fig. S21), it can be seen that the resin layers were
visible for the vertical print but not the horizontal one, which
is consistent with the printing process.

In conclusion, the LCD-based printer yielded (i) a better
geometrical accuracy, (ii) a lower curvature and (iii) a lower
surface roughness. The LCD-based printer was thus selected
for the rest of our study.

Comparison of commercial resins

Four types of resins were compared based on their
characteristics: TR300, a high-temperature-resistant resin;
Aqua-Clear, a transparent resin; Bio-Med Clear, a
transparent and biocompatible resin; and Precisa 780, a
precise printing resin. Their physical characteristics are

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Assessment of fabrication precision of obtained parts with SLA and LCD printer technologies using Precisa 780 resin. (a) Design of the
characterisation platform. (b) Schematic of the indicators used to characterise the precision. Comparison of the precision of the printers (Phrozen
Sonic Mini 8K (LCD), XFAB (SLA)) with (c) Z+ protrusions in height, (d) Z- cavities in height, (e) XY+ protrusions in length and (f) XY- cavities in
length as a function of the pattern design dimension and averaged on the whole dimension range (n = 3). (g and h) Comparison of the incurvation
and surface roughness depending on the printing orientation (n = 3). Error bars denote SD. *p < 0.05, **p < 0.01, ***p < 0.001 and #p < 0.0001.

recapitulated in Table S2.f As with the two 3D printers, the
four resins were evaluated for dimensional precision.

The results indicate that Precisa 780 resin (red bar) was
significantly less accurate than the other three resins.
TR300 resin (grey bar) was significantly more accurate,
while Aqua-Clear (blue bar) and Bio-Med Clear (beige bar)
resins showed very close in-between error averages
(Fig. 2a, c, e and g). The XY+ indicator can be used as an
overview of these results, with -33.9 + 0.4 um (Precisa 780),
-10.3 + 0.2 pm (TR300), -22.2 + 1.8 pm (Aqua-Clear) and
-24.1 + 3.4 um (Bio-Med Clear) average errors (Fig. 2e). Z+
printing is a particular case where the Bio-Med Clear resin
displayed similar accuracy to the Precisa 780 resin, with
-116.7 £ 7.9 um and -120.1 + 5.0 um, respectively (Fig. 2a).
The TR300 resin was significantly less precise than the
three others for the unique case of XY- printing with -18.9
+ 1.3 um (Fig. 2d).

This journal is © The Royal Society of Chemistry 2025

To compare the precision of all the resins depending on
the design height, a square matrix was created for all heights
and concatenated for each indicator (Fig. 2b, d, f, and h).
The elements above the matrix's diagonal represent the
difference in absolute error in pattern dimension between
the two compared resins. The colour intensity is proportional
to that difference; thus, a negative value means that the first
resin yields a lower error. The elements under the matrix
diagonal represent the calculated statistical significance of
that difference, with a colour intensity inversely proportional
to the logarithm of the calculated p-value (with pyajue < 0.05
< -log(pvae) > 1.3). The results confirmed the tendencies
observed with the averages, as the TR300 resin yielded a
lower error when compared to the other resins, except for the
XY- indicator. Precisa 780 showed a higher error, except
when compared to the Bio-Med Clear for Z+ and when
compared to the Aqua-Clear for Z-. As for the printers, the

Lab Chip, 2025, 25, 4119-4137 | 4121
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Fig. 2 Assessment of fabrication precision of obtained parts with TR300, Bio-Med Clear, Aqua-Clear and Precisa 780 resins using the LCD
Phrozen Sonic Mini 8K printer. Resins precision comparison and averaged on the whole dimension range using a matrix with (a and b) Z+
protrusions in height, (c and d) Z- cavities in height, (e and f) XY+ protrusions in length and (g and h) XY~ cavities in length (n = 3). The elements
above the matrix's diagonal represent the difference in absolute error in pattern dimension between the two compared resins. The elements under
the matrix diagonal represent the calculated statistical significance of that difference. Comparison of the incurvation (i) and average surface
roughness (j) depending on the printing orientation (n = 3). Error bars denote SD. *p < 0.05, **p < 0.01, ***p < 0.001 and #p < 0.0001.

difference in error as well as the significance, did not
increase proportionally with the design height.

Similarly to the comparison between the two printers, the
vertically printed platforms displayed significantly lower
than the horizontal When printed
horizontally, the curvature was more important for the Aqua-
Clear resin with 38.22 + 1.9 mm? and less important for the
Precisa 780 with 8.77 + 3.0 mm?” (Fig. 2i). No significant

curvature ones.

4122 | Lab Chip, 2025, 25, 4119-4137

differences were found for the curvature when printed
vertically. For the average surface roughness, horizontal
printing was significantly lower than vertical printing, with
no significant differences between the different resins when
printed in the same orientation (Fig. 2j). As it was not more
precise and took longer to print (as it was not adapted to the
LCD printer due to its high viscosity), we did not use the
Precisa 780 resin for the rest of the work.

This journal is © The Royal Society of Chemistry 2025
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To consider the long-term use of the resins as constitutive
parts of the microfluidic device and circuit, it was necessary
to assess their cytotoxicity. For that, 3D-printed inserts were
designed and fabricated to reproduce the dimensions of a 96-
well plate well when inserted into a 48-well plate
(Fig. 3a and b). Fluorescent HPAC-eGFP and PS-1-TD Tomato
cells were seeded into the inserts and cell proliferation and
viability were evaluated over 48 h. The results indicate that
Aqua-Clear and TR300 resins negatively impacted the growth

a 3D printed insert forming a 96-
well plate resin

10.76 mm

View Article Online
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of both cell lines, with an obvious reduced number of cells
when compared to the control in a regular 96-well plate
(Fig. 3c and e). This was confirmed by the cell viability
measurements with the resazurin assay showing 2-3% and
9-26% cell viability for Aqua-Clear and TR300, respectively
(Fig. 3d and f and Table S3t). HPAC-eGFP and PS-1-TD
Tomato cultured in Bio-Med Clear showed similar
morphology compared to the control at 24 h (Fig. 3¢ and e).
Cell viability was 77.8% and 82.0% for HPAC-eGFP and PS-1-

10.76 mm

Well of

96 well made in

Classic well of a 96

Aqua-Clear

different resins well plate
48-well plate (Con:rol) Bio-Med Clear TR300
c Control Bio-Med Clear Aqua-Clear TR300 d
24h — -
PN A *
100
a *
G P
@ < .0 80
Q 5 B
g =
- & D e0-
i
48h £ S 40
R £
29
& g X 20+
[C]
& o
< N Y S I
a o' > 3 (N}
T é" o@ S}tb «Q'-”
S & &
SRS
O
Lo
e Control Bio-Med Clear Aqua-Clear TR300 f
24h
2B
[}
£
R 8=
.2
e £5
- = =
& 273
o ﬁ §
S c
48h T8
R £
-]
v =
o«

PS-1-TD Tomato

Fig. 3 Viability of HPAC-eGFP and PS-1-TD Tomato cells in an in vitro 2D culture system including LCD 3D printed parts. (a) Upon completion
of the printing process, the insert is positioned within a 48-well plate. The external dimensions of the insert correspond to a 48-well plate well,
while the internal dimensions match those of a 96-well plate well. Consequently, the integration of the component into the 48-well plate
results in a 96-well 3D-printed resin well, maintaining uniform inner dimensions. (b) Images of the plate's wells obtained with the inserts. (c)
HPAC-eGFP and (e) PS-1-TD Tomato cells at 24 and 48 h in wells made with Bio-Med Clear, Aqua-Clear and TR300 inserts. Histogram of
resazurin assay (resin/control ratio) at 48 h for (d) HPAC-eGFP and (f) PS-1-TD Tomato cells (n = 3). Scale bar = 500 pym (n = 3). Error bars
denote SD. *p < 0.05 and #p < 0.0001.
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TD Tomato compared to control at 48 h, respectively
(Fig. 3d and f and Table S37), which was still unsatisfactory
for cell culture purposes (also non-viable parasite culture,
data not shown).

In conclusion, the TR300 resin yielded better dimensional
accuracy, lower curvature and surface roughness. It showed
however an important cytotoxicity and was thus selected to
produce our polydimethylsiloxane (PDMS) moulds. On the
other hand, the Bio-Med Clear resin showed the best results
on cell growth and viability and was thus selected to produce
3D-printed constitutive parts of the microfluidic device.

Production of functional moulds in TR300 resin

To validate our protocol for producing TR300 resin moulds to
fabricate PDMS microdevices, we designed 3 geometries with
a minimum dimension of 100 um (Fig. S3at). The first two
geometries are based on a straight single channel that is 3
mm wide and 600 pm high, with the first one featuring a
gradient in width down to 100 um in the channel centre, and
similarly for the second one with a gradient in height down
to 100 um. The third geometry is a classical three-channel
microfluidic design, with 500 um large and 100 pm spaced
hexagonal pillars separating the channels, for a constant
height of 100 pm. The dimensions of these three moulds are
detailed in Fig. S3b.f The precision of the manufacturing
process is assessed by digital microscopy (Fig. S3ct). For the
first two geometries, the height and width of the channel
centre were evaluated. The characteristic reduced width
obtained was 127.0 + 10.1 pm and the reduced height was
92.0 + 2.2 pm. For the third geometry, the height of the
channels and the inter-pillar width were measured. The
overall measured height was 89.1 + 1.0 um. The PDMS parts
were then sealed onto a glass substrate using oxygen plasma
treatment. The watertightness of these microfluidic devices
was validated by infusion of water in which fluorescein has
been dissolved (Fig. S3df). These results therefore validate
the protocol for manufacturing TR300 resin parts for
moulding PDMS functional microfluidic devices with channel
sizes down to 100 pum.

Pretreatment of Bio-Med Clear to reduce autofluorescence
and cytotoxicity

To reduce residual cytotoxicity and autofluorescence of the
Bio-Med Clear components (Fig. 3c), surface treatments were
performed on the printed inserts. The resin was first exposed
to an oxygen (O,) plasma followed by an immersion in a
Sudan Black B (SBB) solution, after which the resin was
coated with a 2 um thick parylene C film (Fig. 4a).

The results indicate that the emission intensity of Bio-
Med Clear resin at 388 nm was strongly reduced with SBB
and with O, plasma prior to SBB treatment, when
compared to untreated Bio-Med Clear resin. However,
saturation was observed at this wavelength for the
untreated condition. The reduction in autofluorescence at
this wavelength (at least divided by 3) cannot therefore be

4124 | Lab Chip, 2025, 25, 4119-4137
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quantified (Fig. 4b). This decrease in autofluorescence was
confirmed with a reduction of 91% and 97% (with O,
plasma) at 469 nm (Fig. 4c) and a reduction of 85% and
90% (with O, plasma) at 567 nm (Fig. 4d). These results
were confirmed with the calculation of the areas under
the curves, validating the significant efficiency of the SBB
treatment (Fig. S4t).

After 48 h, cell viability was 70% for HPAC-eGFP and 78%
for PS-1-TD Tomato for SBB treated inserts. However, this was
increased following the parylene C coating, which ensured
high cell viability in both cell lines, reaching 90% for HPAC-
eGFP and 97% for PS-1-TD Tomato (Fig. 4e and f and Table
S4t). Importantly, Bio-Med Clear treated with both SBB and
parylene C resulted in both reduced autofluorescence and
maintenance of cell morphology when compared to the
control (Fig. 4g). In conclusion, the best strategy to reduce
autofluorescence and cytotoxicity of the Bio-Med Clear
components is a treatment process with O, plasma, followed
by SBB treatment and final parylene C coating.

Development of custom 3D printing components to produce
a parallelised microfluidic chip

After validating the use of TR300 resin for PDMS moulds
and treated Bio-Med Clear resin for incorporated 3D
components, a microfluidic chip and its corresponding
closing system were designed (Fig. 5a and b). To maximise
its efficiency and wusability, the design featured -eight
independent and rectangular channels (Fig. 5c¢, f and g).
The chip can be divided into two distinct parts: a 3D
printed cap (Fig. 5d) and a PDMS bottom (Fig. 5e). This
structure allows easy access to the biological sample at any
time-point of the culture period. To ensure that the
microfluidic chip is leak-proof, the PDMS bottom was
bonded to a 1.00 mm thick glass substrate after O, plasma,
and each channel has a surrounding sealing border. The
inlets and outlets have an inner diameter of 2.00 mm and
are spaced by 17.98 mm centre to centre while all channels
are 8.99 mm apart (Fig. 5f and g).

Once closed, the culture chamber (yellow), where the
biological components are loaded, is created. Its dimensions
are 15.01 mm long, 3.00 mm wide, and 0.60 mm high
(Fig. 5h and i). To ensure compatibility with modern robotics
and microscopes, each culture chamber was designed to fit a
96-well plate SBS (Society for Biomolecular Screening) format
(Fig. 5j). A custom plate adaptor was also developed (Fig. S57)
to facilitate the placement of the device under a microscope.

A flat surface is required for our system to avoid leakage
when parts are assembled. Moulds were modified and 3D-
printed rings were designed to hold a polyvinyl chloride
(PVC) sheet over the mould during the reticulation process
(Fig. 6a). This enabled us to obtain the desired flat surface
for the bottom part.

The height of the culture chamber is the -crucial
dimension in the closed microfluidic chip, as it influences
the physical constraints imposed on the biological model.

This journal is © The Royal Society of Chemistry 2025
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The desired part is printed, cleaned and cured according to the resin. The part undergoes an oxygen plasma treatment for 60 s to create free
radicals. It is then directly immersed in a SBB solution overnight at 4 °C to reduce autofluorescence. The part is then coated with parylene C for 3
h using a parylene coating system to decrease cytotoxicity. Emission spectrum of Bio-Med Clear resin treated with SBB with and without O, plasma,
excited at (b) 388 nm, (c) 469 nm, (d) 567 nm, with the area under curve represented (n = 3). Histogram of resazurin viability test (resin/control
absorbance ratio) at 48 h in the presence of untreated Bio-Med Clear resin or treated with SBB with or without parylene C coating for (e) HPAC-eGFP
and (f) PS-1-TD Tomato cells (n = 3). () Fluorescence of HPAC-eGFP and PS-1-TD Tomato cells at 48 h in wells made with untreated Bio-Med Clear or
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The height depends on the 3D-printed cap height and the  bottom part. Similar to the characterisation of the

the

PDMS bottom part height, both influenced by
characterised precision of the fabrication protocols and the
precision of the closing system (Fig. 6b). If necessary, it can
be adjusted based on biological application by increasing the
depth at which the 3D-printed cap penetrates in the PDMS

This journal is © The Royal Society of Chemistry 2025

dimensional precision of the printers and resins, the error in
height was measured on the cap and bottom of the device
and compared to the error measured for the assembled
culture chamber height. The results indicate that the cap and
PDMS bottom part fabrication error was on average -5.98 +
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Fig. 5 Design and assembly of the multi-component parallelised microfluidic chip. (a) Exploded view of the system showing the 7 parts
composing the microfluidic chip: (1) M3x10.8 and M3x17.8 closure screws, (2) 3D-printed upper closure plate, (3) 3D-printed resin cap, (4) PDMS
bottom made from 3D-printed mould, (5) glass substrate, (6) aluminium wedge for closure precision, (7) aluminium lower closure plate. (b)
Illustration of the closed chip. The microfluidic chip consists of eight individual culture chambers (c) formed by inserting the cap part (d) in the
bottom part (e). The cap part is 3D-printed and the bottom part is in PDMS moulded in 3D-printed mould. The culture chamber has two fluidic
ports for connection to the fluidic network. (f) Technical diagram of the cap part, top and side views. (g) Technical diagram of the bottom part, top
and side views. (h and i) The height of the culture chamber is defined by the depth of the cap. (j) The design of the microfluidic system ensures that
the chambers are perfectly aligned with the wells of a 96-well plate making it compatible with automation systems (robotics and microscopy). All
units are in mm.
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3D printing process and microfluidic setup to address
different biological culture applications

2.4 and -42.63 + 15.8 um, respectively (Fig. 6¢ and d), which
fits with the previously measured fabrication errors (Fig. 2).
From these measurements, the expected culture chamber
height Zeypectea (M) of four pairs of caps and PDMS parts
was calculated with the formula:

After designing, producing and dimensionally characterising
the parallelised microfluidic chip, we assessed the ability of
3D printing to produce components of the microfluidic
circuit. The dimensional characterisation revealed that it is
necessary to print hollow parts horizontally to obtain the

Rexpected = 600 + €ITOIppps — €ITOT cap

1)

where errorppys and errore,, are the mean errors measured
on the bottom and top parts, respectively.

The results indicate that on average, the expected culture
chamber height was 638.6 + 15.3 um. Although this differed
from the measured culture chamber height of 606.2 + 14.6
um (Fig. 6e), it validates the design and precision of the
closing system components.

4126 | Lab Chip, 2025, 25, 4119-4137

required diameter. This approach aimed not only to produce
custom-made components for the microfluidic circuit but
also to utilise the modularity offered by 3D printing to adapt
the geometry to different biological applications.

A 16-in-1 microfluidic connector (Fig. 7a), a tubing
connector (Fig. 7b) and an 8-tank holder (Fig. 7c) for custom-
made glass tanks were designed. All the elements composing

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Fabrication process of the microfluidic chip and characterisation of its components' key dimensions. (a) The PDMS mould is printed,
cleaned and cured. It is then filled with an uncured PDMS and sealed with a 200 pm thick polyester sheet and 3D printed rings. It is then cured for
3 h at 70 °C, after which the PDMS is demoulded to obtain the bottom part of the microfluidic chip. (b) Schematic of the cap (amber), PDMS
bottom section (transparent) and culture chamber (yellow) with their dimensions. Analysis of the fabrication error of the PDMS bottom part (n = 4)
(c) and of the 3D printed cap (n = 4) (d). The error is calculated with respect to the dimensions specified in the CAD software file. (e) Comparison
of the expected culture chamber height with the measured culture chamber height once the device is sealed using closing plates (n = 4). The
expected height of the culture chambers is calculated using the measured fabrication errors shown in the graph (c and d). The yellow line
represents the theoretical height of 600 um. Error bars denote SD. *p < 0.05.
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Fig. 7 Development of complex microfluidic circuit components and customisable culture chambers using 3D printing. The circuit that connects
the eight culture chambers is made up of 3D-printed parts, including (a) the 16-in-1 connector that connects to the adaptors on the cap (inlet and
outlet), (b) the tube connectors for connecting the tubes to the tank outlets, and (c) the 8-tank holder. (d) Images of the complete microfluidic
system with the (a)-(c) printed parts, combined with tubing, connectors and peristaltic pump. Modularity permitted by 3D printing was evaluated
by developing three geometries of the culture chamber: (e) a classic channel with variable height to vary the speed of the flow on a 2D culture, (f)
a culture chamber designed to culture a pair of S. mansoni adult worm parasites, delimited by a 70 um nylon anti-escape filter with the flow
passing over it, and (g) a culture chamber in the format of a 96-well plate well to accommodate a macroporous matrix and a flow passing through
to cultivate different cell types (epithelial and fibroblastic) and tumoroids.
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the microfluidic system are presented (Fig. 7d), with the
connector fitted on the cap allowing the connection between
the microfluidic channels and the circuit (Fig. S67).

3D printing shows a high modularity and allows us to
easily customise the geometry of the microfluidic chip for
specific applications. We therefore produced (i) a 2D cell
culture geometry with modifiable height (Fig. 7e), (ii) a
parasite culture geometry to host whole living organisms
(Fig. 7f) and (iii) a 3D co-culture geometry based on 96-well
plate dimensions (Fig. 7g). The overall timeline of the
fabrication protocol for these three devices shows that they
can be produced within 2 days which considerably reduces
manufacturing time compared with soft lithography, which
requires the production of an optical mask (Fig. S7t). Three
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different biological models were cultivated using these
geometries: (i) a 2D co-culture of epithelial HPAC-eGFP and
fibroblastic PS-1-TD Tomato pancreatic cancer cells with two
different culture chamber heights (600 and 2400 pm) to
produce different flow velocity profiles (Fig. 8a), (ii) a
Schistosoma mansoni adult worms culture (Fig. 8e) and (iii) a
3D co-culture of PaTa-1818x pancreatic patient-derived
tumoroids with fibroblastic PS-1-TD Tomato cells in a
macroporous matrix (Fig. 8h).

The flow velocity v (um s™'), assumed to be uniform on
the channel's cross section, is calculated as:

v = 1000-2 )
60S

d

HPAC

HPAC + PS-1

» a

N

Nuclei number (x10%)

o

[ HPAC - 600 um

B8 HPAC + PS-1— 600 um
E& HPAC - 2400 pm

B8 HPAC + PS-1-2400 um

Scoring - Control

-+ System

56 7 38
Time (day)

PaTa-1818x + PS-1

Fig. 8 Application of the microfluidic chamber geometries to 2D, 3D human cell co-culture and worm culture. The first geometry (a) is a simple
channel whose height has been adjusted at 600 and 2400 um to modulate the flow velocity. HPAC-eGFP cells were grown in either monoculture
or cocultured with PS-1-TDTomato for 7 days. (b) Full channel imaging, (c) channel zoom and (d) nuclei counting (DAPI staining) (n = 1). The
second geometry (e) allows a pair of motile S. mansoni adult worm parasites to be enclosed while feeding on the perfused culture medium. The
pairs were cultured for 8 days and their condition assessed every day. (f) Images of the parasites on day 0 and day 8 and (g) assessment of their
health status (/4) during culture (n = 1). The third geometry (h) is the size of a 96-well plate well and allows the integration of a macroporous
culture matrix (i and j) to co-culture pancreatic tumoroids (PaTa-1818x) with PS-1-TDTomato cells. (k) After 7 days of monoculture and co-culture,
calcein and fibroblasts (TDTomato) were observed. Scale bar = 1 mm. Error bars denote SD.
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where Q (uL min™') is the flow rate and S (mm?) is the
surface of the cross section of the rectangular channel.

This allowed us to tune the system design, either the
channel height or width, to obtain different flow velocities in
the culture chamber and to match the physiological flow
conditions of the targeted biological application (Table S57).

In the first geometry, a morphological difference could be
observed between the two channel heights, with fibroblastic
PS-1-TD Tomato cells being more activated (larger membrane
extensions) in the 2400 um culture chamber (Fig. 8b and c).
With the 600 um height channel (34.63 um s~ averaged flow
velocity), nuclei counting showed a higher number of HPAC-
eGFP cells at day 7 in coculture when compared to the
monoculture (day 0 and 3 available in Fig. S8}). With the
2400 pum height channel (8.66 um s™ averaged flow velocity),
the number of cells was quite similar in mono- and co-
culture, except at day 7 where it was less important in co-
culture. Moreover, more cells were observed in both mono-
and co-culture in the 2400 pm height channel compared to
the 600 um (Fig. 8c and d).

For the culture of schistosome parasites, one couple of
paired adult worms was cultivated in each channel for eight
days inside the microfluidic device and compared to a
control well plate. The condition of the worms along the
culture was determined every 24 h using a five-level scoring
method (from “dead” 0 to “normal” 4) (Table S6f). The
parasites at day 0, 1 h after seeding, were given a perfect
score of 4/4 as they displayed a healthy phenotype with active
movements and correct adhesive capacity (Fig. 8f). They
stayed paired for the whole duration of the recording and
stayed attached to the glass surface even when the device was
turned upside down. The same schistosome pair at the end
of the experiment (day 8) was given a degraded score of 2/4
as their mobility was strongly reduced and they were
detached from the surface, in addition to being unpaired
(Fig. 8f). During the culture, the perfect score of 4/4 could be
maintained for at least one day. The worms were then kept in
excellent condition with a score greater than 3.75/4 for at
least two more days (Fig. 8g). As of day 4, a non-negligible
degradation of the worms' condition was observed, after
which the score decreased linearly from 2.75/4 to 2.13/4 at
day 8 (overall -0.25 score per day). This represented a
significant difference with the control.

The third model aimed at developing a chip to coculture
patient-derived pancreatic tumoroids with pancreatic activated
stellate cells within a macroporous matrix. To this aim, the
geometry of the culture chamber was transformed from a
rectangular shape to a circular configuration (Fig. 8i and j).
This modification allowed the seeding of tumoroids and cells
in the matrix, their subsequent transfer to the microfluidic
device and cultivation over a 7-day period with direct perfusion
across the matrix. Calcein AM staining was performed to
measure the viability of cells in the device. After a 7-day culture,
a limited number of cells in both PaTa-1818x and PS-1
monocultures could be observed (Fig. 8k), whereas when
cocultured, a higher cell density was observed (Fig. 8k).

This journal is © The Royal Society of Chemistry 2025
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This third model enabled the possibility to open the
system (Fig. S9t). After 14 days of a dynamic co-culture of
patient-derived pancreatic tumoroids (003T) with PS-1
pancreatic stellate cells (Fig. S9a and bt), the microfluidic
chip was opened (Fig. S9ct) and matrixes containing cancer
cells and fibroblasts were extracted and immerged in the
cryopreservation solution (Fig. S9dt). Samples were then
cryogenised and sliced on a cryostat (20 pm thickness) (Fig.
S9et) to dispose slices on slides and perform
immunofluorescence  staining  (Fig. S9ff). Epithelial
E-cadherin (Fig. S9gt) and fibroblastic vimentin (Fig. S9ht)
expression are shown (green).

Discussion

The development of alternative biological models is now
driven by the development of microfluidic systems. They aim
at mimicking the physicochemical microenvironment not
only of cells but also of more complex and larger organisms.
Our aim was to design an easily modifiable and versatile
microfluidic device to reliably host various biological models
and study their behaviours. As the fabrication of microfluidic
systems inherently demands accuracy and reproducibility
along with the use of biocompatible materials, 3D printing
has been explored as an alternative fabrication technique to
overcome the shortcomings of more traditional methods.*

In this context, we first assessed the precision of SLA- and
LCD-based printers using a tailored CP featuring different
geometrical patterns and dimensional ranges. Subsequently,
we extended this characterisation to four commercially
available resins, to choose the best fit for PDMS moulds
(TR300) and constitutive parts (Bio-Med Clear) of the
developed system. A SBB surface treatment was used to
minimise the constitutive parts' autofluorescence, which
facilitated fluorescence-based microscopy imaging. We then
assessed the cytotoxicity of the three selected resins. Given
the significant residual cytotoxicity observed with the Bio-
Med Clear resin, a complementary treatment with parylene C
was evaluated and validated to improve its cytocompatibility,
thereby validating its integration in the microfluidic chip.
These adaptations leveraged the full potential of 3D printing
by fabricating intricate components of the parallelised
microfluidic chip and its accompanying circuit. In the end,
we obtained a versatile device with three distinct culture
chamber geometries that allow studies of different biological
questions related to cancer or infectiology, cancer cell
behaviour, and cell-cell and cell-matrix interactions.

The LCD-based printer has proved easier to use thanks to
the overall control over printing parameters provided by the
software, in contrast to the SLA printer. We successfully
adapted the Precisa 780 resin, originally intended for the SLA
printer, and used it in the LCD printer to subsequently
characterise the printing errors of both printers. However, as
the resin is manufactured for a printer with a much more
powerful laser than the LCD's UV lamp, printing times have
increased drastically, from 7 h on SLA to 42 h on LCD,
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making the wuse of this resin too restrictive. Our
characterisation demonstrated that the cheaper LCD-based
printer was more accurate in regard to pattern dimension
error regardless of printing orientation, which is in
agreement with other studies.”®

In addition, we evaluated the impact of part orientation
during printing. Vertical printing generally resulted in more
accurate patterns, which again is in accordance with the
literature,® while horizontal printing allowed minimisation
of the surface roughness. This enabled us to choose the
printing orientation depending on the targeted application. It
is generally accepted that the dimensions of microsystems
hosting living cells or organisms are usually of the order of 1
to 1000 pm.** Below 250 um, our results showed that
printing height accuracy is approximate, whereas assembling
larger components allowed forming a channel height of 600
pm successfully with low variability. We have also highlighted
that the combined choice of printer, resin and printing
orientation has major impacts on the undesired curvature of
the printed elements, which can lead to dramatically altered
shapes and dimensions. By applying our tailored
characterisation protocol, we selected the TR300 resin for the
fabrication of PDMS mould as it demonstrated superior
precision and is temperature resistant, which is important
for PDMS moulding.

Our work showed that Bio-Med Clear resin was the
optimal option for ensuring viability with both cell lines.
Although the threshold for cytocompatibility is usually set at
80% for biomedical applications,*® we considered this
viability still insufficient for long-term incorporation into the
chip and its circuit for culture purposes. Several options were
explored to increase the resin's cytocompatibility such as
modifying the post-printing washing and curing.** Rather
than drifting from the manufacturer's recommendations, we
coated our Bio-Med Clear components with parylene C.
Indeed, parylene C has previously been shown to improve
viability in both short- and long-term cell cultures by forming
an insulating protective polymer layer that prevents toxicity
phenomena induced by the material.*® This enabled us to
enhance the viability of Bio-Med Clear components to over
90% for cell culture (and viable parasite culture, data not
shown), approaching that of traditional 2D in vitro culture
systems and thus validating our process.**

We also had to improve the quality of fluorescent
imaging as we noticed strong autofluorescence when
performing fluorescence-based microscopy with Bio-Med
Clear components, questioning its use in a microfluidic
chip. We therefore decided to treat the resin with SBB,
which had been described to reduce the autofluorescence of
polymers either by absorbing emitted photons or by
changing its refractive index.>® This allowed us to strongly
reduce the emission intensity by at least 70% at the
wavelengths of interest for these applications, which is
consistent with a previously established SBB coating
protocol.*® The images obtained thereafter were more
contrasted and allowed precise nuclei counting.
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Parallelised microfluidic systems on varying scales
(channel number) are a hot topic since they enable a larger
number of experiments or conditions to be carried out
simultaneously on more complex models, limiting bias of
sequential experiments.”” Our established fabrication
protocol enabled the design of a parallelised chip geometry
compatible with SBS standard (96 well plate) incorporating a
dedicated closing system. In contrast to commercially
available parallelised microfluidic systems, we have shown
that we could easily adapt the connection between the circuit
and our device, demonstrating the capability of 3D printing
to control all aspects of a microfluidic platform compared to
other fabrication methods (SU-8 lithography, aluminium
milling). This was facilitated by the fabrication of complex
3D-printed components, such as the 16-in-1 connector. To
ensure long-term culture, a closed circuit was used featuring
an adequate volume of culture medium alongside a
peristaltic pump to facilitate the dynamic perfusion within
the system. This allowed for the recirculation of the medium,
saving a considerable volume (3.5 mL in a closed loop vs.
37.5 mL for an open circuit with 3.74 pL min~" flow rate) and
allowing continuous actuation of metabolites.

Our final goal being to design a modular microfluidic
device usable for different biological applications in different
biological fields, we wanted to have the possibility to easily
adapt the geometry of the device by using 3D printing. To
this end, we studied the impact of different flow velocities on
2D cultures, previously performed on endothelial cells.*” Our
study on epithelial cells showed that their proliferative and
adhesive properties were enhanced in the presence of stellate
cells or when the flow velocity decreased. By applying
different flow velocities, we mimicked the heterogeneous
interstitial flows present in solid tumours.*®*® Thus, the
versatility of our system allows the use of a wide range of flow
velocities and their application to various cell types. In
particular, we showed that this system is particularly suited
to study and understand the interactions between tumour
and fibroblastic cells, with the example of human pancreatic
epithelial cancer cells and pancreatic stellate cells.

Another advantage of our system is the possibility to
integrate a synthetic macroporous matrix that is not
degraded when subjected to a direct flow,"* as it is an
important factor in tumour response to treatments and
tumour drug resistance.”’ This enabled us to implement
dynamic culture conditions to our 3D co-culture model
of human pancreatic tumoroids and pancreatic stellate
cells. In these conditions, tumoroids were more resistant
to the applied flow when co-cultured compared to
monoculture. This preliminary result opens the way to
studies aiming at evaluating the behaviour of tumoroids
when subjected to a flow. This device could thus allow
more valuable and relevant studies aimed @ at
investigating cell-cell and cell-matrix interactions in a
co-culture system subjected to an interstitial flow and
measure tumour chemoresistance and aggressiveness
when submitted to chemotherapeutic drugs.

This journal is © The Royal Society of Chemistry 2025
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Regarding the needs in microbiology and infectious
diseases research, the microfluidic device geometry was also
adapted to culture S. mansoni parasitic adult worms for several
days. Worms have much larger dimensions than tumoroids
and are able to move into the system against or with the flow.
To make its integration possible, the culture chamber was
delimited by an anti-escape filter in the channel. With that
adaptation, the device can be used to study parasite biology
and behaviour in dynamic culture conditions, for instance egg
production, couple pairing and viability, and worm potential
interactions with cells from the host. The study of this parasite
in a dynamic in vitro environment mimicking a blood vein is
highly original. The few studies that have been published
addressed the larvae stage.””> Our microsystem makes it
possible to screen the action of antiparasitic molecules, as has
already been done in other microfluidic systems for the
parasites S. mansoni*® or C. elegans.**

As our system is made up of two separable parts, we
intend in future studies to open it for biological analyses and
perform protein or RNA extraction that are difficult to do
when the system is closed. For example, it has been shown
that atomic force microscopy analyses can be carried out
using an openable device, which is impossible when the
system is closed.*>*®

Conclusion

We have developed a new versatile 3D microfluidic device
using LCD-based 3D printing with TR300 resin for PDMS
moulding and Bio-Med Clear resin for constitutive parts. We
treated Bio-Med Clear parts to decrease its cytotoxicity and
autofluorescence and then validated the use of the device for
different biological applications. This device is also adapted
to modern robotics and microscopes with new and tailor-
made culture chamber geometries. Overall, this versatile
microfluidic platform can be used to study various complex
biological models and establish dynamic culture conditions,
allowing one to address a variety of use and applications in
many biological fields, such as cancer or infectiology.

Materials and methods
Design and printing process

All the components were conceptualised using Autodesk
Fusion 360 Computer-Aided Design (CAD) software (version
2.0.20256 x86_64). The 3D files were then exported in
stereolithography (STL) format and prepared for printing in
the CHITUBOX Basic software (version 2.1). Specifically, the
parts to be printed were virtually positioned on the printing
plate and a raft was placed as a base to facilitate detachment.
Furthermore, pillars were placed as a support to ensure
printing of all the parts' details. The printing parameters
were then chosen depending on the resin used (Table S77)
and a ‘fictor and .nauta’ and ‘.ctb’ file was created and
transferred to the printer, based on either SLA (DWS, Thiene,
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Italy, XFAB 2000) or LCD (Phrozen, Hsinchu, Taiwan, Sonic
Mini 8K) technology.

Once printing was complete, the parts were lifted off the
printing plate and separated from the construction pillars. The
post-printing process depended on the resin used; details are
given in Table S8 Briefly, the parts were cleaned with isopropyl
alcohol (IPA) (VWR, West Chester, PA, USA, 20922.368) in a
propeller bath (Formlabs, Somerville, MA, USA, Form Wash) or
ultrasound cleaner (Vevor, France, 020) followed by drying with
compressed air. The parts were then left to dry for about 30 min
before being put in a UV oven (Formlabs, Form Cure) to
reticulate the resin. To ensure the manufacturer's properties of
each resin, including biocompatibility, one single vat was
associated to each resin, and IPA used for cleaning was not
mixed between resins. Both temperature and hygrometry were
recorded regularly in the printing room over a 3-month period
using a digital thermometer and hygrometer (Atome 3D,
Toulouse, France, AFAI1040). The obtained temperature was
pretty stable over time with an average of 20.82 °C as the
laboratory is heat-regulated, with only local variations mainly
due to day/night cycle and current weather (Fig. S10f). The
hydrometry increased over time due to the seasonal weather
changes, with an average of 44.97%.

System fabrication process

The bottom closing plate and wedge were made by machining
aluminium using a Computer Numerical Control (CNC) milling
machine (Datron, Annecy, France, Datron Neo). The
aluminium plate (RS, 188-321) was placed in the milling
machine and held in place with a vacuum plate. The desired
patterns were then produced according to the previously
created Fusion 360 design files, using micro-end mills (Datron,
0068020E). The upper closing plate was 3D printed in Bio-Med
Clear resin. The lower part of the microfluidic chip was
fabricated in polymerised polydimethylsiloxane by mixing
Sylgard 184 Silicone Elastomer and the corresponding curing
agent at a 10:1 (w/w) ratio. The solution was then mixed and
degassed for 30 min. The solution was then poured into the
master moulds, which were closed using a set of 3D-printed
rings that held a 200 pm thick polyvinyl chloride (PVC) sheet
(Fellowes Brands, Itasca, IL, USA, CRC53761), ensuring a
smooth surface after demoulding. The mould was then
degassed for an additional 20 min, then placed in an oven
(Virtus GmbH, Hamm, Germany, 5695TD) at 70 °C for 3 h as
the glass temperature of PVC is 73.4 °C. Once cured, the PDMS
was demoulded using a scalpel and tweezers and washed for 3
min in IPA using an ultrasonic cleaner. To complete the
process, the PDMS chip was bonded to a glass substrate after
exposure to an oxygen (O,) plasma (Harrick Plasma, Ithaca, NY,
USA, PDC-002-CE) for 60 s and subsequently placed on a hot
plate at 120 °C for 2 min.

Characterisation platform design

A characterisation platform (CP) was designed and produced
in both horizontal and vertical orientations to assess the
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dimensional precision of the printer. Protrusions and
cavities were designed to assess the printing precision in
both the positive and negative directions, ranging from 50
to 5000 um in height and 2 mm constant width (for 10 mm
base length). Additionally, cylindrical and punch-shaped
features were incorporated to assess the integrity of pillars
and holes as well as the precision in diameter dimensions,
ranging from 50 to 5000 pm in diameter for 2 mm constant
height. Angled and inverted-angled structures were
employed to evaluate the accuracy of slope reproduction
during printing in both printing orientations, ranging from
100° to 160° and from 20° to 80°, respectively. The details
of the size ranges for each pattern type are given in Table
S9.f The platform also included a designated flat surface
area without any specific pattern for conducting average
surface roughness measurements. The platforms were
printed in triplicate for each printer and resin (DWS,
Precisa 780; Phrozen, TR300 Ultra-High-Temp; Phrozen,
Aqua-Clear; Liqcreate, Bio-Med Clear).

Characterisation of printing precision using a digital
microscope

The dimensions of the produced CPs were measured using a
digital microscope (Keyence, Osaka, Japan, VHX-7000) also
allowing 3D profiles of the imaged object. Protrusions, cavities
and angles were imaged as 3D acquisitions, using 100x
magnification, with complete annular, complete coaxial, and
lower annular illumination. The cylinders and punches were
imaged as 2D acquisitions using 50x magnification with
complete annular illumination. Inverted angles were measured
in the same manner as cylinders and punches but with the
characterisation platform wedged vertically under the objective.
For all the acquisitions, the whole range of a pattern type was
imaged all at once by assembling images along a 40 mm linear
track. Following the measurements, raw data were then
exported in comma-separated values (CSV) files to be analysed
(Fig. S11}). From the raw pattern measurements, the absolute
error compared to the design was calculated for all pattern
sizes (Fig. S121). For the cavities, the measurements
corresponding to the 5000 um height were not considered
because for most of the replicates the cavities were breached
due to insufficient platform width. The measurements of the
protrusions and cavities heights were considered characteristic
of the printers' and resins’ precision in both the Z-axis (height)
and the XY-axis (surface pattern) for horizontal and vertical
printing orientations, respectively. Protrusions were considered
positive patterns as they were additive to the platform bulk,
and cavities negative as they were subtractive. That defines the
four-dimensional indicators used for the precision
comparisons (Table S107). Following the characterisation of the
dimensions of the produced CPs, the microfluidic devices were
assembled and closed using aluminium plates. The culture
chambers were then imaged as 3D acquisitions using 100x
magnification with complete annular illumination to extract
their resulting height.
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Curvature characterisation

CP curvature was analysed using a VHX-7000 microscope using
50x magnification with complete annular illumination for each
replicate. The height profile measurement was performed
along a line following the whole edge using the microscope
integrated software, and data were directly exported in CSV
files. Data were processed automatically using a custom Python
script that extracts the height profiles and calculates for each
one the area between the profile and a straight line connecting
its ends by cumulating the point-to-point difference. This area
is considered representative of the curvature of the platform
(Fig. S13ft), thus allowing prevention of the impact of the
imperfect horizontality of the CPs under the microscope
objective during the measurement.

Profilometer surface roughness evaluation

The surface roughness of CPs was evaluated using a stylus
profiler (KLA Instruments, Milpitas, CA, USA, Alpha-Step®
D-600 Stylus) with a tip diameter of 2 pm. The measurements
were realised with a stylus force of 15 mg over a length of 1
mm and at a speed of 0.05 mm s™'. For each platform, six
measurements  (three horizontal and three vertical
measurements) were carried out (Fig. S147). All the profiles
were then determined and analysed using a custom-made
Python script to extract the average roughness R, based on
the definition by The American Society of Mechanical
Engineers.”” The surface roughness was also imaged using a
digital microscope (Fig. S27).

Sudan Black B and parylene C device treatment

0.3% (w/v) Sudan Black B (SBB) (Sigma-Aldrich, St. Louis,
MO, USA, 199664-25G) solution was prepared as described.*®
The 3D-printed objects were exposed to O, plasma for 60 s
and immersed in the SBB solution overnight at 4 °C. After
staining, the objects were rinsed in 1x phosphate-buffered
saline (PBS) (Gibco, Grand Island, NY, USA, 14190-144) three
times, then sterilised by UV exposure for 30 min. Thin film
parylene C coating was done by depositing a 2 pm thick
parylene C (Specialty Coating Systems, Indianapolis, IN, USA,
28804-46-8) film using SCS Labcoter 2 parylene C deposition
system (Specialty Coating Systems, PDS 2010). Briefly, 4 g of
DPX-C was placed in a vaporizer under vacuum. The process
began at a base chamber pressure of 7 mTorr, and the
furnace was heated to a temperature of 690 °C, after which
the vaporizer was ramped up to 175 °C to sublime the dimer
which is then deposited onto the component.

Resin fluorescence assessment

The emission spectrum of Bio-Med Clear resin was analysed
using pellets of the size of a 24-well plate (15 mm diameter
and 3 mm height). These pellets were printed, treated or not
with SBB and placed in conventional 24-well culture plates
(Falcon, 353047). The spectrum was obtained by exciting the
resin at 388, 469 and 567 nm, and the emission intensity was
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read every 2 nm from 408 to 800 nm, 489 to 799 nm and 587
to 799 nm, respectively (Perkin Elmer, Waltham, MA, USA,
EnSpire Multimode Plate Reader).

Resin cytotoxicity assessment using resazurin assay

To assess the cytotoxicity of the resins, wells based on the
size of a 96-well plate (Falcon, 353072) made from 3D
printing resins were created. 3D-printed inserts of each resin
(Aqua-Clear, TR300 and Bio-Med Clear) were produced to fit
into a 48-well plate (Falcon, 353078) to replicate a 96-well
plate well's dimensions. The dimensions of the insert were as
follows: 9.70 and 10.00 mm bottom and top outer diameters;
6.35 and 6.85 mm top and bottom inner diameters,
respectively. The inserts were bonded to a 48-well plate using
PDMS. HPAC-eGFP (17 x 10%) and PS-1-TD Tomato (8 x 10°)
cells were seeded and cultured for 48 h. Follow-up imaging
was carried out at 24 and 48 h. After 48 h, a resazurin
viability assay was performed and a double absorbance
reading at 595 and 570 nm was taken after 16 h. The 570 nm
reading was subtracted from the 595 nm reading and the
values were compared with the control, which consisted of
cells cultured with no 3D-printed components. A 10% (v/v)
resazurin solution (150 mg mL™" resazurin (Sigma-Aldrich,
#R7017), 25 mg mL~" methylene blue (Sigma-Aldrich, #MB-1),
329 mg mL™" potassium hexacyanoferrate(m) (Sigma-Aldrich,
#P8131) and 422 mg mL™' potassium hexacyanoferrate(i)
trihydrate (Sigma-Aldrich, #P9387)) were used.

Microfluidic setup

The microfluidic device and circuits were prepared, washed
and sterilised by autoclaving prior to each experiment. One
circuit consisted of a 16-in-1 connector for connecting the
eight pairs of fluidic inputs and outputs of the device, a
glass medium reservoir (MOD'VERRE, Grasse, France,
custom-made), 1.6 mm tubes (Ibidi®, Grifelfing, Germany,
10842), 0.5 to 1.6 mm adaptors (Ibidi®, 10829), and a
peristaltic pump (Ismatec™, Glattbrugg, Switzerland,
ISM930A). The circuits were closed without the devices at
first and connected to the running peristaltic pump
(Ismatec™, IPC-N8 ISM936) to fill the tubing with medium.
Then, the device was carefully closed and constrained using
the screwed closing plates. After cell, tumoroid or parasite
seeding, the reservoirs were filled with 3.5 mL of the
respective culture medium. The circuits then
connected to the device and the peristaltic pump (0.5 mm
tubing, Ibidi®, 10840) for flow actuation.

were

Fluorescein flow rate assay

An in-line injection port (Ibidi®, Germany) was fitted in the
microfluidic circuit at the inlet of the device, and the circuit
was subsequently filled with 3 mL of DI water. A solution of
DI water containing fluorescein powder (Sigma-Aldrich, USA)
was prepared at 4.26 x 107'° mol m™. The solution was
aspirated in a 1 mL syringe which was fitted with a needle
(Terumo®, Japan) used to pierce the silicone septum to inject

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

a 100 pL bolus of the fluorescein solution. The flow was
established by an IPC High precision multichannel pump
(Ismatec®, Switzerland) at the prescribed flow rate (3.74 mL
min™"). Imaging was performed on a DMI8 microscope (Leica
Microsystems, Germany) from flow actuation for 40 min. The
peak of fluorescence intensity was observed at 30 min and
thus images at this time point were extracted.

Human pancreatic cancer cell lines

All cell types were cultured at 37 °C in a 5% CO, humid
atmosphere incubator. The HPAC pancreatic cancer cell
line (ATCC® CRL-2119™) was cultured in Dulbecco's
modified Eagle medium (DMEM) (Gibco, 41965-039)
supplemented with 10% (v/v) foetal bovine serum (FBS)
(Gibco, 10270-106), 2 mM glutamine (Gibco, 25030-024),
and penicillin (100 TU mL™")-streptomycin (100 pg mL™)
(Gibco, 15140-122). Human pancreatic stellate cells (PS-1)
(UK Human Tissue Bank (ethics approval; Trent MREC,
05/MRE04/82)) were cultured as previously described
(Froeling et al. 2009°%). The HPAC and PS-1 cell lines were
genetically modified to respectively express the green
fluorescent protein (HPAC-eGFP) and the TD Tomato
protein (PS-1-TD Tomato) (Vect'UB vectorology platform,
TBM Core, UMS3427, University of Bordeaux).

Human pancreatic tumoroids

The human pancreatic tumoroids PaTa-1818x and PDAC
003T were cultured at 37 °C in a 5% CO, humid atmosphere
incubator as previously described.*’ They were mechanically
and enzymatically dissociated every fortnight as previously
described.*®

S. mansoni material and culture

All animal experimentations were conducted in accordance
with the Guidelines of European Convention for the
Protection of Vertebrate Animals used for Experimental and
other Scientific Purposes (ETS no. 123, revised Appendix A)
and were approved by the local committee for ethics in
animal experimentation (authorization no. APAFIS #37320-
2022051208133098v3) and the Pasteur Institute of Lille
(agreement no. B59350009). A Puerto Rican strain of S.
mansoni was maintained in the laboratory using the
intermediate snail host Biomphalaria glabrata and the
definitive golden hamster host Mesocricetus auratus. Adult
schistosome worms were obtained by hepatic portal
perfusion of hamsters 6 weeks after infection by cercariae
released from infected snails. Perfused worms were
maintained as previously described until further use.*’

2D culture in the microfluidic device

To evaluate the proliferation of HPAC-eGFP and PS-1-TD
Tomato cells in 2D under different flow velocity profiles, the
height of the cap was modified to have chambers with
heights of 600 um and 2400 pm, respectively. After trypsin
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detachment, cells (2 x 10* HPAC-eGFP and 2 x 10* PS-1-TD
Tomato in monoculture; 4 x 10° HPAC-eGFP and 1.6 x 10*
PS-1-TD Tomato in coculture) were seeded after complete
closure of the device in a culture medium volume of 100 pL.
The chip was incubated for 24 h to allow the cells to attach
properly to the glass substrate, after which a 3.74 uL, min™
flow rate was delivered with the peristaltic pump. Cells were
subsequently cultured for 7 days. Follow-up imaging was
carried out at days 0, 3 and 7 using an automated
fluorescence microscope (ZEISS, Oberkochen, Germany, Cell
Discover 7). Nuclei (DAPI staining) were counted using Zeiss
Zen Blue 3.5 software and the Image analysis pack.

3D culture in the microfluidic device

To enable the culture of PaTa-1818x tumoroids in a
macroporous matrix (HCS Pharma, BIOMIMESYS® custom),
the geometry of the culture chamber was modified to a
circular 96-well plate format (6 mm diameter, 2 mm high).
After trypsin detachment, cells (2 x 10* PaTa-1818x and 4 x
10* PS-1-TD Tomato in monoculture; 2 x 10* PaTa-1818x and
4 x 10" PS-1-TD Tomato in coculture) were seeded in 10 uL of
culture medium in the lyophilised macroporous matrix and
incubated for 24 h for proper attachment.”® After 24 h, the
matrixes were removed from the 96-well plate with tweezers
and placed in the opened microfluidic device -culture
chamber. The microfluidic device was then closed and
connected to the circuit, after which a 3.74 uL min™" flow was
delivered with the peristaltic pump. The cells were
subsequently cultured for 7 days. Follow-up imaging was
carried out at days 0 and 7 using an automated fluorescence
microscope (ZEISS, Cell Discover 7).

Cryopreservation of samples

At the end of the microfluidic culture, the microfluidic
system was opened and the biological samples (porous
containing tumoroids and fibroblasts)
transferred into cupules (25 mm x 20 mm x 5 mm Tissue-
Tek®, 4557) wusing tweezers. For cryogenisation, a
cryopreservation solution (Tissue-Tek®, 4583) was applied to
the samples and cryogenisation is carried out in a bath at
-80 °C (Snapfrost, Excilone). The blocks obtained were stored
at —80 °C until use. 20 um sections were taken using a
cryostat (Epredia™ CryoStar™, NX50) and placed on a TOMO
slide (Matsunami, TOM-1190), after which they were stained
or stored at —20 °C until immunostaining.

matrixes were

Immunostaining

Biomarker expression analysis was performed on 20 um
sections using specific antibodies. A permeabilising solution
(0.1% (v/v) Triton X-100 in 1x PBS) was used for 20 min at
room temperature. Slides were then incubated with primary
antibodies at 4 °C overnight (Cell Signaling Technology,
E-cadherin #14472; vimentin #5741). The appropriate
fluorochrome-coupled secondary antibodies (Alexa Fluor
488, A32731) were added for 1 h at room temperature and
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in the dark along with DAPI staining. To reduce non-
specific labelling, antibody solutions were prepared in 1%
(w/v) bovine serum albumin in 1x PBS. Between each
immunostaining step (fixation, permeabilisation, primary
antibody, secondary antibody), the slides were rinsed three
times with 1x PBS. Finally, the slides were covered with a
coverslip and imaged under a fluorescence microscope
(Zeiss, Axiolmager).

Parasite culture in the microfluidic device

To enable the culture of schistosome adult worms (up to 10
mm long and 500 um large), a culture chamber (6 mm long,
1 mm high and 3 mm wide) was added at the centre of the
channel. The design of the other parts of the closing system
was adapted to the change in height of the device. To prevent
worms from escaping the culture chamber, a 70 pm nylon
filter was extracted from cell strainers (Falcon, 352350) and
shaped precisely to the channel size using a scalpel. Hollow
extensions (600 pm high, 1.7 mm long, 3 mm wide, 200 pm
thick) were added on the top part design on each extremity
of the channel. A cut filter piece was bound on those
extensions' bottom surface using Bio-Med Clear 3D printing
resin, which was solidified by UV reticulation for 1 h and
treated with parylene C for toxicity prevention, to cover the
whole culture chamber. 30 uL of medium was then added in
the culture chamber before one adult worm pair was
deposited in each channel, using a low-retention pinch to
minimize worm damage. The circuit was then closed and 3
mL of medium was filled in the tanks, and the peristaltic
pump was set to deliver a 73.9 uL min™" flow rate. The worms
were monitored every 24 h for 8 days. A control was realised
by culturing one adult worm pair per 12-well plate well with 3
mL of medium over the same culture time.

Evaluation of parasite condition by scoring

The viability of the worms was evaluated using a VHX-7000
microscope with a 45 s video of the worm pair at 50%
magnification. The condition of the worms was determined
using a phenotypic scoring method, a method classically
used for the screening of antischistosomal drugs.*> A five-
level scale was defined: S4 score as normal healthy condition
for worms having active movements, correct adhesive
capacity, normal tissues and tegument integrity; S3 score as
reduced condition was defined by reduction of movement or
abnormal ones and/or the loss of adhesive capacity, or the
appearance of anomalous morphological changes; S2 score
as degraded condition corresponded to worms with severely
reduced activity, displaying only occasional extremities
movements; S1 score as minimal condition denoted worms
with no external movement, but still displaying an internal
activity evaluated by observing gut peristalsis; SO score as
dead condition referred to worms having no movement at all,
external or internal, with tissue and tegument degradation.
The complete criteria used to determine worm condition
during culture are presented in Table S6.}
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Statistical analysis

Statistical analyses were carried out using GraphPad Prism
8.0.2 software. Normality and homoscedasticity for the data
were checked for each performed statistical test using
quantile-quantile and residual plots, respectively. Depending
on these results, appropriate parametric or non-parametric
tests were chosen. Errors for the different printers and resins
depending on the pattern size were analysed using two-way
ANOVA followed by Tukey's tests. The overall printer and
resin precision, CP curvature, average surface roughness, the
area under the curve representing decrease in fluorescence
emission, and PS-1-TD Tomato viability were analysed using
one-way ANOVA followed by Tukey's tests. Average assembled
culture chamber heights were analysed using an unpaired
t-test. HPAC-eGFP cell viability was analysed using a Brown-
Forsythe and Welch one-way ANOVA followed by Games-—
Howell's tests. The condition of the worms in the
microfluidic system was analysed using repeated measures
two-way ANOVA followed by Bonferroni's tests for parametric
and homoscedastic data, and sphericity assumption. A p <
0.05 value was considered statistically significant and was
denoted with * for p < 0.05, ** for p < 0.01, *** for p <
0.001 and # for p < 0.0001. Data are represented as mean +
standard deviation. The number of replicates is described in
each figure legend.

Data availability

The raw data of the work presented in the manuscript
entitled “Fabrication of a bioreactor combining soft
lithography and vat photopolymerisation to study tissues
and multicellular organisms under dynamic
conditions” by T. Meynard et al. are available at https://
doi.org/10.5281/zenodo.14866978.
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