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Abstract:

We developed a simple method to fabricate high aspect ratio 3D microfluidic devices, as
geometrically optimized microenvironment for long-term culture of 3D tumor models (i.e.,
spheroids). The microfluidic device consists of a 2 mm-wide central chamber for spheroid culture
flanked by two 976 pm-wide side channels for medium and nutrients supply. To cage hydrogel
inside the central chamber, the side channels are isolated using pillar arrays whose geometry has
been carefully designed. The role of the height of the central chamber on the growth of heterotypic
pancreatic tumor spheroids, made of cancer cells and fibroblasts, was first studied. Predictably, in
the 100 um-high chamber the spheroid cannot grow vertically and exhibits an elongated and
horizontally flattened shape. Instead, the tumor spheroid can grow freely in the 300 and 500 pum
high chambers and the invasion of individual cells in the surrounding matrix can be observed over
a period of 20 days of culture. In a second step, we investigated an original microfluidic design
with two distinct heights for the central chamber and the side channels. Such a design, which
promotes better resist adherence, could be 3D printed without any resist residue after development.
The heterotypic spheroids cultured in this two-level device revealed progressive cell growth and

migration, validating this new approach.
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1. Introduction

The multifaceted role of the tumor microenvironment (TME) in the creation of conditions
favorable to cancer cell proliferation, migration, resistance to therapies and thus patient survival is
now widely acknowledged [1-4]. The TME, commonly referred to as tumor stroma, consists of an
accumulation of supportive cells known as cancer associated fibroblasts (CAFs) [5, 6] and immune
cells [7-10] embedded in a dense extracellular matrix (ECM) rich in collagens, fibronectin,
proteoglycans and glycoproteins [11]. The latter forms a fibrous block characterized by a high
viscoelasticity, small pore size and limited interfibrillar spaces. The intravenous route is the most
commonly used for the administration of antitumor therapies. However, the ECM can compromise
the successful accumulation of injected drugs in tumor tissues by sequestering them and limiting
their diffusion in the extravascular spaces to the target sites [12, 13]. As a result, the effectiveness
of treatments may be reduced. In addition to this physical barrier role, the architecture and stiffness
of the ECM can mechanically affect the cellular phenotype and further influence disease
progression [14-16]. The complex signaling loop between the heterogeneous population of
microenvironmental and cancer cells further steer the latter toward a malignant behavior also
resulting in low responses to cytotoxic therapies [17-19]. Therefore, a better understanding of the
fundamental molecular and cellular features of human disease is necessary to identify new
therapeutic targets and thus propose appropriate treatment strategies that will produce the greatest
benefit for the patient.

Nevertheless, the development of improved therapeutics requires in vitro models capable of
reproducing the in vivo physio-pathological complexity and having a higher predictive value than
conventional 2D cell cultures, which are easy to manipulate, cost effective but too simplistic [20,
21]. The optimal model should reproduce the multiple barrier that characterize the

microenvironment of real tumor tissues, mimic the stroma heterogeneity and plasticity observed in



vivo in patients and recreate microenvironmental clues (e.g., soluble and mechanical) that dictate
the phenotype of stroma and cancer cells.

In an effort to reach this goal, three-dimensional (3D) cell cultures have been proposed as an
alternate approach [21-23]. Of them, spherical cell aggregates, known as multicellular tumor
spheroids (MCTS), are extensively studied for drug screening in the field of oncology, owing to
their ability to reproduce in vitro important characteristics of tumors in vivo (e.g., proliferative and
metabolic gradients, cell to cell and cell to TME cross-talk) [24, 25].

Thus, for example, the combination of MCTS and ECM-mimicking hydrogels scaffolds has first
been described [26, 27], but these constructs, while valuable and insightful, do not completely
emulate the biology of the tumors and the absence of perfusion prevents the mechanical and
chemical cues generated by the flow from being reproduced [28].

In this context, microfluidics-based models, also known as organs-on-a-chip (and/or tumor on
a chip) [29], have received widespread interest to better capture in vitro how tumors behave in vivo,
and for evaluations of drugs under more realistic conditions [30-35]. Since microfluidics allows
precise manipulation of fluids in microchannels/chambers, these models can recreate the features
of the tumor microenvironment, including blood flow and biochemical gradients, with a greater
degree of detail. As such, by exploiting microfluidic platforms it has been possible to (i) model
vascularized organs and pathological conditions [32, 36-38], (ii) mimic vascular pathophysiology
[37, 39-41], (iii) assess tumor-induced angiogenesis, cell invasion, and metastasis [31, 42-44] as
well as (iv) evaluate the anticancer and/or antiangiogenic performance of drugs and nanomedicines
delivered by a controlled flow [45-49].

The micro- and nanoengineering techniques used to manufacture such advanced devices for
spheroid culture are mainly based on conventional soft lithography along with optical lithography

for the fabrication of the resist master mold. However, since standard UV lithography is limited in



resist thickness to about 100-200 um [50], its implementation has resulted in the development of
fluidic systems with this restricted height. And, for example, microchambers and channels of this
size appeared to be well adapted to study formation of vascular networks in chips loaded with
cocultures of endothelial cells and fibroblasts or mesenchymal stem cells [39-41]. In the oncology
field, the biomimetic character of such models can be increased by introducing into the microfluidic
device multicellular tumor spheroids and combining cancer cells and stromal components
embedded within a gel matrix.

Nevertheless, a major concern remains. Indeed, to allow the study of tumor development and to
evaluate the efficacy of therapies over time, the fluidic device should be tailored to accommodate
a growing spheroid, whose size increases progressively. High-aspect ratio devices are a potentially
valuable option, but fabrication of systems with these properties is technically challenging.

Though 250 um-thick molds based on dry films have been proposed to increase the height of
the fluidic culture chamber [30], the extensive application of tumor on a chip in the biomedical
field would greatly benefit from the development of new versatile and low-cost methods [51-53].

This work has addressed this issue. We applied the 3D lithography for the fabrication of a master
mold with high aspect ratio and combined it with soft lithography in epoxy resist. This would
permit low-cost, large-scale manufacture of series of fluidic devices.

In order to produce in a single step complex and highly resolute 3D structures, we opted for the
Direct Laser Writing (DLW) via two-photon polymerization (2PP) (Fig. 1), a prototyping technique
that has attracted enormous research attention because of its high spatial resolution and
ultraprecision in photopolymerization at both the micro and nanoscale [54, 55].

We have produced systems with unique height (H) in the in the range 100 - 500 pum as well as
original devices combining different heights for the central chamber and the lateral fluidic channels

(100 and 500 pm, respectively).



Whereas the pioneering work of Kumi et al in 2010 [56] demonstrated the successful use of 2PP
lithography in modified SU8 resist for arbitrary cross-sections and high aspect ratio, we herein
illustrated the high performances of IP-Q resist for direct immersion writing up to 500 pum.

Once the device was fabricated, 4 days-old heterotypic pancreatic cancer spheroids, used as a
model of a tumor with a strong fibrotic reaction (that is, an abundant stroma), have been herein
loaded and cultured. The described influence of mechanical cues on tumor progression and
metastatisation [57-59] prompted us to evaluate whether the available space (that is, the device

aspect ratio) could have affected the growth of spheroids.

We provided the proof of concept that these devices are suited to the long-term culture of the
spheroids, and that their geometry influences the structural integrity of the tumor nodule and the

invasiveness of individual cells moving from the spheroid in the surrounding matrix.

2. Materials and methods
2.1 Device design and fabrication of the master molds using 2PP lithography
The microfluidic device is composed of a central 2 mm-wide chamber flanked by two 976 um-
wide side channels. For the conventional chamber height of 100 um, these adjacent channels are
separated by arrays of elongated hexagonal pillars having a length of 300 um and width of 86.6
pm and placed at a distance of 100 um (Fig. 2a-c). The presence of the pillars allows the hydrogel
matrix to be caged in the central chamber and separated from the lateral channels where cell

dispersions are introduced individually.
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Fig. 1. Schematic diagram of the process flow for (a-b) the fabrication of the IP-Q master mold
and its replication, first (c-d) in PDMS several times and finally (e) in epoxy (Smooth-CastTM

310) to get (f) a large surface robust plastic mold.
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Fig. 2. (a) Optical image of a 3D IP-Q master mold on the 2.5 x 2.5 cm square Si substrate (step
(b) of Fig. 1) with (b) a top-view of the design showing the central chamber isolated from the two
lateral channels by (b, c) hexagonal structures. (d-f) Side view SEM images of 3D IP-Q molds with

thickness ranging from 100 to 500 um with magnification on the pillar microstructures.



The flow chart presented in Fig. 1 describes all the different technological steps for the
fabrication of both the 2PP resist master mold and its copy in a robust plastic on a large surface.
First we describe the fabrication of the master mold using 2PP. All microfluidic designs were 3D
created using AutoCAD 2021 (Autodesk, Switzerland), and converted to Standard Tessellation
Language (STL). Master molds were then printed using a Nanoscribe Photonic Professional GT+
system (Nanoscribe GmbH & Co. KG) with the IP-Q resin. The latter is a photoresist designed for
Dip-in Laser Lithography (DiLL) having the properties of high-speed fabrication of mesoscale
structures with printing volumes greater than 10 mm?®. We opted for this photoresist as it is very
stable and full compatible with soft lithography processes such as molding in epoxy. Several
designs with different pillar geometry have been investigated to facilitate a perfectly printed mold.
Device with a unique channel height (i.e., 100 um (n=15), 300 um (n=15) and 500 um (n=12)) as
well as double height devices (that is, lateral channels of 100 um and central chamber of 500 um,
n=29) were prepared and successfully loaded with the spheroids.

While the 2PP process produced a clean structure at 100 pum in height (Fig. 2d), the hexagonal
shape of the pillars made the clearing of the resist at 300 and 500 pm in height more difficult. Thus,
a second original design with channel height H = 300 and 500 um was proposed (Fig. 2e-f). The
shape of the pillar was modified by combining a hexagon (300 um in width) and a perpendicular
rectangular form (total length 600 um) while keeping the 120° angle. This widening was meant to
allow for more accessible flushing of the resist residues from the pillar holes resulting in improved
300 and 500 pm printed molds with clear pillars (Fig. 2e-f, H=300 and 500 pm, magnifications).
This modification allowed for more efficient casting of the polydimethylsiloxane (PDMS) without
its breakage in the pillar region. In addition, this second design with perpendicular rectangular

structures should promote a better caging of the hydrogel in the central chamber.



A simple hexagon-shaped pillar (300 um in width and length) was chosen for the double-height

devices (Fig. 6a).

2.2 Fabrication of the large surface epoxy molds

Since exposure time using 2PP process can reach several hours and also to preserve the IP-Q
master mold, it is of great importance to provide a simple replication process to easily copy each
IP-Q 3D master mold in a robust plastic master. Although several epoxies have been extensively
studied, Smooth-CastTM 310 was chosen based on its already fully demonstrated simplicity [60],
as an interesting way to replicate silicon masters.
We propose here a very simple replication process based on classical molding, degassing and
curing as depicted in Figure 1 (Fig. 1c-f). A primary inverse PDMS replica was obtained on each
master mold by casting Sylgard 184 silicon elastomer (Dow Corning, USA) (Fig. 1c). Briefly, the
PDMS was prepared and mixed in a 10:1 ratio of base (dimethylsiloxane, dimethylvinyl-
terminated, and trimethylated silica) to curing agent (Tetrakis (trimethylsilyloxy) silane), degassed
under vacuum, and then poured onto a master mold to a height of 2 mm. The PDMS was then left
to cure in an oven at 60 °C overnight. Afterwards, the cured PDMS structure was peeled off the
master. This process was repeated to build several PDMS inverse replica from the same master
mold. In a second step, several replicated PDMS molds were fixed with double-sided adhesive tape
(Tesa, Germany), with channels facing upward, on the bottom of a Petri dish, previously coated
with Scotch adhesive tape (3M, USA) (Fig. 1e). In order to remove any air trapped in the PDMS,
the petri dish was placed in the vacuum chamber for 2 hours. Smooth-CastTM 310 (Smooth-On
Inc., USA) plastic resin was mixed in A:B parts ratio of 100:90 w/w, poured onto the degassed
PDMS mold then covered and left on the bench overnight. Next, the plastic mold was peeled off

and placed in the oven at 60 °C for 15 min. The choice of this resin allowed the construction of a
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mechanically durable mold for low-cost manufacturing of microfluidics with the possible multiple
replications of the PDMS mold.

A typical 4-inch plastic mold obtained from 4 PDMS replicas is shown in Fig. 3a. It should be
noted that there is no limitation on the number of replica and, therefore on the size of the plastic
mold, given that the horizontal dimensions can be scaled up by expanding the design to 5-, 6- or
even 8-inch wafers that are suitable for standard microfabrication technologies. All the
microstructures have been replicated with no loss in quality (vertical and pattern definition) as it

can be seen in the enlarged images (Fig. 3b-c).

Fig. 3. Replication process in epoxy resist. (a) image of the obtained large surface replicated
mold for the production of 4 chips; (b, c) magnification on the pillars proving the quality of

replication (scale bars: 200 pm).

2.3 Fabrication of the PDMS devices
Microfluidic devices were fabricated according to the standard PDMS soft-lithography process
previously described. The PDMS was prepared, mixed in a 10:1 ratio of base to curing agent,

degassed under vacuum, and then poured onto a large surface plastic mold, and left to cure in an
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oven at 60 °C for at least 2 hours. After peeling-off the cured PDMS from the plastic mold, inlet
and outlet ports as well as a central well were created using a 2- and 1-mm punch (Reusable Rapid
Punch Biopsy Kit, World Precision Instruments, France), respectively. Then, the surfaces of the
channel side and of a 22 x 22 mm cover glass (Rogo-Sampaic, France) were activated (90 seconds)
with an air plasma cleaner (Harrick plasma, USA), placed in contact and sealed. Immediately after,

the assembly was placed in an oven at 80 °C for at least 8 hours to ensure complete bonding.

2.4. Cell lines
The PANC-1 cell line (CRL-1469TM) was acquired from ATCC and cultured in Dulbecco's
Modified Eagle Medium (DMEM, Sigma Aldrich, France) containing 10% heat-inactivated fetal
bovine serum (FBS, Gibco, France). The CAF08 cell line was bought from Vitro Biopharma (USA)
and cultured in Pancreatic Stellate CAF Maintenance medium (PCO0BS5, Vitro Biopharma, USA).
The two media were complemented with penicillin (50 U.mL™) and streptomycin (0.05 mg.mL™).

Cells were incubated at 37°C in 5% CO> and used under passage 8 for all experiments.

2.5. Construction of heterotypic spheroids

Heterotypic spheroids made of PANC-1 and CAF08 were formed by cell assembly in
nonadherent plates (that is, the liquid overlay technique) as earlier reported [61-62]. In brief,
cellular suspensions of PANC-1 and CAFO08 cells were freshly prepared in DMEM complete
medium complemented with 25 ng.mL* of hFGF (Human Fibroblastic Growth Factor, F0291,
Sigma). Next, 200 pL of their opportune mix was added to the wells of 96 round-bottom well plates
(CELLSTAR®, Sigma) previously coated with 50 pL of 1.2% (wi/v) poly-2-hydroxyethyl

methacrylate (poly-HEMA, Sigma) ethanolic solution. After a centrifugation step (200 g, 5 min,
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room temperature), the cells were promptly incubated at 37°C with 5% CO; to permit the creation
of the spheroids. The number of PANC-1 was set at 1000 cells per well. A PANC-1:CAFO08 ratio

of 1:4 was used [62].

2.6 Cell seeding in the microfluidic device

After 4/5 days of culture, individual spheroids were harvested and then embedded in a fibrin-
collagen gel matrix as previously described, with minor modifications [40]. First, fibrinogen
(F8630, Sigma Aldrich, France) was dissolved in phosphate-buffered saline (PBS) at a
concentration of 2.8 mg.mL™. Next 107.2 pL of this solution was combined with 8.0 uL of
neutralized rat tail collagen I (3 mg.mL™, A10483-01, Gibco, France), and 4 pL of aprotinin (4
U.mL?, A1153, Sigma Aldrich, France). Keeping the tube on ice to avoid gelation, for each
spheroid, 99 pL of the resulting solution (i.e., fibrinogen, collagen and aprotinin) was transferred
to an Eppendorf tube and combined with 1 pL of thrombin (50 U.mL™, T4648, Sigma Aldrich,
France). Meanwhile, the spheroid was collected from the 96-well plate and transferred, along with
the minimum amount of medium, into another tube containing 7 pL of the final mixture (i.e.,
fibrinogen, collagen, aprotinin and thrombin).

The resultant embedded spheroid was then loaded into the central chamber of the device and
successively incubated for 15-30 minutes at 37°C to allow gelation to occur. Afterwards, medium
(40 pL) was filled into the side channels. The device was then placed in a petri dish with a
humidified Kimwipe to avoid evaporation of the medium and kept in the incubator at 37 °C and
5% CO». Half of the medium was renewed every other day, until day 8 (n=2-3) or day 20 (n=1).
Spheroids were monitored at regular intervals using an optical microscope equipped with a 10x

objective.
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3. Results and discussion

Once embedded in the gel matrix, individual spheroids were introduced in the central chamber
of the device and cultured for up to 20 days with regular medium replacement (Fig. 4). The
appropriately shaped pillars ensured retention of the fibrinogen/collagen hydrogel without leakage

in the side channels and the formation of a well-defined medium/hydrogel interface (Fig. 4b).

(a) Top view (b)
) hydrogel
Spheroid meditm
hole ™
=
(c) PR
A Py A
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DAyl wimimeme - Day 20
Follow up

Fig. 4. (a) Design of the microfluidic device showing the fluidic channels (A) flanking the
central chamber (B) in which a hole (1 mm large) for spheroid loading has been punched; (b) close

up on the medium/hydrogel interface, scale bar: 100 um; (c) schematic of the experimental setup.

In the lowest channels (Fig. 5, 100 um), likely due to the restricted space available, the spheroid

appeared to be flattened and grew mainly horizontally in an almost oblong fashion. In contrast, the
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increased volume available in the 300 and 500 pum high devices allowed the spheroid to form a
spherical mass from which isolated cells came out and the migrated into the central chamber. The
migratory front appeared to be directed preferentially towards the inlet of the medium, probably
due to the formation of a nutrient gradient in the device during time. At a certain distance from the
primary spheroid, the aggregation of cells forming a secondary nodule could also be detected after

14 days for both H=300 and 500 um (Fig. 5, day 14 and 20).
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100 pm 300 um 500 pm

Fig. 5. Representative optical images of PANC-1:CAF08 spheroids growth in the 100, 300 and 500
pim high devices over a period of 20 days. The spheroids were cultured for 4/5 days before being
introduced via the punched hole (1 mm diameter; black border inner ring in the images) into the

microfluidic device: day O refers to the day of transfer.
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In spite of allowing cell growth and proliferation, thick adjacent channels can favor air bubbles
generation during medium refilling. Thus, we further improved the device design by developing a
two-height chip with a 500 um-high central chamber flanked by two 100 um-high perfusable side
channels (Fig. 6a). Thanks to the 2PP lithography using the Nanoscribe system, the patterning of
this more advanced 3D system did not present any difficulty. With this two-height design, the
master mold could be printed without leftover residue in the hexagon-shaped pillar holes and with
a better adherence of the resist to the substrate.

Follow-up of the heterotypic spheroids in the device revealed a progressive cell growth and
migration, albeit at a slower rate than in the single-height device, presumably as a result of a

dissimilar gradient pattern.

:500 pm; H, 0100 ym

(a) H chamber

-
AL y

day 0 day 2 day 5 day 8

Fig. 6. (a) Side view SEM images of two-layered microfluidic IP-Q 3D master mold with the
500 pm-thick central chamber and the 100 um-thick lateral channels, and magnification on the
pillar structure; (b) representative images of PANC1:CAF08 heterotypic spheroids cultured in the
device over a period of 8 days. Day 0 indicates the day of spheroid transfer via the punched hole

(2 mm diameter; black border inner ring in the images).
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4. Conclusion

Various tumor-on-a-chip models have been developed so far but the architecture, composition
and dialogue between cells still need to be more closely reproduced to obtain valuable answers to
questions related to the spatio-temporal evolution of the tumor-microenvironment pair.

We have proposed a fabrication process to produce 3D fluidic devices with adapted aspect ratio

for long term culture of tumor spheroids. 2PP lithography using the Nanoscribe system was applied
for the fabrication of a master mold with different heights, for the fluidic adjacent channels and for
the spheroid chamber, up to 500 um. To ensure large-scale manufacture of series of fluidic devices
at low cost, a very simple replication process in epoxy resist was also proposed to produce mold
replica on large surface. Then, heterotypic pancreatic cancer tumor spheroids, used as a model of
a tumor with a strong fibrotic reaction, have been loaded and cultured in the device. If the height
of the central chamber is too small and limited to 100 um, the spheroid appears flattened and can
only grow horizontally due to the restricted space available. Raising the height of the chamber to
500 um promotes more gradual cell growth and migration, thanks to the availability of space for
spheroid evolution. Thus, by adjusting the aspect ratio, we have designed and investigated different
devices. And, we have provided a proof of concept of the opportunity for their application for tumor
spheroids culture.
They might find potential application as a tool to gain in-depth knowledge of how the
microenvironment (e.g., biochemical and biomechanical cues) governs tumor function (e.g.,
growth and migratory capacity) but also how cells affect their 3D environment (e.g., matrix
degradation, creation of metabolic gradients).

A detailed characterization of the spatio-temporal evolution of tumor spheroids is in progress.
In a second step, the tumor physiopathology will be reproduced by culturing endothelial cells in

the external channel until confluence. To ensure optimal cell attachment, the surface of the device
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will be suitably treated, for instance by coating it with a mixture of albumin and heparin, as
described previously [63]. Then, their barrier function can be modulated by exposing the cells to
different cytokines to mimic the increased permeability and retention (EPR) effect observed in a
variety of tumors. The introduction of an immune component (e.g., tumor-associated macrophages,
Treg cells) whose key role in tumor progression and metastatic spread is widely recognized, will
further enhance the biomimetic character of the device.

The use of cell lines was chosen to facilitate the validation of the device, while overcoming
constraints related to the availability of biological material, but the use of patient-derived cells is a
foreseen attractive option to increase the preclinical value of the device and to study in vitro but
"like in humans" the tumor, its evolution and thus identify the best strategies for a better

management of the disease.
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