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Transient microfluidic compartmentalization using
actionable microfilaments for biochemical assays,
cell culture and organs-on-chip¥

Ayako Yamada,*®* Renaud Renault,$2° Aleksandra Chikina, 12 Bastien Venzac,?®
lago Pereiro,?°° Sylvie Coscoy,?® Marine Verhulsel,?° Maria Carla Parrini,%¢
Catherine Villard,?*< Jean-Louis Viovy®* and Stéphanie Descroix*2°°

We report here a simple yet robust transient compartmentalization system for microfluidic platforms. Cylin-
drical microfilaments made of commercially available fishing lines are embedded in a microfluidic chamber
and employed as removable walls, dividing the chamber into several compartments. These partitions allow
tight sealing for hours, and can be removed at any time by longitudinal sliding with minimal hydrodynamic
perturbation. This allows the easy implementation of various functions, previously impossible or requiring
more complex instrumentation. In this study, we demonstrate the applications of our strategy, firstly to trig-
ger chemical diffusion, then to make surface co-coating or cell co-culture on a two-dimensional substrate,
and finally to form multiple cell-laden hydrogel compartments for three-dimensional cell co-culture in a
microfluidic device. This technology provides easy and low-cost solutions, without the use of pneumatic
valves or external equipment, for constructing well-controlled microenvironments for biochemical and cel-

www.rsc.org/loc lular assays.

Introduction

Achieving a transient and controllable separation between dif-
ferent regions of a microfluidic chip is a functionality re-
quired in many applications that could involve molecules,
cells or tissues. A widely used strategy for this purpose relies
on the integration of pneumatic valves," which are usually
controlled by external pumps. This strategy offers high con-
trol over fluid manipulation but it tends to increase the com-
plexity and fragility of the devices, while limiting their porta-
bility. In its original implementation, the valve-based
technology only allows the sealing of narrow channels be-
tween  chambers. Interesting  generalizations  were
proposed,”™ but these approaches still require multilayer soft
lithography and an external pressure control. SlipChip® or oil
microsealing®” can also be used for transient partitioning.
However, these methods share the disadvantage of using oil,

“ Laboratoire Physico Chimie Curie, Institut Curie, PSL Research University, CNRS
UMR168, 75005, Paris, France. E-mail: ayako.yamada@curie.ftr,
stephanie.descroix@curie.fr

b Sorbonne Universités, UPMC Univ Paris 06, 75005, Paris, France

¢ Institut Pierre-Gilles de Gennes, 75005, Paris, France

9 Institut Curie, Centre de Recherche, PSL Research University, 75005, Paris, France
°ART group, Inserm U830, 75248 Paris, France

t Electronic supplementary information (ESI) available: Fig. S1-S6, Text S1,
Movie S1. See DOI: 10.1039/c61c01143h

1 Equal contribution.

This journal is © The Royal Society of Chemistry 2016

which is not favorable for some experiments, especially with
living cells. Moreover, on a hydrophilic surface, oil
partitioning does not provide a perfect sealing, whereas on a
hydrophobic surface it leaves a layer of oil that can disturb
further experiments.

Here, we propose an original and simple method, allowing
the efficient transient partitioning of a microfluidic chamber
into several compartments along centimeter lengths. Notably,
this partition can be removed at any desired time in a quasi
flow-free manner without external pumping systems. To
achieve this compartmentalization, we use microfilaments of
various sizes as removable partitions in conventional polydi-
methylsiloxane (PDMS) microfluidic chips. Depending on the
desired applications, the bottom substrate can be a glass
slide, a PDMS layer, or even a conventional culture dish to
make it directly usable for biologists for on-chip cell culture.
Microfilaments such as nylon fibers have been previously
used in microfluidics as a mold to define cylindrical micro-
channels within PDMS or hydrogels,®® while threads have
been employed as matrices for capillarity-driven
microfluidics.'®™* However, they have never been used as a
transient partition for a microfluidic device until our recent
work, in which neuronal cell bodies were successfully sepa-
rated from an axonal area using this strategy.'® In this article,
we further explore the implementation of this approach in di-
verse and more complex configurations, and demonstrate its
potential for a wide range of applications. In particular, we
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demonstrate the suitability of our method for (i) triggerable
chemical diffusion, (ii) surface co-coating, (iii) two-
dimensional (2D) cell co-culture, and (iv) hydrogel compart-
mentalization for 3D cell co-culture, showing its high versatil-
ity for biological, biochemical, and biophysical studies.

Microfluidics is a powerful approach to dynamically con-
trol fluidic environments in a channel, e.g. for dynamic
chemical stimulations. Pumps or valves are widely used to ex-
change fluids in channels,"'*"'> whereas the displacement of
laminar flow boundaries has also been applied to rapidly
switch the microenvironment at given locations in a chan-
nel.’® In these approaches, it is necessary to keep fluids
flowing. This is not suitable for all studies, notably for the
study of cells or objects sensitive to shear stress, or for pre-
cious reagents. To overcome these problems, several shear-
free devices have been developed. For instance, micro-
channels'” or a nanoporous membrane'® were employed to
separate a main channel from flows containing the reagents
to be dispensed by diffusion. Alternatively, micro-wells
etched at the bottom of a channel were used to protect sam-
ples from flows." However, these approaches still need an
external fluidic control and elaborate fabrication processes.
One of the interesting features of the compartmentalization
strategy proposed here is the possibility to open at will a
large fluidic communication to trigger chemical diffusion
from one to the other transient compartment with minimal
flow displacement. This is tested here by developing a free
diffusion experiment, in which diffusion is triggered simply
by removing the microfilament at any desired moment and
without need of pumps.

The principle of our transient partitioning can be used
also for molecular deposition on a 2D substrate at defined
areas in a microfluidic chamber. Substrates specifically
coated with biomolecules or synthetic molecules are widely
used in cell biology or biophysics to elucidate cellular re-
sponses mediated by molecular recognitions, such as growth,
adhesion, or migration.>® Various strategies have thus been
developed to define patterns of molecules, such as micro-
contact printing,>" photolithography,**** and UV-induced
patterning.>**® Microfluidic approaches can also be used to
pattern a substrate with differently coated areas by using
laminar flows or by diffusion through microchannels.>**’
This strategy is useful, for example, to compare the behaviors
of large cell populations depending on the coating molecules
in a single microfluidic channel. However, it requires fluid
handling with a pressure control, and the coating density
profile is continuously varying in space due to the combina-
tion of convection and diffusion. The spatial resolution is
thus not as high as in the techniques described previously.
In contrast, our transient partition strategy offers a versatile
method for surface co-coating for cellular or biochemical as-
says in a microfluidic chamber, but does not share the limita-
tions of flow-based patterning.

Our approach is also suited for seeding and culturing dif-
ferent cell populations on a 2D surface with a sharp interface
in a single chamber. For applications such as cell co-cultures
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or invasion assays between two cell populations, silicone in-
serts from Ibidi, for example, have been widely used.?®*”*" This
method to seed cells in restricted regions relies on the same
principle as used in stencils: the areas on which cells are
unwanted are covered with a PDMS block®* or microstencils
made of PDMS or silicon.>*** This technique is convenient
for cell cultures on an open substrate, but for closed micro-
fluidic devices it requires an additional and delicate align-
ment of the channels with the cellular pattern. In contrast,
our transient partition strategy allows the direct deposition of
different cell types at different locations inside a microfluidic
chamber without the need for alignment, while taking advan-
tages of microfluidics, i.e. reduced consumption of cells and
reagents, reduced system size including the gap between cell
populations, and well-controlled microenvironment.

Besides 2D cell culture, which still remains a standard for
various applications, growing evidence shows the importance
of 3D cell culture in hydrogels mimicking extracellular matri-
ces (ECM).>>® 3D culture is closer to the physiological situa-
tion for many cell types and “organs-on-chips” applications,
and cell morphology or gene expression levels of certain pro-
teins are generally altered between 2D and 3D culture config-
urations.?” Microfluidics has been recognized as a promising
technology for preparing hydrogel micro-compartments for
3D cell culture, and imposing geometrical configurations im-
possible to achieve with conventional culture methods. How-
ever, obtaining this compartmentalization still raises a num-
ber of challenges. One strategy consists in gelling fluids
introduced by laminar flows, resulting in multi-component
parallel hydrogels.*®**° This approach, however, requires an
accurate adjustment of the flow rates and viscosities of the
flowing solutions, making it delicate to implement, and limit-
ing applications. An alternative is the use of micro-pillars
and tuned wetting properties to maintain hydrogels in
predefined compartments, but the wettability of the chip sub-
strate and the pressure applied to hydrogel solutions have to
be carefully adjusted.*”*' Although these devices are rela-
tively easy to fabricate and use, the presence of pillars can af-
fect the behavior of cells. It also limits the observation win-
dow and the size of free interfaces, and finally restricts the
available configurations. There is thus a strong need to de-
velop new methods to produce hydrogel micro-compartments
of precise composition at predefined positions in micro-
fluidic chips as a biomimetic 3D microenvironment. The
strategy presented here offers an easy solution to fabricate
parallel, adjacent, and centimeter-long hydrogel compart-
ments containing different cell types. We show in particular
a spatially-controlled 3D co-culture of mouse primary neu-
rons and glial cells in ECM-like hydrogel, as well as the for-
mation of collagen gel with a stepwise gradient.

In this article, we analyze the performance of this new
transient compartmentalization approach compatible with
various substrates, and demonstrate how the unique aspects
of this technology enable new more favorable ways to tackle a
broad range of microfluidics challenges, ranging from shear-
free experiments to 3D cell co-culture.

This journal is © The Royal Society of Chemistry 2016
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Materials and methods

All reagents were purchased from Sigma-Aldrich unless other-
wise specified.

Microfluidic chip preparation

An 80 pm-thick mold for an 80 um-high microfluidic cham-
ber was prepared as follows. A layer of SU-8 2050 (Micro-
Chem) was formed on a 2 inch silicon wafer (Neyco) by spin-
coating (TP6000, SET) at 2000 rpm for 30 s. After a soft bake,
the wafer was exposed to UV light (MJB4 Mask Aligner)
through a transparency mask prior to a post-exposure bake,
and developed by SU-8 developer (MicroChem). To obtain a
300 um-thick mold, 15, 100, and 200 pm-thick dry films
(ADEX TDFS A15, EP SUEX TDFS D100 and D200, DJ
DevCorp) were stuck on a 4 inch silicon wafer (Neyco) using
laminator (DH-360, Linea) at the lamination speed 0.2 m
min~' and the temperature at 66 °C. After laminating each
film, the wafer was heated at 85 °C for 2 min. The wafer was
then exposed to UV light (UV-KUB 2, KLOE) through a trans-
parency mask prior to a post-exposure bake, developed by
SU-8 developer, and heated at 200 °C for 10 min. The photo-
masks were either purchased from Selba S. A. or printed by
photoplotter (Filmstar Photoplotter, Bungard). The obtained
molds were exposed to the vapor of trimethylchlorosilane
(ABCR GmbH & Co. KG) for 5 min once, and used repeatedly
without further treatment. The heights of the molds were
measured to be 82.8 + 3.0 um and 303.3 + 5.8 pum, respec-
tively, by profilometer (Wyko NT1100, Veeco). PDMS and its
curing agent (Sylgard 184 silicone elastomer kit, Dow
Corning) were mixed at the ratio of 10:1 (w/w), poured on
the mold, degassed, and reticulated at 80 °C for at least 2 h.
A PDMS block, about 6 mm thick, was cut off from the mold
and reservoirs and smaller inlets were punched in it using a
4 mm and 2 mm-diameter biopsy punches (Kai Industries),
respectively. Fishing lines (MORRIS) made of fluorocarbon
(VARIVAS Fluoro carbon Super tippet 9X 0.086 mm diameter,
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VARIVAS Super Tippet Master Spec -2X 0.330 mm diameter)
or nylon (VARIVAS Super tippet Master spec 9X 0.074 mm di-
ameter) were used as removable partitions after rinsing with
ethanol. Note that the diameter values were provided by the
supplier according to measurements by caliper, while by
microscopy, the diameters were measured to be 94.3 + 1.4
and 82.7 + 1.7 um instead of 0.086 and 0.074 mm, respec-
tively. For the simplest device, involving one transient parti-
tion in an 80 pum-high chamber, the chamber was composed
of a 2 mm-wide and 9 mm-long rectangular area that splits at
both ends into a thin 70 pm-wide and 8 mm long middle
straight channel (guiding duct) surrounded by two 900 pm-
wide and 2.5 mm-long channels connected to reservoirs (see
Fig. 1a, top). The PDMS block was pierced by a microfilament
at both ends of the guiding ducts using a sewing needle, and
the microfilament was inserted into the chamber using the
ducts as guiding structures (Fig. 1a bottom). The microfila-
ment acted as a partition dividing the chamber into two com-
partments in a closed configuration (Fig. 1b left). It could be
easily removed by pulling one of its extremities with bent
tweezers (SMD 21 SA, Xcelite), leading to the open configura-
tion of the chamber (Fig. 1b, right). Other configurations of
devices with up to 4 partitions or with a 300 um-high cham-
ber are illustrated in ESIf (see Results and discussion
section).

Cell preparation

The study was carried out in accordance with European Com-
munity guidelines on the care and use of laboratory animals:
86/609/EEC. The research purpose and the protocol are de-
scribed in the Ethical Annex of ERCadg project CellO, which
was approved and is regularly reviewed by the ERCEA.
Institut Curie animal facility has received licence #C75-05-18,
24/04/2012, reporting to Comité d'Ethique en matiere d'expér-
imentation animale Paris Centre et Sud (National registration
number: #59).

Closed Partition removal

=

e

Fig. 1

microfilament /

(@) Scheme of the microfluidic device equipped with a microfilament as a transient partition. (b) The chamber is divided into two

compartments by the microfilament (left). The microfilament can be easily removed at any desired moment to transform the chamber into the
open configuration. (c) Bright field microscopy images of the cross sections of the microfluidic device at various stages of fabrication and
locations (see the dashed black lines toward (a) and (b) schemes). Scale bar, 100 pum.

This journal is © The Royal Society of Chemistry 2016

Lab Chip, 2016, 16, 4691-4701 | 4693


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6lc01143h

Open Access Article. Published on 21 October 2016. Downloaded on 5/7/2026 3:17:48 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Madin-Darby canine kidney (MDCK) cells. MDCK cells of
wild type (WT, CCL-34 line from ATCC) and those expressing
GFP-Lifeact (LA) (stable transfection with Lifeact-TagGFP2
plasmid from Ibidi) were cultured with Dulbecco’s modified
Eagle medium (DMEM) GlutaMax high glucose containing
10% fetal bovine serum (FBS) (v/v) in 25 ecm” flasks (TPP) at
37 °C with 5% CO, in a humidified CO, incubator. For the
latter cell type, 0.4 mg mL ™" geneticin (Thermo Fisher Scien-
tific) was added to the culture medium. At around 90%
confluency, cells were detached using TrypLE Express
(Themo Fisher Scientific), rinsed with the culture medium,
and re-suspended in 500 pL of the medium with or without
geneticin prior to seeding in a chip. The cell density at this
stage was measured to be 2 x 107 cells mL ™.

Cortical neurons. Cortices from E17 embryos of B6] mouse
expressing tdTomato were dissected on ice under a micro-
scope in L-15 medium without phenol red (Life technologies),
supplemented with 0.6% glucose (w/v) and 0.1 mg mL™
gentamycin. After rinsing with the dissection medium, the
cortices were digested in papain solution (10 U mL™ papain,
100 U mL™ DNAsel, 0.2 mg mL™" r-cystein, 1.5 mM NaOH,
0.1 mM CacCl,, and 0.5 mM ethylenediaminetetraacetic acid
(EDTA) in the dissection medium) at 37 °C for 20 min. The
digestion was stopped by aspirating supernatant and rinsing
with minimum essential medium (MEM) without glutamine,
supplemented with 0.6% glucose (w/v), 1 mM sodium pyru-
vate, 1% GlutaMAX, and 10% FBS (v/v) (ThermoFisher Scien-
tific except glucose). Cells were mechanically dissociated by
pipetting in the rinsing medium containing 100 U mL™
DNAsel, collected by centrifugation at 100 x g for 6 min, and
suspended in complete culture medium: DMEM GlutaMAX
high glucose, supplemented with 10% FBS, 2% B27, 1% N2
(v/v), and 100 U mL™" penicillin-streptomycin (all from
ThermoFisher Scientific), at 1.25 x 10° cells per mL.

Glial cells. A 10 cm-diameter polystyrene culture dish
(TPP) was incubated with 15 ug mL™" poly-r-ornithine in
phosphate buffered saline (PBS) overnight at room tempera-
ture and rinsed with PBS prior to use. One hemisphere of an
E19 embryo of B6] mouse expressing GFP-Lifeact was dissoci-
ated as described above, seeded on the dish and cultured for
2 weeks in DMEM supplemented with 1% GlutaMAX (v/v), 1
mM sodium pyruvate, 0.1 mg mL ™" gentamicin, and 10% FBS
(v/v) at 37 °C with 5% CO, in the incubator. Cells were incu-
bated with 2 mL of 0.05% trypsin-EDTA for 6 min for detach-
ment, rinsed with the complete medium, and re-suspended
in the complete medium at the density of 3 x 107 cells mL™
prior to wuse. All reagents here were obtained from
ThermoFisher Scientific.

Sealing test and diffusion assay

A PDMS-coated glass slide was prepared by spreading a
degassed PDMS mixture on a glass slide with a spin-coater
(SPIN150, SPS-Europe) at 3000 rpm for 30 s, followed by retic-
ulation at 66 °C for at least 4 h. An 80 pm-high chamber
equipped with a fluorocarbon microfilament (0.086 mm di-
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ameter) was bonded by plasma treatment (Pico PCCE, Di-
ener) to either a glass slide or a PDMS-coated glass slide as
the bottom substrate. Immediately after chip assembly, 20 pL
of 10 uM fluorescein in PBS was introduced into the two res-
ervoirs connected to one transient compartment, and 20 pL
of PBS into the two reservoirs connected to the other com-
partment. The solutions spontaneously filled the channels
and the chamber due to their hydrophilic surface property.
To investigate sealing efficiency, both types of chips were
sealed in a Petri dish containing a few mL drop of PBS to
avoid evaporation. The leakage of fluorescein into the other
compartment was evaluated by fluorescence microscopy after
24 h of incubation at room temperature while maintaining
the microfilament in place. To investigate the diffusion of
fluorescein triggered by microfilament removal, the filament
was removed from a glass-bottom device under fluorescence
microscopy observation 10 min after filling the reservoirs. A
numerical simulation of fluorescein diffusion was performed
using COMSOL Multiphysics software.

Surface co-coating

An 80 pum-high chamber equipped with a fluorocarbon micro-
filament (0.086 mm diameter) was bonded on a glass cover
slip using plasma treatment. In a first experiment, 20 pL of
0.01 mg mL™ fluorescein isothiocyanate-labeled poly(i-lysine)
(PLL-FITC) in PBS was introduced into one compartment,
and 20 uL of 0.01 mg mL™" PLL grafted with poly(ethylene
glycol) and tetramethylrhodamine isothiocyanate (PLL-g-PEG/
TRIC, SuSoS AG) in PBS was introduced into the other com-
partment, immediately after chip assembly by plasma bond-
ing. The chip was sealed in a Petri dish with a few mL drop
of PBS, and incubated for 1 h at room temperature. Solutions
in the reservoirs were then removed by micropipette and the
chamber was rinsed with PBS. After removing the microfila-
ment, all the reservoirs were emptied by micropipette and
filled with 10 pL each of the PLL-g-PEG/TRIC solution. After 1
h incubation at room temperature, the chamber was rinsed
with PBS and the surface of the bottom substrate was ob-
served by confocal microscopy. In a second experiment with
MDCK LA cells, PLL-FITC was replaced with non-fluorescent
poly(p-lysine) (PDL). After rinsing the chamber with culture
medium for MDCK cells, 1 puL each of MDCK LA cell suspen-
sion was introduced from two upstream reservoirs to the
chamber. At this stage, cells were homogeneously distributed
in the chamber. After 10 min incubation in the CO, incuba-
tor, all the reservoirs were filled with 40 uL each of culture
medium with geneticin and cells were cultured in the
incubator.

Two dimensional cell co-culture in the device on a culture
dish

An 80 pm-high chamber equipped with a nylon microfila-
ment was placed on a polystyrene culture dish (TPP) and
pressed down to be in good contact with the dish bottom
(see ESIT Fig. S3 for detailed illustration). 40 uL of culture

This journal is © The Royal Society of Chemistry 2016
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medium was then introduced into the two upstream reser-
voirs. Using a 1 mL disposable syringe (Terumo), the medium
was sucked from the downstream reservoirs. Once the cham-
ber was filled, the medium remaining in all the reservoirs
was removed by micropipette. 3 uL of MDCK WT and LA cell
suspensions, respectively, were introduced in the two up-
stream reservoirs. The culture dish was enclosed in a larger
Petri dish with a few mL drop of water and kept in a CO, in-
cubator for 1 h to make cells adhere on the culture dish sur-
face. The microfilament was then removed by using two sets
of tweezers, one for pressing down the device and the other
to remove the filament. All reservoirs were filled with 40 pL
of culture medium for MDCK cells without geneticin, and
cells were cultured for 2 days in the incubator.

Three dimensional co-culture of neurons and glial cells in hy-
drogel compartments

An 80 um-high microfluidic chamber equipped with 4 fluoro-
carbon microfilaments (0.086 mm diameter), i.e. with 5 com-
partments, was bonded on a glass cover slip using plasma
treatment. Collagen I from rat tail, 10x PBS, sodium hydrox-
ide, ECM gel, and complete medium were mixed and kept on
ice. Cell suspension of one-fifth of the final volume was
added and mixed immediately before the introduction to the
device. The final concentration of collagen I and sodium hy-
droxide were 2 mg mL™" and 8 mM, respectively. The final
volume fraction of ECM gel was 25%. To form a cell-laden hy-
drogel slab in a transient compartment, 10 pL of hydrogel
precursor containing cells was placed next to an inlet of the
compartment, at the bottom of a reservoir. To fill the com-
partment, the solution was sucked from the other reservoir
connected to the same compartment using a 1 mL disposable
syringe. Once the compartment was filled, the device was
enclosed in a plastic box containing 1 mg mL™ EDTA to
avoid evaporation and incubated at 37 °C for 30 min in the
CO, incubator for gelation. To form continuous hydrogel
slabs, the microfilament between two slabs was removed be-
tween the gelation steps of those slabs (see Results and dis-
cussion section). The reservoirs and the remaining compart-
ments were filled with the complete culture medium and
cells were cultured in the CO, incubator.

Imaging

Sample observations were made by fluorescence microscopy
(Eclipse Ti, Nikon) equipped with a CCD camera (CoolSNAP
HQ2, Photometrics) or by confocal microscopes (LSM 510
Meta, Zeiss; TCS SP8, Leica). Images were analyzed using
Image] software.

Results and discussion
1. Principle of microfilament-based compartmentalization

A demonstration of the principle of our microfilament-based
technology to partition micro-chambers is shown in Fig. 1a.
The microfluidic device is equipped with a single transient

This journal is © The Royal Society of Chemistry 2016
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partition, i.e. a cylindrical microfilament, inserted in a main
chamber. As described in the previous section, the microfila-
ment was embedded in the device using a sewing needle so
that the paths of the filament outside the chamber and guid-
ing ducts were sealed spontaneously without leaving open
holes after filament removal. After chip assembly, the fila-
ment divided the chamber into two transient compartments,
being pinched between the chamber ceiling and the bottom
substrate. The microfilament can slide freely along the guid-
ing ducts and the chamber axis; to open the partition, the fil-
ament is simply pulled out from the device by one of its ends
(Fig. 1b). To achieve an efficient partition, the diameter of
the microfilament (94.3 + 1.4 um) was chosen slightly larger
than the height of the duct and the chamber (82.8 + 3.0 pm),
and the width of the duct (70 pm).

In order to characterize the in situ geometry of the sealing,
cross sections of the device at different stages were imaged.
The cross section of an empty guiding duct before chip as-
sembly was first obtained (Fig. 1c left). Next, the cross sec-
tions of the guiding duct and the microfluidic chamber after
chip assembly by plasma bonding were observed
(Fig. 1c middle). As shown in these images, the microfila-
ment completely filled the guiding duct and was also in di-
rect contact with the ceiling of the chamber, which was as
expected slightly deformed by the microfilament. The cross
section of the guiding duct after microfilament removal, i.e.
in the open configuration, was then observed, proving that
the duct recovered its original shape (Fig. 1c right). It was
also evidenced that the microfilament did not disturb the
bonding between PDMS and the glass substrate.

So far, up to 4 partitions could be inserted in a micro-
fluidic chamber of the same height without difficulty. Fig. S1
in ESIT shows the designs of microfluidic chambers with 1 to
4 partitions with their positions indicated. The detailed pro-
cedure to insert 4 microfilaments in a chamber, which results
in creating 5 transient compartments, is illustrated in Fig. S2
in ESL}

2. Long-term sealing efficiency

A long-term sealing efficiency of the partition was investi-
gated by observing the leakage of fluorescein from one tran-
sient compartment to the other after 24 h. A small leakage
was qualitatively observed in a standard glass-bottom device
(Fig. 2a left). The profile of the fluorescence intensity inte-
grated along the chamber is shown in Fig. 2b (i), the intensity
value being normalized to a total area sum of 100. The fluo-
rescence intensity in the right compartment due to the leak-
age was 16.4 + 9.4% of the total intensity of both compart-
ments (6 samples). This limited long-term leakage could
potentially be the consequence of incomplete sealing be-
tween the microfilament and the glass substrate, both being
hard materials. To test this hypothesis and to improve the de-
vice efficiency, the same experiment as above was conducted
replacing the bottom substrate with a PDMS-coated glass
slide (Fig. 2a right). The thickness of the PDMS layer was
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Fig. 2 Long-term sealing efficiency. (a) Fluorescence microscopy
images of a chamber divided by a microfilament with a glass slide (i) or
with a PDMS-coated glass slide (ii) as the bottom substrate, 24 h after
filling the left compartment with fluorescein solution. Leakage of fluo-
rescein is observed only with the glass-bottom chip. (b) Profiles of
integrated fluorescence intensities of the images shown in (a), normal-
ized to area sum equal to 100. Scale bar, 1 mm.

measured to be 30.2 + 0.4 um. As plotted in Fig. 2b, the elas-
tomeric property of the bottom substrate was sufficient to
achieve full sealing, as we did not observe any leakage of
fluorescein after 24 h. This result was obtained reproducibly,
proving that complete long-term sealing can be achieved by
working with a thin PDMS layer on the bottom substrate if
desired. It is worth mentioning that the presence of a PDMS
layer does not limit the use of this device for cell culture, as
demonstrated previously.”® In the following applications,
however, we use non-coated substrates only, since the sealing
efficiency of the microfilament partition is high enough (less
than 1% of leakage) for 1 h, a typical incubation time for our
experiments.

3. Triggerable chemical diffusion

Besides static compartmentalization, the removable microfil-
ament strategy can also be dynamically used in biochemical
and cellular assays, by opening the partition at the desired
time, in order to diffuse molecules from one compartment to
the other. To investigate this aspect, we confined a fluores-
cein aqueous solution in one compartment and observed its
diffusion during and after filament removal in a glass-bottom
2-compartment device. As shown in Movie S1 in ESL} the fila-
ment removal only disturbed the interface between the two
solutions on a scale of the order of the microfilament diame-
ter. A series of fluorescence microscopy images illustrate fluo-
rescein diffusion after the chamber opening (Fig. 3a). To eval-
uate the influence of microfilament removal on fluorescein
diffusion, these experimental observations were compared
with a numerical simulation. The fluorescence intensity pro-
file obtained immediately after filament removal was used as
the initial fluorescein concentration distribution in the chan-
nel section, and the diffusion of fluorescein was computed
for 120 s with its diffusion coefficient, 4.25 x 10 '° m? s *.*
The theoretical data were compared with the experimental
fluorescence intensity profiles obtained at various time
points along a transversal line of the chamber. As shown in
Fig. 3b, we obtained a good agreement between experimental
and simulation data. A small discrepancy was observed be-
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Fig. 3 Triggerable chemical diffusion. (a) Fluorescence microscopy
images of a glass-bottom chamber containing fluorescein, which was
initially introduced in the left transient compartment, before and after
removal of a microfilament. (b) Fluorescence intensity profiles normal-
ized to area sums equal to 100 at various time points, t, along a trans-
versal line in the chamber (solid lines), and the result of a numerical
simulation corresponding to t = 120 s starting from the experimental
data at t = O s (open diamonds). The simulation was performed in an
80 pm-high, 2 mm-wide, and 3 mm-long cuboid mimicking the cham-
ber. Scale bar, 1 mm.

tween the experimental curve for ¢ = 120 s (red line) and the
theoretical values (open diamonds), which might be due to
the small transversal flow filling the space of the microfila-
ment after its removal. However, the characteristic features of
diffusion are finally well conserved.

This experiment shows the potential of our method to per-
form chemical stimulation with negligible flow perturbation,
in a configuration allowing continuous recording. This can
find various applications, in particular for the chemical or
biochemical stimulation of cells sensitive to shear, or even
more fragile objects, such as giant unilamellar vesicles.*® As
described below, the device can be composed of more than
two compartments, thus enabling multi-step stimulations si-
multaneously or sequentially.

4. Surface co-coating

We further validated that the strategy was efficient enough to
compartmentalize aqueous solutions of various compositions
performing surface co-coating by means of transient
partitioning. As an example, we incubated one compartment
on a glass substrate with cell adhesive PLL-FITC and the
other with cell repellent PLL-g-PEG/TRIC, respectively, using a
2-compartment device (Fig. 4a). After removal of the microfil-
ament, a gap of a few tens of um was left between the two
coated areas, due to the coverage of the glass slide by the fila-
ment during the coating process. In order to achieve a sharp
interface, this gap was filled after filament removal with the
latter molecule by a second coating step performed in the

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 (a-c) Surface co-coating using the device on a glass slide. (a) Scheme of the experiment. (b) Confocal microscopy images of a glass sub-
strate at the bottom of the device coated with PLL-FITC (cyan) and PLL-g-PEG/TRIC (magenta). (c) Confocal microscopy images of MDCK cells ex-
pressing GFP-LifeAct (green) and their nuclei stained with Hoechst (blue), after 3 days of culture in the device coated with non-fluorescent PDL
and PLL-g-PEG/TRIC (magenta). Geneticin antibiotic selection was maintained during the experiment. (d-f) 2D cell co-culture in the device directly
placed on a culture dish. (d) Scheme of the experiment. A plastic-bottom cell culture dish was used as the bottom substrate of the device. (e)
Bright field microscopy images after seeding two different cell populations in transient compartments separated by a microfilament (left) and after
the removal of the filament (right). (f) From the left, a bright field microscopy image of cells, fluorescence microscopy images of nuclei (Hoechst),
GFP-LifeAct, and their merge, taken after 2 days of culture. Cells were cultured in a medium without geneticin selection due to the presence of
WT cells after seeding. Scale bars, 200 um (b and c¢) and 500 um (e and f).

whole chamber, as described above. Confocal images
(Fig. 4b) evidence the efficiency of this approach, displaying
a sharp interface between the two areas and a homogeneous
coating within each area. To further demonstrate the func-
tionality of the co-coated substrate, MDCK LA cells were in-
troduced into a device prepared with non-fluorescent PDL in-
stead of PLL-FITC. As expected, cells grew and covered the
adhesive surface (PDL coated area), whereas they did not ad-
here to the repellent surface, and flowed away during culture
medium supply (Fig. 4c).

This simple co-coating strategy is applicable for other bio-
polymers or proteins, as well as different substrates including
culture dishes, providing a platform that enables a direct

This journal is © The Royal Society of Chemistry 2016

comparison of cell responses on differently coated substrates
in a single chip. In contrast to previous technologies, our
strategy does not require fluidic control and provides homo-
geneously coated areas without ambiguous interface with a
gradient.>**’

5. Microfluidic two dimensional cell co-culture on a culture
dish

The same principle can be easily applied to compartmental-
ize cells in a chamber. It allows one to seed and grow multi-
ple cell populations in defined positions in a single chamber,
for instance to study intercellular communication via
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secretion, to perform invasion assays, or to perform wound
healing assays by removing the microfilament after reaching
cell confluency.”**"** To demonstrate this potential as well
as the compatibility of our approach with conventional bio-
logical supports, we used a standard polystyrene culture dish
as a bottom substrate, the cell positioning being imposed by
the microfluidic chamber and partition. The PDMS part of
the device, with its microfilament in position, was simply
pressed down on the dish bottom without any plasma treat-
ment. Therefore, the PDMS device and the culture dish were
bonded simply by van der Waals forces. Importantly, a nylon
microfilament with a smaller diameter (82.7 + 1.7 um) was
used here to keep a good contact between the PDMS and the
culture dish, which were less strongly bonded as compared
to plasma bonding. As illustrated in Fig. S3 in ESIj the hy-
drophobic property of the bottom substrate interrupted nei-
ther medium introduction nor cell seeding. No medium leak-
age was observed. In this experiment, the filament was
removed 1 h after cell seeding, when the cells adhered to the
dish but had not started proliferating (Fig. 4d and e). At 2
days in vitro (DIV), cells proliferated and covered the whole
substrate in the chamber, while preserving the initial
partitioning of the populations (Fig. 4f).

As demonstrated here, one can easily integrate the device
into standard cell culture processes, owing to the versatility
of our approach regarding the material of the bottom sub-
strate. This simple strategy provides new miniaturized plat-
forms for 2D cell co-cultures embedded in microfluidic de-
vices with controlled microenvironments, with the possibility
to remove the partition at any moment, to seed cells at differ-
ent time points, and/or to vary the density of cells as needed
for instance for cell competition assays. The simplicity of the
approach, and in particular the possibility to operate it with
a device reversibly bonded to a substrate, also opens new op-
portunities for biopatterning protocols involving complex
and time-extended processes.

6. Three dimensional co-culture of neurons and glial cells in
hydrogel compartments

Finally, to meet the growing demand to create biomimetic
cellular microenvironments, as stated above, the potential of
our approach to obtain parallel cell-laden hydrogels for 3D
cell co-culture has been investigated. In particular, we
performed in a 5-compartment configuration a 3D co-culture
of mouse primary neurons and glial cells, embedded in ECM-
mimicking hydrogels at well-defined positions. A 2.2 mm-
wide chamber was split into five 500 um-wide channels
connected to reservoirs at both ends (Fig. 5a left). In this
case, instead of narrow guiding ducts, the channel walls
served as guiding structures for the microfilaments. As illus-
trated in Fig. 5a, firstly, the 2nd and 4th compartments were
filled with a hydrogel precursor containing neurons prior to
gelation at 37 °C for 30 min in the CO, incubator. Next, the
3rd compartment was filled with a hydrogel precursor
containing glial cells. Prior to gelation of the newly-
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introduced hydrogel precursor, the microfilaments separating
hydrogels from the middle phase were removed so that the
precursor was in contact with the gel phases. Once the mid-
dle phase was gelled, the 1st and 5th compartments were
filled with complete culture medium, followed by removal of
the remaining filaments. All reservoirs were filled with the
complete medium during cell culture.

As shown in Fig. 5b, at 6 DIV, the two populations of
neurons in the 2nd and 4th compartments have formed a
network of neurites that reached each other across the cen-
tral glial compartment (enlarged image in ESI} Fig. S4).
Moreover, glial cells in the middle compartment formed
clusters along the neurites, and partially migrated into the
neuron compartments. To further observe the 3D distribu-
tion of these cells, we performed confocal microscopy obser-
vations. As shown in Fig. 5c and d, both neurons and glial
cells were distributed along the height as well as in lateral
directions, interacting with each other. These results clearly
demonstrate that continuous hydrogel compartments were
successfully formed, enabling the cells from different com-
partments to mutually interact and to form a 3D network
structure in the device. A perhaps more evident representa-
tion of the height distribution of the neurons is shown in
Fig. 5e, where it can be observed that they partially reach the
ceiling of the chamber. Compared to neurons, glial cells
tended to be closer to the bottom surface in this condi-
tion, due to their higher density as seen in
Fig. 5d bottom left. Nonetheless, although there were glial
cells adhering partly or completely to the bottom substrate,
part of the population was entirely embedded in ECM. Inter-
estingly, some of those cells formed protrusions in all direc-
tions, a characteristic shape of astroglia (Fig. 5f). Moreover,
we observed a clear co-localization of a neurite (or a bundle
of neurites) and glial cells directly in the hydrogel matrix
(Fig. 5g). Fluorescence of the glial cells corresponding to
GFP-Lifeact confirms the presence of significant amounts of
actin in the glial cells along the neurite. It is worth mention-
ing that actin indeed plays an important role in the
myelination of axons by glial cells.** Such a phenomenon is
difficult to reproduce in a 2D culture, where all the cells are
tightly adhering on a substrate. In contrast, our system en-
ables to form a complex 3D network of these cell types in a
spatially controlled manner.

This method presents the advantage of not being sensitive
to the viscosity of the hydrogel precursors, gelation tempera-
ture or gelation time, nor to the wettability of the chamber
surface, making it universally applicable to a wide variety of
hydrogels. To highlight this advantage, we achieved hydrogel
compartments from rat tail collagen I at different densities
in a 3-compartment device. As shown in Fig. S5 in ESLj colla-
gen networks with different properties were formed uni-
formly in each compartment, while being in direct contact
with each other (see Text S1 in ESIT for the method). Increas-
ing the chamber height is also an interesting option, allowing
not only an increase in the number of cells embedded in the
hydrogel, but also the use of the device for embedding larger

This journal is © The Royal Society of Chemistry 2016
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microscopy image of the chamber with neurons (tdTomato, cyan) and glial cells (GFP-Lifeact, magenta) at 6 days in vitro (DIV). The numbers on
the image correspond to those in (a). (c) 3D reconstruction of confocal images of neurons (cyan) and glial cells (magenta) at the middle of the
chamber at 6 DIV. (d) Separate 3D reconstructions of glial cells (top left) and neurons (top right) images identical to (c), and those with depth-
coding colors (bottom). (e) 3D reconstruction of confocal images of neurons at a higher magnification with depth-coding colors. (f) 3D reconstruc-
tion of confocal images of glial cells at a higher magnification with depth-coding colors. (g) Confocal microscopy images of glial cells (left), neu-
rons (middle), and their merge (right) at the height of 18 um from the bottom of the device at 6 DIV. Arrowheads indicate the co-localization of glia

and neuronal protrusions. Scale bars, 500 um (b), 100 um (c-e and g), and 20 um (f).

cellular structures, such as spheroids, tumoroids, and
organoids. In this context, we fabricated a 300 um-high bo-
vine collagen I slab in a newly designed chamber (ESI} Fig.
S6). The slab sandwiched by aqueous phases was stable after
microfilament removal, and presented a sharp interface.

By taking advantage of these features, the microfilament
approach can be applied to a wide range of studies, such as
cellular response to hydrogels with different rigidities or
compositions in a single chamber, communications between
separate cell populations via secretion or mechanical forces,
and 3D reconstitution of biomimetic cellular architectures
with multiple cell populations in the context of organ-on-a-
chip devices. The unique versatility of our approach provides
an easy solution for such studies, previously difficult with

This journal is © The Royal Society of Chemistry 2016

other techniques, limited by hydrogel or surface properties
and by complex handling.>**"*

Conclusions

In this study, we described a strategy to transiently create dif-
ferent fluidically isolated domains in microfluidic chambers,
and remove these partitions at arbitrary times. Its successful
applications ranging from molecular compartmentalization
to 3D cell co-culture were demonstrated. This strategy pre-
sents various advantages with regards to previous ones in-
volving pressure-controlled valves, laminar flow or
multiphasic fluids. First, the microfabrication is simple: it re-
quires neither multilayer lithography, nor alignment. Second,
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it allows the creation of sharp interfaces on centimeter
lengths, and high aspect ratio boundaries. The method is
also insensitive to the composition or viscosity of the fluids
to compartmentalize, making it robust and easy to imple-
ment. By adding a thin layer of PDMS on the bottom sub-
strate, a complete sealing of the compartments by the parti-
tion can be achieved for days. The technology is also versatile
regarding the substrate: we could use glass slides and plas-
tic-/glass-bottom cell culture dishes as a substrate, with and
without plasma bonding, thus providing a high flexibility re-
garding assay format and surface treatments. All the steps of
chip preparation, sample introduction, and partition removal
were easy to perform, making the technology robust and ap-
plicable in a wide range of environments, including biology
laboratories without sophisticated microfluidic tools. Since
surface treatment or hydrogel formation is performed in
flow-free conditions, reagents consumption is very limited.
Finally, as compared e.g. to pressure-based valves, the device
can be handled manually, and does not require connection
to a pressure source. It can thus be handled and stored freely
before or after partition removal. This is a key advantage in
particular for cell biology experiments, in which a multiplicity
of devices must be kept in an incubator for long periods of
time, and intermittently transported e.g. to a microscope
equipment for inspection. In addition, if desired, the number
of compartments can be further increased by working on an
incremental design of ESIf Fig. S6, i.e. by placing straight
compartments and guiding ducts alternately.
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