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Introduction

Microfluidic large-scale

integration

Upscaling of pneumatic membrane valves for the
integration of 3D cell cultures on chip

Nina Compera,® Scott Atwell,? Johannes Wirth,?
Bernhard WolfrumP® and Matthias Meier @ *2°

Microfluidic large-scale integration (mLSI) technology enables the automation of two-dimensional (2D) cell
culture processes in a highly parallel manner. Despite the wide range of biological applications of mLSI
chips, manufacturing limitations of the central functional element, the pneumatic membrane valve (PMV),
make the technology inaccessible for integrating tissue cultures and organoids with dimensions larger than
tens of microns. In this study, we developed microtechnology processes to upscale PMVs for mLSI chips
by combining 3D printing and soft lithography. Therefore, we developed a robust soft lithography protocol
for the production of polydimethylsiloxane chips with PMVs from 3D-printed acrylate and wax molds.
While scaled-up PMVs manufactured from acrylate-printed molds exhibited channel profiles with
staircases, owing to the inherent 3D stereolithography printing process, PMVs manufactured from reflowed
wax molds exhibited a semi-half-rounded channel profile. PMVs with different channel profiles showed
closing pressures between 130 and 22.5 kPa, respectively. We demonstrated the functionality of the
scaled-up PMVs by forming and maintaining 3D cell cultures from mouse fibroblasts (NIH3T3), human
induced pluripotent stem cells (hiPSCs), and human adipose-derived adult stem cells (hASCs), with a
narrow size distribution between 124 and 136 um. Further, parallel and serial design of PMVs on an mLSI
chip is used to first form and culture 3D cell cultures before fusing them within a defined flow process. Unit
cell designs with upscaled PMVs enabled parallel formation, culturing, trapping, retrieval, and fusion of 3D
cell cultures. Thus, the presented additive manufacturing strategy for mLSI chips will foster new
developments for highly parallel 3D cell culture screening applications.

elements and corresponding chip production technology for
the integration of 2D cell cultures rapidly evolved because the
working dimensions of microfluidics (tens of microns)

(mLSI) enables the

automation of cell culture processes in a highly parallel
manner, with precise spatiotemporal control of the cellular
microenvironment." mLSI platforms have been utilized for
various cell culture processes, including high-throughput
single-cell analysis," standardized stem cell differentiation,®
protein signaling analysis,® conditional transcriptomics,” and
cell-to-cell interaction analysis.® To date, the majority of mLSI
applications utilize traditional two-dimensional (2D) monolayer
cell cultures, which provide robust, cost-effective, and
repeatable access to cell screening assays. For the integration
of 2D cell cultures on mLSI platforms, the surface chemistry
and microenvironmental parameters, including oxygen, pH,
and nutrients, must be controlled. The channel design
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matched with the needs of the 2D cell culture. With the
increasing progression of cell culture technology, three-
dimensional (3D) cell cultures have gained more attention
because of their close similarity to in wvivo tissue
microenvironments.” ™" Although mLSI chip platforms have
recently been used for the analysis of 3D cell cultures on-chip,'
the technology is hampered because of a lack of production
methods for scaling up flow channel heights above 100 pm
and, thus, to sizes required for processing 3D cell cultures.

The central functional element of the mLSI chip
technology is the integrated pneumatic membrane valve
(PMV),"* which enables the development of complex flow
logic. PMVs are built by two orthogonally intersecting
channels, namely, one flow channel and one control channel,
separated by a thin flexible membrane. Through
pressurization of the dead-end control channel, the thin
membrane deflects, which restricts the fluid flow in the
corresponding fluidic channel. PMVs can be manufactured in
push-up or push-down configurations. Push-down PMVs offer
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the possibility of biochemically functionalizing the substrate
surface before mounting the microfluidic device, while push-
up PMVs have the advantage of lower closing pressures.

Regardless of the valve configuration, a half-rounded
cross-sectional geometry of the flow channel is required for
leak-free valving. Multi-layer soft lithography' with
polydimethylsiloxane (PDMS) has evolved as the preferred
fabrication strategy for mLSI chips. It comprises
photolithography processes for the fabrication of replica
molds, which are subsequently used for casting separate chip
layers with PDMS. However, photolithographic techniques
only enable the production of rectangular channel profiles.
To yield half-rounded cross-sectional shapes, photoresists
were reflowed at increased temperatures in a post-processing
step. Only positive photoresists can be subjected to a reflow
process.'* However, this material property is accompanied by
several limitations regarding the chemical and thermal
stabilities restricting achievable channel heights to a
maximum of a few tens of micrometers in traditional
processes.">™"” Therefore, the fabrication of replication molds
for complex mLSI chip platforms that incorporate various
channel heights and cross-sectional geometries is limited by
the inherent material properties of available photoresists."
The channel height limitation of the photolithography
production method for mLSI chips has been addressed by
manufacturing PDMS casting molds using e.g. backside
photolithography,'* deflection of flexible membranes,"® or
micro-milling."> However, design alterations, prolonged
production times, and availability of high-precision mills
restrict these approaches. Thus, new production methods are
required to enable the accessibility of mLSI technology for
3D cell culture, including organoids and whole tissue
structures with sizes higher than 50 pum.'®"?

Additive production technology is an attractive alternative
fabrication method for soft lithography replica molds**>?
because of its high design flexibility, rapid prototyping, and
achievable aspect ratios of up to 37:1.%* Standard commercial
3D printers in the digital light processing (DLP) mode achieve
XY pixel resolutions of 25-40 pm, which makes them applicable
for microfluidic mold fabrication**® and for the direct printing
of functional components, such as PMVs.?>*”*® In contrast to
the direct printing approach, 3D printing of molds provides
numerous advantages of 3D printing technology while
maintaining the desirable material properties of PDMS, such as
biocompatibility and oxygen permeability. Early development
has focused on the implementation of single-layered PDMS-
based microfluidic devices with 3D-printed molds.*"** Despite
all the technological advances achieved by DLP 3D printers, the
mutual dependence of the building size and pixel resolution
While 3D printers, based on two-photon
polymerization, exhibit sub-micrometer pixel resolution, their
building sizes are low. In summatry, for intermediate resolutions
attributed to microfluidic chip technologies for 3D cell culture
studies, optimization of 3D printing processes is required.

In this study, we developed an additive production process
for fabricating mLSI casting molds. This process enables the

remains.
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upscaling of PMVs for channels with heights higher than 50
pum. To do this, we first established robust soft-lithography
workflows to produce multi-layer mLSI chips using 3D-printed
molds, including surface coatings. Surface staircase effects due
to the inherent layer-printing processes with limited Z
resolutions of DLP printers diminished the operating range of
the PMVs. By systematically investigating grayscale light
exposure for acrylate-based printing resins and a reflow process
for wax-based molds, the staircase effect was reduced. The
closing pressure and leakage rates of the PMVs fabricated from
acrylate and wax molds were systematically characterized. In
the following, the upscaled PMVs are exploited to design mLSI
unit operations for the formation, trapping, retrieving, and
fusing of 3D cell cultures.

Experimental section
Master mold fabrication

Flow master molds were 3D-printed using a DLP
stereolithography printer (Pico2HD, Asiga, Australia). Molds
were printed with the commercially available resins PlasGRAY
or SuperWAX (Asiga, Australia), with printing parameters (e.g.
light intensity, exposure time) according to the manufacturer's
material file. The printing layer thickness and post-processing
protocols were adjusted to achieve optimal PDMS molding
results with each of the two resins. PlasGRAY molds were
printed as negative molds (extruding channels) with a layer
thickness of 10 pm. For post-processing, the PlasGRAY parts
were cleaned with isopropyl alcohol and cured in a flash-curing
device (Otoflash G171, NK-Optik, Germany), according to the
manufacturer's recommendations.

SuperWAX molds were printed as positive molds
(intruding channels) with a layer thickness of 25 pm, which
was the minimal possible layer thickness for the resin. The
SuperWAX molds were cleaned to remove the residual
uncured resin by sonication in prewarmed isopropyl alcohol
(30-35 °C) for 20 s, followed by rinsing with distilled water.
Once dried, the molds were placed on a hotplate set to 50 °C
for 3 min to reflow the channels. Subsequently, a negative
mold was manufactured by casting Durosil® (Detax GmbH &
Co. KG, Germany) using a SuperWAX mold. Durosil silicone
was cured for 24 h at room temperature before being released
from the SuperWAX mold.

Master molds for the control layer of the mLSI chips were
fabricated according to the standard SU-8 (SU-8 3050;
Microresist ~ Technology, = Germany)  photolithography
protocols.”> To prevent PDMS adhesion onto PlasGRAY,
Durosil®, or SU-8 molds, their surfaces were permanently
coated with CYTOP™ (AGC Chemicals, Japan), which is an
amorphous inert fluoropolymer. Molds were either spin-
coated (SU-8 molds) or dip-coated (Durosil® and PlasGRAY
molds) on the surface with a thin film of CYTOP (<1 pm).
The CYTOP-coated SU-8 mold was heated to 160 °C for 1 h,
while the CYTOP-coated PlasGRAY and Durosil® molds were
incubated on a hotplate for 8 h at 80 °C to evaporate the
CYTOP solvent.

Lab Chip, 2021, 21, 2986-2996 | 2987


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1lc00194a

Open Access Article. Published on 18 June 2021. Downloaded on 7/14/2025 12:27:42 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Chip fabrication

All mLSI platforms were fabricated using multilayer soft
lithography'® using 3D-printed flow and SU-8 silicon control
molds. The upper flow layer was manufactured by casting a
thick PDMS (Sylgard® 184, Dow Corning, MI, USA) layer (ratio
5:1 of base material to curing agent) onto the 3D-printed mold,
while the lower control layer was fabricated by spin-coating a
thin PDMS layer (20:1 ratio) onto the SU-8 mold. Both layers
were partially cured for 20 min at 80 °C. The flow layer was
released from the mold and aligned with the control layer. The
assembled mLSI device was post-baked for 45 min at 80 °C to
enable off-ratio PDMS bonding. Finally, the mLSI device was
sealed with a cover glass after oxygen plasma activation and
baked for another 60 min at 80 °C.

Surface measurements

Surface measurements on 3D-printed flow master molds were
performed using a confocal laser scanning microscope (VK-
X250; Keyence, Japan). Confocal images were then analyzed
using MATLAB (R2019a; MathWorks, MA, USA) to obtain the
flow channel profiles.

PMV design and characterization

The PMVs consisted of two orthogonally intersecting
channels separated by a thin PDMS membrane. For this
purpose, the PMVs were designed in the push-up
configuration. While channels on the upper flow layer
had widths and heights of 400 and 200 pm (aspect
ratio height to width of 1:2), the channels on the lower
control layer had widths and heights of 600 and 100
pm, respectively. The PMV closing pressures decrease
with increasing channel cross-section.”> Therefore, the
control channels are scaled by a factor of 1.5 compared
to the flow channels. The closing pressures of the PMVs
were determined by measuring the fluid flow rates
under the defined driving pressures. The control channel
lines were filled with water and connected through
tubing to individual solenoid valves. The solenoid valves
were pressurized with defined air pressures (pee)
between 0 and 200 kPa. The flow inlet ports were
connected through Tygon tubing (ND 100-80; Proliquid,
Germany) to gas-tight bottles filled with deionized water.
Each water bottle was pressurized with air (pguq) using
a flow control unit (Flow EZ™; Fluigent, France). The
outlet port was connected to an 80 cm-long tubing
(inner diameter: 0.508 mm), which was maintained at
atmospheric pressure. The PMV closing pressure was
determined by incrementally increasing p.., typically by
50 kPa. Concomitantly, the flow rate in the fluid
channel was measured using two different methods to
screen a large range of flow rates. Flow rates =20 pL
min' were measured using a flow sensor (Flow Unit L,
Fluigent). Flow rates <20 pl, min' were determined by
measuring the distance traveled by the meniscus of the
liquid in the connected tubing for a specific period. The
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corresponding volumetric flow rate was then calculated

be

. dA
using Q:% Here, Q denotes the flow rate (uL

min™"), d is the distance traveled by the liquid (mm), Appe is
the cross-section of the tubing (0.20268 mm?), and ¢ is the time
(typically 30 min) between the start and end of the
measurement. The readout accuracy of the flow sensor was
+1.5 pL min™', while the readout error of the distance
measurement was calculated relative to the flow rate (AQ =
0.04*Q + 0.002 uL min~'), ranging from 0.002 uL min~" to 0.8
uL min~* for flow rates from 0 uL min™* to 20 uL min™. The
measurements of each valve were performed independently, at
least in triplicate (n = 3). Before the start of each measurement,
the PMVs were opened and closed at least once to avoid bias
due to the remaining pressure in the device.

Flow analysis of the mLSI cell trapping unit

Flow characterization of the cell trapping unit was performed
with the help of a particle tracking experiment. Therefore,
2.55 um polystyrene beads (PS-F-B237-1; microParticles
GmbH, Germany) were flushed through the unit chamber of
the mLSI chip. The trapping valve pressure was increased
incrementally, typically in steps of 6.9 kPa, and the particle
flow was recorded on an AxioObserver (Zeiss, Germany), with
a frame rate of 728 fps. Prior to each measurement, the PMVs
were opened and closed at least once to avoid bias due to the
remaining pressure in the device. A constant fluid forward
pressure of 25, 35, or 45 mbar was applied during the
measurements. Recorded data were subsequently analyzed in
Image] (v1.52p), using the TrackMate®® plugin and exported
to MATLAB for visualization and flow rate calculations.

3D cell culture on-chip

All cell types were maintained in routine 2D cell culture
before used for on-chip experiments. To create two differently
fluorescently labeled fibroblast cell lines, NIH3T3s were
stably transfected with Scal-digested pCAG Kosak-Venus and
PCAG Kosak-Cherry plasmid DNA using Lipofectamine 3000
(Thermo  Fisher), according to the manufacturer's
instructions. Transfected cells were selected using 1 pg mL™"
puromycin for two weeks before expansion and maintenance
in normal growth medium (DMEM + 10% fetal bovine serum
(Corning, NY, USA)). Human induced pluripotent stem cells
(hiPSCs) and human adipose-derived stem cells (hASCs) were
maintained in mTeSR™ Plus (StemCell Technologies,
Canada) + 1% penicillin-streptomycin and subcutaneous
preadipocyte growth medium (PM-1; ZenBio, NC, USA),
respectively. Prior to use in cell experiments, the chip was
coated with 10% Pluronic F127 (Sigma Aldrich, MO, USA) for
at least 24 h to minimize cell attachment to the PDMS. The
cell culture medium was introduced 30 min before seeding to
allow for equilibration. To seed cells, 3-5 x 10° cells in
approximately 50 pL of the respective culture medium were
transferred as a single-cell suspension on-chip. For the
fibroblasts, we first seeded mCherry-labeled NIH3T3s in

This journal is © The Royal Society of Chemistry 2021
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formation chamber row 1, followed by actuation of the
trapping valves in row 1 and a medium rinse of all fluidic
channels containing the cell material. We then seeded the
Venus-labeled NIH3T3s in row 2, actuated these trapping
valves, and cleaned all channels of the remaining, non-
trapped cells. When hiPSCs or hASCs were used, we seeded
them successively in formation chamber rows 1 and 2, before
actuating the trapping valves and rinsing all channels with
medium. The control pressure for the trapping valves was set
to 207 kPa to minimize cell loss during rinsing. Trapped cells
were allowed to rest and aggregate for 4 h before the first
feeding cycle. During the first feeding, the trapping valve
(140-170 kPa) and fluid forward pressure (ranging from 25 to
45 mbar) were adjusted manually based on visual inspection
of the cell-trapping site to ensure fluid passage while keeping
the spheroid trapped. Thereafter, these parameters were kept
constant, and cells were automatically fed every 2-4 h for 10
s, depending on the cell type, using a custom-written
MATLAB script. Media bottles were replenished every 24 h.
Human iPSC culture media was supplemented with ROCK
inhibitor (Y-27632; Apexbio Technology, TX, USA) for the first
24 h, but removed for subsequent maintenance. Other cell
types were cultured in standard growth media on-chip.

Microscopy and image analysis

Bright-field images were acquired with 2.5x and 10x (Plan-
Apochromat) objectives on a Zeiss AxioVert. An epifluorescent
microscope (AxioObserver, Zeiss) was used to record the
fluorescent images. Image analysis and statistical evaluation
were performed using Image] and MATLAB. Values are
represented as mean + SD for three independent experiments
(n = 3) unless stated otherwise.

Results and discussion

Upscaling PMVs by soft lithography using 3D-printed master
molds

A central requirement for soft lithography using 3D-printed
molds is to enable the curing and release of PDMS from
mold surfaces. During the direct soft-lithography prototyping
of PDMS, using 3D-printed molds, contact inhibition of
PDMS curing was observed in this study and previous
studies.*****" This problem originates from the non-
crosslinked monomers on the surface and in the bulk of the
mold.>*** Postprocessing steps, including bulk material
heating and temporary surface coating with anti-adhesive
agents, improved the soft lithography of PDMS using the 3D-
printed molds. The anti-adhesive coating did not fully
overcome the PDMS release problem because molds require
frequent re-coating.>**%** Thus, we evaluated a simple
fluoropolymer surface coating to overcome the contact
inhibition of PDMS curing on 3D-printed parts. CYTOP™, an
epoxy-based amorphous fluoropolymer, has been developed
for coating silicon wafers to enable long-term usage®* and
has been successfully applied as a releasing agent for
PDMS.*>*® Plasma activation and subsequent dip-coating of
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the 3D-printed molds in a 2% solution of CYTOP™ (CTL-
809M diluted in CT-SOLV180) increased the water contact
angle, compared to the non-coated surface from 76° to 88°.
The increased surface hydrophobicity of the CYTOP-coated
3D-printed molds enabled complete polymerization and easy
removal of the PDMS casts. Notably, the first PDMS cast from
the CYTOP-coated mold could not be plasma-bonded.
Repetitive usage of the same mold for PDMS casting and
demolding up to 30 times led to no noticeable wear-off of the
surface coating.

The second challenge in manufacturing mLSI chips using
3D-printed molds is the inherent layering nature of DLP
printers.*” The flow channels on mLSI chips require a half-
rounded channel profile to be closed by PMVs. DLP printers
applicable to microfluidics exhibit Z resolutions of
approximately 5-50 um.*®3° At these Z-printing resolutions,
the channels on the molds exhibit a step-like rather than a
perfectly half-rounded profile (Fig. 1A). Printed features are
discretized in slices with defined thicknesses, resulting in the
so-called staircase effect on the printed feature surface.*'*
To investigate whether the staircase effect impaired the PMV
function (Fig. 1B), we produced a two-layered microfluidic
chip with one straight flow channel and three consecutive
PMVs (width: 400 pm, length: 600 um) in the push-up
configuration. Bright-field images of the valve compression
area at control pressures of 50, 100, and 200 kPa are shown
in Fig. 1C. At 50 kPa, the valve membrane closed the flow
channel only at the center of the compression area (Fig. 1C,
indicated by the red arrow). Meanwhile, at 200 kPa, only thin
lines at the sidewalls (Fig. 1C, indicated by white bars) of the
channel remained. These lines indicate openings induced by
the staircases on the channel surface. A similar observation
during the production of sieve valves has been reported,
which are PMVs incompletely closing flow channels with a
squared channel profile.!

To investigate and mitigate the staircase effect on PMV
closure, we used two strategies: (1) reducing the staircase
edges by grayscale light exposure (anti-aliasing) during the
3D printing process’>™** and (2) an alternative wax-based
printing resin, which can be reflowed in a postprocessing
step analogous to positive photoresists in traditional
photolithography,” to obtain perfectly rounded flow channels.
Anti-aliasing is a method of encoding individual pixels of a
DLP printing slice in grayscale values (Fig. 1D (ii)) instead of
the black and white pixels (Fig. 1D (i)). This method leads to
a rounding effect on the features during printing. Using anti-
aliasing, the flow channel surface was significantly smoothed
on the 3D-printed molds (Fig. 1E). Consequently, the
staircase effect was minimized (Fig. 1F).

An alternative manufacturing process for upscaled PMVs
and removal of the staircase effect is to implement a reflow
process analogous to the post-processing of positive
photoresists. The acrylate-based printing resin exhibits a
glass transition temperature of 84 °C. However, post-backing
acrylate 3D-printed parts above their glass transition
temperature led only to warpage and deformation of the
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Fig. 1 Optimization of 3D printing workflows for the upscaling of PMVs, using an acrylate-based printing resin. (A) PMV fabrication process using
a 3D-printed negative mold for soft lithography. The inherent layering of the 3D printing process causes an approximation of rounded features on
the flow mold, leading to a staircase effect on the flow channel's surface. Scale bars: 5 mm. (B) Open (top) and closed (bottom) states of a push-
up valve for the staircase flow channel profile. (C) Valve closure on a staircase flow channel for increasing control pressures. The red arrow and
white bars indicate sufficient and insufficient membrane sealings, respectively. Scale bars: 100 um. (D) Slicing images of an extruding half-rounded
flow channel (i) without and (ii) with grayscale light exposure (anti-aliasing). (E) Surface profile of the flow channel on a mold printed (i) without or
(ii) with anti-aliasing. Scale bars: 200 um. (F) PDMS channel cross sections casted from molds that were printed (i) without and (ii) with anti-aliasing.
The staircase effect is significantly decreased on molds printed with grayscale light exposure. Scale bars: 100 um.

parts without the reflow of staircases. Therefore, we evaluated
the performance of the wax-based printing resin for the
fabrication of PDMS replica molds. Wax resins have melting
temperatures between 40 and 60 °C (SuperWAX, tyec = 50 °C)
and are, thus, applicable for a reflow process.

To test this approach, we printed a negative mold with
a wax resin (SuperWAX, Asiga) and then placed the wax
molds (total thickness: 3 mm) for 3 min at 50 °C onto a
glass slide to reflow the channels (Fig. 2A (i) and (ii)).
Therefore, the printed features faced upward. Indeed, the
reflow  process resulted in half-rounded channel
geometries without an apparent staircase effect (Fig. 2B).
casting of PDMS using the 3D-printed wax
molds was not possible because of the contact curing
inhibition reaction between the wax and PDMS. The
CYTOP coating of the wax mold did not overcome this
problem, presumably owing to the rapid exchange of wax
molecules between the bulk and surface areas. Therefore,
a double-casting process was introduced (Fig. 2A). First, a
positive mold was printed using SuperWAX. The mold
was thermally reflowed to remove the staircase effect
(Fig. 2C) and then replicated with silicone (Durosil®),
which was cured on the wax mold at room temperature
for 24 h. The negative silicone mold was then coated
with CYTOP and subsequently used to cast the PDMS.

However,

2990 | Lab Chip, 2021, 21, 2986-2996

Next, we characterized and compared the closing behavior
of upscaled PMVs fabricated using either the anti-aliased
acrylate-based or reflowed wax-based molds. Bright-field
images of the valve compression area acquired with an
increase in the actuation pressure are shown in Fig. 3A.
While the PMVs fabricated from the reflowed wax mold
visibly closed the flow channel at 50 kPa, the PMVs fabricated
from the anti-aliased acrylate mold closed the flow channel
at a pressure of 200 kPa. The pressure dependence of the
PMV closing state was determined wusing flow rate
measurements (Fig. 3B). The mean flow rates within an
unrestricted channel cast from an anti-aliased and reflowed
wax mold at a driving pressure of 14 kPa were 982 and 949
uL min~', respectively. These flow rates evoke flow velocities
of about 250 mm s ' in the fluidic channel, which are at least
one order of magnitude higher than those generally required
for mLSI cell culture devices.**™**

The closing pressure of the PMVs for a flow channel with
a semi-half-round profile, cast from the reflowed wax mold,
was 30 kPa at a counteracting flow pressure of 14 kPa. This
measured value is slightly higher than the theoretical closing
pressure, which can be approximated using a thick spring
model.> Assuming a Young's modulus of 750 kPa*® for the
PDMS membrane (10:1 ratio), the thick spring model
predicts a closing pressure of 20.5 kPa. The slight offset can

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Generation of flow channels without staircase effect using 3D-printed wax molds. (A) Double casting workflow to obtain PDMS replicate
from 3D-printed wax molds: (i) 3D-printed SuperWAX mold with intruding flow channels. (ii) Reflow of the mold at 50 °C to remove the staircase
effect. (iii) Durosil® negative of the reflowed wax mold. (iv) Cross-section of the PDMS layer cast using the Durosil® mold. Scale bars: 5 mm (i and
i), 100 pum (iv). (B) Extruding flow channel on a 3D-printed wax mold (i) before and (i) after the reflow. Scale bars: 100 um (C) profile of an
intruding flow channel (i) before and (ii) after the reflow of the SuperWAX mold. The thermal reflow step removed the staircase effect on the

casting mold.

be explained by the boundary conditions of the model,
which was developed using the data of mLSI chips with
smaller channel dimensions.” In comparison, the PMVs
actuated with a control pressure of 30 kPa on channels
with a minimized staircase profile only decreased the flow
rate by a factor of 2 (458 uL min™"; Fig. 3B) but did not
reach a closed state. Only upon increasing the control
pressure to 200 kPa, a closing state with a reduction in the
flow rate by a magnitude of 10° compared to the open state
was achieved. Thus, at actuation pressures of 200 kPa or
higher, the leakage of the PMV fabricated from an anti-
aliased mold is negligible, and the valve can be considered
fully closed.

A Anti-Aliased

0 kPa

Flow Rate [uL/min]

Control Pressure [kPa]

200 kPa 100 kPa 50 kPa

E Anti-Aliased _ § _Reflowed
Mold Wax Mold

Fig. 3 PMV closing pressure characterization. A fluid forward
pressure of 14 kPa was applied to characterize the rates of flow
through PMVs, which were either fabricated by a 3D-printed anti-
aliased flow mold or a reflowed wax mold. (A) Bright-field images of
the closure of both valves for applied control pressures of 0, 50, 100,
and 200 kPa. Scale bars: 100 um. (B) Flow rates through PMVs for
increasing control pressures.

This journal is © The Royal Society of Chemistry 2021

PMV-assisted formation of 3D cell culture on mLSI chip
platforms

To demonstrate the integration of the upscaled PMVs for 3D
cell culturing on mLSI platforms, we first designed and
characterized a functional unit cell for the formation, culturing,
and trapping of 3D cell cultures. Unit cells can be arrayed for
parallel processing on mLSI chips, with standard multiplexing
design elements. Pneumatic structures have been exploited for
the formation, culturing, and trapping of 3D cell cultures
before. The prominent examples for this purpose are U-shaped
PMVs,””*®  microwells,” or bar-shaped gate structures.>
Common in all designs is that they either show a complex
operational process or have low application flexibility upon
integration into multilayered PDMS platforms. To offer an
alternative workflow for handling 3D cell cultures on mLSI, we
exploited the sieve-like closing behavior of PMVs on channel
profiles, with residual staircase profiles, when actuated with
pressures below the closing state. Fig. 4A shows the working
principle of the unit cell design. The unit cell comprises three
bifurcating flow channels and two PMVs for separating a cell
culture volume of 0.1 pL. While the two side channels had
widths and heights of 100 pm and 50 pm, respectively, the
center channel had a width and height of 300 um and 200 pm,
respectively. The cell culture volume of the unit cell and the cell
density of the seeding solution determine the diameter of the
resulting 3D cell culture. Here, to avoid quiescent or necrotic
zones in the center, the unit cell structure was designed to
initiate 3D cell cultures with diameters below 200 pm.**”3

For the 3D cell culture formation step, a high-density
single-cell suspension was flushed through the unit cell until
the center channel was filled. Subsequently, the PMVs were
fully closed, and non-trapped cells in the side channels were
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Fig. 4 PMV-assisted formation of 3D cell cultures on mLSl chip
platforms. (A) 3D cell culture formation principle: single cells are
introduced and trapped upon actuation of the two trapping valves. Rinsing
of residual cells on the sides ensures localized 3D cell culture formation in
the trapping region, and then cells start to self-aggregate. To release the
formed aggregate, actuation of the trapping valves is stopped. (B) Flow
analysis of the cell trapping site by particle tracking velocimetry (PTV).
Varying the control pressure of the trapping valves between (i) 0, (i) 69,
and (iii) 138 kPa allows for adjusting the flow velocity profile within the cell
trapping site. Scale bar: 250 um. (C) Flow rate inside the trapping region
for increasing control pressures of the trapping valves and varying fluid
forward pressures based on the PTV data. (D) Representative brightfield
images of the self-aggregation of human adipose-derived adult stem cells
(hASC) inside the trapping region for different time points after seeding.
Scale bar: 100 um. (E) Brightfield images of 3D cell cultures of NIH3T3s
and human-induced pluripotent stem cell (hiPSC) 24 hours after seeding.
Scale bars: 250 um, 50 pm (insets). (F) Diameters of 3D cell cultures of
different cell types formed on-chip 24 and 48 hours after seeding. The
middle line in the boxes marks the median diameter, while the bottom
and top edges of the boxes indicate the 25th and 75th percentile values.
Outliers (>1.5 x interquartile range) are presented as circles.

rinsed out. 3D cell cultures were formed by self-aggregation.
For the long-term culturing process, the control pressure of
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the PMVs was decreased, and the sieve-like behavior of the
trapping valves enabled feeding under low shear stress
conditions. The open state of the PMVs allowed retrieval of
the 3D cell culture.

We measured the flow velocity profile across the cell-
trapping site by particle tracking to characterize the unit cell
design. Fig. 4B shows the flow profile within the trapping site
at changing actuation pressures of the trapping valves and
constant fluid pressure. In the PMV open state, a fluid
forward pressure of 25 mbar or 45 mbar evokes a mean flow
rate at the cell trapping site of 0.6 pL s ' or 0.7 uL s,
respectively. At a control pressure of 140 kPa, the flow rate
was reduced by approximately 40%. The closed state was
reached at a closing pressure of above 200 kPa.

Thereafter, we investigated the homogeneity and
reproducibility of the 3D cell culture formation process in the
unit cell for three different cell types. All the investigated cell
types showed self-aggregation within the first 2-4 h after
seeding (Fig. 4D) and formed a compact, spherical
morphology with distinct borders within 24 h. Upon reducing
the actuation pressure of the trapping PMV (<170 kPa), dead
cells were removed, and cell feeding was achieved with the
reinstated flow. This process resulted in few to no residual
dead cells inside the trapping region (Fig. 4D and E).

With the chosen channel dimensions, we were able to
reliably produce 3D cell cultures of NIH3T3 cells, hiPSCs,
and hASCs. A boxplot of all spheroid sizes across several
technical and biological repetitions is presented in Fig. 4F.
The mean diameter of the NIH3T3 spheroids was 125 + 33
pm (mean + standard deviation). In comparison, hiPSC and
hASC spheroids exhibited mean diameters of 136 + 22 pm
and 124 + 15 pm, respectively. In addition to the somewhat
larger interquartile range for NIH3T3s, the inter-chip
variation of the achieved 3D cell culture size, 24 h after
seeding, was less than 4% and 15% for the hiPSCs and
hASCs, respectively. Further, extending the culture process
for the hiPSC led to an increase in the 3D cell culture by
approximately 20% within the next 24 h, demonstrating cell
growth and viability (Fig. 4F). In summary, we designed a
functional unit cell for arraying on an mLSI platform to form
3D cell cultures reliably with homogeneous sizes.

Fusion of 3D cell cultures on an mLSI chip

Upon successfully characterizing the unit cell operation for
3D cell cultures, we built an mLSI platform, in which the unit
cell was arrayed in total 24 times. The layout of the platform
is shown in Fig. 5A (left side). The primary function of the
chip was to form 3D cell cultures in the first step and merge
two different 3D cell cultures in the second step. For the
implementation of the two operational steps, the unit cell
was arrayed in a 3 x 8 (row/column) matrix format. While
unit cells in the first two rows are allocated for the formation
and cultivation of individually addressable 3D cell cultures,
unit cells in the third row were allocated for the fusing
operation of 3D cell cultures generated in the upper rows of

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 mLSI chip platform for the formation and fusion of 3D cell
cultures. (A) Microfluidic device that can be operated row-wise for
cultivation or column-wise for fusion. The right picture depicts one of
eight parallel columns. (B) Formation and cultivation of two differently
fluorescently labeled NIH3T3s before on-chip fusion. (i) Seeding of
mCherry-labeled (red, 1st row) and Venus-labeled (green, 2nd row)
NIH3T3 fibroblasts. (i) Within 24 hours, cells self-aggregated. (iii) After
both 3D cell cultures were formed, they were flushed into the fusion
chamber (3rd row). Scale bars: 200 um (brightfield images), 100 um
(fluorescence images). (C) Progression of the fusion of fluorescently
labeled NIH3T3s. Scale bars: 100 pum. (D) Quantification of
morphological changes during the fusion of 3D cell cultures. The
overall length of the fused aggregates (blue curve) as well as the
squared ratio of the radii (r/R)? (green line) are plotted as a function of
time. The neck radius r is normalized by the average radius R of the 3D
cell culture in pairs. Shown are the mean (darker line) and standard
deviation (lighter area) for both parameters of one experiment across
all on-chip replicates.

the same column (Fig. 5A, right side). A multiplexer structure
was used to address single-column elements, and individual
PMVs were used to address the row elements.

This journal is © The Royal Society of Chemistry 2021
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To prove the in vitro fusion operation on the chip
platform, we used two fluorescent reporter cell lines:
mCherry- (red) and Venus-labeled (green) NIH3T3 cells. For
cell seeding and formation of the 3D cell cultures, the cells
were separately introduced into the first and second row
elements (Fig. 5B (i)). Further, 24 hours after seeding, we
successively addressed each column to flush the 3D cell
cultures sequentially into the unit cell chamber of the third
row ((ii)-(iii)). To trap both 3D cell cultures, the entry-
trapping PMV was opened while maintaining the PMV at the
outlet side in a sieve-like valve state (actuation pressure <170
kPa). Fig. 5C highlights the progression of fusion, based on
one representative example. All 3D cell cultures fused within
24 h exhibiting an elongated elliptical morphology and
compacted further over the entire time frame of 65 h.

Cell aggregate fusion has been described by the
differential adhesion hypothesis wherein the individual
surface tensions of the 3D cell cultures in pairs determine
cellular rearrangement.’" Based on this, the fusion process
has been characterized by an analogy to the coalescence of
highly viscous liquid droplets, where coalescence is driven by
surface tension and resisted by viscosity.’>>* The progression
of fusion can then be quantified by the evolution of the
interfacial area (n7*) between the fusing partners, normalized
by the initial average cross-sectional area of the aggregates
(rR?) over time,** which is the squared ratio of the radii (/R)>.
Additionally, we characterized morphological changes during
fusion by the overall aggregate length.>>>® As the aggregate
length decreased, the squared ratio of the radii increased
during the 3D cell culture fusion process (Fig. 5D). Both
parameters converged to their respective minimal/maximal
levels after 60 h. This slow rate is in accordance with the
values determined for fusing 3D cell cultures of dermal
fibroblasts®® and chondrocytes®® and illustrates high internal
cellular cohesive forces. Notably, the two labeled NIH3T3 cell
populations did not mix within the given time frame. This
finding is consistent with the differential adhesion hypothesis
as both populations arise from the same cell type and should,
thus, have similar surface tension.

Conclusion

In this study, we developed a 3D printing workflow and
design rules for functional upscaled PMVs using 3D-printed
soft-lithography molds. Owing to the inherent layering
process of 3D printing, the flow channels exhibited a
staircase effect on their surface, resulting in the sieve-like
behavior of upscaled PMVs. The staircase effect could be
significantly minimized by employing an anti-aliasing
strategy during mold printing or using a wax-based printing
resin. Depending on the selected optimization approach,
proper microvalve performance was achieved for a net
pressure difference of 130 kPa or 22.5 kPa for the anti-aliased
and reflowed wax molds, respectively. The upscaled PMVs
could be exploited to design a general unit cell for the
formation, culturing, retrieval, and fusion of 3D cell cultures
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on mLSI chip platforms. Upon integration and arraying of
the unit cell on an mLSI platform, we successfully fused 3D
cell cultures of two fluorescently labeled NIH3T3 cell lines.
With the provided design rules and 3D printing workflow, we
enabled 3D cell cultures on mLSI chip platforms. Upscaled
PMVs can act on flow channels with heights >150 pm, which
ensures unrestricted and non-destructive handling of 3D cell
cultures. In the future, we envision mLSI applications that
comprise interaction studies of various heterogeneous tissues
to assist in in vitro-modeling of more complex developmental
processes, such as human embryogenesis,"' organogenesis,>”
and brain development.*®
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