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Abstract: The understanding that systemic context and tissue crosstalk are essential keys for bridging
the gap between in vitro models and in vivo conditions led to a growing effort in the last decade to
develop advanced multi-organ-on-a-chip devices. However, many of the proposed devices have
failed to implement the means to allow for conditions tailored to each organ individually, a crucial
aspect in cell functionality. Here, we present two 3D-print-based fabrication methods for a generic
multi-organ-on-a-chip device: One with a PDMS microfluidic core unit and one based on 3D-printed
units. The device was designed for culturing different tissues in separate compartments by integrating
individual pairs of inlets and outlets, thus enabling tissue-specific perfusion rates that facilitate the
generation of individual tissue-adapted perfusion profiles. The device allowed tissue crosstalk using
microchannel configuration and permeable membranes used as barriers between individual cell
culture compartments. Computational fluid dynamics (CFD) simulation confirmed the capability to
generate significant differences in shear stress between the two individual culture compartments,
each with a selective shear force. In addition, we provide preliminary findings that indicate the
feasibility for biological compatibility for cell culture and long-term incubation in 3D-printed wells.
Finally, we offer a cost-effective, accessible protocol enabling the design and fabrication of advanced
multi-organ-on-a-chip devices.

Keywords: 3D-printing; organ-on-a-chip; microfluidic; multi-organ-on-a-chip

1. Introduction

Microfluidic devices play an important role in numerous biological, chemical, and
engineering applications [1–5]. One of those applications is the organ-on-a-chip technology
(OOAC)—a discipline that focuses on the biomimetic emulation of tissue characteristics
in a microfluidic device [6–9]. Due to its high potential, OOAC was selected as one of the
“Top Ten Emerging Technologies” in the World Economic Forum [10]. Since OOACs enable
the spatio- and temporal control over cellular microenvironments, they provide a more
sophisticated platform for the cultivation of 3D-tissues compared with in vitro traditional
cell culture set-ups. Advantages of OOACs include large surface areas, high mass transfer,
low regent usage, fast mixing, rapid responses, high modularity, long-lasting viability, as
well as precise control of physicochemical properties [1,8,11]. In recent years, increasing
efforts have been directed towards multi-organ-on-a-chip platforms as the importance
of systemic analysis approaches, including tissue-tissue interactions, has been off in the
fields of drug screening [12] and personalized medicine [13], which require the interaction
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between different tissues to study the effects of a treatment on a whole system rather than
focusing on a single tissue [13–15].

There is a vast range of methods for the fabrication of polymeric microfluidic based
devices, such as photolithography, E-beam, laser cutting, and hot embossing, with each hav-
ing distinguishing features useful for different applications [16]. Manufacture techniques
can be classified into two main approaches: Templates for casting, and the fabrication
of a whole device. To date, polydimethylsiloxane (PDMS) is the most widespread ma-
terial for the fabrication of microfluidic devices thanks to its biocompatibility, elasticity,
transparency, and low cost [15,17]. PDMS devices are generally derived by casting it on
templates generated using traditional soft lithography methods [18,19]. Notwithstand-
ing being common, soft lithography is a cumbersome method with multiple steps, that
depends on the experience of the operator, is limited by its restricted height resolution,
requires designated facilities, and is time-consuming. Recent advancements in the field
of 3D-printing are bridging the gap to soft lithography which has long been considered
the gold standard in microfabrication. Three-dimensional printing not only incorporates
the benefits of the latter but in addition resolves its drawbacks (Table S1) [16]. Due to the
constant evolution of the technology it has the potential to significantly change the way we
design and manufacture microfluidic devices [20,21].

Digital light processing (DLP) 3D-printing enables the fabrication of multilayered and
maskless-based microfluidic structures, at a high resolution, when its printed products are
characterized with high precision [22,23]. This method uses an array of micromirrors to
transmit UV light from a light projector to perform selective curing of a polymer resin and
thereby convert it to the required geometry. Prior to printing, the CAD design is converted
to a STL file and then sliced to multiple layers at a fixed thickness which are converted to
black and white masks (Figure 1). In accordance with soft lithography, during projection,
the white pixels in each mask activate corresponding micromirrors to transmit light that
triggers the curing of the resin, while the black pixels do not transmit light and therefore
do not activate curing [24]. Post-printing the printed object requires further rinsing and
curing in order to complete the process (Figure 1). In total, the fabrication process from an
initial concept to a 3D-printed product takes a relatively short period of time, ranging from
a couple of hours to a couple of days. Having said that, the DLP resolution is limited to its
pixel size, and therefore, in terms of channel and feature resolution, it is currently inferior
to photolithography and 3D micro- and nanostructuring methods, such as two-photon
polymerization [25–27]. Since our proposed designs’ channels and features ranged between
100 µm and several mm, this disadvantage is insignificant.

Here, we present a multifunctional, durable, and easy to use microfluidic device
as a OOAC platform. We used an Asiga DLP MAX X 3D printer to fabricate a generic
multi-organ-a-chip (MOC) device in two methods, one that contained a PDMS based
microfluidic unit and one with embedded 3D-printed microchannels. Both approaches
enable culturing and supporting three different cell types in three different compartments,
while facilitating the interaction between each of the individual compartments through
interconnective microfluidic channels. This methodology allowed us to achieve a complex
architecture that was nearly impossible to produce and maintain using soft lithography.
Moreover, our findings suggest the possibility of using commercial 3D-printing resin (DE-
TAX Luxaprint) as a biocompatible platform for cell culture. Finally, this study introduces
an accessible and easy to use method for setting up platforms to study the interaction be-
tween multiple organs such as the gut-brain axis in Parkinson’s disease and tumor-on-chip,
while enabling the flexibility to treat each organ with its own nutrient requirements and
shear stress, potentially bringing us one step closer to a high functional in vitro model for
biological systems.
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Figure 1. 3D-printing process. a. STL file was imported to Asiga’s composure b. the model was 
sliced into layers with a fixed height. c. During the printing process, each layer was separately ex-
posed to UV light at a predetermined exposure time. d. The 3D-printed object was rinsed with iso-
propanol and fully cured in an UV oven to get the e. final product.  
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source with 385 nm UV wavelength. The XY pixel resolution of the printer’s projector is 
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× 29.2 × 75 mm (X, Y, and Z). All the objects were designed in Autodesk AutoCad® 
(Q.70.0.0 AutoCAD 2020, San Rafael, CA, USA). The final design was exported as a stere-
olithography (STL) file and uploaded to the printer’s software: Asiga composer for 3D- 
printing (version 1.1.7, 2020, Sydney, Australia). The device was printed with the Detax 
Luxaprint® Mould Clear resin (wavelength 385 nm). 

  

Figure 1. 3D-printing process. (a) STL file was imported to Asiga’s composure (b) the model was
sliced into layers with a fixed height. (c) During the printing process, each layer was separately
exposed to UV light at a predetermined exposure time. (d) The 3D-printed object was rinsed with
isopropanol and fully cured in an UV oven to get the (e) final product.

2. Materials and Methods
2.1. 3D-Printing
2.1.1. 3D-Printer and Software

The microfluidic device was fabricated with a digital light processing stereolithog-
raphy printer (Asiga Max-X27 UV, Sydney, Australia). This 3D-printer has a LED light
source with 385 nm UV wavelength. The XY pixel resolution of the printer’s projector
is 27 µm with a minimum Z plane resolution of 1 µm. The maximum build footprint is
51.8 × 29.2 × 75 mm (X, Y, and Z). All the objects were designed in Autodesk AutoCad®

(Q.70.0.0 AutoCAD 2020, San Rafael, CA, USA). The final design was exported as a stere-
olithography (STL) file and uploaded to the printer’s software: Asiga composer for 3D-
printing (version 1.1.7, 2020, Sydney, Australia). The device was printed with the Detax
Luxaprint® Mould Clear resin (wavelength 385 nm).

2.1.2. 3D-Printing Procedure

Prior to printing, the vat was filled with resin and positioned under the build platform.
The printing process is then carried out as follows: First, the platform surface lowers into
the vat to a predetermined height and the DLP projects the first layer of the design for a
predetermined time. The platform then elevates above the surface of the vats for a few
seconds before dipping again into the vat for the formation of the next layer based on the
CAD design. This sequence is repeated until the entire design is printed. The printed object
is removed from the platform, the uncured resin is removed by washing the model with
isopropyl for 3 min in a bath sonicator (Bandelin, Germany), dried using air pressure, and
cured in an UV oven for 5 min (PCU Led, Dreve, Germany).

2.2. MOC Device Fabrication
2.2.1. PDMS-Based Microfluidic Unit Fabrication Using 3D-Templates

Templates for casting PDMS (Sylgard® 184, Dow corning, Midland, MI, USA) based
chips were 3D-printed and included a top and bottom unit, that contained within them their
own wells (pore size 3.85 mm) and channels (0.1 × 0.1 mm) (Figure 2). Following template
printing, a porous membrane (It4ip, Belgium; PET, thickness: 23 µm, pore size 0.45 µm,
pore density 2 × 106/cm2) was placed and locked between the top and bottom units’
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printed microwells to allow separation between the upper and lower wells. Following
membrane deposition, the upper template unit was closed above the bottom template. The
PDMS at ratio 1:10 was inserted via the PDMS ports and left to cure at 65 ◦C overnight.
Once the PDMS was cured, it was covalently bonded to top and bottom glass slides using
Femto oxygen plasma activation (Diener, Germany) for 15 s at 50 W.
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the lower well. b. Before assembled two pieces of porous membrane (red arrows) were located on 
top of the wells’ template, so when connected c. the pieces were locked between them (red arrows). 
PDMS was then poured into the hollow chamber through 4 ports and underwent overnight curing 
at 65°C. d. After peeling, the PDMS was punched and Plasma-bonded to a glass slide at its bottom 
side. 

3.3. 3D-Printing MOCs Fabrication 
Following the fabrication of the 3D-printed molds for deriving the PDMS devices, we 

evaluated the ability to fabricate a completely 3D-printed device of similar design includ-
ing an integrated perfusion system (Figure 3a,b). The chip was designed as two individual 
units so that a porous membrane can be placed between them, separating the integrated 
wells into four compartments with separate perfusion options for each of the individual 
chambers (Figure 3c). The two units were then bonded using a liquid state resin that 
served as an adhesive following UV exposure. Two 0.15 mm glass slides were glued the 
same way to the bottom part of the lower wells, sealing them. In order to seal the upper 

Figure 2. PDMS-based MOC’s disposable unit fabrication. (a) A set of two compatible templates
was 3D-printed, containing 4 coupled inlets and outlets: {1,2}, {3,4}, {5,6} and {7,8}. While ports {5,6}
connect the cell culture compartments, the remaining ports enable controlled perfusion of fluid to
each separate compartments, when ports {1,2}, {7,8} perfuse the two upper wells and ports {3,4}
perfuse the lower well. (b) Before assembled two pieces of porous membrane (red arrows) were
located on top of the wells’ template, so when connected (c) the pieces were locked between them
(red arrows). PDMS was then poured into the hollow chamber through 4 ports and underwent
overnight curing at 65 ◦C. (d) After peeling, the PDMS was punched and Plasma-bonded to a glass
slide at its bottom side.

2.2.2. Whole 3D-Printed Device

A set of a top and bottom unit, which was 3D-printed as described above (Section 2.1.2),
contained wells (pore size 3.85 mm) and channels (1 mm radius). Following the printing
procedure, a small amount of resin was gently applied on top of both units and a porous
membrane was placed above the wells of the bottom unit. The two units were combined
and secured with metal clips and the resin was cured in an UV oven for 5 min.

2.3. Computational Fluid Dynamics (CFD) Simulation

CFD simulations were performed using the simulation software Autodesk CFD (2021).
Prior to the simulation, the geometry of the microfluidic device was split into 4.4 × 106

control volumes using the automatic mesh generator. All wall boundaries were assumed
as ideally smooth, and no slip boundary conditions (zero flow velocity at the wall) were
selected for all surfaces. Outlet pressures were set at atmospheric pressure p = 1 bar
(100 kPa). The free area ratio of the integrated membranes (PET) was calculated based on
the manufacturer’s design parameters employing the following formula: f = AopenAtotal.
Simulations were performed assuming isothermal flow as well as Newtonian fluid behav-
ior, including constant dynamic viscosity and constant density (incompressible). As the
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concentrations of the dissolved species in the fluid are low, the properties of the solvent
and water have been used for the simulation (ρ = 993 kg/m3, η = 0.001003 Pa·s at 37 ◦C).

2.4. Cell Culture

PC9 GFP lung adenocarcinoma cells were kindly provided by Dr. Oren Ram (The He-
brew University, Jerusalem, Israel). The cells were grown in DMEM (Sigma-Aldrich, Stein-
heim, Germany, cat. no. D5671), supplemented with 10% fetal bovine serum (FBS; Biologi-
cal Industries, Beit Haemek, Israel, cat. no. 04-007-1A), 50 µg/mL penicillin-streptomycin
(Biological Industries, Beit Haemek, Israel, cat. no. 03-031-1B), 2 mM L-glutamine (Biologi-
cal Industries Israel, cat. no. 03-020-1B), and 1 mM sodium pyruvate (Biological Industries
Israel, cat. no. 03-042-1B), and were incubated at 37 ◦C in a humidified incubator with
5% CO2.

2.5. Cell Viability and Biocompatibility Evaluation

Prior to cell seeding, the 3D-printed device was sterilized with 70% EtOH and 30 min
exposure to UV light. The biocompatibility evaluation was performed with a multicellular
spheroids model. After cell detachment, 6000 cells were seeded into agarose wells (20 mg
agarose dissolved in 1 mL 0.9% NaCl), fabricated in micro-mold petri dishes (MicroTissues
3D Petri Dish micro-mold spheroids, size s, Merck, Germany) and in hanging drop cultures
within the MOC. The spheroids were cultivated for 72 h without perfusion by placing the
device in a humidified incubator at 37 ◦C with 5% CO2. The cell viability was monitored
with a 24 h interval by measuring the GFP signal within the cells to compare the standard
technique with the on chip formation.

3. Results
3.1. MOCs Design Guidelines

In this study, we have designed and fabricated a microfluidic multi-organ-on-a-chip
device that can incorporate multiple cellular cultures, including 3D cellular aggregates,
such as spheroids and/or cell monolayers under individually controlled flow conditions
(Figure S1). The microfluidic device was designed in such a manner that it should include
two sets of upper and bottom wells, separated with an optically clear PET-based porous
filter (on which the cells are seeded), interconnected by a microchannel in a transparent
housing with a bottom glass layer. Optical considerations dictated that the distance
between the porous membrane and the bottom of the device should be 1 mm, to allow
for both optical and fluorescence microscopy, using long-distance objectives. A major
engineering consideration was directed towards the fabrication of a device that allows for
the procedures of cell seeding and handling to be as simple as possible. In such a design,
the cells/spheroids/organoids are seeded within the separate wells either in an open
configuration or by internal seeding using microfluidic channels. The open configuration
of the MOC simplifies the introduction of cells and spheroids into the device. Moreover,
the well’s dimensions and the separation of the compartments by the PET membrane make
it very challenging to use common spheroid’s self-assembling designs [28,29]. In addition,
the open configuration provides an important advantage of accessibility to the samples, in
order to perform various analysis, e.g., genomics and RNA seq, that are inaccessible using
close designs. Another requirement was that each well has its own inflow/outflow, which
allows the ability to adjust the flow rates and nutrients needed for each cell type, while
protecting the cells from the shear flow inside the well. The last necessity was to design a
configuration that would allow controlling and manipulating the interaction between the
different cell compartments.

3.2. PDMS Based MOCs Fabrication

PDMS-based devices are commonly used for microfluidic applications. PDMS is
biocompatible, optically clear, and gas-permeable [15,17,30]. Traditionally, PDMS-based
devices are casted on molds that are fabricated by photolithography of SU-8 on silicon
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wafers. Despite its advantages, this method is limited to a 2D or semi-2D structural design,
and therefore not suitable to our requirements. To overcome it, and to simplify the template
fabrication, we first evaluated the ability to fabricate the MOC with a PDMS based unit that
was casted on 3D-printed templates. Separating two parallel microchannels by the means of
integrating a porous substrate has been successfully shown to enable the analysis of critical
physiological parameters such as tissue barrier function, transcellular transport, absorption,
and secretion in a variety of OOAC applications including devices for the lung [31], the
intestine [32], the blood-brain-barrier [33], as well as for microfluidic metastatic invasion
assays [34]. Therefore, we 3D-printed an upper and a bottom template to allow for the
integration of any type of porous membrane within the device (Figure 2a–c). While the
upper template included two integrated columns (which were translated into wells at the
PDMS replica) and two coupled sets of inlets and outlets (one set per well (Figure 2a)), the
bottom template contained two integrated columns as well as two sets of coupled inlets
and outlets, one set for cell seeding only and a second set for fluidically connecting the two
individual wells (Figure 2a). The two templates were designed to complement one another
so that when aligned they created a hollow chamber for liquid PDMS insertion (Figure 2b).
This method facilitated the assimilation of the membrane by capturing it between the upper
and bottom columns, locking it in place while the PDMS polymerized around it during
curing (Figure 2c,d). After curing, a glass slide was attached to the bottom side of the
PDMS employing plasma bonding. To further facilitate the use of the PDMS-based device,
we 3D-printed a complementary reusable housing platform. It included an upper cover
that contained eight embedded screws compatible with flangeless nuts aligned with the
PDMS inlets and outlets, two glass-based viewing windows aligned with the wells, and a
bottom cover with a large viewing window (Figure S2). In addition, to decrease leaking
between the units we designed hollow crevices around the pores at the inner side of the
upper cover that were tailored to O-rings (Figure S2).

3.3. 3D-Printing MOCs Fabrication

Following the fabrication of the 3D-printed molds for deriving the PDMS devices,
we evaluated the ability to fabricate a completely 3D-printed device of similar design
including an integrated perfusion system (Figure 3a,b). The chip was designed as two
individual units so that a porous membrane can be placed between them, separating the
integrated wells into four compartments with separate perfusion options for each of the
individual chambers (Figure 3c). The two units were then bonded using a liquid state resin
that served as an adhesive following UV exposure. Two 0.15 mm glass slides were glued
the same way to the bottom part of the lower wells, sealing them. In order to seal the upper
wells, a cover unit was 3D-printed, which contained two glass-windows aligned with the
wells. Similar to the PDMS-based MOC design, here also, in order to decrease leaking,
O-rings were inserted to both the upper side of the chip’s wells and the internal side of the
cover’s windows.

In both MOCs configurations, the upper wells enabled open access for cell seeding,
while the lower well enabled cell seeding only by microfluidic channels (Figure 3d). As
mentioned, the MOC has four sets of paired inlets and outlets (Figures 2a and 3b). For
operating the MOC, cells must be seeded first as a monolayer on the underside of the
porous membrane. To do this, the MOC should be inverted while cells are inserted into the
chip through ports 3 and 4 with ports 5 and 6 blocked, followed by overnight incubation
to enable the cells to sink and attach to the membrane. Once the cells have attached to
the membrane, the MOC can be turned over and cells can be seeded in the two upper
wells. After seeding both compartments of the device the MOC is sealed using screws
(Figures 1e and S3).

This methodology allows for the seeding of distinct cell types in the different compart-
ments without unwanted mixing of the individual cell types. In order to connect the three,
ports 3 and 4 are blocked, while ports 5 and 6 are used to insert the medium into the lower
wells, creating a conjoint flow (Figures 3b and S3).
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three 3D printed parts (i, ii, iv) and the membrane (iii). (b) The device has 4 coupled inlets and
outlets: {1,2}, {3,4}, {5,6} and {7,8}. While ports {5,6} connect the cell culture compartments, the
remaining ports enable controlled perfusion of fluid to each separate compartment. (c) Perfusion
of three colors (yellow, red and blue arrowheads) through ports {1,2}, {5,6} and {7,8} (ports {3,4} are
blocked) demonstrates unmixed flow. (d) Cross section visualization of the MOC, presenting the
three compartments for cell seeding, a lower well (light blue) and two upper wells (pink). The upper
wells (red rectangle) are design in an open configuration, enabling direct seeding of monolayer or of
a spheroid/organoid.

3.4. Shear Force Protection

Depending on their place of origin in vivo, cell types are exposed to a variety of differ-
ent biophysical stimuli and microenvironments which strongly impact the cell’s/tissue’s
intrinsic physiology. For example, the hepatocyte function is damaged at a shear stress
> 5 dyne/cm2, while oxygen uptake rates can reach 0.9 nmol/s per 106 cells [35]. Ad-
ditionally, prior work demonstrated that endothelial cells change their morphology and
gene expression based on the shear flow. Small capillary systems need shear flows of
~10 dyne/cm2 for normal gene expression [36], while intestinal [37] and neuronal [38]
function is damaged at a shear stress > 5 dyne/cm2. Aside from shear stress requirements,
cells also differ in their metabolic and oxygen requirements. For example, oxygen uptake
rates can reach up to 0.2 nmol/s per 106 endothelial cells [39], 0.88 nmol/s per 106 neuronal
cells [40], and 1.2 nmol/s per 106 intestinal cells [41]. In order to account for these differ-
ences in oxygen and nutrient demand flow rates need to be tailored to each individual
cell type. To that end, we designed the MOC in a way that each “cell type” has its own
inflow/outflow allowing the adjustment of oxygen, nutrient, and shear force as needed
without harming any of the other cell types. Inter-tissue cross-talk within the microfluidic
device is enabled by connecting the individual membrane-separated compartments with a
connective microchannel.

To analyze the fluid behavior (e.g., shear stress, flow velocity) within the designed
microfluidic device a CFD simulation was performed. To that end, a volume flow rate of
10 mm3/min was applied in the first well compartment (chamber 1) and the connective
microfluidic channel, while the volume flow rate within the second well compartment
(chamber 2) was set at 1 mm3/min. As depicted in Figure 4a,b, a laminar flow profile with
an average flow velocity of 0.72 mm/s could be established in both top compartments
as well as in the bottom connective channel. Overall, the flow velocity can be divided as
follows: 77% of the volume of the microfluidic device experience a flow velocity below
0.62 mm/s, 13% a flow velocity between 0.62 and 2.48 mm/s, while the remaining 10% are
exposed to a flow velocity in the range of 3.08 to 12.34 mm/s. Peaks in flow velocity are
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observed at the outlet of each of the three individual microfluidic compartments. Similarly,
elevated shear stresses are located at the outlets of the device (Figure 4c), with the highest
shear stress of about 0.65 dyne/cm2 obtained within the last third of the connective bottom
channel. The comparatively big geometrical features (Ø 4 mm, h: 3 mm) of the two cell
culture compartments result in low shear stresses throughout the center of the cylindrical
chamber. In chamber 1, the average shear stress equals 0.002 dyne/cm2, while chamber 2
displays an average of 0.01 dyne/cm2 (Figure 4d). It has to be noted that the establishment
of low shear stresses is an essential prerequisite for the cultivation of sensitive cellular
constructs, such as brain organoids that are sensitive to high mechanical stresses. On the
other hand, the differentiation and maturation of cellular barriers, such as the gut and
the blood-brain-barrier, require physiological shear stresses for maturation and proper
functionality. To that end, the shear stresses located in close proximity to the integrated
membranes were further examined (Figure S4). While the maximum shear stress on the
surface of membrane in chamber 1 is situated at about 0.001 dyne/cm2 with lower shear
stresses (0.0001−0.0003 dyne/cm2) at the border of the membrane, the maximum shear
stress obtained within the surface of chamber 2 compartment is 20× fold higher with
a shear stress of 0.02 dyne/cm2. The ability to generate significant differences in shear
stress exposure between the individual cell culture compartments provides an optimal
precondition for the development of several organ models, each with a desirable shear force.

3.5. 3D-Printed Based MOC Evaluation and Cytotoxic Effect of (Meth)Acrylate Resin

To confirm that there is no leakage between the layers after bonding, red (top layer) and
blue (bottom layer) colored water was perfused through the system for a duration of 1 week,
revealing no leaks throughout the entire system (Figure 5a). Due to the hydrophobic surface
properties of the (meth)acrylate resin, aqueous liquids adhere to the device allowing for the
use of the hanging drop methodology and self-assembled formation of spheroid/organoids
within the device (Figures 5b and S5). Although spheroids can be introduced to the MOC
externally and manually through the open wells, the possibility of cell assembly on the
chip confers advantages, such as simplifying the process and eliminating destructive steps
of spheroid handling.
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Figure 5. MOC evaluation. (a) Disposable unit composed of 3D-printed top and bottom layers bonded using UV-based
biocompatible (meth)acrylate resin. Red (top layer) and blue (bottom layer) colors stayed separated over a week which
confirms the bonding efficiency. (b) The hydrophobic surface properties of the device result in a high contact angle of
aqueous liquids, allowing the formation of spheroids using hanging drop cultures. (c) GFP-PC-9 cells confirmed the
formation of spheroids within the device and was compared to spheroid formation in micro-mold-based methodology. Cell
viability evaluated over 3 days (72 h) suggesting on the biocompatibility of the UV-based (meth)acrylate resin used. Scale
bar: 500 µm and 300 µm for micro-mold-based spheroids and hanging drop-based spheroids respectively.

The DETAX Luxaprint 3D clear mould resin was FDA approved for medical Class IIa
devices and is widely used for the fabrication of hearing devices. Hence, it was essential to
test whether it is biocompatible also for microfluidic/organ-on-a-chip applications. As a
preliminary assay for testing the resin biocompatibility, the viability of GFP-PC9 cells was
tested for a period of 3 days by means of fluorescence intensity (Figure S6). When these
GFP labelled cells die, they lose their ability to synthesize the GFP protein and therefore
cannot be seen using standard fluorescence microscopy. We compared a standard technique
for spheroids formation using agarose wells with the self-assembled formation protocol
for spheroids using hanging drops within 3D-printed wells. After seeding, cells were
incubated for 24 h to allow for the formation of spheroids in hanging drops, prior to the
incubation for an additional 3 days. Our results revealed no significant loss in GFP intensity
for cells incubated in agarose wells compared to spheroids generated and incubated within
the 3D-printed wells (Figure 5c), suggesting that the resin seems to be a good candidate for
microfluidic/organ on chip applications.

4. Discussion

The understanding that animal models and traditional 2D cell culture often fail
to mimic human physiology, together with the growing pressure to minimize animal
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experiments, emphasize the need for better platforms to emulate in vivo conditions [42,43].
OOAC microfluidic devices have the potential to meet this need, which is why the field
has been extensively growing over the last decade. OOAC can be categorized into two
concepts, single-organ-on-a-chip devices and multi-organ-on-a-chip devices. While single-
organ-on-a-chip devices are designed to study a specific tissue, multi-organ-on-a-chip
devices are designed to integrate several tissues or cell lines in one connected platform
to enable a more accurate model by allowing for crucial physiological criteria such as
reciprocal signaling [13,15,43–45].

Single-organ-on-a-chip models have been proposed for almost all organs, such as the
gut [32], liver [46,47], lung [31], heart [48,49], and brain [50]. Each device is tailored to create
an optimized platform for each individual specification and requirement attributed to the
desired tissue. Although those designs enabled a significant improvement in mimicking
in vivo conditions, by focusing on a specific tissue or cell line they lack a systemic context
including cross organ communications, which are crucial to many applications such as
pharmacokinetics and drugs screening, for example [12]. Multi-organ-on-a-chip devices,
on the other end, are designed to tackle this issue by interconnecting different tissues with
one another. One of the challenges of such a device is to maintain the balance between the
combination of multiple tissues or cell lines, respectively and the need to provide an opti-
mal growth environment for each component. The two foremost approaches for designing
multi-organ-on-a-chip devices include (i) the coupling of two or more single-organ-on-a-
chip devices using capillary connections [15] and (ii) the integration of multiple tissues into
one platform. The medium in these chips is usually perfused in one direction employing a
common fluid stream or in a closed-circuit system that enables media recirculation, which
mimics reciprocal interactions. As noted, different cells and tissues have different require-
ments such as specific nutrients (hormones, vitamins, and growth factor), external stimuli
and oxygen consumption [35,51–53]. Therefore, multi-organ-on-a-chip devices that use
perfusion of media either in a one way or recirculating common flow can have a problem to
meet these requirements. The ability to create different physiological environments for each
organ under conditions of joint flow, is very challenging and demands delicate mechanical
manipulations of the micro-channels’ dimensions, as well as manipulations on the medium
itself. More advanced designs use an approach in which the different cells or tissues are
separated in different compartments and manipulate medium flow by gravity [12] or by
complex pump configurations [54].

A major consideration that guided us when designing the MOC was to enable an
independent control over the conditions of each compartment, without affecting other
compartments. To do so, we designed the MOC to have separate inlets and outlets of every
functional compartment. Moreover, we used porous membranes to create a barrier within
the chip and to create two sets of coupled compartments. Incorporating such membranes
in microfluidic devices allows cells to be seeded (Figure S6) alongside fluid passage [55].
Our concept was reinforced by computational fluid dynamic simulation (Figure 4) showing
that flow can be separately manipulated through each inlet without affecting both the
velocity and shear stress of the other compartments. Hence, it showed that not only can
we control what medium every compartment will be perfused with, but also the external
stimuli (shear stress) that is needed for optimal conditions.

Here, we presented two optional methods for fabrication of the MOC, one with a
PDMS based microfluidic core and the second with 3D-printed embedded microfluidics
channels, each with its own advantages and disadvantages. While PDMS is biocompatible
for cell culture, there is no available data regarding commercial 3D-printing resins cytotoxi-
city (despite some of them being classified as biocompatible). Indeed, it was shown that
different photopolymers for 3D-printing have different cytotoxic effects on cells, ranging
from very low to high [56]. Applications such as the MOC in which cells are exposed to
culture medium for days, are more exposed to leachable cytotoxic effects than devices that
are used for short-term applications. Hence, it is necessary to evaluate the cytotoxicity of
the resin on cells, despite being classified as medical device Class IIa. Here, we showed that
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GFP-PC9 cells seemed to keep their GFP intensity, displaying similar viability compared
to cells incubated in agarose wells (Figure 5). However, these findings are preliminary,
indicating the potential biocompatibility of the resin. Additional experiments are needed
in order to evaluate the long-term effect of the resin on cell viability, functionality, and gene
expression. On the other hand, PDMS is a porous hydrophobic material, which means
that it can absorb small molecules [30,57,58] as opposed to 3D-printed objects that cannot.
There are other limitations worth noting in each of the two methods, such as potential
defects in PDMS demolding (of either photolithography-based or 3D-printing-based molds)
when using the casting technique, and as a limited minimum channel size (couple of hun-
dreds of microns) when 3D-printing whole devices, using DLP [22,59]. In view of this,
it is necessary to select the method of fabrication suitable for the purpose of the specific
experiment. For example, the use of PDMS-based devices for long-term drug screening
or for pharmacokinetic purposes, can interfere with the experiment outcome, making it
unfitting for such applications.

The progress in the field of 3D-printing enables the development of new and creative
approaches that were impossible using traditional photolithography or that acquired
special, complicated, and potentially costly methods. We utilized the advantages of 3D-
printing to prototype and remodel our designs, in a relatively short period of time, to
converge on a design that will be as comfortable as possible for the user. The offered
devices are designed as bioreactors that were aimed to study the interaction between two
or three cell lines and tissue combinations, enabling the culturing of cells using microfluidic
perfusing in the lower compartment and an open seeding configuration in the upper ones.
When assembled, the permeable membranes and the lower collecting channel enable the
interactions between the different compartments. Currently, systemic context and cross
organ communications were already achieved and shown by many other multi-organ-on-a-
chip designs. However, thanks to 3D-printing, our MOC design not only allows that, but
also provides the tools for better mimicking in vivo conditions, by enabling independent
control over the conditions of each cell compartment. In addition, follow up studies will be
conducted to extend our study to different and well-defined organs, together with a more
in-depth examination of 3D-resin cytotoxicity for this purpose. The current designs can be
easily replaced, and fabricated in a matter of hours, allowing great flexibility and creativity
to adjust the right platform to the right needs. This work emphasized the importance of
3D-printing as a simple and affordable prototyping tool for the development of advanced
microfluidic and culture devices.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/mi12060627/s1, Figure S1: Explosive view of a theoretical multi-organ microfluidic device,
Figure S2: Illustration of the microfluidic platform, Figure S3: A top view of the assembled whole
3D-printed MOC, Figure S4: Shear stress simulation on the membrane surface, Figure S5: 3D-
printed unit used to evaluate cell biocompatibility and toxicity, Figure S6: Fluoresce Visualization
of viable GFP-PC9 cells, Table S1: 3D printing characteristics compared with common microfluidic
based methods.

Author Contributions: Conceptualization, D.B.; Data curation, Y.G., S.S., K.T., F.S., P.E. and D.B.;
Formal analysis, Y.G., S.S., K.T., F.S., P.E. and D.B.; Supervision, Y.B. and O.B. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was supported by the Ministry of Science and Technology, Israel (M-ERA.NET
project 3-14911).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/mi12060627/s1
https://www.mdpi.com/article/10.3390/mi12060627/s1


Micromachines 2021, 12, 627 12 of 14

References
1. Whitesides, G.M. The origins and the future of microfluidics. Nat. Cell Biol. 2006, 442, 368–373. [CrossRef] [PubMed]
2. Gravesen, P.; Branebjerg, J.A.; Jensen, O.S. Microfluidics—A review. J. Micromech. Microeng. 1993, 3, 168–182. [CrossRef]
3. Sackmann, E.K.; Fulton, A.L.; Beebe, D.J. The present and future role of microfluidics in biomedical research. Nat. Cell Biol. 2014,

507, 181–189. [CrossRef] [PubMed]
4. Stone, H.A.; Kim, S. Microfluidics: Basic issues, applications, and challenges. AIChE J. 2001, 47, 1250–1254. [CrossRef]
5. Verpoorte, E.; de Rooij, N.F. Microfluidics meets MEMS. Proc. IEEE 2003, 91, 930–953. [CrossRef]
6. Wu, Q.; Liu, J.; Wang, X.; Feng, L.; Wu, J.; Zhu, X.; Wen, W.; Gong, X. Organ-on-a-chip: Recent breakthroughs and future prospects.

Biomed. Eng. Online 2020, 19, 1–19. [CrossRef]
7. Wang, Z.; Samanipour, R.; Koo, K.-I.; Kim, K. Organ-on-a-Chip Platforms for Drug Delivery and Cell Characterization: A Review.

Sens. Mater. 2015, 27, 487–506.
8. Bhatia, S.N.; Ingber, D.E. Microfluidic organs-on-chips. Nat. Biotechnol. 2014, 32, 760–772. [CrossRef]
9. Sontheimer-Phelps, A.; Hassell, B.A.; Ingber, D.E. Modelling cancer in microfluidic human organs-on-chips. Nat. Rev. Cancer

2019, 19, 65–81. [CrossRef]
10. Global Agenda. 2016. Available online: https://www.weforum.org/agenda/2016/06/top-10-emerging-technologies-2016

(accessed on 21 April 2021).
11. Haeberle, S.; Zengerle, R. Microfluidic platforms for lab-on-a-chip applications. Lab Chip 2007, 7, 1094–1110. [CrossRef]
12. Sung, J.H.; Kam, C.; Shuler, M.L. A microfluidic device for a pharmacokinetic–pharmacodynamic (PK–PD) model on a chip. Lab

Chip 2010, 10, 446–455. [CrossRef]
13. Rogal, J.; Probst, C.; Loskill, P. Integration concepts for multi-organ chips: How to maintain flexibility?! Futur. Sci. OA 2017,

3, FSO180. [CrossRef]
14. Low, L.A.; Mummery, C.; Berridge, B.R.; Austin, C.P.; Tagle, D.A. Organs-on-chips: Into the next decade. Nat. Rev. Drug Discov.

2021, 20, 345–361. [CrossRef]
15. Picollet-D’Hahan, N.; Zuchowska, A.; Lemeunier, I.; Le Gac, S. Multiorgan-on-a-Chip: A Systemic Approach To Model and

Decipher Inter-Organ Communication. Trends Biotechnol. 2021, 2020. [CrossRef]
16. Scott, S.; Ali, Z. Fabrication Methods for Microfluidic Devices: An Overview. Micromachines 2021, 12, 319. [CrossRef] [PubMed]
17. Mi, S.; Du, Z.; Xu, Y.; Sun, W. The crossing and integration between microfluidic technology and 3D printing for organ-on-chips.

J. Mater. Chem. B 2018, 6, 6191–6206. [CrossRef] [PubMed]
18. Tang, S.K.; Whitesides, G.M. Basic microfluidic and soft lithographic techniques. In Optofluidics: Fundamantal, Devices, Applications;

Yang, C., Ed.; The McGraw-Hill Companies: New York, NY, USA, 2010.
19. Friend, J.; Yeo, L. Fabrication of microfluidic devices using polydimethylsiloxane. Biomicrofluidics 2010, 4, 026502. [CrossRef]

[PubMed]
20. Bhattacharjee, N.; Urrios, A.; Kang, S.; Folch, A. The upcoming 3D-printing revolution in microfluidics. Lab Chip 2016, 16,

1720–1742. [CrossRef] [PubMed]
21. Waheed, S.; Cabot, J.M.; Macdonald, N.P.; Lewis, T.; Guijt, R.M.; Paull, B.; Breadmore, M.C. 3D printed microfluidic devices:

Enablers and barriers. Lab Chip 2016, 16, 1993–2013. [CrossRef] [PubMed]
22. Macdonald, N.P.; Cabot, J.M.; Smejkal, P.; Guijt, R.M.; Paull, B.; Breadmore, M.C. Comparing Microfluidic Performance of

Three-Dimensional (3D) Printing Platforms. Anal. Chem. 2017, 89, 3858–3866. [CrossRef] [PubMed]
23. Van Der Linden, P.J.E.M.; Popov, A.M.; Pontoni, D. Accurate and rapid 3D printing of microfluidic devices using wavelength

selection on a DLP printer. Lab Chip 2020, 20, 4128–4140. [CrossRef] [PubMed]
24. Mostafa, K.; Qureshi, A.J.; Montemagno, C. Tolerance Control Using Subvoxel Gray-Scale DLP 3D Printing. In Proceedings of the

Micro- and Nano-Systems Engineering and Packaging; ASME International, Tampa, FL, USA, 3–9 November 2017; Volume 10.
[CrossRef]

25. Xing, J.-F.; Zheng, M.-L.; Duan, X.-M. Two-photon polymerization microfabrication of hydrogels: An advanced 3D printing
technology for tissue engineering and drug delivery. Chem. Soc. Rev. 2015, 44, 5031–5039. [CrossRef]

26. Lin, Y.; Gao, C.; Gritsenko, D.; Zhou, R.; Xu, J. Soft lithography based on photolithography and two-photon polymerization.
Microfluid. Nanofluidics 2018, 22, 97. [CrossRef]

27. Vanderpoorten, O.; Peter, Q.; Challa, P.K.; Keyser, U.F.; Baumberg, J.; Kaminski, C.F.; Knowles, T.P.J. Scalable integration of nano-,
and microfluidics with hybrid two-photon lithography. Microsyst. Nanoeng. 2019, 5, 1–9. [CrossRef] [PubMed]

28. Wu, L.Y.; Di Carlo, D.; Lee, L.P. Microfluidic self-assembly of tumor spheroids for anticancer drug discovery. Biomed. Microdevices
2008, 10, 197–202. [CrossRef] [PubMed]

29. Fu, C.-Y.; Tseng, S.-Y.; Yang, S.-M.; Hsu, L.; Liu, C.-H.; Chang, H.-Y. A microfluidic chip with a U-shaped microstructure array for
multicellular spheroid formation, culturing and analysis. Biofabrication 2014, 6, 015009. [CrossRef] [PubMed]

30. Raj, M.K.; Chakraborty, S. PDMS microfluidics: A mini review. J. Appl. Polym. Sci. 2020, 137, 48958. [CrossRef]
31. Huh, D.; Matthews, B.D.; Mammoto, A.; Montoya-Zavala, M.; Hsin, H.Y.; Ingber, D.E. Reconstituting Organ-Level Lung Functions

on a Chip. Science 2010, 328, 1662–1668. [CrossRef]
32. Kim, H.J.; Huh, D.; Hamilton, G.; Ingber, D.E. Human gut-on-a-chip inhabited by microbial flora that experiences intestinal

peristalsis-like motions and flow. Lab Chip 2012, 12, 2165–2174. [CrossRef]

http://doi.org/10.1038/nature05058
http://www.ncbi.nlm.nih.gov/pubmed/16871203
http://doi.org/10.1088/0960-1317/3/4/002
http://doi.org/10.1038/nature13118
http://www.ncbi.nlm.nih.gov/pubmed/24622198
http://doi.org/10.1002/aic.690470602
http://doi.org/10.1109/JPROC.2003.813570
http://doi.org/10.1186/s12938-020-0752-0
http://doi.org/10.1038/nbt.2989
http://doi.org/10.1038/s41568-018-0104-6
https://www.weforum.org/agenda/2016/06/top-10-emerging-technologies-2016
http://doi.org/10.1039/b706364b
http://doi.org/10.1039/b917763a
http://doi.org/10.4155/fsoa-2016-0092
http://doi.org/10.1038/s41573-020-0079-3
http://doi.org/10.1016/j.tibtech.2020.11.014
http://doi.org/10.3390/mi12030319
http://www.ncbi.nlm.nih.gov/pubmed/33803689
http://doi.org/10.1039/C8TB01661E
http://www.ncbi.nlm.nih.gov/pubmed/32254609
http://doi.org/10.1063/1.3259624
http://www.ncbi.nlm.nih.gov/pubmed/20697575
http://doi.org/10.1039/C6LC00163G
http://www.ncbi.nlm.nih.gov/pubmed/27101171
http://doi.org/10.1039/C6LC00284F
http://www.ncbi.nlm.nih.gov/pubmed/27146365
http://doi.org/10.1021/acs.analchem.7b00136
http://www.ncbi.nlm.nih.gov/pubmed/28281349
http://doi.org/10.1039/D0LC00767F
http://www.ncbi.nlm.nih.gov/pubmed/33057528
http://doi.org/10.1115/IMECE2017-72232
http://doi.org/10.1039/C5CS00278H
http://doi.org/10.1007/s10404-018-2118-5
http://doi.org/10.1038/s41378-019-0080-3
http://www.ncbi.nlm.nih.gov/pubmed/31636930
http://doi.org/10.1007/s10544-007-9125-8
http://www.ncbi.nlm.nih.gov/pubmed/17965938
http://doi.org/10.1088/1758-5082/6/1/015009
http://www.ncbi.nlm.nih.gov/pubmed/24589876
http://doi.org/10.1002/app.48958
http://doi.org/10.1126/science.1188302
http://doi.org/10.1039/c2lc40074j


Micromachines 2021, 12, 627 13 of 14

33. Walter, F.R.; Valkai, S.; Kincses, A.; Petneházi, A.; Czeller, T.; Veszelka, S.; Ormos, P.; Deli, M.A.; Dér, A. A versatile lab-on-a-chip
tool for modeling biological barriers. Sens. Actuators B Chem. 2016, 222, 1209–1219. [CrossRef]

34. Jing, B.; Luo, Y.; Lin, B.; Li, J.; Wang, Z.A.; Du, Y. Establishment and application of a dynamic tumor-vessel microsystem for
studying different stages of tumor metastasis and evaluating anti-tumor drugs. RSC Adv. 2019, 9, 17137–17147. [CrossRef]

35. Tilles, A.W.; Baskaran, H.; Roy, P.; Yarmush, M.L.; Toner, M. Effects of oxygenation and flow on the viability and function of rat
hepatocytes cocultured in a microchannel flat-plate bioreactor. Biotechnol. Bioeng. 2001, 73, 379–389. [CrossRef] [PubMed]

36. Wong, A.D.; Ye, M.; Levy, A.F.; Rothstein, J.D.; Bergles, D.E.; Searson, P.C. The blood-brain barrier: An engineering perspective.
Front. Neuroeng. 2013, 6, 7. [CrossRef] [PubMed]

37. Castro, S.L.; Nelman-Gonzalez, M.; Nickerson, C.A.; Ott, C.M. Induction of Attachment-Independent Biofilm Formation and
Repression ofhfqExpression by Low-Fluid-Shear Culture of Staphylococcus aureus. Appl. Environ. Microbiol. 2011, 77, 6368–6378.
[CrossRef] [PubMed]

38. Liu, M.; Song, W.; Li, P.; Huang, Y.; Gong, X.; Zhou, G.; Jia, X.; Zheng, L.; Fan, Y. Galanin Protects against Nerve Injury after Shear
Stress in Primary Cultured Rat Cortical Neurons. PLoS ONE 2013, 8, e63473. [CrossRef]

39. Konduri, G.G.; Afolayan, A.J.; Eis, A.; Pritchard, K.A.; Teng, R.-J. Interaction of endothelial nitric oxide synthase with mitochondria
regulates oxidative stress and function in fetal pulmonary artery endothelial cells. Am. J. Physiol. Cell. Mol. Physiol. 2015, 309,
L1009–L1017. [CrossRef] [PubMed]

40. García, O.; Almeida, A.; Massieu, L.; Bolaños, J.P. Increased mitochondrial respiration maintains the mitochondrial membrane
potential and promotes survival of cerebellar neurons in an endogenous model of glutamate receptor activation. J. Neurochem.
2005, 92, 183–190. [CrossRef]

41. Khan, A.U.; Delude, R.L.; Han, Y.Y.; Sappington, P.L.; Han, X.; Carcillo, J.A.; Fink, M.P. Liposomal NAD+ prevents diminished
O2consumption by immunostimulated Caco-2 cells. Am. J. Physiol. Cell. Mol. Physiol. 2002, 282, L1082–L1091. [CrossRef]
[PubMed]

42. Zhang, C.; Zhao, Z.; Rahim, N.A.A.; Van Noort, D.; Yu, H. Towards a human-on-chip: Culturing multiple cell types on a chip
with compartmentalized microenvironments. Lab Chip 2009, 9, 3185–3192. [CrossRef] [PubMed]

43. Skardal, A.; Murphy, S.V.; Devarasetty, M.; Mead, I.; Kang, H.W.; Seol, Y.J.; Zhang, Y.S.; Shin, S.R.; Zhao, L.; Aleman, J.; et al.
Multi-Tissue Interactions in an Integrated Three-Tissue Organ-on-a-Chip Platform. Sci. Rep. 2017, 7, 1–16. [CrossRef]

44. Esch, M.B.; Smith, A.S.; Prot, J.-M.; Oleaga, C.; Hickman, J.J.; Shuler, M.L. How multi-organ microdevices can help foster drug
development. Adv. Drug Deliv. Rev. 2014, 69-70, 158–169. [CrossRef]

45. Zhang, B.; Korolj, A.; Lai, B.F.L.; Radisic, M. Advances in organ-on-a-chip engineering. Nat. Rev. Mater. 2018, 3, 257–278.
[CrossRef]

46. Rennert, K.; Steinborn, S.; Gröger, M.; Ungerböck, B.; Jank, A.M.; Ehgartner, J.; Nietzsche, S.; Dinger, J.; Kiehntopf, M.;
Funke, H.; et al. A Microfluidically Perfused Three Dimensional Human Liver Model. Biomaterials 2015, 71, 119–131. [CrossRef]
[PubMed]

47. Mao, S.; Gao, D.; Liu, W.; Wei, H.; Lin, J.-M. Imitation of drug metabolism in human liver and cytotoxicity assay using a
microfluidic device coupled to mass spectrometric detection. Lab Chip 2011, 12, 219–226. [CrossRef]

48. Kitsara, M.; Kontziampasis, D.; Agbulut, O.; Chen, Y. Heart on a chip: Micro-nanofabrication and microfluidics steering the
future of cardiac tissue engineering. Microelectron. Eng. 2019, 203–204, 44–62. [CrossRef]

49. Agarwal, A.; Goss, J.A.; Cho, A.; McCain, M.L.; Parker, K.K. Microfluidic heart on a chip for higher throughput pharmacological
studies. Lab Chip 2013, 13, 3599–3608. [CrossRef]

50. Kilic, O.; Pamies, D.; Lavell, E.; Schiapparelli, P.; Feng, Y.; Hartung, T.; Bal-Price, A.; Hogberg, H.T.; Quinones-Hinojosa, A.;
Guerrero-Cazares, H.; et al. Brain-on-a-Chip Model Enables Analysis of Human Neuronal Differentiation and Chemotaxis. Lab
Chip 2016, 16, 4152–4162. [CrossRef]

51. Hübner, J.; Raschke, M.; Rütschle, I.; Gräßle, S.; Hasenberg, T.; Schirrmann, K.; Lorenz, A.; Schnurre, S.; Lauster, R.;
Maschmeyer, I.; et al. Simultaneous Evaluation of Anti-EGFR-Induced Tumour and Adverse Skin Effects in a Microfluidic
Human 3D Co-Culture Model. Sci. Rep. 2018, 8. [CrossRef]

52. Trapecar, M.; Communal, C.; Velazquez, J.; Maass, C.A.; Huang, Y.J.; Schneider, K.; Wright, C.W.; Butty, V.; Eng, G.;
Yilmaz, O.; et al. Gut-Liver Physiomimetics Reveal Paradoxical Modulation of IBD-Related Inflammation by Short-Chain Fatty
Acids. Cell Syst. 2020, 10, 223–239. [CrossRef]

53. Bauer, S.; Huldt, C.W.; Kanebratt, K.P.; Durieux, I.; Gunne, D.; Andersson, S.; Ewart, L.; Haynes, W.; Maschmeyer, I.;
Winter, A.; et al. Functional coupling of human pancreatic islets and liver spheroids on-a-chip: Towards a novel human ex
vivo type 2 diabetes model. Sci. Rep. 2017, 7, 1–11. [CrossRef]

54. Maschmeyer, I.; Lorenz, A.K.; Schimek, K.; Hasenberg, T.; Ramme, A.P.; Hübner, J.; Lindner, M.; Drewell, C.; Bauer, S.;
Thomas, A.; et al. A Four-Organ-Chip for Interconnected Long-Term Co-Culture of Human Intestine, Liver, Skin and Kidney
Equivalents. Lab Chip 2015, 15, 2688–2699. [CrossRef] [PubMed]

55. Ronaldson-Bouchard, K.; Vunjak-Novakovic, G. Organs-on-a-Chip: A Fast Track for Engineered Human Tissues in Drug
Development. Cell Stem Cell 2018, 22, 310–324. [CrossRef] [PubMed]

56. Kreß, S.; Schaller-Ammann, R.; Feiel, J.; Priedl, J.; Kasper, C.; Egger, D. 3D Printing of Cell Culture Devices: Assessment and
Prevention of the Cytotoxicity of Photopolymers for Stereolithography. Materials 2020, 13, 3011. [CrossRef] [PubMed]

http://doi.org/10.1016/j.snb.2015.07.110
http://doi.org/10.1039/C9RA02069A
http://doi.org/10.1002/bit.1071
http://www.ncbi.nlm.nih.gov/pubmed/11320508
http://doi.org/10.3389/fneng.2013.00007
http://www.ncbi.nlm.nih.gov/pubmed/24009582
http://doi.org/10.1128/AEM.00175-11
http://www.ncbi.nlm.nih.gov/pubmed/21803898
http://doi.org/10.1371/journal.pone.0063473
http://doi.org/10.1152/ajplung.00386.2014
http://www.ncbi.nlm.nih.gov/pubmed/26320159
http://doi.org/10.1111/j.1471-4159.2004.02851.x
http://doi.org/10.1152/ajplung.00358.2001
http://www.ncbi.nlm.nih.gov/pubmed/11943674
http://doi.org/10.1039/b915147h
http://www.ncbi.nlm.nih.gov/pubmed/19865724
http://doi.org/10.1038/s41598-017-08879-x
http://doi.org/10.1016/j.addr.2013.12.003
http://doi.org/10.1038/s41578-018-0034-7
http://doi.org/10.1016/j.biomaterials.2015.08.043
http://www.ncbi.nlm.nih.gov/pubmed/26322723
http://doi.org/10.1039/C1LC20678H
http://doi.org/10.1016/j.mee.2018.11.001
http://doi.org/10.1039/c3lc50350j
http://doi.org/10.1039/C6LC00946H
http://doi.org/10.1038/s41598-018-33462-3
http://doi.org/10.1016/j.cels.2020.02.008
http://doi.org/10.1038/s41598-017-14815-w
http://doi.org/10.1039/C5LC00392J
http://www.ncbi.nlm.nih.gov/pubmed/25996126
http://doi.org/10.1016/j.stem.2018.02.011
http://www.ncbi.nlm.nih.gov/pubmed/29499151
http://doi.org/10.3390/ma13133011
http://www.ncbi.nlm.nih.gov/pubmed/32640644


Micromachines 2021, 12, 627 14 of 14

57. Toepke, M.W.; Beebe, D.J. PDMS absorption of small molecules and consequences in microfluidic applications. Lab Chip 2006, 6,
1484–1486. [CrossRef] [PubMed]

58. Amoyav, B.; Goldstein, Y.; Steinberg, E.; Benny, O. 3D Printed Microfluidic Devices for Drug Release Assays. Pharmceutics 2020,
13, 13. [CrossRef]

59. Gong, H.; Beauchamp, M.; Perry, S.T.; Woolley, A.T.; Nordin, G.P. Optical approach to resin formulation for 3D printed
microfluidics. RSC Adv. 2015, 5, 106621–106632. [CrossRef]

http://doi.org/10.1039/b612140c
http://www.ncbi.nlm.nih.gov/pubmed/17203151
http://doi.org/10.3390/pharmaceutics13010013
http://doi.org/10.1039/C5RA23855B

	Introduction 
	Materials and Methods 
	3D-Printing 
	3D-Printer and Software 
	3D-Printing Procedure 

	MOC Device Fabrication 
	PDMS-Based Microfluidic Unit Fabrication Using 3D-Templates 
	Whole 3D-Printed Device 

	Computational Fluid Dynamics (CFD) Simulation 
	Cell Culture 
	Cell Viability and Biocompatibility Evaluation 

	Results 
	MOCs Design Guidelines 
	PDMS Based MOCs Fabrication 
	3D-Printing MOCs Fabrication 
	Shear Force Protection 
	3D-Printed Based MOC Evaluation and Cytotoxic Effect of (Meth)Acrylate Resin 

	Discussion 
	References

