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ARTICLE INFO ABSTRACT

Keywords: Biomedical in vitro sensors use cell cultures grown on sensor chips for drug testing, toxicological screening,
Microfluidic device studying pathologic processes in tissue and for personalized medicine. Microfluidic systems and chips bridge the
3D printing gap of the biological micro world to our accessible macro world, creating the interface between e.g., cells on a
On-Chip printing . . . ‘s . o

. e chip to reservoirs and pumps. Prototype and low volume lab scale microfluidic devices have traditionally been
Biocompatibility

realized by soft lithography using polydimethylsiloxane (PDMS) technology. Recently, rapid prototyping of
microfluidic devices using direct 3D printing has become widely available. Usually, the 3D printed parts are (i)
either stand-alone systems requiring only fluidic connections, or (ii) they need to be carefully aligned and
skilfully attached to the rigid micro fabricated chip. This post-fabrication attachment is time-consuming and a
frequent source of error. In this work the fabrication of the microchip and the microfluidic system have been
integrated into a multi technology fabrication process. For the first time we demonstrate the “on-chip 3D
printing” of a microfluidic attachment directly onto an in-house fabricated multi electrode array chip. The
process uses a desktop-sized LCD resin printer and eliminates the time-consuming post-deposition alignment and
attachment. Biocompatibility of the used resin was confirmed for murine fibroblasts and validates this multi

technology approach for biomedical cell chips.

1. Introduction

Microfluidic systems are essential for many biomedical in-vitro de-
vices, including lab-on-a-chip-devices, drug testing or disease modelling
[1,2]. To form such a device, often, two functional entities can be
identified: (a) a (micro-)fluidic compartment and (b) a separate sensor
substrate, such as a microchip. There are several manufacturing ap-
proaches that allow constructing the fluidic unit with varying degrees of
resolution and 3D capability (Fig. 1). For further information see sup-
porting information Table S1.

One standard approach is polydimethylsiloxane (PDMS) based soft-
lithography [3] using epoxy SU-8 master moulds or 2-photon-polymer-
ization printed templates [4]. This method allows for high resolution
imprints, but comparatively poor aspect ratios and limited 3D capability
in single- and few layer processes. Moreover, this requires thin-film
equipment and process development. Recent advances in laser
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pyrolysis allow for digital patterning of PDMS [5] and Polyimide [6] of
2D and quasi 3D structures.

Another manufacturing technique that has recently gained attention
is direct 3D printing of microfluidic components [7-9]. Especially LCD
resin printers have gained increasing popularity as they offer a cost-
efficient possibility of fast design adaption and prototyping of 3D
structures. While the printing resolution is still inferior to photolithog-
raphy, microfluidic structures of several centimetres height can be
fabricated in a single step. Furthermore, biocompatibility, low optical
transparency, high surface roughness and low gas permeability are
notable challenges [10,11]. Another 3D printing technology, namely 2-
photon-polymerization is also very popular method, since very small
features with submicron dimensions can be printed without the need of
supporting structures [12]. However, this technology is still very
expensive and requires intensive testing and process optimisation.

A major problem for the fabrication of microfluidic devices is the
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Fig. 1. Commonly used lab-scale fabrication approaches of microfluidic de-
vices as well as the proposed method.

precise attachment of the cell compartment to electrical active sensor
surfaces [13]. In the case of multi electrode arrays (MEAs) used for
electrophysiological recordings, usually a simple well is glued or bonded
[14-17] onto the electrically active substrate that was processed by
conventional lithography. The accurate attachment of a top unit
featuring delicate channels requires a lot of attention and manual dex-
terity. Inaccurate placement is a frequent source of biochip malfunction
and leakage. To overcome this bottleneck, it would be beneficial to
avoid the conventional two-step fabrication and combine photolithog-
raphy and 3D printing in a single process.

In this work, we demonstrate a combined micro- and macro tech-
nology masked LCD printing with photolithographic microfabrication.
The top unit with a simple design has three main components: an inlet, a
channel and an outlet. Cells can be placed in the system and moved to
the desired position. The is top unit is 3D printed onto a micro structured
MEA substrate (Fig. 2). To our knowledge, no on-chip 3D printing pro-
cess was described in literature so far.

2. Materials & methods

In the following section, the fabrication of the different parts of an
exemplary microfluidic biochip, as shown in Fig. 2 is described.

2.1. Fabrication of the microelectrode Array (MEA) sensor substrate

Multi electrode array substrates were fabricated using conventional
i-line photolithography, metal and insulator deposition techniques and

outlet \ /

channel . |
inlet / \ i
|

MEA | :

e

Fig. 2. Exploded view of the microfluidic compartment (top) and the micro-
electrode array (MEA). MEA size: 49 x 49 mm.
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reactive ion etching (Fig. S1). First, the bare 49 x 49 mm glass substrates
(D263TEco, Schott, Malaysia) were cleaned in acetone and isopropyl
alcohol and dried under a stream of nitrogen. A subsequent dehydration
bake at 120 °C was performed to remove residual moisture. The surface
was then pre-treated using an adhesion promoter (TI-prime, micro resist
technology, Germany). The AZ 5214E photo resist (Microchemicals
GmbH, Germany) was processed in image reversal mode according to
the manufacturer’s instructions using a MJB3 mask aligner (SUSS
MicroTec SE, Germany). A Titanium (10 nm) and Gold (300 nm) stack
was sputter deposited (Von Ardenne LS 320 S, Germany) and subse-
quently lifted-off in an acetone bath. The substrate was then passivated
by a plasma enhanced chemical vapour deposition process (Plasmalab
80 plus, Oxford Instruments, UK) with silicon nitride (Si3N4, 300 nm). A
second lithography step defined the openings in the passivation layer
where the measuring electrodes are exposed. To remove the passivation,
an SFg based reactive ion etching process was performed using a Plas-
malab 100 (Oxford Instruments, UK) tool. Final cleaning of the substrate
was carried out in an ultrasonic bath using acetone and isopropyl
alcohol.

2.2. Microfluidic compartment

2.2.1. Conventional 3D printing and post processing

3D prints were fabricated using masked-LCD printers (Photon Mono
X, Anycubic Technology, Hongkong and Phrozen Sonic Mini 4 K,
Phrozen Technology, Taiwan) with a 405 nm UV light source.
Commercially available resin (AOE-CMR-BASIC, niceshops GmbH,
Austria) was used as photo-hardening (negative tone) polymer.

A CAD (computer aided-design) model (Fig. 2) was generated and
subsequently processed into a printer-readable file format using the
slicing software Chitubox v1.8.1 (Chitubox, China) and pre-set param-
eters. Before each print, the build plate was accurately levelled ac-
cording to the manufacturer’s instructions. After completion of the 3D
print, the build plate was suspended at a 45° tilt angle to facilitate un-
cured resin drip off. Subsequently, the 3D prints were carefully detached
from the build plate, cleaned in an ultrasonic bath using clean isopropyl
alcohol and dried under a stream of nitrogen. Parts were then post-cured
with UV light (405 nm) using the Anycubic Wash and Cure Station
(Anycubic Technology, Hongkong) for five minutes. To ensure full
curing, parts were optionally thermally post-cured [18].

For the biocompatibility assessment, thin cover slips (thickness: 300
pm, diameter: 10 mm) were 3D printed according to the aforementioned
process. The cured resin was subsequently used as substrate for growth
of murine fibroblasts (see 2.3).

2.2.2. On-Chip 3D printing

For on-chip printing the procedure as described above was con-
ducted directly on microelectrode arrays on glass substrates fabricated
as described in 2.1. For 3D printing on the MEAs the following adap-
tations were implemented:

2.2.2.1. Attachment and positioning. Before 3D printing of the micro-
fluidic system the MEA had to be mounted on the build plate using three
different methods. (a) Adhesive spray (3 M, Austria) was applied from a
distance of 50 cm using a cut-out stencil to cover the rest of the build
plate. The substrate was then brought in contact manually and UV
irradiated to facilitate hardening of the adhesive. (b) Thin tape was
applied on the edges of the substrate, wrapping around the build plate.
(a) and (b) used a stencil to centre the substrate with respect to the
printed microfluidic compartment. (c) A customised 3D printed vacuum
chuck (Fig. S2) was used as build plate substitute, which also provided
centred positioning to the LCD screen.

2.2.2.2. Adhesion promotion. Tl-prime (Microchemicals GmbH, Ger-
many) and permanent epoxy negative photoresist SU-82015
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(Microchem, USA) were spin-coated (nominal height: 21 pm) onto the
glass substrate or MEA and processed according to the manufacturer’s
instructions using a MJB3 mask aligner (SUSS MicroTec SE, Germany).
The substrate with pre-patterned SU-8 was then attached to the build
plate using the aforementioned methods and the 3D printing process was
started. Post-treatment steps were the same as for conventional 3D
printing.

2.2.3. Characterization

The surface of the finished 3D prints as well as cell coatings on the 3D
printed substrates were characterized by microscopy. Bright-field and
fluorescence microscopy were performed using an inverted microscope
(Eclipse TE200, Nikon, Japan) with a Hamamatsu Digital CMOS Camera
(C13440-20CU, Hamamatsu Photonics K.K., Japan). Scanning electron
microscopy (SEM) (CrossBeam Neon40XB, Zeiss, Austria) was per-
formed after sputter coating of a 20 nm gold layer, to assess alignment
and print quality after post-processing. In order to characterise the
surface roughness of the 3D printed parts, a stylus profilometer (Dek-
takXT, Bruker, USA) was used.

Leak-tight operation was assessed by dispersing coloured, aqueous
liquids into the designated inlet cavities and by visual comparison after
an incubation time of one hour.

2.3. Biocompatibility assessment

2.3.1. Cell culturing

The murine fibroblast cell line BALB/3 T3 clone A31 (Lonza, Italy)
was employed to check the possible effects of the 3D printing resin on
cellular viability. The cells were detached from culture flasks using
accutase (Sigma Aldrich, Austria) and subsequently centrifuged. Cell
number and viability were assessed with trypan blue dye exclusion test.
3D printed cover slips and standard plastic cover slips for control were
sterilized with two washes of ethanol at 75%. Each sample was seeded
by dropping 20 pl of cell suspension (20.0 x 10* cells) on top, allowing
cell attachment before adding the cell culture medium in a 24 well plate.
The cells were cultured for 48 h under an atmosphere containing 5%
CO; at 37 °C in a standard medium consisting of Dulbecco’s Modified
Eagle’s Medium (Lonza, USA), 10% bovine calf serum (Sigma Aldrich,
Vienna, Austria) and penicillin-streptomycin (100 Units/ml, 100 pg/ml)
(Lonza, USA). All cell handling procedures were performed in a sterile
laminar flow hood.

2.3.2. Proliferation assay

Quantitative viability test was performed via Cell Counting Kit-8
(CCK-8) (MedChemExpress LLC, USA) assay. At each time point (1, 2,
and 3 days) the solution of CCK-8 was added in proportion 1:10 to the 3D
printed samples and controls. After two hours of incubation at 37 °C and
5% CO,, the supernatant was transferred to a 96-well plate and the
absorbance was read at 450 nm using an Enzo Absorbance 96 Plate
Reader (Enzo Life Sciences, Inc., USA). The measured absorbance is
directly proportional to the number of metabolically active cells. For
each time point, nine samples were evaluated.

2.3.3. Cell viability assay

After 48 h in culture, the cells on the 3D printed samples and the
control were stained with Hoechst 33342 and Propidium iodide (PI).
Cell staining was visualized using the inverted fluorescence microscope.

2.4. Bioimpedance measurement

2.4.1. Measurement setup

The on-chip printed device was filled with fibroblast growth medium
(Sigma-Aldrich) and the measurement setup (Sciospec ISX-3) internal
calibration routine was performed. Measurements were conducted
within a frequency range of 1 Hz - 1 MHz at 20 points in logarithmic
spacing. The measurement amplitude was set to 125 mV at the precision
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setting “0”, with an average setting of “3”. The spheroid was then loaded
into the measurement chamber with a 300 pl pipette tip, and the mea-
surement routine was run with the same settings as above. The measured
spectra consist of the real and imaginary parts at the specific fre-
quencies. Impedance magnitude |Z| was calculated as the square root of
the sum of the squares of real and imaginary part. The reference mea-
surement |Zo| was used to calculate the percent change |Z|/|Zo|*100.

2.4.2. Cell culturing for bioimpedance

Human dermal fibroblasts (HDF) (Merck) were cultured under an
atmosphere containing 5% CO- at 37 °C in fibroblast growth medium
(Sigma-Aldrich). Once confluent, the cells were raised with Accutase
StemProTM (ThermoFisher). Next, the cells were seeded for spheroid
formation in 12 well plates (Thermo Scientific Nunclon Sphera) at a
density of 40.000 cells per well and cultivated for two weeks on
spheroids induction media, consisting of 1:1 Ham’s F12/ DMEM sup-
plemented with 20 ng/ml de EGF, 10 ng/ml de bFGF, 5 pug/ml insulin
and penicillin/streptomycin (Lonza, USA), at a working concentration of
100 units of potassium penicillin and 100 pg of streptomycin sulfate per
1 ml of culture media. Media was changed every second day and
spheroids formation was monitored under the microscope.

3. Results & discussion

This work evaluates a multi technology approach that integrates 3D
printing directly on a micro-structured sensor chip. Providing the liquid
cell medium via a microfluidic system involves specific challenges for
3D printing:

3.1. Attachment and positioning

For the combination of micro- and macro-technologies to a multi-
technology device the main problems are the attachment and the pre-
cise alignment. We investigated several methods as described in section
2.2: attachment and positioning.

Using adhesive spray to mount the glass substrate to the build plate
led to movement of the substrate during printing. Subsequent detach-
ment and cleaning proved to be difficult. When employing thin tape
instead of the adhesive spray similar problems were observed. The most
sophisticated, precise and reliable method was using the customised
vacuum chuck (Fig. S2). In contrast to the other aforementioned gluing
methods, the vacuum chuck has several advantages: (i) a more rigid
fixation, leading to less substrate displacement during the printing
process. This displacement is a potential source of severe print distor-
tions as shown in Fig. S3. (ii) intrinsic sub-mm positioning of the sub-
strate with regard to the LCD screen (iii) handling and cleaning
workflow is significantly shorter (iv) easy detachment by breaking the
vacuum.

3.2. Minimal channel size

Single human as well as murine fibroblast cells are in the range of
10-15 pm. Microfluidic designs for cell recordings feature structures of
several 100 pm. To investigate the resolution limits of masked LCD
printing, simple models of channels and holes of a size range of 50 pm to
2 mm were printed with varying exposure times in combination with a
layer thickness of 25 pm on pristine glass substrates. The achievable
minimal structure size depends on the exposure time, printer and used
resin. For the combination of AOE-CMR-BASIC resin with the Phrozen
Sonic Mini 4 K printer, an exposure time of 5 s was found to be optimal
regarding minimum channel printability on a glass substrate (Fig. S4).
Prints with shorter exposure time showed cracks and insufficient inter-
layer adhesion (tested with 3.5 s and 4 s). Longer exposure times lead
to closed channels as a result of overexposure. To ensure proper curing
of the bottom interface layers, the first four bottom layers were exposed
for 20 s. This results in enlarged patterns due to light bleeding into



J. Linert et al.

neighbouring pixels. An optical pattern correction value of —75 pm
(expansion of cavities) for the four bottom layers was applied in order to
compensate for overexposure effects. Our printed samples revealed that
channels from a nominal size of 100 pm are printable and liquid flow is
possible (Fig. S5 left). However, liquid-electrode contact can only be
established for channels with a size of at least 200 pm (Fig. S5 right),
where the bottom optical pattern correction is sufficient to prevent
closure of the channels at the bottom layers. Generally, the error in
channel width was within two pixels of the LCD screen, which in the case
of the Phrozen Sonic Mini 4 K is 70 pm. In our design, we have chosen to
keep the print optically transparent, in order to facilitate microscopic
observation of the channels. Therefore, transparent resin was used,
however we expect higher resolution results could be achieved with
non-transparent resin, which limits light penetration depth.

3.3. On-Chip 3D printing

Current methods for microfluidic attachments onto high resolution
photolithographically produced substrates are either limited in height
(SU-8/PDMS) or prohibitively complex and expensive (2-photon-poly-
merization). To our knowledge there is no technology that allows
research labs to produce 3D millimetre sized attachments for high res-
olution multi-electrode arrays. Especially 3D cell cultures in the form of
spheroids need millimetre and sub-millimetre structures that facilitate
nutrient supply and handling, so the sophisticated MEA technology can
be fully utilized. To avoid a post-printing assembly step, the microfluidic
structures have been directly deposited on a microelectrode array. Initial
prints showed insufficient adherence and liquid leakage after post-
curing with UV light. A lithographically patterned SU-8 layer was
used as an intermediate adhesion layer, as well as a biocompatible
encapsulation of the MEA. Fig. 3 (a) displays the successfully printed cell

Fig. 3. Open microfluidic channel directly printed on a MEA chip with four
separate channels.

(a) photograph of on-chip print showing the channels filled with coloured
liquid

(b) 45° tilted SEM image, showing the electrical contacts of the MEA inside the
3D printed opening. (1) channel (2) measurement chamber (3) gold electrodes.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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compartment on a microelectrode array. The visible 60 gold traces route
the thin film gold electrodes (25 x 25 pm) to the outside of the chip to
the respective contacting pads (2.2 x 3.5 mm) that are compatible for
pogo-pin connection to a commercial electrophysiology measurement
setup. The 3D printed attachment is based on the minimum channel size
design (500 pm width, 6.5 mm length, inlet and outlet radii 1 mm). Tests
with coloured, aqueous liquid showed that the channels are not leaking.
The added i-line lithography (365 nm) step due to the SU-8 adhesion
layer coating was necessary, because SU-8 shows reduced sensitivity to
the Phrozen Sonic Mini 4 K’s 405 nm illumination source. Using existing
405 nm sensitive photopolymers, similar to SU-8, this layer could
potentially replace the underlying silicon nitride insulation. To further
simplify the fabrication process, the adhesion layer could then directly
be structured during printing.

The 45° tilted SEM view in Fig. 3 (b) shows a detailed image of the
same structure as in (a). Here the lithographically patterned gold mi-
croelectrodes are visible. The 25 pm wide gold trace is completely
covered by SU-8 except for the lithographically defined 50 x 25 pm
openings, forming 25 x 25 pm gold microelectrodes. All measurement
and reference electrodes are open and not obstructed by resin residues or
overexposure artefacts. There is a step visible at the transition of the four
20 s exposed bottom layers to the rest of the 5 s exposure normal layers,
where the selected bottom layer correction of 75 pm was insufficient to
fully compensate for the overexposure effect. Also, the whole print is
shifted in the y- direction of the LCD matrix. This y-shift was caused by
tolerance in the vacuum chuck fixation mechanism that is used for
levelling. This could be improved in future revisions of the mounting
mechanism. Fig. 3 (b) also reveals the individual pixels of the LCD
matrix used to generate the vertical sidewalls of the 3D print. One
possibility to alleviate this, is to use the printer’s anti-aliasing setting,
where several pixels are grey-value interpolated to generate a smooth
contour. This however leads to broadening of structures. Therefore, the
setting was disabled for optimal structure fidelity. A more detailed dis-
cussion of the surface roughness is given in 3.4.

After demonstrating feasibility of small, leak-tight and well-defined
channels on glass substrates and multielectrode arrays, a multi-
technology device with a conical inlet shown in Fig. 4, was fabricated.
Biological samples can be examined in four identical microfluidic
compartments (inlet, channel, outlet) for independent parallel real-time
measurements.

The combination of micrometre-sized electrodes obtained by
photolithography and the millimetre sized 3D printed cell compartment,
allows for spatially resolved measurements with sufficient medium
perfusion and nutrient supply to avoid drying out.

3.4. Bioimpedance measurements

In order to demonstrate the functionality of a finalized device, the

Fig. 4. Final device fabricated by multi-technology approach, to be used for
electrophysiology measurements, featuring four inlet ports with channels and
outlet ports.
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design shown in Fig. 3 was used for bioimpedance sensing of cell
spheroids. Fig. 5 shows the recorded impedance spectra with fibroblast
medium (grey) and in presence of a spheroid (red and blue). The
spheroid was positioned over one of the measurement microelectrodes,
while another measurement electrode was selected as the counter
(Fig. S7). A distinct difference in the recorded spectra is evident in
presence of the spheroid, in the form of increased impedance in lower
frequencies and decreased impedance at higher frequencies. The dif-
ference is stable over the spheroid observation time of 5 min.

3.5. Surface roughness

The flat surface of a conventional 3D print (surface facing the vat
with a FEP (Fluorinated Ethylene Propylene Polymer) foil and an on-
glass printed sample that was peeled off the glass substrate (surface
facing the glass substrate) were examined with a profilometer. The
assessed peak-to-peak surface roughness yielded 4 pm for the conven-
tional 3D print and 8 nm for the on-glass print (Fig. S6). While normally
not accessible to the environment, in our use case, the on-glass print
displays enhanced optical properties, especially useful if transparency is
required.

3.6. Biocompatibility and viability

For an application as in-vitro sensor the biocompatibility of the 3D
printed microfluidic system is essential. To exclude cytotoxic effects and
to confirm a good cell viability we investigated the biocompatibility
with mice fibroblasts. Material samples of printed and post UV radiated
AOE-CMR-BASIC resin were placed in a multiwell plate and used as
substrate for the growth of cells over a duration of three days. The 3D
printed cover slips with seeded mice fibroblasts (BALB/3 T3) were
examined with bright field microscopy, Hoechst staining and Propidium
iodide staining (see Fig. 6).

While Hoechst staining (blue) is a fluorescent dye that binds to the
DNA of cells, highlighting their position, Propidium iodide (red) pene-
trates only dead cells. The surface roughness of the 3D printed sample
can be seen in Fig. 6 (a). After 24 h a dense cell layer was observed

200 T
—&— Medium  (t= 1 min)
—®— Spheroid  (t= 2 min)
175+ x 4 Spheroid  (t= 7 min)

-
)}
o

-
o
o

Relative Impedance |Z|/|Z,|*100 (%)
)
(¢}

~
[$)]

50

100 1k 10k 100k ™
Frequency (Hz)

Fig. 5. Measured impedance spectra without (grey) and with a spheroid pre-
sent (red and blue) over the measurement electrode. Impedance changes are
computed with respect to reference measurement Z, at t = 0 with only cell
medium and displayed from 100 Hz to 1 MHz. The grey line (1 min after
reference measurement) shows only minimal deviation from the reference
(100% line). The changes across the spectrum in the blue and red trace both
indicate the presence of the spheroid. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)
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@ (b)

Fig. 6. (a) Bright-field microscope image of BALB/3 T3 mice fibroblast cells
seeded on a 3D printed cover slip. (b) Hoechst staining of the sample, blue
fluorescence is corresponding to the position of cells. (c¢) Propidium iodide
staining of the sample, red fluorescence would correspond to dead cells (i.e.,
none detected). (d) Merged image of (a), (b) and (c)

(Fig. 6 (b)) by Hoechst staining and no dead cells were detected (Fig. 6
(c)) by Propidium iodide staining.

To ensure biocompatibility of the proposed 3D resin, i.e., to exclude
any cytotoxic effect, the quantitative viability of the BALB/3 T3 cells
was investigated. The CCK-8 assay yielded increasing absorbance over
time, directly corresponding to the amount of metabolically active cells
(Fig. 7). A highly statistical significance with P < 0,0001 was observed.
According to our results of the biocompatibility assay, the BALB/3 T3
mice fibroblasts are capable to grow on the printed resin for at least 72 h
and viability is not impaired. However, the proliferation capacity ap-
pears to be affected, especially at day three, if compared with the control

BALB/3T3
3- dedededk )
| | [] Resin
= % [ Plastic
[
3
< 24
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3
o *kkk
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Fig. 7. CCK-8 cellular viability assay of mice fibroblast (BALB/3 T3 clone A31)
cell line seeded on 3D printed cover slips and plastic cover slips (control) at 1, 2
and 3 days after seeding (N° = 9). ****P < 0,0001.
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on plastic (Fig. 7).

The 3D resin exhibited a slower doubling time compared to tissue
culture plates. Due to the absence of apoptotic cells, which is confirmed
by no detectable red fluorescence signal in the PI channel, the material
can still be argued as biocompatible for short time cell cultures.

Biological investigations on how the resin might affect the division
capacity of BALB/3 T3 cells [19-23], are in progress and will be pub-
lished in a more biology-based publication.

4. Conclusion

The presented on-chip printing explores a way of combining micro-
metre scaled electronically active substrates produced by photolithog-
raphy with rapid prototyping produced cell compartments in large
millimetre scale. This method allows for combining alignment, attach-
ment and interfacing to tubing systems into one step, opening new
manufacturing possibilities that may be interesting for commercial se-
rial production. The applicability of the proposed method was demon-
strated by bioimpedance measurements of human fibroblast spheroids,
as well as biocompatibility assessment of the used material. The used
equipment for the realization of the microfluidic compartment is easily
affordable and allows in combination with commercially available
MEAs, an easy entry to biomedical microfluidic devices. The adaptable
print platform allows for various printers to be used, however structural
optimization and further machine modifications might significantly
improve alignment accuracy. Another area for handling improvements
is post-printing cleaning, which at the moment requires careful manual
handling of the substrates. So far, the designs have been gravity driven
or used with slight negative pressure. Whether the adhesion of the print
requires further improvements for positive pressure closed systems re-
mains to be seen and was not tested in this work.
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