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1 | INTRODUCTION

Additive manufacturing or 3D printing is considered a rev-
olutionizing technology already changing the way of fabri-
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Abstract

Additive manufacturing (3D printing) enables the fabrication of highly cus-
tomized and complex devices and is therefore increasingly used in the field of life
sciences and biotechnology. However, the application of 3D-printed parts in these
fields requires not only their biocompatibility but also their sterility. The most
common method for sterilizing 3D-printed parts is heat steam sterilization—
but most commercially available 3D printing materials cannot withstand high
temperatures. In this study, a novel heat-resistant polyacrylate material for high-
resolution 3D Multijet printing was evaluated for the first time for its resistance
to heat steam sterilization and in vitro biocompatibility with mouse fibroblasts
(L929), human embryonic kidney cells (HEK 293E), and yeast (Saccharomyces
cerevisiae (S. cerevisiae)). Analysis of the growth and viability of 1929 cells and
the growth of S. cerevisiae confirmed that the extraction media obtained from
3D-printed parts had no negative effect on the aforementioned cell types, while,
in contrast, viability and growth of HEK 293E cells were affected. No differ-
ent effects of the material on the cells were found when comparing heat steam
sterilization and disinfection with ethanol (70%, v/v). In principle, the investi-
gated material shows great potential for high-resolution 3D printing of novel
cell culture systems that are highly complex in design, customized and easily
sterilizable—however, the biocompatibility of the material for other cell types
needs to be re-evaluated.

KEYWORDS
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cation in diverse industrial fields. It enables the bottom-up
single-step production of most complex building parts,
creating structure elements, such as inaccessible cavities,
where standard top-down fabrication technologies would
fail. In addition, product development processes benefit

Abbreviations: EM, extraction medium; S. cerevisiae, Saccharomyces

cerevisiae

from rapid prototyping due to the high degree of customiz-
ability of the design. There are multiple different additive
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manufacturing technologies, such as Fused Deposition
Modeling (FDM), Stereolithography (SLA), MultiJet
Printing (MJP), Two-Photon Polymerization, and many
more [1], some of them with printing resolutions down to
the micro- to nanometer scale [2-4]. Furthermore, diverse
materials (e.g., polymers [5], silicones [6], ceramics [7],
or even metals [8]) can be printed, enabling products that
are translucent, flexible, highly stable, or conductive. In
addition, multi-material printing enables printing differ-
ent materials at the same time, which allows gaskets or
conductive paths to be integrated directly into a device [9].

3D printing is increasingly used for medical applica-
tions, such as dental prosthetics [10] or transplants for
surgery [11, 12]. It is also used in life sciences and biotech-
nology, for example, to develop 3D-printed bioreactors [13]
and "lab-on-a-chip” or "organ-on-a-chip” systems for cell
cultivation [14-16] and tissue engineering [17]. To enable
microscopic or spectroscopic analysis, transparent materi-
als are preferred for use in cell culture applications. There-
fore, 3D- printed cell culture devices are predominantly
printed from transparent photopolymers [13, 18, 19].

Especially for applications in cell culture and medi-
cal technology, the sterility of a product must be guar-
anteed. Typically, heat steam sterilization (autoclaving) is
used to sterilize bioreactors and equipment because it is
easily accessible and applicable. However, this method
has significant disadvantages, such as deformation or
degradation of many polymers under heat or humid-
ity [20, 21] Therefore, sterilization or disinfection of 3D-
printed objects is often achieved by UV irradiation or
chemicals (e.g., ethanol or ethylene dioxide) [22]. Despite
the challenges in developing a heat-resistant 3D print-
able polymer material, several heat-resistant materials
for additive manufacturing have already been reported,
such as polyetheretherketones(PEEK), fluorinated poly-
mers, polyurethanes, and polyacrylates [23-29]. Another
important requirement for the use of a material for cell cul-
ture or medical device applications is its biocompatibility.

A generally approved definition of the concept of bio-
compatibility was adopted in 1986 at a consensus confer-
ence on “Definitions in Biomaterials” organized by D. F.
Williams: “Biocompatibility is the ability of a material to
perform with an appropriate host response in a specific
application” [30, 31]. This definition already implies that
biocompatibility is a characteristic of a system and not of a
material per se. Additionally, the response of an organism
to a 3D printing material is particularly dependent on the
duration and nature of the interaction and therefore needs
to be uniquely defined for each application and product
[31-33]. To develop suitable assays and to gather informa-
tion on biocompatibility test methods, the extensive infor-
mation provided by international standards—such as ISO
10993—can be consulted [34].

PRACTICAL APPLICATION

3D printing enables rapid manufacturing of highly
individual and complex designs and is therefore
revolutionizing the production and prototyping of
customized parts for various applications in differ-
ent disciplines. In the medical and biotechnology
sectors, where 3D printing can be used to fabricate
cell culture devices or bioreactors, the availabil-
ity of sterile products is of particular importance.
Heat steam sterilization is the easiest way to ster-
ilize 3D-printed parts. However, among the wide
variety of 3D printing materials, few are commer-
cially available that can withstand heat steam ster-
ilization and have shown biocompatibility. In this
study, a polyacrylate material (VisiJet M2S-HT90)
shows great potential to fulfill both criteria for cell
culture applications with adherent fibroblast cells
and yeast cells, and is therefore a promising mate-
rial for the development of customized cell culture
devices.

In most cases, initial cytotoxicity screening is based on
cell culture methods because these methods are sensitive,
reliable and reproducible [35]. Continuous (immortalized)
cell lines such as HeLa, 1929, 3T3, WI-38 or Chinese ham-
ster ovary (CHO) cells are usually selected for these screen-
ing steps [35]. For further investigations, cells are selected
depending on the anticipated use of the material under
study. For example, fibroblasts such as mouse L929 cells are
an appropriate choice for skin contact materials because
they play a physiological role in the wound healing process
around implanted devices [35]. One reason for a cytotoxic
effect of a material may be the formation of substances
that are leachable or extractable from the material. Com-
mon leachables and extractables that may originate from
polymers include additives, processing aids, and to a lesser
extent monomers and oligomers [35].

A variety of in vitro methods are available for testing
cytotoxic effects, ranging from counting viable/dead cells
under the microscope to biochemical assays, flow cytomet-
ric analysis, and real-time live-cell imaging technology [33,
35-37]. While microscopic observations - including count-
ing of viable/dead cells using vital dyes such as trypan
blue - and observations of changes in cell morphology pro-
vide an initial assessment of cytotoxic effects, biochemi-
cal assays provide more reliable and specific information
[33, 35, 36]. Flow cytometric analysis and real-time live-
cell imaging technologies offer even more specific data, but
typically require costly instrumentation and more manual
labor compared to traditional screening assays.
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FIGURE 1

Schematic representation of the experimental procedure. The whole procedure includes 3D printing, post-processing and

sterilization/disinfection of the cubes (Section 2.2), preparation of extraction media in accordance to ISO 10993-12 (Section 2.3) and
biocompatibility testing using three different cell types (Section 2.5 - 2.7). (EM 1: Extraction medium obtained by incubation of ethanol (70 %,
v/v) disinfected 3D-printed cubes; EM 2: Extraction medium obtained by incubation of autoclaved 3D-printed cubes)

Despite the immense number of 3D printing materials
already available, materials that are biocompatible and can
also be used in heat steam sterilization procedures are hard
to find. The aim of this study is to investigate the poten-
tial of a novel, heat-resistant polyacrylate material (VisiJet
M2S-HT90) for cell culture applications. For this purpose,
the material was printed using a high-resolution Multi-
Jet 3D printer and then post-processed to remove the sup-
port material (VisiJet M2 Sup). After this post-processing
procedure, the 3D-printed parts were sterilized by heat
steam sterilization or disinfected with ethanol (70% v/v)
to reveal any effect of the disinfection/sterilization process
on the 3D printing material. Subsequently, all of the post-
processed objects were analyzed, and extraction media
were obtained according to the ISO 10993:12 standards. The
suitability of the material for cell culture applications with
Saccharomyces cerevisiae(S. cerevisiae), suspension human
embryonic kidney (HEK) cells and mouse L1929 cells was
then investigated.

2 | MATERIALS AND METHODS

2.1 | Experimental procedure

The experimental procedure is illustrated in Figure 1. The
experiments started with 3D printing of 5 x 5 x 5 mm cubes
(representing a total surface area of 1.5 cm? per cube) with
translucent polyacrylate material and support material.

Subsequently, the printed cubes were cleaned in a post-
processing process and sterilized or disinfected either by
autoclaving (30 min, 121°C) or incubation in ethanol (70%
v/v; Merck KGaA, Darmstadt, Germany). To study the in
vitro biocompatibility of the 3D printing material, extrac-
tion media were prepared according to ISO 10993:12. These
were used to evaluate the effect of the 3D printing mate-
rial on adherent mouse fibroblast cells (1.929), suspension
human embryonic kidney cells (HEK 293E), and suspen-
sion yeast cells (S. cerevisiae NCYC 1024).

2.2 | 3D printing, post-processing and
sterilization/disinfection of 3D-printed
objects

Cubes with 5 x 5 x 5 mm were designed using SolidWorks
2020 (Dassault Systemes Deutschland GmbH, Stuttgart,
Germany) and 3D-printed using the high-resolution Mul-
tiJet 3D printer ProJet® MJP 2500 Plus (3D Systems, Rock
Hill, SC, USA). The resolution of the printer in xyz is 800 x
900 x 790 DPI creating layers of 32 um [38]. The 3D printing
material tested within this study is referred to by the man-
ufacturer as VisiJet® M2S-HT90. According to the safety
data sheet, the non-polymerized model material contains
several hazardous chemicals [39]. However, in the printed
form, the model material is declared as biocompatible in
accordance with USP-class IV by the manufacturer [40]. In
addition, the material is declared as heat-stable with a heat
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distortion stability of 0.45 MPa at 90-100°C [41]. As sup-
port material, VisiJet® M2 Sup was used, which according
to the safety data sheet is a hydroxylated resin that has no
evidenced toxic effects [42].

After the printing process was completed, the printing
plate was incubated for 10 min at -18°C. This allows to
remove the cubes from the plate and transfer them in a
heat steam bath of an EasyClean unit (3D systems, Rock
Hill, SC, USA) for 45 min.

Subsequently, the objects were incubated in an ultra-
sonic bath (Bandelin electronic, Berlin, Germany) with
detergent (1% (v/v); Fairy Ultra Plus, Procter and Gamb]e,
CT, USA) for 30 min at 65°C. Afterwards, water (Arium
Sartorius Stedim Biotech GmbH, Gottingen, Germany)
and detergent were renewed, and the incubation step was
repeated. Following incubation with detergent, the 3D-
printed objects were incubated in water for 30 min at 65°C
and then dried for 30 min at 70°C.

In this study, chemical disinfection by incubation in
ethanol (70 %, v/v) for 1 h at room temperature and steril-
ization by autoclaving the objects for 30 min at 121°C (Sys-
tec VX-150, Systec GmbH, Linden, Germany) were com-
pared. The material showed no distortion after heat steam
sterilization. Finally, all cubes were washed thoroughly
with sterile phosphate-buffered saline (PBS; Life Technolo-
gies Limited, Paisley, United Kingdom).

2.3 | Preparation of extraction media
(EM) for biocompatibility studies

To study potential leaching properties of the 3D printing
material, extraction medium (EM) was prepared accord-
ing to ISO 10993-12:2021(E) (Biological evaluation of med-
ical devices — Part 12: Sample preparation and reference
materials) [34]. Following the post-processing and steril-
ization/disinfection steps, extraction media were obtained
by incubating the 3D-printed cubes for 72 + 2 h at 37°C
(with a surface area/volume ratio of 3 cm? ml™) in
the respective culture media. EM obtained by incuba-
tion of ethanol disinfected 3D-printed cubes is referred to
as EM 1. EM obtained by incubation of autoclaved 3D-
printed cubes is referred to as EM 2. In all biocompatibil-
ity experiments, the respective cell culture medium incu-
bated for 72 h at 37°C without 3D-printed cubes served as a
control.

2.4 | Flow cytometric analysis of
extraction media

To detect particles that may have detached from the 3D
printing material during incubation in the media, the EM

(for culturing 1929 and HEK 293E) and the corresponding
control media were analyzed using a BD Accuri™ C6 (Bec-
ton Dickinson, NY, USA) flow cytometer. All samples were
filtered through a 70 um cell strainer (Corning Incorpo-
rated, Corning, USA) prior to the experiment, and 20 uL of
each medium was analyzed. Each particle within the sam-
ple was detected by the instrument as an event. BD Accuri
Cé6 software (Becton Dickinson, USA) was used for data
analysis, and all media samples were compared to a size
calibration sample containing polystyrene microspheres of
known diameter (1.0, 2.0, 4.0, 6,0, 10, and 15 um (Thermo
Fisher Scientific Inc., Waltham, USA)).

2.5 | L929 culture conditions and
viability assessment
2.51 | Cellline and cell culture conditions

L929 cells (DSMZ-German Collection of Microorgan-
isms and Cell Cultures GmbH, Braunschweig, Ger-
many, No. ACC2) were routinely cultivated in 75 cm?
cell culture flasks (Corning, CellBind Surface, Corn-
ing, NY, USA) in Dulbecco’s Modified Eagle’s Medium
(DMEM; Sigma-AldrichChemie GmbH, Steinheim, Ger-
many), supplemented with 10% fetal calf serum (Sigma-
AldrichChemie GmbH, Steinheim, Germany) and 1% Peni-
cillin/Streptomycin (Sigma-AldrichChemie GmbH, Stein-
heim, Germany) in a 5% CO,, humidified atmosphere at
37°C (Heracell 240 incubator, Thermo Fisher Scientific
Inc., Waltham, USA) and harvested at 70-85 % confluency
by Trypsin/EDTA solution (Biochrom GmbH, Berlin, Ger-
many) treatment. Experiments were performed with cells
of passage numbers below 13. 24 h prior to the start of
an experiment, cells were seeded in 96-well plates (Sarst-
edt AG and Co. KG, Niimbrecht, Germany) at a density of
15,000 cells per well and 7,500 cells per well in 200 uL cell
culture medium.

2.5.2 | CellTiter blue (CTB) viability assay

Cell viability of the 1.929 cells was determined by CellTiter-
Blue®) cell viability assay (Promega GmbH, Mannheim,
Germany) using the background and standard controls
given in the accompanying manual. In metabolically active
cells, blue resazurin is reduced to purple fluorescent
resorufin [33, 43, 44]. The resulting fluorescence intensity
is an indicator of the number of viable cells. The forma-
tion of resorufin was monitored using a fluorescence plate
reader (Fluoroskan Acent, Thermo Fisher Scientific Inc.,
Waltham, MA, USA) at an extinction wavelength of 544 nm
and an emission wavelength of 590 nm.
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The L929 cells were cultured in the related EM (see Sec-
tion 2.3) or control medium for 24 h (15,000 cells per well)
or 48 h (7,500 cells per well), afterwards all medium was
removed, 100 uL of fresh DMEM containing 10 % CTB
stock solution was added to each well and the cells were
incubated for 1 h before fluorescence was measured in a
plate reader. Three biological replicates with six technical
replicates each were analyzed.

2.5.3 | Microscopic analysis

1929 cells in all culture wells were examined daily dur-
ing the experiment under a light microscope (Olympus
CKX41, Olympus Europa SE & Co. KG, Hamburg, Ger-
many). Microscopic imaging of representative wells was
performed using a Cytation 5 Cell Imaging Multi-Mode
Reader (BioTek Instruments GmbH, Bad Friedrichshall,
Germany). Imaging was performed in brightfield using
the intrinsic auto-exposure function of the Gen5 imaging
software (Version 3.10.06, BioTek Instruments GmbH, Bad
Friedrichshall, Germany) for 4x or 20x objectives.

2.6 | HEK 293E culture conditions and
viability assessment

HEK 293E cells (MEXi-293E cells, IBA Lifesciences GmbH,
Gottingen, Germany) were routinely cultivated in 125 mL
shake flasks (Thermo Fischer Scientific Inc, Waltham,
USA) in MEXi-CM (IBA Lifesciences GmbH, Gottingen,
Germany) supplemented with 8 mM L-glutamine (Sigma-
Aldrich Chemie GmbH, Steinheim, Germany) and 50 mg
x L' Geneticindisulfat (G418)-solution (Carl Roth GmbH,
Karlsruhe, Germany) in a 5% CO,, humidified atmosphere
at 37°C (Heracell vios 160i CO, incubator, Thermo Fisher
Scientific Inc., Waltham, USA) at a shaking rate of 190
rpm with an orbital diameter of 19 mm. Experiments were
performed with cells of passage number up to 15. At the
start of an experiment, 50 mL cultivation tubes (Tube-
spin Bioreaktor 50, Techno Plastic Products AG, Trasadin-
gen, Switzerland) were filled with the related EM (see Sec-
tion 2.3) or control medium and inoculated with 0.3 x
10° cells-mL~". The starting volume of each culture was 10
mL and the shaking rate was adjusted to 210 rpm. After
24, 48, and 72 hours, a sample of 0.5 mL was taken from
each culture, and the viable cell density (VCD) and via-
bility of the culture were analyzed using a trypan blue
assay-based Cedex cell counter (Cedex HiRes, Roche Diag-
nostics GmbH, Mannheim, Germany). Three biological
and three technical replicates were analyzed, and mean
and standard deviation were calculated for the technical
replicates.

2.7 | Saccharomyces cerevisiae culture
conditions and growth studies

S. cerevisiae NCYC 1024 cells (National Collection of Yeast
Cultures, Norwich, United Kingdom) stored at -80°C with
15 % glycerol (Carl Roth GmbH, Karlsruhe, Germany)
were resuspended in 10 mL yeast extract peptone dex-
trose (YPD) medium (constituted of 10 g L' yeast extract,
20 g L' peptone and 20 g L' glucose, all Carl Roth
GmbH, Karlsruhe, Germany) adjusted to pH 5.8 using
2 M HCI (Carl Roth GmbH, Karlsruhe, Germany) and
supplemented with 34 ug mL~! chloramphenicol (Sigma-
Aldrich Chemie GmbH, Steinheim, Germany). The cells
were incubated overnight (14 h) at 200 rpm and 30°C in
50 mL cultivation tubes (Greiner Bio-One GmbH, Ger-
many) using a shaking incubator (IKA® KS 4000 ic con-
trol, IKA®-Werke GmbH & Co. KG, Germany). Subse-
quently, this pre-culture was used to inoculate the respec-
tive extraction and control medium to an optical density
at 600 nm (ODgq) of ~ 0.2 in a final volume of 12.5 mL
in 125 mL shake flasks (Thermo Fisher Scientific Inc.,
Waltham, USA). These flasks were again incubated at 30°C
and 200 rpm; samples were collected during an incuba-
tion period of 12 h, and ODgy, measurements were per-
formed using a spectrophotometer (Libra S50, biochrom
Ltd, United Kingdom). The experiment was repeated for
three different pre-cultures with three technical replicates
each for the EM and control medium.

3 | RESULTS AND DISCUSSION

3.1 | L929 cultivation in extraction
medium

1929 cells are considered a standard for biocompatibility
testing as these cells are recommended by the interna-
tional organization for standardization and, therefore,
are commonly used in laboratories for such purposes
[35, 45]. In this work, the potential cytotoxicity of the
novel heat-resistant 3D printing material to L929 cells was
assessed using the CTB cell viability assay; this test ana-
lyzes the metabolic activity of cells as an indicator of their
viability. As shown in Figure 2, the CTB assay reveals that
ethanol (70%, v/v) as a disinfectant and autoclaving for
sterilization of the 3D printing material did not negatively
affect the metabolic capacity of L929 cells, emphasizing
the biocompatibility of the 3D printing material for this
cell type. In fact, the cells cultivated in both EM for 24 h
showed slightly higher mean metabolic activities of 113.5
+ 5.4 % (EM 1) and 112.4 + 2.0 % (EM 2) compared to the
control that is defined as 100% viability. Also, after 48 h
of cultivation, the cells’ mean metabolic activity in both
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FIGURE 2 Results of CellTiter-Blue® cell viability assay to

analyze the metabolic capacity (shown as cell viability in %) of L929
cells during cultivation in extraction medium (EM) compared to
regular cell culture medium (control). EM 1: EM obtained by
incubation of 3D-printed cubes treated with ethanol (70%, v/v). EM
2: EM obtained by incubation of autoclaved 3D printing material.
The experiment was repeated three times, the results of each run are
shown as mean + standard deviation. The cell viability is
normalized to the control cultivation that is defined as 100% viability

EM remains higher compared to the control with 128.6 +
7.5 % for EM 1 and 108.1 + 14.4 % for EM 2. However,
this increase may not be significant and could be further
investigated in future studies.

Microscopic analysis of the 1929 cells supports our find-
ing that the material shows biocompatibility with this cell
type; as demonstrated in Figure 3, the cells show a simi-
lar confluence and an unaltered cell morphology in both
EM 1 and EM 2. Yet, the microscopic images also reveal
the presence of particles in EM 1 and EM 2 but not in the
control medium. Thus, we conclude that the particles stem
from the 3D printing material; this is emphasized by their
angular shape and translucency, which is consistent for all
particles. The formation of particles is probably associated
with the layer-by-layer fabrication process and the result-
ing high roughness of the 3D printing material. Despite
the presence of the particles, no reduction in cell growth
or change in morphology of the directly adjacent cells was
observed. Therefore, we envision that 1.929 cells can also be
cultivated inside 3D-printed cell culture systems in direct
contact with the material.

The extraction media were analyzed by flow cytome-
try to assess the size and amount of the observed parti-
cles. Each event detected by the instrument corresponds to
one particle. As presented in Figure 4, considerably more
events were detected in the EM compared to the control
with a 2.64-fold and 2.74-fold increase for EM 1 and EM
2, respectively. Moreover, the comparison to a size calibra-
tion standard showed that the fraction of particles larger
than 4 ym was 4.1 % + 1.4 % for the control, 13.1 % +
1.45 % for EM 1, and 7.9 % + 1.2 % for EM 2. Consequently,
most of the particles can not be observed under a stan-
dard light microscope. The higher number of particles in
the EM in combination with their observed angular shape

FIGURE 3

Microscopic images of 1929 cells after 24 h cultivation in regular cell culture medium (A), EM 1 (B), and EM 2 (C). Black

arrows indicate particles observed in the media. The magnifications show a characteristic spot within the same well of a 96-well cell culture

plate as the corresponding lower magnified pictures. (EM 1: Extraction medium obtained by incubation of ethanol (70 %, v/v) disinfected

3D-printed cubes; EM 2: Extraction medium obtained by incubation of autoclaved 3D-printed cubes)
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FIGURE 4 Events detected by flow cytometry in the regular
cell culture medium (control) and the extraction media (EM).

(EM 1: Extraction medium obtained by incubation of ethanol (70 %,
v/v) disinfected 3D-printed cubes; EM 2: Extraction medium
obtained by incubation of autoclaved 3D-printed cubes). Three
technical replicates of three biological replicates of each medium
were analyzed; the results are shown as mean + standard deviation

evidently indicates the detachment of material from the
3D-printed cubes. Since no obvious deformation of the 3D-
printed cubes after any post processing step was observed,
their surface was further analyzed microscopically. Result-
ing from the 3D printing process three distinct surfaces can
be differentiated (Figure S1). Especially the rough surfaces
of the X and Y planes show potential for the detachment of
particles. Indeed, the X surfaces of the cubes analyzed after
incubation in medium were missing parts of their charac-
teristic surface patterns (Figure S2). These findings further
indicate the 3D printing material as the origin of the par-
ticles. Our results emphasize that in the design of biocom-
patibility studies for 3D printing materials, not only the
presence of leachables but also particle formation should
be considered.

3.2 | HEK 293E cultivation in extraction
medium

The mammalian suspension cell line HEK 293 is widely
used for academic or pharmaceutical research [46] and,
therefore, was chosen as a cell line in our biocompati-
bility studies. The cell viability and VCD of HEK 293E
cells during the cultivation in EM 1, EM 2, and control
medium were monitored using a trypan blue assay-based
Cedex cell counter over a period of three days and are pre-
sented in Figure 5. The cell viability of HEK 293E cells cul-

tivated in the control medium remained above 99% (see
Figure 5A) and a VCD slightly above 2.3 x 10° cells mL
was reached at the end of the experiment (see Figure 5B).
In contrast, the cell viability of HEK 293E cells cultivated
in both EM decreased considerably from the first day of
cultivation. On the second cultivation day, the cell via-
bility decreased below 78 % for all cultures; a trend that
proceeded until the end of cultivation. Accordingly, the
VCD of these cultures continuously decreased during the
experiment and reached values below the inoculation den-
sity at the end of the cultivation process. EM obtained
from 3D-printed cubes disinfected with ethanol or steril-
ized by autoclaving showed a similar and markedly nega-
tive influence on the viability and VCD of HEK 293E cells.
In consequence, under the given conditions, the mate-
rial is not suitable for cell culture applications with HEK
293E cells.

The negative effect of the EM on viability and growth
of HEK 293E cells may be explained by microparticles that
had first been observed in the EM used for cultivation of
1929 cells (see Section 3.1) and were also detected by flow
cytometry in the EM prepared for the HEK 293E cultiva-
tion (data not shown). While the particles had no effect on
the viability of adherent fibroblasts, they potentially dam-
age suspension cells physically during cultivation. Con-
sidering the unimpaired cell viability of 1929 cells, toxi-
city induced by leachables is unlikely. To further inves-
tigate a potential mechanical impairment of the viabil-
ity of suspension cells by the observed particles, removal
of these particles before cultivation could be tested in
future works.

3.3 | Saccharomyces cerevisiae cultivation
in extraction medium

The yeast S. cerevisiae is one of the most studied eukary-
otes that is frequently used in industrial fermentation pro-
cesses [47]. Possible applications of 3D printing for yeast
cell cultivation can include the design of heat-steam ster-
ilizable bioreactors that potentially enable flexible adjust-
ments to shifting experimental requirements (i.e., sensor
integration). In this study, we investigated the effect of EM
1 and EM 2 compared to the control medium by tracking
the ODgqg, a simple but commonly applied parameter for
yeast cell culture monitoring (see Figure 6). The growth
curves show a typical behavior with a lag phase (0-4 h),
an exponential phase (4-8 h), a diauxic shift (8-10 h), and
the beginning of a second exponential growth phase (10-
12 h) reaching an ODg of 11-15 in all cultures after 12 h.
For all three individual experiments, the cell growth in
both EM remains unaffected; thus, the 3D printing mate-
rial does not impair yeast cell growth. Furthermore, after
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FIGURE 6 Cell density of S. cerevisiae during the cultivation

in extraction medium (EM 1: obtained by incubation of ethanol

(70 %, v/v) disinfected 3D-printed cubes; EM 2: obtained by
incubation of autoclaved 3D-printed cubes) and regular cell culture
medium (Control) determined by measuring of the optical density
at 600 nm. The experiment was repeated three times, the results of
each run are shown as mean + standard deviation

about 8 hours of cultivation, the characteristic diauxic shift
can be observed as a flattening of the growth curve. At
this point, the metabolism switches from glucose as the
main energy source to aerobic utilization of ethanol [48].
In comparison to the controls, this critical change in cell
metabolism is unaltered in the cultures containing extrac-

tion media, underlining the biocompatibility of the mate-
rial for yeast cell cultivation.

4 | CONCLUDING REMARKS

In the medical and biotechnology sectors the biocompat-
ibility and sterilizability of 3D-printed parts is of tremen-
dous importance. In this study, resistance to heat steam
sterilization combined with in vitro biocompatibility of
a novel heat-resistant polyacrylate material for high-
resolution 3D Multijet printing was proven with mouse
fibroblasts (1.929) and yeast cells (S. cerevisiae). However,
biocompatibility needs to be re-evaluated for the specific
application and cell lines involved—as emphasized by the
negative in vitro effect of the material on cell growth and
viability of human embryonic kidney cells (HEK 293E)
in suspension. This effect may be caused by particles
(detached from the 3D printing material) in the extrac-
tion media, which may affect the viability and growth of
this mammalian suspension cell line. This study therefore
highlights the need to consider not only the formation of
leachables but also particles in biocompatibility studies,
especially for 3D printing materials.

In principle, the investigated 3D printing material shows
great potential for rapid prototyping of customized and
highly complex cell culture systems due to its resistance
to heat steam sterilization, biocompatibility and, capability
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for high-resolution 3D printing. This could be of particular
interest for the development of new 3D cell culture devices
or miniaturized (microfluidic) cell culture platforms.
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