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Abstract: Cell growth on three-dimensional objects is of high interest for bioprocess engineering of
adherent cells, tissue engineering and other biomedical applications. 3D printing by fusion deposition
modeling (FDM) is a cheap possibility to generate tailor-made substrates for cell growth.
Nevertheless, not all materials are chemically attractive for cells. Polylactic acid (PLA) and
polyethylene terephthalate glycol (PETG) have been reported to be suitable polymers for tissue
engineering. Thus, they might also be applicable for cost-effective bioprocessing of adherent cell
lines. Here we report on the influence of printing material, surface structure, and sterilization method
on Chinese hamster ovary (CHO) cell adhesion on a modified, high temperature resistant PLA, a
PETG blend, and unmodified PETG, respectively. Our study revealed that CHO cells grew on all
polymers tested without further surface modification. Samples could be efficiently chemically
sterilized. Additional acid treatment had no significant effect on cell adhesion.
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1. Introduction

Chinese hamster ovary (CHO) cells are often used in biotechnological processing, e.g. for
protein or antibody production [1-3], cytotoxicity measurements [4,5], and other biotechnological
experiments [6]. Although most cell lines used for biotechnological processes are grown in
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suspension, many processes involve adherent cells. For all these applications, not only based on
CHO, but also on other mammalian cells including stem cells, it is useful to prepare high-density
adherent cell cultures [7].

Many systems aiming at large-scale adherent cell cultivation are flat, such as multilayer
flasks [8,9]. In stirred bioreactors, cells can be grown on microcarriers [10-12]. It should be
mentioned that such microcarriers do not always result in highest specific growth rate for CHO cells
immobilized in this way [13]. This is why other techniques were made commercially available, such
as packed-bed bioreactors [14,15], hollow-fiber bioreactors [16,17] or rolled scaffolds [7].

Recently, approaches using 3D printing, especially using the fused deposition modelling (FDM)
process, are reported in the literature. The use of printed PLA and PET/PETG has been tested in
tissue engineering applications [18-21]. However, the employment of 3D printed PLA or PETG as
scaffolds for cell culture bioprocessing has not been reported yet. In this work, a modified PLA was
used. This high temperature PLA (HT-PLA) [22] is a semi-crystalline material optimized for use at
higher temperatures (printing temperature: 195-230 <C compared to 190-210 <C for conventional
PLA). PETG is also highly interesting since pure PET, without the glycol modification supporting
3D printing, is a typical material for nonwoven macroporous carriers or membranes in
bioreactors [23-25]. PETG displays a higher transparency and lower viscosity compared to PET. The
third material tested in this study is HD-glass (heavy duty-glass), a more temperature-resistant,
amorphous and food safe PETG blend with even more transparency than conventional PETG. These
polymers were chosen because of their probable biocompatibility. In addition, we wanted to test the
performance of HT-PLA and HD-glass during autoclaving.

It should be mentioned that PLA, while being biocompatible and regularly being used in
medical implants, is not necessarily a good choice for cell adhesion. Similar to materials for medical
stents which must combine biocompatibility with strongly impeded cell adhesion [26],
previous studies on nanofiber revealed strongly reduced cell adhesion on biocompatible
polyacrylonitrile (PAN) [27], as opposed to PAN with additional biopolymers [28,29]. In addition,
the surface roughness and waviness are influenced by 3D printing, sterilization processes and
possible further after-treatment. Purely searching for biocompatible materials thus is insufficient to
evaluate the potential cell adhesion on 3D printing polymers.

Generally, even small material modifications may result in large deviations of cell adhesion and
growth. The sterilization process also significantly influences the suitability of a substrate for cell
growth [29]. Thus, both these parameters are investigated here for three different commercially
available FDM polymers which might be attractive candidates for the use as novel materials for
microcarriers in eukaryotic cell culture bioprocesses. The CHO-DP12 cell line was used in this study
as a proof of principle.

2. Materials and methods
2.1. 3D printed substrates

Substrates were prepared using a 3D printer 13 MK3 (Prusa Research A. S., Prague, Czech) with
nozzle diameter 0.4 mm, applying a layer thickness of 0.15 mm. The filaments used are high

temperature resistant PLA (HT-PLA, Proto-Pasta, ProtoPlant INC, Vancouver, WA, USA),
PETG (Filamentworld, Neu-Ulm, Germany), and heavy duty glass (HD-glass, FormFutura,
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Nijmegen, Netherlands), (all filaments were purchased from Filamentworld). Nozzle and bed
temperatures were 220 <C/60 <C (HT-PLA) and 240 <C/90 <C (PETG and HD-glass), respectively.

The printed samples with height 0.35 mm (even surface) to 1.25 mm (rippled surface) and
diameter 15 mm were designed in Tinkercad (Autodesk Inc., San Rafael, CA, USA) and are depicted
in Figure 1. Besides the samples with even surface, others were prepared with additional semi-circles
on top, in this way introducing 2.5-dimensional structures and thus increasing the effective surface.
This can be regarded as a first step to move from 2D to fully 3D structures for tissue engineering.
Further surface structures will be tested in the future.

Figure 1. 3D printed samples (even and rippled, i.e. with semicircles on top) for cell
growth experiments.

For all materials and surfaces, similar contact angles were found, as depicted in Table 1,
indicating that differences between cell attachments are not mainly related to the hydrophilicity of

the samples.

Table 1. Contact angles of the samples under investigation, averaged over 6 angles per sample.

HT-PLA HD-glass PETG
Even surface (74 £9)° (83 x2)° (719 £4)<
Rippled surface (72 £6)° (83 x£5)< (85 %£5)<

Half of the samples were introduced in 1 M HCI for 1 h to increase positive surface charges and
afterwards washed with ultrapure water until neutral pH. All samples were sterilized either by
autoclaving in a VX-75 autoclave (Systec, Linden, Germany) at 121 <C for 15 min (after HCI
treatment) or by inserting them in 1% sodium dodecyl sulfate (SDS) for 2 d (before washing briefly
with PBS followed by HCI treatment).

2.2. Cell cultivation

The CHO DP-12 cells used in this study (LGC Standards GmbH, Wesel, Germany; ATCC no.
CRL-12445) form a monolayer while growing in vitro if serum containing medium is used.

The culture medium was prepared dissolving 12 g Dulbecco’s Modified Eagle’s medium/Ham’s
Nutrient Mixture F12 (DMEM/F12, SAFC Biosciences, Irvine, UK) in 800 ml ultrapure water during
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stirring for 30 min and supplemented with 4 g/L glucose (Carl Roth, Karlsruhe, Germany) and 4 mM
L-glutamine (Applichem, Darmstadt, Germany), followed by adding 2.44 g sodium
bicarbonate (NaHCO3). The pH value was set to 7.2, and the medium was filled up to 1 L with
ultrapure water. After sterile filtration of the medium (Sartolab P, 0.45 pm/0.22 pm, Sartorius,
Gdtingen, Germany), 100 ml sterile donor horse serum (biowest, Nuaill€ France) were added. The
medium was stored at 4 <C.

Cells were grown on the 3D printed substrates placed in 6-well microtiter plates (Labsolute, Th.
Geyer, Renningen, Germany) inside a safety cabinet Safe 2020 (Thermo Electron LED GmbH,
Langenselbold, Germany).

5 ml medium with 1.9 < 10° cells were pipetted into each well. Cultivation was performed
for 2 d (48 h) in a HERAcell 240i incubator (Thermo Electron LED GmbH, Langenselbold,
Germany) at 37 <C and 5% CO,.

2.3. Investigations

Images of the cells grown on the 3D printed substrates were taken with an inverted microscope
Axiovert 40 CFL (Carl Zeiss, Gdtingen, Germany) and a digital microscope VHX-600D (Keyence,
Neu-Isenburg, Germany). Cell counting was performed using ImageJ (1.51j8 (National Institutes of
Health, Bethesda, MD, USA). It should be mentioned that the aim of this study was to investigate
whether cells adhered on the substrates, which is well visible with a relatively low resolution due to
the shape of the cells [30]. A higher resolution, as given by a scanning electron microscope (SEM) or
a confocal laser scanning microscope (CLSM), would reveal nicer images, but include the large
problem of a bias due to the choice of the small areas of investigation [31], which is why similar
investigations often show large-scale, low-magnification images [32]. Besides, since FDM printed
samples are well-known to exhibit very low roughness in combination with a relatively high
waviness [33], such images cannot reveal any further information about the sample surfaces.

After 2 d of cultivation, cell adhesion was determined. The medium was pipetted out of the
wells, the wells were washed with PBS, and the residual cells were fixed on the substrates by
adding 5 ml glyoxal solution [34]. The solution was prepared using 34 ml ultrapure water, 10 ml
ethanol (abs., VWR BDH Prolabo, Langenfeld, Germany), 4 ml glyoxal (Roth, Karlsruhe Germany)
and 0.38 ml acetic acid p.a. (VWR BDH Prolabo, Langenfeld, Germany) to control the pH value
between 4 and 5. The so-prepared well-plates were stored for 30 min on ice followed by 30 min at
room temperature, before the glyoxal solution was pipetted out of the wells. The wells were washed
with phosphate buffered saline (PBS) buffer and afterwards twice with ultrapure water, before the
samples were taken out of the wells and left for drying.

The samples were dyed with hematoxylin eosin (H&E), applying the H&E Fast
Staining Kit (Roth, Karlsruhe, Germany), according to the protocol given by the manufacturer. The
samples were firstly placed in H&E solution 1 (modified hematoxylin solution) for 6 min, washed
with tap water and with 0.1% hydrochloric acid for 10 s each, and then blued for 6 min under
floating tap water. The second part of the dyeing process was performed by placing them in H&E
solution 2 (modified eosin yellow solution) for 30 s and washing them for 30 s with tap water again,
before they were left for drying. All experiments were performed on three identical specimens.
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3. Results and discussion

Figure 2 shows the results of CHO cells cultivated on HT-PLA. The polymer was sterilized by
autoclaving and SDS treatment, respectively. In addition, some specimens were treated with
hydrochloric acid before addition of cells to provide additional positive charges on the polymer
surface. Images were taken with different microscopes, comparing transmitted and reflected light, to
find the optimum optical evaluation method.
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Figure 2. Cultivation of adherent CHO cells on HT-PLA. Polymer samples were
sterilized by autoclaving and SDS treatment, respectively. Cells mostly adhered only
weakly on the substrate. Arrows indicate areas with flattened cells that adhered more
strongly to the polymer. Scale bars: 100 pm (a—c), 50 pm (d,e) and 10 pm ().

Since a more temperature resistant PLA was used, autoclaving of the polymer was possible
without deformation of the 3D printed structures. However, the material lost its transparency. Thus,
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microscopic images of the autoclaved polymer could be taken only with reflected light. Nevertheless,
investigation with transmitted light was possible with SDS treated polymer samples. However,
analysis with the inverted microscope displayed shadow structures due to the different filament
layers, and focusing was difficult. It can be seen that CHO cells adhere only little to HT-PLA. Most
of the cells display a round appearance, and only few cells show a flattened morphology (Figure 2,
arrows), indicating a fully adhered cell. No differences in cell attachment regarding acid treatment
can be seen. In addition, SDS treatment as a sterilization method did not harm the cells since the
polymer samples were thoroughly washed with sterile water afterwards to remove all traces of the
surfactant.
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Figure 3. Cultivation of adherent CHO cells on HD-glass, a modified PETG. The polymer
disks were treated by autoclaving or with SDS before cell seeding. Most of the cells
attached to the polymer surface. Scale bars: 100 jum (a,b), 50 m (c—) and 10 pm (f).
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Autoclaving of HD-glass led to melting of the polymer. In addition, the material became opaque
so that it could not be analyzed with the inverted microscope. Nevertheless, cell adhesion on these
samples was also tested: cells attached well to this material as can be seen in Figure 3a,b. Again, it
was possible to sterilize HD-glass by incubation with SDS solution, keeping the polymer’s
transparency. On this polymer, the CHO cells adhered well: they displayed a flattened morphology,
as can be seen especially well in the higher magnification in Figure 3f. In addition, cells adhered on
acid treated polymer as well as on untreated material.

TG, Bven |-
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Figure 4. Cultivation of adherent CHO cells on PETG. The polymer samples were
sterilized by SDS treatment before cell cultivation. The cells attached quite well to the
polymer surface. Bars: 50 um (a—c, €) and 10 pm (d, ).

Figure 4 shows cells on SDS sterilized PETG, investigated by the Axiovert 40 CFL in

transmitted light. Usually, transmitted light is used for examinations of cells growing in T-flasks,
petri dishes or on other completely even substrates. Nevertheless, it can be seen that adherent CHO
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cells attach and spread quite well on PETG. The spindle-like morphology of numerous cells indicates
cell motility. Again, no difference between acid-treated and acid-untreated PETG on cell attachment
can be seen. In addition, cells spread well on even and rippled surfaces.

For a quantitative comparison between the different substrates, Figure 5 depicts the cells
attached on the different substrates. It must be mentioned that counting did not differentiate between
stretched, rigidly adhered cells and round, only slightly attached cells.

Some combinations—e.g. even autoclaved HT-PLA with acid treatment or even SDS treated
HT-PLA without acid—seem to be advantageous. The large error bars, however, show that all
apparent differences are not significant and will thus not be discussed further.

B HT-PLA [ HD-glass [l PETG
even / acid / autoclave : ] i 4

even / no acid / autoclave

rippled / acid / autoclave ; ] ; .
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Figure 5. Quantitative evaluation of cells on the different substrates (n = 5).

Combining these findings, it can be assumed that HT-PLA, HD-glass and PETG are non-toxic
3D printing polymers that can be used for the cultivation of mammalian cells. All materials can be
sterilized by SDS treatment without losing the shape of the printed specimen. However, it must be
paid attention to the removal of any traces of the surfactant. Some of the polymer samples were
treated with acid to provide additional charges on the polymer surface to facilitate cell adhesion.
However, this treatment did not seem to improve cell attachment. Nevertheless, it could be used for
sterilization of the polymers without further SDS treatment in the future: removal of the acid can be
easily achieved by rinsing with sterile buffer. This will be tested in further experiments. Cell
adhesion was stronger on PETG and HD-glass (a PETG derivative) as compared to HT-PLA. On the
other hand, HT-PLA has got the advantage that it can be autoclaved without deformation.
Unfortunately, the material becomes opaque after this treatment, indicating some changes of the
polymer structure. Cells attach only weakly on HT-PLA which is a disadvantage regarding a possible
application for microcarrier cultures, since cells can easily detach even at small shear stress. On the
other hand, this might be an advantage when the cells themselves need to be harvested. Indeed,
preliminary trypsinization experiments showed that cells cultured on HT-PLA detached quite easily
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in the presence of the enzyme (data not shown). Microcarrier cultures on 3D-printed HD-glass or
PETG probably need longer incubation times for a complete detachment of the cells which might
lead to cell damage. This is especially critical when cultivating stem cells or delicate primary cells.

4. Conclusion

For the first time, three commercially available, often used FDM filaments were used for 3D
printing substrates for investigation of CHO cell adhesion: HT-PLA, PETG and HD-glass. Optical
investigations revealed that the cells showed the most advanced adhesion on PETG and the
PETG-derivative HD-glass, suggesting this material for further experiments. Nevertheless, HT-PLA
might be useful for the cultivation of microcarrier cultures since weak attachment might be
advantageous if cells need to be harvested. This will be tested in the near future.
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