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Abstract

In the evolving three-dimensional (3D) printing technology, the involvement of
different materials in any new 3D printing process necessitates a thorough evaluation
of the product’s biocompatibility for biomedical application. Here, we examined
the ability of Multi Jet Fusion (MJF)-printed PA-12 to support cell proliferation and
osteogenesis. Our results show that leachate from MJF-printed PA-12 does not inhibit
the growth of L929 fibroblast and MC3T3e1 osteoblast. The substrate supports the
attachment and proliferation of both cell types, though not at a level comparable to
conventional polystyrene culture plate. Neither plasma treatment, poly-D-lysine, nor
collagen coatings narrowed the gap substantially, suggesting the possible influence of
other limiting factors. The substrate can also support MC3T3e1 osteogenesis. However,
MJF-printed PA-12 exhibits varying ability in supporting the proliferation of different
cell types, especially in subsequent passages. While L929's proliferation is comparable
from passage-to-passage, MC3T3el’s growth ability is noticeably compromised.
Interestingly, our results show that L929 subcultured back to polystyrene plate retains
the ability to grow as robustly as those on the conventional plate, suggesting that
MJF-printed PA-12 does not permanently impair cell proliferation. In addition, we
have shown the successful culture of bacterial Escherichia coli on MJF-printed PA-12.
Together, our study demonstrated the potential of MJF-printed PA-12 for biological
applications.

Keywords: 3D printing; PA-12; Nylon; Multi Jet fusion; Cell culture; Bacteria fouling;
Protein fouling; Bioreactors

1. Introduction

Three-dimensional (3D) printing has presented new opportunities for advanced
manufacturing of a wide spectrum of materials such as metals, ceramics, composites,
smart materials, as well as combinations of these materials, due to its innate ability of
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easy customization, scalability, rapid manufacturing, and
material tuning!. Polymer-based material systems are
widelyadopted by 3D printing for their abundant availability,
unparalleled multifunctionality, and versatility associated
with processability and performance®. The range of
polymers used in 3D printing encompasses thermoplastics,
thermosets, functional polymers, polymer blends, composite
elastomers, and hydrogels”®!. For instance, 3D printing
techniques, such as fused deposition modeling (FDM),
material jetting, and selective laser sintering (SLS) use
thermoplastics, while stereolithography (SLA) and direct
ink writing use photocurable thermosetting polymers!'®!l.
3D printing has improved material properties and enhanced
the functionality of the printed construct!*!*.

3D printing has emerged as an effective tool for many
biomedical applications such as biocompatible implants,
3D organ models and organoids, drug delivery, and tissue
regeneration"*'”. Considerable effort has been dedicated
toward 3D printing of bioreactors, which provide an
opportunity to design and construct intricate, custom-
made designs with well-defined architectures!"®. The
biocompatibility of a 3D-printed bioreactor influences
its role in the sustenance of cell functions. At times, the
printed material may not be conducive for cell growth.
Many studies have documented in vitro cellular inhibition
due to the toxic residues in solidified polymers post-
printing!">?!, while some have attempted to mitigate such
effects by developing post-printing treatment such as
ultraviolet light exposure™?*l. Some 3D-printed in vivo
devices have been shown to cause infections and allergic
responses in patients®?. Therefore, it is important to
examine biocompatibility of 3D-printed materials to
minimize the effect of failure in their performance as
3D-printed bioreactors.

Selecting the optimal printing technique and material
is imperative to maximizing the chance of success of a 3D
printing process. Several bioreactors have been 3D-printed
by FDM due to its low cost, high speed, simplicity and
capability of printing various biomaterials, or by SLS
which demonstrated good isotropic mechanical properties
with complex geometries, and required no support?-?!,
Other methods such as SLA and its variants, namely,
projection micro SLA, showed a very good resolution,
accuracy, and printing time independent of the complexity
of designs®?. Commonly used polymer materials for
3D printing include acrylonitrile butadiene styrene,
poly(caprolactone) (PCL), poly(D,L-lactic acid-co-glycolic
acid) (PLGA), poly ether ester ketone, polylactic acid,
polycarbonate, polyetherimide, and nylon®!**], and the
selection of material depends on the application of the
end product®¥. For example, PCL is commonly utilized by

FDM and SLS for tissue engineering applications, whereas
FDA-approved PLGA copolymers are used by FDM to
print parts for clinical use. Nylon can be 3D-printed using
FDM, SLS, and Multi Jet Fusion (MJF), and it is best suited
for industrial and engineering applications.

Powder bed fusion (PBF) is a promising 3D printing
technique that offers high-throughput manufacturing of
biocompatible bioreactors!'”*!. SLS and MJF, two most
popular PBF 3D printing technologies, have attracted
considerable attention from academic and industrial
organizations due to their rapid printing speed and
compatibility with a variety of polymer materials?®”3,
Many SLS-printed polymer (such as PCL and PLLA)
3D constructs were evaluated for biocompatibility due
to their ability to promote cell adhesion and support
cell differentiation®*. Other non-toxic materials
such as thermoplastic polyurethane and polyamide
nylon 12 (PA-12) were also printed by SLS for different
bioapplications™**l. With a continuous influx of new
printable materials, it is important to understand both the
advantages and limitations of the new printing technologies
and materials.

MJF is an innovative 3D printing technique developed
by Hewlett-Packard (HP) that works similar to a binder jet
technique in using a powder delivery system. However, the
unique build style includes incorporation of a multi-agent
inkjet system within the PBF process and makes it different
from other PBF technologies*. The printing process
involves the application of a thin layer of powder materials
on the build plate followed by selective deposition of the
fusing agent onto areas, where the powder particles are
intended to fuse, and the addition of detailing agent at
the contour of the patterns to create smooth surfaces. The
powder layer on exposure to the infrared energy source
allows the area of the fusion agent to fuse and forms the
part. This technique is capable of fabricating parts with
excellent dimensional precision and low porosity™..

A recent evaluation of mechanical properties and
printing  characteristics ~ suggest that MJF-printed
specimens have a better surface finish, high strength, and
wear resistance strength than SLS-printed counterparts™.
In addition, MJF printing has also shown the least impact
on the environment and human health, allowing for
concurrent fabrication of different designs and large-scale
green manufacturing compared to other technologies®.

PA-12 is an inexpensive, bio-based, non-toxic, and
semi-crystalline polymer for sustainable 3D printing. It
offers outstanding impact resistance, good resolution,
strong chemical resistance, thermal stability, durability, and
lowest moisture absorbance of all the polyamides!**”). Due
to its mechanical properties and excellent biocompatibility
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with human bone cell and tissue types, PA-12 has been used
as a non-degradable biomaterial*®*!. Several studies have
reported the use of PA 11/12 for SLS printing"™’.. However,
few studies have explored the potential of developing
biocompatible 3D-printed PA-12 bioreactors using MJE
As MJF-printing differs from SLS and other methods, we
cannot assume that MJF-printed PA-12 possesses the same
features or properties that make it equally biocompatible.
Studies have shown that carbon black nanoparticle and
triethylene glycol at high concentration are toxic to
cells®*2, These are components of fusing and detailing
agents used in MJF printing. Hence, it is uncertain if the
fusing and detailing agents in PA-12 after printing are
similarly cytotoxic to cells. Although MJF produces good
feature resolution, the printed surface is still rough and
irregular. It is unknown how such surface topography will
affect cell adhesion, morphology, and other anchorage-
dependent cellular processes. As cellular behavior can
be manipulated by extracellular matrix, the affinity of
M]JE-printed PA-12 for protein biomolecules needs to be
assessed. Ease of functionalization of PA-12 allows cell
adhesion to be enhanced or manipulated.

It is, therefore, the aim of this study to address these
issues posed by the unique features or properties of MJF-
printed PA-12. We investigate the suitability of MJF-printed
PA-12 as a cell support for potential applications such as
bioreactors. To test that, we culture mammalian fibroblasts
and osteoblasts on PA-12 cell culture chambers 3D-printed
by MJF and check how cells tolerate being directly
cultivated in these MJF-printed cell culture chambers. In
addition, the effect of material leachate on the cultured
cells are also tested by exposing the cells to the leachate
of PA-12 printed by MJFE. The effect of various surface
coating and modification of MJF-printed PA-12, such as
collagen and poly-D-lysine (PDL) coating or O, plasma-
treatment, are studied. In addition, the microbial growth
and adhesion on 3D-printed PA-12 are also examined.
We find that MJF-printed PA-12 cell culture chambers are
non-cytotoxic and support the growth of both mammalian
and bacterial cells. We also find out that 3D-printed PA-12
has varied ability to support different cell types. This study
lays the groundwork for the potential use of MJF-printed
PA-12 cell culture chambers as bioreactors.

2. Materials and methods

2.1. Fabrication, processing, and sterilization of
3D-printed PA-12 cell culture chambers

The PA-12 cell culture chamber printed by MJF is shown in
Figure 1A. The dimension of the printed PA12 cell culture
chambersis 1.75 mm wall thickness, 16 mm inner diameter,
and 5 mm depth. This gives the chamber a surface area of

about 1.9 cm?, similar to each well in a 24-wells polystyrene
plate. All cell culture chambers were manufactured using
HP MJF 5200 3D-printer. HP proprietary fusing agent
(containing 5.2% carbon black suspended in a solution
of 65% water, 18.7% 2-pyrollidone, and 8.4% triethylene
glycol) and detailing agent (containing mostly 85% water,
3.7% 2-pyrollidone, and 11.1% triethylene glycol)"*>** were
used. HP 3D High-Reusability (HR) PA-12 powder was
used to print the cell reaction chamber. The printing was
done on the “Balanced” print mode and new/reused powder
mixture ratio was maintained at 20:80. After printing, the
print bed was allowed to cool to room temperature before
the printed parts were retrieved.

To examine the effect of the fusing and detailing agents
on the surface morphology and composition, specimens
without the detailing and fusing agents were fabricated
by melting and casting HP 3D HR PA-12 powder into a
24 mm length x 24 mm width x 10 mm height block
using a convection oven (220°C, 2h and normal cooling).
Then, a 16 mm blind hole was milled at a depth of 10 mm
(Figure 1B).

Following the fabrication, the 3D-printed and casted
PA-12 cell culture chambers were cleaned with distilled
water in an ultrasonic bath for 20 min. The cell culture
chambers were then soaked in 70% ethanol at 4°C for
5 min, washed, dried in an oven at 60°C for ~2 h, and then
used for subsequent experiments.

2.2, Surface characterization of 3D-printed PA-12
cell culture chambers

2.2.1. Surface morphology

The surface texture and morphology of the casted pure
PA-12 and 3D-printed PA-12 were observed using
Scanning Electron Microscopy (SEM). Specimens were
fixed on metal stubs using double-sided carbon tape, gold
sputter coated (BALTEC, SCD 005 Sputter Coater, Scotia,
NY, USA), and scanned at an accelerating voltage of 10 keV
using JEOL JSM-5500LV (Japan) (n = 3).

2.2.2. Surface roughness

The optical appearance of the surface and average surface
roughness (R ) of the pure cast PA-12 and 3D-printed PA-12
were measured using confocal laser scanning microscopy
(Keyence Laser Scanning Confocal Microscope VK-X200
series). Surface roughness measurements were taken from
three random locations on the specimens (n = 3).

2.2.3. Protein fouling

The ability of the 3D-printed PA-12 to adsorb proteins was
studied by exposing the surface to bovine serum albumin
labeled with FITC (BSA-FITC). Both untreated and O,
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Figure 1. Picture of a (A) 3D-printed PA-12 and (B) casted PA-12 cell culture chamber. Scanning electron microscopy images showing the surface
morphology of (C) 3D-printed PA-12 and (D) pure casted PA-12, respectively (scale bar: 200 um). Representative confocal scanning microscopy images
displaying the surface roughness of (E) 3D-printed PA-12 and (F) pure casted PA-12, respectively (scale bar: 50 um). (G) Fluorescence microscopy images
of increasing concentrations of BSA-FITC conjugate bound on 3D-printed PA-12 substrates with and without O, plasma-treatment. (H) Standard curve
showing fluorescence signal quantification of BSA-FITC bound to 3D-printed PA-12 substrates with and without O, plasma-treatment.

plasma-treated cell culture chambers were used. BSA-FITC
(#A23015, Thermofisher, USA) of eight concentrations at
0% (blank), 0.001%, 0.005%, 0.025%, 0.125%, 0.25%, 0.5%,
1%, and 1.25% were prepared in phosphate-buffered saline
(PBS). 50 uL of each dosage was added to cover a surface
area of 31.65 mm’ of each O, plasma-treated (Harrick
Plasma Cleaner PDC-002, 230 vac, 50 Hz) and untreated
cell culture chamber and incubated for 1h. The wells
were, then, washed thrice with PBS and air-dried before
being viewed under a fluorescence microscope (Nikon
Eclipse Ci-S, 100-240V; 0.8A, 50/60 Hz). Images of four
different fields of each well were taken. Signal intensity was
quantified using Image]J 1.52a (Java 1.8.0_112). The average
signal intensity of each dosage was used to plot the binding
curves.

2.2.4. Contact angle

The surface hydrophilicity of 3D-printed PA-12 cell culture
chamberswasassessed by measuring the water contactangle
(Optical Contact Angle OCA35, Dataphysics, Germany)
using the sessile drop method at room temperature
(n = 3 per group). Cell culture chambers were O, plasma-
treated, and surface coated with PDL and collagen (CLG)
(50 wg/mL) to ensure if O, plasma-treatment and coatings
were beneficial. Uncoated cell culture chambers were used
as control. A water droplet was placed on the substrate
surface and contact angle was measured after 10 s.

2.3. Biocompatibility evaluation

The in vitro biocompatibility of the 3D-printed cell culture
chamber was tested by directly culturing mammalian
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fibroblasts and osteoblasts under conditions pertaining
to short-term (day 2 and day 4) and long-term (day 28)
culture. Moreover, long-term studies were also conducted
to investigate the effect of two rounds of subculture on the
viability of cells on 3D-printed cell culture chambers. The
24-well plates with a similar surface area as the printed
PA-12 chambers were used as the comparison basis for
assessing the printed chamber’s biocompatibility in all
assays throughout the study.

2.3.1. Cell culture conditions

Murine L1929 fibroblasts were cultured in DMEM
supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin. MC3T3el mouse osteoblasts were
propagated in o.-MEM supplemented with 10% FBS and
1% penicillin/streptomycin. All cell culture reagents were
obtained from Gibco, USA. Both cell lines were maintained
at 37°C in a humidified incubator supplied with 5% CO,.
For all experiments, fibroblasts and osteoblasts were
seeded at a density of 5000 and 4000 cells/cm? at day 0,
respectively, and allowed to grow to confluence for 4 days.

2.3.2. Effect of PA-12 leachate

The effect of substance leachate from 3D-printed PA-12 on
cell adherence and viability was determined by culturing
cells in the leachate medium. The leachate medium was
prepared by soaking fourteen 3D-printed PA-12 cell
culture chambers (weight = 1.344 g + 0.02 per chamber;
total surface area of the cup: 452.388 mm?) in respective
culture medium (~30 mL) for 5 days at 37°C, filtered and
used for cell culture. Here, cells were grown in normal
and leachate medium on 24-well plates, tested for cell
adherence and viability by performing MTT assay and
fluorescence microscopy (#n = 4 per group).

For fluorescence microscopy, Alexa Fluor 546
phalloidin (#A22283, Thermofisher, USA) was used to
stain actins, while Hoechst 33342 (Sigma-Aldrich, USA)
was used as a counterstain to visualize the nuclei. Briefly,
cells were fixed with 4% paraformaldehyde, washed
with x1 PBS, and permeabilized with 0.1% Triton-X for
15 min. Cells were then stained with Alexa Fluor 546
phalloidin for 1 h and counterstained with Hoechst 33342
for 10-15 min, according to manufacturer’s instructions.
Cells were washed after staining and air-dried before
being viewed under the microscope using the TRITC
and DAPI filters. The proliferation and viability of cells
cultured on 3D-printed PA-12 in normal and leachate
medium were assessed by MTT assay. Briefly, 20 uL of the
CellTiter 96" AQueous One Solution Reagent (Promega,
USA) was added per 100 uL of the culture medium to
each sample and incubated for 4 h at 37°C in a humidified
5% CO, incubator before the absorbance was measured

at 490 nm in a microplate reader, according with the
manufacturer’s instructions. MTT assay was performed
at the aforementioned timepoints to determine the
time-dependent change in cell proliferation and cell
number (n = 4 per group).

2.3.3. Surface coating

The surface of 3D-printed PA-12 cell culture chambers
and polystyrene 24-well plates was coated with PDL and
collagen (CLG) (50 ug/mL) through physical absorption
to enhance the attachment of cells on the surface. The
PDL-and CLG-coated cell culture chambers were
incubated for ~1 h at room temperature following which
the chambers were washed thrice with distilled water and
PBS, respectively. The above-mentioned coatings were
included for all cell culture experiments.

2.3.4. Cell morphology and proliferation

The adherence and growth of cells on 3D-printed PA-12
cell culture chambers were visualized by fluorescence
microscopy and SEM by staining the cells with fluorescent
dyes (n = 3 per group). For fluorescence microscopy,
cells cultured on 3D-printed PA-12 cell culture chambers
were fixed, stained, and viewed according to the protocol
mentioned in section 2.3.2. The viability of cells cultured on
3D-printed PA-12 cell culture chambers was performed at
the aforementioned time-points and assessed by MTT assay
according to the protocol mentioned in section 2.3.2. For
SEM, cell culture chambers with cells were fixed with 2.5%
glutaraldehyde for 6 h, washed with PBS, and subjected to
sequential ethanol series dehydration (50%, 70%, 85%, and
100%) before critical point drying (BALTEC, CPD 030,
Critical Point Dryer, Scotia, NY, USA). Samples were then
sputter coated and imaged using the protocol mentioned
in2.2.1.

2.3.5. Toxicity analysis

Toxicity analysis was performed by lactate dehydrogenase
(LDH) assay at predetermined timepoints using
CyQUANT™ LDH Cytotoxicity Assay Kit (Invitrogen,
USA) according to manufacturer’s instructions. LDH,
which was secreted into the supernatant, was determined
colorimetrically at OD,, using a microplate reader (n = 3

per group).
2.3.6. Intracellular redox status

Cellular glutathione (GSH) level was detected by live-
staining cells with a GSH-labeling probe, to detect any
oxidative stress induced on the cells by the cell culture
chambers sand surface coatings. About 40 puM of
monochlorobimane (mBCI) (#M1381MP, Thermofisher,
USA) diluted in the culture medium was added to the
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cells and incubated for 30 min at room temperature and
examined under fluorescence microscope (n = 3 per
group). The strength of the fluorescence signal correlates
with GSH level and consequently the health of cells.

2.3.7. Proliferation state characterization by
immunostaining of Ki67 and p53

To characterize the proliferative state of cells grown on
3D-printed PA-12, the expression of Ki67 (proliferation
marker) and p53 (anti-proliferation marker) at protein
level were determined by immunostaining. Cells, when
fixed and permeabilized, were blocked with 1% BSA in
PBS-Tween (0.1%) for 1 h at room temperature and washed
before staining. Ki67 was detected with monoclonal
anti-Ki67 antibody (#AB16667, Abcam, USA), while p53
was detected with anti-p53 antibody (#AB26, Abcam,
USA) according to manufacturer’s instruction. Cells were
incubated with both antibodies overnight at 4°C. Cells were
then washed before incubation with FITC-conjugated goat
anti-Mouse IgG (H+L) secondary antibody (Thermofisher,
#F2761) and TRITC-conjugated goat anti-Rabbit IgG
(H+L) secondary antibody (Thermofisher, #12769) for
1 h at room temperature and counterstained with Hoechst
33342 (Sigma-Aldrich, #B2261) as described earlier. Cells
were then dried at room temperature before viewing under
the microscope (n = 3 per group).

2.3.8. Alkaline phosphatase activity

Before differentiation, osteoblasts were seeded at a density
0f 4000 cells/cm? and left in culture to attain confluence. To
regulate osteoblast differentiation, osteogenesis induction
medium 1 and 2 were used. The osteogenic medium 1
was composed of complete aMEM supplemented with 0.2
mM of ascorbic acid and 10 mM of glycerol 2-phosphate.
The osteogenic medium 2 was composed of osteogenic
medium 1 with the addition of 50 nM melatonin. When
cells were confluent, the normal medium was removed,
and osteogenic medium 1 was added. This medium change
corresponded to differentiation day 0, and the medium was
changed twice a week. On differentiation day 6, osteogenic
medium 2 -was added, and the medium was replenished
every 3 days. 24 days after differentiation, the alkaline
phosphatase (ALP) activity (Alkaline Phosphatase Assay
Kit, Abcam, USA) was tested colorimetrically (n = 3 per
group). Cells were harvested from cell culture chambers,
washed with x1 PBS, and resuspended in 50 uL of
assay buffer. Cells were frozen at —20°C and thawed at
37°C for 5min to test the ALP activity according to the
manufacturer’s instructions. Enzyme activity was measured
by recording the absorbance at OD, .. To determine the
number of cells, deoxyribonucleic acid (DNA) was extracted
using DNeasy Blood and Tissue Kit (Qiagen, USA), and the

DNA content was quantified using Quant-iT™ PicoGreen
dsDNA Reagent and Kits (Molecular Probes Inc, USA) by
measuring the fluorescence using 480 nm excitation and
520 nm emission. ALP activity was normalized to the total
DNA content. The results were expressed in nanomoles of
p-nitrophenol produced per microgram of DNA.

2.3.9. Long-term cell culture

In practice, cells are often subcultured for multiple rounds.
Accordingly, the effect of growing/subculturing cells on the
3D-printed PA-12 cell culture chambers on the viability and
proliferative ability was determined. On reaching confluence
(at day 4), cells were subcultured from 3D-printed PA-12
into new PA-12 cell culture chambers and conventional cell
culture plates, as indicated in Figure S1. As a control, cells
were also subcultured from conventional cell culture plates
to plates. Two rounds of subculture were performed on day
4 and day 8, for which the cell viability and proliferation
were tested on day 8 and day 12, respectively, by MTT assay
and fluorescence microscopy, according to the protocol
mentioned in section 2.3.2 (n = 4 per group).

2.3.10. Bacterial adhesion and viability
A. Strains and growth conditions

Escherichia coli strain 0114 (ATCC 25922) was used in
this study. Overnight cultures from frozen stock were
recovered in 5 mL of brain-heart infusion (BHI) broth and
cultured aerobically at 37°C in a shaking incubator. From
the overnight culture, an inoculum was prepared in fresh
BHI. 300 uL (equivalent to 107 bacteria/chamber) of each
bacterial suspension was freshly seeded in the 3D-printed
PA-12 and positive control (polystyrene plate) cell culture
chambers. Both O, plasma-treated or untreated PA12 cell
culture chambers were tested.

B. MTT assay

The viability of E. coli cultured on the 3D-printed PA-12
cell culture chamber was measured using MTT assay
(CellTiter 96° AQueous One Solution Cell Proliferation
Assay, Promega, USA) to obtain a quantitative value for
the absorbance of bacterial units after being cultured for
24 h at 37°C (n = 3 per group). CellTiter 96° AQueous
One tetrazolium reagent was added to each well (20 uL/
every 100 uL of media) and incubated for 24 h at 37°C.
Absorbance was read at 490 nm according to the
manufacturer’s instructions.

C. Live/dead imaging

The bacterial viability on 3D-printed PA-12 cell culture
chambers was observed by staining live bacteria with
SYTO9 green and dead bacteria with impermeant
propidium iodide (PI) (LIVE/DEAD Bac-Light Bacterial
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Viability Kit, Molecular Probes Inc, USA) (n = 3 per group).
The dyes were mixed at the ratio of 1:1 and used according
to the manufacturer’s instructions. The excitation/emission
wavelength for SYTO9 and PI was 480/500 nm and
490/635 nm, respectively. Randomly selected areas were
imaged using a x20 objective fitted with a fluorescence
microscope.

2.4. Statistical analysis

Statistical analysis was performed using the Student’s
t-test, and all the values are expressed as mean + standard
deviation. Differences were considered statistically
significant at P < 0.05.

3. Results

3.1. Morphological characterization of 3D-printed
PA-12 surfaces

First, we compared the microstructure and surface
morphology of MJF-printed PA-12 (Figure 1A) and casted
PA-12 cell culture chambers (Figure 1B). Representative
SEM images of the surface morphology suggested that the
3D-printed PA-12 cell culture chambers display a porous,
rough, and irregular microstructure due to partially
fused PA-12 powders on the surface (Figure 1C), whereas
casted pure PA-12 exhibited a relatively smooth and
even texture (Figure 1D). These partially fused powders
exhibited a spherical shape with diameters ranging from
~70 to 80 microns (um). The high-resolution surface
images by laser scanning confocal microscopy, shown in
Figure 1E and F, revealed that the average roughness values
(R) of 3D-printed PA-12 had a higher surface roughness
of ~ 9.4 to 10.4 um in comparison to pure casted PA-12
(~ 4.3-5.5 um).

3.2. Surface functionalization with biomolecules

Protein adsorption experiments performed on O, plasma-
treated and untreated 3D-printed PA-12 cell culture
chambers showed that fluorescent signal increases in a dose-
dependent manner (Figure 1G) before plateauing at 1% (w/v)
(Figure 1H). Moreover, the O, plasma-treatment showed
little impact on protein adsorption onto the substrate.

The surface energy of 3D-printed PA-12 cell culture
chambers assessed by the water contact angle indicated
that the uncoated PA-12 cell culture chamber was most
hydrophobic with a contact angle of 88.03° + 3.63°. Surface
coating with PDL did not show a significant difference (84°
+ 2.62°), whereas the collagen coating significantly reduced
the contact angle to 39.4° + 1.14°, making the surface more
hydrophilic. When additional O, plasma-treatment was
performed after the surface coating, the contact angles of
all samples decreased. The contact angle values of uncoated,

PDL- and CLG-coated surfaces were 27.5° + 2.00°, 19.93° +
1.14° and 21.33° £ 5.42°, respectively.

3.3. Assessment of cell survival on 3D-printed PA-12
surfaces

3.3.1. Effect of leachate medium

1929 fibroblasts and MC3T3el osteoblasts cultured in
conventional cell culture microwell plate using both
normal and leachate medium adhered to the surface and
increased in cell density from day 2 to day 4 (Figure 2A,
Figure S2). Fluorescence staining showed no signs of
abnormality in the cells. When cultured using the leachate
medium, cell morphology was preserved and comparable
to cells grown in the normal medium. In accordance
with these results, the measurements using quantitative
MTT assay (Figure 2B and C) indicated that cells grown
in the leachate were not affected. Leachate medium did
not adversely affect the growth of fibroblasts, whereas
osteoblasts survived relatively better (P < 0.05) when
cultured using the normal medium, but the difference was
small (17.67% for day 2 and 11.76% for day 4).

3.3.2. Cell morphology and viability

Short-term culture of 1929 fibroblasts and MC3T3el
osteoblasts in the O, plasma-treated, uncoated, and
PDL- and CLG-coated cell culture chambers examined
by fluorescent staining revealed that cells spread well and
exhibited intimate attachment to the surface of 3D-printed
PA-12 cell culture chambers on both day 2 and day 4,
respectively (Figure 3 and Figures S3-10). Conventional
polystyrene cell culture plate served as the positive
control. The morphology of cells was maintained in all
the 3D-printed cell culture chambers, and cells formed
confluent layers across the surface topography with an
increased cell density observed on day 4. In the background,
stained globular surface structures showed the roughness
of MJF-printed PA-12. This corroborated with the electron
micrographs in Figure 1C, 4A and B. Nevertheless, the
background signal did not affect the visualization of cells.
Rather, the stained background illuminated the topological
context, in which the cells were attached and grew in the
printed PA-12 chamber, providing us with more insight on
how the cells would appear on the printed surface. Cells
can still be clearly observed, especially in areas, where
there was weaker non-specific noise. Representative results
of cells cultured on PDL-coated cell culture chambers are
shown in Figure 3A. It can be observed that cells, when
grown on the 3D-printed PA-12 surface, exhibited strong
actin cytoskeleton architectures and prominent nuclei.

MTT studies determined the level of cell
proliferation (Figure 3B and C). The signal increased
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in a time-dependent manner, indicating that both cell to that in 3D-printed PA-12 chambers. 1929 fibroblasts
types proliferated from day 2 to day 4. However, higher proliferated better (P < 0.05) on both PDL-coated
signal was observed on polystyrene plate in comparison polystyrene and 3D-printed PA-12 surfaces relative to
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those on the uncoated surface in comparison to other
coating or plasma-treatment, as determined at day
4 timepoint. On the other hand, MC3T3el osteoblasts
grew better on PDL-coated 3D-printed PA-12 (P < 0.05)
and CLG-coated polystyrene plate (P < 0.05). These
observations indicated that PDL was the preferred
choice as an extracellular matrix for culturing cells of
both types on 3D-printed PA-12, even though it did not
substantially narrow the gap with polystyrene plate. The
fact that fibroblasts survived better in the 3D-printed
PA-12 cell culture chambers than osteoblasts during
short-term culture was apparent. Cells demonstrated
equal proliferation on uncoated hydrophobic PA-12
surfaces, even in the absence of surface coating or O,
plasma-treatment, indicating that the surface wettability
did not significantly affect the cell adherence. When
substrates were plasma-treated, a significant decrease in
hydrophobicity was observed (P < 0.05). Even though
substrates demonstrated higher wettability, this did not
significantly improve the cell adhesion on the substrates.
Therefore, hydrophobicity was not considered a key factor
in determining the biocompatibility of 3D-printed PA-12.

Representative SEM images of 1929 and MC3T3el cells
cultured on 3D-printed PA-12 and polystyrene cell culture
chambers are shown in Figure 4A-D. In all the experiments,
1929 fibroblasts and MC3T3el osteoblasts cultured on
coated and uncoated 3D-printed PA-12 cell culture chambers
presented a flat morphology and appeared intimately adherent
to the surface, with no specific orientation. L929 fibroblasts
and MC3T3el osteoblasts cultured on coated and uncoated
3D-printed PA-12 cell culture chambers appeared intimately
adherent to the surface and showed an increase in the number
of cells attached to the surface, noticeable after 4 days of
incubation. Fibroblasts exhibited cellular dimensions (~15 pum
in diameter) (Figure4A i-iii) smaller than the unfused
PA-12 particles, making it conducive for cells to adhere to a
single particle. Interestingly, unlike in the fluorescent images,
the morphology of 1929 grown on PA-12 and polystyrene
appeared different in the SEM images. Such differences could
be devoted to intrinsic artifacts such as specimen shrinkage>!
more likely as an effect of glyceraldehyde fixation™! or ethanol
dehydration® before critical point drying. Some earlier
studies had also suggested great variation of these artifacts
from one type of sample to another'®.. It was also indicated
that the use of high-resolution SEM had known to accentuate
artifacts which might otherwise appear minimal at a lower
resolution®™). In addition, the influence of the MJF-printed
PA-12’s surface properties (such as roughness) on preserving
cell appearance from the effect of SEM-processing methods
had to be highlighted. Moreover, the literature had minimal
evidence on the effect of critical point drying on 3D-printed
PA-12, which had a major role in deciding on how the cells

appeared and survived on seeding. Nonetheless, the electron
micrographs provided additional evidence showing the
presence and adherence of cells on the printed PA-12. In
contrast, a completely different behavior was observed for
osteoblasts which were bigger in size (>50 um) compared
to fibroblasts. Osteoblasts exhibited a flattened shape and
appeared to spread over multiple particles and had many
prominent filopodia protrusions stretching over multiple
particles (Figure 4B i-iii). As a result, the main cell body
appeared loosely attached and suspended between particles,
making it difficult for the osteoblasts to completely attach
and proliferate. Control PA-12 cell culture chambers
(medium only) are also shown for reference (Figure
S11Ai-iii and S11B i-iii). Fibroblast and osteoblasts cells
(and control samples without cells) grown on polystyrene cell
culture chambers are also shown for comparison (Figure S11C
i-iii and S11D i-iii). Taken together, these findings supported
the fact that 3D-printed PA-12 can support cell growth, but not
to the extent observed on polystyrene plates, probably due to
the microroughness resulting from partially fused particles on
the surface among other factors.

3.3.3. Cellular toxicity

The short-term exposure of 1929 fibroblasts and MC3T3el
osteoblasts to uncoated, PDL- and CLG-coated 3D-printed
PA-12 cell culture chambers, and polystyrene plate resulted in
minimal LDH secretion due to cellular membrane integrity
on day 2 and day 4, respectively. Consequently, cells cultured
on both coated (PDL and CLG) and uncoated 3D-printed
PA-12 demonstrated no signs of cytotoxicity. No significant
difference in cytotoxicity was observed between coated and
uncoated substrates, as shown in Figure 5A and B.

3.3.4. Redox characterization

Visualization of oxidative stress assessed by mBCI staining
of 1929 fibroblasts and MC3T3el osteoblasts cultured on
3D-printed PA-12 cell culture chambers and polystyrene
plate showed preservation of intracellular reduced GSH on
both day 2 and day 4, regardless of the type of surface coating
(uncoated and coated) (Figure 5C and Figure S12). For
fibroblasts, GSH-mBCI fluorescence signal was comparable
between cells grown on 3D-printed PA-12 cell culture
chambers and polystyrene plates at both time points,
suggesting that cells were not significantly stressed on
culture in 3D-printed PA-12 cell culture chambers. However,
osteoblasts cultured on 3D-printed PA-12 showed a reduction
in the overall intensity when compared to that observed on
polystyrene plate, possibly as a result of the lower cell count.

3.3.5. Cellular proliferation

The proliferative state of cells characterized by
immunostaining of Ki67 and p53 suggested that
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Figure 4. Representative scanning electron microscopy images showing the morphology of (A) 1929 fibroblasts and (B) MC3T3el osteoblasts cells
cultured on (i) uncoated, (ii) PDL-coated, and (iii) CLG-coated 3D-printed PA-12 cell culture chambers after 4 days of culture. The red arrows are used to
specify the location of the cells. Representative scanning electron microscopy images showing the morphology of (C) L929 fibroblasts and (D) MC3T3el
osteoblasts cells cultured on (i) uncoated, (ii) PDL-coated, and (iii) CLG-coated polystyrene cell culture chambers after 4 days of culture.

the expression pattern observed in cells cultured on
3D-printed PA-12 cell culture chambers was similar to
that grown on the positive control (polystyrene plates) on
day 2 and day 4, respectively (Figure 6A). It was observed
that only Ki67 is expressed and markedly upregulated in
cells cultured in all cell culture chambers, whereas p53 was
downregulated (Figures S13-S18). Stronger fluorescent
signals were observed in fibroblasts in comparison to
osteoblasts. This result suggested that 3D-printed PA-12
cell culture chambers did not alter the gene expression of
Ki67 and p53.

3.3.6. ALP activity

ALP activity of differentiated MC3T3el osteoblasts
cultured in 3D-printed PA-12 cell culture chambers is
shown in Figure 6B. The ALP activity on positive control
plates (coated and uncoated) before normalization are

shown in Figure S$19. On day 28, cells cultivated in the
differentiation medium expressed higher levels of ALP (P
< 0.05) than the undifferentiated one, indicating that cells
were capable of differentiation on 3D-printed PA-12. This
suggested that cells cultivated on PA-12 were capable of
differentiation.

3.3.7. Long-term serial passaging

To demonstrate the proliferative ability, cells were
subcultured from 3D-printed PA-12 into new PA-12 cell
culture chambers and conventional cell culture plates,
respectively, according to the experimental scheme, as
shown in Figure S1. Prolonged culture of cells did not
negatively impact the cell adherence nor affected long-
term serial passaging, as shown in Figure 7A.

Cells after the first and second passages also adhered and
attached to the PA-12 cell culture chambers without any sign
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Figure 5. Graph of LDH release from (A) 1929 fibroblasts and (B) MC3T3el osteoblasts cultured on uncoated, O, plasma-treated, PDL- and CLG-coated
3D-printed PA-12, and positive control (plate) cell culture chambers after day 2 and day 4, respectively. LDH released from each sample was normalized
with endogenous LDH released by lysis to obtain the normalized cytotoxicity. A positive control of pure LDH was included as a reference with a value fixed
at 1. (C) Representative fluorescence microscopy images of L929 fibroblasts and MC3T3el osteoblasts stained for glutathione evaluation following culture
on PDL-coated 3D-printed PA-12 and positive control (plate) cell culture chambers after day 2 and day 4, respectively.
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Figure 6. (A) Representative fluorescence microscopy images of L929 fibroblasts and MC3T3el osteoblasts immunostained to determine the expression of
ki67 and p53 following culture on PDL-coated 3D-printed PA-12 and positive control (plate) cell culture chambers after 4 days. (B) Alkaline phosphatase
activity (normalized) of MC3T3el cultured on uncoated, PDL- and CLG-coated 3D-printed PA-12 cell culture chambers at day 28.

of abnormality or changes in cell appearance, comparable
to that observed on polystyrene plate (Figures $20-S25).
The fibroblasts continued to grow robustly and proliferated
well when subcultured from PA-12 to PA-12 as well as
from PA-12 to the polystyrene control plate as confirmed
by the MTT assay (Figure 7B and C). As observed in the
short-term culture, fibroblasts grew better in comparison
to osteoblasts. After first passage, osteoblasts adhered to
PA-12 cell culture chambers; however, a reduction in their
proliferation was represented by the decreased MT'T signals
which can be noted even in positive control at day 12. After
second passage, significant exhaustion of the MC3T3el
proliferative capacity was observed (Figure 7C).

3.3.8. Bacterial viability and fouling

Examination of 3D-printed PA-12 cell culture chambers
showed heavy and dense growth of bacteria (green)

uniformly covering the entire surface after 24 h,
as shown in Figure 8A. The bacterial viability on
3D-printed PA-12 cell culture chambers was comparable
to that observed on conventional culture plates (positive
control), suggesting strong bacterial attachment. The big
green spheres in the background were due to the non-
specific staining of the partially fused PA-12 particles.
The contribution of red fluorescence, which represented
the dead bacteria, was less predominant, indicating
that the fraction of dead bacteria was significantly
lower. The viability experiments by MTT assay further
supported these results. Adhered bacteria on the surface
of PA-12 cell culture chambers (after 24 h), when tested
directly for viability, indicated good bacterial activity
(Figure 8B). No inhibiting effect of PA-12 on the growth,
fouling, and viability of the bacterial cells was observed.
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Figure 7. (A) Representative fluorescence images of 1929 fibroblasts and MC3T3el osteoblasts cultured on PDL-coated 3D-printed PA-12 and positive
control (plate) cell culture chambers following long-term culture after 12 days. A graph of MTT assay showing viability of (B) L929 fibroblasts and (C)
MC3T3el osteoblasts following long-term subculture on uncoated, O, plasma-treated, PDL- and CLG-coated 3D-printed PA-12 and positive control
(plate) cell culture chambers after day 8 and day 12, respectively.

4, Discussion frequently uses PA-12 as the prime powder material. The
novelty of this work is based on the fact that the PA-12

cell culture substrates were printed by an in-house MJF
is vital for the fabrication of bioreactors. MJF is a relatively 3D printer. However, it is important to note that this

The choice of the right 3D printing technology and material

new polymer-based PBF method introduced by HP that technology uses fusing and detailing agents to deliver
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Figure 8. (A) Escherichia coli cultivated on 3D-printed PA-12 and positive control (plate) cell culture chambers and visualized with fluorescence microscopy
using BacLight LIVE/DEAD stain, which stained live cells green and compromised (dead) cells red. (B) MTT assay showing viability of E. coli cultured on
3D-printed PA-12 and positive control (plate) cell culture chambers after 24 h.

quality, functional parts®. Accordingly, the effect of the
presence of these components on the biocompatibility of
printed parts remains to be identified. So far, this is the first
study that focuses on the use of MJF-printed substrates for
life science applications. This study opened the door for
use of 3D-printed PA-12 as a bioreactor. Furthermore, the
cells that were used in this study were mostly robust cell
lines which will likely grow on most surfaces. However,
we specifically tested the ability of cells to adhere and
proliferate on these MJF-printed substrates.

In addition to its ability to print parts that are stronger
and more precise, MJF demonstrates a faster printing
process/production speed in comparison to SLS with high-
quality printed parts and high-throughput printing!.
Since this process uses a powder-based material, the
finished products are susceptible to defects such as rough
surface, lack of fusion, and porosity®®!. Even with the

inclusion of detailing agent, morphologies with rough
and uneven surface texture are observed due to coarse
spherulites contained in reclaimed and reused PA-12
powder (Figure 1C and E), following post-crystallization
and spherulite growth!®%l. Moreover, the partially fused
PA-12 powder particles would detach from the surface,
leaving voids and making the surface porous (Figure 1C),
which is considered as a design limitation.

The material surface and topography are crucial
in improving and controlling the cellular response.
Modification of the surface chemistry directly influences
protein adsorption and therefore cell behaviors. By altering
functional groups present at the material surface, it is
possible to tailor its surface properties, and consequently its
wettability, cell adhesion, and proliferation”!. As part of the
material surface optimization, 3D-printed PA-12 surfaces
are functionalized by O, plasma activation and tested for
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protein binding capability using BSA-FITC. Earlier studies Both fibroblast and osteoblast cells show the ability to
demonstrate the use of low-pressure O, plasma to activate grow in the leachate medium (Figure 2A and Figure S2).
porous surfaces for significantly increasing the utility Fibroblasts grow well regardless of whether it is cultivated
value of 3D-printed products by improving previously in the leachate or the normal medium. However,
inaccessible poor surface properties of the products®. osteoblasts grown in the leachate demonstrate a drop in the
The protein adsorption experiments using BSA-FITC MTT values at day 4 compared to those grown in aMEM,
indicated successful dose-dependent protein capture that suggesting that they proliferate better in the normal
plateaus, suggesting saturation, at around 1%, indicating medium in comparison to the leachate (Figure 2B and 2C).
a possibility that the surfaces of 3D-printed materials can Although it is statistically different, the difference is small.
simulate the properties of natural extracellular matrix As aforementioned, the leachate medium is prepared by
aiming to regulate the behavior of cell adhesion (Table 1). soaking PA-12 cell culture chambers in the respective cell
This may also suggest that the spatial conformation of the culture media. Small molecules that leach into the medium,
adsorbed biomolecules plays a key factor in mediating possibly from fusing and detailing agents, may have caused
cell adhesion rather than the concentration or amount of this effect, as indicated in Table 1. Therefore, the growth
molecules affecting the adhesion process'®!. However, there of a certain cell type is slower in leachate compared to the
is no significant difference between O, plasma-treated and control. Otherwise, no other potential material leaching
untreated cell culture chambers (Figure 1G and H). In this issue is observed in our experiments as the typical test only
case, however, O, plasma-treatment does not enhance uses leachate medium exposed to MJF-printed PA-12 for
the protein binding capability of MJF-printed PA12[". 5 days. Further, investigations are underway to unravel
Based on this observation, 3D-printed PA-12 are directly the effect of material leaching with regards to cell growth.
functionalized with biopolymers such as PDL and CLG However, further studies are required to probe into cell
(at 50 ug/mL), commonly used biomolecules that help in line specific in vitro toxicity and cytocompatibility of
initiating cell attachment and maintaining cell growth. 3D-printed PA-12.

The primary focus of this work is to evaluate the As shown in MTT studies from direct culture in
biocompatibility of 3D-printed PA-12 cell culture chambers. 3D-printed PA-12 cell culture chambers, L929 fibroblasts
The choice of assays plays a key role in assessing the material adapt well and proliferate efficiently when cultured in the
cytotoxicity, while other parameters, such as controls, cell 3D-printed PA-12 (Figure 3B and 7B) cell culture chambers,
lines, period of culture, and other biochemical events are whereas osteoblasts did grow and proliferate, but to a lesser
crucial in testing a material’s compatibility*®l. Here, we study degree (Figure 3C and 7C). The observed reduction in
the biocompatibility of 3D-printed PA-12 by 2 methods: (i) proliferation of osteoblasts could be related to the fact that
by indirectly exposing the cells to the leachate medium that MTT activity is directly proportional to the cell number®”..
is extracted by exposing the culture medium to 3D-printed Moreover, osteoblasts appear larger in size compared to
PA-12 parts and (ii) by directly seeding the cells on the fibroblasts, as shown in Figure 3A and Figures S$3-S10.
surface of the material (short- and long-term culture). This Many osteoblast cells (Figure 4B) are suspended between
study, which employs multiple cell lines, including 1929 two particles, whereas fibroblasts fully attach on one
fibroblasts and MC3T3el osteoblasts grown on surface- particle. SEM images after 4 days of culture show that the
coated 3D-printed PA-12, shows a significant difference in 1929 cells are more or less rounded in shape, orientate
their sensitivity toward the cell culture chambers. symmetrically with small cellular extensions aiding in

Table 1. A summary of key MJF-printed PA-12 features of interest, their associated problems, and our results addressing them in
this study

Printed substrate’s features Potential problems Results
PA-12’s binding affinity for protein « Ease of surface functionalization with « Printed PA-12 can bind to BSA, indicating surface
biomolecules extracellular matrix modification with protein extracellular matrix is possible
Surface topography/roughness o Impaired cell adhesion o Cells can adhere to printed PA-12 from passage to passage

« Abnormal cell morphology » While fluorescence microscopy does not indicate an obvious

change in cell morphology, SEM shows fibroblast displaying
unusual morphology

Fusing and detailing agents « Cytotoxicity « No cytotoxicity is detected
o Growth inhibition « Cells can proliferate, though not as good as on polystyrene
« Differentiation inhibition surface

« Osteoblast can differentiate
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high cell assembly on PA-12 particles (Figure 4A). On the
other hand, osteoblasts are mostly irregularly flattened
with elongated filopodia extensions roughly equally from
each side of the cell that appears extensively spread. The
uneven PA-12 surface and the large size of osteoblasts cause
the cells to stretch/extend over many unfused particles.
This facilitates the attachment of the filopodia extensions
causing a “pulling effect” on the cell edges, and therefore,
the main cell body appears unattached and suspended from
the PA-12 substrate (Table 1). Moreover, the rougher PA-12
surface makes it difficult for osteoblast to reach confluence.
Hence, a stable surface attachment evidenced in fibroblasts
is not seen in osteoblasts, making it difficult for them to
proliferate in the same way. In contrast, cells grown on
polystyrene substrates are well adherent, proliferative and
particularly attain confluence (Figure 4D i-iii). However,
cell morphology with spread and expanded cytoskeleton
remained similar to that observed on PA-12. The osteoblast
morphology, proliferation, and metabolic activity seem to
be more sensitive to the topography of the substrate. The
results suggest that the surface roughness of MJF-printed
12 has a differential effect on the proliferation of different
cell types. It negatively affects MC3T3el more than 1929,
possibly due to the larger cell size of the former. Since
adhesion is a necessary step in promoting cell growth,
the imperfect contacts between MC3T3el and the surface
could have weakened the transduction of growth signaling
pathway from the extracellular matrix to the cells. This can
be addressed by polishing the surface of printed PA-12
with sandpaper to smoothen out all the irregular globular
bumps. Alternatively, the surface could be coated with a
layer of biocompatible polymer, such as polystyrene, to form
a smooth even surface for attachment. Smoothening the
surface is expected to enhance not just MC3T3el but also
1929, attachment, and proliferation. To further characterize
the effect of roughness on cell growth, a combination of
other evaluation assays is included to further test the in
vitro cytotoxicity.

The LDH assay is another commonly used marker for
cell death. Negligible LDH release is observed in both
cell lines (Figure 5A and 5B), indicating no cell death nor
cell membrane damage as the cells continue to proliferate
after day 4 (as suggested by long-term culture studies,
Figure 7A-Cand Figures $20-525). Moreover, theinfluence
of oxidative stress in causing cytotoxicity is correlated to the
upregulation or downregulation of various gene regulatory
proteins. Since the intracellular GSH levels are significantly
higher (as represented by high mBCI fluorescence signals
in Figure 5C and Figure S12), corresponding levels of
proliferative marker (Ki-67) are observed at day 2 and
day 4 (Figure 6A). The absence of p53 antigen (anti-
proliferative marker) in both cases suggests cells cultured

on 3D-printed PA-12 cell culture chambers that are actively
proliferating cells and remain unaffected. The expression
of the nuclear Ki-67 antigen is strictly associated with
cell proliferation and not present in resting or quiescent
cells, in which many proliferation-related proteins remain
degraded®!. As a useful predictor for recognizing rapidly
proliferating cells, Ki-67 is constitutively expressed by
fibroblasts (Figures S13-S15). However, studies indicate
that it may also be present in low levels in some cells (like
osteoblasts as observed in Figures $16-S18)[.

During in vitro cell culture, long-term successive
cell passaging is inevitable. Even though the osteoblast
adherence and morphology are sustained in prolonged
cultures (Figure 7A), the viability and proliferation
ability are greatly compromised in MC3T3el osteoblasts
after continuous passaging (Figure 7C). While culturing
MC3T3el osteoblasts, the passage number of the cells
matter as they can influence cell function. Cells at passage
25 are used for this study. Researchers advise against the
use of osteoblast cells above 30 passages which involve
few risks that occur beyond safe passage™. Moreover,
cells are revived from a -80°C freezer during which the
cell physiological activities are maintained at a relatively
lower level. It might take a couple of passages for the cells
to recover in terms of functionality”!l. It is no surprise
that the osteoblasts are less functional given their retarded
proliferative behavior under normal circumstances when
cultured on 3D-printed PA-12 cell culture chambers as
aforementioned. The same phenomenon is also observed
in positive controls (Figure 7C). When using osteoblast
cells, such complications during culture may arise when
considering interspecies differences, primary versus
established cell cultures, and the possibility of phenotypic
heterogeneity of osteoblastic cells when obtained from
different anatomical sites!”2.,

Unlike MC3T3el, there is no evidence in our results
suggesting that PA-12 impaired the 1929 fibroblast’s ability
to proliferate from subculture to subculture. However,
certain morphological abnormalities were also observed
mostly due to the surface topography of different substrates
indicating the fact that even though cells adhere to the
substrates, they may not have completely adapted to the
topography of its surface (Table 1). Of note, cells transferred
from PA-12 to plate retain the ability to grow as robustly
as those subcultured from plate to plate. PA-12, especially
the coated ones, did not impair their ability to grow on
conventional culture plates in subsequent subculture
(Figure 7B). This is important firstly because we do not
want PA-12 to affect cells ability to grow on other surfaces.
Certain practical applications may necessitate cells to be
subcultured from one type of substrate to another. Second,
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these results suggest that the less robust growth of cells on
PA-12 observed previously in our MTT assay for short-term
culture (Figure 3B) is not due to any permanent damage to
the cells. This is consistent with our Ki-67/p53 expression
(Figure 6A and Figures S13-S18) and oxidative stress
(Figure 5C and Figure S12) results which suggest no obvious
sign of change in the proliferation profile and redox status
of cells grown on PA-12. Moreover, 3D-printed PA-12 in
the presence or absence of aforementioned surface coatings
demonstrates the capability to enhance osteogenesis in
MC3T3el osteoblasts, which indicates surface coatings as a
potential regulator in osteoblast differentiation (Figure 6B).
Even though direct culture with the leachate medium
indicated growth inhibition to some extent possibly due to
the interference from fusing and detailing agents, the ability
of osteoblasts to differentiate has not been compensated, as
suggested in Table 1. Taken together, while cells are able to
grow, proliferate, and differentiate on MJF-printed PA-12,
the substrate supports the long-term growth of certain cell
types better than the other.

Microbial growth and fouling in 3D-printed PA-12
reaction chamber emphasizes the fact that this material does
not show any anti-fouling and antimicrobial capabilities.
Previously, studies that focus on the bacterial attachment
to polymer surfaces use E. coli as a model organism™.
A closer look at the fluorescent images taken after 24 h of
incubation suggests that PA-12 surfaces are as effective as
polystyrene at retaining bacterial cells on the surface, as
shown in Figure 8A. Majority of the cells remain viable
throughout the duration of the experiments. In accordance
with these findings, the MTT results further confirm
the bacterial growth and viability from early bacterial
colonization of PA-12 surfaces (Figure 8B), a critical stage
during which cell-material interactions occur to yield
a sustainable population. These findings are consistent
with the fact that a rough surface with R larger than the
dimension of E. coli (~1 - 2 um x 0.5 um) retains bacteria
on the surfaces, probably due to an increase in surface area
for adhesion”". However, long-term investigations have
to be conducted to monitor the bacterial attachment and
possible biofilm fouling beyond the 24 h timepoint.

5. Conclusion

MJF technology has shown exciting potentialities due to
its design flexibility, faster overall production cycle than
other 3D printing techniques, and strategy to minimize
waste by employing recyclable and reusable powders.
One potential application, where such benefits can be
exploited, is in the fabrication of bioreactors. While
3D printing has already found its way into bioreactor
applications, the use of different processes and materials
in the novel MJF technology necessitates a thorough

evaluation of the biocompatibility of such products. For
MJE-printed materials to be used as a bioreactor, it must
be able to support not just cell growth and proliferation,
but also other complex and highly regulated processes
such as osteogenesis. This study presents an examination
of 3D-printed PA-12 with regard to material surface
property and biocompatibility. Our results indicate that
the MJF-printed PA-12 can be considered appropriate
for use as a customized cell culture chamber/vessel due
to its non-cytotoxic properties. However, MJF-printed
bioreactors exhibit varying ability in supporting different
cell types and biological processes. Such disparities
between the MJF-printed substrate and polystyrene plate
could be attributed to the different responses of distinct
cell types to possible influences by s urface t opography
resulting from the microcavities and concave globular
microstructures on the uneven surface. Our study
provides findings on h ow well different cell ty pes gr ow
on PA-12 printed by MJF technology, thus contributing
to the continuing development of PBF 3D printing
for biomedical application. Given the benefits o f M JF
technology and the outstanding properties of PA-12, we
believe that this study has laid the groundwork for a more
comprehensive characterization in the future development
of MJF-printed PA-12 to realize its eventual commercial
use in biological application.
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