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Abstract

During inkjet bioprinting, cells are subjected to direct shear stress as they pass
through the nozzles, causing reversible deformation of the cell membranes and
potentially triggering subcellular changes, such as activation of molecular pathways,
leading to beneficial o utcomes. I n this study, n eural p rogenitor NE-4C cells were
printed through 30um thermal inkjet nozzles. Compared to manually pipetted cells
(control group), bioprinted cells (inkjet group) exhibited several distinct changes,
such as reduced cell proliferation during the first four days after bioprinting,
increased tolerance to high-concentration retinoic acid, and significantly elevated
expression of the early neuronal marker class Il B-tubulin, indicating enhanced
neuronal differentiation. Furthermore, RNA sequencing and enrichment analysis
further revealed upregulation of cell metabolism pathways in the bioprinted group.
Collectively, these findings suggest that inkjet bioprinting may be a promising
strategy to accelerate neural tissue formation, warranting further studies.

Keywords: Inkjet bioprinting; Neural differentiation; Neural progenitor cells

1. Introduction

Inkjet bioprinting possesses exceptional capability to deliver biological components and
form high-resolution patterns in a sterile, economical, and high-throughput manner."?
To date, inkjet bioprinting has evolved as a powerful tool for tissue engineering and
regenerative medicine, enabling the fabrication of biomaterial scaffolds,’ biomolecule
gradients®® and cell patterns.”'> Consequently, inkjet bioprinting has been regarded
as one of the mainstream bioprinting strategies.'®'” Moreover, it is feasible to print
living cells with minimal damage using this approach.’*** Generally, inkjet bioprinting
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operates via a drop-on-demand (DOD) mechanism,
generating droplets containing only one or a few cells.”*
Due to this inherent feature, inkjet bioprinting confers
practical value in cell isolation, single-cell analysis, and
cell cryopreservation.*2¢

During inkjet bioprinting, cells pass through narrow,
cell-sized orifices and are therefore subjected to velocity-
induced shear stress, which can cause temporary disruption
of the cell membrane. Leveraging this phenomenon, Xu
et al”” successfully transfected pmax green fluorescent
protein plasmids into living porcine aortic endothelial
cells by bioprinting a cell plasmid suspension with a
thermal inkjet printer.”” Cui et al.*® further demonstrated
the existence of =105A transient pores on cell membranes
during thermal inkjet bioprinting.*® Sohrabi et al.”
performed numerical simulation and found that the areal
strain could generate multiple pores on the cell membrane
duringinkjet bioprinting without compromising overall cell
viability.” This conclusion is consistent with experimental
results, supporting the notion that membrane disruption
caused by inkjet bioprinting may be beneficial.

Inkjet printing could facilitate neural tissue formation
by depositing macromolecule patterns or fabricating
electrode arrays to regulate stem cell fate.”***! Moreover,
neural cells could be directly deposited to form neural
tissue with inkjet bioprinting.”>** For instance, Tse

et al” printed neuronal analog NG108-15 cells with a
piezoelectric inkjet system and found that the inkjet-
printed neuronal cells expressed longer neurites at
earlier stages compared to manually pipetted cells. This
phenomenon may result from the piezoelectric effect, shear
stress, or a combination of both applied directly to the
cells.”” These results indicate that the close contact between
cells and nozzles could directly affect cellular behavior.
Solis et al.** printed human microvascular endothelial cells
with a thermal inkjet system. Compared with manually
pipetted cells, printed endothelial cells showed elongated
morphology and significant overexpression of several
angiogenesis cytokines.** However, how inkjet bioprinting
influences cellular behavior remains unclear, and further
experimental evidence is needed.”® Therefore, exploring
neural cell behavior during inkjet bioprinting remains of
great significance.

NE-4C is a  p53-deficient  immortalized
neuroectodermal progenitor cell line derived from
cerebral vesicles of E9-12 mouse embryos. It has been
reported that NE-4C cells maintain stable karyotypes
and exhibit neural differentiation both in vitro and in
vivo.**” The neural differentiation of NE-4C could also
be triggered by all-trans retinoic acid (RA) at appropriate
concentrations.”* In this study, NE-4C cells were printed
using a thermal inkjet printer (Figure 1). Since RA
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Figure 1. Schematic view of the experimental design. Abbreviation: RA: Retinoic acid.
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receptors (RARs) and retinoid X receptors (RXRs) are
located in the nucleus,”* we hypothesized that thermal
inkjet printing could facilitate RA transfer by creating
transient pores on cell membranes. We first demonstrated
the formation of transient pores on NE-4C cell membranes
via calcein-acetoxymethyl (AM)/propidium iodide (PI)
staining. RA treatment was applied immediately after
inkjet printing for 48 hours. Nestin and class III B-tubulin
(TuJ1) immunostaining were performed on days 5 and 8
post-RA treatment to detect the differentiation profiles
of inkjet-bioprinted versus manually pipetted NE-4C
cells. Furthermore, the cell counting kit-8 (CCK-8) assay
showed that inkjet-printed NE-4C cells exhibited higher
viability at high RA concentrations (10~ to 10-*M). Finally,
RNA sequencing (RNA-seq) was performed at day 3 post-
printing to evaluate differences in gene expression between
inkjet-printed and manually pipetted NE-4C cells.

2. Materials and methods

2.1. Cell culture

NE-4C cell line (ATCC, CRL-2925™) was provided by
the Stem Cell Bank, Chinese Academy of Sciences. The
cells were cultured in minimum essential medium (MEM;
11090081, Gibco, United States) supplemented with 10%
fetal bovine serum (10099141, Gibco, United States), 1%
GlutaMAX™ (35050, Gibco, United States), and 1% non-
essential acids (11140, Gibco, United States) at 37° in 5%
carbon dioxide.

2.2. Inkjet bioprinting

The equipment used in this experiment was a self-
developed thermal inkjet cell printer (BioT Athena) kindly
provided by Shanghai Industrial uTechnology Research
Institute (Figure 1). Before printing, NE-4C cells were
digested and resuspended in 3% sodium chloride solution,
serving as the bioink. Then, 100uL of bioink was loaded
into the ink reservoir of the printhead. The printing voltage
was maintained at a constant 10.8 V. During printing, each
of the 325 printing nozzles was set to fire between 1,000
to 5,000 times. A 6-cm culture dish containing 1 to 2 mL
MEM was placed below the printhead to collect the ejected
droplets as biopaper.

2.3. Membrane integrity evaluation

Calcein-AM/PI staining was performed to evaluate the
membrane integrity after inkjet bioprinting. As previously
reported, PI could penetrate living-cell membranes
exhibiting transient pores larger than approximately 16
A.>® Briefly, cells were cultured in MEM for at least an hour
to ensure full attachment to the Petri dishes. The culture
medium was then removed, and 1-2 mL of staining
solution containing 2 uM calcein-AM and 8 uM PI was

added. After incubation for 10 minutes, the Petri dishes
were washed with phosphate bufter saline. Cells stained red
or green were counted under a fluorescence microscope
(Nikon Eclipse Ti2-u, Japan).

2.4. Cell proliferation evaluation

Alamar Blue assay was performed to depict NE-4C
proliferation profile after inkjet bioprinting. Briefly, NE-
4C cells were bioprinted into a 6-well plate with 1 x 10*
cells in each well. Meanwhile, an equal density of cells was
manually pipetted into the wells as the control group. On
days 1, 4, 7, and 10 after bioprinting, 3 mL of Alamar Blue
(Yeasen Biotechnology, China) working solution (1 Alamar
Blue: 9 MEM) was added to each well and incubated for
three hours. Optical density (OD) values were obtained on
the microplate reader at wavelengths of 570 and 600 nm.
For data presentation, all OD values were normalized to
those on day 1.

2.5. NE-4C differentiation and cell counting

kit-8 assay

As previously reported, NE-4C is an RA-inducible cell line
that is insensitive to conventional neural differentiation
factors such as basic fibroblast growth factor and epidermal
growth factor.”” Generally, a 48-hour RA treatment is
sufficient to induce NE-4C differentiation into neurons
or astrocytes.”*” Therefore, RA treatment was applied
here to explore whether inkjet bioprinting affects NE-
4C differentiation. All-trans RA (R2625, Sigma-Aldrich,
United States) was dissolved in dimethyl sulfoxide at
10" mol/L as a stock solution and stored at—20° before
use. Thermal-inkjet-printed NE-4C cells were set as the
experimental group, and manually pipetted cells served as
the control group.

For the CCK-8 cytotoxic assay, cells from each group
were seeded in a 96-well plate at a density of 2x10° cells in
each well. During induction, NE-4C cells were incubated in
supplemented MEM with RA at concentrations of 0, 107,
107%, and 10™* mol/L for 48 hours. No extra growth factors
were added throughout the process. After induction, the
culture medium was carefully removed, and the CCK-
8 assay was performed following the manufacturer’s
instructions. Briefly, 100 uL of CCK-8 (CK04, Dojindo
Laboratories, Japan) working solution was added to each
well and incubated for two hours. OD values were obtained
on a microplate reader at a wavelength of 450 nm.

2.6. Immunofluorescence staining

According to the literature, NE-4C cells exhibit
neuronal characteristics 3-4 days after RA induction.”®*
Immunostaining with neural stem cell marker Nestin and
early neuron marker TuJ1 was performed on days 5 and 8
post-RA treatment. Briefly, NE-4C cells in the experimental
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and control groups were seeded in a 24-well plate and
underwent RA treatment for 48 hours as described in
Section 2.4. Subsequently, the cells were maintained in
supplemented MEM without additional treatment. At each
time point for immunostaining, the culture medium was
removed, and 3 mL of 2.5% glutaraldehyde was added
to each well for 30 minutes. Following fixation, blocking
solution (Keygen Biotech, China) was added for another 30
minutes. Anti-Nestin (ab11306, Abcam, United Kingdom)
and anti-BIII tubulin (ab18207, Abcam, United Kingdom)
primary antibodies were diluted in the manufacturer-
supplied diluent to the recommended concentrations. Then,
500 uL of the primary antibody solutions were added to
each well and incubated overnight at 4°C. On the following
day, samples were incubated in secondary antibody
solution (diluted in secondary antibody diluent) for an
hour. Finally, 4,6-diamidino-2-phenylindole solution was
added for 10 minutes, and fluorescent images were taken
under a fluorescence microscope. Moreover, anti-Notchl
(ab52627, Abcam, United Kingdom) immunostaining was
performed on NE-4C cells without RA treatment at day
4 after inkjet bioprinting, following the same procedure
described above.

2.7. RNA sequencing

As previously reported, thermal inkjet bioprinting can
influence cellular gene expression through heat shock
or other relevant mechanical factors.*® Therefore, RNA
sequencing was performed to compare the transcriptomic
profiles of the inkjet-printed cells and the control group.
Briefly, at day 3 after bioprinting, NE-4C cells from the
inkjet group and the control group were harvested and
stored at 80°. The samples were then sent for sequencing
and analysis. The RNA sequencing and sequencing data
analysis were performed by Novogene Co., Ltd. (China).

2.8. Statistical analysis

Two-way analysis of variance was used to compare means
across multiple groups with three replicates for each. Paired
Student’s t-test was used to compare means across single
groups with five replicates. Statistical significance was

determined at *p < 0.05, **p < 0.01, and ***p < 0.001. Data
analysis was performed using GraphPad Prism 5 software.

3. Results

3.1. Number of cell-containing droplets

In the pre-experiment, bioinks with cell concentrations
of 2 xI 0%mL, 5 x 10°mL, and 1 x107/mL were
printed on empty culture dishes. The number of cell-
containing droplets was recorded under a microscope.
The number of cell-containing droplets for these three
different concentrations is listed in Table 1. The results
are consistent with a previous study, reporting that the
cell-containing droplet percentage increased with cell
concentration.”’ However, among the cell-containing
droplets, the proportion of droplets containing a single cell
may decrease as cell concentration continues to increase,
due to a higher frequency of droplets containing more than
one cell. Therefore, the bioink with a cell concentration of
5 x 10%/mL was selected for further experiments for a
higher frequency of single-cell-containing droplets.

3.2. Permeability variation of NE-4C membranes
during inkjet printing

As previously reported, transient pores may form during
thermal inkjet bioprinting due to the combined effects of
thermal heat and mechanical stress. PI could penetrate cells
through the transient pores (>16A) on cell membranes.?
In this experiment, calcein-AM/PI staining was performed
at one hour and one day after bioprinting. Manually
pipetted NE-4C cells served as the control group. NE-4C
cells with green or red fluorescence were counted under a
fluorescence microscope. An hour after printing, a portion
of the cells in view were stained green while others were
stained red (Figure 2). A total of 61 cells were observed,
of which 35 were stained green while 25 cells were stained
red, indicating that around 42.62% of the cells exhibited
transient pores one hour after bioprinting. One day after
bioprinting, all attached cells in view were stained green,
as dead cells had detached (Figure 2B). In contrast, all
manually pipetted cells were stained green at one hour
after bioprinting (Figure 2C).

Table 1. Number of cell-containing droplets under different cell concentrations

. Total number of Number of cell- Number of s 11.1gle- Percentage of cell- Percentage o'f S ngle-
Cell concentration .. cell-containing .. cell-containing
droplets containing droplets containing droplets
(/mL) (N) N) droplets (N./N) droplets
: (N) 1 (N,/N)
2x10° 162 12 11 7.41% 91.67%
5x10° 135 35 27 25.93% 77.14%
1x107 136 40 26 29.41% 65%
Volume 11 Issue 5 (2025) 220 doi: 10.36922/1JB025260245


https://doi.org/10.36922/IJB025260245

International Journal of BIOprlntlng Inkjet neural bioprinting with retinoic acid

Inkjet (1 hour after bioprinting)

Inkjet (1 day after bioprinting)
B

Control (manually pipetted)

Figure 2. Calcein-acetoxymethyl (AM)/propidium iodide (PI) staining of NE-4C cells after inkjet printing. (A) Fluorescent images of NE-4C cells one hour
after bioprinting, and (B) one day after printing. (C) Manually pipetted NE-4C cells. Scale bar: 100 um, magnification: 100x.

3.3. NE-4C proliferation profile after inkjet printing cells in the control group proliferated rapidly during the
Inkjet-bioprinted and manually pipetted NE-4C cells initial four days and gradually reached confluence, which
were cultured at the same initial density for microscopic dampened their multiplication from day 4 to day 10
evaluation. A difference in the proliferation rate emerged (Figure 3C & D).

at day 4 after bioprinting, with NE-4C cells in the control

group showjng a larger increment. BY day 7, prominent 3.4. Differentiated induction of inkjet-printed

cell propagation was observed in the inkjet group, while NE-4C with retinoic acid

cells in the control group had nearly reached confluence.
NE-4C cells in the inkjet group reached confluence at day
10, and clusters formed on the surface of the cell layer in
the control group (Figure 3A & B). Results of the Alamar

3.4.1. Cytotoxicity measurement post-retinoic
acid treatment
All-trans RA with three different concentrations was used

Blue assay are shown in Figure 3C and D. As depicted, to treat inkjet-bioprinted or manually pipetted NE-4C cells
the general tendency is similar to that observed under a for neural differentiation. CCK-8 assay was performed to
microscope. Cells in the inkjet group showed minimal measure the cytotoxicity after 48 hours of RA treatment.
proliferation during the initial four days, followed by Briefly, at RA concentration of 10°M, the inkjet group
persistent multiplication until day 10. On the contrary, sustained a relative viability of 0.88+0.02 while the control
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Figure 3. Microscopy images and proliferation profiles of inkjet-printed (inkjet) and manually pipetted (control) NE-4C cells from day 1 to day 10 post-
printing. (A) Microscopy images of inkjet-printed NE-4C cells from day 1 to day 10. Scale bar: 100 um, magnification: 100x. (B) Microscopy images
of manually pipetted NE-4C cells. Scale bar: 100 um, magnification: 100x. (C) The reduction rate of Alamar Blue stain on each corresponding day.
(D) Relative proliferation rate by normalizing all values to day 1. Statistical significance determined at **p<0.01, ***p<0.001.

group only achieved a relative viability of 0.46+0.12. At
an RA concentration of 10~°M, the relative viability of
the inkjet group and the control group was 0.84+0.14 and
0.44%0.17, respectively. Furthermore, for both groups,
complete cell death occurred at an RA concentration
of 10*M (Figure 4). These results indicate that inkjet-
bioprinted NE-4C cells presented higher viability at RA
concentrations ranging from 10°M to 10~°M.

3.4.2. NE-4C differentiation post-retinoic

acid treatment

NE-4C cells are derived from cerebral vesicles. As reported,
Notchl is a key regulator for neural stem cell maintenance,
and inhibition of Notchl signaling could lead to eventual
depletion of hippocampal neural stem cells.* Therefore,
prior to RA treatment, Notchl immunostaining was
performed at day 4 post-bioprinting to evaluate the
stemness of NE-4C following inkjet bioprinting. The
results are shown in Figure 5. NE-4C cells in both groups
were Notchl-positive, with similar fluorescence intensity,

indicating that the differentiation capability of NE-4C cells
was not affected by inkjet bioprinting.

After 48 hours of RA treatment at a concentration of
10-°M, immunofluorescence staining of neural progenitor
cell marker Nestin and neuron marker TuJ1 was performed
on Day 5. The results are presented in Figure 6. In both
groups, most NE-4C cells were Nestin-positive and showed
morphological changes, including neurite sprouting,
which distinguished them from undifferentiated NE-4C
cells (Figure 6A & B). A portion of cells in both groups
were TuJl-positive, indicating the initiation of neural
differentiation (Figure 6A & B). The average fluorescence
intensities of Nestin and TuJ1 were measured with Image J
(version Image]J 1.53t). For Nestin, the average fluorescence
intensities for the inkjet and control groups were 58.17+6.32
and 50.23+10.60, respectively (n=>5). For TuJ1, the average
fluorescence intensities for the inkjet and control groups
were 86.09+£13.98 and 75.93£7.15, respectively (n=5). No
statistical significance was observed between these two
groups for both markers (Figure 6C & D).
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Figure 4. Retinoic acid (RA) susceptibility of inkjet-printed (inkjet) and manually pipetted (control) NE-4C cells. Statistical significance determined at
5%
p<0.001.

Inkjet

A

Figure 5. Notchl immunofluorescence staining of inkjet-printed (inkjet) and manually pipetted (control) NE-4C cells at day four after printing.
(A) Fluorescent images of Notchl for the inkjet group. (B) Fluorescent images of Notch1 for the control group. Scale bar: 100 um, magnification: 100x.
Abbreviation: DAPI: 4)6-diamidino-2-phenylindole.
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Figure 6. Nestin and TuJ1 immunofluorescence staining of inkjet-printed (inkjet) and manually pipetted (control) NE-4C cells at day five after retinoic acid
treatment. (A) Fluorescent images of Nestin and Tu]1 for the inkjet group. Scale bar: 100 um, magnification: 100x. (B) Fluorescent images of Nestin and
Tu]1 for the control group. Scale bar: 100 um, magnification: 100x. (C) Average fluorescence intensity of Nestin. (D) Average fluorescence intensity of TuJ1.
Abbreviations: DAPI: 4’6-diamidino-2-phenylindole, TuJ1: Class III p-tubulin.
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Figure 7. TuJ1 immunofluorescence staining of inkjet-printed (inkjet) and manually pipetted (control) NE-4C cells at day 8 after retinoic acid (RA)
treatment. (A) Fluorescent images of TuJ1 for the inkjet and control groups. Scale bar: 100 pm, magnification: 100x. (B) Fluorescent images of TuJ1
for the control group. Scale bar: 100 um, magnification: 100x. (C) Fluorescent images of TuJ1 for the no RA treatment group. Scale bar: 100 pm,
magnification: 100x. (D) Fluorescent images of high magnification for the inkjet group. Scale bar: 100 um, magnification: 200x. (E) Average fluorescence
intensity of TuJ1. (F) The ratio of average fluorescence intensity and area of DAPI. Statistical significance determined at *p<0.05, **p<0.01, ***p<0.001.
Abbreviation: DAPI: 4,6-diamidino-2-phenylindole, TuJ1: Class IIT $-tubulin.
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Figure 8. Results of RNA sequencing analysis of inkjet-printed (inkjet) and manually pipetted (control) on day 3 after printing. (A) The volcano plot of
differential expression between the inkjet and control groups. (B) The Venn diagram. (C & D) Most significantly upregulated pathways for Gene Ontology
enrichment analysis in terms of biological process and cellular component. (E) Most significantly upregulated pathways for Kyoto Encyclopedia of Genes
and Genomes enrichment analysis. (F) Most significantly upregulated pathways for Reactome enrichment analysis. Abbreviation: padj: Adjusted p-value.
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On day 8 after RA treatment, most of the cells in
the inkjet group were TuJl-positive, exhibiting further
morphological changes compared to day 5 (Figure 7A &
D). In contrast, a portion of cells in the control group were
TuJ1-positive, with higher fluorescence intensity observed
primarily in clustered cells (Figure 7B). Moreover, cells
without RA treatment displayed minimal fluorescence
intensity (Figure 7C). The average TuJl fluorescence
intensities for the inkjet group, the control group, and the
no RA treatment group were 123.82+14.52, 83.06£19.94,
and 9.97+3.10, respectively (Figure 7E). Furthermore, the
ratio of fluorescence intensity to the area of 4,6-diamidino-
2-phenylindole staining was calculated to estimate
differentiation efficiency. The values were 10.20+5.95 for
the inkjet group, 1.84+0.51 for the control group, and
0.16+0.04 for the no RA treatment group (Figure 7F). Both
measurements showed statistically significant differences
between groups.

3.5. Difference in gene expression of NE-4C
post-inkjet printing

After three days of culture, the inkjet-printed and manually
pipetted (control) NE-4C cells were subjected to RNA-seq
to assess differences in gene expression. As presented in
Figure 8A, compared to the manually pipetted NE-4C cells,
311 genes were significantly upregulated and 291 genes
downregulated in the inkjet group, indicating that inkjet
bioprinting modulates gene expression in NE-4C cells.
The Venn diagram further revealed 716 unique differential
genes in the inkjet group, while 12,613 differential genes
were common in both groups (Figure 8B). Gene Oncology
(GO), Kyoto Encyclopedia of Genes and Genomes (KEGG),
and Reactome enrichment analyses were performed to
identify upregulated gene sets in inkjet-bioprinted NE-
4C cells. In the GO biological process category, pathways
related to cell metabolism were found to be significantly
upregulated after inkjet bioprinting, including the
generation of precursor metabolites and energy, pyruvate
metabolic process, and adenosine triphosphate metabolic
process (Figure 8C). In the GO cellular component
category, ribosome-related pathways were significantly
upregulated, including cytosolic ribosome, large ribosome
subunit, and ribosome (Figure 8D). KEGG and Reactome
analyses identified gluconeogenesis, biosynthesis of
amino acids, and carbon metabolism-related pathways
as being most significantly upregulated (Figure 8D & E).
In summary, inkjet-bioprinted NE-4C cells exhibited an
enhanced metabolic profile during the initial culture.

4. Discussion

In this study, NE-4C cells were directly printed into a culture
dish containing culture medium using a thermal inkjet

printhead. This method has previously been demonstrated
to be feasible for creating cell patterns with high viability.*
During inkjet bioprinting, the average number of cells in
each ejected droplet depends on the nozzle diameter and
cell concentration.”* Here, a uniform NE-4C suspension
with optimized cell concentration was used to increase
the percentage of single-cell-containing droplets. This
procedure ensured that most cells passed through the nozzle
orifice under similar shear stress. Calcein-AM/PI staining
was performed one hour post-bioprinting, at which point
complete cell attachment had taken place. Under these
conditions, 42.62% NE-4C were PI-positive, indicating
the formation of transient pores on cell membranes that
persisted for at least one hour. Considering that some pores
likely resealed within this period, the actual percentage of
cells with transient pores immediately after bioprinting
may be higher than 42.62%.* Meanwhile, nearly all NE-
4C were Pl-negative and calcein-AM-positive one day
after bioprinting, indicating that these transient pores
were fully repaired. Given that the molecular weight of RA
(300.44) is lower than that of PI (668.39), it is rational to
hypothesize that RA would easily enter NE-4C through
these transient pores.

During the initial four days after inkjet printing, a
slower proliferation rate was found in inkjet-bioprinted
NE-4C cells compared to manually pipetted cells, despite
equal initial cell seeding densities. In a previous research,
NG108-15 neuronal cells bioprinted using a 60 pm
piezoelectric inkjet nozzle failed to exhibit significant
proliferation slowdown during the initial incubation
period.”” In this study, a 30 um nozzle was used, likely
subjecting NE-4C cells to greater shear stress. A portion
of NE-4C cells were found to be proliferating-inert while
remaining attached to culture dishes and calcein-AM
positive. Meanwhile, numerous cell clusters formed in
the control group, whereas cells remained scattered in the
inkjet group on day 4 post-bioprinting. Therefore, we infer
that fewer proliferatively active NE-4C cells were present
in the inkjet group, leading to a delayed proliferating peak.

Exposure to RA concentrations above 10°M has
been reported to be cytotoxic to carcinoma cells, and the
recommended RA concentration for neural differentiation
of NE-4C cells is 107°-10°M.*”* In this study, we
performed RA treatment immediately after inkjet printing
and found that inkjet-bioprinted NE-4C cells exposed to
107 and 10°M RA exhibited 1.91 times higher viability
than manually pipetted NE-4C cells (Figure 4). It has been
reported that NE-4C cells, upon reaching confluency,
localize to the top of the basal layer.*® According to the
proliferating profile, it is clear that inkjet-bioprinted NE-
4C would reach confluency later than the control group.
Therefore, we consider that cells emerging from the basal
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layer were more sensitive to RA and prone to detachment
at higher RA concentrations (10°M). Moreover, at RA
concentrations of 10~*M, the culture environment becomes
excessively cytotoxic. Additionally, the inkjet group
exhibited a higher percentage of TuJ1-positive cells at day
8 after a 48-hour RA treatment, indicating an enhanced
tendency toward neuronal differentiation. Although
RA treatment was performed immediately after inkjet
printing, NE-4C cells undergo multiple mitotic cycles
during the advanced stages of neural differentiation.”
Neuronal fate decisions occur in randomly distributed,
scattered cells governed by short-distance effects within
local cell assemblies, which continue proliferating.’” This
phenomenon was observed in the control group, where
randomly localized expressed TuJl at day 8 post-RA
treatment. Since RA is needed to commit proliferating cells
into neuronal progenitors, we believed the transient pores
caused by inkjet bioprinting facilitated enhanced RA uptake
during the initial treatment. Moreover, prolonged culture
time (~4 weeks) is necessary for early neurons to mature
and develop into neurons with various morphological
patterns, during which antimitotic treatment should be
applied.”” Future studies are needed to provide stronger
evidence evaluating the percentage of mature neurons
produced by inkjet-bioprinted NE-4C cells.

NE-4C cells were collected on day 3 post-bioprinting
for RNA-seq to evaluate gene expression differences
between the inkjet and the control groups. GO, KEGG,
and Reactome enrichment analyses revealed a higher
level of cell metabolism in the inkjet group at this time
point. In the biological process category, pathways related
to nucleoside, pyruvate, and adenosine triphosphate
metabolic processes were significantly upregulated. In the
cellular component category, pathways related to ribosome
biogenesis and components of the extracellular matrix
were significantly upregulated. KEGG and Reactome
analyses collectively suggested the upregulation of glucose
and amino acid metabolic pathways. Taken together, these
findings suggest that at day 3 post-bioprinting, a higher
percentage of inkjet-printed NE-4C cells may be in the G1
or G2 phases of the cell cycle, during which the synthesis
of amino acids and ribosomes is elevated to support cell
growth and preparation for division. This deduction aligns
with the observation that inkjet-printed NE-4C cells did
not exhibit exponential proliferation during the initial
4-day culture period.

Shear stress during inkjet bioprinting is usually
considered a detrimental effect. To mitigate cell damage,
inkjet bioprinters often employ larger nozzle diameters
(80-100 pum).*>* In this study, cell loss was observed due to
the narrower nozzle used. However, previous research also
found that shear stress is beneficial for gene transfection

or specific cellular pathway activation.””** We also found
that NE-4C cells exhibited a stronger differentiation
tendency under RA treatment following inkjet printing.
This phenomenon might be partially attributed to
transient pores induced in the cells during printing,
facilitating RA molecule entry. However, additional
pathway-related mechanisms likely contribute, warranting
further investigation. Unlike hydrogel-encapsulated
cell printing methods such as extrusion-based or laser-
assisted printing, inkjet printing exerts direct influence on
individual cells during droplet ejection. We believed that
this nozzle-cell interaction represents a valuable avenue for
further exploration.

5. Conclusion

In this study, NE-4C cells, a p53-deficient immortalized
neuroectodermal progenitor cell line, were bioprinted for
the first time using a 30 pm inkjet nozzle. Approximately
42.62% of cells exhibited transient pores an hour after
printing. All transient pores were repaired within a
day, and all attached cells remained viable. Following
inkjet bioprinting, NE-4C cells demonstrated increased
resistance to RA at concentrations ranging from 10°¢
to 10°M. Furthermore, inkjet-bioprinted NE-4C cells
showed a higher level of TuJ1 expression on day 8 after RA
treatment, indicating a stronger differentiation tendency.
Additionally, RNA-seq analysis suggested that pathways
related to cell metabolism were upregulated in inkjet-
bioprinted NE-4C cells. Collectively, these results indicate
that inkjet bioprinting could modulate NE-4C cell behavior
and may represent a promising strategy for subcellular
manipulation of neural progenitor cells.
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