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Abstract
3Dprinting has evolved into a versatile technology for fabricating tissue-engineered constructs with
spatially controlled cells and biomaterial distribution to allow biomimicking of in vivo tissues. In this
paper, we reported a novel study of 3Dprinting of cell lines derived fromhuman embryonic kidney
tissue into amacroporous tissue-like construct. Nozzle temperature, chamber temperature and the
composition of thematrixmaterial were studied to achieve high cell viability (>90%) after 3Dprinting
and construct formation. Long-term construct stability with a clear grid structure up to 30 days was
observed. Cells continued to grow as cellular spheroids with strong cell–cell interactions. Two trans-
fected cell lines ofHEK293FTwere also 3Dprinted and showed normal biological functions, i.e.
protein synthesis and gene activation in responding to smallmolecule stimulus.With further refine-
ment, this 3D cell printing technologymay lead to a practical fabrication of functional embryonic
tissues in vitro.

1. Introduction

Development of 3D bioprinting technologies can
enable novel biomedical researches by creating 3D
structures resembling in vivo microenvironment and
tissue structure [1, 2]. It is now commonly accepted
that 2D culture conditions cannot efficiently represent
the complex in vivo microenvironment [2]. Cells
cultured in 2D monolayers were found to display
different gene expression and functionality compared
to cells in native tissues or 3D culture conditions [3, 4].
Hence, various new technologies were developed to
fabricate 3D constructs to explore the cellular beha-
viors in 3D condition, i.e. cell interaction [5, 6], stem
cell differentiation [7–9], vascularization [10, 11] and
ossification [12], with the potential application in drug
screening [13–16] and regenerativemedicine [17–19].

Scaffold-based strategy is a commonly used tissue
engineering approach to create 3D structure. How-
ever, the seeding efficiency of cells in preformed 3D

structures was often poor due to long cell infiltrating
distance and suboptimal adhesion conditions. There-
fore, it is hard to control cell viability and density
within the scaffold. 3D cell-laden printing technology
may overcome above problems by pre-mixing cells
and biomaterials, then deposit them in desired pat-
tern. Commonly investigated 3D cell printing technol-
ogy include: laser printing [20, 21], inkjet printing
[22, 23], extrusion printing [24], valve-based printing
[25] and acoustic cell encapsulation [26]. Cancer cells
[27], stem cells [28, 29] and cells derived from adipose
tissue [30, 31], cardiac tissue [32, 33], hepatic tissue
[34], etc have been printed in cell-laden constructions
for different purposes. So far few studies about 3D
printing of embryonic tissue derived cells were repor-
ted. Shu et al applied a valve-based cell printer to print
HEK 293 cells with culture media as preliminary
experiment [35]. Lee et al fabricated 2D patterning of
embryonic neural cells onto a 3D multilayered col-
lagen gel to generate artificial neural tissue composites
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[36]. However, the long-term growth and key biologi-
cal functions such as protein synthesis and the respon-
siveness to biological signal stimulus of 3D printed
cells have not been carefully evaluated.

In this study, HEK 293FT cell were used because it
is an immortalized cell line derived from human
embryonic kidney that has beenwidely used in biology
experiments to study protein biochemistry and cell
signaling. It has also been used formammalian protein
production and virus packaging [37, 38]. To examine
essential cellular functions of bioprinted cells grown in
3D structure, such as protein synthesis and response to
cytokine signaling, we also employed HEK 293FT cells
that had been genetically engineered to express Wnt3a
protein or carry a Wnt reporter. Wnt signaling path-
way plays important function during embryo develop-
ment, tissue homeostasis and human diseases such as
cancer [39].Wnt3a, amember of theWnt gene family,
is a secreted cytokine that can activate canonical Wnt/
β-catenin pathway. Upon receptor binding, Wnt
ligands can trigger a cascade of signaling events and
lead to the activation of Wnt target genes. To mimic
this process, Wnt reporter plasmid was engineered
which contains multiple Wnt responsive elements
driving the expression of a red fluorescent protein
gene mCherry. Upon activation of Wnt signaling, the
reporter gene will express, indicating that the corre-
sponding cellular pathway is functional [39]. Using
this system in our study will allow easy and accurate
analysis of typical cellular function of embryonic cells.

Gelatin, alginate and fibrinogen were selected as
the hydrogel materials in this study due to their high
biocompatibility with mammalian cells and ease of
gelation. The extrusion-based 3D cell printing metho-
dology makes use of the temperature-sensitive gela-
tion property of gelatin to fabricate 3D construct [24].
Alginate is widely used in drug delivery and tissue
engineering applications for its structural similarity to
the extracellular matrices [40]. Fibrinogen is one of
the most abundant plasma proteins and can be cross-
linked in physiological condition to stabilize the 3D
structure [41]. Based on the pre-crosslinking of gelatin
before printing, the adopted continuous bio-printer
can build 3D hybrid materials constructs by sub-
sequent crosslinking. Studies on hepatocytes [24],
metabolic syndrome [30], in vitro angiogenesis [31]
and adipose tissue-derived stem cells (ADSCs) differ-
entiation have been carried out using this cell printing
technique.

In this study, we reported 3D printing of HEK
293FT cells into cell-laden macroporous constructs
via an extrusion-based 3D cell printing machine.
Printing parameters were systematically analyzed and
optimized to achieve high cell viability and stable 3D
structure for up to 30 days. Right after printing, the
viability of HEK 293FT and its genetically engineered
derivative cell lines, including Wnt3a expressing cells
(Wnt3a-293FT) and Wnt reporter cells (Wnt repor-
ter-293FT), reached 92.25, 87.9 and 74.66%,

respectively. After 3 days, nearly 100% cells were alive.
They proliferated and formed cellular aggregates with
the diameter of tens of micrometers. Furthermore, we
performed detailed comparison of the cell morphol-
ogy and the proliferation rate in 2D culture and in 3D
cell-laden constructs. Finally, we showed that robust
ectopical protein expression and cell signaling path-
way activation can be achieved in 3D gel structure
comparedwith that in 2D culture conditions.

2.Materials andmethods

2.1. Cell culture
HEK 293FT cells (Invitrogen, Life Technologies, USA)
were cultured at 37 °C in 5% CO2 in high glucose
Dulbecco’s modified Eagle’s medium (H-DMEM,
Gibco, Life Technologies, USA) supplemented with
10% fetal bovine serum (FBS) (BI, Israel), 1%
GlutaMax-1 (Invitrogen, Life Technologies, USA),
100 UmL−1 penicillin and 100 μg mL−1 streptomycin.
0.25% (w/v) trypsin with 0.2% (w/v) ethylene diamin
tetra-acetate (EDTA) was used to dissociate and
passage cells when cell confluence reached 90%.

Recombinant Wnt3a plasmid CAG-Igk-Wnt3a-
Flag-His-IRES-puro was constructed and transfected
into HEK 293FT cells to establish Wnt3a-293FT cells.
Wnt3a-293FT cells were maintained by selection
using 0.5 μg mL−1 puromycin (SIGMA, USA). For
Wnt reporter-293FT, a piggyBac plasmid containing
7xTCF/Lef binding sites driving mCherry gene and
PGK promoter driving Neomycin resistant gene was
transfected into normal HEK 293FT cells. Cells with
no background mCherry expression showed strong
red fluorescence in respond to CT99021 (a GSK3 inhi-
bitor andWnt signaling pathway activator) treatment,
which were selected by fluorescence-activated cell
sorting (FACS) (BD, Aria II, USA). Both Wnt3a-
293FT and Wnt reporter-293FT were cultured in the
samemedium as normalHEK293FT cells.

2.2.Material preparation
Gelatin (type A, SIGMA, G1890, USA) and sodium
alginate (SIGMA, A0682, USA)were dissolved in 0.5%
(w/v) sodium chloride solution at the concentration of
20% (w/v) and 4% (w/v), respectively. Both the two
solutions were sterilized under 70 °C for 30 min for
three times. Sterilized gelatin and sodium alginate
solution were stored at 4 °C and warmed up to 37 °C
before use. 8% (w/v) fibrinogen solution was prepared
by dissolving fibrinogen powders (Sigma, F8630,
USA) in H-DMEM at 37 °C and used to suspend cells
immediately. Two recipes of cell-laden solutions were
tested: gelatin–alginate–fibronogen (G–A–F):10%
gelatin, 1% alginate and 2% fibrinogen; gelatin–
alginate (G–A):10% gelatin and 1% alginate. For each
experiment, cell-laden solutions were prepared imme-
diately before 3D printing. 293FT cells were disso-
ciated to single cells and suspended in fibrinogen
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solution or culture medium and then gently mixed
with G–A solution to reach a final concentration of
2 × 106 cells/mL.

2.3. 3Dbioprinting and culture of cell-laden
constructs
By using a 3D cell printer developed by our group, we
fabricated a macroporous constructs in a layer-by-
layer fashion with designed size of 8 × 8mm in cross-
section and 0.9 mm (six layers) in thickness. Briefly,
the cell-laden solution was loaded into a sterilized
1 mL syringe and set in the printer for printing in air.
The process parameters, i.e. printing chamber tem-
perature, extrusion speed, and nozzle temperature
were optimized in this study. After 3D bioprinting,
cell-laden constructs were chemically crosslinked by
immersing in 100 mM calcium chloride solution for
3 min to crosslink sodium alginate. For the G–A–F
group, 20 UmL−1 thrombin (SIGMA, T4648, USA) in
phosphate buffer solution (PBS) was used to crosslink
fibrinogen. Between each solution addition, the con-
structs were gently washed for 2–3 times. TheG–A/cell
constructs were cultured in the same medium as HEK
293FT cells at 37 °C and 5% CO2. The G–A–F/cell
constructs were cultured in that medium supplemen-
ted with 20 μg aprotinin at 37 °C and 5% CO2. Each
construct was cultured in one 35mm petri dish.
1.5 mL of culturemediumwere added to eachwell and
changed every 2 days. The schematic view of the
process of this process is shown infigure 1.

2.4. Live/dead staining
A fluorescent live/dead staining was used to determine
cell viability in the 3D cell-laden constructs according
to the manufacturer’s instructions. Briefly, samples
were gently washed in PBS for 3 times before immer-
sing in staining solution. 1 μM Calcein-AM (SIGMA,
USA) and 2 μM propidium iodide (SIGMA, USA) in
PBS were used to stain live cells (green) and dead cells
(red) for 15 min while avoiding light. Subsequently,
samples were washed in PBS for 3 times. A confocal

microscope (LSM710META, Zeiss, Germany) was
used for image acquisition. Cell viability was deter-
mined by count/size tool of Image-Pro-Plus and
calculated by dividing the total number of cells by
green stained cells. Three different fields were counted
for each sample.

2.5.Morphology analysis
To analyze cell morphology in the 3D hydrogel, f-actin
filaments and nuclei were stained using FITC-phalloi-
din and DAPI, respectively. Briefly, 3D cell-laden
constructs were fixed with 4% paraformaldehyde for
20 min, and subsequently permeabilized in 0.1%
triton X-100 for 30 min and blocked in 1% bovine
serum albumin for 30 min. 5 μg mL−1 FITC-phallio-
din (SIGMA, USA) and 1 μg mL−1 DAPI (SIGMA,
USA) were successively added to the constructs and
incubated in dark for 20 and 5 min, respectively.
Between each solution adding, the samples were gently
washed with PBS for 3 times. A laser confocal
microscope (LSM710META, Zeiss, Germany) was
used for image acquisition. Based on the fluorescent
images, the diameter of a circle with the same area of
the aggregate cross-section was defined as the aggre-
gate diameter, and the cross-section area was deter-
mined by count/size tool of Image-Pro-Plus software.

2.6. Cell proliferation assay
Cell Counting Kit-8 (CCK-8, DOJINDO, Japan) was
used to examine cell proliferation in 2D cultured
samples and in 3D bioprinted constructs according to
the manufacturer’s instructions. Briefly, 5 × 104 HEK
293 FT cells were seeded in a 35 mm petri dish as the
2D culture sample. 80 μL CCK-8 in 800 μL culture
medium was added into each culture dish containing
2D or 3D sample and incubated in the dark for 2 h at
37 °C. After incubation, 110 μL supernatant from 2D
or 3D samples were transferred into 96-well plates and
the optical density (OD) was read at 450 nm using a
microplate reader (BIO-RAD, Model 680, USA)
immediately. 3D construct without cells was treated

Figure 1. Schematic view of the 3Dbioprinting process. Three different kinds of cells and twomatrixmaterial configurationswere
studied. Cells were blendedwithmatrixmaterials, and then loaded to the printer for printing. Composition ofmatrixmaterials and
printing parameters were optimized based on the cell viability and structure stability. Cell proliferation and normal biological
functions were tested.
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the same way and CCK-8 medium was used as the
blank control. Three samples were tested for each
group.

Apart fromCCK-8 assay, the growing of cell aggre-
gates was also measured to reflect the proliferation in
3D condition. The volume of aggregate was deter-
mined by the function of sphere volume (V= πd3/6, V
means volume, d means diameter) and then the rela-
tive or normalized volume to day 1 was calculated by
dividing volume of day 1 by volume of each day. The
normalized data of aggregate volume was compared
with normalized data of 2DODvalue.

2.7.Western blot
Wnt3a protein expression was quantified by western
blot.Wnt3a-293FT cells (final concentration 107 cells/
mL) was 3D printed as described above. 10 h after
printing, the culture medium was replaced with
DMEM/F12 medium without FBS but supplemented
with 0.1 mg L−1 heparin (SIGMA, H3149, USA). 48 h
later, the supernatant around tissue constructs was
removed. The constructs were then dissolved in
55 mM sodium citrate and 20 mM EDTA in 0.9%
NaCl and stirred using pipette for 10 min at RT to
allow alginate depolymerization and cell isolation.
Cells were lysed in RIPA buffer and cell lysates (20 μg
total protein per lane) were separated by electrophor-
esis on a 12% polyacrylamide gel. Then proteins were
transferred from the gel onto a nitrocellulose mem-
brane, and blocked for 1 h at RT in TBS containing 5%
skimmed milk and 0.1% Tween 20, followed by an
overnight incubation at 4 °C with the primary anti-
body (Mouse anti-Flag-M2 (Sigma), 1/1000 dilution)
in the same buffer. Membranes were then incubated
with the secondary antibody (goat anti-mouse IgG
(HRP-linked) (Jackson), 1/1000 dilution) for 1 h in
1xTBS with 1% skim milk and 0.1% Tween20 at RT.
Proteins were detected using ECL+ solution

(DingGuo) and gel image system (Bio-Rad, Chemi-
Doc™XRS+ System,USA).

2.8. Activation ofWnt reporter in 3Dbioprinted
constructs
Small molecule Wnt signaling pathway activator
CT99021 was used to determine the responsiveness of
Wnt reporter-293FT cells. 3 μM CT99021 was added
in 2D and 3D culturing dish 24 h after seeding or
printing. 48 h later, afluorescencemicroscope (Nikon,
TiE, Japan) was used to analysis the expression of
mCherry. Normal HEK 293FT cell was used as the
control group.

2.9. Statistical analysis
All results were presented as the mean ± standard
deviation (SD). Statistical analysis was performed
using two-way analysis of variance (ANOVA) in
conjugation with a Bonferroni post-hoc test and a
student t-test in Graphpad Prism. Statistical signifi-
cance was defined as *p< 0.05, **p< 0.01, and
***p< 0.005. Three independent trials were carried
out unless otherwise stated.

3. Results

3.1. Influence of 3Dprinting parameters on cell
viability
As showed in figure 1,HEK 293FT cells,Wnt3a-293FT
cells and Wnt reporter-293FT cells were 3D printed
and cell viability and biological functionswere studied.
Parameters, i.e. matrix material composition, cham-
ber temperature, nozzle temperature were optimized
to achieve high cellular viability after printing. As
shown in figure 2(a), embedding 293FT cells inmatrix
materials by manual mixing and keeping the mixture
at 4, 25, and 37 °C for 10–30 min did not lead to
obvious cell death. Manual extrusion at room tem-
perature after blending could keep about 95% cells

Figure 2.Matrixmaterials’ influence on cell viability. (a) Influence of storing cell-laden gelatin/alginatemixture at 4, 25, and 37 °C for
10 and 30 min on cell viability. (b)Cell viability changedwith two printing parameters’ configurations for gelatin/alginate (G–A) and
gelatin/alginate/fibrinogen (G–A–F)material groups. All the results abovewere based onHEK 293FT cells.
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alive ((95.17 ± 1.926), (95.93 ± 1.652) and
(93.28 ± 1.217)% for HEK 293FT, Wnt3a-293FT and
Wnt reporter-293FT, respectively, without significant
differences). However, during the 3D bioprinting
process, chamber temperature and nozzle tempera-
ture showed significant impact on cell viability. When
the chamber temperature was set at 4 °C (cham-4 °C)
without nozzle insulation (Insu-N), the viability of
HEK 293FT cells after 3D printing was only
(54.94 ± 3.264) and (55.14 ± 1.719)% for G–A group
and G–A–F group (figure 2(b)), respectively, without
significant difference.When the chamber temperature
was set at 10 °C (cham-10 °C)with nozzle insulation at
25 °C (Insu-Y), the viability of HEK 293FT cells
increased to (92.25 ± 1.813) and (90.77 ± 1.498)% for
G–A group and G–A–F group (figure 2(b)), respec-
tively, without significant differences.

Using the same parameters as HEK 293FT
(figures 3(a), (b)), other two types of cells were printed
applying G–Amaterials group. Compared with cham-
4 °C/Insu-N condition, the viability of cham-10 °C/

Insu-Y condition increased significantly from
(41.75 ± 2.743) to (87.91 ± 1.609)% and from
(35.06 ± 1.907) to (74.66 ± 2.798)% forWnt3a-293FT
and Wnt reporter-293FT (figures 3(d), (e), (g) and
(h)), respectively. The viability of both Wnt3a-293FT
and Wnt reporter-293FT under optimized condition
was less than thatHEK293FT.However, few cells were
found dead after 3 days culture for all three groups
(figures 3(c), (f) and (i)).

3.2. Structural characteristic of the cell-laden
constructs
The structural characteristic and long-term stability of
cell-laden constructs was studied in this research. As
shown in figures 4(a) and (b), both G–A and G–A–F
constructs showed clear grid structure after 3D print-
ing using same parameters mentioned above. Due to
chemical crosslinking of alginate by CaCl2 solution,
the overall size of the G–A construct shrunk to about
97.45% of the designed size. Under the current
parameter setting, the thread diameter of the G–A

Figure 3.Process optimization to improve cell viability. (a), (d) and (g)Quantitative analysis of cell viability right after printing under
different conditions (a) normal 293FT, (d)Wnt3a-293FT and (g)Wnt reporter-293FT. (b), (e) and (h) Live/dead staining images for
the three kinds of cells at day 0. (c), (h) and (i) Live/dead staining images for the three kinds of cells at day 3. Cham-4/10 °Cmeans
setting the chamber temperature at 4OR 10 °C. Insu-Y/NmeanswithORwithout insulation for nozzle at 25 °C. All these results were
based on gelatin/alginatematerials. Scale: 200 μm.
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construct was 415.17 ± 26.304 μm (figure 4(a)), which
was 1.60 times of the inner diameter of the printing
nozzle (260 μm). On the other hand, because of
crosslinking of alginate by CaCl2 and crosslinking of
fibrinogen by thrombin, the overall size of the G–A–F
construct was about 98.83% of the designed size, with
the thread diameter of about 1.62 times to the inner
diameter of the printing nozzle (figure 4(b)).

After 9 days of culture, the constructs of both
material groups maintained the integrity and uniform
cell aggregates began to fill the threads (figures 4(c)
and (d)). The density of cells in gels increased over
time. By 14 days, above 90% space was filled by cell
aggregates with diameter around hundred-microns,
while the constructs still maintained the integrity with
clear grid structure (figure 4(e)). In fact, the structure
stayed stable for more than 30 days as long as it
attached to the bottom of the petri dish rather than
floating in themedium (figure 4(f)). However, after 30
days of continuous culture, cell quality and viability
declined possibly due to contact inhibition and insuf-
ficient oxygen and nutrient diffusion into the large cel-
lular spheroids in the 3D structure (figure 4(f)).

3.3.Morphological change in 3D construct
Cell aggregates were formed within gels and the
aggregate growth was monitored during culturing.
Figure 5 clearly showed the growth of cell aggregates

from several cells at day 2 to dozens of cells at day 5. Cell
proliferation was evident from both the bright field and
fluorescence images. All the assays conducted in this
study were within one week, during which time the
aggregatewouldn’t be too large to restrict the inner cells.

3.4. Cell proliferation in 3D construct compared
with 2D culture
Growing in aggregates, cell proliferation in 3D can be
evaluated through measuring the diameter of cell
aggregates (figure 6(a)). Cell proliferation was quanti-
fied using CCK-8 assay and showed in figure 6(b):
dramatic increase in cell growth was observed from
day 1 to day 5, while after 5 days, the increment slowed
down. Based on CCK-8 assay, cells in 2D condition
showed faster proliferation, especially after day 3.

However, figure 6(c) presents the normalized data
of 2D OD and 3D volume, which both reflected the
cell quantity. The results demonstrated that 3D aggre-
gates turned to be an exponential growth, which grew
faster than 2D, especially after day 5.

3.5. Cellular function ofWnt-293FT andWnt
reporter-293FT
Western blot was used to investigate whether protein
expression from cells grown in 3D constructs was
similar with that from 2D cultured cells. The results
showed that Wnt3a protein was synthesized by

Figure 4.Gelmaterial comparison and 3D construct stability over time. (a) and (b) The construct configuration of G–A (a) andG–A–
F (b)material groups after printing at day 0. (c) and (d) Bright field images of G–A (c) andG–A–F (d)material groups after culturing
for nine days. (e) and (f) The construct integrity and cell condition at day 14 (e) and day 30 (f) for theG–Agroup. All the above results
were based onHEK293FT cells. Scale: 1 mm.
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Wnt3a-293FT cells embedded in gels. Figure 7(a)
showed the obvious band ofWnt3a and housekeeping
gene GAPDH. Interestingly, after normalization
against the protein level GAPDH, there seemed to be
more Wnt3a protein expressed by 3D cultured cells
compared to 2D cultured cells (Wnt3a-3D/GAPDH=
0.42 ± 0.124 versus Wnt3a-2D/GAPDH= 0.28 ±
0.052,figure 7(b)).

For tissue fabrication using 3D bioprinting technol-
ogy, it is essential that cells in 3D constructs can
respond to external signals. To test this, we used Wnt
reporter-293FT cells. These cells were genetically engi-
neered to carry a mCherry fluorescent protein repor-
ter. Upon receiving stimulus to activate Wnt signaling
pathway, the reporter will be turned on and cells will
express mCherry and display red fluorescence. As we
expected, upon addition of small molecule Wnt

Figure 5.Cell aggregatemorphology. Cell aggregate grew from several cells to dozens of cells, respectively fromday 2 to day 5. Scale:
20 μm.

Figure 6.Cell proliferation in 2D and 3D conditions. (a) Cell aggregates in 3D condition grewwith the culture time. The aggregate
diameter was shown asmean ± SD in each image (n= 13). (b)Optical density (OD) value for 2D and 3D conditions usingCCK-8 kit.
(c) Cell proliferation rate after normalized toODvalue of day 1 and aggregate volume for 2D and 3D, respectively.
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signaling pathway activator CT99021, Wnt reporter-
293FT cells showed bright red fluorescence compar-
able to reporter cells in 2D environment treated with
CT99021 (figure 7(c)). Thus, cells grown in gel struc-
ture following 3D printing could receive chemical sti-
mulus and had normal cell signaling function.

4.Discussion

In this study, we optimized 3D bioprinting conditions
for HEK 293FT cells, characterized their viability,
proliferation and morphology during long-term cul-
ture in 3D gel structure. Moreover, the results showed
that our 3D bioprinted cells had normal protein
expression and can activate Wnt signaling pathway in
3D environment upon chemical stimulus. The G–A
mixture had been used to print hepatocyte and ADSCs
for some tissue engineering applications [31, 42], and
G–A–F materials were also used to print ADSCs to
guide multipotent differentiation towards adipocyte
and endothelial cells [30]. In our experiments, we
found that 3D constructs with both G–A and G–A–F
matrix biomaterials could maintain long-term

stability (figure 4) and high cell viability with little
differences (figure 2(b)), while with one more bioac-
tive material and crosslinking process, the G–A–F
system suffered from more complex operations and
variables. Cells in G–A constructs grew as cell aggre-
gates and filled 90% space of the construct after two
weeks of culture with the initial concentration of
2 × 106 cells/mL. Therefore, as a simpler material
system, the G–A group was chosen for all later
experiments to study the influences of other factors.
Based on the G–A materials, a homogeneous 3D grid
was designed and fabricated. Because of the swelling of
hydrogels after extruded from nozzle, the thread size
became wider than the inner diameter of the nozzle.
The average thread width of 415.17 ± 26.304 μm was
sufficient for cell growth, as cells could distribute
evenly throughout thewhole construct.

It is crucial to preserve cell viability and normal
biological function after biofabrication process and
construct formation [43–46]. Previous studies showed
that the printing process caused little damage to cells
for the subsequent studies [46, 47]. However, this
could be cell type and printing technology dependent.
More specifically, stimulation sources from laser

Figure 7.Wnt3a protein synthesis and activating of reporter. (a)Wnt3a band andGAPDHband for 2D control cells, 2DWnt3a cells
and 3DWnt3a cells. (b) The relative ratio toGAPDHofWnt3a protein for 2D control cells, 2DWnt3a-293FT cells and 3DWnt3a-
293FT cells. (c) Activating ofWnt reporter-293FT in 2D and 3D at day 3 after addingCT99021 for 48 h. Scale: 1 mm.
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energy, bubble breakup, impulsive force are addressed
in laser directed writing, laser-induced forward print-
ing, inkjet printing, valve-based printing respectively
[48–50]. As for the extrusion printing, shear force was
generally responsible formost of the cell damage [43].

Applying the previous printing condition (cham-
4 °C, Insu-N), viability decreasewas observedduring the
whole process, and a dramatic reduction existed from
manual extraction at RT to real printing (figures 3(a),
(d) and (g)). Though the whole printing process for
1mL cell/material mixture would last about 30min,
during which time unprinted cells lacked culture med-
ium at a relatively low temperature, the results in
figure 2(a) excluded the influence of staying at different
temperature (4, 25 and 37 °C) within 30min on cell via-
bility. So, it was believed that the high shear force on cells
in the nozzle was themain reason for low viability, apart
from cell type changing [43]. Shear force caused by sur-
rounding materials was mostly determined by the visc-
osity or gelation degree of hydrogels [51]. As a
temperature-sensitive hydrogel, the viscosity of gelatin
changed sharply with temperature, especially around
the gelation region, which was also utilized to print real
3D structures by the adoptedmachine [52].Higher visc-
osity gives better structure quantity but compromises
cell viability [44, 53]. This promoted us to reduce the
shear force by increasing the printing temperature to
improve cell viability while stable 3D structure could be
fabricated. In fact, the adoption of higher temperature in
printing chamber and thermo insulation in the nozzle
indeed improved the viability of HEK 293FT cells sig-
nificantly from (54.94± 3.264) to (92.25± 1.813)%.
However, differences on viability were observed when
printing the genetically engineered HEK 293 cell using
the modified process parameters. In general, HEK
293FT cells showed the highest viability, followed by
Wnt3a-293FT stable line (87.90±1.609)%, and then
Wnt reporter line (74.66± 2.798)%. It was possible that
certain transgenic cell lines weremore sensitive than the
parental line, whichmight explain their decreased viabi-
lity. Nonetheless, few dead cells were observed after 1
day of culture for all three groups, suggesting that the
debris of dead cells spontaneously dissolved during
culture.

The hydrogel constructs provided a 3D micro-
environment resembling the in vivo environment for a
range of cellular activities such as cell growth and cyto-
kine signal transduction. Unlike the 2D culture, 293FT
cells grew as aggregates in gelatin/alginate hybrid
materials. The cell aggregates not only reflected active
cell proliferation, but also represent different cell–cell
interaction in 3D gel structure [54]. Based on CCK-8
assay, cell aggregates in gels seemed to have slower
proliferation rate compared with 2D cultured cells.
However, the normalized cell aggregate volume
turned to grow faster than normalized OD value of 2D
cultured cells. The CCK-8 cell proliferation quantifi-
cation kit was normally used for 2D cultured cells and
may not be able to accurately reflect cell proliferation

in 3D culture. As shown in our results, 3D cultured
HEK293FT cells grew to large spheroids, thus the
inside cells may not be exposed to the WST-8 sub-
strate. The crosslinked hydrogels may also reduce the
diffusion of chemicals. Consequently,WST-8 in CCK-
8 solution may not react to all cells in 3D constructs,
which lead to lower OD value. Interestingly, more
Wnt3a protein was made by cells grew in 3D con-
structs, which suggests that cell shape may influence
protein synthesis. Moreover, despite that cells were in
very different shape,Wnt reporter cells still responded
to chemical signals and turned on mCherry expres-
sion. These results proved that our 3D bioprinted cells
have normal biological function, cell signaling activity
and gene transcription response.

5. Conclusion

In this study, we successfully printed HEK 293FT cells
and two genetically engineered cell lines with high
viability using a 3D hydrogel bioprinter. We found that
the shear force seemed tobe themajor cause of cell death
during printing and increasing temperature could
effectively reduce the viscosity of the hydrogel and
improve cell survival after printing. During prolonged
culture, cells grew as spheroids in the 3D constructs, and
cellular spheroids-gel integrity was maintained for over
four weeks. Cell proliferation rate, cell shape and
interactions and protein synthesis were different in 3D
gel environment and standard 2D culture conditions. In
summary, the current work about 3D bioprinting of
HEK 293FT cells using a hydrogel extrusion printer
form the basis for using this platform to print different
types of embryonic cells and study tissue interactions. It
is an important step forward toward biofabrication of
mammalian tissueswith 3Dprinting technology.
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