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Abstract
We first proposed the concept of in situ in vivo bioprinting in order to address the existing
deficiencies in conventional bioprinting. Herein we verified this concept taking the case of the
treatment for gastric wall injury and presented this work as a preliminary step towards a new
method in the field of bioprinting. In this study, a micro bioprinting platform which can be
installed to an endoscope was developed to enter the human body and process bioprinting. Printed
circuit micro-electro-mechanical-system techniques were used in the design and fabrication of the
platform. Control system with high accuracy was developed and performance tests were carried
out to verify the feasibility of the platform. The 2-layer tissue scaffolds were printed in a stomach
model. Gelatin–alginate hydrogels with human gastric epithelial cells and human gastric smooth
muscle cells were used as bioinks to mimic the anatomical structure of a stomach. A 10 d cell
culture showed that printed cells remained a high viability and a steady proliferation, which
indicated good biological function of cells in printed tissue scaffolds. This work presents an
innovative advance not only in the field of bioprinting but also in the clinical sciences.

1. Introduction

Bioprinting technologies have been greatly developed
in recent decades with the combination of auto-
mation, digitalization and new tissue engineering
approaches. It refers to fabrication of scaffolds by
additive manufacturing technology, which deposits
bioinks layer by layer as designed and construct tis-
sues or organs with biological functions and activit-
ies [1, 2]. This technology has been applied to plenty
of fields such as regenerative medicine, disease mod-
eling and drug screening etc [3–6]. As a new branch
of bioprinting, in situ bioprintingwas proposed based
on inkjet bioprinting in 2007 [7]. It refers to amethod
that bioinks are directly printed at a defect site in
a clinical setting to create or repair living tissues or
organs [8]. In situ bioprinting has developed rap-
idly in recent years and various studies have shown
the great potentials of this approach, in fields such
as skin, bone and cartilage repair [9–12]. This emer-
ging technology may doubtless bring a breakthrough
in bioprinting for clinical application. However, most
of the current studies relating in situ bioprinting tar-
get the repair of defects in outer tissues, while there

still exists potential demand for repair in inner tis-
sues such as digestive tract or genital tract. Unfortu-
nately, former studies showed that the existing setups
for in situ bioprinting are normally large, thus they
are not able to be applied to inner tissue repair as
well as may cause secondary impact while perform-
ing in situ bioprinting through incisions so as to give
enough room for printing operation. To address this
need, we have proposed the new concept of in situ in
vivo bioprinting for the first time, aiming to create a
micro robot to enter the human body noninvasively
and carry out tissue repair inside the body. This paper
will expound this concept in detail taking the case of
the treatment for gastric wall injury.

Gastric wall injury is one of the most common
diseases in digestive tract and about 12% of the
world’s population suffer from it to varying degrees,
according to a research of Lancet [13]. Recent studies
have showed that themain reason for common gastric
wall injury isH. pylori inside digestive tract weakened
protective effects of mucosae. And the mainstream
treatment methods includes conservative medication
and surgical treatments. Though these methods are
therapeutic in some degree, medication take effect
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slow, has poor target and is easy to relapse. Surgical
treatments mainly remove focuses in gastric tract
physically, which can increase discomfort and the
risk of complications [14]. Minimally invasive sur-
gery through an endoscope, which was presented in
recent years, also exist limitations: suturing wound
under endoscope with LAPRO-CLIP can only mend
small damage limited to narrow spaces in natural ori-
fices [15]. Spraying colloid styptic by endoscope to a
wound can stop bleeding effectively but cannot recon-
struct 3D structure of the wound. Therefore, it is
necessary to explore new method in treatments for
gastric wall injury, such as introducing bioprinting
techniques to tissues repair, creating organized 3D
tissue constructs through layer-by-layer assembly to
repair defects inside the stomach.

At present, little research has been carried out
on the application of bioprinting techniques to tis-
sue repair in gastric tract, yet this is a field worth
exploring. To carry out bioprinting in situ in vivo, the
first step is to develop an available micro bioprinter,
based on which we can continue subsequent research
on creating tissues with bioactivities. This paper is
the first step of the research on a new approach aim-
ing to repair tissues through in situ in vivo bioprint-
ing. We developed a micro 3D bioprinting platform
which can be installed to an endoscope and can reach
designated spot to carry out in situ 3D printing. The
schematic of this process in shown in figure 1. The
development of the micro bioprinter proposes the
brand new concept of in situ in vivo bioprinting and
provides a new idea in the diagnosis and treatment for
gastric wall injuries.

Herein we introduced the design principles, fab-
rication, and performance and biological testing of
the first prototype device in our preliminary research.
The device was designed and fabricated in the concept
of printed circuit micro-electro-mechanical-systems
(PC-MEMS) [16, 17], and it was controlled accur-
ately by mathematical calculation and programming.
The accuracy and workspace were acquired through
experiments and simulation, indicating this plat-
form’s feasibility in bioprinting. Furthermore, our
preliminary biological experiments using this device
to print hydrogel structures demonstrates the capa-
city of the device for in situ in vivo fabrication of 3D
tissue scaffolds as well as the application prospect in
clinical field.

2. Materials andmethods

2.1. Design principles
Our objectives in this work were to create a sub-
miniature bioprinting platform which is capable of
entering human’s body and proceeding bioprinting
with hydrogels and living at high viability to con-
struct tissue scaffolds. Besides, the projection of the
platform’s working space should be larger than the
platform’s cross-sectional area, so that the platform

can achieve as much workspace as possible within
as little space as possible. In order to meet these
principles, construction of Delta robot was used
as the basic structure of the platform shown in
figure 2(A), which can fold into a small state when
entering into the patients’ body and unfold before
working (figure 2(B)). Besides, we used PC-MEMS
for reference to make the miniaturization of the plat-
form possible. The conventional Delta robot consists
of two parallel flats: the fixed base and the moving
platform, which are connected by three kinematic
chains [18]. Each kinematic chain is composed of a
driving arm and a passive arm, which are connected
by spherical hinge. The latter one consists of a par-
allelogram closed loop to keep the moving platform
moving horizontally. However, a spherical hinge is
too difficult to process in such a micro platform so
we used PC-MEMS techniques to create two perpen-
dicular revolving joints composed of two rigid layers
and one flexible layer with offset axes of rotation to
replace the original spherical hinge in the kinematic
chains.

2.2. Control and simulation
The overall frame of the bioprinting platform is a
Delta robot, which is composed of a fixed base, mov-
ing platform and three identical kinematic chains.
Thus, the control and simulation of the conven-
tional Delta robot can be used for reference in
this part [19–21]. First, a basic mathematical model
was abstracted from the platform and the mathem-
atic relation between the Cartesian position of the
center of the moving platform and each actuators’
deflections was derived, which was the foundation
of bioprinting. On the basis of mathematic relation,
interpolation algorithm [22]was applied to constitute
the kinematic model, which made it possible that the
platform carries out printing according to trajectory.
Theworkspace of bioprinting platform can be derived
from the relation mentioned above as well [23], and
it was expressed byMATLAB directly as a reference to
bioprinting feasibility.

2.3. Bioprinting performance test
To test the platform’s ability in bioprinting, it should
perform the basic trajectories necessary in tissue scaf-
folds such as latticed structure and planar circle. The
kinematic model was used to generate input sig-
nals for the trajectories, and the platform’s output
motions were captured by a laser tracker. The devi-
ation of the platform can be acquired through the
comparison between input and output trajectories.

2.4. Preparation of bioinks for bioprinting
Gelatin (type A from porcine skin, Sigma-Aldrich,
G1890) and alginic acid sodium salt power (Sigma-
Aldrich, A0682) were dissolved in 0.9% sodium
chloride solution with a concentration of 10% (w/v)
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Figure 1. Schematic of in situ in vivo bioprinting taking the case of treatment for gastric wall injuries.

Figure 2. Fabrication of the bioprinting platform. (A) Delta robot in normal status. (B) Delta robot in fold status. (C), (D)
Fabrication of fixed base of bioprinting platform. (E) Lamination of kinematic chain using the PC-MEMS techniques. (F)
Kinematic chain. (G) Moving platform with kinematic chains.

gelatin and 4% (w/v) alginate as storage bioink solu-
tions. The bioink solutions were sterilized by heating
at 70 ◦C for 30 min three times, and then stored in
4 ◦C before usage. Calcium chloride (Beijing Chem-
icalWorks, Beijing, China) granules were dissolved in
deionized water to make 3% (w/v) solutions. Solu-
tions were filtered with 0.22 µm PES Syringe Filter
(Membrane Solutions).

2.5. Cell preparation for bioprinting
To mimic the structure of gastric ulcers [24], human
gastric epithelial cells (GES-1 cells) and human gast-
ric smooth muscle cells (HGSMCs) (Otwo Biotech

(Shenzhen) Inc. Shenzhen, China) were used in this
study. These cells were cultured in RPMI Medium
1640 (Thermo Fisher Scientific), supplied with 10%
fetal bovine serum (Biological Industries) and 1%
penicillin G and streptomycin (Gibco, 10 378–016).
Cells were cultured in an incubator at 37 ◦C in
5% CO2 and passaged every 3 d. After achieving
about 80% confluence, cells were harvested with
0.25% trypsin/EDTA dissociation at a density of
3 × 106 cells ml−1 separately. Then the rewarmed
bioink and the cell suspensionweremixed at a volume
ratio of 1:1. Bioink A was composed of 5% gelatin,
2% sodium alginate and GES-1 cells with a density of
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1.5 × 106 cells ml−1 and Bioink B was composed of
the same concentration of HGSMCs.

2.6. Experimental setup
The stomach model in the experiment was obtained
from the reconstruction of a humanCT data inMIM-
ICS (MIMICS Research 20.0, Materialise, Belgium)
and it was fabricated through stereolithography using
transparent resin (WeNext Inc. Shenzhen, China). A
curved pipe was also fabricated through stereolitho-
graphy using transparent resin (WeNext Inc. Shen-
zhen, China) tomimic an endoscope. The bioprinting
platform was fixed on the endoscope and there was
a 23 gauge needle installed in the moving platform
and connected to a syringe through a polytetrafluoro-
ethylene (PTFE) tube to reduce friction during the
extrusion of bioinks. The endoscope with bioprint-
ing platform entered the stomach model to perform
bioprinting. In order to carry out subsequent biolo-
gical test, bioprinting was performed in a 35 mm cell
culture dish rather than the inner surface of the stom-
ach model to mimic gastric ulcer injury repair. The
formal experiment was carried out in a clean bench in
order to obtain a sterile printing environment. Before
printing, the bioprinting platform, the endoscope, the
PTFE tube and the stomach model were wiped with
75% ethanol 3 times and transferred to a clean bench
for ultraviolet (UV) light treatment for 2 h.

2.7. Tissue scaffolds bioprinting
The bioprinting process of tissue scaffolds was
divided into two parts: the formation of a 2-layer
lattice structure and crosslinking by CaCl2. Before
printing, syringe containing bioinks were pre-cold in
4 ◦C refrigerator for 3 min. Next, the syringe with
Bioink B (containing HGSMCs) was connected to the
bioprinting platform through a 300 mm-long PTFE
tube and extruded by a double-channel syringe pump
at a speed of 0.05 ml min−1. Meanwhile, the plat-
form preformed the lattice structure’s printing. After
the first layer was accomplished, another syringe with
Bioink A (containing GES-1 cells) replaced the first
syringe quickly and the platform printed the second
layer right above the first layer. After the 2-layer lat-
tice structure was printed, a syringe containing CaCl2
replaced the former syringe and the platform repeated
the lattice trajectory, delivering cross-linking agent
CaCl2 to the tissue scaffolds and chemically cross-
linking for 3 min. Because there was residual bioink
in the PTFE tube, the timing was optimized to make
sure that each layer only contained one kind of cells.
In this structure, GES-1 cells were in the upper layer
and HGSMCs in the lower layer, which simulated the
gastric wall’s structure with gastric mucosa on the
outside and muscle layer inside [24]. Then the cell
culture dish was taken out, CaCl2 was replaced with
2 ml cell culture media and then the dish was trans-
ferred to an incubator at 37 ◦C with 5% CO2 for
10 d.

To observe the cell distribution after bioprint-
ing, GES-1 cells and HGSMCs were respectively
stained with 5-chloromethylfluorescein diacet-
ate (CM-FDA) and C42H40ClN3O4 (CM-TPX)
(Thermo Fisher Scientific) when harvested. CM-
FDA and CM-TPX are living cell trackers with
high stability and low cell-specificity, which infilt-
rate cell membranes and react with intracel-
lular components to form a fluorescence that
remains for at least 72 h. GES-1 cells were
stained green and HGSMCs were stained red. The
samples were observed under a laser scanning
confocal microscope (LSCM) (ZEISS).

2.8. Cell viability assay upon bioprinting
Cell viability assay was performed immediately after
bioprinting to evaluate cell survival by the effect of the
shear force of the nozzle.Ondays 3, 7 and 10, the viab-
ility assaywas performed aswell. In this assay, calcium
acetoxymethylester (calcein-AM) (Sigma) and prop-
idium iodide (PI) (Sigma) were used as LIVE/DEAD
assay reagents. Calcein-AM ismetabolized by live cells
to form green fluorescence. PI can pass through dead
cell membranes and stain the DNA to produce red
fluorescence.

Staining solutions were prepared following
the instructions. Briefly, 1 mg Calcein-AM was
dissolved in 1 ml anhydrous dimethylsulfoxide
(DMSO) (Sigma) and 1 mg PI was dissolved in
1 ml sterile water to make staining solutions. 2 µl
Calcein-AM staining solution and 3 µl PI stain-
ing solutions were added into 1 ml sterile phos-
phate buffer solution (PBS) (Biological Indus-
tries) and fully mixed. One printed sample was
gently washed with PBS and incubated with 1 ml
staining solutions for 15 min at room temperat-
ure in the dark. After incubation, the structure
was gently washed with PBS and observed under
a LSCM. Three random fields were captured and
cell viability was calculated by counting cells using
the software Image-J.

2.9. Cell proliferation
On culture days 0, 3, 7 and 10, printed structures
were incubated with a mixture of culture medium
and cell counting kit-8 (CCK-8) (Yeasen, Shanghai,
China) at a volume ratio of 10:1 to investigate cell pro-
liferation. After 1 h incubation at 37 ◦C, the absorb-
ance of formazan dye was determined at 450 nm
using aMicroplate Reader (ThermoFisher Scientific).
The obtained data was normalized to the cell num-
ber according to the pre-established standard curve.
Three samples were tested in each time point.

2.10. Statistical analysis
Statistical analysis was performed by Origin 2018
using two-way analysis of variance (ANOVA) in con-
junction with a Bonferroni post-hoc test and Stu-
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dent t-test. Differences were considered statistically
significant when p-values were lower than 0.05. Three
independent trials were carried out unless otherwise
stated.

3. Results and discussion

3.1. Fabrication of bioprinting platform
Figure 2(E) shows the basic lamination and folding
steps of one kinematic chain. We used aluminum
alloywith a thickness of 0.5mmas rigid layers (Layer1
and Layer3) for its high stiffness and strength and
polyimide film with thickness of 100 um as flexible
layer (Layer2) for its flexibility and favorablemechan-
ical properties. Among them, aluminum alloy plates
were processed by laser to their expected shape. After
that, Layer1 and Layer3 were solidified to Layer2
through adhesive epoxy on the surface of the flex-
ible layer. In the process of solidification, there exist
beams between adjacent rigid plates where deflection
occurred. When deflection occurred in the beam, the
rigid layers offered an effective support. The width of
beams should be strictly equal to the thickness of 2
rigid layers, i.e. 1 mm. Because a wider beam means
less support which will lead to the uncontrollable
deflection, while a narrower beam will restrict range
of deflection. A laminated parallelogram closed loop
can be acquired through the steps mentioned above,
which was able to revolve around the axis showed
in figure 2(F). While the loop only had one degree
of freedom, the same method was used to connect
the parallelogram closed loop to themoving platform
and the driven arm, which composed the laminated
kinematic chain.

After the lamination of the frame and the
mechanism structure which consists of three kin-
ematic chains, the resulting laminates were manually
assembled with components for actuation. Stepping
motors (AM0820) were used as actuators for their
tiny sizes with 8mm in diameter. Gear reduction with
reduction ratio of 75:1 was used, raising the driving
torque to 4.87 N · cm and the step angle to 0.24◦,
enabling highly accurate control of the hardware.
Meanwhile, to decrease friction between the shaft and
the bracket, deep groove ball bearings (618/2) were
used and shaftings were designed. Figure 2(C) shows
the designed stepped shaft to locate gears and bear-
ings. In addition, all the components were attached
to a 3D-printed bracket as fixed frame and the final
diameter of the micro bioprinter was 30 mm. The
length of it was from43mmto 59mm,which depends
on the state of the bioprinting platform shown in
figures 2(A) and (B).

3.2. Kinematicmodeling andworkspace simulation
The 3D bioprinting platform used the Delta robot as
its basic structure, which was composed of a fixed
base, moving platform and three identical kinematic
chains. In the abstracted model shown in figure 3(A),

both the base and moving platform were regular tri-
angles. The circumradius of the fixed basewas defined
as R, the circumradius of the moving platform was
defined as r, the length of the driven arm BiEi was L1
and the length of the passive arm PiEi (parallelogram
closed loop)was L2. To simplify themodel, the passive
arm containing 4 spherical hinges was abstracted to a
virtual rod with 2 hinges. The nods Ei can be presen-
ted in the coordinate system O-XYZ attached to the
fixed base, and the nods Pi can be presented in the
coordinate system O’-X’Y’Z’ connected to the mov-
ing platform. (i= 1, 2, 3)

OEi =

 (R+ L1 cosθi)cosαi

(R+ L1 cosθi) sinαi

−L1 sinθi

 O′
Pi =

 rcosαi

r sinαi

0


(1)

Where αi =
(
2
3 i−

1
2

)
π (i= 1,2,3)

Using the length of the passive arm, the relation-
ship between the position of the center of the mov-
ing platform and each actuator’s deflections can be
derived from:

L2 =
∣∣∣OEi − O′

Pi
∣∣∣ (2)

Substituting equation (1) to equation (2), it
becomes:

L22 = [(R + L1cosθi − r)cosαi − xi]
2

+ [(R + L1cosθi − r)sinαi − yi]
2

+(L1sinθi + zi)
2 (3)

The inputs for forward kinematics were the actu-
ator deflections θi, and the outputs were the Cartesian
position of the center of the moving platform. For the
inverse kinematics, a 3-DOF Cartesian joint between
the center of the moving platform and world frame
was used to input different trajectories, and the lin-
earized actuator deflections were recorded as outputs
correspondingly.

The bioprinting platform’s workspace can also be
derived from equation (3) and we performed a sim-
ulation study using the kinematic model described
above. Figure 4 shows the workspace of laminated
bioprinting platform compared with the workspace
of a conventional Delta robot.

The distance between the rotational axes of the
laminated universal joints D shown in figure 2(F) will
affect the workspace to a certain extent, thus the dis-
tance D cannot be large. In this case, D was 2 mm,
making the workspace’s deviation 7% compared with
a traditional Delta robot. Besides, the maximum
cross-sectional area of the laminated workspace was
462.8 mm2, which was basically the same as the plat-
form itself and met the design objective above to
some extent.
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Figure 3. Abstracted mathematic model of Delta robot. (A) The regular triangle B1B2B3 represents fixed base, the regular triangle
P1P2P3 represents the moving platform. BiEi represents driven arm and PiEi represents simplified passive arm with 2 hinges. (B)
The top view of fixed base, where α represents the angle between vertexes and X axis.

Figure 4.Workspace simulation of the laminated bioprinting platform: (A) axonometric view, (B) top view, (C) side view. And
workspace simulation of conventional Delta robot: (D) axonometric view, (E) top view, (F) side view.

3.3. Performance test of bioprinting platform
The output motion trial was captured by a laser
tracker, and its comparison with the input tra-
jectory is shown in figure 5. The captured output
motion was in the form of Cartesian coordinates of
a series of dots on the output motion trajectory.
Taking the geometric center as origin of coordin-
ates, the coordinates of dot i were Pi (xi, yi, zi). The
coordinates of corresponding dot on input trajectory
were P0i (x0i, y0i, z0i), then the deviation dP can be
defined as

dP= |Pi − P0i|
After three independent experiments, the aver-

age deviation in latticed structure with a side dimen-
sion of 14 mm was 1.18 mm ± 0.43 mm. While the
deviation in planar circle with a radius 10 mm was
0.67 mm ± 0.15 mm. It can be seen from figure 5(B)
that the biggest deviation appeared at the corners of
latticed structure for these positions were close to the
boundary of working space. If the four corners of
the latticed structure were removed, the average devi-
ation dropped down to 0.62mm± 0.13mm, which is
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Figure 5. Comparison between input trajectory and output motion. Latticed structure: (A) axonometric view, (B) top view,
(C) side view. Planner circle structure: (D) axonometric view, (E) top view, (F) side view ((C): input trajectory; (F): output
motion).

an improvement from the former value. This implies
that the moving platform should avoid approach-
ing edges of working space during bioprinting for
achieving higher accuracy. These values demon-
strated the bioprinting platform’s ability to perform
the basic trajectories necessary in tissues scaffolds
in bioprinting. More generally, it illustrated that
mechanisms found in conventional Delta robots can
be microminiaturized by using laminate design and
PC-MEMS techniques and this can make in situ in
vivo bioprinting a reality.

Figure 6 shows the bioprinting process inside the
stomachmodel. The printed 2-layer structure consist-
ing of GES-1 cells and HGSMCs before cross-linking
in shown in figure 6(C). It can be seen that this struc-
ture was stable and its printed fibers were smooth
with an average thread diameter of 500 µm. The
2-layer structure can maintain its cell culture stably
for 10 d, making it possible for subsequent biological
experiments. To demonstrate the printing perform-
ance of the bioprinter, an 8-layer lattice structure was
printed onto a glass-slide with an overall thickness of
3mm.After cross-linking, the 8-layer scaffold showed
high shape fidelity, clear contours as well as favor-
able mechanical properties and can be picked up by
a tweezer.

3.4. Cell distribution in tissue scaffolds
After cell distribution analysis, an image of stained
cells was obtained with a LSCM. GES-1 cells were

stained green and HGSMCs were stained red. It can
be seen in figure 7(A) that HGSMCs are distributed
in the lower layer and GES-1 cells are distributed in
the upper layer, which mimics the anatomical struc-
ture of gastric wall. Figure 7(B) shows side views of
the stained structure. It can be seen that the boundary
of the 2 layers was clear and the thickness of each
layer was around 350 µm, which proved that layers of
the tissue scaffolds were kept in good condition after
in situ in vivo bioprinting.

3.5. Cell viability upon bioprinting
Figure 8(A) shows the results of a 10 d cell-viability
assay, which were obtained with a LSCM. The image
revealed that most of the cells were viable (green)
after in situ in vivo bioprinting. The average cell viab-
ility reached 94.3% ± 2.2%, which proves that the
cells distributed in 2-layer tissue scaffolds live well.
It can also be seen from figure 8(B) that the viabil-
ity of cells was high in the first 7 d, while it showed
a slight downward trend after day 7. It was probably
caused by the proliferation of the cells.When the scaf-
folds were filled with cells, with their proliferation
and changes in morphology, lacking growing space
would lead to decline of cells’ viability. In addition,
both GES-1 cells and HGSMCs were spindle-like or
rhomboid [25], so the cell spreading would accelerate
tlhe competition for growing space. Even so, viability
of the cells still remained above 90%, which showed
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Figure 6. Bioprinting experiment equipment. (A) Bioprinting platform installed to a curved pipe mimicked an endoscope to
process bioprinting inside a model of stomach. (B) The process of in situ in vivo bioprinting. (C) The printed 2-layer tissue
scaffolds consisting of GES-1 cells and HGSMCs before cross-linking. (Scale bar: 1 cm). (D, E) The printed 8-layer scaffold with
favorable mechanical properties.

Figure 7. (A) 3D reconstructive image of the 2-layer structure showing the distribution of the printed cells. (GES-1 cells were
stained green and HGSMCs were stained red). (B) Top view and side view of the stained structure showing the boundary of the 2
layers (Scale bar: 500 µm).

that the cells could maintain a good viability after
bioprinting, proving the feasibility of this method.

3.6. Cell proliferation andmorphology observation
The bioprinted 2-layer tissue scaffolds were cul-
tured in an incubator for 10 d. During the cul-
ture, cell proliferation was investigated through
CCK-8 mentioned above and cellular morpholo-
gical changes were observed. Figure 9(B) shows
the diagram of cell proliferation during the cul-
ture period and it can be seen that compared with
day 0, the cells showed significant proliferation.
The day 10 data showed 2.1-fold proliferation com-
pared with that on day 0, which indicated that cells
had great proliferative function in the bioprinting
tissue scaffolds.

Morphological changes of cells in the bioprin-
ted structure were observed under a light micro-
scope and pictures of the structure on days 0, 3, 7

and 10 were captured and are shown in figure 9(A).
The cells remained spherical on day 0 and gradually
became spindle-like or rhomboid with cell spreading
in day 3. With cell proliferation, the number of cells
grew as well which can be seen clearly on days 7 and
10. These results matched well with the proliferation
experiment mentioned above and proved that the
collagen–alginate system could benefit the viability
and proliferation of cells.

4. Discussion

In situ in vivo bioprinting is a brand new research dir-
ection in biofabrication, which determines there are
plenty of exploration toworkwith. As the preliminary
research of the systematic exploration, this paper has
some merits, but also exists room for improvement.

In the development of micro bioprinting plat-
form, the delta construction was used as the basic
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Figure 8. The cell viability assay of the printed structure in 10 d cell culture. (A) Images of LIVE/DEAD assay showing the cells
high viability, steady proliferation and morphology changes on days 0, 3, 7 and 10. (B) A diagram of cell viability in 10 d cell
culture showing a slight downward trend after day 7 (Scale bar: 500 µm).

Figure 9. (A) Images of cellular morphology changes during 10 d cell culture showing that cells are spherical on day 0 and
gradually become spindle-like or rhomboid with cell spreading and proliferation. (B) A diagram of cell number change during
10 d cell culture. ∗∗∗means p < 0.001; ANOVA in conjugation with Bonferroni post-hoc test (Scale bar: 200 µm).

structure due to its faster travel speed and more
compact size relative to typical gantry-like system.
The utilization of PC-MEMS technique makes it
possible for microminiaturization of delta con-
struction, which makes it a columnar printer with
diameter 30 mm. Compared with conventional
bioprinter, it is indeed a micro printer. While we
aim to install the bioprinter on the endoscope to
enter the human body through the natural orifice
and process 3D printing. According to a review
of endoscopy [26], the existing flexible therapeutic
endoscopes are from 16 mm to 20 mm in diameter,
compared with which, the micro bioprinting plat-
form is a bit bigger than the existing endoscopes.
In response to this issue, it should be clarified that
further microminiaturization of the bioprinter is
feasible. The bioprinting platform mainly consists

of two parts, a laminated moving platform fabricated
by PC-MEMS technique as well as a fixed base con-
taining three actuators. PC-MEMS technique had
been applied in designing and manufacturing of
micro-robot since its development in 2012. Mod-
ernmicromachining techniques cooperated with PC-
MEMS, allowing the manufacturing of micro-robot
in millimeter level in fields of micro bionic robots
and medical robotics [17]. Therefore, it is possible to
minimize the size of moving platform. The fixed base
can also be scaled down through replacing existing
actuators with smaller stepping motors with diamet-
ers to be within 4 mm, which can at least reduce the
diameter of the entire bioprinter to be within 12 mm.

In terms of printing accuracy, the results of
this experiment showed an average deviation of
1.18 mm ± 0.43 mm in latticed structure and
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0.67 mm ± 0.15 mm in planar circle. Besides, it was
found that the further the moving platform moved,
the bigger the deviation was. This might be resul-
ted from the width of the beams mentioned in the
fabrication part was not strictly limited to 1 mm.
Although the design principle was derived from
PC-MEMS techniques, the manufacturing procedure
was different. Standard procedure of PC-MEMS com-
prises the steps of additive lamination, subtractive
micromachining, folding, and locking, which takes
long and needs several processing equipment. In the
fabrication ofmoving platform, nomechanicalmeth-
ods were used, which makes the fabrication efficient,
low-cost but with a bit low accuracy. The width of the
beams was slightly narrower than 1 mm and when
the moving platform moved further away from the
center, the deflection in the beam increased. Mean-
while, the narrow width prevented the deflection
from increasing, making the deviations in the top
view and side view both the largest. The deviation
could be reduced by keeping the moving platform
away from the front end of workspace. To achieve
optimalmanufacturing efficiency and printing accur-
acy in real applications, the fabricationmethod can be
decided based on the size of printing targets.

The abstracted bioprinting process is basically
the same as traditional extrusion bioprinting. But
there still existed some differences that bioinks were
extruded directly from a syringe to a nozzle driven
by injection pump in common extrusion bioprint-
ing, the nozzle is normally short and barely influence
the bioink state [27]. During this bioprinting pro-
cess, a long tube existed between the syringe and the
nozzle, which might affect the state of bioinks. The
shear stress during extrusion leads to decrease in vis-
cosity of the bioinks due to their shear thinning prop-
erty. In addition, heat generated by friction in the
tube raised the temperature, which are all adverse to
proper-gelation. Most of experiments using the para-
meter explored from our previous work would cause
the bioinks in an under-gelation status owing to long-
range shear stress as well as friction between the tubes.
When the bioink was printed with an under-gelation
status, it demonstrated droplet morphology at the
nozzle tip and the bioink in a printed construct would
fuse on the cross site, making it unfeasible to manu-
facture a 3D construct with mechanical strength.

Focusing on the issues above, numerous exper-
iments were performed to find the optimal print-
ing parameters and it turned out that extending the
time syringe in the 4 ◦C refrigerator would be benefi-
cial to gelation for its lower initial temperature. Most
importantly, PTFE tube was used to replace com-
mon silicone tubes for its excellent lubricity. During
extrusion, the shearing stress between fluid and tubes
was caused by liquid slip on the solid surface at the
micro level. And occurrence of slip depends whether
solid surface can be wetted by the liquid. Compared
with most of tubes, PTFE is hydrophobic and the

lower surface energy effect of PTFE tube makes it dif-
ficult to be wetted by hydrogel, which reduced vis-
cous resistance in solid–liquid interface [28]. From
a macro point of view, the flow resistance of liquid
in cylindrical pipes was decided by fanning equation.

Hf =
4µL
D · V

2

2g
Where Hf represents the head loss caused by fric-

tion, µ represents the friction coefficient of tubes.
Owing to the smaller friction coefficient of PTFE

tube compared with tube made with other materi-
als [29], the friction during extrusion is much lower,
which reduces the impact of shearing stress and heat
generated by friction. As a consequence, it signific-
antly increased the capacity of extrusion.

In bioprinting performance test, we demonstrate
its printing feasibility through printing a 2-layer tis-
sue scaffold containing GES-1 cells and HGSMCs
to mimic the anatomical structure of stomach wall.
However, there was a certain amount of residual
bioinks in the tube after extrusion. Before the formal
printing experiment, the volume of hydrogels needed
in each layer was determined, after which the extru-
sion time for each layer can be calculated due to the
constant extrusion speed. Based on this trial, the two
different cell typeswerewell separated in different lay-
ers in the final printed tissue scaffolds, which can be
seen in figure 7.

In the selection of materials, numerous research
studies from literature were performed to discuss the
feasibility of alginate/gelatin hydrogels. As a well-
developed biomaterial, alginate/gelatin hydrogels are
wildly used in 3D bioprinting including the epithelial
cells [30] and smooth muscle cells [31] as the model
cells in this study. In addition, former research studies
have demonstrated that this material can adhere well
on the targeted tissues in skin, bone, cartilage even
stomach tissues [32–34]. Most bioprinting assumes a
close to neutral pH environment, whereas the gastric
tract is mostly acidic, which could impact the bioink
hydrogels chemistry. Though no research has been
done to verify the stability of alginate/gelatin struc-
ture in acid environment, the application of algin-
ate/gelatin material in drug delivery can be used for
reference. Researchers tend to get the drug released
in intestinal tract rather than gastric tract for better
absorption and related studies have shown that algin-
ate/gelatin has the potential to shrink and become
compact at low pH and can swell at high pH, which
leads a slow release rate in gastric tract [35, 36]. It
partly verified the stability of alginate/gelatin struc-
tures in acidic environment, but more exploration is
still needed.

However, in view of the crosslinking mechanism,
the ability to promote cell growth and toxicity of
degradation products in vivo, alginate/gelatin mater-
ial might not be the optimal choice for further devel-
opment in the future. The core work of this paper
is to come up with the concept of in situ in vivo
bioprinting and verify the feasibility of the novel
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micro bioprinter. As a consequence, the algin-
ate/gelatin material was used in this preliminary
research for its extensive sources and favorable
printability. In addition, material requirements for
extrusion are similar to those of other printing tech-
niques, which in turn allows choosing from a wide
range of biocompatible inks.

5. Conclusion

This paper proposed the concept of in situ in vivo
bioprinting for the first time and verified the feas-
ibility of this concept for treatment for gastric wall
injuries. We present this work as a preliminary step
towards a new method in the field of bioprinting.
We have designed and fabricated a micro bioprint-
ing platform which can be installed to an endoscope
and we have also utilized this platform to print bio-
materials hydrogels and human cells with high viab-
ility. PC-MEMS techniques were used in the design
and fabrication of this platform, which makes it pos-
sible to carry out bioprinting in the micro scale. The
platformprinted the 2-layer tissue scaffolds in a stom-
ach model and gelatin–alginate hydrogels with GES-
1 and HGSMCs were used as bioink. The fabricated
scaffolds showed good integrity and were observed
for 10 d. LIVE/DEAD assay and cellular morphology
observation suggested that the printed cells remained
a high viability and a steady proliferation, which
indicated good biological functions of the cells in
printed scaffolds. This work presents an innovative
advance not only in the field of bioprinting but also in
clinical fields.

There are still some limitations in our prelimin-
ary research, in particular: (i) the outer diameter of
the bioprinting platform is around 28 mm, which is a
bit larger than the existing endoscope and thus places
some limits in further animal experiments. Future
iterations will utilize smaller actuators to minim-
ize the size of the platform. (ii) The gelatin–alginate
hydrogels only form stable structures at low temper-
atures and thus cannot form structures well in an
animal’s body (around 37 ◦C). Meanwhile, the cross-
linking agent Ca2+ can influence the viability of cells
during in vivo bioprinting [37]. New hydrogels sys-
tem will be explored for in situ in vivo bioprinting.
It should cross-link steadily in body temperat-
ure and be harmless to human cells. In addi-
tion, it should have favorable mechanical proper-
ties for bioprinting. (iii) The bioprinting platform
is just a part of the in situ in vivo bioprinting sys-
tem. The corresponding endoscope and other parts
such as the detecting system will also be designed
and integrated to make in situ in vivo bioprinting
a reality.
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