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Introduction: The traditional clinical treatment of long segmental bone defects usually requires multiple
operations and depends on donor availability. The 3D bio-printing technology constitutes a great poten-
tial therapeutic tool for such an injury. However, in situ 3D bio-printing remains a major challenge.
Objectives: In this study, we report the repair of long segmental bone defects by in situ 3D bio-printing
using a robotic manipulator 3D printer in a swine model.
Methods: We systematically optimized bio-ink gelation under physiological conditions to achieve desir-
able mechanical properties suitable for bone regeneration, and a D-H kinematic model was used to
improve printing accuracy to 0.5 mm.
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In situ
Regenerative medicine
Robotic
Tissue engineering
Results: These technical improvements allowed the repair of long segmental defects generated on the
right tibia of pigs using 3D bio-printing within 12 min. The 3D bio-printing group showed improved
treatment effects after 3 months.
Conclusion: These findings indicated that robotic in situ 3D bio-printing is promising for direct clinical
application.
� 2020 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Large segmental defects are generally reflected by critical bone
damage, generally with a circumferential loss exceeding 50% or a
length above 2 cm in adult patients [1]. Traditional therapeutic
modalities for these defects using autogenous or allogeneic bone
grafts [2] are hampered by multiple hurdles, including donor site
morbidity, limited volume availability, graft incorporation and
remodeling, no structural capability or osteogenic properties, and
potential disease transmission [3,4]. The three dimensional (3D)
bio-printing technology may provide new solutions to this tremen-
dous clinical challenge.

The three dimensional bio-printing technology is considered an
effective tool in regenerative medicine, initiating a grand revolu-
tion in traditional tissue engineering (TE). With the help of
computer-aided design (CAD) and computer-aided manufacturing
(CAM), the 3D bio-printing technology precisely places cells and
biological materials in predefined locations to produce TE scaffolds
[5]. Various additive productionmethods, including inkjet printing,
bio-extrusion, laser-based printing, and photopolymerization, are
available for scaffold generation in vitro [6–8]. The current strategy
for 3D bio-printing is to culture cells in a scaffold generated by
introducing materials using the additive manufacturing technol-
ogy and modulating agents for creating a mature tissue in vitro
before implantation [9–11]. Various tissues and organs, including
the heart valve, cartilage, bone myocardial tissue, trachea, and
blood vessels, have been restored in this manner [12,13]. This
method generally requires several weeks to complete the whole
process before scaffold implantation in vivo, which hampers the
clinical application of 3D bio-printing.

The emergence of in situ 3D bio-printing has revolutionized the
field. A few studies have assessed in situ 3D bio-printing for clinical
use or injury repair, and demonstrated that this method could be
used to restore bone defects [14–16]. Due to the special microen-
vironment, including large amounts of autologous mesenchymal
stem cells and the superficial injury site, repairing bone and carti-
lage damage by direct 3D bio-printing is considered a promising
entry point for applying the novel tissue engineering technology
in clinic. By 3D scanning, the shape of the damaged area can be
easily assessed; then, the shape of the 3D printing object is deter-
mined with a reverse engineering software (e.g., Magics software)
in a few minutes. This technology makes it possible to repair
defects with complex shapes in a short time.

In this work, we explored the feasibility of repairing large seg-
mental bone defects in large living animal models by the in situ
3D bio-printing technology. In a previous study, we reported the
possibility of fixing segmental bone defects of the humerus in
small animal models (New Zealand rabbits) in vitro with a bio-
ink containing sodium alginate and polyethylene glycol diacrylate
(PEGDA) [14]. These bone defects could be precisely filled with the
bio-ink using a modified 3D printer, with the shapes of scaffolds
maintained by the photopolymerization reaction. We also demon-
strated the feasibility of using the industrial 6-DOF robot 3D prin-
ter in in situ cartilage regeneration in small animal models [17].
Here, this technique was further improved for direct in situ 3D
printing in large living animal models for injury repair. To this
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end, several steps were employed, including bio-ink synthesis
and characterization, robotic calibration and printing path plan-
ning, the establishment of a large bone defect model in swine,
and in situ 3D bio-printing and its evaluation for osteogenesis abil-
ity. We anticipate that these technical advances could serve as the
cornerstone of the clinic application of in situ 3D bio-printing for
repairing large segmental bone defects.

Materials and methods

The study followed relevant guidelines, and had approval from
the ethics committee of Drum Tower Hospital affiliated to the
Medical School of Nanjing University.

Materials

Sodium alginate (medium viscosity), PEGDA (700 kDa), 2-hydr
oxy-40-(2-hydroxyethoxy)-2-methylpropiophenone (IrgacureTM

2959, or I-2959), N,N-methylene-bis(acrylamide) (MBA), CaCl2,
NaOH, gelatin (gel strength ~300 g Bloom), methacrylic anhydride
(MA), and ALP kit were provided by Sigma Aldrich. Dulbecco’s
phosphate buffered saline (DPBS) was provided by Gibco.

Methacrylated gelatin synthesis

GelMA synthesis was carried out as reported previously [18]. In
brief, type A gelatin was dissolved in DPBS with stirring at 60 �C to
a final concentration of 10% (w/v). Then, MA was added dropwise
at 0.5 ml/min for a 3-h incubation at 50 �C. The solution was then
transferred into tubes, and unreacted MA was removed by cen-
trifugation at 3500g for 3 min. The resulting supernatant was
diluted with two volumes of Ultra-Pure water and dialyzed for
5–7 days using a dialysis membrane with a 12-kDa molecular
weight cut off (MWCO). The pH of the dialyzed GelMA solution
was adjusted to 7.4 with 1 M NaHCO3, followed by lyophilization
until complete GelMA dehydration.

Bio-ink preparation

The components of the bio-ink were sterilized by UV light, and
the preparation process was performed in a aseptic environment
based on a previous study [14]. A solution of 6% (w/v) sodium algi-
nate and 80 mM CaCl2 were mixed in equal volumes to yield a par-
tially cross-linked hydrogel [19]. This was followed by addition of
10% (w/v) PEGDA, 5% (w/v) GelMA, and 0.05% (w/v) I-2959 for gen-
erating photoinitiating conditions compatible to cells.

Characterization of the bio-ink

Uncross-linked bio-ink with different filament diameters were
transferred to a Haake Mars 40 rheometer plate (Thermo Scientific)
to determine crosslinking times under different ultraviolet (UV)
intensities. The pre-fabricated samples using a mold with a height
of 10 mm and a diameter of 8 mm were employed in the compres-
sion test. Compression stress-strain tests were performed on an
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Instron-5944 universal instrument equipped with a 2 kN sensor. In
the loading–unloading cycle assay, the compression rate was
maintained at 4% s�1 based on the original height of the hydrogel,
roughly 16–24 mm/min. In the compression-crack test, the rate of
compression was 2% s�1 with respect to the original height of the
hydrogel, roughly in the range of 8–12 mm/min. The toughness
Ef was calculated from the area below the compression stress-
strain curve until fracture by the following equation:
Ef ¼

R xf
x0
r xð Þdx, where r is the stress, and x0 and xf represent the

starting and fracture strains of the compression, respectively. The
Young’s modulus comprised approximate linear fitting values
under 10–20% strain deformation. Triplicate measurements were
performed of multiple bio-ink samples.

Biocompatibility evaluation of the bio-ink

Bio-ink samples were fabricated using mold with a height of
1 mm and a diameter of 8 mm were used in this test. MC3T3-E1
cells, a cell line derived from mice embryonic osteoblast precursor
cells, were employed to evaluate the biocompatibility of the bio-
ink. Briefly, the cells were seeded on the cross-linked bio-ink in
the osteogenic induction medium with 50 lg/ml ascorbic acid
and 10 mM sodium b-glycerophosphate. Phalloidin/DAPI staining
was performed after seeding for 4 h, 1 day, and 3 days to observe
cell morphology. Quantitative real-time PCR was performed at
day 7 and 14 to evaluate cell differentiation markers. Four typical
genes were measured on a 7300 Real-Time PCR System (Applied
Biosystems, MA, USA) with SYBR Premix Ex Taq. Forward and
reverse primers are shown in Table S1. GAPDH was employed for
the normalization of triplicate assays. The cells cultured on blank
dishes constituted the control group. Alkaline Phosphatase (ALP)
activity measurement was performed at day 7 and 21. Briefly,
the samples were cut into pieces with scissors after 7 or 21 days
of co-culture. These pieces were sonicated and centrifuged, and
mixed with substrate solution (SIGMA FASTTM p-nitrophenyl
phosphate and Tris buffer tablets, Sigma). Absorbance at 405 nm
was detected to evaluate ALP activity.

In vitro experiments

After the error model and the kinematic model of the robot
were established (Figs. S1A, Table S2), the in vitro in situ 3D print-
ing tests before and after error compensation were performed on
the isolated tibia. The printing accuracy was measured with the
Geomagic Control software (Geomagic, USA) according to a previ-
ous study [14]. Briefly, the healthy isolated tibia was scanned with
a GE Lightspeed 16 CT instrument (slice distance, 0.625 mm; field
of view [FOV], 500 mm). The generated images underwent conver-
sion into DICOM files for 3D reconstruction with the MIMICS 19.0
software (Materialise, Leuven, Belgium). After the defect was cre-
ated and the in situ 3D printing process was completed, bone scan-
ning was performed with a 3D handheld scanner (EinScan-Pro,
Shining 3D, China). The high-definition mode was selected for
scanning. The digital models were imported into the Geomagic
Control software, and a 3D Comparison operation was performed
in the software to measure printing accuracy.

3D printing path planning

The printing model with a length of 30 mm, widths of 16 mm
and 14 mm at the proximal and distal ends, respectively, and a
depth of 7 mm was generated with Magics 21.0 (Materialise, Bel-
gium) before surgical operation through a virtual surgery using a
customized guide plate. The geometry of the printed scaffold is
depicted in Fig. S1B. The 3D printing path was planned with an
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open source slicing software (Repetier Host). The printing speed
was 6 mm/s, while the separation distance between two filaments
was 1.2 mm according to our previous study [20]. The thickness of
the model was set to 300 lm, with a filling angle h of 0� or 90� in
the software (Fig. S1C). The G-code file was imported in the oper-
ation system of the robot for future direct printing.
Establishment of large segmental bone defects in swine

All animal experiments (including euthanasia with lidocaine
and propofol) were performed according to the regulations of the
ethics committee of Drum Tower Hospital affiliated to the Medical
School of Nanjing University, following the ARRIVE and IACUC
guidelines. The ethical committee number for the present study
was 2019AE05002.

Six male Bama mini pigs (25 kg) were assessed, in an environ-
ment at 22 ± 1 �C with 50 ± 1% relative humidity under a 12–
12 h light/dark cycle. The pigs were divided into two groups,
including the blank control and 3DP groups, respectively. Upon
anesthesia, the right tibia was completely exposed via a lateral
incision. A bone defect was generated at the middle segment of
the tibia according to the guide plate.
In situ 3D bio-printing

The robot was placed near the surgical area, and an extrusion-
based 3D printing nozzle with a diameter of 400 lm was immobi-
lized at the end of the robotic arm. Air pressure was set at 0.3 MPa
during the 3D printing process. Hydrogel was printed and pho-
topolymerized with a UV lamp at an intensity of 100 mW/cm2,
for each layer for repairing the defects. This light intensity has little
impact on cell viability and live subjects [21]. In the 3DP group,
bone defects were treated by the direct 3D bio-printing operation,
with internal fixation by a titanium plate utilized to maintain tibial
strength. In the blank control group, no implants were filled in the
defects, but the same internal fixation method was employed.
Cefuroxime sodium was administered intramuscularly for 3 days
post-operation to prevent infection. All animals were sacrificed
12 weeks postoperatively, to assess new bone formation.
Computed tomography measurement and histological analysis

Tibial bones were harvested and scanned on a VivaCT-80 micro-
CT system (Scanco Medical, Brüttisellen, Switzerland) at 70 kV and
145lA, with a field of view (FOV) of 63.9 mm and a nominal isotro-
pic image voxel size of 62.4 lm. The bone volume to total volume
(BV/TV) ratio, trabecular number (Tb.N), trabecular thickness (Tb.
Th), and trabecular separation (Tb.Sp) were analyzed using the
micro-CT system. The acquired images were converted into DICOM
files for subsequent analysis. The 3D reconstruction of scaffolds
and the newly formed bones was performed with the MIMICS
19.0 software. The same threshold value was used for 3D
reconstruction.

After CT examination, the samples underwent fixation in forma-
lin at 4 �C overnight, rinsing with distilled water, dehydration with
graded alcohol, and embedding in polymethyl methacrylate
(PMMA) with no decalcification. The specimens were then sec-
tioned at 30 lm with a diamond-coated saw (310 CP; EXAKT, Ger-
many), submitted to hematoxylin-eosin (H&E) and Goldner
trichrome staining, and assessed by fluorescence microscopy
(Olympus Corp., Tokyo, Japan). A modified scoring system accord-
ing to Han et al. was used for semi-quantitative histological scoring
[22]. The scoring criteria are listed in Table S3.
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Statistical analysis

SPSS 19.0 (SPSS, USA) and IGOR Pro 6.12 (WaveMetrics, USA)
were employed for data analysis. Data were evaluated by unpaired
Student’s t-test, and P < 0.05 indicated statistical significance.
Results

Gelation and mechanical features of the bio-ink

The photopolymerizable bio-ink was mainly composed of
methacrylated gelatin (GelMA), sodium alginate, and polyethylene
glycol diacrylate (PEGDA). GelMA deriving from partially hydro-
lyzed collagen from animal tissues could provide essential bio-
chemical cues [23] and enhance the mechanical strength of the
crosslinked bio-ink; both traits are essential for stimulating osteo-
genesis in vitro [14,24]. The loosely crosslinked alginate-calcium
network was found to be important in maintaining the shape of
the bio-ink before photopolymerization completion. The results
of the rheological test are shown in Figure S2. The compositions,
concentrations, and buffer conditions were first optimized. The
resulting bio-ink quickly photopolymerized under physiological
conditions (Fig. 1A). The photopolymerization reaction occurred
within less than 10 s as the printing needle diameter was
400 lm and UV intensity was 150 mW/cm2. The crosslinking time
increased slightly with needle diameter but decreased dramati-
cally after use of UV light of higher intensity. However, high UV
intensity cannot be used in in vivo experiments due to potential
damage to living tissues. The rapid gelation indicated that the
bio-ink was suitable for in situ 3D bio-printing. The SEM images
of the bio-ink and the 3D printed objects are depicted in Fig. S3.

In order to serve as a substrate for bone regeneration, high
mechanical stability is also a prerequisite. In contrast to most fast
gelation bio-inks that are rigid and fragile, our bio-ink showed out-
standing mechanical stability. According to compression break test
results (Fig. 1B), the Young’s modulus of the bio-ink was 78.1 kPa,
with a compression limit of 33.89%; the stress limit was 60.46 kPa,
and a toughness of 71.35 kJ/m3 was obtained. The stress-relaxation
Fig. 1. Crosslinking time and compressibility of the bio-ink. (A) Crosslinking times
Compressibility of the bio-ink. (C) Stress–strain curves of the bio-ink. The compression
energy levels in various cycles. (E) Compression-relaxation cycles to the same specime
strain was set at 30%. (F) Dissipated energy (black) and recovery percentage (red) of the
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cycle with different strains (Fig. 1C) showed that energy dissipa-
tion increased from 54.72 J/m3 to 449.18 J/m3 with strain between
15% and 30% (Fig. 1D). The same variation trend was observed for
the hysteresis between compression and relaxation. Uninterrupted
compression-relaxation cycles to the same hydrogel (20 cycles
with 30% strain and no time elapsed between cycles; Fig. 1E)
demonstrated the recovery ability of the bio-ink under compres-
sion. The amount of energy dissipated was decreased to 60%, and
the recovery rate remained above 90% after 20 cycles (Fig. 1F).
The high toughness and recovery ability of the hydrogel made of
the current bio-ink resulted from strong covalent and ionic
crosslinking in the interpenetrating polymer networks.

The bio-ink also demonstrated remarkable biocompatibility.
Obviously, cell attachment was observed 4 h after seeding, and
higher cell density was found after 3 days of culture on the surface
of the bio-ink (Fig. S4). The mRNA expression levels of osteogenic
genes showed the same variation trend as the cell behavior. All
mRNAs exhibited significant upregulation in the bio-ink group at
day 7 and 14 (Fig. 2A). On day 7 and 21, ALP activity was signifi-
cantly higher in the bio-ink group compared with the control
group (Fig. 2B and C). These findings indicated that the biomechan-
ical and biochemical properties of the bio-ink were suitable for
bone tissue engineering.
3D printing accuracy

According to the coordinate error shown in Fig. S5, volatility
curves in all axes were reduced after identification and compensa-
tion. Next, we quantitatively assessed printing accuracy after
movement compensation. 3D comparison data are depicted in
Fig. 3, with green indicating that both models could be entirely fit-
ted. The results showed that the 3D error gradually increased with
the color changing from green to red, and gradually decreased with
the color changing to deep blue. We found that the main color of
the printed region was red before identification and compensation
(Fig. 3A). In addition, the pores were almost circular, indicating
that the lack of standardization in the printing path and the printed
volume did not result in filling of the defective region. However,
of filaments with different diameters under different UV light intensities. (B)
strains in various cycles were 15%, 20%, 25%, and 30%, respectively. (D) Dissipated
n for 20 cycles with no interruption between consecutive cycles. The compression
bio-ink.



Fig. 2. Biocompatibility assessment of the bio-ink. (A) Gene expression levels at days 7 and 14. (B,C) ALP activity at day 7 and 21. *p < 0.05.

Fig. 3. In vitro printing test results. (A) 3D comparison between the 3D printed sample (before accuracy improvement) and the intact bone. (B) 3D comparison between the
3D printed sample (after accuracy improvement) and the intact bone.
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the pores were square, with the main color transferred to red,
orange, and light yellow (Fig. 3B), indicating that the printing path
and the printed volume were improved after identification and
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compensation. The error interval was �0.1765 mm to
1.7857 mm before compensation, and decreased to �0.1430 mm
to 1.7507 mm thereafter (Table S4). The mean error was also



L. Li, J. Shi, K. Ma et al. Journal of Advanced Research 30 (2021) 75–84
decreased from 0.6964 ± 0.5771 mm to 0.5157 ± 0.4240 mm
(p < 0.05). Volatility was reduced in the compensation group (dis-
persion degree, 0.3331 vs 0.1798), indicating the precise printing
ability due to the identification and compensation operation. Addi-
tionally, the distribution of points was uniform in the workspace,
and the maximum height and the longest distance reachable by
the robot were 278.8038 mm and 337.8997 mm, respectively
(Fig. S6).
In situ 3D bio-printing

Having rigorously optimized the bio-ink and the bio-printing
robot, we next assessed direct in situ 3D bio-printing in living ani-
mals. A total of six pigs were enrolled in an in vivo study, and long
segmental defects were generated on the right tibia. The whole
process of in situ 3D bio-printing is shown in Fig. 4A. Because of
UV light affecting the camera, video and photograph shootings dur-
ing the demonstration process were performed away from light;
photopolymerization was undertaken after the direct printing pro-
cedure. The robotic manipulator based 3D bio-printer was placed
at the distal end of the hind leg, with the printing nozzle linked
to the pneumatic control device (Fig. 4B). After defect generation,
the nozzle was moved to the starting point of the printing path,
and in situ 3D printing was carried out according to the planned
Fig. 4. Whole process of in situ 3D bio-printing. (A) Flow chart of the in vivo study. (B) G
printing. (D) Printed scaffold, with a porous structure.
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path (Fig. 4C). The whole direct printing procedure required
12 min for completion. It should be noted that the angle and posi-
tion of the printing objective should be adjusted based on the rel-
ative positions of the 3D printer and the defect. After 3D bio-
printing completion, porous structures could be found in the scaf-
fold (Fig. 4D).
Osteogenic effects

We then evaluated recovery in pigs at 12 weeks after surgery.
The gross view and X-ray results are shown in Fig. S7. According
to micro-CT scans at 12 weeks (Fig. 5A), restoration was more overt
in the 3DP group. Gaps and cavities were clearly observed in the
defect region after 3 months in the control group. In the 3DP group,
a continuous cortical bone structure was found in the defect
region. 3D reconstruction exhibited this phenomenonmore clearly.
Indeed, the blank control group (Fig. 5B) showed rough cortical
bone surface and thin cortical bone tissues after 3 months, while
smooth cortical bone surface and thick cortical bone tissues were
found in the 3DP group. A statistically significant difference was
found in BV/TV ratio between the two groups (Fig. 5C). Specifically,
the 3DP group showed a larger volume of the newly-formed bone
tissue. The spatial morphology of trabeculae also confirmed the
abovementioned results (Fig. 5D); the 3DP group had higher Tb.N
eneral view of the robotic manipulator-based 3D printer. (C) The process of in situ



Fig. 5. In vivo study results. (A) Micro CT scans of the blank control and 3DP groups 12 weeks post-surgery. (B) 3D reconstruction of the blank control and 3DP groups at 12
postoperative weeks. (C) BV/TV ratios. (D) Trabecular morphology. *p < 0.05.

Table 1
Micro-CT findings.

Control group 3DP group

BV/TV (%) 0.5347 ± 0.0879 0.7480 ± 0.1251
Tb.N (1/mm) 1.2139 ± 0.2303 1.5387 ± 0.4477
Tb.Th (lm) 0.4589 ± 0.1332 0.7757 ± 0.1091
Tb.Sp (lm) 0.7148 ± 0.1863 0.3866 ± 0.1363
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and Tb.Th, and lower Tb.Sp, implying that the bone tissue in the
3DP group had improved structure and mechanical strength, and
more active osteogenesis. The numerical values of the abovemen-
tioned parameters are shown in Table 1.

Histologically, Goldner trichrome (with blue-green represent-
ing the bony tissue) and H&E stained sections (Fig. S8) were
assessed. In the control group (Fig. 6A–C), large cavities appeared
in the newly formed bone tissue, and a disordered morphology
was found. In addition, several small defects were observed on
the periosteal surface. The 3DP group exhibited an improved mor-
phology of the newly-formed bone tissue in the periosteal and
Fig. 6. Goldner trichrome results. (A) General view of the injured region in the blank cont
control group. (D) General view of the injured region in the 3DP group. Goldner trichro
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mesosteal zones, with continuous periosteal surface (Fig. 6D–F).
Osteoblasts were arranged regularly and compactly in these areas
in the 3DP group. The histological scores for the control and 3DP
groups were 10.37 ± 0.52 and 16.88 ± 0.95, respectively.
Discussion

The present study firstly presented a robotic manipulator con-
trolled extrusion-based layer-by-layer construction of a pho-
topolymerization bio-ink with favorable therapeutic effects on
long segmental bone defects in a large animal model. This was a
systematic study that integrated material science, engineering
technology and clinical medicine. Use of the in situ 3D bio-
printing technology for direct injury repair faces enormous chal-
lenges, with a huge gap between basic research and clinical appli-
cation, including 1) the synthesis of biomaterials, 2) formation of
scaffolds with defect-like shapes, and 3) development of an appro-
priate 3D bio-printer. Among these challenges, fast and biocompat-
ible crosslinking of the bio-ink is the foundation of in situ 3D
printing. The commonly used crosslinking methods that require
rol group. Goldner trichrome stained sections analyzed at 40x (B) and 100x (C) in the
me stained samples assessed at 40x (E) and 100x (F) in the 3DP group.
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high temperature and non-physiological ionic concentrations are
obviously not suitable for in vivo bio-printing [25,26]. Reactions
that are too slow or generate undesirable side products should also
be avoided. Moreover, the physiological environment is filled with
body fluids, which may exert negative effects on bio-ink gelation
and yield unfavorable printing shapes. Reducing the reaction time
with mild reaction conditions in situ is vital for the realization of
precision printing structures. Another crucial factor is the 3D bio-
printer, which represents the direct executor of in situ bio-
printing. Traditional 3D printers usually consist of a ball-screw
drive system, and are large and heavy. The printing space is limited
by the length of the ball-screw system, reducing convenience and
maneuverability in direct 3D printing for tissue repair. A 3D bio-
printer with a smaller volume and a larger working space is the
future target in developing this type of instrument.

To achieve direct 3D bio-printing, two aspects must be consid-
ered consecutively. The first is to select a suitable 3D printing tech-
nique for the target tissue. For instance, inkjet bio-printing is
appropriate for skin wound repair because the damaged area is
superficial and generally large [27]. Compared with other tech-
niques, inkjet bio-printing results in faster and more complete
wound coverage although its molding ability is weak. However,
for bone and cartilage remolding, extrusion-based techniques are
more appropriate [14–16]. This additive manufacturing technology
has a strong capability of constructing scaffolds with specific
shapes. Compared with soft tissue repair, bone and cartilage
restoration is more likely affected by mechanical strength, shape,
and pore structure [28]. Therefore, we selected the extrusion-
based printing method to complete the repair process. The diame-
ter of the printing nozzle could be adjusted according to the
injured area and bio-ink viscosity. Based on our previous studies,
a nozzle diameter ranging from 180 lm to 400 lm is optimal for
cartilage and bone repair [14,20]. Filaments of this diameter range
achieve suitable pore size and macroscopic shape in an acceptable
time frame. In presence of light, printing accuracy increases nota-
bly, and photopolymerization can stimulate the cross-linking of
bio-ink filaments in a few seconds and maintain optimal porous
characteristics (pore size, porosity, and distribution) of the digital
model [20,29]. Besides appropriate 3D printing parameters, the
3D printer itself is a critical factor in in situ 3D printing. In order
to overcome the limited working space and the giant spatial vol-
ume, the 4-DOF robot was applied in place of the traditional 3D
printer. Nevertheless, robots are generally designed for industrial
utilization, and absolute positioning accuracy is very poor due to
differences between the kinematics model used by the robot con-
troller and the actual kinematics [30]. The printing accuracy of
robots is restricted because of potential errors. Through calibration,
the kinematic accuracy of the robot reached 0.5 mm in this study,
which was much higher than that of the robot-assisted dynami-
cally referenced system (>1 mm), indicating that the modified 4-
DOF robot could fully satisfy the physical requirements of clinical
orthopedic treatment [31]. Compared with the traditional three-
axis motion system, the robot provided a larger operation space
with a smaller instrumentation volume. Moreover, the robot could
produce the customized shape at the injured region directly, avoid-
ing the risk of contamination. This advantage reflects the potential
of the new 3D printing modality for clinical application, e.g., in
non-contact diagnosis and treatment. During pandemics, including
novel coronavirus infection (COVID-19), plague, Middle East Respi-
ratory Syndrome (MERS), and Ebola virus infection, non-contact
diagnosis and treatment methods using robots can reduce the risk
of infection and transmission, and better protect the medical staff
and patients.

Although kinematic accuracy was satisfactory, the printing res-
olution still needs improvement. As shown in the in vivo study,
pore size and distribution in the printed structure differed from
82
those of the planning path to a certain extent. This may be due
to the effect of the body fluid and small displacement on bio-ink
crosslinking and deposition, which is the second aspect to be con-
sidered in in situ 3D bio-printing. A suitable bio-ink for in situ print-
ing should meet several requirements, including an appropriate
viscosity for maintaining the shape before crosslinking, cell attach-
ment, and cell functions of proliferation and differentiation, as well
as mimicry of mechanical characteristics of the natural tissue [32].
We introduced a double-network hydrogel as bio-ink in this work.
By adding GelMA, bio-ink’s viscosity increased and was more suit-
able for 3D printing. However, the extruded bio-ink might stick to
the nozzle tip, resulting in viscous imprint volume drag or infill
deformation [15]. This led to material deposition outside the print-
ing area and reduced printing accuracy. This was the major reason
for the error occurring in the current in vivo study. Apart from vis-
cosity, mechanical strength is also momentous in bone repair. For
the bio-ink in this study, alginate chains were cross-linked by cal-
cium (Ca2+), and PEGDA and GelMA formed a polymeric network
through covalent cross-linking. Alginate hydrogels have been
shown to promote bone formation in vitro and in vivo [33]. The
combination of alginate, PEGDA and GelMA led to a suitable degra-
dation rate and stronger mechanical properties [34,35]. This
unique double network structure ensures the stretchability of the
bio-ink and provides sufficient strength and stiffness until bone
remolding. This was demonstrated by the above mechanical tests.
The strain stiffening behavior of the hydrogel plays a critical role in
load bearing during damage repair. The fast recovery capability
also benefits bone restoration, since mechanical properties can
be recovered quickly after load release. A bio-ink with such charac-
teristics can resist deformation by the hydrogel in vivo to some
extent and maintain the ability of transmitting stress, which plays
a vital role in bone remolding.

To maintain the shape before the photo-crosslinking reaction,
we increased the viscosity of the bio-ink instead of adding cells
due to the low cell viability reported in high viscosity microenvi-
ronments [36]. However, addition of GelMA not only benefited
the mechanical strength, but also increased biocompatibility, pre-
serving high cell viability. Multiple studies have demonstrated that
the hydrogel enhances osteogenetic ability [37]. Owing to the mas-
sive amount of bone marrow stromal cells (BMSC) from the mar-
row cavity, the arginine-glycine-aspartic acid (RGD) sequences in
GelMA can promote cell attachment in situ [38]. Moreover, matrix
metalloproteinase (MMP) target sequences also accelerate tissue
repair. In addition to biological advantages, the mechanical proper-
ties of GelMA also play a vital role in guaranteeing favorable treat-
ment effects in the 3DP group. Reaction onset time, reaction rate,
and biocompatibility could be adjusted by altering light intensity
in this mechanical tunable hydrogel. According to previous find-
ings, a light intensity of 150 mW/cm2 preserves high cell viability
with a short reaction onset time (<10 s), while the crosslinking rate
increases rapidly during the early stage of the reaction [39].
Accordingly, the hybrid bio-ink used in this study represents a
promising guided bone regeneration material. The above in vivo
study demonstrated that the defect volume could be restored by
more than 70% in 12 weeks without cells or growth factors
detected in the bio-ink, indicating the potential therapeutic advan-
tage in case suitable drugs or growth factors are added to the bio-
ink. This also provided a further research direction, since an ideal
biomaterial structure with appropriate drug-delivery systems,
such as polylactic-co-glycolic acid (PLGA) nanoparticles, poly-
dopamine, and bone morphogenetic protein 2 (BMP-2), may
improve the osteogenic potential [40,41].

Compared with previous implantation outcomes, bone repair in
this study was acceptable, and the operative time was significantly
decreased [42,43]. The reduced time can be beneficial as the
patient does not have to be under anesthesia for long. More impor-
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tantly, the in situ bio-printing technology can decrease surgeon
dependency, ease scaffold handling and reduce non-sterile expo-
sure of the scaffolds. In clinical treatment for bone healing, the vas-
cularized bone graft has been considered the gold standard in the
past four decades [44]. However, patients must undergo lengthy
operations in case of massive bone defects because of the limited
volume in donor sites, including the iliac crest, ribs, and fibula.
Unlike the traditional therapeutic method, the in situ 3D bio-
printing technology can save weeks of preoperative preparation,
resulting in early rehabilitation and less complications postopera-
tively. This superiority is another great advantage of this technol-
ogy, which should be further developed for clinical application.
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