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Abstract

A three-dimensional (3D) bioprinting is a new strategy for fabricating 3D cell-laden constructs that
mimic the structural and functional characteristics of various tissues and provides a similar archi-
tecture and microenvironment of the native tissue. However, there are few reported studies on the
neural function properties of bioengineered bone autografts. Thus, this study was aimed at investi-
gating the effects of neural cell integration into 3D bioprinted bone constructs. The bioprinted hy-
drogel constructs could maintain long-term cell survival, support cell growth for human bone
marrow-derived mesenchymal stem cells (BMMSCs), reduce cell surface biomarkers of stemness,
and enhance orthopedic differentiation with higher expression of osteogenesis-related genes, in-
cluding osteopontin (OPN) and bone morphogenetic protein-2. More importantly, the bioprinted
constructs with neural cell integration indicated higher OPN gene and secretory alkaline phospha-
tase levels. These results suggested that the innervation in bioprinted bone constructs can acceler-
ate the differentiation and maturation of bone development and provide patients with an option for
accelerated bone function restoration.

Keywords: innervation; 3D bioprinting; co-axial; BMMSC differentiation; osteogenesis

Introduction

Bone defects and disorders have increased tremendously over the re-
cent years, particularly due to trauma, infection, congenital anoma-
lies and increased obesity, resulting in an urgent demand for bone
grafts. Bone grafting is a commonly used surgical method in aug-
menting bone regeneration. Specifically, autologous bone grafting is
considered the gold standard treatment, owing to its favorable bone
quality, lower material cost, short healing time and lesser risk of dis-
ease transmission as compared to xenograft. However, the limited
supply of bone autografts, risks during the collection process, and
donor site complications that include the consideration of the donor
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site morbidity due to the loss of bone function innervated by the
donor’s nerve [1], have been a continuous problem. Currently, cell-
laden three-dimensional (3D) bioprinting is used as the new fabrica-
tion strategy for designing specific bone substitutes with undifferen-
tiated stem cells, such as human mesenchymal stem cells [2] and
skeletal stem cells [3], by surgeons to overcome the limitations of
bone autografts. However, the success of these bone substitutes in
repairing bone function is limited, owing to the lack of neural func-
tions in these bone autografts. Researchers have previously demon-
strated the integration of neural cells into the 3D bioprinted tissue to
achieve a greater functional restoration of tissue regeneration [4],
providing a new option for reconstructive surgery.
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Cell-laden 3D bioprinted bone scaffolds provide a template for
bone defect reconstruction [5, 6], while promoting proliferation, cell
attachment, and restoration of vessels, muscles, nerves, and bones and
offering higher stability, excellent protein factors, specific form con-
trol, and living cell gradient and types [7-9]. However, during the pro-
duction of functional bone grafts, innervation should be carefully
considered because it plays a pivotal role in tissue development as well
as their functional control and modulation [10, 11]. Moreover, the
mature development and regeneration of bone tissue relies on a robust
ossification process, called the intramembranous ossification that
occurs at the same time of blood vessel development and sensory neu-
ron interaction with bone [12-14]. In addition, many researchers have
reported that neurotrophins and their receptors, which are widely
expressed in skeletal tissues, are key molecules in regulating the
nervous system development and maintenance involved in regulating
tissue formation and healing of skeletal tissues, implicated in chondro-
genesis, osteoblastogenesis and osteoclastogenesis [15-17]. However,
there are few reported studies on the effect of innervation during
osteogenesis.

In this study, we constructed 3D cavity-like co-axial bioprinted
structures to investigate the effect of neural cells on the osteogenesis
of human bone marrow mesenchymal stem cells (BMMSCs). To de-
termine the response of BMMSCs in a 3D microenvironment, we
printed co-axial core-shell structures as an in vitro research model
[18], in which the core was empty, which is similar to the marrow
cavity and was filled with BMMSCs. The biomaterial shell can pro-
vide support for the 3D microenvironment. Moreover, we evaluated
the effects of 3D bioprinted structures on the viability, proliferation,
and differentiation of BMMSCs. Furthermore, the effects of neural
cells on BMMSC differentiation based on 3D bioprinted structures
were also evaluated and compared to those of the conventional two-
dimensional (2D) culture.

Materials and methods

Cell cultures

BMMSCs were obtained from Sciencel™ Research Laboratories
(Carlsbad, CA, USA), and cultured and expanded to passage 5-7 in
mesenchymal stem cell medium (MSCM, Sciencell, Carlsbad, CA,
USA) consisted of 5% fetal bovine serum (FBS, Sciencell), 1% mesen-
chymal stem cell supplement (MSCGS, Sciencell) and 1% penicillin—
streptomycin (Sciencell) in an incubator with an atmosphere of 37°C
and 5% CO,. Human ReNcell VM neural progenitor cells (NSCs)
were purchased from EMD Millipore (Temecula, CA, USA). The cells
were labeled with green fluorescent protein (GFP) and plated onto BD
Matrigel (BD Biosciences, San Jose, CA, USA)-coated T25 and T75
cell culture flasks (BD Biosciences) and expanded to passage 6-10 in
DMEM/F12 (Gibco, Grand Island, NY, USA) medium supplemented
with 2 pg-ml~! heparin (StemCell Technologies, Vancouver, Canada),
2% (v/v) B27 neural supplement (Life Technologies, Grand Island,
NY, USA), 20 ng-ml~! epidemal growth factor (EGF, PeproTech, NJ,
USA), 20ng-ml~" basic fibroblast growth factor (bFGF, PeproTech)
and 1% (v/v) penicillin/streptomycin (Gibco) solution in a CO, cell
culture incubator.

For co-culture, cell suspensions containing both BMMSCs and
NSCs with ratios from 1:0-500:1 were cultured on 24-well plates in
MSCM consisted of 5% FBS, 1% MSCGS, 1% penicillin-strepto-
mycin, 20ng-ml~! EGF and bFGF, incubated overnight, and then
differentiated in human mesenchymal stem cell osteogenic differenti-
ation medium (Cyagen, Guangzhou, China) for up to 14 days. The
number of BMMSCs was the same with different ratios with NSCs.

Material preparation

Two types of bioinks were applied to bioprint 3D co-axial con-
structs: core cell suspension bioink and shell bioink. To print cells,
the optimally selected ratio of cell suspension was determined. The
shell bioink was prepared by dissolving 2% alginate in 0.9% sodium
chloride (NaCl, Sigma-Aldrich, Shanghai, China) solution, followed
by heat sterilization. Sodium alginate was purchased from Aladdin
(China). Calcium chloride (CaCl,, Sigma-Aldrich) was dissolved
into deionized water at a final concentration of 3% (w/v) and fil-
tered through 0.45 um syringe filters (ThermoFisher Scientific, NY,
USA). For de-crosslinking of alginate, 55mM sodium citrate
(Sigma-Aldrich) and 20mM ethylene diamine tetraacetic acid
(EDTA, Sigma-Aldrich) in 0.9% NaCl solution was prepared [19].

Co-axial 3D bioprinting of cavity-like core-shell
structures

Concentric circle structures were bioprinted with a customized
computer-aided co-axial extruding bioprinting device. Firstly, the
customized concentric print head with two chambers and nozzles
was fabricated. Outer chamber was for shell structure, and inner
chamber for core structure. Then 2% sodium alginate (w/v) dis-
solved in 0.9% NaCl solution (w/v) was loaded into a 10 ml syringe
and printed to form shell. And cell suspension bioink was loaded
into another 10ml syringe and printed to form core. Two syringes
were independently controlled by different pumps. The extrusion
bioprinting speed was set as 15 ml-h ™" for shell structure and 5 ml-h
~ 1 for core part. During bioprinting, co-axial structures were bio-
printed on the receiving platform which was a tank containing 3%
CaCl, solution. After printing, core-shell structures were washed
with 0.9% NaCl solution for three times to remove remaining cal-
cium ions, and then placed in the growth medium overnight and
then switched in the differentiation medium. The medium was
changed every 3 days.

Cell viability

Cell viability was assessed using a live/dead assay kit (KeyGEN
BioTECH, Nanjing, China) according to the manufacturer’s instruc-
tions. Briefly, 8 uM propidium iodide and 2 uM Calcein-AM were
mixed with 0.9% NaCl solution. The bioprinted constructs were in-
cubated in the staining assay solution in dark at room temperature
for 40-60 min. After gentle washing with 0.9% NaCl solution, live
and dead cells were imaged using fluorescence microscope (Eclipse
Ti2-U, Nikon, Japan). The number of live cells (green) and dead
cells (red) were manually counted, and cell viability (%) was calcu-
lated (2= 23).

Morphology observation

After bioprinting at 14 days, the development of cells in 3D in vitro
core-shell structures was observed by a fluorescence microscope.
And cell-laden constructs were fixed with 2.5% glutaraldehyde for
0.5h at room temperature. The samples were then dehydrated for
20 min in a series of ethanol solutions (50%, 70%, 80%, 90%,
95%, 100%). Subsequently, the samples were lyophilized, and
followed by gold spraying. The surfaces of all the structures were
photographed by scanning electron microscopy (SEM, ZEISS,
Germany). To observe the outcome of BMMSCs induced differenti-
ation by differentiation medium, alizarin red staining was per-
formed. Briefly, 2D culture cells in differentiation medium for
14 days were washed by phosphate-buffered saline (PBS). And 4%
paraformaldehyde was added into well to fix these cells. The
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paraformaldehyde was removed, and 2D culture cells were washed
with PBS. Alizarin red dye solution was added into each well for 5
min, and then removed. After washed by PBS, 2D culture cells were
observed by a microscopy.

Flow cytometry (FACS) analysis

Co-axial cell-laden structures were soaked in sodium citrate-EDTA
solution to remove the alginate shell, and cells were collected to
FACS analysis. A panel of antibodies conjugated to three different
fluorophores was used to detect stemness of cells from 3D co-axial
and 2D culture. Antibodies used were: CD73-PB450 (562430, BD
Biosciences) and CD105-PE (560839, BD Biosciences). All the sam-
ples were performed by the Cytoflex (Beckman Coulter, CA, USA)
and analyzed with CytExpert 2.2 software.

Alkaline phosphatase (ALP) activity

ALP activity was quantitatively detected from the lysates of the
same number of cells from 3D co-axial and 2D culture with using a
commercial kit (MultiSciences Biotech, Hangzhou, China). Briefly,
50l lysate samples were pipetted into the wells of a 96-well plate
and reacted with 50pl staining working solution for 15 min at
37°C. Then the reaction was stopped by adding 100 pul stop buffer
per well. The absorbance OD at 405nm was measured with a
microplate reader. All the ALP values were normalized according to
the manufacturer’s instructions.

Quantitative real-time reverse transcription-polymerase
chain reaction (qQRT-PCR)

To analyze gene expression of stemness and differentiation, qRT-
PCR was performed. 3D co-axial cells were extracted by dissocia-
tion solution as described above and 2D cell were also collected.
Total RNA was isolated and extracted by total RNA extraction kit
(Takara, Beijing, China). RNA was reversely transcribed into cDNA
with reverse transcription kit (Beyotime Biotechnology, Shanghai,
China) according to the protocol. For qPCR, pairing primer sequen-
ces [20] were used (Supplementary Table S1), including alkaline
phosphatase (ALP), bone morphogenetic protein-2 (BMP2), osteo-
pontin (OPN), Runt-related transcription factor 2 (Runx-2) and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH). PCR amplifi-
cation was performed using SYBR Green qPCR SuperMix
(C11733046, Invitrogen, NY, USA) with an ABI PRISM® 7500
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Sequence Detection System (ThermoFisher Scientific) with the pro-
cedure of 95°C 2 min; 95°C 15's, 60°C 30, reading plate, 40cycles.
Each sample was repeated three times.

Statistical analysis

Each experiment was repeated at least three times and results are
presented as mean = SD. Comparison between multiple groups was
performed using two-way analysis of variance (ANOVA). Statistical
significance was attained at P <0.05 (*), P<0.01 (**), P <0.001
(***), P<0.0001 (****). Comparison between two groups was per-
formed using the paired #-test. Statistical significance was attained
as asterisk (*). The results were analyzed and exported using
GraphPad Prism 8.0 software.

Results

Optimal ratio of the BMMSCs to NSCs to induce bone
formation

To examine the effects of neural cells on BMMSC osteogenesis, both
BMMSCs and NSCs were co-cultured in a 3D co-axial construct. It
is necessary for 3D co-culture system to detect the optimized ratio of
BMMSCs and NSCs to facilitate BMMSC differentiation and tissue
development. Therefore, we have chosen the optimized ratio of the
co-culture determined by a method performed in a 2D environment
(Fig. 1). Suitable density and long-term maintenance were reval-
uated at different ratios of BMMSCs to NSCs in the differentiation
medium for 14 days (Fig. 1). Among the following ratios, the 0:1 ra-
tio showed poor morphology of neural cells for long-term mainte-
nance because of no passage for NSCs. However, excessive neural
cells occupied much space for BMMSC differentiation and squeezed
BMMSC growth in the ratio of 10:1. Therefore, in co-culture with a
100:1 ratio, the density of both BMMSCs and neural cells might be
suitable, and had the showed viability of cells under long-term main-
tenance (Fig. 1). These results indicated that the optimal ratio of
BMMSCs to NSCs was 100:1 for suitable density and long-term
maintenance.

Bioprinting of 3D in vitro co-culture constructs

Based on the 2D co-culture exploration, the 100:1 ratio of
BMMSCs and NSCs was selected as the optimal ratio, and similar
to the marrow cavity, 3D fiber cell-laden core-shell structures were
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Figure 1. Different ratios of BMMSC-NSCs co-culture. The ratio of BMMSC to NSCs was 1:0 (A), 10:1 (B), 100:1 (C), 300:1 (D), 500:1 (E), 0:1 (F). W: white view. G:
green fluorescence view for NSCs. Scale bar: 100 um
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Figure 2. Co-axial bioprinted co-culture structure. (A) Co-axial bioprinting system. (B) The printing nozzles, consisting of &cenveo_unknown_entity_wingdings_F081;
for the core part and &cenveo_unknown_entity_wingdings_F082; for the shell structure. (C) Design concept using 3D CAD modeling of the bioprinted construct.
(D) Bioprinted construct (scale bar: 500 um). (E) The measure results of shell thickness. (F) Live and dead assay of bioprinted BMMSCs after bioprinting, green for live

cells, red for dead cells (scale bar: 500 um)

bioprinted using a custom-made co-axial system (Fig. 2A-C). The
bioprinted constructs were observed and measured with the
203.36 = 10.47 pm shell thickness (Fig. 2D and E) which is the hy-
drogel diffusion limit distance for sufficient nutrient transport from
the medium [21]. Moreover, the live and dead staining assay showed
high cell viability in 3D co-culture constructs after printing (Fig. 2F),
which demonstrates the no effect of the printing process on the cell
viability. In addition, the majority of bioprinted cells in the cavity-
like constructs remained viable during the 14-day culture period
(Supplementary Fig. S1).

Furthermore, after the 14-day culture period in the differentia-
tion medium, we observed the morphology of in situ cells. In 3D
bioprinted structures, BMMSCs grew and formed cell cluster fibers
(Fig. 3A), and cells derived from NSCs expressed green fluoresce,
and combined with cells from BMMSCs to form cell fiber in bright
field view as well (Fig. 3B). In Fig. 3C, we could easily observe that
cells with green fluoresce from NSCs attached the surface of the cell
cluster and formed the cell filament between green cells. Moreover,
cell cluster fiber could be observed and filamented cells were indi-
cated on the surface of cell cluster in SEM images (Fig. 3D and E).

The induced differentiation of the BMMSCs in 3D
bioprinted constructs

After the 14-day culture period, the differentiated cells were har-
vested from 3D bioprinted structures and analyzed using a flow cy-
tometer. The expression of CD73 and CD105 in BMMSCs
decreased (< 80%) and showed differentiation (Fig. 4). Moreover,
CD73 of the harvested cells in the 3D bioprinted microenvironment
was lower (42.62 +1.53) compared than the CD73 in the 2D cul-
ture (77.72=2.84) (Fig. 4). However, the positive proportion of

CD105 of cells in 3D constructs was higher (39.42 +4.77) than
that in 2D culture (13.37 = 3.20) (Fig. 4). These results showed the
different characteristic changes of BMMSCs in 3D and 2D
microenvironments.

Meanwhile, in 3D bioprinted constructs, CD73 (41.53%) and
CD105 (36.05%) in the co-culture of BMMSCs and NSCs showed a
relatively lower expression than the expression of CD73 (43.70%)
and CD105 (42.79%) in the pure BMMSC culture (Fig. 4B). The
results indicated that neural cells affected the stem cell differentiation.

The effect of neural cells on the bone-related gene
expression in 3D bioprinted constructs

The bone-related gene expression analysis was performed using spe-
cific primers to further understand the effects of neural cells on the
development of bone tissues (Supplementary Table S1) using qRT-
PCR. The cells cultured in the differentiation medium for 14 days
demonstrated the formation of calcium salts in mineralized nodules
of osteoblasts through alizarin red staining assay (Supplementary
Fig. S2) and were used for qRT-PCR assays. The results showed that
expression of OPN and BMP2 genes was significantly higher in 3D
bioprinted constructs than in 2D culture (P<0.05, two-way
ANOVA), either for co-culture of BMMSCs and NSCs or pure
BMMSC:s (Fig. 5). We demonstrated that 3D bioprinted constructs
are necessary in long-time bone-induced developments by providing
a more suitable microenvironment than 2D bioprinted constructs.
Moreover, in the 3D bioprinted groups, the two genes have exhib-
ited significantly different expressions between the 3D co-culture
and pure cell culture microenvironment. Meanwhile, OPN levels
were higher in the 3D co-culture than in the 3D BMMSC-only cul-
ture. On the other hand, however, the BMP2 expression was higher
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Figure 3. Observation of bioprinted constructs. (A) The BMMSC-induced growth observation images after 14 days where the boundary between the shell and
core was marked out with white dotted line (scale bar: 500 um). (B) The BMMSC-induced and NSCs co-culture growth observation images after 14 days in which
the green fluoresce presents NSCs and the boundary of BMMSC cluster was marked out with white dotted line (scale bar: 500 um). (C) NSC fluoresce observation
image in 3D co-culture construct where the boundary between the shell and core was marked out with white dotted line (scale bar: 100 um). (D-E) SEM images,

white arrow indicated filamented cell cluster (scale bar: 30 um for D, 300 um for E)

in the 3D BMMSC-only culture than in the 3D co-culture (Fig. 5).
These results indicate that neural cells have a complex effect on
bone-induced differentiation processes.

Increased ALP with neural cells in 3D co-culture
bioprinted constructs

The effect of neural cells on osteogenesis was evaluated by the ALP
assay for cells in a 3D co-culture bioprinted system with the ability
to provide long-term cell viability and a bone-induced microenviron-
ment. Similar number of cells was extracted from 3D bioprinted
constructs and broken using the ultrasonic cell disruption system,
and ALP levels were assessed using an ALP assay kit. The results
showed that ALP levels were significantly higher in the 3D co-
culture system than in the BMMSC culture system (Fig. 6, P < 0.05,
paired #-test), suggesting that neural cells induced osteogenic pro-
cesses in BMMSCs.

Discussion

As sensory and sympathetic neurons are well known to innervate
the marrow cavity, trabecular bone and periosteum of long bones

[22], it is difficult to observe the neural regulation of bone remodel-
ing and healing. This study investigated the effect of neural cells on
the BMMSC differentiation in a 3D cavity-like microenvironment.
We have chosen the suitable and optimized ratio of cells for 2 weeks
using a 2D co-culture system for further 3D bioprinting experi-
ments, and we found that 100:1 BMMSCs to NSCs was the optimal
ratio that showed suitable density and long-term active and morpho-
logical maintenance (Fig. 1).

Since most bone defects are reconstructed with patient-
customized grafts to restore structure and function [23], therapeutic
strategies for specific bone defect repair are limited. 3D bioprinted
tissue constructs with bioengineered structural and bioactive func-
tional features of in vivo bone tissue have provided a promising op-
tion for bone-injured patients to recover bone function. Recent
advances in orthopedic 3D bioprinting have enabled the establish-
ment of suitable scaffolds for improving cell viability, proliferation
and homing, osteogenic differentiation, vascularization, host inte-
gration, and load bearing [24, 25]. In this study, we biofabricated
co-axial cavity-like core-shell human bone tissue structures by inte-
grating neural cell components in 3D bioprinted constructs (Fig. 2).
Most of the cells in bioprinted constructs remained alive for at least
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Figure 4. BMMSC differentiation. (A) CD73 and CD105 biomarker detection of cells from 2D culture. (B) CD73 and CD105 biomarker detection of cells from 3D bio-
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14 days (Fig. 2F and Supplementary Fig. S1), and cells gathered to
form cell fibers (Fig. 3A, B and E). This result indicates that a 3D
bioprinted environment can maintain cell viability and support
long-term cell proliferation [26].

In vivo bone regeneration requires stem cell (BMMSCs) migra-
tion and bone formation [27]. Our bioprinted cavity-like core-shell
constructs had the core space for cell migration and formed cell
groups, representing cell fibers and the close contact of neural cells
and BMMSC:s in our results (Fig. 3). These cell fibers easily produce
the extracellular matrix (ECM), remodeling complete bone healing
[28]. Our results indicated that 3D bioprinted cavity-like constructs
might promote the accelerated differentiation and maturation of
BMMSCs into osteogenesis iz vitro (Figs 4 and 5). Therefore, it was
necessary to consider the integration of the whole structure and
function when 3D bioprinted biomimetic bone constructs are bio-
fabricated [29].

For the functional restoration and healing of injured bone tissue
in vivo, indispensable innervation of the host nerve is critical [11].
Unfortunately, there is no strategy for exploring and researching the

3D ALP Detection

1.5- *
& Bl ONLY-D-3D
E B CO-D-3D
> 1.04
D
c
Q
©
2 0.5-
5
[
o
0.0-

ONLY-D-3D CO-D-3D

Figure 6. ALP activity of BMMSC in bioprinted constructs. ONLY-D-3D: 3D
BMMSC-only culture, CO-D-3D: 3D co-culture. Asterisk (*) presents the signif-
icant difference (P< 0.05, paired t-test)

innervation of bone healing in vivo with relevant in vitro models
that have not been fully developed. Several 3D bioprinted co-culture
scaffolds with BMMSCs and neurons have been reported, but these
studies did not focus on the effect of neural cells on BMMSC differ-
entiation for bone healing [2, 30]. In this study, we fabricated co-ax-
ial core-shell constructs that benefited the differentiation tendency
of cell fibers [31], and our results demonstrated that neural cell inte-
gration into 3D bioprinted co-axial BMMSC-laden constructs influ-
enced the differentiation and survival of BMMSCs (Fig. 5), and
further improved the ALP level for osteogenesis iz vitro (Fig. 6). It is
also noteworthy that although the OPN gene showed higher expres-
sion in 3D co-culture than in 3D BMMSC-only culture, BMP2 ex-
pression was lower in 3D co-culture constructs than in 3D BMMSC-
only culture systems. It was assumed that the addition of neural cells
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influenced the total RNA of cells in 3D co-culture systems, and then
reduced the real RNA from pure BMMSCs for RT-PCR assays.
Thus, it is possible that the real level of BMP2 genes in 3D co-
culture constructs would be underestimated.

The neurotrophic factors that were released from neural cells was
reported to have the ability to regulate bone healing development
[15], and several studies have shown the role of neurotrophic factors
in stromal cell osteogenic differentiation [32, 33]. The present study,
which included and considered the innervation in bone tissues, is
promising for the development of new therapeutic options for bone
grafts. However, further research is needed for in situ observation and
control of function and regulation of the sensory and sympathetic neu-
rons in bone tissue constructs. For example, the different frequent
electrical stimulus may be added and used to stimulate neural cells,
and the behavior of BMMSCs could be observed i situ.

Conclusion

Core-shell constructs encapsulating BMMSCs integrated with neural
cells were successfully bioprinted using a co-axial bioprinting plat-
form. We have demonstrated that the printed hydrogel constructs can
support long-term cell survival and growth. Moreover, bioprinted
BMMSCs reduced the cell surface biomarkers of the stemness and en-
hanced the orthopedic differentiation. Expression of osteogenesis-
related genes, including OPN and BMP2, in 3D bioprinted constructs
was higher than that in 2D culture cells. Moreover, based on the
results of gene qRT-PCR and ALP assays in this study, innervation
could improve the differentiation and maturation of bone develop-
ment based on an in vitro model. With further advances, the integra-
tion of neural cells into bioengineered bone constructs pose as an
effective therapeutic approach for repairing extensive bone defect inju-
ries with accelerated functional restoration capacity.

Supplementary data

Supplementary data are available at REGBIO online.

Acknowledgements

We would like to thank Editage (www.editage.cn) for English language
editing.

Funding

This work was supported from the Key Research and Development Projects
of Chinese People’s Liberation Army (No. BWS17J036). Natural Science
Foundation of China (Grant No. 32000956), China Postdoctoral Science
Foundation (Grant No.2020M670294).

Conflict of interest statement. None declared.

References

1. Pape HC, Evans A, Kobbe P. Autologous bone graft: properties and tech-
niques. | Orthop Trauma 2010;24:536-540.

2. Thrivikraman G, Athirasala A, Gordon R et al. Rapid fabrication of vas-
cularized and innervated cell-laden bone models with biomimetic intrafi-
brillar collagen mineralization. Nat Commun 2019;10:3520.

10.

11.

13.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Duchamp de Lageneste O, Julien A, Abou-Khalil R et al. Periosteum con-
tains skeletal stem cells with high bone regenerative potential controlled
by Periostin. Nat Commun 2018;9:773.

Kim JH, Kim I, Seol Y-J et al. Neural cell integration into 3D bioprinted
skeletal muscle constructs accelerates restoration of muscle function. Nat
Commun 2020;11:1025.

Ashammakhi N, Hasan A, Kaarela O et al. Advancing frontiers in bone
bioprinting. Adv Healthcare Mater 2019;8:1801048.

Murphy SV, Atala A. 3D bioprinting of tissues and organs. Nat
Biotechnol 2014;32:773-85.

Ojansivu M, Rashad A, Ahlinder A et al. Wood-based nanocellulose and
bioactive glass modified gelatin—alginate bioinks for 3D bioprinting of
bone cells. Biofabrication 2019;11:035010.

Turnbull G, Clarke J, Picard F et al. 3D bioactive composite scaffolds for
bone tissue engineering. Bioact Mater 2018;3:278-314.

Murphy CM, O’Brien FJ, Little DG et al. Cell-scaffold interactions in the
bone tissue engineering triad. Eur Cell Mater 2013;26:120-32.

Morougo P, Lattanzi W, Alves N. Four-dimensional bioprinting as a new
era for tissue engineering and regenerative medicine. Front Bioeng
Biotechnol 2017;5:61.

Zhang YF, Xu JK, Ruan YC et al. Implant-derived magnesium induces lo-
cal neuronal production of CGRP to improve bone-fracture healing in
rats. Nat Med 2016;22:1160-9.

. Thai J, Kyloh M, Travis L et al. Identifying spinal afferent (sensory) nerve

endings that innervate the marrow cavity and periosteum using antero-
grade tracing. ] Comp Neurol 2020;528:1903-16.

Zhu S, Zhu J, Zhen G et al. Subchondral bone osteoclasts induce sen-
sory innervation and osteoarthritis pain. | Clin Invest 2019;129:
1076-93.

. Morgan M, Nencini S, Thai J et al. TRPV1 activation alters the function

of Ad and C fiber sensory neurons that innervate bone. Bone 2019;123:
168-75.

Su YW, Zhou XF, Foster BK et al. Roles of neurotrophins in skeletal tissue
formation and healing. | Cell Physiol 2018;233:2133-45.

Su Y-W, Chung R, Ruan C-S et al. Neurotrophin-3 induces BMP-2 and
VEGEF activities and promotes the bony repair of injured growth plate car-
tilage and bone in rats. ] Bone Miner Res 2016;31:1258-74.

Asaumi K, Nakanishi T, Asahara H et al. Expression of neurotrophins
and their receptors (TRK) during fracture healing. Bone 2000;26:
625-33.

Dai X, Liu L, Ouyang J et al. Coaxial 3D bioprinting of self-assembled
multicellular heterogeneous tumor fibers. Sci Rep 2017;7:1457.

Gaetani R, Doevendans PA, Metz CHG et al. Cardiac tissue engineering
using tissue printing technology and human cardiac progenitor cells.
Biomaterials 2012;33:1782-90.

Kang Y, Kim S, Fahrenholtz M et al. Osteogenic and angiogenic potentials
of monocultured and co-cultured human-bone-marrow-derived mesen-
chymal stem cells and human-umbilical-vein endothelial cells on three-
dimensional porous beta-tricalcium phosphate scaffold. Acta Biomater
2013;9:4906-15.

Zhang Y, Yu Y, Chen H et al. Characterization of printable cellular
micro-fluidic channels for tissue engineering. Biofabrication 2013;5:
025004.

Elefteriou F, Ahn JD, Takeda S et al. Leptin regulation of bone resorption
by the sympathetic nervous system and CART. Nature 2005;434:514-20.
Petite H, Viateau V, Bensaid W et al. Tissue-engineered bone regeneration.
Nat Biotechnol 2000;18:959-63.

Roseti L, Parisi V, Petretta M et al. Scaffolds for bone tissue engineering:
state of the art and new perspectives. Mater Sci Eng C Mater Biol Appl
2017;78:1246-62.

Mandrycky C, Wang Z], Kim K ez al. 3D bioprinting for engineering com-
plex tissues. Biotechnol Adv 2016;34:422-34.

Kolesky DB, Truby RL, Gladman AS et al. 3D bioprinting of vascularized,
heterogeneous cell-laden tissue constructs. Adv Mater 2014;26:3124-30.


https://academic.oup.com/rb/article-lookup/doi/10.1093/rb/rbab041#supplementary-data
http://www.editage.cn

Zhang et al.

27.

28.

29.

30.

Allen MR, Burr DB. Chapter 4 - Bone modeling and remodeling. In: DB
Burr, MR Allen (eds). Basic and Applied Bone Biology. Academic Press:
San Diego, 2014, 75-90.

Rho JY, Kuhn-Spearing L, Zioupos P. Mechanical properties and the hier-
archical structure of bone. Med Eng Phys 1998;20:92-102.

Byambaa B, Annabi N, Yue K et al. Bioprinted osteogenic and vasculo-
genic patterns for engineering 3D bone tissue. Adv Healthcare Mater
2017;6:1700015.

Liu J, Zhang B, Li L et al. Additive-lathe 3D bioprinting of bilayered nerve
conduits incorporated with supportive cells. Bioact Mater 2021;6:219-29.

31.

32.

33.

Li X, Wang X, Chen H et al. A comparative study of the behavior of neu-
ral progenitor cells in extrusion-based in vitro hydrogel models. Biomed
Mater 2019;14:065001.

Tian G, Zhang G, Tan Y-h. Calcitonin gene-related peptide stimulates
BMP-2 expression and the differentiation of human osteoblast-like cells
in vitro. Acta Pharmacol Sin 2013;34:1467-74.

Wang LP, Shi XY, Zhao R et al. Calcitonin-gene-related peptide stimu-
lates stromal cell osteogenic differentiation and inhibits RANKL induced
NF-kappa B activation, osteoclastogenesis and bone resorption. Bone
2010;46:1369-79.





