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Abstract
Since 3D printed hard materials could match the shape of bone, cell survival and fate determination towards osteoblasts in
suchmaterials have become a popular research target. In this study, a scaffold of hard material for 3D fabrication was designed
to regulate developmental signal (Notch) transduction guiding osteoblast differentiation. We established a polycaprolactone
(PCL) and cell-integrated 3D printing system (PCI3D) to reciprocally print the beams of PCL and cell-laden hydrogel for
a module. This PCI3D module holds good cell viability of over 87%, whereas cells show about sixfold proliferation in a
7-day culture. The osteocytic MLO-Y4 was engineered to overexpress Notch ligand Dll4, making up 25% after mixing
with 75% stromal cells in the PCI3D module. Osteocytic Dll4, unlike other delta-like family members such as Dll1 or Dll3,
promotes osteoblast differentiation and the mineralization of primary mouse and a cell line of bone marrow stromal cells when
cultured in a PCI3D module for up to 28 days. Mechanistically, osteocytic Dll4 could not promote osteogenic differentiation
of the primary bone marrow stromal cells (BMSCs) after conditional deletion of the Notch transcription factor RBPjκ by
Cre recombinase. These data indicate that osteocytic Dll4 activates RBPjκ-dependent canonical Notch signaling in BMSCs
for their oriented differentiation towards osteoblasts. Additionally, osteocytic Dll4 holds a great potential for angiogenesis in
human umbilical vein endothelial cells within modules. Our study reveals that osteocytic Dll4 could be the osteogenic niche
determining cell fate towards osteoblasts. This will open a new avenue to overcome the current limitation of poor cell viability
and low bioactivity of traditional orthopedic implants.
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Introduction

Bone is the second common transplantation tissue in the
world. More than 4 million patients with bone defects use
bone grafts or substitutes for surgical repair and treatment
each year [1]. The increasing medical burden of bone dis-
eases promotes the development of effective strategies for
bone regenerative therapy [2]. Orthopedic implants need to
be generally renovated within 5–20 years mainly due to the
difficulty of matching individual shape and insufficient bio-
logical activity, while the renovation task is a great challenge
for physicians. In addition, the healing process for the elderly
or osteoporosis patients after skeletal fracture is slow. These
issues are complicated to solve with the currently used mate-
rials. Hence, advanced research is urgently needed to restore
bone structural integrity and enhance the osteogenic potential
for tremendous unmet clinical needs.

Modern bone tissue engineering (BTE) strategies, includ-
ing the reconstruction of three-dimensional (3D) scaffolds,
have been developed to create “osteogenic” substitutes to
repair bone diseases or defects [3, 4]. In addition, as bone is
a supporting but functional organ, it is necessary to recon-
struct 3D scaffolds possessing mechanical support together
with a suitable microenvironment for bone cells to fulfill
their biological functions. In other words, guiding osteoblast
differentiation on hard scaffolding materials should be a cen-
tral focus of modern BTE. Therefore, bioprinting cell-filled
hydrogels with weakmechanical support is only the basis for
advancing BTE. Decellularized extracellular matrix on hard
scaffolds could also be another approach to provide the intrin-
sic environments for bone cells that is conducive to guiding
the differentiation towards osteoblasts.

Fortunately, a milestone was reached in the progress of
BTE in 2016: a novel 3D bioprinting system—the inte-
grated tissue and organ printer (ITOP) [5]—could reconstruct
polycaprolactone (PCL) and human amniotic fluid stem
cells-encapsulated hydrogel as a novel 3Dmodule.When this
is implanted into theparietal boneofmice after 14days of cul-
ture in vitro, the transplants develop into vascularized bone.
This technique represents the direction of future 3D printing,
which is applicable to clinics [6, 7]. Nevertheless, the gener-
ation of whole organs still has a long way to go possibly due
to lack of cell fate guidance. Later, other teams successively
applied this 3D printing technology with the integration
of bioactive ions [8] or stem cells with human umbilical
vein endothelial cells (HUVECs) [9], promoting osteogenic
differentiation and vascularization. However, osteogenesis
occurs naturally without definedmolecular mechanisms, and
it is still a huge challenge to discover and create osteogenic
microenvironments that can be controlled at will.

The 3D bioprinting of hard scaffold materials combined
with cell-loaded biological ink or bioactive factors consti-
tutes a promising alternative path. This not only includes
the fabrication of structures with physiological function to
eliminate the limitations of traditional grafts, but also has
great potential for bone regeneration. At present, there are
still few cells that can grow deep inside a hard material
[10]. Therefore, finding intrinsic environments with unique
molecules or developmental signals to induce cell adhesion
and proliferation has become the primary consideration in
modern BTE, in order to incorporate a physiological and
strict function orientating osteogenesis. In other words, it
is of great significance to develop bioactive 3D scaffolds
to integrate cell signal events for cell fate determination
[11].

Three-dimensional scaffolds not only provide structural
support for cells to adhere to and proliferate, but also
serve as morphogenetic agents to guide cell differentia-
tion, tissue regeneration, and tissue structure maintenance
[12–14]. However, at present, such attempts are still lim-
ited by the uncertainty and controversy around cell source
and active molecule selection [15, 16]. Bone marrow stromal
cells (BMSCs) have the potential to develop bone-forming
osteoblasts, making them a valuable cell source for BTE [17,
18]. Meanwhile, osteocytes could be a more ideal cell source
for BTE due to their intrinsic bone environment for regen-
erative rehabilitation and their highest abundancy of more
than 90% of total bone cells [19, 20]. Although embedded
in the bone matrix, osteocytes were found to be the active
mediator for bone remodeling and formation in our gen-
erated mouse models, featuring the activation of β-catenin
signaling in osteocytes [21]. Osteocytic Wnt is sufficient to
generate the components of the Notch signaling pathway,
including Notch signal-sending molecules Jag1, Jag2, and
Dll4. Notch signaling plays an important role in bone devel-
opment and remodeling. The receptors Notch 1 to 4 directly
interact with the ligands of the jagged-like (Jag1, Jag2) and
delta-like (Dll1, Dll3, Dll4) families, followed by the activa-
tion of Notch signaling to induce the transcription of Notch
target genes [22–24].

In this study,we established a newPCLand cell-integrated
printing system (PCI3D) to interactively manufacture PCL
beams and cell beams as cell-laden hydrogels for reconstruct-
ing functional 3D modules. To solve the bottleneck problem
of cell survival and growth on hard materials, PCI3D mod-
ules provide a stable supporting scaffold with suitably sized
apertures, which enables the easy transport and discharge
of materials necessary for cell growth, their differentiation
to osteoblasts, and mineralization. Osteocytes overexpress-
ing the Notch ligand Dll4 act as an independent osteogenic

123



Bio-Design and Manufacturing (2022) 5:497–511 499

factor in the cell-encapsulated hydrogel to promote either pri-
mary or cell line of mouse BMSCs via the RBPjκ-dependent
canonicalNotch signaling pathway.We further identified that
in osteocytes onhard scaffoldingbiomaterial, onlyDll4 of the
Notch ligand delta-like family, but not Dll1 or Dll3, greatly
promotes osteogenesis with a potential function of angio-
genesis. This study reveals that the design of mechanical
scaffolds integrated with cellular events may be a promis-
ing strategy for BTE for the regenerative repair of bone
defects.

Materials andmethods

Animals

The RBPjκf/f mouse strain, in which the Notch signaling
transcription factor RBPjκ is genetically modified with Cre
recombinase-recognized codes, was kindly provided by Dr.
Tasuku Honjo [25]. All processes were performed in accor-
dancewith the guidelines of the Experimental Animal Center
of Chongqing Medical University.

Cell culture

The culture of murine primary and cell line (ST2) of BMSCs
was performed as previously reported [26]. The osteocytic
cell line MLO-Y4 was kindly provided by Professor Lynda
Bonewald [27]. HUVECs were purchased from the Ameri-
can Type Culture Collection (ATCC; Manassas, VA, USA).
The cells were cultured in α-MEM medium (Gibco, USA)
containing 10% fetal bovine serum (FBS, BI, Israel) with
50 U/mL penicillin and 50 μg/mL streptomycin (Beyotime,
China) at 37 °C under 5% CO2. Half of the medium was
replaced once every 2–3 days. The BMSCswere passed once
at day 7 or 8 after seeding, and reseeded at a density of 1.5
× 105 cells/cm2 for osteoblast differentiation assays. The
MLO-Y4 and ST2 cells were placed in each well of 24-well
plates at a density of 2× 104 and 8× 104 cells, respectively,
and co-cultured for 3 days.

Stable transfection of MLO-Y4 with lentivirus

Lentiviruses containing Dll1, Dll3, or Dll4 genes were indi-
vidually transfected into MLO-Y4 cells at a multiplicity of
infection (MOI) of 100 with 7 μg/mL polybrene (Sigma,
USA). The efficiency of each lentiviral infection cycle was
determined by the intensity of GFP fluorescence after 72 h
of culture. The cells were then selected using a medium con-
taining 0.5 μg/mL puromycin (MCE, USA) for more than
one week to eliminate cells without lentiviral vectors.

Deletion of RBPjκ in BMSCs

The two recombinant adenoviruses Ad-Cre and Ad-GFP
were constructed by the Ad-Easy system (GENE, China) and
amplified in 293HEK cells. The titer of the viruses was quan-
tified in BMSCs from RBPjκf/f mice to remove the RBPjκ
ex vivo.

Integration of biomaterials and cells into 3D printing

Lyophilized Gelatin Methacryloyl (GelMA, Sunp biotech,
China) was fully dissolved in α-MEMmedia to create a 20%
(w/v) GelMA solution containing 0.5% (w/v) photo-cross-
linking agent (LAP, Sunp biotech, China), that was sterilized
through a filter (0.22-μm,Merck Millipore, Darmstadt, Ger-
many) as stocking solution, and stored at 4 °C until further
use. The mixing ratio of 1:4 had been previously tested to
produce the best osteogenic differentiation effect. The cell
suspension was measured as 2 × 105 MLO-Y4 cells and 8
× 105 ST2 or HUVEC, which were suspended in 0.5 mL
α-MEM. After mixing with an equal volume of cell sus-
pension, the final concentration of GelMA was set as 10%
(w/v) and LAP was 0.25% (w/v). Subsequently, the cell-
loaded solution was placed into a syringe and refrigerated on
ice, and then the cooled syringe was put in the cell-printing
nozzle (ALPHA-IPT1, SunpBiotech,China), ready for print-
ing.

Next, the biomaterial polycaprolactone (PCL, Sigma,
USA) was loaded into the hard material nozzle and melted in
advance for 30min at 95 °C, which temperature was found as
the best temperature for PCL printing in this study. In partic-
ular, themelted PCLwas extruded out as beams in a diameter
of 400 μmwith an interval of 1100 μm between PCL beams
at a speed of 2 mm/s. The cell-loaded GelMA solution was
reciprocally printed out at 25 °C as cell beams in a diameter
of 300μmwith an interval of 500μmbetween cell beams at a
printing speed of 5mm/s [28]. After the printing of one layer,
the GelMA hydrogels were crosslinked under blue light at
405 nm for 10 s, and the PCL and solidified cell beams were
reconstructed to form a single layer.

Then, printing was continued for another layer, in which
the printed PCL beams and cell beams were perpendicu-
lar to the ones of the neighboring layer. After three layers
of printing, a PCL and cell-integrated 3D (PCI3D) module
was fabricated. The PCI3Dmodules were placed in the com-
plete cell growth medium in a 6-well plate and cultured in
an incubator at 37 °C under 5% CO2 for subsequent experi-
ments.

In our dual nozzle printing system, the melting PCL is
extruded out by a screw propeller with elevated pressure to
drive out the hard material, and the cell beams, encapsulated
by hydrogel, are extruded out by air pressure.
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Table 1 Sequences of primers
used for qRT-PCR Primer Forward Reverse

GAPDH GCACATCAAGGCCGAGAAT GCCTTCTCCATGGTGGTGAA

Dll1 CTGTGCTGCTGTGGTGGTCTG AGTCCGCCTTCTTGTTGGTGTTC

Dll3 CGCCGCACTCTTGGTCATCC CCAGCACCGTCTTGTAACCTCAG

Dll4 TACCTTGACCTGCGCGGACTC TCGGCTTGGACCTCTGTTCTGG

Alp CACGGCGTCCATGAGCAGAAC CAGGCACAGTGGTCAAGGTTGG

Runx2 CCGGTCTCCTTCCAGGAT GGGAACTGCTGTGGCTTC

Osx CCCTTCTCAAGCACCAATGG AAGGGTGGGTAGTCATTTGCATA

Col1 GACAGGCGAACAAGGTGACAGAG CAGGAGAACCAGGAGAACCAGGAG

Hey1 CACTGCAGGAGGGAAAGGTTAT CCCCAAACTCCGATAGTCCAT

Hey2 CAGCTGCACACAGCTTCC CTGCGGATACCGACAAGG

Hes1 TACCCCAGCCAGTGTCAACA TCCATGATAGGCTTTGATGACTTTC

Hes7 GATGCTGAAGCCGTTGGTGGAG TCCAGGAGCAGCAGCCTCAG

Hes5 TGCAGGAGGCGGTACAGTTC GCTGGAAGTGGTAAAGCAGCTT

Vegfa AGAAGGAGGAGGGCAGAATCATCAC GGGCACACAGGATGGCTTGAAG

Hif1α CCATTAGAAAGCAGTTCCGCAAGC GTGGTAGTGGTGGCATTAGCAGTAG

eNOS TCACCTTCTTCCTGGACATCACTC ACCACTTCCACTCCTCGTAGCG

VE-Cad TGCCTCCTATCCCAGTGTCGTATC GCCTCGGTTCCCATATCTCATCTTG

Cell viability assay

The viability of cells in PCI3D modules was quantified by
the LIVE/DEAD™Cell-MediatedCytotoxicityKit (Thermo
Fisher, USA). After 1 day of cell culture, the medium was
replaced by the staining mixture, which was prepared by
mixing 0.5 μL Calcein-AM (0.5 μL/mL) with 2 μL ethid-
ium homodimer-1 (EthD-1, 2 uL/mL) in phosphate buffered
saline (PBS). The plates were incubated at 37 °C for 1 h,
thoroughly washed 3 times with PBS, and immediately
imaged using an inverted fluorescence microscope (LEICA,
Germany). The cell viability was quantified using ImageJ
software (Fiji ImageJ).

Cell proliferative activity

TheCellCountingKit-8 (CCK-8,Beyotime,China)was used
to evaluate the proliferation activity of cells in the functional
modules at day1, 4, and7 step by step. For this assay,modules
were washed with PBS, divided into 4 pieces, and placed in a
96-well plate. Next, 90 μL PBS and 10 μL CCK-8 solution
were added to each well followed by 2-h incubation. Sub-
sequently, the supernatant was pipetted into a new 96-well
plate, and the absorbance was measured at 450 nm using a
microplate reader.

RNA extraction and gene expression analysis

The totalRNAof cellswas extracted using theTRIzol reagent
(Invitrogen, USA), and cDNAwas synthesized from the total

RNA extraction through a reverse transcription reaction kit
(TAKARA, Japan). The synthesized cDNAwas diluted five-
fold prior to storage until use as templates for quantitative
real-time polymerase chain reaction (qPCR) to detect genes
with primer sets (Table 1). The relative expression levels of
mRNAs were normalized to the housekeeping gene GAPDH
by using the 2−�CT method.

Alkaline phosphatase staining

Cells or PCI3D modules were washed with PBS (Sorlabio,
China) after culture for the indicated number of days, and
then fixed with 3.7% formaldehyde (Chuandong, China) for
5 min at room temperature. According to the instruction of
BCIP/NBT alkaline phosphatase (AP) color development kit
(Beyotime, China), the dye solution was added to the culture
plate to stain for 30 min or 4 h for the cells in monolayer
culture on plates or 3D culture in the modules, respectively,
in a dark box at room temperature. The staining of cells was
recorded by a regular digital camera.

AP biochemical activity assay

The AP biochemical activity assay was performed as previ-
ously described [26]. Briefly, 0.3 mL 10 mM Tris/HCl (pH
7.4) was added to each well, the cells were removed from
the plate by scratching, and then sonicated on ice. After cen-
trifugation at full speed, the supernatant was used for assay
with an AP detection kit step-by-step as per the described
procedures (Beyotime, China).
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Fig. 1 3D printing of a PCL and
cell-integrated functional
module. a Schematic diagram of
PCL and cell-integrated 3D
printer. b Layout of cross section
of PCL and cell beams in the
printed functional module.
c Image of a printed functional
module. PCL, polycaprolactone;
P.C., personal computer; PCI3D,
a PCL and cell-integrated
3Dprintingsystem; a, PCL beam;
b, cell beam

Matrix mineralization assay (Alizarin Red S staining)

The PCI3D modules were cultured in the growth medium
for 7 days, and bone nodule formation was induced in the
osteogenic medium containing 0.1 mM dexamethasone,
10 mM β-glycerophosphate disodium salt solution, and
50 μg/mL L-ascorbic acid for 14 days. Matrix mineral-
ization was analyzed by Alizarin Red S staining [26]. The
modules were stained with 0.4% Alizarin Red S for 30 min,
and then pictures were taken. Subsequently, the modules
were extensively washed with PBS at room temperature, the
stained bone nozzles were destained in 10% cetylpyridinium
chloride for 1 h, and the washing solution was collected
for absorbance measurement at 562 nm to quantify the
mineralization status [29].

In vitro HUVEC tube formation assay

Human umbilical vein endothelial cells (HUVECs) at 0.5 ×
105 cells/cm2 andMLO-Y4 at 1× 104 cells/cm2 were mixed
and seeded onto pre-cooled 24-well plates containing 200μL
matrigel (Corning, USA) and cultured for 6 h at 37 °C under
5% CO2 as previously reported [30]. Capillary-like struc-
tures were captured by a phase contrast microscope. The
network structures formed from HUVEC cells were quanti-
fied by Image J.

Statistical analysis

All statistical analyses were performed by GraphPad Prism
8.0 software. Each experiment was repeated three times
independently. The data were presented as mean± SD. One-
way ANOVA and two-way ANOVA were used to analyze
the difference between multiple groups and two indepen-
dent variables, respectively. Student’s t-test was performed
between two comparable groups, and p < 0.05 was consid-
ered as a significant difference.

Results

Reconstruction of PCL and cell-integrated 3D
printing

A PCL and cell-integrated 3D printing (PCI3D) system was
set up, consisting of twohigh-speed and precisely positioning
nozzles with a temperature cooler. This systemwas equipped
with two propellers using micro-mechanical extrusion and
air pressure to alternatively produce beams of hard material
and cell-loaded hydrogel in diameters of 400 and 300 μm,
respectively. The hard material, such as PCL, was loaded
into the heating cartridge and played the role of mechani-
cal support, while the cells were loaded in hydrogel into the
air-pressure syringe (Fig. 1a). As shown in the schematic dia-
gram, the PCI3D system contains the uppermost XYZ axis
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Fig. 2 Comparison of effect of
osteocytic Dll1, Dll3, or Dll4 on
osteoblast differentiation in the
co-cultures with ST2 cells.
a Selection of osteocytes infected
with lentiviruses expressing Dll1,
Dll3, Dll4, or its control GFP.
Each Notch ligand co-expresses
GFP as an indicator. b Gene
expression in stably transfected
osteocytes. c, d Osteoblast
differentiation assays performed
by AP staining (c), and its
quantitative activity assay (d) in
the co-cultures. e Expression of
osteoblast marker genes in the
co-cultures. GFP, Dll1, Dll3, or
Dll4 represents GFP only, Dll1-,
Dll3-, or Dll4-expressing
MLO-Y4. *p < 0.05 versus GFP
control by one-way ANOVA, n =
3. Scale bar = 100 μm

stage to print 3D structures by parallelly and reciprocally
extruding beams of PCL and cells. The middle operating
system is composed of a screw propeller in a heating unit
for PCL and an air-pressure syringe for cells. The lowermost
temperature-controlling plate is able to cool the printedmod-
ule quickly. By repeated printing cycles, a functional PCI3D
module was constructed (Figs. 1b and 1c). This module pos-
sesses stable support and tunnel-connection structure with a

suitable aperture size for the transportation of nutrition and
metabolic materials (Fig. 1c).

Comparison of osteoblast differentiation
of osteocytic Dll1, Dll3, and Dll4 in ST2 cells

In order to investigate the effect of Notch ligands Dll1, Dll3
and Dll4 in osteocytes on osteoblast differentiation in ST2
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Fig. 3 Cell viability and
proliferation activity in PCI3D
modules. a, b Detection of
live/dead cells (a) and its
quantitative analysis (b) in the
modules cultured for 1 day.
c CCK8 assay for cell
proliferation activity in modules.
GFP, Dll1, or Dll4 represents
GFP only, Dll1-, or
Dll4-expressing MLO-Y4. *p <
0.05 versus GFP; #p < 0.05
versus Day 1 by two-way
ANOVA, n = 3. Scale bar =
100 μm

cells, the osteocytic cell line MLO-Y4 was infected with
recombinant lentivirus carrying Dll1, Dll3 or Dll4 genes
for 72 h. Puromycin was used to select MLO-Y4 cells with
stable expressions of Dll1, Dll3, Dll4, or GFP (Fig. 2a). We
generated MLO-Y4 cells overexpressing each Notch ligand
together with GFP (MLO-Y4-Dll1, MLO-Y4-Dll3, and
MLO-Y4-Dll4) or carrying GFP only as control (MLO-Y4-
GFP). The qPCR assays showed that each of Dll1, Dll3, and
Dll4 was expressed at a high level in each selected MLO-Y4
cell group compared to the MLO-Y4-GFP control (Fig. 2b).

The selected MLO-Y4 cells were co-cultured with ST2
cells at a ratio of 1:4 for 3 days. The AP staining and its
biochemical activity assays indicated that the cells over-
expressing Dll4, as opposed to Dll1 or Dll3 in MLO-Y4
cells, significantly promoted osteoblast differentiation in
ST2 cells (Figs. 2c and 2d). Interestingly, both Dll1 and
Dll4 in the co-cultured cells increased the expression of

osteoblast marker genes, including Alp, Runx2, Col1, and
Osx (Fig. 2e), suggesting a potential capacity of these two
ligands for bone formation.

Comparison of cell viability and proliferation
of osteocytic Dll1 and Dll4 in PCI3Dmodules

The PCI3D modules with MLO-Y4 cells overexpressing
Notch ligand orGFP control and ST2were cultured for 1 day,
and live/dead cell assay was performed to detect cell viabil-
ity. The live cells displayedCalcein-AMpositive (green), and
the dead cells were EthD-1 negative (red) (Figs. 3a and 3b).
The results indicated high cell viability without significant
differences among the functional modules of MLO-Y4-Dll1
at 87.74%, MLO-Y4-Dll4 at 89.23%, and MLO-Y4-GFP at
89.52%. The CCK8 assay on proliferation activity for 7 con-
secutive days showed that all of the cells in thePCI3Dmodule
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Fig. 4 Comparison of osteocytic
Dll1 or Dll4 on osteoblast
differentiation in PCI3D
modules. a–c AP staining (a) and
its biological activity assay (b),
and gene expression of osteoblast
markers (c) in the modules
cultured for 7 or 14 days. GFP,
Dll1, or Dll4 represents GFP
only, Dll1-, or Dll4-expressing
MLO-Y4. *p < 0.05 versus GFP
alone; #p < 0.05 versus Dll1
control by one-way ANOVA, n =
3. Scale bar = 100 μm

proliferated by nearly sixfold. However, Dll1 or Dll4 did
not induce significant changes in proliferation activity com-
pared to the GFP groups at day 7, although Dll4 displayed
higher proliferation activity at day 4 (Fig. 3c). These results
suggested that the PCI3D module provides a favorable envi-
ronment for cell growth and proliferation.

Comparison of osteogenesis of osteocytic Dll1
and Dll4 in PCI3Dmodules

In order to further determine the effects of Dll1 and Dll4
on osteogenesis, the respective functional modules were
cultured for 7 and 14 days and then subjected to AP activity
assays. MLO-Y4-Dll4 significantly increased AP activity
compared to the MLO-Y4-GFP and MLO-Y4-Dll1 groups
(Figs. 4a and 4b), which was further confirmed by the
qPCR results. Only the MLO-Y4-Dll4 group showed a
significant increase in the expression of osteoblast marker
genes Alp, Col1, Runx2, and Osx, as compared to the MLO-
Y4-GFP or MLO-Y4-Dll1 group. Interestingly, unlike in
two-dimensional (2D) culture (Fig. 2e), MLO-Y4-Dll1 did
not enhance osteogenesis in the 3D modules. Thus, Notch
ligand Dll4 in osteocytes induced osteoblast differentiation
in ST2 cells.

Effect of osteocytic Dll1 and Dll4 onmineralization
in the PCI3Dmodules

In order to evaluate the effects of Dll1 and Dll4 on bone
nodule formation, PCI3D modules of MLO-Y4-GFP, MLO-
Y4-Dll1, and MLO-Y4-Dll4 were cultured in vitro for
7 days in growth medium followed by 14 days in an
osteogenic medium supplemented with ascorbic acid, β-
glycerophosphate disodium, and dexamethasone. Alizarin
Red S staining revealed stronger mineralization in Dll4 mod-
ules with larger and denser bone nodules formed (Figs. 5a
and 5b), in which osteocytic Dll4 caused a twofold increase
in calcium deposition compared to the MLO-Y4-GFP and
MLO-Y4-Dll1 modules (Fig. 5c). Similar to the above assay,
Dll1 had no significantly enhanced effect on mineralization
compared to GFP control. Our results further confirmed the
positive effect of Dll4 on osteogenesis in ST2 cells.

Osteogenic mechanism of osteocytic Dll4

Dll1, Dll3, and Dll4 are all ligands of the delta-like family in
Notch signaling, but when overexpressed in osteocytes, they
fulfill different roles in osteogenesis. Next, we examined the
underlying mechanism by which cell fate can be determined

123



Bio-Design and Manufacturing (2022) 5:497–511 505

Fig. 5 Mineralization of induced
osteoblasts in PCI3D modules. a,
b Alizarin red S staining of bone
nodules formed in the modules
cultured for 21 days. Whole
images (a), enlarged images
under microscope (b), and
quantitative analysis of
mineralization (c) in the cultured
modules. GFP, Dll1, or Dll4
represents GFP only, Dll1-, or
Dll4-expressing MLO-Y4. *p <
0.05 versus GFP group by
one-way ANOVA, n = 3. Scale
bar = 500 μm

towards osteoblasts. Surprisingly, we found that only osteo-
cyticDll4 could enhance the expression ofNotch target genes
Hes1,Hey1, andHey2 in ST2 cells. However, osteocyticDll1
and osteocytic Dll3 did not increase the expression of these
Notch targets, and Hes1 expression was even decreased by
Dll3 (Fig. 6d), suggesting that Dll4, but not Dll1 or Dll3,
enhances Notch signaling compared to GFP control. Further-
more, the co-culture ofMLO-Y4 cells, expressing individual
Notch ligand, with ST2 cells was subjected to the Notch
signaling inhibitor DAPT. Functionally, DAPT partially sup-
pressed AP staining and reduced AP biochemical activity,
indicating that the inhibition of Notch signaling decreases
osteoblast differentiation (Figs. 6a and 6b). These results
were further confirmed by the qPCR measurement, in which
DAPT reversed the increased expression of osteoblastmarker
genes by osteocytic Dll4 to the control levels (Fig. 6c).

In order to further confirm such a mechanism, osteocytic
Dll4 was used to induce osteoblast differentiation. Primary
BMSCs were extracted from the femurs and tibiae of mice
with a floxed functional exon of Notch signaling transcrip-
tion factor RBPjκ (RBPjκf/f). The deletion of RBPjκ was
successfully achieved by infection with adenovirus express-
ing Cre recombinase (Ad-Cre) that specifically recognizes

and deletes the floxed exon of RBPjκ, resulting in a marked
downregulationof the expressionofNotch target genesHey1,
HeyL, and Hes7 (Figs. 7a and 7b). Notch signaling was
disrupted in Ad-Cre infected RBPjκf/f BMSCs compared
to the Ad-GFP group. Moreover, Ad-Cre-infected RBPjκf/f

BMSCs showed a dramatic decrease in AP staining and the
expression of osteoblast marker genes Alp, Runx2, and Osx,
as compared to the Ad-GFP group (Figs. 7c and 7d).

WhenAd-Cre-infectedRBPjκf/f BMSCswere co-cultured
with MLO-Y4-Dll4 for 3 days, Notch signaling was com-
pletely shut down, as shown by notably decreased expression
of Notch targets Hey1, HeyL, and Hes5 compared to the Ad-
GFP group (Fig. 7e). Therefore, it was inferred that RBPjκ
deletion in BMSCs eliminates their response to osteocytic
Dll4, leading to the disruption of Notch signaling, similarly
to the osteocytes overexpressing GFP (MLO-Y4-GFP). The
Notch signaling-induced osteoblast differentiation was ter-
minated, as shown by AP staining and the expression of
osteoblast marker genes Alp, Runx2, and Osx in the co-
culture of MLO-Y4-Dll4 with Ad-Cre infected RBPjκf/f

BMSCs when compared to the Ad-GFP group (Figs. 7f
and 7g). No difference was detected in the levels of Notch
signaling or osteoblast differentiation in RBPjκf/f deleted
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Fig. 6 Effect of Notch signaling
on osteoblast differentiation in
the co-cultures of osteocytes
expressing Dll1, Dll3, or Dll4
with ST2 cells. a–d AP staining
(a) and its biological activity
assay (b); gene expression of
osteoblast markers (c) and Notch
targets (d) in the co-cultures.
GFP, Dll1, or Dll4 represents
GFP only, Dll1-, Dll3, or
Dll4-expressing MLO-Y4. *p <
0.05 versus GFP control; #p <
0.05 versus DMSO control by
two-way ANOVA, n = 3

BMSCs co-cultured with MLO-Y4-Dll4 or MLP-Y4-GFP.
Taken together, these findings indicated that Dll4 promotes
osteoblast differentiation specifically by activating RBPjκ-
dependent canonical Notch signaling.

Effect of osteocytic Dll4 on angiogenesis

Based on the coupling mechanisms between osteogenesis
and angiogenesis, we detected the expression of angiogene-
sismarker genes in osteocytes overexpressingDll4.We found
that osteocytic Dll4 expressed a higher level of VEGFa and
angiopoietin 1, whichmay lead to recruiting endothelial cells
and inducing angiogenesis (Fig. 8a). To explore the role of
Dll4 in osteocytes on angiogenesis, we used HUVECs co-
cultured with MLO-Y4-Dll4 at a ratio of 1:4 in a 24-well
plate pre-coated with Matrigel, and observed the forma-
tion of blood vessels for 6 h. We found increased vascular
tubule formation in HUVECs cultured with MLO-Y4 cells
compared to HUVECs cultured alone (Fig. 8b). The form-
ing nodes and tubule lengths were increased by 292% and

151%, respectively, in the MLO-Y4-Dll4 group compared to
HUVECs alone, and theywere significantly higher (by 195%
and121%, respectively) than those in theMLO-Y4-GFPcon-
trol (Fig. 8c). We further explored the angiogenic function of
osteocytic Dll4 in 3Dmodules. The findings revealed that the
expressionof angiogenicmarker genesHif1α, eNOSandVE-
Cad was higher than that in the GFP group when co-cultured
with HUVEC for 3 days in the 3D modules (Fig. 8d). These
results suggested that Dll4 in osteocytes enhances angiogen-
esis.

Discussion

In this study, we reconstructed a functional module by using
a novel design of hard scaffolding material such as PCL
integrated with cells by the so-called PCI3D technique. In
this process, the nozzle temperature and cooling system of
the platform may be adjusted to print hard materials firmly
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Fig. 7 Effect of canonical Notch
signaling on osteoblast
differentiation in the co-cultures
of osteocytes expressing Dll1 or
Dll4 with primary BMSCs. a–d
Adenovirus-infected primary
BMSCs from RBPjκ floxed mice
infected with Ad-Cre. Images
(a), gene expression of Notch
targets (b), osteoblast
differentiation assays by AP
staining (c), and gene expression
of osteoblast markers (d) of the
BMSCs. *p < 0.05 versus
Ad-GFP control by Student’s
t-test. n = 3. Scale bar =
100 μm. e–g Effects of canonical
Notch signaling in
RBPjκ-deleted primary BMSCs
on the induction of osteoblast
differentiation. e Gene
expression of Notch targets; f, g
osteoblast differentiation assays
by AP staining (f) and gene
expression of osteoblast markers
(g). *p < 0.05 versus
MLO-Y4-Dll4 +
Ad-GFP-BMSC by one-way
ANOVA, n = 3. Scale bar =
100 μm

and evenly until satisfying the requirement of concomi-
tantly bio-printed cells for increased survival and growth.
The cells provided an osteogenic microenvironment (osteo-
cytic Dll4) for good cell viability (> 87%) and exhibited an
about sixfold increase in proliferation in 7-day cultures. We
found that osteocytic Dll4 induces osteoblast differentiation
in both primary cells and a cell line of murine BMSCs in
a co-cultured 2D system and in the PCI3D modules, which
are good for mineralization. We identified that osteocytic
Dll4 forms an independent active osteogenic microenvi-
ronment for BTE. Mechanistically, we demonstrated that
osteocytic Dll4 promotes osteogenic differentiation by acti-
vating the RBPjκ-dependent canonical Notch signaling, and

that osteocytic Dll4 also promotes angiogenesis. Therefore,
the integration of cellular events into our novel PCI3D design
has shed light on its ability to reconstruct bone integrity using
osteocytic Dll4 for BTE.

Printing hard biomaterials together with cells into a scaf-
fold is a huge challenge, especially in a structure supporting
cell growth and specific functions. The current approach is
to print 3D scaffolds of hard materials in advance, and seed
cells on these scaffolds later. Although the cells can grow and
differentiate towards osteoblasts on such 3D scaffolds, they
can only enter the scaffold to a depth of 1 mm, beyond which
few cells will grow. In the design of PCI3D, we assembled
a material nozzle with a heating unit to melt PCL at 100 °C,

123



508 Bio-Design and Manufacturing (2022) 5:497–511

Fig. 8 Effect of osteocytic Dll4
on angiogenesis. a Angiogenic
markers in MLO-Y4. b Images
of vascular tubules forming in
HUVECs upon co-culturing with
MLO-Y4-Dll4 for 6 h.
c Calculation of formed nodes
(left) or tubule lengths (right).
d Angiogenic markers in 3D
co-culture system of HUVEC
and MLO-Y4. *p < 0.05 versus
HUVEC control; #p < 0.05
versus MLO-Y4-GFP by
one-way ANOVA, respectively,
n = 3. Scale bar = 100 μm

and equipped it with a screw propeller to squeeze the melted
PCL out of the nozzle as PCL beams at 95 °C, which made
PCL beams lay down smoothly and evenly on the cooling
platform.Meanwhile, bio-inks are commonly used to support
cells to proliferate andplay the role of growth factors [31].We
used blue light-curable GelMA hydrogel providing mechan-
ical support for cell adhesion and proliferation as previously
reported [12]. Besides, we identified an osteogenic factor
that induces cell differentiation and mineralization, greatly
enhancing BMSC function in the PCI3Dmodules. The novel
design of PCI3D with the independent osteogenic factor
would provide the Food and Drug Administration-approved
hard scaffold material PCL with a biological environment
suitable for morphogenesis, in order to obtain bone integrity
for BTE.

Metabolic and functional bone artifacts may be fabricated
by mimicking morphogenesis to an extent, in which the key

developmental signaling pathways are needed to acceler-
ate tissue formation in vitro [32]. Although we currently
have a certain level of understanding of the Notch signal in
physiological development process, the application of Notch
signaling and its related components into tissue engineering
is still very limited [33]. Integrating Notch signaling into tis-
sue engineering can not only guide cell specific responses but
also improve tissue engineering technology [34]. Research
has shown that Jag1 construction directly immobilized on a
novel poly (β-aminoester) transiently activated Notch sig-
naling and increased osteogenesis [35]. In another study,
the activation of Notch signaling on the surface of titanium
implants improved its osteogenic properties [36]. Therefore,
the activation of the Notch signaling pathway after injury has
therapeutic potential for promoting bone formation in BTE.

Previously, scholars demonstrated that soluble Notch lig-
ands cannot activate Notch signaling since it is hypersecreted
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in nature [37–39]. In tissue engineering, for an effective
signaling transduction between cells, the ligand must be
anchored on the surface of the signal-sending cells and then
bind to the receptor on the surface of the signal-receiving
cells. In other words, the transduction through cell-to-
cell contact ensures normal physiological function [40–45].
Therefore, it is necessary to achieve cell–cell communication
and effective ligand–receptor pairs for the successful appli-
cation of Notch signaling in tissue engineering. Our novel
printing mode of bridging the contact between cells could
transmit the activated Notch signaling pathway through the
transcription factor RBPjκ, which was activated by overex-
pressingDll4 in osteocytes, and then bound tomore receptors
on the surface of ST2 or BMSC. Any interference of this sig-
nal transduction would affect osteoblast differentiation.

Interestingly, our exploration of the vascular function on
osteocyte Dll4 yielded unexpected results. While some stud-
ies have described the inhibitory effect of Notch ligand
Dll4 in endothelial cells against angiogenesis [46–48], our
research has indeed established that it has the function of
promoting HUVEC cells to form tubules possibly due to the
signal sending cells, i.e., the osteocytes. However, the spe-
cific mechanism awaits further investigations.

Cell therapy that combines signal cues with biomaterials
is a complex process. Particularly, different from other sig-
naling pathways, Notch signaling relies on the interaction
of receptors and ligands to activate, which may be inhibited
by any imbalance [49, 50]. In our study, we overexpressed
the Notch signal ligand in bone cells through lentiviral trans-
fection, activated the Notch signal in co-cultured BMSC or
ST2, and promoted its osteogenic differentiation. However,
we did not accurately control the signal dose. To this end, fur-
ther research is needed to control the signal activation level
accurately through Notch signal peptides from the biological
material itself.

Conclusions

Our novel design of hard scaffolding material such as PCL
and cell-integrated 3Dprinting system provides BMSCswith
a stable structure and a biological microenvironment suitable
for cells to grow and proliferate on PCL scaffolds. Osteocytic
Dll4 acts as an independent active osteogenic microenviron-
ment for BMSCs targeting the RBPjκ-dependent canonical
Notch signaling pathway, with the unexpected function of
angiogenesis. Tissue engineering with FDA-approved PCL
3D scaffolding in conjunction with Notch signaling events
could be suitable for osteogenesis in vitro. Our results pro-
vide a basis for the development of tissue engineering by the
integration of hard scaffolding material with a cellular event.
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