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Stem Cell-Seeded 3D-Printed Scaffolds Combined
with Self-Assembling Peptides for Bone Defect Repair
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Bone defects caused by infection, tumor, trauma, and so on remain difficult to treat clinically. Bone tissue engi-
neering (BTE) has great application prospect in promoting bone defect repair. Polycaprolactone (PCL) is a com-
monly used material for creating BTE scaffolds. In addition, self-assembling peptides (SAPs) can function as
the extracellular matrix and promote osteogenesis and angiogenesis. In the work, a PCL scaffold was construc-
ted by 3D printing, then integrated with bone marrow mesenchymal stem cells (BMSCs) and SAPs. The re-
search aimed to assess the bone repair ability of PCL/BMSC/SAP implants. BMSC proliferation in PCL/SAP
scaffolds was assessed via Cell Counting Kit-8. In vitro osteogenesis of BMSCs cultured in PCL/SAP scaffolds
was assessed by alkaline phosphatase staining and activity assays. Enzyme-linked immunosorbent assays were
also performed to detect the levels of osteogenic factors. The effects of BMSC-conditioned medium from 3D
culture systems on the migration and angiogenesis of human umbilical vein endothelial cells (HUVECs) were
assessed by scratch, transwell, and tube formation assays. After 8 weeks of in vivo transplantation, radiography
and histology were used to evaluate bone regeneration, and immunohistochemistry staining was utilized to de-
tect neovascularization. In vitro results demonstrated that PCL/SAP scaffolds promoted BMSC proliferation
and osteogenesis compared to PCL scaffolds, and the PCL/BMSC/SAP conditional medium (CM) enhanced
HUVEC migration and angiogenesis compared to the PCL/BMSC CM. In vivo results showed that, compared to
the blank control, PCL, and PCL/BMSC groups, the PCL/BMSC/SAP group had significantly increased bone
and blood vessel formation. Thus, the combination of BMSC-seeded 3D-printed PCL and SAPs can be an effec-
tive approach for treating bone defects.

Keywords: self-assembling peptides, bone marrow mesenchymal stem cells, 3D printing, polycaprolactone,
osteogenesis, angiogenesis

Impact Statement

Both polycaprolactone (PCL) and self-assembling peptides (SAPs) have been broadly applied in bone defect repair.
However, the poor osteoinductivity of PCL and weak mechanical strength of SAPs have limited their clinical application.
Here, a 3D-printed PCL scaffold was fabricated for seeding bone marrow mesenchymal stem cells (BMSCs), then combined
with SAPs to construct a composite PCL/BMSC/SAP implant for treating the calvarial defect. We showed that transplan-
tation of PCL/BMSC/SAP composite implants clearly promoted bone regeneration and neovascularization. To our knowl-
edge, this is the first study to treat bone defects by combination of BMSC-seeded 3D-printed PCL and SAPs.

Introduction bone defect.! However, various drawbacks, such as donor site
morbidity and insufficient supplzy have restricted the clinical

LINICAL THERAPY FOR bone defects is still a great chal-  application of autogenous bone.”” Although extensively used
lenge for orthopedic surgeons. Autogenous bone graft- as the bone graft, allogeneic bone poses the risks of dis-

ing is universally regarded as the gold standard for treating ease transmission and immune rejection.* Therefore, it is
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necessary to develop substitutes for naturally derived bone
grafts. Bone tissue engineering (BTE) has been proved to
be a promising approach to bone defect therapy because it
avoids the complications related to bone grafts.® Biological
scaffolds and seeding cells are two important aspects of
BTE in repairing bone defects.”

Conventional technologies used to fabricate BTE scaf-
folds mainly involve lyophilization,® gas foaming,” solvent
casting, and particulate leaching,'® but they cannot control
exactly the shape and inner structure of the scaffolds. How-
ever, the 3D printing technology offers advantages in scaf-
fold customization."' Three-dimensional-printed scaffolds
can perfectly fill the bone defect sites and also provide the
desired architecture for bone regeneration and vasculariza-
tion. Polycaprolactone (PCL) is an FDA-approved synthetic
polymer that is nontoxic, has outstanding biocompatibility
and biodegradability, and has a low melting point and glass
transition temperature.'? Thus, PCL has been widely uti-
lized in developing 3D-printed scaffolds for bone defect
repair.'>"'* However, the poor osteoinductivity of PCL has
limited its use in BTE.'

As a type of biomaterial consisting of alternating hydro-
phobic and hydrophilic residues, self-assembling peptides
(SAPs) can self-assemble into a 3D interweaving nanofiber
scaffold in physiological solutions.'® SAPs can mimic the
natural extracellular matrix (ECM) due to their similarity in
structure and function. The nanofiber network of SAPs fa-
vors cell-ECM and cell—cell interactions. SAPs have been
proved to effectively accelerate cell growth, migration, and
differentiation.'”'° In addition, SAPs have a lower risk of
spreading biological pathogens when compared to animal-
derived materials.?’ Therefore, SAPs have been broadly
used in tissue regeneration, such as reconstruction of injured
nerve, liver, and cartilage tissues.>' 2 SAPs also have been
successfully applied in BTE for bone defect therapy. In one
study, in situ injection of SAPs facilitated functional bone
regeneration, which illustrated the favorable osteoconduc-
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tive ability of SAPs.>* However, an important drawback of
SAPs is their poor mechanical strength, which can cause the
structure to break under mechanical stress.'”

The co-transplantation of tissue-engineered bone and SAPs
has been an effective strategy for bone defect repair. For
example, Li et al. prepared SAP-modified demineralized bone
matrix (DBM) and verified its effective osteogenesis and bone
repair abilities.” However, whether the combination of 3D-
printed scaffolds and SAPs can be an effective tissue engi-
neering scaffold for repairing bone defects is still unknown.
In this work, a PCL scaffold was developed by 3D printing
technology and seeded with bone marrow mesenchymal stem
cells (BMSCs). Then, we integrated PCL/BMSCs with SAPs
to construct a composite PCL/BMSC/SAP implant. We hy-
pothesized that the composite implant would promote bone
defect repair due to its excellent osteoinductive and pro-
angiogenic properties. The schematic illustration of this study
is depicted in Figure 1. To test our hypothesis, we assessed
the following questions: (1) whether SAPs promote the prolif-
eration and osteogenesis of BMSCs seeded in PCL scaffolds;
(2) whether PCL/BMSC/SAP better promotes angiogenesis
compared with PCL/BMSC; and (3) whether PCL/BMSC/
SAP composite implants accelerate bone defect repair by en-
hancing osteogenesis and angiogenesis when compared with
blank control, PCL, and PCL/BMSC groups.

Materials and Methods
BMSC isolation and culture

This study was approved by the Ethics Institutional
Review Board of Zhujiang Hospital of Southern Medical
University. BMSCs were obtained and characterized as
previously described.?® Newly born New Zealand rabbits
were anesthetized to gain their bone marrow of iliac crest
(5mL). Aspirated bone marrow was double diluted in
phosphate-buffered saline (PBS; HyClone). Ficoll-Isopaque
Plus (Solarbio, China) was overlayed with an equal volume
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FIG. 1. Schematic illustration of the PCL/BMSC/SAP composite implant, calvarial defect model, transplantation process,
and evaluation of the bone repair. The arrow showed the blood vessel. BMSC, bone marrow mesenchymal stem cell; PCL,
polycaprolactone; SAP, self-assembling peptide. Color images are available online.
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of diluted bone marrow to perform density gradient centri-
fugation (30 min, 2000 rpm). Then, bone marrow mononu-
clear cells were obtained and resuspended in Dulbecco’s
modified Eagle’s medium (DMEM; Gibco) that contained
1% penicillin/streptomycin (HyClone) and 10% fetal bovine
serum (FBS; Gibco). Finally, the cells were cultured at 37°C
in a 5% CO, incubator. After 48 h, the culture medium was
changed to discard the nonadherent cells. During cell cul-
ture, the medium was changed every 3 days. When BMSCs
reached 80-90% confluence, they were trypsinized with
0.25% trypsin (Gibco) and subcultured (1 x10%cm?).
BMSCs at passages 3—5 were used for subsequent assays.

Multi-lineage differentiation potential of BMSCs

Multi-lineage differentiation ability of BMSCs was confir-
med by the osteogenic and adipogenic induction. For oste-
ogenic induction, cells were cultured in DMEM containing
1% penicillin/streptomycin, 10% FBS, 50 pg/mL ascorbic
acid (Sigma), 10 mM B-glycerophosphate (Sigma), and 10 nM
dexamethasone (Sigma). After 3 weeks of culture, stainings
for alkaline phosphatase (ALP) and alizarin red S were per-
formed to assess their osteogenesis ability.

To assess adipogenic differentiation, cells were cultured
in DMEM containing 1% penicillin/streptomycin, 10%
FBS, 100mM indomethacin (Sigma), 10pug/mL insulin
(Sigma), 1 mM dexamethasone, and 0.5mM 1-methyl-3-
isobutylxanthine (Sigma). After 3 weeks of culture, oil red
O staining was used to evaluate their adipogenesis ability.

Flow cytometric analysis

Flow cytometry was performed to characterize BMSC
immunophenotype. Cells were incubated with mouse mono-
clonal antibodies against rabbit CD44 (Genetex), CD90
(Abcam, United Kingdom), CD29 (Sigma), CD45 (Gene-
tex), and CD34 (Genetex). The cells then were washed with
PBS and incubated with rat anti-mouse IgG secondary an-
tibodies (BD) conjugated with phycoerythrin, FITC, or BD
Horizon™ V450. Cell phenotypes were analyzed by a multi-
parameter flow cytometer (FACSVerse; BD).

Fabrication of 3D-printed PCL scaffold

PCL (MW =6W; Meilunbio, China) was used to fabricate
3D-printed scaffolds with a seven-layer structure using a 3D
printer (Recongene, China). Printed PCL scaffold was cy-
lindrical (6 mm diameter, 2.1 mm height) with two different
porosities: the upper two layers and lower two layers were
25% porous, and the middle three layers were 50% porous.
The average porosity of the scaffold was about 35%. Por-
osities of the scaffold were similar to those of porosities of
the human calvaria, including the outer table, inner table, and
middle diploe. All scaffolds were soaked in 75% ethanol for
48 h for disinfection and washed twice with PBS before use.

Mechanical test

To assess the mechanical strength of printed PCL scaf-
folds, a mechanical testing machine (CMT6103; MTS) was
used to detect the compressive modulus. The test was per-
formed at a cross-head speed of 1 mm/min. The initial linear
region of the stress—strain curve was used to calculate the

compressive modulus. Three-dimensional printed PCL scaf-
folds with homogeneous porosities of 25%, 35%, and 50%
were used as control groups.

Preparation of PCL/BMSC/SAP composite materials

All PCL scaffolds were coated with fibronectin (2 pg/mL;
Sigma) at 37°C for 60 min to increase their hydrophilicity
and cell adhesion ability before in vitro and in vivo assays.
RADAI16-1 (1% w/v, PuraMatrix™; Corning), a type of SAP,
was used to prepare PCL/BMSC/SAP composite materials.
Briefly, BMSCs were seeded in PCL scaffolds and incu-
bated in 96-well culture plates for 24 h. Then, the culture
medium was discarded and 20 pL of SAPs were added into
the culture plates. Finally, the culture plates were placed at
37°C for 30 min so that SAPs could self-assemble and in-
tegrate with PCL/BMSCs.

Scanning electron microscopy

The PCL pore size and adherent cells were observed
by scanning electron microscopy (SEM; Hitachi S-3000N,
Japan). PCL samples were gold-coated before SEM analy-
sis. To observe adherent cells, the materials were fixed in
2.5% glutaraldehyde at 4°C for 2 h, then dehydrated with se-
rial dilutions (30%, 50%, 70%, 80%, 90%, 95%, 100%, and
100%) of ethanol for 5min in each concentration. After
dehydration, amyl acetate was used to replace the ethanol.
The cell-loaded scaffolds then were lyophilized, gold coated,
and photographed.

Cell proliferation assays

The proliferation of BMSCs cultured in PCL/SAP scaf-
folds was detected with Cell Counting Kit-8 (CCK-8;
Dojindo, Japan). Briefly, 1x10* cells were seeded in PCL
scaffolds and cultured in 96-well plates for 24 h. SAPs then
were added into the scaffold and cultured for 7 days. Scaf-
folds without SAPs served as the control group. On days 1,
3, 5, and 7, each well was added with10 pL. of CCK-8 so-
lution, and the sample was incubated at 37°C for 1h. The
optical density values were measured at 450 nm on a spec-
trophotometer (BioTek). On day 7, cells in both the PCL/
BMSC and PCL/BMSC/SAP groups were labeled with
Hoechst and Calcein AM stains, and the cell density was
measured with a confocal laser scanning microscope (Leica,
Wetzlar, Germany).

ALP staining and activity assays

To perform ALP staining, the samples were incubated
with 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetra-
zolium chloride solution (Beyotime, China) after 14 days
of culture in the osteogenic medium. The ALP activity was
assessed by colorimetric assay using the ALP Activity
Detection Kit (Beyotime). Quantification of p-nitrophenol,
an ALP substrate, was measured at 405nm by a spectro-
photometer (BioTek). Total protein level was detected by
bicinchoninic acid protein assay kit (Beyotime) and used to
normalize ALP activities.

Enzyme-linked immunosorbent assay

After 7 and 14 days of osteoinduction, the supernatant
was separately collected from the PCL/BMSC and PCL/
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BMSC/SAP culture systems. The concentrations of Runt-
related transcription factor 2 (Runx2), bone morphogenetic
protein (BMP)-2, osteocalcin (OCN), and insulin-like growth
factor 1 (IGF-1) were detected using corresponding enzyme-
linked immunosorbent assay (ELISA) kits (Meimian, China).

Scratch assay

The scratch assay was used to detect the migration of
human umbilical vein endothelial cells (HUVECs; ATCC).
HUVECs were seeded in 6-well plates (5 X 10° cells/well),
and a 200 pL pipette tip was used to make a linear scratch.
The cells were washed twice with PBS and cultured in PCL/
BMSC or PCL/BMSC/SAP conditional media (CM). At 0
and 24h, the scratch and surrounding cells were imaged
under a light microscope (Leica). The percentage of scratch
healing was analyzed using ImagelJ software.

Transwell assay

Transwell chambers (8 um, 24-well plates) were also
used to perform cell migration assays. PCL/BMSC CM or
PCL/BMSC/SAP CM was added into the lower chamber.
HUVECs (1x 105) in serum-free DMEM were added into
the upper chamber. After 24 h of incubation, the membranes
were cut and stained with crystal violet solution (Solarbio).
A cotton swab was used to remove cells on the upper side of
the membrane. HUVECs migrated to the lower side of the
membrane were counted under a light microscope (Leica).

Tube formation assay

HUVECs were resuspended in PCL/BMSC CM or PCL/
BMSC/SAP CM and seeded onto matrigel (BD)-coated 12-
well plates (8 x 10* cells/well). The cells were incubated at
37°C for 8 h. Tube-like structures were observed and pho-
tographed by inverted microscopy (Leica).

Animal model and surgical procedure

All animal experiments were approved and conducted
following the Animal Care and Use Committee of Southern
Medical University. Sixteen female New Zealand white rab-
bits (3kg on average) were intravenously anesthetized with
pentobarbital sodium (3%, 1 mL/kg). A 4 cm linear incision
was made from the nasal bone to the midsagittal crest, and
the periosteum was carefully dissected from the bone. Four
6 mm diameter calvarial defects (about 2 mm depth) were
created with a trephine bur. The upper left defect was left as
an empty hole, and the PCL, PCL/BMSC, and PCL/BMSC/
SAP were placed in the upper right, lower left, and lower
right defects, respectively. The incision then was sutured.

Radiological analysis

The animals were sacrificed by venous air embolism un-
der anesthesia and all calvaria samples were harvested at
8 weeks postsurgery. The samples were analyzed using micro-
computed tomography (micro-CT; ZKKS-MCT-Sharp, China)
scanning. The detection parameters were set at 70kV,
100 pA, and 9 um voxel resolution. Three-dimensional im-
ages were reconstructed for each bone defect region. Bone
mineral density (BMD) and bone volume/total volume (BV/
TV) were analyzed using a professional software (ZKKS-
MicroCT4.1).

XU ET AL.

Histological and immunohistochemical analysis

After micro-CT evaluation, samples were fixed in 4%
paraformaldehyde for 2 days and decalcified with 10% eth-
ylenediamine tetraacetic acid (Solarbio) for 2 months at
room temperature. The decalcified samples were dehydrated
in graded ethanol and embedded in paraffin. Slices with
5 um thickness were cut coronally from the middle of the
implants. Hematoxylin—eosin (HE) and CD31 immunohis-
tochemistry stainings were performed to observe the newly
formed bone and vessels. Images were recorded with a cam-
era under a light microscope (Leica).

Statistical analysis

All data were compared using SPSS 24.0 software and
presented in the form of mean * standard error of the mean.
Student’s #-test was performed to show the differences be-
tween two groups and one-way ANOVA analysis was used
for comparing multiple groups. p<0.05 was regarded as
statistically significant.

Results
Identification of BMSCs

BMSCs were identified by cell morphology, multi-lineage
differentiation ability, and surface markers. The cells showed
a fibroblast-like morphology (Fig. 1A). After incubation with
osteoinduction medium for 3 weeks, BMSCs showed posi-
tive staining for ALP and alizarin red S (Fig. 2B, C). After
3 weeks of adipogenic induction, BMSCs were positively
stained by oil red O (Fig. 2D). Results of flow cytometry
showed that BMSCs expressed CD90, CD44, and CD29, but
not CD45 and CD34 (Fig. 2E).

Structure, mechanical strength, and cell adhesion
of the PCL scaffold

The PCL scaffold (6 mm diameter, 2.1 mm height) was
tablet-like (Fig. 3A). The seven-layer structure of the PCL
scaffold was scanned by SEM (Fig. 3B). The upper two and
lower two layers were used to mimic the inner and outer
cortical tables of the calvaria, and the middle three layers
were used to mimic the cranial diploe. In addition, separate
cortical and cancellous sections were printed to observe
their morphology (Fig. 3C). The porosity difference between
cortical and cancellous sections was determined by SEM
(Fig. 3D, E). Mechanical test results revealed the compres-
sive modulus increased with the decrease of PCL porosity,
and our calvaria-like PCL scaffold with the inhomogeneous
porosity (average of 35%) had a better mechanical property
than the PCL scaffold with a homogeneous porosity of 35%
(Fig. 3F, G). BMSCs seeded in PCL scaffolds were clearly
observed by SEM and showed a normal flattened mor-
phology (Fig. 3H).

SAPs promoted the proliferation of BMSCs seeded
in PCL scaffolds

To investigate the effect of SAPs on BMSC prolifera-
tion, 3D PCL/BMSC and PCL/BMSC/SAP culture systems
were established, and CCK-8 assay was performed to eval-
uate the BMSC proliferation. Cell proliferation rate in the
PCL/BMSC/SAP culture system was higher than that in the
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FIG. 3. Structure, mechanical strength, and cell adhesion of the PCL scaffold. (A) The morphology of the 3D-printed PCL
scaffold. (B) The seven-layer structure of the PCL scaffold observed by SEM. (C) The morphology of cortical and
cancellous sections of the 3D-printed PCL scaffold. (D) The morphology of the cortical section observed by SEM. (E) The
morphology of the cancellous section observed by SEM. Strain—stress curves (F) and compressive modulus (G) of 3D-
printed PCL scaffolds with different structures. (H) BMSCs adhered in PCL scaffold were observed under SEM. Scale
bars=100 pm. *p,0.01 vs homogeneous porosity (50%); ¥p,0.01 vs homogeneous porosity (35%); *p, 0.01 vs in-
homogeneous porosity (35%). SEM, scanning electron microscopy. Color images are available online.

PCL/BMSC culture system (Fig. 4A). After 7 days of cul- SAPs promoted osteogenic differentiation of BUSCs
ture, BMSC density in two culture systems was observed seeded in PCL scaffolds
by fluorescent staining. The cell density was much higher in

the PCL/BMSC/SAP group than in the PCL/BMSC group
(Fig. 4B). The results indicated SAPs can promote BMSC
proliferation in 3D PCL scaffolds.

ALP staining, ALP activity assay, and ELISA were used
to detect the cell osteogenic differentiation in PCL/BMSC
and PCL/BMSC/SAP culture systems. The ALP staining
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results showed that cells in the PCL/BMSC/SAP group dis-
played a much deeper coloration than that of the PCL/
BMSC group after 14 days of culture in osteogenic medium
(Fig. 5A, B). The ALP activity assay showed that the PCL/
BMSC/SAP group exhibited a higher expression of ALP
compared to the PCL/BMSC group (Fig. 5C). The ELISA
results showed that the PCL/BMSC/SAP group expressed
higher concentrations of Runx2, OCN, BMP-2, and IGF-1
compared to the PCL/BMSC group (Fig. 5D). The results
showed SAPs can promote BMSC osteogenesis in a 3D cul-
ture system.

PCL/BMSC/SAP CM promoted HUVEC migration
and angiogenesis

Scratch and transwell assays were conducted to detect the
migration of HUVECs. The scratch assay result showed that
more cells migrated toward the wound in the PCL/BMSC/
SAP CM group than in the PCL/BMSC CM group after
24 h of incubation (Fig. 6A, B), which indicated that PCL/
BMSC/SAP composites can promote cell migration and
wound healing. The transwell assay result showed that PCL/
BMSC/SAP CM drove more cells across the membrane than
PCL/BMSC CM, which also indicated that PCL/BMSC/
SAP composites can promote the migration of HUVECs

- PCL/BMSCs
-= PCL/BMSCs/SAP

FIG. 4. Proliferation of
BMSCs seeded in PCL and
PCL/SAP scaffolds. (A)
Comparison of cell prolifer-
ation activity between PCL/
BMSC and PCL/BMSC/SAP
groups. (B) Cell density in
PCL/BMSC and PCL/
BMSC/SAP groups after

7 days of culture. Scale
bars=100 um. **p<0.01.
Color images are available
online.

(Fig. 6C, D). Tube formation assay was performed to detect
the angiogenesis of HUVECs under PCL/BMSC/SAP CM
or PCL/BMSC CM. PCL/BMSC/SAP CM resulted in a
larger number of tube-like structures than PCL/BMSC CM
(Fig. 6E, F). Thus, the PCL/BMSC/SAP composite is supe-
rior to the PCL/BMSC composite in promoting angiogenesis.

PCL/BMSC/SAP composite implants promoted repair
of rabbit calvarial defect

Radiology and histology were used to assess the bone de-
fect repair ability of PCL/BMSC/SAP implants. Micro-CT
was performed to assess bone regeneration. The control
group showed a minimum level of mineralization, the PCL
group displayed moderate mineralization, and the bone heal-
ing of the PCL/BMSC group was better than that of the con-
trol and PCL groups (Fig. 7A). However, the PCL/BMSC/
SAP group had the largest amount of mineralized tissue
among all four groups (Fig. 7A). The new bone in each
group was quantified based on BMD and BV/TV, which are
important trabecular parameters. The BMD and BV/TV of
the PCL/BMSC/SAP group were much higher than those of
the control, PCL, and PCL/BMSC groups (Fig. 7B, C).

HE and CD31 immunohistochemistry stainings were per-
formed to evaluate bone formation and neovascularization.
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FIG. 6. Migration and angiogenesis of HUVECs cultured in PCL/BMSC and PCL/BMSC/SAP CM. (A) HUVEC
migration evaluated by scratch assay. (B) Percentage of scratch healing in both groups. (C) HUVEC migration assessed by
transwell assay. (D) Number of migration cells in both groups. (E) HUVEC angiogenesis assessed by tube formation assay.
(F) Quantitative analysis of number of tube-like structures. Scale bars=100 pm. **p<0.01. CM, conditional medium;
HUVEC, human umbilical vein endothelial cell. Color images are available online.
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FIG. 7. Repair of rabbit calvarial defect in each group by radiologic evaluation. (A) Three-dimensional and 2D micro-CT
images of the calvarial defect region in each group. (B) Quantitative analysis of the trabecular bone parameter (BMD) based
on reconstructed 3D images showed in Figure 6A. (C) Quantitative analysis of another trabecular bone parameter (BV/TV)
based on images showed in Figure 6A. Significance compared to blank control group (*), PCL group (&), and PCL/BMSC
group (#). BMD, bone mineral density; BV/TV, bone volume/total volume, micro-CT, micro-computed tomography. Color

images are available online.

The HE staining results showed that more new bone forma-
tion occurred in the PCL/BMSC/SAP group when compared
to the other three groups (Fig. 8). Moreover, the center of
the bone defect was occupied by fibrous tissue in both the
control and PCL groups; bone tissue was observed at the
center of the bone defect in the PCL/BMSC group; and
much more new bone was present at the defect center in the
PCL/BMSC/SAP group (Fig. 8). The CD31 immunohisto-
chemistry staining results also showed that higher blood
vessel density was present in the PCL/BMSC/SAP group
compared to other three groups (Fig. 9). These results dem-
onstrated that PCL/BMSC/SAP composite implants can pro-
mote bone regeneration and neovascularization.

Discussion

Suitable porosity of implanted scaffolds is of vital impor-
tance for bone defect repair. Scaffolds with higher porosity
tend to have a poorer mechanical property and fewer adhered
seeding cells, and lower porosity results in insufficient space in
scaffolds for cell infiltration and bone regeneration.”” In our
study, 3D printing technology was used to fabricate the scaf-
fold for its flexibility in controlling the porosity. The effect of
porosity of 3D-printed PCL on bone regeneration has been

investigated previously. Shim et al. fabricated 3D-printed PCL
scaffolds with different porosities for repairing bone defects
and found that the scaffold with 30% porosity had better me-
chanical strength and osteoconductive properties compared to
scaffolds with 50% and 70% porosity.”® In addition, it was
reported that the porosities of human cortical bone and tra-
becular bone are 5-15% and 40-95%, respectively.29 In our
study, the PCL scaffold was designed based on its whole and
segmental porosities, and we set porosities at 25% in cortical
sections and 50% in cancellous section, with an average po-
rosity of 35%. Compared with the PCL scaffold with a ho-
mogeneous porosity of 35%, the calvaria-like PCL scaffold
showed a better mechanical strength, which indicated that the
bionic structure of our PCL scaffold could provide adequate
mechanical support for bone regeneration.

Excellent proliferation ability of transplanted cells is im-
portant for their application in tissue engineering. SAPS
have been shown to promote the proliferation of diverse
cell types, such as embryonic fibroblasts and ciliary pigment
epithelial cells.'”** Several factors confer their beneficial
effects on cell growth. First, the nanofiber structure and over
99% water content of SAPs provide a real 3D microenvi-
ronment for cell growth.31 Second, the network formed by
interweaving nanofibers benefits gas and nutrient diffusion.”?
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FIG. 8. Bone regeneration
in each group evaluated by
HE staining. (A) The rabbit
calvarial defect without an
implant (blank control
group). (B) The rabbit cal-
varial defect implanted with
PCL scaffold (PCL group).
(C) The rabbit calvarial
defect implanted with PCL/
BMSCs (PCL/BMSC group).
(D) The rabbit calvarial
defect implanted with PCL/
BMSCs/SAP (PCL/BMSC/
SAP group). (E) Percentage
of bone formation area at

8 weeks post-transplantation.
Scale bars =100 um. Sig-
nificance compared to blank
control group (*), PCL group
(&), and PCL/BMSC group
(#). HE, hematoxylin—eosin.
Color images are available
online.

Third, the noncovalent bonds of SAPs such as ionic bonds and
hydrogen bonds drive their self-assembling process, and these
weak bonds contribute to cell—cell and cell-matrix interactions
that can promote cell growth and proliferation.>

As is known, bone tissue regeneration derives directly
from the differentiation of osteogenic stem or progenitor
cells. Previous studies reported that the osteogenesis of mes-
enchymal stem cells (MSCs) could be successfully induced
in a 3D cell culture using SAPs.'%3* In addition, Li et al.
reported that DBM/SAP scaffolds can promote more in vitro

osteogenesis in comparison with the DBM alone.?® Similar
to previous studies, we found that PCL/SAP scaffolds pro-
moted BMSC osteogenic differentiation compared to PCL
alone scaffolds. During osteogenic differentiation of BMSCs,
SAPs can serve as a vehicle for intercellular interactions and
signal transduction.” SAP-induced osteogenesis may also
result from the promoted growth factor-enriching ability. As
illustrated by previous studies, the self-assembling network
structure and charged residues of SAPs can enrich more
factors (e.g., BMP-6 and VEGF) for cell differentiation.¢”
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FIG. 9. Neovascularization
in the bone defect region

of each group evaluated by
CD31 immunohistochemis-
try staining. (A) Blank
control group. (B) PCL
group. (C) PCL/BMSC
group. (D) PCL/BMSC/
SAP group. The arrows
showed the vessels. (E) The
vessel density in the bone
defect region of each

group. Scale bars =100 um.
Significance compared to
blank control group (*), PCL
group (&), and PCL/BMSC
group (#). Color images are
available online.
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Sufficient angiogenesis is necessary for bone defect re-
pair, and vascularization of tissue engineering implants is a
key factor for successful bone regeneration. Migration and
angiogenic differentiation of endogenous cells are the main
ways by which implant vascularization occurs. It was re-
ported that SAPs showed an ability to recruit endogenous
cells into the ischemic site.'® SAPs can also enhance the
endothelialization of biomaterials, which is an important in-
dicator that vascularization in implants has been achieved.*®

MSCs seeded in SAPs showed increased expression of pro-
angiogenic factors, such as IGF-1 and hepatocyte growth
factors.>” In our study, BMSCs in PCL/SAP scaffolds pro-
moted HUVEC migration and angiogenesis via indirect con-
tact, and we believe that this effect resulted from increased
BMSC-derived growth factors induced by SAPs.

As an ideal bone filling material, 3D-printed PCL can
reconstruct the original shape of defect sites and guide bone
ingrowth.39 However, our in vivo results showed that
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transplantation of PCL alone resulted in only slight bone
regeneration, which was indicative of the poor osteoinduc-
tive property of PCL. Although PCL/BMSC implants had
osteogenesis ability and induced more bone formation than
PCL alone, the regenerative bone mass was still unsatis-
factory, likely due to inadequate osteogenic and angiogenic
properties of the implant. In contrast, PCL/BMSC/SAP im-
plants exhibited better bone defect repair ability. Thus, the
in vivo results also showed SAPs promoted osteogenesis
and angiogenesis. We surmise that two main factors are
involved in the biological activity of SAPs. First, SAPs can
promote implanted BMSC proliferation and osteogenic
differentiation. Second, SAPs can induce endogenous stem
cell osteogenic and angiogenic differentiation by enhancing
implanted BMSC paracrine activity.

Conclusions

The PCL scaffold and SAPs are promising biomaterials
for repairing bone defects. This is the first study to combine
BMSC-seeded 3D-printed PCL with SAPs to promote bone
defect repair. Results of our study show that individualized
PCL scaffolds are easily fabricated using 3D printing tech-
nology and that SAPs are an ideal ECM for accelerating
osteogenesis and angiogenesis. In situ transplantation of
PCL/BMSC/SAP composite implants clearly promoted bone
regeneration and neovascularization. Thus, the combination
of BMSC-seeded 3D PCL scaffold with SAPs may provide
an effective strategy for treating bone defects.
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