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ABSTRACT

Calcium phosphate bio-ceramics are osteo-conductive, but it remains a challenge to promote the induction of
bone augmentation and capillary formation. The surface micro/nano-topography of materials can be recognized
by cells and then the cell fate are mediated. Traditional regulation methods of carving surface structures on bio-
ceramics employ mineral reagents and organic additives, which might introduce impurity phases and affect the
biological results. In a previous study, a facile and novel method was utilized with ultrapure water as the unique
reagent for hydrothermal treatment, and a uniform hydroxyapatite (HAp) surface layer was constructed on
composite ceramics (B-TCP/CaSiO3) in situ. Further combined with 3D printing technology, biomimetic hierar-
chical structure scaffolds were fabricated with interconnected porous composite ceramic scaffolds as the ar-
chitecture and micro/nano-rod hybrid HAp as the surface layer. The obtained HAp surface layer favoured cell
adhesion, alleviated the cytotoxicity of precursor scaffolds, and upregulated the cellular differentiation of
mBMSCs and gene expression of HUVECs in vitro. In vivo studies showed that capillary formation, bone
augmentation and new bone matrix formation were upregulated after the HAp surface layer was obtained, and
the results confirmed that the fabricated biomimetic hierarchical structure scaffold could be an effective
candidate for bone regeneration.

1. Introduction

biological cues by cells, mediating the epigenetic states of cells [2,3]. It
has been suggested that cellular adhesion, cytoskeleton, self-renewal

Biomaterials have great expectations in guiding cell fate and regu- and focal adhesion kinase are regulated by surface

lating the commitment of cell lineages [1]. Current biomaterials for micro/nano-topography [4,5], which are related to the activation of

bone regeneration can be endowed with osteo-conductivity, but it is still
a challenge to promote the induction of bone augmentation and capil-
lary formation and even achieve osteo-inductivity. The surface
micro/nano-topography of these materials can be translated as
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certain signalling pathways, such as Wnt [6], ERK 1/2 [7] and p38
MAPK [8]. However, many studies have been based on bioinert mate-
rials as model materials, such as metallic arrays [9] and organic patterns
[10,11], since it is still a challenge to carve the micro/nano-structure on
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the surface of brittle and unmanageable bio-ceramics [12]. Although
these studies might have uncovered how the metallic and organic sur-
face texture of the materials could be translated as biological cues and
mediate cell fate, the results did not elucidate the effects between
inorganic surface structure and cellular behaviours. Furthermore,
bio-ceramics are potential candidates for bone regeneration due to their
adaptable mechanical properties, biocompatibility, bioactivity and
osteo-conductivity [13], and it is meaningful to investigate the biolog-
ical effects of micro/nano-coatings on bioactive ceramic surfaces.

To carve micro/nano-structures on bio-ceramics, common methods
involve organic additives [1,14,15] and mineralization reagents [16,
17]. However, the obtained crystals might contain impure phases, and
additives might interfere with the biological results. In a previous study,
when p-tricalcium phosphate (B-TCP) was soaked in simulated body
fluid, the obtained surface crystal phase was Mg-whitlockite (WH,
Ca;gMga(HPO4)2(PO4)12) [18] instead of hydroxyapatite (HAp), whose
components are similar to the inorganic components of natural bone;
HAp is a stable phase of CaP ceramics and has been widely utilized as a
coating to improve the osseointegration of substrates [19]. However,
traditional processes employ mineral solutions, which results in addi-
tional influencing factors. Hence, a facile hydrothermal reaction system
without organic additives and mineralization reagents was utilized in
previous work [20]. p-TCP is a biodegradable ceramic that can provide a
surface with a low interfacial energy with apatite [21], and CaSiO3 can
provide active sites for heterogeneous nucleation and is inclined to form
HAp [22,23]. Hence, a micro/nano-HAp surface layer was constructed in
situ on a B-TCP/CaSiO3 bio-ceramic tablet after hydrothermal treatment
in ultrapure water. Osteogenesis emerges in porous materials [24], and
interconnected porosity is necessary for a material to be osteo-inductive
by providing space for cell migration and tissue ingrowth [13]. Hence,
3D scaffolds were used as the pre-treated original substrate. Moreover,
the 3D printing technique, with the characteristics of high precision and
accuracy, has been utilized to fabricate porous bio-ceramic scaffolds that
might be candidates for bone regeneration [25]. These 3D printing
techniques play an important role in personalized bone regeneration as
well as precision medicine [26]. From this perspective, 3D-printed
scaffolds were utilized to construct the architecture of the substrate. In
addition, in this study, a 3D bioplotter was utilized in this article since,
compared to another 3D printing technique, this system possesses the
advantage of fabricating 3D scaffolds with a high solid content; the size
[27], synthetic process and component proportion of $-TCP/CaSiOs
were based on our previous work [28]. 3D scaffolds (p-TCP/CaSiO3)
with interconnected pores were fabricated via an extrusion moulding 3D
Bioplotter™ system (Regenovo, China). The natural bone surface was
long axis growth micro/nano-HAp crystals with poor crystallization
[29]; Hence, the surface was modified to long axis growth
micro/nano-rod HAp crystals with poor crystallization (compared to
sintered crystals). By means of 3D printing technology and hydrother-
mal mineralization, the macro-architecture and micro/nano-surface
structure of scaffolds were constructed, and the fabricated biomimetic
hierarchical structure scaffolds exhibited a micro/nano-HAp surface
layer and interconnected porous architecture.

Since angiogenesis and osteogenesis have been proven to be coupled
[30], it has been indispensable to investigate the effects of biomaterials
on these two processes. Some studies focused on the angiogenesis dif-
ferentiation of adipose [6,31] or bone marrow-derived mesenchymal
stem cells (MSCs) [1,8,32,33], but whether the materials can regulate
the cellular behaviours of endothelial cells remains to be elucidated. In
addition, some studies reported that cell recruitment and paracrine be-
tween MSCs and pericytes were the key to osteogenesis [34]; these re-
sults might suggest that angiogenesis was the result of the effects
between materials and endothelial cells rather than direct angiogenesis
differentiation of MSCs. Hence, human umbilical vein endothelial cells
(HUVECGs) and mouse bone mesenchymal stem cells (mBMSCs) were
utilized to investigate the effects of the micro/nano-HAp surface layer
on angiogenesis and osteogenic differentiation in vitro. Furthermore,
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calcium phosphate (CaP)-based bio-ceramics have been proven to be
osteo-conductive [13] and have shown the capacity to regenerate bone
tissue in bone defect environments. Nevertheless, it was intriguing and
meaningful to promote the bone augmentation ability, namely, to form
new bone out of cortical bone without any bone defect [35]. A bone
augmentation process is necessary for bone regeneration, especially for
alveolar bone, but without adding any biomolecules or establishing
blood express way [36,37], it remains a challenge to achieve bone
augmentation with bio-ceramics. Therefore, the capacity for bone
augmentation was measured via ectopic implantation without any bone
defect. Therefore, in this study, in vivo studies were performed in Spra-
gue-Dawley (SD) rat subcutaneous implants in the backs and skull near
the calvaria. The brief illustration of the study was shown in Scheme 1.

2. Materials and methods
2.1. Fabrication of biomimetic hierarchical structure scaffolds

The synthesis of the particles [20] and the fabrication of the scaffolds
[28] were based on previous studies. The process in brief was as follows:

B-TCP synthesis. The ratio of calcium (Ca) to phosphate (P) was 3/2.
The initial concentrations of Ca-nitrate and (NH4),HPO,4 were 0.45 M
and 0.5 M, respectively. Polyethylene glycol (PEG, MW 6000) was uti-
lized as a dispersant and added to Ca-nitrate solution. Ammonium hy-
droxide solution was used to modulate the pH of the solution. The pH
was regulated to approximately 6.8, and the particles were lyophilized
and heat-treated at 850°C for 3 h.

HAp synthesis. The processes were similar to those of p-TCP syn-
thesis. Briefly, the ratio of Ca to P was 5/3, and the pH of the reaction
system was modulated between 9.6 and 10.0 with ammonium hydrox-
ide. The particles were lyophilized and heat-treated at 850°C for 3 h.

CaSiO3 synthesis. The ratio of Ca to silica (Si) was 1/1; 0.5 M Ca-
nitrate and 0.5 M sodium meta-silicate were mixed with 0.0025 M
PEG, which served as a dispersant. Calcination was performed at 1100°C
for 3 h.

Scaffold fabrication. 3D printing technology (3D-Bioplotter TM
system, Regenovo, Hangzhou) was used. The slurry for printing was
prepared by mixing the inorganic powders into a mixture of distilled
water and glycerol; then, ammonium polyacrylate was added as a
dispersant. A QM-BP planetary ball mill (Nanjing Nanda Instrument
Plant, China) was used to mix the slurry. Hydroxypropylmethyl cellulose
was used to improve the viscosity, octanol was added to eliminate
foaming of the slurry, and the architecture of the scaffolds was designed
via the 3D CAD software SolidWorks. The slurry for 3D printing was
extruded with a pressure of 3-4 bar at a speed of 4-6 mm s, and the
tapered tip for printing (Nordson EFD, USA) was 250 pm. Before thermal
treatment, the 3D-printed scaffolds were dried at room temperature for
2 d. The dried scaffolds were then calcined at 1100°C for 3 h. Inter-
connected porous 3D scaffolds with a diameter of 10 mm and height of
2.5 mm were fabricated as pre-treated original scaffolds (designated Os)
[28]. The composition of the scaffolds was p-TCP with 15 wt% CaSiOs.
Micro/nano-HAp surface layers were obtained on 3D scaffolds after
hydrothermal treatment of the pre-treated original scaffolds at 120°C for
24 h and were designated NMs based on a previous study [20]. In this
article, the aqueous solution was ultrapure water, with a pH value of 4,
and orthophosphoric acid was utilized as the pH adjustment reagent.
The HAp scaffolds and p-TCP scaffolds were set as the control groups and
designated Hs and Ts, respectively.

2.2. Material characterization

Surface crystal phase characterization: For X-ray diffraction (XRD),
X-ray scanning was performed from 5 to 80°, the scanning step length
and rate were 0.02° and 1°/min, respectively. Material morphology was
observed by field emission scanning electron microscopy (SEM,
MERLIN, ZEISS). Before observation, sputtering platinum treatment was
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Scheme 1. Brief illustration of the study.

performed on the surface of the samples. The micro-structure of the
surface crystal was measured via transmission electron microscopy

(TEM), and the specific surface area was measured by Bru-
nauer-Emmett-Teller (BET) adsorption/desorption  isotherm
determination.

2.3. Cell culture and seeding

Primary mouse bone mesenchymal stem cells (mBMSCs) were pur-
chased from ATCC, while human umbilical vein endothelial cells
(HUVECs) were purchased from ScienCell. The cells used in the cell
experiment were mBMSCs at passages 3-6 and HUVECs at passages 3—4.
The culture medium for mBMSCs was Dulbecco’s minimal Eagle me-
dium (DMEM) high-glucose medium containing 1% double antibody
(penicillin-streptomycin) and 10% foetal bovine serum (FBS). HUVECs
were cultured in endothelial cell medium (ECM) with 1% endothelial
cell growth supplement (ECGS), 1% double antibody (penicillin-strep-
tomycin) and 5% FBS. The cells were digested and isolated by 0.25%
ethylenediaminetetraacetic acid (EDTA)-trypsin. Before seeding, mate-
rials were sterilized in an autoclave (121°C, 30 min) and soaked in
phosphate buffer overnight. When seeding, a high concentration cell
suspension was added onto the surface of scaffolds. The cells were
distributed over the whole surface. Then, culture medium was added
after cells adhered preliminarily (approximately 1 h). In addition, the
medium for osteogenic differentiation included osteogenesis-inducing
reagents mixed with 100 nM dexamethasone, 10 mM p-glycer-
ophosphate and 50 mM ascorbic acid.

2.4. Cell proliferation

The scaffolds for cell culture were 3D, and it was difficult to calculate
the area. Therefore, the units of cell culture were the cell number per
scaffold. Cell Counting Kit 8 (CCK-8) was utilized to detect cell prolif-
eration after the cells (5 x 10* per scaffold) were seeded onto the surface
of scaffolds for 1 d, 3 d and 5 d. Before testing, the medium was removed
and rinsed with phosphate buffer 3 times. A total of 330 mL of CCK-8
working solution (the ratio of CCK-8 stock solution to medium was
1:10) was added to each sample. After being placed in an incubator for 1
h, 100 mL of supernatant was transferred to a 96-well plate and
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measured in a microplate reader (wavelength 450 nm).

2.5. Cellular differentiation of mBMSCs and gene expression of HUVECs

mBMSCs (3 x 10° per scaffold) were cultured in DMEM for 2 d and
then cultured in the presence of osteogenesis-inducing reagents. Before
RNA extraction, the medium was removed and rinsed 3 times in
phosphate-buffered saline (PBS). TRIZOL was utilized to induce cell
lysis. Chloroform and isopropanol were used to collect RNA. The
collected RNA was normalized via a spectrophotometer. Reverse tran-
scription primer sequences for RT-PCR and the test system were estab-
lished according to a previous study [20]. The results of gene expression
were estimated by 272A€t, For HUVECs, cells were cultured in ECM for 7
d since the cell viability was decreased after 7 passages. The PCR pro-
cesses were the same as those for mBMSCs. The primer sequences are
listed in Tables 1 and 2. GAPDH was used as a housekeeping gene.

2.6. Cellular adhesion

Cellular adhesion on the surface was observed via SEM, and quan-
titative characterization was measured by detecting the expression of
integrin subunits ay, os, oy and ;. After mBMSCs (3 x 10° per scaffold)
were seeded on the surface for 12 h, the expression of integrin subunits
was tested. The process of RNA extraction was the same as that
described above, and the primer sequences are shown in Table 3.

Table 1
Primer sequences for RT-PCR mBMSCs.

Gene Direction Sequence (5'-3")

GAPDH Forward TGTGTCCGTCGTGGATCTGA
Reverse TTGCTGTTGAAGTCGCAGGAG

OPN Forward TGCAAACACCGTTGTAACCAAAAGC
Reverse TGCAGTGGCCGTTTGCATTTCT

OCN Forward AGCAGCTTGGCCCAGACCTA
Reverse TAGCGCCGGAGTCTGTTCACTAC

0OSX Forward CGTCCTCTCTGCTTGAGGAA
Reverse CTTGAGAAGGGAGCTGGGTA

Col-I Forward ATGCCGCGACCTCAAGATG
Reverse TGAGGCACAGACGGCTGAGTA
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Table 2
Primer sequences for RT-PCR HUVECs.

Gene Direction Sequence (5'-3')

GAPDH Forward GCACCGTCAAGGCTGAGAACA
Reverse TGGTGAAGACGCCAGTGGA

CD31 Forward CCGCATATCCAAGGTCAGCA
Reverse CACCTTGGTCCAGATGTGTGAA

KDR Forward AGCCAGCTCTGGATTTGTGGA
Reverse CATGCCCTTAGCCACTTGGAA

TGF-p Forward TCCTGGCGATACCTCAGCAA
Reverse GCTAAGGCGAAAGCCCTCAA

VEGF Forward CATCCAATCGAGACCCTGGTG
Reverse TTGGTGAGGTTTGATCCGCATA

Table 3

Primer sequences for integrin subunit RT-PCR.

Gene Direction Sequence (5'-3')

GAPDH Forward TGTGTCCGTCGTGGATCTGA
Reverse TTGCTGTTGAAGTCGCAGGAG

o2 Forward TGCCTACTTGTGTGGCGTGAA
Reverse TCACCCGAGTGGTAGTCACAATG

[\ Forward TGAACTGCACGGCAGATACAGAG
Reverse ATCCCGCTTGGTGATGAGATG

Oy Forward TGCAGTGGTTCGGAGCAACCCTA
Reverse TTTTCTGTGCGCCAGCTATAC

B1 Forward ATCATGCAGGTTGCGGTTTG
Reverse GGTGACATTGTCCATCATTGGGTA

2.7. Immunofluorescent staining

Osteocalcin (OCN) secretion in mBMSCs and platelet-endothelial cell
adhesion molecule (CD31) in HUVECs were characterized via immu-
nofluorescent staining with a cell density of 3 x 10° per scaffold. After
rinsing with phosphate buffer 3 times, the samples were fixed in para-
formaldehyde solution for 30-60 min. Next, 1 mL of 0.1% Triton X-100
and 3% bovine serum albumin (BSA) solution were added to the samples
for 15-20 min and 60 min, respectively, to change the cell permeability
and seal the cytomembrane. OCN antibody incubation was used to stain
the OCN secretion of mBMSCs, and CD31 antibody incubation was used
to stain CD31 in HUVECs. F-actin and 4,6-diamidino-2-phenylindole
(DAPI) were utilized to stain the cytoskeleton and nucleus, respectively.
The samples were observed via laser scanning confocal microscopy.

2.8. In vivo surgery and evaluation

All protocols, surgery processes, aseptic operation and postoperative
antibiotics were approved by the Ethics Committee of Southern Medical
University. The extramembranous osteogenesis was placing the scaf-
folds into subcutaneous site on the skull [38] of SD rats. The implanted
scaffolds with 10 mm diameter and 2.5 mm height were used. The
scaffolds were placed on the periosteum gently. The specimens were
retrieved after implanting for 4 and 8 weeks. A total of 24 male SD rats
with weight range from 180 to 200 g were anesthetized with 4% chloral
hydrate whose dose was 1 mL/100 g.

As for the ectopic subcutaneous implantation of SD rats were to value
the angiogenesis of the scaffolds in the environment without stem cells.
The scaffolds were implanted into the back of the rats. The process was
similar with that of extramembranous osteogenesis experiments on the
skull.

Before measuring, 4% paraformaldehyde solution was used to fix the
harvested specimens. The decalcified process was resort to neutral 10%
ethylene diamine tetraacetic acid (EDTA). The results were evaluated
via histologic section: hematoxylin-eosin staining, Masson staining and
immunohistochemical staining of Platelet endothelial cell adhesion
molecule (CD31) and osteocalcin (OCN). Micro-CT was also utilized to
observe the bone formation.
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2.9. Statistical analysis method

Data were shown as the mean values + standard deviation. Single
analysis of variance at p < 0.05 was used to indicate statistical signifi-
cance. The label * was used to indicate statistical significance. Special
note: the # represents the significant differences compared to control
groups.

3. Results
3.1. Surface morphology of 3D scaffolds

Through the 3D-bioplotting technology, the fabricated scaffolds
were endowed with interconnected pores. The diameter of extruded bio-
ceramic fibres was approximately 250 pm, and the pore size was
approximately 250 pm. After hydrothermal treatment for 24 h, micro/
nano-rod and rod-cluster crystals were formed in situ at the surface of
the precursor scaffold (Fig. 1A and B). The surface crystal was hexago-
nal, and the size of the constructed crystals was uniform.

The obtained rod-cluster micro/nano-crystals on the surface were
peeled and observed via TEM (Fig. 1C). Crystals were observed on car-
bon film. The lattice of the selected area electron diffraction pattern
indicated that the crystal was a single crystal. In addition, the surface
diffraction fringe was obvious, and some nanoscale “pellets” could be
seen on the surface of nanorods by high-resolution TEM (HR-TEM). The
“pellets” indicated that the crystal growth process might involve
building unit accumulation on the crystals rather than a direct phase
transition to HAp.

The 3D scaffolds with a micro/nano-crystal surface layer were
endowed with a higher specific surface area than that of the pre-treated
original scaffolds. The adsorption isotherm was type II, and the hyster-
esis loop was type H3, which was attributed to the irregular pore
structure. The surface pore area (Fig. 1D inset) shows that the amounts
of meso-pores (2-50 nm) and macro-pores (greater than 50 nm) on NMs
increased.

3.2. Surface phase and element composition

The XRD diffraction pattern of Os matched the standard JCPDS code
of whitlockite, and the most intense diffraction peak of CaSiO3 at 30.06°
corresponding to the crystal plane (302) was not obvious due to the low
content. According to XRD (Fig. 2A), the crystal phase of the hydro-
thermally treated surface was HAp. The peaks at 25.90°, 31.80°, 32.18°,
33.00° and 34.09° corresponded to the HAp crystal planes (002), (121),
(112), (300) and (202), respectively, and the code of standard JCPDS is
shown in the inset. From energy dispersive X-ray spectroscopy (EDS)
measurements, elemental analysis confirmed that the composition of the
surface crystal was pure HAp. The elements were uniformly distributed
on the surface, and the ratio of Ca and P was approximately 1.60.

3.3. The cellular adhesion

Integrin is composed of coupled subunits, and the target genes in this
study were aj, o5, 0y and p; as shown in Fig. 3. The expression of these
genes could reflect cellular adhesion on the scaffolds. Compared to Os,
NMs upregulated the expression of subunits ay, o5, and oy. In addition,
the gene expression of oy and as was more upregulated with NMs than
with Hs, but no significant difference emerged in the expression of f;
among the Hs, Os and NMs groups. The results indicated that cellular
adhesion was upregulated in NMs.

3.4. Cell proliferation
mBMSCs proliferation was measured via CCK-8 and the results were

shown in ESI Fig. 3. The B-TCP scaffolds (designated as Ts) were used as
positive control groups. When cultured for 1 d, no significant differences
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were observed. The cell proliferation of NMs was slightly upregulated
when cultured for 3 d. However, no significant differences in cell pro-
liferation were noted between the groups, even after culturing for 7 d.
The effects on mBMSCs proliferation were similar among Hs, Ts, Os and
NMs. Regarding HUVECs, no significant difference emerged among Hs,
Ts and NMs, while Os slightly inhibited HUVECs proliferation when
cultured for 3d and 5 d.

3.5. Osteogenic differentiation

From the RT-PCR results in Fig. 4, the gene expression of OSX in NMs
was higher than that in Ts and Os but showed no significant differences
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compared to the control group (Hs) after culturing for 7 d. When
cultured for 14 d, OSX gene expression was not significantly different
between the Ts, Os and NMs groups but showed significantly higher
upregulation than that in the Hs group. Col-I gene expression in the NMs
group was significantly lower than that in the Os groups when cultured
for 7 d. With the culture time prolonged to 14 d, Col-I gene expression in
the NMs group was more upregulated than that in the other groups. The
gene expression of OCN shared a similar tendency with Col-I gene
expression. Regarding OPN gene expression, no significant differences
were observed at the initial stage. After culturing for 14 d, the gene
expression of OPN in the NMs group was higher than that in the other
groups. The results indicated that the analysed osteogenic genes were

7d 14d

14d 7d

Fig. 4. (A) Immunofluorescence of osteocalcin on scaffolds, DMEM culture for 2 d and osteogenic medium culture for 12 d. Scale bar 200 pm. Detail with 50 pm as
the scale bar. (B) mBMSCs osteogenic differentiation on the scaffolds. The targeted gene markers were OSX, Col-I, OCN and OPN.

125



X. Liu et al.

upregulated in NMs, and the upregulation effects were more obvious as
the culture time was prolonged to 14 d. The protein secretion was a
supplement to transcriptional level measurement. Immunofluorescence
was used to measure secretion of the analysed proteins, and F-actin and
DAPI staining were also utilized. After culturing for 14 d (Fig. 4A),
mBMSCs were distributed over the whole surface of the scaffolds in the
Hs, Ts, Os and NMs groups since bioactive inorganic materials favour the
adhesion and proliferation of stem cells. In addition, mBMSCs tended to
reside on the upper surface in Hs and Ts but tended to wrap the surface
fibre in Os and NMs. For OCN immunofluorescence, few dots emerged in
the Ts and Os groups, but considerable fluorescence was observed in the
Hs and NMs groups.

As for the effects on the gene expression of angiogenic marker in
HUVECGs, the target genes were CD31, KDR, TGF-p and VEGF as shown in
Fig. 5. The gene expression of VEGF and its receptor KDR were more up-
regulation in NMs than that of Hs, Ts and Os. Besides, except no sig-
nificant differences in the expression of TGF-B, the gene expression of
CD31 were up-regulated in NMs than that of other groups. Furthermore,
no significant trend emerged among Hs, Ts and Os which indicated the
ion release might show negligible effects on the HUVECs gene expres-
sion. The results might be attributed to the obtained micro/nano HAp
surface layer which could form a suitable niche for HUVECs.

Regarding immunofluorescence analysis, the targeted protein for
HUVECs was CD31, combined with DAPI and F-actin staining (Fig. 5A).
The cells on Hs, Ts and NMs were observed to wrap the fibre, while there
were fewer cells on Os than in the other groups. For CD31 immunoflu-
orescence, fluorescence appeared in the Hs, Ts, Os and NMs groups, but
the fluorescence observed on NMs was more considerable, and cells
accumulated on the surface in the NMs group. In addition, the immu-
nofluorescence results confirmed that although mBMSCs proliferation
was not significantly different among the groups, a decrease in the
number of HUVECs was observed in Os.

3.6. In vivo extramembranous ectopic implantation

From micro-CT observation (ESI Fig. 2), the scaffolds in NMs bonded
to bone, and the osseointegration was observed from histological sec-
tions; however, no similar phenomena was observed in the other groups.

From H&E staining (Fig. 6A), fibrous tissue with obvious erythro-
cytes was distributed on Hs after implanting for 4 weeks. With the im-
plantation time prolonged to 8 weeks, no new bone matrix formed, but
some capillary structure emerged. The Ts and Os groups exhibited the
same tendency. After implanting for 4 and 8 weeks, no new bone matrix
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emerged in the Ts and Os groups. For the NMs scaffolds, a tight bond was
formed at the bone-implant interface after implanting for 4 weeks, with
a bone-like matrix appearing at the radial edge of the scaffolds. After
implanting for 8 weeks, the surface of the scaffold was embedded with
new bone matrix, which indicated that bone augmentation was pro-
moted. In addition to bone augmentation at the bone-implant interface,
new bone matrix was found at the inner pores of NMs.

According to Masson staining (Fig. 6B), no collagen fibres were
found on the surface of the Hs group after 4-week implantation, and a
small amount of collagen fibres was found after 8-week implantation,
with partial capillary structure. In the Ts group, there was some collagen
fibres after implanting for 4 weeks, while after implanting for 8 weeks,
the amount of collagen fibres increased, and some capillary structure
also appeared. In the Os group, the considerable collagen fibres and
capillary structures emerged till implanting for 8 weeks. Although the
amount of collagen increased with the implantation time from 4 to 8
weeks in the Hs, Ts and Os groups, no new bone matrix appeared. In the
NMs group, collagen fibres were secreted significantly on the surface of
periosteum after implantation for 4 weeks, and the matrix at the radial
edge of the scaffold contained considerable collagen. After implantation
for 8 weeks, more collagen fibres were secreted, which might suggest
maturation of the new bone matrix.

Immunostaining of OCN in Fig. 7 showed that no OCN was secreted
on the surface of scaffolds in the Hs group after 4 weeks of implantation,
and there was a small amount of OCN after 8 weeks of implantation. In
the Ts group, a slight amount of OCN was noted after implanting for 4
weeks, but the OCN secretion increased after implanting for 8 weeks. In
the Os group, the positive area was higher than that in the Hs and Ts
groups, and the secretion was close to that in the NMs group. However,
the average optical (AO) values were inferior to those of NMs. In the
NMs group, OCN was secreted significantly after 8 weeks of implanta-
tion. Moreover, the positive area and AO value were relatively higher
than that of other scaffolds.

3.7. In vivo ectopic subcutaneous implantation

In vivo ectopic subcutaneous implantation was performed at the back
of SD rats. After implanting the scaffolds for 4 weeks, considerable
capillaries could be found in NMs, as shown in Fig. 8A, and flat hae-
mocytes were distributed in the capillaries. Few capillaries were
observed in the Hs, Ts and Os groups. The results of ectopic subcu-
taneous implantation in the backs of SD rats corresponded to those of the
effects on endothelial cells. Furthermore, the capillaries regressed after

Fig. 5. (A) Immunofluorescence of CD31 on scaffolds and HUVECs cultured for 7 d in ECM. Scale bar 200 pm. Detail with 50 pm as the scale bar. (B) Gene expression
of angiogenesis markers in HUVECs cultured on scaffolds for 7 d. Targeted gene markers were CD31, KDR, TGF-p and VEGF.
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NMs

Fig. 6. (A) H&E staining of the HAp scaffold (Hs), -TCP scaffold (Ts), p-TCP/CaSiOs3 scaffold (Os) and scaffold with a micro/nano-HAp surface layer (NMs). Scale
bar 200 pm. (B) Masson staining of the HAp scaffold (Hs), p-TCP scaffold (Ts), p-TCP/CaSiO3 scaffold (Os) and scaffold with a micro/nano-HAp surface layer (NMs).
Scale bar 200 pm (M: materials, CB: cortical bone, NB: new bone matrix, black arrows indicate osteogenesis).

the scaffolds were harvested at 8 weeks, especially in the NMs group. As
a result, few capillaries existed by H&E staining after implantation for 8
weeks. Masson staining showed that a small amount of Col-I was
secreted in the ectopic subcutaneous environment. The Masson staining
results of capillary formation were consistent with the H&E staining
results. To summarize, considerable capillaries formed on the NMs
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scaffolds after 4 weeks but regressed after 8 weeks. In addition, immu-
nohistochemical staining for CD31 of SD rat subcutaneous implants in
the backs was performed (ESI Fig. 4). From the H&E staining and
Masson staining results, capillary vessels formed at 4 weeks (but
regressed at 8 weeks), while CD31 staining showed no significant dif-
ferences between groups, and CD31 positivity faded at 8 weeks. Ectopic
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Fig. 7. OCN staining of the HAp scaffold (Hs), B-TCP scaffold (Ts), p-TCP/CaSiOj3 scaffold (Os) and scaffold with a micro/nano-HAp surface layer (NMs). Scale bar

200 pm.

implantation might not form substantial bone or vessels since integra-
tion with the artery could not be achieved.

4. Discussion

The scaffolds with interconnected pores were fabricated by 3D
printing technology, and the interconnected porous architecture was
conducive to tissue ingrowth and cellular migration. Uniform micro/
nano-rod HAp was constructed on the surface of scaffolds via hydro-
thermal treatment. No organic agent or supersaturation mineral solution
was utilized in the hydrothermal treatment [20]; as a result, the ob-
tained HAp layer contained negligible amounts of the impurity phase via
XRD measurement, and the surface elemental composition was relative
pure, with a Ca/P ratio of approximately 1.60. The “Posner cluster” is a
sub-nanometre cluster with a chemical composition of Cag(PO4)e and
exhibits an amorphous calcium phosphate (ACP) precursor phase [11];
therefore, the Ca/P ratio might change constantly as the ACP precursor
phase changes to a more stable phase (such as HAp). In addition, the
basic unit of the apatite crystals tends to stick to the ¢ plane rather than
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make up the whole crystal at one time, causing the Ca/P ratio to range
from 1.5 (Posner cluster) to 1.667 (flawless HAp). Moreover, compared
to sintered HAp, the HAp crystals synthesized by hydrothermal treat-
ment have relatively poor crystallinity [10]. Therefore, the obtained
HAp structured surface regulated by hydrothermal treatment might be
similar to that of natural bone, whose inorganic crystal composition is
mainly apatite with poor crystallinity [29,39]. To summarize, the
fabricated biomimetic hierarchical structure scaffolds exhibited char-
acteristics of a micro/nano-HAp surface layer and interconnected
porous architecture.

Based on a previous study, the formation process of the micro/nano-
structure on the surface involved dissolution-precipitation: Rather than
mineral ions deposited on the substrate directly, the original scaffolds
initially dissolved and released mineral ions into the surroundings. The
released mineral ions accumulated in the Stern layer of the substrate and
re-crystalized at the active site on the surface; hence, the specific surface
area of NMs increased as well as the surface micro- and meso-pore
volume increased (from the BET results). Since CaSiO3 was proved to
be capable of inducing bone-like apatite formation in supersaturated
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Fig. 8. (A) H&E staining of HAp scaffold (Hs), p-TCP scaffold (Ts), p-TCP/CaSiO3 scaffold (Os) and scaffold with a micro/nano-HAp surface layer (NMs). Scale bar
200 pm.. (B) Masson staining of HAp scaffold (Hs), p-TCP scaffold (Ts), p-TCP/CaSiOj scaffold (Os) and scaffold with a micro/nano-HAp surface layer (NMs). Scale

bar 200 pm. (M: materials, CV: capillary vessel, black arrows indicate CVs).

mineralization solution and the rate was more rapid than that of bio-
glass or A-W glass ceramics [22], the silica-rich surface favoured the
accumulation of mineralization and could be regarded as the active site
for heterogeneous nucleation; some nanoscale “pellets” on the surface of
crystals were observed (via TEM), and these nano-clusters might be the
building units of crystal growth and consist of “Posner clusters” [12],
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which might indicate that crystal growth occurred through the accu-
mulation of crystal units rather than direct phase transformation [40].

As HAp was bioactive and biomimetic relative to natural bones, the
biological effects on the cellular behaviour were tested. Integrin is a
transmembrane receptor that is crucial for cell adhesion. Compared to
original pre-treatment scaffolds (Os) and HAp scaffolds (Hs), 3D
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scaffolds with a HAp surface micro/nano-hybrid structure layer (NMs)
upregulated the gene expression of the integrin subunit, which indicated
that the obtained micro/nano-HAp surface might favour cell adhesion.
In addition, mBMSCs tended to grow together and were mainly
distributed on the obtained micro/nano-HAp surface (ESI Fig. 1 and F-
actin staining in Fig. 4). Even though no significant differences were
observed in mBMSCs proliferation among the groups, the proliferation
of HUVECs inhibited by Os. Since the burst release of CaSiO3 leading the
acute pH rise in microenvironment which might hinder the proliferation
of the endothelial cells [41]. As a consequence, although studies proved
the element release of Ca, P and Si might be contribute to proliferation of
stem cells [42], the mineral ion release showed no advantage in prolif-
eration of HUVEGs in this study.

For the osteogenic differentiation of mBMSCs, the osteogenic
markers ranged from early stage to anaphase. The zinc-finger-structure
osteogenic transcription factor OSX is one of the promoter genes during
osteogenesis [43]. Osteopontin (OPN) is an intermediate marker that
has been proven to be associated with mature osteoblasts [44]. OCN is
common gene marker that emerges at the late stage of osteogenic dif-
ferentiation, which regulates bone matrix deposition and is usually
associated with bone mineralization [45]. Collagen-I is an important
component of bones and is crucial to biomineralization [46]. The PCR
results indicated that ion release (silica) favoured the gene expression of
osteogenic factors, especially in early stage, while the surface structure
showed significant effect after culturing for 14 d; these results suggest
that the obtained micro/nano-HAp surface layer might contribute more
to osteogenic gene expression with prolonged culture time. In addition,
the osteogenic differentiation of target protein secretion was upregu-
lated in NMs, and the immunofluorescence results of OCN were
consistent with gene expression, which indicated that the obtained
micro/nano-HAp surface layer could promote the osteogenic differen-
tiation of mBMSCs in vitro.

Regarding the effects on the gene expression of HUVECs, the target
gene markers including CD31, KDR, TGF-f and VEGF were tested.
Vascular endothelial growth factor (VEGF) not only dominates the
proliferation and differentiation of endothelial cells but can also guide
the germination of blood vessels and form lumen [47]. Transforming
growth factor (TGF-f) can regulate the release of VEGF. The kinase
regional receptor (KDR), also known as endothelial growth factor re-
ceptor (VEGFR-2), promotes the formation of lymphatic and vascular
cells [48]. Platelet-endothelial cell adhesion molecule (CD31), also
known as PECAM-1, regulates endothelial cell adhesion and is involved
in endothelial cell migration, angiogenesis, and integrin activation [49].
The relative gene expression levels of CD31 and KDR in Ts were higher
than those in Os, while the relative gene expression levels of VEGF and
TGF-f in Os were higher. However, CD31, KDR, TGF-p and VEGF
expression was more upregulated in the NMs group than in the Os and Ts
groups. Although it was reported that Si could favour the angiogenesis of
stem cells [48], the released mineral ions showed negligible effects on
the gene expression of HUVECs. It is rational to speculate that the ob-
tained micro/nano-HAp surface layer promotes the gene expression of
HUVECs rather than the released mineral ions. In addition, the results of
immunofluorescent in CD31 supported that speculation. To summarize,
the obtained micro/nano-HAp surface layer constructed on the bio-
mimetic hierarchical structure scaffolds promoted the target gene
expression of mBMSCs and HUVECs in vitro.

In vivo ectopic subcutaneous implantation was performed on the
backs of SD rats. Considerable capillaries contained evident haemocytes
formed on the surface of NMs (4 weeks) but regressed since the capil-
laries could not be integrated with the artery (8 weeks); this result
indicated that NMs promoted the formation of capillaries in an ectopic
environment but that forming substantial vessels might be subject to the
microenvironment in vivo. A more intriguing phenomenon was observed
when scaffolds were implanted onto the periosteum in the skull of SD
rats. In some clinical situations [35], bone repair materials are required
to form new bone out of cortical bone to achieve bone augmentation.
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Significant bone augmentation in the NMs group was observed at the
bone-implant interface after implantation for 4 weeks. New bone matrix
was found surrounding the margin of the scaffolds in 4 weeks but did not
emerge at the site distant from the bone-implant interface. When har-
vested after implanting for 8 weeks, a certain amount of new bone
matrix could be found in the site distant from the bone-implant inter-
face, which might be due to cell migration to the site. From the in vivo
study, biomimetic hierarchical structure scaffolds with a
micro/nano-HAp surface layer could form bonds to bone. In addition,
when the biomimetic hierarchical structure scaffolds were set onto the
periosteum in which stem cells and endothelial cells resided [50], the
promotion of bone augmentation and bone formation might be associ-
ated with mediating cell fate. As shown in the in vitro study, the obtained
micro/nano-HAp surface layer regulates cell fate, leading to osteo-
genesis and angiogenesis in vivo.

Referring to previous studies and others’ reports, the reason why the
biomimetic hierarchical structure scaffolds could promote bone regen-
eration in vivo might be speculated as follows: (1) Mediation of cell fate
to angiogenesis and osteogenesis in vitro. It was reported that the micro/
nano-HAp layer favoured the cellular differentiation of stem cells and
promoted osteogenesis [6,12]. In addition to in this study, we found that
the obtained micro/nano-HAp surface layer could not only favour the
cell adhesion and differentiation of mBMSCs but also promote the
angiogenesis of HUVECs. (2) The stable HAp surface with a biodegrad-
able substrate. Although bio-degradability and releasing mineralization
ions could favour osteogenesis, a stable surface was still needed to
facilitate bone formation [51,52]. In this study, the substrates (B-TCP
and CaSiO3) were bio-degradable ceramics, while the HAp surface layer
was a stable surface for bone formation and could promote osseointe-
gration of the scaffolds since the inorganic component of bone is apatite.
The biomimetic hierarchical structure scaffolds with a stable surface and
biodegradable substrate might balance the match of tissue growth and
degradability of implants. (3) HAp surface layer constructed on
3D-printed scaffolds with interconnected porous architecture. Dense
bulk HAp was proved to lack osteogenesis activity in vivo [12]. The
porous architecture was crucial for bone regeneration [13,53], so the
3D-printed scaffolds with interconnecting pores were ideal substrates for
surface modification and might be conducive to osteogenesis and
angiogenesis in vivo. Hence, the biomimetic hierarchical structure scaf-
folds could induce new bone formation out of cortical bone to achieve
bone augmentation rather than just promoting osseointegration. In
addition, it was reported that bone bonding involves micro-mechanical
interdigitation of the bone tissue with the implant surface [54], and
there is a highly conserved extracellular interfacial matrix called the
“cement line”, which has evolved to anchor new bone tissue; this
“cement line” at the implant interfaces is involved in CaP nucleation and
cluster crystal growth, with the crystal structure resembling that of the
obtained micro/nano-HAp [54], so the next step of this investigation
might focus on the effect of the morphology and size of the
micro/nano-HAp layer on mediating cell fate.

5. Conclusions

In this study, a facile method of surface mineralization combined
with 3D bioplotting technology was utilized to fabricate a biomimetic
hierarchical structure scaffold. The biomimetic hierarchical structure
scaffolds were fabricated with interconnected porous scaffolds as the
architecture and micro/nano-HAp as the surface layer. The micro/nano-
HAp surface layer favoured the adhesion and osteogenic differentiation
of mBMSCs as well as the angiogenic gene expression of HUVECs. In
addition, the results from in vivo study with ectopic subcutaneous im-
plantation confirmed that the biomimetic hierarchical structure scaf-
folds promoted capillary formation and bone augmentation after being
implanted for 4 weeks and induced new bone matrix formation in the
site away from the bone-implant interface after being implanted for 8
weeks. This study might provide a practical strategy to design



X. Liu et al.

biomimetic hierarchical structure scaffolds for bone regeneration and
oral repair.
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