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A B S T R A C T

Bone grafting on defects caused by trauma or tumor stimulates bone regeneration, a complex process requiring
highly orchestrated cell–signal interactions. Bone vascular growth is coupled with osteogenesis, but less is
known about the interplay between angiogenesis and osteogenesis. Understanding this relationship is relevant to
improved bone regeneration. Here, tricalcium phosphate (TCP) scaffolds doped with varying concentration of
cobalt (Co-TCP) were designed to investigate the dosage effect of vascularization on bone formation. The surface
structure, phase composition, mechanical features, and chemical composition were investigated. Co doping
improved the mechanical properties of TCP. Co-TCP, particularly 2% and 5% Co-TCP, boosted cell viability of
bone marrow stromal cells (BMSCs). The 2% Co-TCP promoted alkaline phosphatase activity, matrix miner-
alization, and expression of osteogenic genes in BMSCs in vitro. However, excessive Co doping decreased TCP-
induced osteogenesis. Meanwhile, Co-TCP dose-dependently favored the growth and migration of human um-
bilical vein endothelial cells (HUVECs), and the expression of vascular endothelial growth factor (VEGF). The 2%
Co-TCP significantly shrank the defect area in rat alveolar bone compared with TCP. Smaller bone volume and
more abundant blood vessels were observed for 5% Co-TCP compared with 2% Co-TCP. The CD31 im-
munostaining in the 5% Co-TCP group was more intense than the other two groups, indicating of the increment
of endothelium cells. Besides, 5% Co-TCP led to mild inflammatory response in bone defect area. Overall, TCP
doped appropriately with Co has positive effect on osteogenesis, while excessive Co suppressed osteoblast dif-
ferentiation and bone formation. These data indicate that vascularization within a proper range promotes os-
teogenesis, which may be a design consideration for bone grafts.

1. Introduction

Loss of bone mass is a major health issue associated with ageing,
trauma, and diseases such as osteoporosis and tumor. The objective of
clinical therapy is to reconstruct the bone defects and promote bone
regeneration. Bone grafting methods currently in use are unable to meet
the clinical need for effective bone grafts due to donor site morbidity of
autografts, and immunorejection and disease transmission of allografts
and xenografts [1,2]. In comparison with natural biomaterials, syn-
thetic biomaterials possess the benefits of ready availability and high
reproducibility and quality stability [3]. Bone substitute scaffolds ob-
tained from synthetic or inorganic/organic materials are often used to
treat bone loss and support the bone repair or regeneration at defect
sites [4]. Among the synthetic materials used for such scaffolds, tri-
calcium phosphate (TCP) is an absorbable bone graft material that was

replaced by bone after being implanted into the defect [5]. TCP-based
bioceramics have been successfully used in clinical treatment for bone
repair, primarily due to their biocompatibility, bioactivity, osteo-
conductivity, and biodegradability [6]. However, angiogenesis is es-
sential for osteogenesis and TCP should be modified to offer the pro-
mise of angiogenesis for improved osteogenesis [7]. Therefore, if TCP's
ability to stimulate revascularization and new bone formation can be
improved simultaneously, the clinical applications can also be in-
creased in more cases [8].

A big challenge for the survival of bone substitutes for critical-size
defect in vivo is the ensurance of cell viability in the scaffolds, which
depends largely on effective neovascularization [9]. Blood vessels not
only provide nutrients and minerals for cell survival and mineralization
but also recruit osteoprogenitors to the graft surface [9–11]. Further-
more, complex vascular networks induce the recruitment of
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hemopoietic stem cell and immune cells, which are both indispensable
in tissue regeneration and remodeling. In contrast, inadequate or ab-
normal vascularization leads to inferior bone formation or cell death
caused by the shortage or unnecessary removal of oxygen and nutrients
[12]. Understanding the properties linking angiogenesis and bone for-
mation should be of great relevance for improved bone regeneration.
However, the relationship between the extent of vascularization and the
amount of bone regeneration remains elusive.

Various strategies for targeting angiogenesis during bone re-
generation are being investigated. Several proposed approaches couple
processes of angiogenesis and osteogenesis using biomaterials.
Prevascularization can be achieved via combining endothelial cell cul-
ture and angiogenic growth factors, such as basic fibroblast growth
factor, vascular endothelial growth factor (VEGF), and platelet-derived
growth factor [13,14]. However, the disadvantages of recombinant
proteins, especially the concerns regarding cost, instability and safety,
hinder the potential clinical translation of the usage of growth factors
[15]. Other strategies to improve vascularization in bone graft sub-
stitutes include mechanical or electrical stimulation, and modification
of the mechanical and chemical properties [16–18].

Recently, therapeutic metal cations have been incorporated into
TCP to support bone regeneration [7,19,20]. Cobalt was found to in-
duce hypoxia, activation of the hypoxia-inducible factor 1-alpha (HIF-
1a) pathway, and the subsequent expression of VEGF [21]. Thus, cobalt
is a promising dopant of bone substitute in the regeneration field. Co-
balt incorporated into calcium phosphate coatings has been shown to
enhance angiogenesis intramuscularly in goats [22]. Cobalt-containing
titanium/phosphate-based glass improved the survival of endothelial
cell and promote angiogenesis [23]. Previous study showed that Co2+-
substituted hydroxyapatite was found to recuperated the osteoporosis-
induced bone defect [24].

Thus, TCP doped with Co may serve as an ideal scaffold material to
investigate the interplay between angiogenesis and osteogenesis.
However, the dosage effect of Co on bone regeneration and vascular-
ization is unclear. We hypothesized that moderate vascularization is
needed for bone regeneration, and neither insufficient nor excessive
amount of vascularization support osteogenesis. Thus, we investigated
the osteogenic and angiogenic properties of TCP doped with different
concentrations of Co, aiming to identify the coordination between os-
teogenesis and angiogenesis, the results of which are reported herein.

2. Materials and methods

2.1. Fabrication of Co-TCP

Co-TCP was prepared using a chemical precipitation method. The
TCP used in this study was got from calcium phosphate, calcium nitrate,
and cobalt nitrate precursors (Sigma Aldrich, St. Louis, MO). The stoi-
chiometric amounts of precursors were mixed and ball milled, and then
heated at 1050 °C for 24 h. The doping levels were set to 1 wt%, 2 wt%,
5 wt%, and 10wt% after comprehensive analysis of previous studies
[25–27]. The powders were then sieved using a 60× 80mesh before
subsequent experiments to obtain uniform particle size
(180×250mm). A powder pressing machine was used to shape the
powders into pellets. Disk form of scaffolds were obtained after the
pellets were pressed using an isostatic pressing machine (LDJ100/320-
300, Western Sichuan Machinery Co., Ltd., China) at 200MPa and
sintered at 1120 °C for 2 h.

2.2. Scanning electron microscopy analysis

The XL-30 ESEM-FEG scanning electron microscopy (SEM, Philips,
Hillsboro, USA) was used to observe the surface morphology of the
obtained TCP scaffolds. The images were taken in the secondary elec-
tron mode at a fixed accelerator voltage (V= 10 keV) and working
distance (10mm). To analyze the adhesion of HUVECs on TCP, the

scaffolds were fixed in 4% paraformaldehyde solution (Sigma-Aldrich)
for 30min after rinsing with phosphate buffered saline (PBS). Ethanol
solutions of increasing concentrations (30, 50, 70, 90, 100%) was then
used to dehydrate the samples. Samples were immersed in ethanol so-
lution of each concentration twice and each time for 15min. Dehy-
drated samples were left in hexamethyldisilazane (Sigma-Aldrich)
overnight.

2.3. Fourier transform infrared spectroscopy (FT-IR)

For FT-IR analysis, the Perkin-Elmer Spectrum 1000 (Perkin-Elmer,
Waltham, MA) was used to detect the chemical composition of TCP
particles in a transmission mode in the range of 400–4000 cm−1.

2.4. Mechanical properties

Disk samples with the size of 15mm diameter and 1.5 mm thickness
were made using a standard mold. The mechanical behavior of Co-TCP
was tested under quasi-static compression using a universal mechanics
testing machine (RTR-1000, GCTS, America). The pre-loaded force was
set at 1 kN and the cross-head speed was 2mm/min. The compressive
modulus was obtained from the stress-strain curve. The universal me-
chanics testing machine was used to analyze the flexural strength with
three-point-bending tests at a crosshead rate of 1mm/min until frac-
ture. The flexural strength was calculated using a function with the
value of fracture load, the width and height of the specimen, the de-
flection of specimen, and the distance between the supporting pistons
according to previous study [28,29]. The fracture toughness was eval-
uated using the same mechanics testing machine for the compression
test. The fracture toughness was calculated from an equation proposed
by Anstis et al. [30].

2.5. X-ray diffraction (XRD)

A Siemens D5005 X-ray diffractometer (Bruker AXS, Karlsruhe,
Germany) was used to determined phase composition of the grounded
TCP samples. The scanning was performed with speeds of 3 s/step and
the 2θ range from 20 to 40°. The Cu-Kα radiation was applied to record
the diffraction patterns with a fixed voltage (40 kV) and a tube current
(40mA).

2.6. The energy-dispersive X-ray (EDX)

The energy-dispersive X-ray (EDX) microanalysis of TCP and Co-
TCP scaffolds was performed using Quanta 200 SEM (FEI, Eindhoven,
the Netherlands) with attached EDX unit.

2.7. Sterilization of TCP constructs

TCP samples were washed with pure water and dried in an oven at
50 °C after fabrication. The scaffolds were then sterilized in an auto-
clave at 121 °C and 1.5 psi for 20min, and dried in a sterile hood. Then,
the TCP constructs were kept under seal in dry place at room tem-
perature before use.

2.8. Cell culture

Human BMSCs and human umbilical vein endothelial cells (HU-
VECs) were supplied by ScienCell (San Diego, CA). BMSCs were cul-
tured in alpha MEM supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin/streptomycin. HUVECs were cultured in endothelial
cell medium (ECM; ScienCell, San Diego, CA) with 5% FBS, 1% en-
dothelial cell growth supplement, and 1% penicillin/streptomycin so-
lution. To induce osteoblast differentiation, cells were cultured in os-
teogenic media (OM) containing 10% FBS, ascorbic acid (0.2 mM),
dexamethasone (100 nM), and b-glycerophosphate (10mM). The
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culture medium was changed every other day.

2.9. Quantitative real-time polymerase chain reaction

The mRNA level of osteogenic markers was measured by quantita-
tive real-time polymerase chain reaction (qRT-PCR) analysis. BMSCs
and HUVECs were cultured on TCP or Co-TCP disks (34mm diameter
and 1.5 thickness) in OM or ECM. BMSCs were harvested at D3, D7, and
D14, while HUVECs were harvested after 3 days of culturing. Total RNA
was extracted using TRIzol reagent (Life Technologies, Gaithersburg,
MD) according to standard protocols. The quantity and purity of ob-
tained RNA were assessed using a spectrophotometer (NanoDrop ND-
2000; Thermo Fischer Scientific, Waltham, MA). A cDNA Reverse
Transcription Kit (Takara, Shiga, Japan) was used to synthetize cDNA.
Quantitative PCR was conducted using SYBR Green Master Mix (Life
Technologies, Gaithersburg, MD) in an ABI Prism 7500 real-time PCR
System (Applied Biosystems, Foster City, CA). The reaction mixture
denaturated at 95 °C for 10min followed by 40 cycles of 95 °C for 30 s,
60 °C for 30 s and 72 °C for 30 s, and finally elongated at 72 °C for 5min.
The housekeeping gene, Glyceraldehyde phosphate dehydrogenase
(GAPDH), was used as internal reference, and the transcription level of
each gene was normalized to GAPDH. The difference between the
threshold cycle (Ct) of GAPDH and the target gene was calculated to
obtain the Δ threshold cycle (ΔCt) value. Relative fold change in gene
expression between TCP and Co-TCP samples were determined using
the formula 2−(ΔCt1−ΔCt2). The specific primer sequence for each gene is
designed with Primer Premier software (Primer Premier v5.0; Premier
Biosoft International, Palo Alto, Calif.) [31] and described in Table 1.

2.10. Cell proliferation assays

Cell proliferation was determined by Cell Counting Kit-8 assay
(CCK-8, Dojindo, Japan), which is through the reduction of tetrazolium
salt using mitochondrial dehydrogenases of cells. The TCP scaffolds
were transferred into the 24-well plates. Then, 500 μL culture medium
with 1×105 BMSCs or HUVECs was added into the plates. PBS was
used to wash the scaffolds with cultured cells. The scaffolds were later
transferred to a new culture plate and 50 μL CCK-8 solution diluted with
450 μL total medium were added. After incubation at 37 °C for 2 h,
absorbance value of the optical density (OD) at a wavelength of 450 nm
was measured using a microplate reader (model 680, Bio-Rad, Hercules,
CA) in 96-well plates.

2.11. Alkaline phosphatase (ALP) staining and activity

Cells were cultured with TCP or Co-TCP disks (15mm diameter and
1.5 thickness) for 7 days. ALP staining was performed using an NBT/
BCIP staining kit (CoWin Biotech, Beijing, China). BMSCs were fixed in
4% polyoxymethylene for 10min at day 7, washed with deionized
water, and incubated with the NBT/BCIP solution for 30min at 37 °C.
ALP activity was evaluated using a kit from Jiancheng (Nanjing, China).
The culture supernatant was pipetted off and 100 μL lysis solution for
each well was added. After incubation for 1 h on ice, cell lysates were
mixed with the reactants in the kit following the manufacturer's in-
structions. The resulting optical absorbance was detected at 405 nm.
Meanwhile, total protein was quantified using 10 μL cell lysates with

the bicinchoninic acid (BCA) assay kit (Pierce, Rockford, IL). The ob-
tained data of ALP activity were normalized against the total protein
concentration. The relative fold of ALP activity in Co-TCP samples was
calculated against that of the controls.

2.12. Alizarin red staining

Matrix mineralization was determined using alizarin red R (ARS).
BMSCs were cultured on the TCP and Co-TCP scaffolds (15mm dia-
meter and 1.5 thickness). After 14 days of culturing in osteogenic
medium, BMSCs were fixed in 4% paraformaldehyde for 30min, in-
cubated in a 0.1% (w/v) alizarin red solution (Sigma-Aldrich, Saint
Louis, MO) for 20min, and then rinsed using ultrapure water. Finally,
100mM cetylpyridinium chloride was used to elute the stain for
quantification, and the optical absorbance at 570 nm was examined.
The relative fold of ARS intensity in Co-TCP samples was calculated
against that of the TCP samples.

2.13. Immunofluorescence assays

BMSCs were cultured on TCP and Co-TCP scaffolds (15mm dia-
meter and 1.5 thickness) and immunofluorescence assays was carried
out as previously described [32]. BMSCs were immersed in 4% paraf-
ormaldehyde for 30min and then in 1% Triton X-100 for 10min. The
samples were then blocked with 10% goat serum for 20min. The pri-
mary antibody of anti-osteocalcin (OCN) antibody (1:100 dilution,
Abcam, Cambridge, UK) and secondary antibody of rhodamine-labeled
antibody (1:200 dilution, Santa Cruz) were used. The nuclei were
stained by 4′,6-diamidino-2-phenylindole (DAPI; Invitrogen, Carlsbad,
CA). Fluorescence images were obtained using confocal laser scanning
microscopy (CLSM).

2.14. Wound closure assay

TCP, 2% and 5% Co-TCP scaffolds of 34mm diameter and 1.5mm
thickness were placed into the 6-well culturing dishes before HUVECs
were plated at a density of 1× 105. HUVECs were cultured in ECM for
4 days to reach confluency and form monolayer. The medium was then
switched to ECM without serum before a wound was made around the
scaffolds using pipette tips. Phase-contrast pictures of wounds were
taken immediately after the wounds were made (at 0 h) and at 48 h.

2.15. Experimental alveolar defect in rat

TCP and Co-TCP scaffolds of 5mm diameter and 1.5mm thickness
were fabricated, sterilized, and dried in a sterile hood. Twelve male
Sprague-Dawley rats (6-week-old; Vital River, Beijing, China) were
purchased and randomly divided into 3 groups: TCP, 2% Co-TCP, and
5% Co-TCP. Nembutal (1%) was used for animals anesthesia (1mL/kg)
administered via intraperitoneal injection. A critical size defect (5mm
in diameter) in Sprague-Dawley rat mandibular bone was created under
an aseptic surgical environment to evaluate the bone regeneration po-
tential of different scaffolds [33]. TCP, 2% Co-TCP, and 5% Co-TCP
scaffolds were placed to fill in the defect. The wound was then closed in
layers using 6–0 sutures. All the rats were euthanized eight weeks later
by decapitation under deep anesthesia with a Nembutal overdose

Table 1
The primers for qRT-PCR analysis.

Forward Reverse

GAPDH 5′-CGACAGTCAGCCGCATCTT-3′ 5′-CCAATACGACCAAATCCGTTG-3′
RUNX2 5′-ACTACCAGCCACCGAGACCA-3′ 5′-ACTGCTTGCAGCCTTAAATGACTCT-3′
ALP 5′-GTGAACCGCAACTGGTACTC-3′ 5′-GAGCTGCGTAGCGATGTCC-3′
VEGF 5′-AGGGCAGAATCATCACGAAGT-3′ 5′-AGGGTCTCGATTGGATGGCA-3′
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(100mg/kg). The Peking University Animal Care and Use Committee
approved the surgery procedures.

2.16. Micro-CT analysis

To assess new bone formation and porosity, the fixed mandibular
defects were detected with a compact micro-computed tomography
(CT) system (Skyscan 1174, Bruker Micro-CT, Belgium), and serial
images of fixed mandible tissue were acquired. The mandible was re-
constructed by three-dimensional reconstruction and analyzed quanti-
tatively. A 5-mm-round region in the center of defect was determined to
detect the relevant parameters. The bone mineral density (BMD) and
bone volume (mm3; BV) was calculated with standard software (μCT
100, Scanco, Brüttisellen Switzerland).

2.17. Histological assessment of regenerated bone

The mandibular bones of rats were dissected and fixed using 4%
paraformaldehyde at 4 °C overnight. The samples were decalcified in
10% Ethylenediaminetetraacetic acid (EDTA) solutions until the tissue
can be easily penetrated with needles. After embedded in the medium
for frozen tissue specimens (Sakura, Torrance, CA), the samples were
sectioned at a thickness of 7 μm. Hematoxylin and eosin (H&E) were
used for staining. Images of the defect margin and defect center were
captured under a light microscope (Carl Zeiss Inc., Oberkochen, Ger-
many).

3. Results

3.1. Phase composition

The chemical precipitation method was used to fabricate TCP
ceramics doped with varying Co concentrations. The precipitate ap-
peared when PO43− ions were introduced into the Ca2+ solution and
the addition of Co turned the color of TCP to purple. XRD patterns
(Fig. 1A) of the Co-TCP ceramics showed that the ceramics were com-
posed of α-TCP (JCPD 09-0348), β-TCP (JCPD 09-0169), and α/β-TCP
polymorphs [34,35]. β-TCP was the main phase present in the material,
and the addition of cobalt dopant was found to have an effect on
composition process. Compared with the TCP without dopants, the
percent of α phase and β phase increased, while the intensity of peaks
corresponding to α/β-TCP weakened with increasing Co content. This
indicates that addition of Co stabilized the structure of TCP.

EDX was also used to analyze the presence of Co within the mate-
rials. In Fig. 1B, EDX showed peaks of Co within the Co-TCP scaffolds
and the different atomic ratio depending on different doping levels.

3.2. Microstructure and porosity

The surface morphology of Co-TCP bioceramics with 0%–10% co-
balt was examined via SEM (Fig. 2). The Co-TCP particles displayed
angular but irregular shape. The crystal size of TCP slightly increased
with the addition of cobalt dopant. The pore morphology varied sig-
nificantly for all cobalt doping samples.

3.3. Mechanical properties

Mechanical properties of the material are provided by compressive
strength analysis. Higher testing compressive strength indicates higher
fracture toughness [36]. The mechanical behavior of TCP scaffolds was
evaluated under compression and is presented as a stress-strain plot
(Fig. 3A). The quasi-static compressive modulus of pure TCP was
1037 ± 41.19MPa, while the addition of cobalt increased the modulus
of TCP. The modulus of Co-TCP scaffolds improved with increasing Co
content, ranging from 1259 ± 133.8 to 2165 ± 8.905MPa.

Bending tests provide an effective means to evaluate the flexural

strength and fracture toughness of TCP involved in the resistance to
fracture or break. Generally, the flexural strength of Co-TCP was higher
than TCP. The flexural strength of 10% Co-TCP was relatively higher
than other groups and significantly increased compared with that of
TCP (Fig. 3B). Meanwhile, the fracture toughness of 2% and 5% Co-TCP
was significantly increased compared with TCP, indicating that the
fracture toughness of TCP was improved by Co-doping (Fig. 3C).

3.4. Fourier transform infrared spectrometer analysis

FT-IR analysis of the TCP samples without Co showed typical
spectra of TCP composition (Fig. 4). The characteristic bands of phos-
phate (PO43−) in β-TCP are in the range of 560 to 604 cm−1 and 900 to
1200 cm−1.The spectra from the Co-TCP scaffolds also showed the
absorption peaks of phosphate, but the bands were widened due to the
presence of Co2+.

3.5. Co-TCP promotes the proliferation of BMSCs

The extracellular Co ions can enter cells via the cation ion pumps in
cell membrane. Alternatively, Co ions can bind to metal transporters or
serum proteins that mediated endocytosis [37]. Although earlier studies
investigated the osteogenic and angiogenic potential of Co-TCP, there
were some concerns regarding the cytotoxicity of Co2+ [38]. The cel-
lular response to material extracts of Co-TCP was thus investigated, and
we performed CCK8 assay to examine its effect on cell proliferation. The
optical density, which is corresponded to cell viability, was recorded
each day for four days (Fig. 5). The multiplication of BMSCs was evi-
dent during the test period. Although Co2+ is regarded to be potentially
toxic, our results showed that Co-TCP with low concentrations of Co2+

has no significant cytotoxicity. Difference in optical density was noticed
as early as day 1. The supplementation of Co enhanced the proliferative
activity (p < 0.05). Up to day 4, cell proliferation was gradually en-
hanced with increasing Co content up to 5%, after which there was a
decrease up to 10%. In the 2% and 5% groups, the cell proliferation was
initially comparable to that of other Co-TCP groups, but then sub-
stantially increased after 3 days. Thus, the TCP scaffolds with 2% and
5% Co represent superior ability to promote the proliferation of BMSCs
compared to TCP with other concentrations of Co.

3.6. Co-TCP promotes osteogenic differentiation of BMSCs

The osteogenic differentiation of BMSCs was next examined. The
activity of ALP, which involves in the early stage of osteogenesis, was
substantially determined at day 7 of culturing (Fig. 6A). In osteogenic
culture conditions, the ALP level was strongly increased in both the 2%
and 5% Co-TCP groups; however, ALP activity was slightly decreased in
the 10% Co-TCP group. The ALP levels for 1% and 10% Co-TCP were
similar to that of TCP (Fig. 6B).

In addition to the early osteogenic marker, osteoblasts at the rela-
tively prolonged cultures will secrete other extracellular matrix (ECM)
proteins that are essential in much later stages of osteogenesis and
mineralization. The ECM mineralization was examined via alizarin red
staining (Fig. 6C). Cultured for 14 days in osteogenic differentiation
medium, the mineralization in the 2% Co-TCP group was more intense
compared to that in the other groups. Moreover, the BMSCs on 5% Co-
TCP showed stronger staining than the 1% and 10% Co-TCP scaffolds as
well as TCP alone. In brief, 2% Co-TCP promoted the mineralization of
matrix better than TCP with other Co concentrations (Fig. 6D).

3.7. The expression of osteogenic genes

The expression of osteogenic markers, including ALP and runt re-
lated transcription factor 2 (RUNX2), in BMSCs seeded onto the Co-TCP
scaffolds was also analyzed. Although the mRNA expression of ALP was
not significantly different among the tested groups with different levels
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of Co at day 3, ALP expression in the 1% and 2% Co-TCP groups was
significantly higher than the TCP group at day 7 and 14. ALP expression
in the 5% and 10% Co-TCP groups was also higher at day 14 than that
on the pure TCP but lower than that on the 1% and 2% Co-TCP scaffolds
(Fig. 7A). At day 3, the level of RUNX2 mRNA presented no significant
change between pure TCP and the Co-TCP groups. At day 7, 2%, 5%,
and 10% Co-TCP significantly increased the expression of RUNX2, with
2% Co-TCP being the most effective. At day 14, BMSCs on 2% Co-TCP
consistently expressed higher levels of RUNX2 compared to the other
groups (Fig. 7B). In addition, the osteoblastic phenotype of BMSCs
seeded onto the TCP scaffolds was assessed by immunofluorescence
analysis of OCN protein products. More evidence of OCN was observed
at day 14 on 2% and 5% Co-TCP compared with TCP (Fig. 7C). These
data indicate that 2% Co-TCP induced relatively higher expression of
osteogenic markers compared with other Co-TCP groups.

3.8. The Co-TCP support the growth and migration of HUVECs

Since successful vascularization is the key to bone regeneration, the
effect of Co-TCP on the adhesion and growth of HUVECs was also
analyzed. The SEM micrographs revealed the HUVECs attached to the

surfaces of Co-TCP (Fig. 8A). The cells displayed plate-like morphology
and were well expanded over the ceramic surface with 2%–10% Co
after 24 h of seeding. The proliferation ability of HUVECs were also
analyzed using CCK8. The proliferation of HUVECs was promoted by
Co-TCP constructs in three days, with 10% Co-TCP being the most fa-
vorable for the growth of HUVECs compared with Co-TCP with other
doping level (Fig. 8B). The expression of VEGF in HUVECs induced by
Co-TCP was examined after 24 h of culturing. The addition of Co sig-
nificantly increased the mRNA level of VEGF in a dose-dependent way
(Fig. 8C). The migration of HUVECs cultured on TCP, 2% and 5% Co-
TCP were also analyzed by the wound closure assay. Compared with
TCP, Co-TCP accelerated the wound closure in HUVECs monolayers,
and 5% Co-TCP promoted wound closure more significantly than the
2% Co-TCP (Fig. 8D).

3.9. In vivo bone formation

An alveolar bone defect model in rats was constructed to assay the
in vivo effects of TCP and Co-TCP scaffolds on bone regeneration
(Fig. 9A). No surgical complications occurred and no visual signs of
inflammation or infection were observed at implant retrieval. Since the

Fig. 1. XRD and EDX analysis of the TCP and Co-TCP ceramics. (A) Pure TCP and Co-TCP had mixed α- and β-TCP phases, and Co doping stabilized the β-TCP phase.
(B) The EDX spectrum showed the presence of different Co ratio depending on different doping levels.

Fig. 2. SEM images showing the surface microstructure of TCP and Co-TCP ceramics. Scale bars, 5 μm.

Y. Zheng, et al. Materials Science & Engineering C 99 (2019) 770–782

775



in vitro experiments demonstrated the effectiveness of the 2% and 5%
Co-TCP, 2% and 5% Co-TCP was applied in the in vivo study, which may
result in improvement in bone regeneration. Eight weeks after im-
plantation of scaffolds, micro-CT was used to evaluate the degree of
bone formation. Representative CT-constructed images were demon-
strated in Fig. 9B in planar views. Within the TCP scaffold, new bone
was found along the margin of the defect, indicating of TCP's

osteoconductive role. When 2% Co-TCP scaffold was used, the defect
area was decreased on planar view. Moreover, a larger amount of new
bone formed in the 2% Co-TCP group compared with the TCP group.
Micro-CT software further analyzed the 3D de novo bone structure to
characterize bone volume and bone surface density. Compared with the
TCP group, the bone volume increased 4-fold, from 7.6% to 28.8%,
which showed the noticeable stimulatory role of Co-TCP in bone re-
generation (Fig. 9C). The volume of new bone and bone volume density
(BV/TV) were significantly increased with inclusion of 2% Co in the
TCP scaffold but decreased in the 5% Co-TCP group (Fig. 9D).

After decalcification, the tissue samples were analyzed histologi-
cally (Fig. 9E). The histological images were consistent with the micro-
CT results. Although the ceramic particles were observed, bone re-
generation was found in the center and along the margin of the defect in
2% Co-TCP group, while partially negative effect on bone regeneration
was observed in the TCP groups. Compacted with a lining of osteo-
blasts, the new bone that formed in the 2% Co-TCP group was relatively
mature, which maintained the formation of lamellar-structured bone
and the replacement of loosely organized woven bone matrix in some
areas. Although islands of neobone were present in the 5% Co-TCP
group, inflammatory cell infiltrate was also observed. Thus, the in-
flammatory response suggested questionable tissue compatibility of the

Fig. 3. Mechanical properties of Co-TCP with different concentrations of Co. (A) Compressive modulus. (B) Flexural strength. (C) Fracture toughness. *p < 0.05;
**p < 0.01; ***p < 0.001 compared with pure TCP.

Fig. 4. The FT-IR spectra of Co-TCP with different concentrations of Co. The presence of phosphate is marked and the zoom picture in the range of 450 to 700 cm−1

was shown in the right panel.

Fig. 5. CCK8 was used to analyze cell proliferation activity of BMSCs cultured
on Co-TCP with varying Co concentrations. *p < 0.05 compared with pure
TCP.
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5% Co-TCP. Moreover, blood vessels were clearly observed in the
groups treated with the 2% and 5% Co-TCP, demonstrating the role of
Co in the promotion of angiogenesis. CD31, also known as pecam1, was
expressed in the intercellular junctions between endothelial cells, and
we examined the expression of CD31 in the samples using im-
munohistochemical technique. The intensity of CD31 immunostaining
was significantly increased in the tissue surrounding the 5% Co-TCP,
indicating of increment of endothelium cells. Notably, the majority of
inflammatory cells were found to resident closely to the blood vessels.

4. Discussion

Bioinorganic ions are an inexpensive and stable alternative to
growth factors for the modification of bone graft substitutes. In this
study, TCP was doped with cobalt, and the osteoinductive as well as
pro-angiogenic effects of Co-TCP were analyzed in vitro and in vivo.
Ionic substitutions can cause changes in the physicochemical feature of
scaffolds depending on the property, size and amount of the substituent,
like the microstructure and crystal morphology [23]. Previous study
showed that the β-TCP phase was thermally stabilized after added by
bivalent ions such as Zn and Mg [39,40]. Consistently, our data also
showed that Co improved the stability of β-TCP, and the transition
phase of α/β-TCP decreased with addition of Co. We suppose that the
dopant ions were bonded to the oxygen atoms as the microstructure
illustrated in the supplemental Fig. S1. The smaller size of Co cations

compared with Ca cations contributed to the more stable crystal
structure of Co-TCP. Consistently, the addition of cobalt also increased
the strength and compressive modulus of TCP, which exhibits slightly
higher mechanical strength than natural trabecular bone [41]. The
enhanced strength and modulus also resulted from the compacted
structure of the Co-TCP scaffold. The compressive modulus of human
cortical bone ranges from 90 to 230MPa and cancellous bone ranges
between 2 and 45MPa, which is comparable to the modulus of Co-TCP
identified in the present study. A bone graft material with compressive
modulus similar to bone is needed to prevent stress shielding and fa-
tigue fracture under cyclic loading [42]. Moreover, resorption of bio-
material is an important characteristic influencing the bone-bonding
properties [43]. Resorption and replacement of the biomaterial were
paralleled by osteogenesis and bone regeneration. The addition of metal
elements to TCP materials can affect its degradation [44]. The structure
of Co-TCP surfaces started to lose the form at D14 and collapsed at D21
(Supplemental Fig. 2). Previous study also showed that Co-TCP induced
the switch of macrophages and the differentiation of osteoclasts
[45,46], indicating that doping with Co may increase the degradation
rate of TCP. The degradation potential of Co-TCP would also contribute
to the enhanced bone formation in the present study.

Co-TCP scaffolds with varying concentrations of Co were prepared,
and the relationship between osteogenesis and angiogenesis was de-
tected by both in vitro and in vivo experiments. The shortage of rapid
vascularization inside the engineered construct greatly hurdled the

Fig. 6. Osteogenic differentiation of BMSCs cultured with Co-TCP. Optical photos of ALP staining at day 7 (A) and the quantification of ALP activity at day 14 (B)
were shown. Optical photos (C) and quantification of ARS staining (D) were shown. *p < 0.05 compared with pure TCP.
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healing of large bone defects. It has been widely accepted that blood
vessels mediate the transportation of circulating cells, oxygen, nu-
trients, and waste products, as well as providing so-called angiocrine
signals that control bone homeostasis [47,48]. However, the underlying
regulation between angiogenesis and osteogenesis was unclear. We
identified that vascularization within a proper range promoted osteo-
genesis, while excessive vascularization led to compromised bone for-
mation using a Co-TCP model (Fig. 10). The main idea of using Co2+ in
TCP is based on the intrinsic property of Co to accelerate angiogenesis
[49]. Consistently, our results also confirmed that incorporation of
Co2+ promoted the expression of the angiogenic marker VEGF in vitro
and the formation of blood vessels in vivo. The effects of Co on angio-
genesis were enhanced with the increasing concentration of Co.
Meanwhile, the optimal concentration of Co2+ to support osteogenesis
was about 2%. Consistent with our results, the incorporation of Co into
calcium-phosphate coatings on Ti leads to increased expression of os-
teogenic markers. The effects are highly related to the Co concentra-
tion, and a similar level of optimal Co dose was determined [15]. We
also validated the osteogenic potential of Co-TCP in a model of critical-
sized mandibular bone defects in a rat model. Similarly, 2% Co-TCP
promoted bone regeneration and increased the abundance of vessels,

while greater amounts of Co (5% Co-TCP) led to substantial vascular-
ization and reduced bone regeneration.

Although the mechanism underlying the interaction between an-
giogenesis and bone formation was not investigated in this study, the
HUVECs treated with Co-TCP were found to enhance the expression of
VEGF. In accordance with our results, treating BMSCs with Co ions
resulted in increased expression of VEGF [50,51] and enhanced neo-
vascularization of collagen scaffolds subcutaneously and orthotopically
[52]. VEGF is a well-known regulator of the growth of the vascular
network. Additionally, VEGF is essential for intramembranous ossifi-
cation and the knockout of VEGF causes developmental defect in skull
bones and delayed ossification [53,54]. However, VEGF overexpression
leads to bone resorption because of excessive osteoclast recruitment
[55]. Thus, VEGF has opposite effects on bone physiology depending on
different situation and may contribute to the divergent effect on vas-
cularization and bone homeostasis induced by Co.

Interestingly, it seems that both excessive angiogenesis and ag-
gravated infiltration of inflammatory cells were induced by relatively
high concentrations of Co in the present study. On the contrary, Co has
previously been reported to promote inflammatory process [56,57].
The increase in inflammatory cells may be due to the increased amount

Fig. 7. The expression of osteogenic genes in BMSCs cultured with Co-TCP. The mRNA levels of ALP (A) and RUNX2 (B) were analyzed using qRT-PCR at day 3, 7,
and 14. (C) The protein level of OCN was analyzed using immunofluorescence staining at day 14. *p < 0.05 compared with pure TCP. Scale bars, 20 μm.
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of blood vessels, which may have facilitated the migration of immune
cells. Excessive inflammation can perturb bone metabolism and im-
pedes bone regeneration [58]. Thus, the optimum Co ion concentration
is necessary for ideal vasculature formation in bone tissue engineering.
Previous study showed that blood Co concentrations < 300 μg/L did
not cause systemic health effects [38]. Even though excessive in-
flammation is observed in scaffolds with high dose of Co, systemic
adverse effects are unlikely to occur in recipients with Co-TCP scaffolds.

5. Conclusions

In the present study, TCP scaffolds doped with varying concentra-
tion of Co were fabricated, and its effects on osteogenesis and vascu-
larization were investigated in vitro and in vivo. Although modification
with 2% Co has a positive effect on osteoblast differentiation in vitro
and bone regeneration in vivo, excessive Co (5% and 10%) suppressed
cell proliferation, osteoblast differentiation, and bone regeneration.
Moreover, the application of Co ions stimulated the proliferation and
migration of HUVECs, and increased the expression of VEGF in a dose-
dependent manner. The expression of VEGF induced by Co may account
for the biological role of Co-TCP. Our study provides a clue for the
development of bone regeneration applications using pro-angiogenic
methods.
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