
INTRODUCTION

The reconstruction of bone defects caused by injury, 
infection, and tumor growth is crucial in maxillofacial 
surgery, dentistry, and orthopedics. Recently, numerous 
studies have reported that biodegradable calcium 
phosphates, such as alpha tricalcium phosphate (α-TCP, 
α-Ca3(PO4)2), β-TCP, carbonate apatite, and octacalcium 
phosphate (OCP), can be substituted by the bone tissue 
over time through the bone remodeling processes1-4). 
Some biodegradable calcium phosphates have been 
extensively investigated and applied for treating the site 
of bone defects to stabilize dental implants5,6).

α-TCP is generally prepared by heat treatment of 
β-TCP and amorphous precursors2). Although these 
two compounds have similar chemical constitutions, 
α-TCP has greater degradability than β-TCP under 
physiological pH conditions3). The ceramics have been 
reported to dissolve in rabbit1) and rat7) cranial defects. 
α-TCP is the precursor of hydroxyapatite (HA). X-ray 
diffraction (XRD) analysis confirmed that the crystal 
phase of α-TCP spontaneously and irreversibly converts 
to the thermodynamically stable apatite phase in 
simulated body fluid in vitro8). As with other precursors, 
such as OCP, this conversion process accompanies the 
modulation of calcium ions and phosphate ions from 
the surrounding solution4,8); these two ions are known 
to induce the osteoblastogenesis in vitro9,10). Based 
on this background, our group and other researchers 
have recognized α-TCP and its composite with organic 
substances as prospective bone substitute materials 

and intensively investigated these materials in bone 
regenerative therapy1,6,7,11,12). However, there is still room 
for improvement of the bone-forming capacity of this 
material, compared with that induced by autogenous 
bone grafts, the gold standard treatment for bone 
defects.

Heparin, belonging to a class of glycosaminoglycans 
(GAGs), is known to have anticoagulant and 
antithrombotic effects and has therefore been 
experimentally applied in clinical practices since the 
1920s13). Sulfated heparin interacts with basic molecules 
and proteins, such as cytokines, morphogens, and growth 
factors, due to its anionic charge13). This interaction 
promotes wound healing by protecting growth factors 
from nonenzymatic glycosylation and antagonists14,15) 
and by working as an endogenous receptor, thereby 
leading to induction of biological modulation, such as 
cell proliferation, differentiation, and angiogenesis16). 
Numerous researchers have reported that heparin 
exhibits a variety of pharmacological effects, such 
as anti-inflammatory17) and antimetastatic effects13). 
Consequently, immobilization of heparin on the 
material surface may be a promising method to regulate 
biological reactions of original material18,19) and to 
provide a controlled release system20). In fact, we have 
previously reported that the immobilization of heparin 
to polyethylene specimens facilitates angiogenesis when 
the complex is implanted in the subcutaneous pocket of 
rats in comparison with that without heparinization21). 
Nevertheless, there are no studies evaluating the effects 
of heparinization on the α-TCP surface on bone-forming 
capacity.

Accordingly, the goal of this study was to 
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Fig. 1	 Schematic images of α-Ph (A), scanning electron microscopic images 
(B), and intergranule sizes (C).

	 Bars in (B): 1 mm for a, d; 100 µm for b, e; 10 µm for c, f.

investigate whether surface treatment of α-TCP by the 
immobilization of heparin modulates its early osteogenic 
capability in critical sized defects in rat calvaria. To 
enhance the adsorption of heparin onto α-TCP granules, 
we utilized surface modification peptide (SMP), which 
bridges calcium phosphate and heparin. The peptides 
were composed of two different sequences: (1) the 
marine mussel-derived adhesive sequence, which reacts 
with various material surfaces, including α-TCP; and 
(2) the penta-lysine sequence, which shows electrostatic 
binding to heparin. Hereafter, α-TCP modified with the 
heparin-SMP complex is designated as α-Ph (α-TCP-
peptide-heparin).

MATERIALS AND METHODS

Preparation of heparinized α-TCP granules
Figure 1A shows the schematic image of α-Ph composed 
of heparin, SMP, and α-TCP granules. Porous α-TCP 
granules (approximately 500–600 µm in diameter) were 
kindly provided by Taihei Chemical Industrial (Osaka, 
Japan). SMP was purchased from SCRUM (Tokyo,  
Japan). The sequence of SMP was as follows: (Lys)5-
(Gly)3-Ala-Lys-Pro-Ser-Tyr-(Hyp)2-Thr-DOPA-Lys 
(DOPA; l-3,4-dihydroxyphenylalanine). Distilled 
water and heparin solution were supplied by Mochida 
Pharmaceutical (Tokyo, Japan). α-TCP porous granules 
sterilized by dry heat were placed in a 10 mg/mL aqueous 
solution of peptide for 24 h at 50°C. After washing with 
distilled water, the peptide-immobilized α-TCP porous 

granules were naturally dried onto a clean bench. 
Subsequently, the peptide-immobilized α-TCP porous 
granules were allowed to react in heparin solution 
(10,000 U/10 mL) for 8 h at room temperature. After 
washing with distilled water, α-Ph was naturally dried 
onto the clean bench.

Characterization of heparinized and nonheparinized 
α-TCP granules
A field emission-scanning electron microscope (FE-
SEM: S-4800, Hitachi High-Technologies, Tokyo, Japan) 
was utilized to confirm the sizes and surface conditions 
of α-TCP and α-Ph granules. Pore distribution and 
interparticle sizes of both granules before implantation 
were evaluated by the mercury intrusion technique 
using an Auto Pore IV 9510 (Micro-metrics, Norcross, 
GA, USA). The crystal phase of α-TCP was identified 
using an XRD system (XRD-6100, Shimadzu, Kyoto, 
Japan) and database from the International Center for 
Diffraction Data (α-TCP: 9-0348). X-ray photoelectron 
spectroscopy (XPS; PHI X-tool, ULVAC-PHI, Kanagawa, 
Japan) was used to confirm the attachment of heparin 
and SMP on the surface of the α-TCP.

Implantation of heparinized and nonheparinized 
α-TCP granules into critical size bone defects in the rat 
calvaria
All animal experiments conformed to the Guiding 
Principles for the Use of Laboratory Animals and 
were approved by the Animal Experiment Committee 
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Fig. 2	 XRD pattern (A) and X-ray photoelectron 
spectroscopy peaks (B) of α-Ph.

	 White triangles: specific peak of α-TCP.

of Osaka Dental University (approval number: 16-
03012). Sprague Dawley rats (male, 8 weeks old) were 
anesthetized pre-operatively with pentobarbital and 
isoflurane inhalation. An L-shaped incision was made 
in the skin and periosteum to avoid the defect area 
and prevent alteration of the bone-forming process. 
Critical size defects (9 mm in diameter) were created in 
each rat in the center of the calvaria using a trephine 
bar (Dentech, Tokyo, Japan)22). Sterile saline was used 
for irrigation during the procedure to prevent thermal 
damage of bones. The defects were filled with α-TCP or 
α-Ph granules, and the periosteum and skin were then 
overlaid and firmly sutured to stabilize the granules. 
Five rats were used for both groups. At 4 weeks after 
implantation, rats were sacrificed, and the treated 
calvariae were harvested to verify the bone-forming 
abilities of α-TCP and α-Ph as described below.

Micro-computed tomography (micro-CT)
Harvested calvariae were fixed with 4% 
paraformaldehyde in phosphate-buffered saline  
(Nacalai Tesque, Kyoto, Japan) and evaluated using 
micro-CT (SMX-130-CT, Shimadzu). Calvariae were 
exposed to 76 µA of 57 kV radiation. Images were 
saved as 512×512 pixels. Vertical and lateral views 
of calvariae were reconstructed using TRI/3D bone 
software (Ratoc, Tokyo, Japan). Bone mineral density 
(BMD) representing calcified bone tissue was assayed 
using cylindrical phantoms containing HA (HA content: 
200–800 mg/cm3). The radiopaque volume per total 
tissue volume (RV/TV) and mineral content per TV (MC/
TV) were calculated to assess the mineralized tissue 
volume and weight in defects. Using the lateral BMD 
images, we further evaluated the maximum thickness of 
bone tissue with granules in the defects.

Histological and histomorphometric analysis of bone 
defects
Fixed calvariae were decalcified, dehydrated, and 
embedded in paraffin. The specimens were sectioned at 
5-µm thickness and stained with hematoxylin-eosin (H-
E) stain. Histomorphometric analysis of bone formation 
in the defects was carried out using Photoshop Elements 
(Adobe Systems, San Jose, CA, USA) and Image J 
(version 1.4.3.67, NIH, Rockville, MD, USA), as reported 
previously23). Briefly, H-E-stained sections covering the 
whole defect were used to calculate the extent of new 
bone formation. The area of tissue showing a color 
similar to that of the untreated calvaria was estimated 
as the area of newly formed bone (NB area), whereas the 
whole area created by the trephination was considered 
the treated area (TA). The percentage of newly formed 
bone was calculated as NB/TA×100. Alcian blue staining 
is known to stain heparin and other GAGs24). The 
staining was used to elucidate the mechanism of bone 
formation on α-Ph. Briefly, sections were deparaffinized 
and hydrated with distilled water, followed by treatment 
with 3% acetic acid solution and staining with Alcian 
blue solution (pH=2.5). The solution stained sulfated 
and nonsulfated acidic carbohydrates. The sections were 

washed with 3% acetic acid solution and distilled water. 
Kernechtrot staining was used for counter staining. Nine 
granules in three specimens were randomly measured to 
evaluate the blue-stained areas of both granules. Twelve 
granules in three specimens were measured to assess 
the length of the blue-stained surface, bone-granule 
contact surface, and no bone-granule contact surface 
using Image J.

Statistical analysis
Results are presented as means±standard deviations 
(SDs). Student’s t tests were used to compare the two 
groups. Differences with p values of less than 0.01 and 
0.05 were considered significant.

RESULTS

SEM images of α-TCP and α-Ph are shown in Fig. 1B. 
Both granules had a highly porous structure with smooth 
surfaces. Despite modification of the α-TCP surface by 
heparin-SMP, α-Ph showed negligible differences in 
granule size and surface conditions. Intergranule sizes 
(median diameter) before implantation were 209 µm for 
α-TCP and 174 µm for α-Ph (Fig. 1C). The XRD pattern 
obtained in α-Ph possessed the specific peak of α-TCP 
(indicated by triangles), whereas there was no peak for 
apatite (2θ=10.8; Fig. 2A). Sulfate (S2p) and nitrogen 
(N1s) peaks representing the existence of heparin and 
SMP were detected in the XPS peak of α-Ph (Fig. 2B). 
These results indicated that α-Ph was successfully 
overlaid by SMP and heparin but that the crystal 
structure of α-TCP was retained.
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Fig. 3	 Micro-computed tomography and BMD images of 
defects treated with α-TCP or α-Ph at 4 weeks after 
implantation (A, B).

	 (A) Vertical view; (B) lateral view. (a, b) α-TCP; (c, 
d) α-Ph. BMD scale in (B): degree of mineralization. 
Bar: 3 mm. (C) A quantitative image analysis. RV: 
radiopaque volume; TV: total volume; MC: mineral 
content. Maximum thickness: maximum thickness 
of lateral BMD images in (B). *p<0.05, means and 
SDs (n=5, Student’s t test). N.S.: not significant.

Fig. 4	 Histological and histomorphometric analyses of defects treated 
with α-TCP or α-Ph at 4 weeks after implantation.

	 (A) H-E-stained sections at low- and high-magnification. Bars: 
600 µm for low magnification and 300 µm for high magnification. 
Asterisks: implanted granules. Arrows: multinucleated giant 
cells. Gap between black triangles: created bone defect. NB: newly 
formed bone. (B) Quantitative analysis of new bone percentage 
in the defects. *p<0.05, means and SDs (n=5, Student’s t test).

Figures 3A and B show the micro-CT and BMD 
images of α-TCP and α-Ph groups captured from vertical 
and lateral sides, respectively. The radiopaque area of 

the α-Ph group in the defect was larger than that of the 
α-TCP group. Consistent with these images, the RV/TV 
and MC/TV of α-Ph were greater than those of α-TCP (Fig. 
3C). Conversely, there were no significant differences in 
the maximum thickness of mineralized tissue in defects 
implanted with α-TCP and α-Ph. H-E staining revealed 
that both α-TCP and α-Ph were partially surrounded 
by the newly formed bone (Fig. 4A). Numerous 
multinucleated cells covered the α-TCP granules (Fig. 
4A; high-magnification view of α-TCP, black arrows). 
In histomorphometric analysis, the NB area of α-Ph in 
defects was larger than that of α-TCP (Fig. 4B). These 
results indicated that surface modification by heparin-
SMP significantly augmented early bone formation of 
α-TCP.

Figures 5 and 6 show images of Alcian blue-stained 
sections of the bone defects treated with α-TCP and 
α-Ph at 4 weeks after implantation and corresponding 
quantitative data. Strong blue staining partially existed 
inside of the newly formed bone (Figs. 5Aa and Ac, white 
arrows), indicating that both samples were stained. 
However, blue stained area in α-Ph granules was greater 
than that in the α-TCP granules (Fig. 6A). Notably, 
α-Ph surfaces were strongly stained with Alcian blue 
(Figs. 5Ab and Ad, black arrows). The blue staining 
preferentially existed at the interface between the 
α-Ph granule surface and contacted bone (Fig. 5B). The 
percentage of bone contacting the blue-stained surface 
was about 73. The percentage of blue staining of the 
total bone-contacting surface was about 90 (Figs. 6B and 
C). These results suggested that new bone preferentially 
formed on the blue-stained surface of α-Ph granules.

DISCUSSION

In the present study, we designed heparinized α-TCP  
(α-Ph) using SMP containing the cationic sequence and 
the marine mussel adhesive sequence. α-Ph showed 

578 Dent Mater J 2018; 37(4): 575–581



Fig. 5	 Alcian blue-stained sections of defects treated with α-TCP or α-Ph at 4 weeks after implantation.
	 (Aa and Ac) Low-magnification images. (Ab and Ad) High-magnification images. Bars: 100 µm for 

Aa and Ac; 50 µm for Ab and Ad. White arrows: blue staining in the bone. Black arrows: surface 
stained with Alcian blue. NB: newly formed bone. Asterisks: implanted granules. (B) Representative 
image of blue staining at the interface of the new bone area and α-Ph. Bar: 25 µm.

Fig. 6	 Quantitative analysis of Alcian blue-stained sections on α-TCP and α-Ph.
	 (A) Percentage of the area stained by Alcian blue on α-TCP and α-Ph granules. **p<0.01, 

means and SDs (n=9, randomly selected from different three specimens; Student’s t 
test). (B) Percentage of the blue-stained surface with/without bone granule contact. (C) 
Percentage of the bone granule contact surface with/without blue staining. *p<0.05, 
**p<0.01, means and SDs (n=12, randomly selected from different three specimens; 
Student’s t test).

greater bone formation than α-TCP. Quantitative 
analysis using Alcian blue staining provided evidence 
that new bone formation preferably occurred on the 
blue-stained surface.

Steric and topographic conditions attributed to pore 
size, porosity, and intergranule space are known to be 
associated with the bone-forming capacity of calcium 
phosphates25,26). Numerous studies have reported 
that α-TCP is converted into octacalcium27) and Ca-
deficient apatite in vitro, depending on the working 
conditions8). SEM images in previous studies have 
revealed that these transformations change the surface 
structure and form of α-TCP8,27), possibly altering the 
pore size and intergranule spaces. Additionally, the 

crystal phase should severely alter the bone-forming 
capacity of calcium phosphates. In the present study, 
surface modification in water may alter the steric and  
topographic conditions of α-Ph from α-TCP. However, 
there were negligible difference in pore size and 
intergranule space after modification by heparin and 
SMP (Figs. 1B and C); α-Ph retained the crystal phase of 
α-TCP (Fig. 2A). Significant differences were observed in 
early bone formation induced by α-TCP and α-Ph (Figs. 
3 and 4). These results supported that the superiority 
of the bone-forming capacity of α-Ph compared with 
that of α-TCP was likely due to the effects of surface 
modification with heparin.

Unfortunately, we have not yet determined the 
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mechanisms underlying the enhancement of the bone-
forming capacity of α-Ph. Although previous various 
studies have investigated the effects of heparin 
on osteoblast differentiation, its effects are still 
controversial. Some studies have reported that single 
use of heparin inhibits alkaline phosphatase secretion 
and mineralization28,29), while other studies have shown 
that the polysaccharide increases mineralization30,31).  
Hausser and Brenner reported that the effects are 
mainly dependent on the concentration of the molecule30). 
Based on these studies, surface modification of α-TCP 
by heparin-SMP itself may directly enhance the bone-
forming capacity of α-TCP at an adequate dose of 
heparin.

Heparin can bind to various growth factors, such as 
basic fibroblastic growth factor (bFGF), transforming 
growth factor, and bone morphogenic protein13). This 
polysaccharide modulates or conserves the bioactivity of 
the molecules15). We have previously reported that porous 
polyethylene modified by heparin-peptide could support 
bFGF immobilization and could be used as a controlled-
release carrier for this growth factor21). The heparin-
SMP immobilized polymer with bFGF could accelerate 
tissue integration in murine subcutaneous pockets. 
Additionally, implantation of α-Ph with bFGF markedly 
enhances bone formation in a canine mandibular bone 
defect model32). Furthermore, endogenous growth factors 
are abundantly secreted in vivo and are involved in 
various biological reactions. These results suggest that 
heparin in α-Ph may accumulate endogenous growth 
factors and other osteogenic molecules, resulting in 
efficient promotion of early bone formation. Although 
this hypothesis would be attractive in terms of cost 
and complications upon intervention using exogenous 
growth factors, we have no critical evidence that growth 
factors were strongly accumulated at the surface of 
α-Ph. Thus, further experiments are needed to prove 
this hypothesis.

Our most striking finding was that new bone 
formation preferentially occurred on the surface of 
α-Ph with blue staining (Figs. 5 and 6). Initially, we 
speculated that blue staining at the surface of α-Ph 
was due to the heparin-SMP24,33). However, we did not 
observe such a blue staining on the surface of α-Ph 
before implantation, possibly due to its low content (data 
not shown). Additionally, there was poor blue staining 
at the interface between new bone and α-TCP (Fig. 5A). 
These results indicated that the surface of α-Ph induced 
blue-stained substances to a greater extent than α-TCP 
after operation.

Notably, Alcian blue staining can target not only 
heparin but also other GAGs, such as chondroitin 
sulfate, dermatan sulfate, and heparan sulfate33,34). 
Chondroitin sulfate E and bone morphogenic protein 
4 have the potential to induce cell growth, alkaline 
phosphatase activity, and mineralization of osteoblastic 
cells in vitro31). Heparan sulfate can be a coreceptor of 
bone morphogenic protein35), and that growth factor 
is a strong stimulant of osteogenesis. GAGs modulate 
bone morphogenic protein 4 signaling36). Bone marrow-

derived heparan sulfate augments the bone-forming 
capacity of bone morphogenic protein 237). Given these 
previous studies and our findings of the difference in 
Alcian blue staining on the surface of α-TCP and α-Ph 
(Figs. 5 and 6), surface modification of α-TCP by heparin-
SMP may modulate the secretion of extracellular matrix 
components, such as GAGs, from the cells, thereby 
accelerating bone formation.

CONCLUSION

In the present study, we demonstrated that surface 
modification of α-TCP with heparin-SMP significantly 
enhanced early bone formation in critical size defects in 
rat calvaria within 4 weeks after implantation. Alcian 
blue staining at 4 weeks after implantation revealed 
that new bone formed on α-Ph preferentially existed on 
surfaces stained with Alcian blue. Although we could 
not identify the blue-stained substances, our results 
may indicate that surface modification by heparin-
SMP on α-TCP modulated the extracellular secretion 
of substances such as GAGs from the cells surrounding 
the granules. The secreted extracellular matrix may 
effectively accelerate early bone formation induced by 
α-Ph. These results provide insights into the effects of 
surface modifications of biomaterials, such as calcium 
phosphate, in bone regeneration therapy. However, 
further detailed experiments, such as long-term tracking 
of bone formation and/or as using other doses of heparin-
SMP, are essential for fabrication of a safe and reliable 
material for clinical use.
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