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Abstract

BACKGROUND: Teeth can be used as a raw material for preparing bone substitutes due to their similar chemical compo-

sition to bone. The objective of our study was to evaluate the effect of odontogenic biphasic calcium phosphate (BCP)

incorporating dentin noncollagenous proteins (DNCPs) on osteogenesis and stability in maxillary sinus augmentation.

METHODS: The composition, structure and morphology of the odontogenic BCP were tested by X-ray powder

diffraction (XRD), Brunauer–Emmett–Teller, and scanning electron microscopy methods. The biocompatibility and

osteoinduction of DNCPs and materials were examined in vitro and their bone regeneration capacity was verified in vivo.

RESULTS: The results showed that the cells adhered and proliferated well on the DNCP-loaded BCP scaffold. The

odontogenic BCP and DNCPs promoted osteogenic differentiation of cells, The new bone formation in the BCP groups and

DNCP subgroups was significantly higher than the new bone formation in the control, and the new bone quality was better.

The bone regeneration effect of odontogenic BCP was similar to the effect of deproteinized bovine bone mineral, but b-

TCP did not maintain the height and volume of bone reconstruction.

CONCLUSION: In conclusion, the combined application of DNCPs and odontogenic BCP is an effective strategy for

tissue engineering osteogenesis in the maxillary sinus region. The biomimetic strategy could provide a new approach for

patients requiring maxillary sinus lifting.

Keywords Dentin noncollagenous proteins � Biphasic calcium phosphate � Tissue engineering osteogenesis � Maxillary

sinus lifting

1 Introduction

With the development of dental implant restoration,

increasing attention has been given to the treatment of

complex cases with insufficient vertical bone height in the

maxillary region and maxillary sinus elevation is an

effective method to improve vertical bone height [1–3]. In

the clinic, we often implant bone substitute material

between the maxillary sinus floor and membrane to

increase bone mass. However, the maxillary sinus is a

special environment, and the sinus cavity is an air cavity

that exerts a certain pressure on the surrounding area with

respiratory movement. To achieve good bone reconstruc-

tion, simulating the composition and structure of bone
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tissue has been spotlighted as an approach to tissue engi-

neering technology [4, 5]. Calcium phosphate ceramics

have a chemical composition similar to bone and have been

widely used as bone scaffolds. The most commonly used

calcium phosphate ceramics are hydroxyapatite (HA) and

b-tricalcium phosphate (b-TCP) [6, 7]. However, in the

process of repairing bone defects, the degradation rate of b-

TCP does not match the growth rate of new bone, which is

not conducive to osteogenesis [8, 9]. HA can bind directly

with bone tissue, but the degradation rate is far less than the

degradation rate of b-TCP [10, 11].

Biphasic calcium phosphate (BCP) has the presence and

uniform distribution of HA and b-TCP in the same particle.

Calcium phosphate bioceramic is a promising material for

bone repair due to its excellent propertie. Among them,

BCP materials have been widely used and studied [12–14].

Straumann� Bone Ceramic was used as a BCP bone

substitute in maxillary sinus lifting and achieved good

results, allowing dental implants after the six-month heal-

ing period [15]. BCP with different HA/b-TCP ratios (e.g.,

70:30, 60:40, 30:70, 20:80) was reported to have excellent

effects as a bone graft material [16–18]. The differences in

preparation method and raw material will affect its poros-

ity, pore size, particle size, surface morphology and other

structures and properties, all of which will affect its

osteogenic ability [19–22]. Bone tissue is a highly miner-

alized hard tissue that is formed mainly by the interaction

of collagen fiber and hydroxyapatite in a certain arrange-

ment. Mineralization of the bone matrix is a key factor in

determining the bone quality and mechanical properties,

and near the mineralization front, there are also noncolla-

gen proteins (NCPs), although in small quantities, but

several studies believe that the biomineralization process of

bone tissue will be influenced by NCPs [23–26].

Previous studies have shown that bioactive material was

obtained by calcination of animal bones [27]. Human teeth

have a chemical composition similar to bone tissue and are

a potential bone replacement material. Kim used the

material acquired after tooth sintering to repair bone

defects and observed new bone formation [28]. In terms of

growth factors, the extracellular matrix (ECM) proteins of

dentin and bone are similar in many aspects; they all

express bone morphogenetic protein (BMP), dentin matrix

protein (DMP 1), transforming growth factor beta (TGF-b),

vascular endothelial growth factors (VEGFs), dentin

sialophosphoprotein (DSPP), osteopontin (OPN), etc.

[29, 30]. The molecular weight of these dentin noncol-

lagenous proteins is mainly between 10 and 300 kDa

[30, 31]. Previous studies have suggested that BMP-2 as

growth factors promote osteogenic differentiation of bone

marrow mesenchymal stem cells (BMSCs) in vitro or

enhance bone regeneration in vivo [32, 33]. In addition,

Sun et al. indicated that nanofibrous gelatin scaffolds with

NCPs induced bone tissue regeneration in skull defects

[34].

In this study, we intended to completely apply extracted

teeth as raw materials, partly extract dentin noncollagen

proteins (DNCPs) as compound growth factors, partly obtain

odontogenic BCP through sintering, and then examine the

effectiveness of BCP incorporating DNCPs on bone tissue

regeneration in the maxillary sinus area in rabbits. Depro-

teinized bovine bone mineral (DBBM, Bio-Oss�, Geistlich,

Wolhusen, Switzerland) and b-TCP bone substitutes com-

monly applied clinically were used as control groups. The

study can provide a new idea and method of tissue engi-

neering osteogenesis for patients with bone insufficiency in

the maxillary posterior region in dental implantation.

2 Materials and methods

2.1 Extraction of DNCPs

DNCPs were extracted from waste extracted teeth as previ-

ously described [34, 35]. The extracted healthy human teeth

were collected from the oral and maxillofacial surgery

department at stomatological hospital and stored at -70 �C.

Enamel, cementum, and pulp were removed, and then the

teeth were crushed into small pieces with a surgical hammer

and further prepared into powders. The dentin powders were

placed in a mixture buffer of 4 M guanidine hydrochloride

(Gdm-HCl) with protease inhibitors (0.78 mg/mL benza-

midine hydrochloride, 0.18 mg/mL sodium iodoacetate,

1.8 lg/mL trypsin inhibitor, 5 lg/mL pepstatin, and

5 mmol/L phenylmethylsulfonyl fluoride) for 48 h to extract

NCPs that were present in the unmineralized predentin and

osteoid. Then, a 0.5 M ethylenediaminetetraacetic acid

(EDTA) solution with these protease inhibitors was added

for more than 48 h to facilitate the release of proteins in the

mineral matrix. Subsequently, a 4 M Gdm-HCl solution with

protease inhibitors was used to again extract NCPs in the

remaining demineralized dentin. The extract was cen-

trifuged at 10,000 r for 30 min. The protein solution was

placed in an 8-kDa dialysis tube and dialyzed in 4 �C
deionized water. The deionized water was replaced twice a

day for 5 days. Finally, the dialysate in the tube was freeze-

dried to obtain the DNCPs and stored at - 20 �C.

2.2 Identification of DNCPs

DNCPs were detected by Coomassie bright blue staining.

DNCPs and loading buffer were mixed and boiled to

complete protein denaturation. Sodium dodecyl sulfate–

polyacrylamide gel elecrophoresis (SDS-PAGE) was per-

formed. Then, the gel was put in Coomassie bright blue

staining solution for 30 min. Then, the gel was placed into
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the decolorization solution. The gel was photographed and

recorded through a gel imaging system (AL600RGB, GE

Healthcare, Waukesha, WI, USA).

Then, DNCPs were identified by western blot analysis.

DNCPs and loading buffer were mixed and boiled for

5 min. The proteins (40 lg per lane) were separated using

a 10% SDS–PAGE gel for electrophoresis. Then, the pro-

teins were transferred to PVDF membranes. The mem-

branes were blocked with 5% bovine serum albumin (BSA)

at room temperature for 2 h. DNCPs were specifically

bound by primary antibodies (DSPP, 1:1000; DMP1,

1:500; OPN, 1:1000; BMP2, 1:1000, Novus Biologicals,

Centennial, CO, USA) overnight at 4 �C. Finally, the

membranes were rinsed with tris-buffered saline plus

Polysorbate 20 (TBST, TBS ? Tween 20) and incubated

with horseradish peroxidase (HRP)-labeled goat antirabbit

IgG (1:5000, Beyotime, China) at room temperature for

40 min. The images were acquired by an automatic

chemiluminescence imaging system (Tanon 5200, Tanon

Science & Technology, Shanghai, China).

2.3 Detection of DNCPs affecting cell proliferation

A mouse osteoblast-like cell line (MC3T3-E1) was pur-

chased from the Cell Bank of the Chinese Academy of Sci-

ences (Shanghai, China). 4 9 103 cells were transferred to a

96-well plate. After cells were treated with 0, 1, 2.5, 5, 10, 20,

40, and 80 lg/mL DNCPs for 3 days, the effects of different

concentrations of DNCPs on cell proliferation were detected

by the cell counting kit-8 (CCK-8). The absorbance was

measured with a microplate reader (Enspire, PerkinElmer,

Waltham, MA, USA) at a wavelength of 450 nm.

2.4 Detection of DNCPs affecting osteogenic

differentiation

Alkaline phosphatase (ALP) activity assay was used to test

the effect of DNCPs on osteogenic differentiation. Cells

were treated with 0, 1, 2.5, 5, 10, 20, 40, and 80 lg/mL

DNCPs for 3 days, using the osteogenic induction medium

served as the culture media. After the treatments, cells were

lysed using the cell lysis buffer for Western and IP without

inhibitors (Beyotime, Shanghai, China), and the cell

supernatant was collected in a 96-well plate. ALP activity

was evaluated using an Alkaline Phosphatase Assay Kit

(Beyotime) and determined at the wavelength of 405 nm.

ALP activity was normalized to the total protein content.

2.5 Preparation of odontogenic BCP

The periodontal membrane, pulp, calculus and caries tissue

of waste extracted teeth were removed and treated with

serial ethanol dehydration, drying at 60 �C. For the first

calcination, the calcination temperature was set at 800 �C
as follows: the temperature was gradually increased to

400 �C within 2 h and to 800 �C within 3 h; the temper-

ature was kept at 800 �C for 1 h; then, the temperature was

slowly decreased, and the power was turned off at 200 �C.

The calcined teeth were put in 0.1 mol/L diammonium

hydrogen phosphate solution for 24 h, and then the mate-

rials were dried. Second calcination: gradually heating to

400 �C in 2 h; slowly heating at 400–600 �C for 200 min;

temperature rise to 800 �C for 1 h; heat preservation at

800 �C for 1 h; 2 h continued heating to 1150 �C; heat

preservation at 1150 �C for 2 h; and then the cooling

procedure was entered.

After the processing method [36, 37], dental BCP was

obtained. Then, Bio-Oss� (Geistlich Bio-Oss, Wolhusen,

Switzerland) and b-TCP (Synthetic Bone tissue, Cortex

Dental Implants Industries Ltd., Shloml industrial Zone,

Shlomi, Israel) were used as a contrast to compare their

phase composition, particle morphology and pore size. The

surface morphology of the materials was characterized

using a scanning electron microscope (SEM) (GeminiSEM

300, ZEISS, Jena, Germany) at an extra high tension

(EHT) of 3 kV after sputter coating with gold (108Auto,

Cressington Scientific Instruments UK, Watford, UK).

2.6 X-ray diffraction (XRD) analysis for phase

composition

XRD patterns of the three bone graft materials were ana-

lyzed using an X-ray diffractometer (Bruker D8 Advance,

Bruker, Bremen, Germany) with CuKa radiation at 30 kV

and 30 mA. Data were collected in the 2h range of 10–80�
with scan speeds of 10–20�/min. Quantitative analysis of

the materials was carried out using the whole pattern fitting

and Rietveld refinement method.

2.7 Brunauer–Emmett–Teller (BET) experiment

for pore size

The BET experiment was conducted using nitrogen

adsorption on a device (ASAP 2020, GOW-MAC, Bethle-

hem, PA, USA). The sample was weighed (approximately

0.0534 g) and dried at 120 �C for 5 h. The specific surface

area was determined using the BET method. Barrett–Joyner–

Halenda (BJH) desorption methods were used to character-

ize the pore size. The BJH adsorption dV/dlog(w) pore

volume curve was analyzed to evaluate the mode pore width.

2.8 Determination of cell adhesion rate

and proliferative activity on materials

In this study, the experimental group was a BCP scaffold,

and the control materials were DBBM and b-TCP.
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Meanwhile, the experimental group and the control group

were divided into two subgroups with or without DNCPs,

and intragroup comparisons and intergroup comparisons

were carried out. Subsequent in vitro experiments were

conducted according to this grouping, and the concentra-

tion of DNCPs was set at 10 lg/mL. A solution of DNCPs

in cells culture medium were dropped onto the materials.

Prior to cell seeding, the material was prehumidified to

allow the protein solution to infiltrate and adsorb to the

material as much as possible.

1 9 106 cells were transferred to a centrifuge tube.

MC3T3 cells were seeded into the materials, and after 4 h

and 24 h of cell culture, the cell-seeded scaffolds were

rinsed with phosphate buffer solution (PBS). The cells on

the materials were digested with trypsin (Beyotime), and

the materials were rinsed several times with the same

amount of PBS. Then, the PBS was collected, and the

volumes were fixed. Finally, the cell counting apparatus

was used for counting, and the cell adhesion rate was

calculated.

The cell proliferative activity was quantified using the

CCK-8 assay. 2 9 104 cells were transferred to a 24-well

plate. After 1, 3, 5 and 7 days of cell culture, CCK solution

(Beyotime) was added to each well containing scaffolds

and incubated for 2 h at 37 �C. Next, the solution was

transferred to a 96-well plate, and the optical density

(OD) values were read on a microplate reader (Enspire,

PerkinElmer) at 450 nm wavelength.

2.9 Observation of cell morphology on scaffold

surface

Scanning electron microscopy (GeminiSEM 300, ZEISS)

was used to observe the cell morphology on the scaffold.

1 9 106 cells were transferred to a centrifuge tube. After

the cells were seeded on the scaffolds for 1 day and 3 days,

the cell-seeded scaffolds were rinsed with PBS, fixed with

4% paraformaldehyde at room temperature for 30 min,

dehydrated with graded ethanol (30–100%), and then

treated with tert-butanol twice before critical point drying.

Prior to SEM analysis, a conductive film was coated on the

surface of the sample with an ion sputter coater (108Auto,

Cressington). The cell-seeded scaffolds were analyzed at

appropriate magnification to assess the morphology of

adherent cells.

2.10 ALP activity assay of cells seeded

on the materials

2 9 104 cells were slowly and evenly seeded on the

material in a 24-well plate, allowing the cell suspension to

fully penetrate the material pores. The scaffolds seeded

with cells were cultured for 4 h to facilitate cell adhesion,

and then osteogenic induction solution was added to con-

tinue culture. On days 3, 6, and 12, the samples were

treated with lysates and the resulting cell suspension was

collected into 96-well plates. ALP activity was evaluated

using an Alkaline Phosphatase Assay Kit (Beyotime) and

determined at the wavelength of 405 nm.

2.11 Maxillary sinus lifting procedures

Nine New Zealand male white rabbits (2.5–3 kg) were

used in the study. The protocol for this research was

approved by the Animal Research Committee of Anhui

Medical University (LLSC 20,210,681). Eighteen maxil-

lary sinus lifting surgeries were performed. Each rabbit was

randomly assigned to the DBBM group, b-TCP group and

odontogenic BCP group, and the bilateral maxillary sinuses

of each rabbit were randomly assigned to the DNCP group

and control group. Each sinus was grafted with 0.1 cc of

bone substitutes. The particle size of the three materials

was typically 0.25–1 mm. Six hours prior to surgery, 1 mg/

mL DNCP solution was added to the material to fully soak

it. The rabbits were anesthetized with 3% pentobarbital

sodium (1 mL/kg) intravenously. In addition, 0.5–1 mL

mepivacaine was injected subcutaneously into the

field of operation for infiltration anesthesia. Then, a verti-

cal incision approximately 2.5–3 cm along the midline of

the nasal dorsum was made, and the skin and subcutaneous

tissue were incised to expose the nasal bone on both sides.

With a round drill, two 5 mm round bone windows located

approximately 0.5 cm laterally to the midline of the nasal

dorsum, 2 cm in front of the sutura nasofrontalis, were

prepared during continuous cooling with saline solution.

The sinus mucosa was exposed by careful operation. Per-

foration of the Schneiderian membrane was not observed

during surgery. The thin bone fragments were temporarily

kept in saline solution. Then, the two bone windows were

filled with bone substitutes. Bone substitutes loaded with

DNCPs were grafted into one sinus (the DNCP subgroup),

and saline-soaked bone substitutes were placed into the

other (the control subgroup) in each rabbit. Then, the thin

bone fragments were replaced with the bone window.

Finally, the subcutaneous tissue and skin were sutured

separately. Antibiotics were administered for 3 days after

surgery (Supplementary Fig. S1A–F).

At the end of the 4-month implantation time, the rabbits

were sacrificed by an overdose of pentobarbital sodium

given intravenously. The maxilla was immediately

removed and fixed in 10% formalin solution. The maxillary

specimen is shown in Supplementary Fig. S1G, and the

histological section clearly demonstrated the correct loca-

tion and effectiveness of maxillary sinus elevation. (Sup-

plementary Fig. S1H).
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2.12 Micro-CT scanning

Microcomputed tomography (Micro-CT) (SkyScan 1176,

Bruker) was used to assess new bone formation in rab-

bit maxillary sinus lifting. The parameters of new bone

quality and quantity were acquired through a micro-CT

analysis system (CTvox, Bruker), such as tissue volume

(TV), the ratio of bone volume to total volume (BV/TV),

trabecular thickness (Tb. Th), trabecular number (Tb. N),

trabecular separation (Tb. Sp), structure model index

(SMI), and bone mineral density (BMD).

2.13 Histological analyses

The specimens were dehydrated in a gradient of 70–100%

ethanol and embedded (without decalcification) in methyl

methacrylate (MMA). After embedding, thin sections were

prepared and stained with Goldner’s trichrome stain (Ser-

vicebio Technology Co., Ltd., Wuhan, China) to obtain a

histological view of the maxillary sinus area. Histologic

observation was performed using a panoramic slice scanner

(PANNORAMIC DESK/MIDI/250/1000, 3DHISTECH,

Budapest, Hungary) and scan browsing software

(CaseViewer2.4, 3DHISTECH). All sections were quanti-

tatively evaluated using Image-Pro Plus software (Media

Cybernetics, Rockville, MD, USA) and ImageJ software

(National Institutes of Health, Bethesda, MD, USA). The

following parameters were measured within the region of

interest (ROI) for histomorphometric analysis: 1. Highly

mineralized bone (dark green area as a proportion of the

total area); 2. Dark green average IOD (IOD: integral

optical density. Dark green average IOD: dark green area

IOD/dark green area, that can indirectly reflect bone den-

sity and degree of mineralization); 3. Low mineralized

bone (light green area as a proportion of the total area); 4.

Light green average IOD (light green average IOD: light

green area IOD/light green area); 5. New bone area (green

area as a proportion of the total area).

2.14 Statistical analysis

Statistical analyses were performed with SPSS software

(IBM SPSS Statistics 20.0, Chicago, IL, USA) and

GraphPad software (GraphPad Prism 8.2.1, San Diego, CA,

USA). One part used one-way analysis of variance

(ANOVA), and the other used two-way ANOVA with

Tukey–Kramer multiple comparisons test and Sidak’s

multiple comparisons test. All the data are expressed as the

mean ± standard deviation. Differences at *p\ 0.05 were

considered significant.

3 Results

3.1 Identification analysis of DNCPs

The extracted DNCPs showed a thin film after lyophiliza-

tion (Fig. 1A). Coomassie blue staining results showed that

the molecular weight distribution of the protein samples

had the following characteristics: 1. An obvious blot was

seen near 70 kDa; 2. Clear blots could be seen at approx-

imately 55 kDa, 130 kDa and above 180 kDa, which might

be DSPP, DMP1, BMP2 and other proteins [30, 31, 35].

Because this test can only measure protein molecular

weight, we can only make some conjectures based on

DNCPs itself, and the results can only be used for auxiliary

verification (Supplementary Fig. S2).

Western blot results showed that the DNCP extract

contained and expressed DSPP (NBP2-92,546, Theoretical

molecular weight: 131 kDa), DMP1 (NBP1-45,525, The-

oretical molecular weight: 130 kDa), OPN (NB110-

89062SS, Theoretical molecular weight: 75 kDa) and

BMP2 (NBP1-19751SS, Theoretical molecular weight:

44 kDa) (Fig. 1B). The molecular weight of proteins may

vary from the predicted molecular weight due to the

extraction process, protein phosphorylation and other pro-

tein modification factors [38, 39].

3.2 DNCPs optimum concentration

The CCK-8 assay showed that compared with the 0, 1, 2.5,

5, and 10 lg/mL DNCP groups, the OD value of the 80 lg/

mL group was statistically different (*p\ 0.05). The cell

proliferation curve also shows that there was no significant

difference between the groups below 10 lg/mL, but 10 lg/

mL DNCPs significantly promoted the ALP activity

(*p\ 0.05). However in 20 lg/mL group, ALP activity

decreased notably (*p\ 0.01). In 40 and 80 lg/mL group,

ALP activity was significantly lower than the control

group, the difference was statistically significant

(*p\ 0.0001). When the concentration of DNCPs ranged

from 10 to 80 lg/mL, both cell proliferation and ALP

activity showed a downward trend (Fig. 1C, D).

In addition, during the determination of protein con-

centration, we also found that the extracted DNCPs were

not pure and may contain substances that affect cell via-

bility, such as residual protease inhibitors. Therefore,

improvement of the extraction method is needed. In sub-

sequent in vitro experiments, 10 lg/mL was used as the

optimal concentration.
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3.3 XRD phase identification

As shown in Fig. 2A, the tooth powder sintered for the first

time was gray and white. However, the material treated

with ammonium dihydrogen phosphate was sintered for the

second time, and then a white powder was obtained. Fig-

ure 2B–E shows the XRD diffractograms of dental powder

sintered for the first time (Fig. 2B) and the second time

(Fig. 2C), DBBM (Fig. 2D) and b-TCP (Fig. 2E). The

detected phases corresponded to BCP (a 87/13 mass frac-

tion of HA and b-TCP), BCP (a 71/29 mass fraction of HA

and b-TCP), HA and b-TCP respectively. HA

(PDF#84–1998) and b-TCP (PDF#09–0169) are the stan-

dard powder diffraction file (PDF) cards.

After the first sintering, the tooth powder had the char-

acteristics of HA diffraction peaks and some specific

diffractive peaks of b-TCP. And at the second sintering,

part of HA was transformed into b-TCP. Because the sin-

tering temperature was below 1200 �C, no a-TCP phase

was produced, which was also confirmed by the diffraction

pattern. Although the intensity of the b-TCP diffraction

peak of odontogenic BCP was weaker than the intensity of

the b-TCP diffraction peak of the standard pattern

(PDF#09–0169), the intensity ratio of the main diffraction

peaks were consistent with the standard characteristics. But

the diffraction peaks of the b-TCP deviated to little angle,

to be exact, this substance was Ca2.71Mg0.29(PO4)2

(PDF#70–0682), calcium ion was replaced by magnesium

ion in teeth, a small quantity of magnesium ions entered

into the lattice. Because of the focus of this study on the

effect of odontogenic and biphasic calcium phosphate

material as scaffold, besides, teeth naturally contain mag-

nesium and this ion replacement is inevitable, we still refer

to it as b-TCP rather than Ca2.71Mg0.29(PO4)2.

3.4 BET test results

The isotherm linear plots of these three materials had

similar characteristics. They were all type IV isotherms and

mesoporous materials. The adsorption curve was incon-

sistent with the desorption curve, and hysteresis rings were

observed. Moreover, the three materials were all H3 type

Fig. 1 Experiment detection about DNCPs. A The extracted DNCPs

showed a thin film after lyophilization. B Western blot results.

C DNCPs optimum concentration was tested by CCK8 method; the

abscissa corresponding to the points are 0, 1, 2.5, 5, 10, 20, 40, 80; *

statistic difference compared with 0, 1, 2.5, 5, 10 lg/mL DNCPs,

p\ 0.05. D DNCPs optimum concentration was tested by ALP

activity assay; * statistic difference compared with 0 lg/mL DNCPs;

(*p\ 0.05, **p\ 0.01, ***p\ 0.001 and ****p\ 0.0001)
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without an obvious saturated adsorption platform, indicat-

ing that these materials were flake or granular, with fissure

pore characteristics and irregular pore structure. Fig-

ure 2F–H was used to obtain the mode pore width.

Table 1 summarizes the BET surface area, pore volume,

average pore size, mode pore width, median micropore

width of DBBM, b-TCP and odontogenic BCP. (Note: All

three materials were tested after hand grinding and

refinement, and their data, such as specific surface area,

may change. The results of DBBM and b-TCP materials

were used only for comparison in this study and could not

be evaluated clinically).

Fig. 2 Materials testing. A Dental powder materials images after the

first and second sintering. B XRD pattern of dental powder after the

first sintering. C XRD pattern of odontogenic BCP. D XRD pattern of

DBBM. E XRD pattern of b-TCP. F Isotherm linear plot and BJH

adsorption dV/dlog(w) pore volume plot of DBBM. G Isotherm linear

plot and BJH adsorption dV/dlog(w) pore volume plot of b-TCP.

H Isotherm linear plot and BJH adsorption dV/dlog(w) pore volume

plot of BCP
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Although the specific surface area of BCP was the

smallest among the three, BCP had the largest average pore

size of 10.5516 nm. The mode pore width represents the

most likely pore size, which is a concept of probability.

The mode pore widths of BCP were 20.3386 and 200 nm,

and the 200 nm macropores may be densely distributed

dentin tubule-like pores on the surface of BCP. In addition,

all three materials had micropores of approximately 1 nm.

3.5 Material morphological observation

Figure 3 shows representative scanning electron micro-

scopy (SEM) images of the material surfaces. The odon-

togenic BCP presented two main surface characteristics:

one was a smooth surface with dentin tubule-like traffic

pores, and the other was a granular structure of approxi-

mately 1 lm. SEM images of DBBM and b-TCP materials

showed that the surface of the material had large ovoid

megapores of approximately 50–200 lm (Supplementary

Fig. S3). Higher SEM magnification revealed clear differ-

ences in the nanostructure features.The surface of DBBM

presented as thick funiform, while b-TCP is characterized

by irregular granules. However, schistic and scaly irregular

crystals, as well as irregular pores with hundreds of

nanometer diameters, were observed in BCP.

3.6 Biocompatibility analysis of materials

and DNCPs

The results of the cell adhesion experiment showed that

DNCPs had no significant effect on cell adhesion. Com-

pared with the DBBM group, the cell adhesion rate of the

b-TCP group was significantly higher at both 4 h and 24 h.

While the 24 h adhesion rate of the BCP Group was lower

Table 1 Brunauer Emmett Teller (BET) test results of the three materials

Material BET surface area (m2 /g) Pore volume (cm3 /g) Average pore size (nm) Mode pore width (nm) Median micropore width (nm)

BCP 50.7011 ± 0.5316 0.148567 10.5516 20.3386,

200

1.0606

DBBM 69.7139 ± 0.8513 0.176995 8.4611 10.0113 1.0381

b-TCP 60.6485 ± 0.4891 0.122344 7.4471 2.9414,

20.6371

1.0387

BET, Brunauer–Emmett–Teller; BCP, biphasic calcium phosphate; DBBM, deproteinized bovine bone mineral; b-TCP, b-tricalcium phosphate

Fig. 3 SEM images of BCP. A Material surface under low

magnification (Mag = 100X). B Porous surface under low magnifi-

cation (Mag = 200X). C Two kinds of microscopic morphology

(Mag = 2kX). D Representative microscopic morphology (Mag = 2

kX). E Micro-nanostructured features (Mag = 40kX). F Representa-

tive nanoscale pore structures (Mag = 40kX)
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than the 24 h adhesion rate of the DBBM group and the b-

TCP group, the differences were statistically significant

(Fig. 4A).

From day 1 to day 7, the proliferation of cells in each

group increased continuously. The data showed that the

number of cells in all groups was similar on days 1 and 3,

and the difference was not statistically significant. How-

ever, from day 5, the number of adherent cells on the b-

TCP scaffold was statistically the highest, significantly

different compared with both the DBBM and BCP groups.

In addition, DNCP stimulation had no noteworthy effect on

cell proliferation, and 10 lg/mL DNCPs did not exhibit

cytotoxicity (Fig. 4B).

3.7 Cell spreading and morphology observation

The SEM tests showed images of 3T3 cells cultured on

BCP (Fig. 5), DBBM (Supplementary Fig. S4A–D) and b-

TCP materials (Supplementary Fig. S4E-H) in the presence

or absence of DNCPs. Cell spreading and morphology

were analyzed by high magnification images. In order to

observe the cell adhesion and spreading on material parti-

cles, laser scanning confocal microscope (LSCM) obser-

vation were performed simultaneously, experimental

procedure and results are shown in Supplementary Fig. S5

and S6.

Observing the materials seeded cells by SEM for 1 d, we

found that the cells on the DBBM and b-TCP scaffolds

were fusiform or oval and extended elongated filopodia to

adhere to the materials, and some cells began to spread out

to enhance the adhesion to the substrate materials. The

images on day 3 revealed that the cell spread area

increased, the proliferation of cells increased, and there

was a tendency of concentrated growth in some locations.

On the BCP scaffolds, the cells were widely spread, and

confluent layers were formed. Especially on culture day 3,

numerous filopodia could be seen sticking out around the

cells, indicating that the BCP material had good contact

and adhesion with cells.

3.8 Effect of materials on ALP activity

The ALP activity of cells in each material group increased

with time (Fig. 4). On day 3, 6, 12, the ALP activity of b-

TCP group was significantly higher, compared to the

DBBM group (*p\ 0.05). On day 3, there was no sig-

nificant difference in ALP activity between DBBM group

and BCP group (*p[ 0.05). Cultured to 6 days, 12 days,

ALP activity of BCP group was higher than DBBM group,

the difference was statistically significant (*p\ 0.05).

3.9 Micro-CT analysis

The micro-CT scanning images (three-dimensional recon-

struction image, axial image, sagittal view) presented

dome-shaped bone lifting consisting of new bone and

Fig. 4 Cell adhesion rate, proliferative activity and ALP activity.

A Determination of cell adhesion rate ( * Significantly different than

DBBM group, p\ 0.05; # Significantly different than b-TCP group,

p\ 0.05). B Cell proliferative activity detection. (* Significantly

different than b-TCP group, p\ 0.05), (*p\ 0.05, **p\ 0.01,

***p\ 0.001 and ****p\ 0.0001). C ALP activity assay. (*

Significantly different than DBBM group, p\ 0.05),(*p\ 0.05,

**p\ 0.01)
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residual material in the rabbit maxillary sinus (Fig. 6). The

images revealed that the b-TCP material had largely

degraded after 4 months of healing, while the residual

material of DBBM and BCP was in close contact with the

new bone. The values of parameters are listed in Supple-

mentary Table S1. Statistical results of two-way ANOVA

are shown in Supplementary Table S2.

The TV (mm3) values were 67 ± 6.03, 42.7 ± 2.92,

64.3 ± 3.82, 68.96 ± 2.08, 47.62 ± 1.74 and

70.34 ± 4.11 in the DBBM-Control, b-TCP-Control, BCP-

Control, DBBM-DNCPs, b-TCP-DNCPs and BCP-DNCPs

groups, respectively. The results showed that there were

significant differences between DBBM and b-TCP, b-TCP

and BCP. However, there were no statistically significant

differences between the control subgroup and DNCP sub-

group in any of the three materials (Fig. 7). The BV/TV

(%) values of b-TCP and BCP were 47.18 ± 5.68 and

62.62 ± 7.02 in the DNCP groups, respectively, and they

were significantly different. BCP-Control and BCP-DNCPs

showed BV/TV values of 42.56 ± 7.80 and 62.62 ± 7.02,

respectively; significant differences were detected

(Fig. 7B). The Tb. Th (lm) value in the BCP-DNCP group

(303.9 ± 34.95) was notably greater than the Tb/Th (lm)

value in the b-TCP-DNCP group (225.3 ± 40.80). There

were no significant differences among the other groups

(Fig. 7C). The Tb. Sp of DBBM (470.3 ± 56.91) and BCP

(429.4 ± 22.03) were significantly different compared

with b-TCP (608.9 ± 55.57) in the control group. For b-

TCP and BCP materials, there were also significant dif-

ferences between the control and DNCP subgroups

(Fig. 7E). Two-way ANOVA did not show Tb. N, SMI or

BMD differences in the material groups or the control-

DNCP subgroup (Fig. 7D, F and G). Interestingly, the SMI

for all material and protein groups was close to 0, indi-

cating that most bone trabeculae were lamellar, and nega-

tive number represented dense structure.

3.10 Histological results

Histological slices show Goldner’s trichrome staining of

the maxillary sinus bone lifting area 4 months after the

operation (Fig. 8). The images showed that dark green

highly mineralized and light green low mineralized new

bone was formed in contact with the surface of the bone

substitutes and had a bone trabecular structure. Low min-

eralized bone exhibited woven bone trabeculae, while the

presence of lamellar bone was an indication of bone

maturity. Osteoblasts were observed on a low mineralized

Fig. 5 Cell morphology SEM observation. A BCP, day 1. B BCP ? DNCPs, day 1. C BCP, day 3. D BCP ? DNCPs, day 3. (White arrow: cell.

Black arrow: filopodia)
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new bone surface. Some areas were orange-red, and these

were unmineralized osteoids. Residual DBBM and BCP

could be distinctly observed, indicating that these materials

were not fully degraded at 4 months, while b-TCP was

clearly degraded compared with them. After four months of

healing, only a few b-TCP granules were scattered in the

bone. In both the experimental and control groups, there

was new bone formation in the central area, surrounding

area and around the sinus membrane, demonstrating the

osteoconduction properties of these materials. The new

bone was in close contact with the material surface, some

irregular material surfaces may be caused by the degrada-

tion of material particles.

Fig. 6 Micro-CT scanning images (three-dimensional reconstruction image, axial image, sagittal view). A BCP-Control group. B BCP-DNCPs

group. C DBBM-Control group. D DBBM-DNCPs group. E b-TCP-Control group. F b-TCP- DNCPs group
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Histomorphometric results are shown in Supplementary

Table S3 and Supplementary Table S4. The amounts of

highly mineralized bone (%) were 28.73 ± 4.549,

24.10 ± 5.051, 26.13 ± 8.210, 27.20 ± 14.94,

34.63 ± 3.607 and 25.70 ± 12.21 in the DBBM-Control,

b-TCP-Control, BCP-Control, DBBM-DNCPs, b-TCP-

DNCPs and BCP-DNCPs groups, respectively. There were

no significant differences among these groups (Fig. 9A).

The values of dark green average IOD were not signifi-

cantly different among the material groups. Between BCP-

Control and BCP-DNCPs, b-TCP-Control and b-TCP-

DNCPs, significant differences were detected (Fig. 9B).

The amounts of low mineralized bone (%) were

42.33 ± 4.250, 38.47 ± 11.58, 48.40 ± 4.828,

42.27 ± 5.519, 41.00 ± 4.949 and 51.77 ± 13.45 in the

DBBM-Control, b-TCP-Control, BCP-Control, DBBM-

DNCPs, b-TCP-DNCPs and BCP-DNCPs groups, respec-

tively (Fig. 9C). No statistical differences were found

among the groups. The values of light green average IOD

did not differ significantly between the material groups.

However, in the DBBM and BCP groups, there were

prominent differences between the control and DNCP

subgroups (Fig. 9D). The new bone area (%) values were

71.07 ± 1.193, 62.57 ± 6.730, 74.53 ± 3.661,

69.47 ± 9.445, 75.63 ± 1.380 and 77.47 ± 3.156 in the

DBBM-Control, b-TCP-Control, BCP-Control, DBBM-

DNCPs, b-TCP-DNCPs and BCP-DNCPs groups, respec-

tively. The BCP-Control and DBBM-Control groups

exhibited a greater new bone area than the b-TCP-Control

group at 4 months of healing, and the differences were

significant. In addition, the new bone area was significantly

smaller in the b-TCP-Control group than in the b-TCP-

DNCPs group (Fig. 9E).

4 Discussion

The utilization of scaffold material delivering growth fac-

tors to facilitate tissue-engineered osteogenesis takes a

large step forward in maxillary sinus lifting [40–43]. It is

desirable that scaffolds and growth factors be designed to

mimic the structure and properties of the bone matrix. The

main work of this study was to prepare calcium phosphate

bioceramics adsorbing DNCPs, to evaluate the volume

stability after maxillary sinus elevation and to examine

whether the material differences and the addition of

DNCPs ultimately affected new bone formation after

4 months of healing.

Fig. 7 Micro-CT analysis. A Tissue volume (TV). B the ratio of bone

volume to total volume (BV/TV). C trabecular thickness (Tb.Th).

D trabecular number (Tb.N). E trabecular separation (Tb.Sp).

F structure model index (SMI). G bone mineral density (BMD).

(*p\ 0.05, ** p\ 0.01, *** p\ 0.001 and ****p\ 0.0001)
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We considered, on the one hand, that DNCPs act as

biosignal molecules in tissue engineering; on the other

hand, DNCPs may participate directly in the formation of

bone structure. Previous reports showed that the synergis-

tic effect of growth factors plays a crucial role in bone

defect repair [44–46]. Chen et al. evaluated bone regener-

ation as a highly coordinated process that requires a series

of growth factors to be expressed in a spatiotemporally

controllable manner [47]. The signal transduction activated

by growth factors may participate in bone reconstruction.

The excellent mechanical properties of bone are due to its

complicated nanostructure, which contains collagen, min-

erals and NCPs [23]. NCPs are considered signaling

molecules in bone formation and further impact the min-

eralization of the bone matrix [24, 48]. The crucial factor

affecting bone matrix quality is exactly bone matrix min-

eralization. Some studies suggest that NCPs play a similar

‘‘glue’’ role at the collagen-mineral interface and

Fig. 8 Histological images. A BCP-Control group. B BCP-DNCPs

group. C DBBM-Control group. D DBBM-DNCPs group. E b-TCP-

Control group. F b-TCP -DNCPs group. Magnified images were

taken at two locations, one around the defect center and one near the

sinus membrane. (Highly mineralized bone: HMB; Low mineralized

bone: LMB; Osteoid area: O; Residual material: RM)
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strengthen toughness, moreover NCPs can guide calcium

phosphate deposition and promote the formation of

hydroxyapatite crystals [24, 26, 49–51].

Mineral deposition in vivo is not only affected by the

inorganic phase but also controlled by protein adsorption

[52]. If more proteins that promote osteogenic differenti-

ation are adsorbed, better bone repair may be achieved.

Wang et al. found that BCP scaffolds exhibited more

BMP2 protein adsorption than HA [53]. The odontogenic

BCP material showed good bone formation, which may be

related to the phase composition, material surface proper-

ties, and pore size. The chemical composition of the

material represents a scaffold rich in calcium and phos-

phorus ions. Appropriate pore size and porosity contribute

to the nutrition, colonization, and proliferation of cells

associated with osteogenesis. The surface characteristics of

materials may affect the specific surface area of materials,

thereby affecting the adhesion of cells, proteins, growth

factors, etc. BCP ceramics not only have good biocom-

patibility and bone conductivity but also have slow

absorption of HA to maintain space for bone reconstruc-

tion, furthermore, the progressive degradation of b-TCP in

BCP particles and subsequent release of calcium/phos-

phorus ions lead to effective mineral deposition in the

space after material absorption [7, 54]. These mineral

deposits form carbonate HA (CHA), which promotes the

adhesion of osteogenic cells and proteins to the material

and accelerates the synthesis of bone matrix and the for-

mation of osteoids [55].

In this study, combined with micro-CT scanning images

and tissue section observations, b-TCP material did not

maintain the height of maxillary sinus bone lifting, and

most of the material had degraded after the healing period

of 4 months. The volume of sinus lift (100 mm3) dropped

below 50 mm3 (TV, b-TCP-Control: 42.7 ± 2.92; b-TCP-

DNCPs: 47.62 ± 1.74), less than half. However, in the

maxillary sinus elevation model with DBBM and BCP

materials as scaffolds, dome-shaped protrusions were

obvious. In terms of new bone formation, the BV/TV of the

BCP-DNCPs group was higher than the BV/TV of the

BCP-Control group and b-TCP-DNCPs group; however,

there was no significant difference between the BCP group

and DBBM group, this result indicated that these two

materials can achieve good bone formation, but the effect

of b-TCP materials was slightly less. The microstructure of

bone trabeculae could reflect the bone quality, and the

porous network structure connected by bone trabeculae was

arranged regularly according to the stress curve, which

could increase the strength. The Tb. Sp values of the

DBBM, BCP groups and DNCP subgroups were signifi-

cantly smaller, suggesting higher bone quality. Histological

quantitative analysis showed that there was no significant

difference in high or low mineralized bone area among

groups, and individual differences were also large, but the

percentage of total new bone area in the b-TCP-Control

group was significantly lower than the percentage of new

bone area in the DBBM-Control group and BCP-Control

group. Although the average IOD values of the green area,

which indirectly indicated the degree of mineralization,

showed no significant difference among the different

material groups, significant differences in IOD values were

observed between the DNCP and control subgroups in all

three material groups, indicating that the presence of

DNCPs may contribute to the mineralization of the bone

Fig. 9 Histological analysis. A Highly mineralized bone area (%).

B Dark green(represent highly mineralized bone) average IOD.

C Low mineralized bone area (%). D Light green(represent low

mineralized bone) average IOD. E New bone area (%) (highly

mineralized bone area ? low mineralized bone area). (*p\ 0.05)
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matrix. The two-way ANOVA results of both micro-CT

and histological analysis showed that different material

groups had a significant impact on the experimental results,

as did the DNCP group, but the interaction between the two

factors was found only in the new bone area index of

histological analysis. In conclusion, both BCP material and

DNCPs played a promoting role in the outcome of bone

formation after maxillary sinus lifting in this study.

The odontogenic BCP scaffolds composed of 71% HA

and 29% b-TCP were prepared by a sintering technique.

The tooth powder sintered for the first time was identified

by XRD as HA with a small number of b-TCP (13%). The

material treated with ammonium dihydrogen phosphate

was sintered for the second time, and then the odontogenic

BCP (71% HA and 29% b-TCP) was obtained. When

calcined at high temperature, HPO4
2- was converted to

P2O7
4-, which reacted directly with OH- in HA to form

PO4
3-. The surface of the DBBM and b-TCP material had

large ovoid megapores of approximately 50–200 lm. Pore

sizes between 150 and 500 lm are most suitable for bone

ingrowth [56]. However, the odontogenic BCP was sin-

tered from massive tooth fragments, which did not form

hundreds of micron pores. In addition, in BET detection,

the BET surface area was lower, and the particle size and

shape of the odontogenic BCP materials may reduce the

specific surface area. However, its pore volume, average

pore size and median micropore width were not very dif-

ferent from those of DBBM and b-TCP. These micropores

formed by sintering, can transport nutrients, oxygen and

waste for cell growth within the scaffolds, and promote the

protein adhesion [57, 58]. In the vitro experiments, ALP

activity of cells seeded on the material was significantly

higher in BCP group and b-TCP group, compared to the

DBBM group. And the cell adhesion and proliferation of

BCP and DBBM were significantly lower the adhesion and

proliferation of b-TCP, but SEM and LSCM images

(Supplementary Figure S5–S6) showed that the morphol-

ogy and spread of the cells in the three groups of materials

were all outstanding, and an abundance of filamentous

pseudopods was found, indicating high biological activity.

Combined with the results of in vivo experiments, the

shortcomings of some parameters of odontogenic BCP did

not affect its excellent bone regeneration effect. The cell

adhesion rate and proliferation activity of odontogenic

BCP material were lower than that of b-TCP material,

which may be related to the characteristics and treatment of

the material surface. That should be studied further.

However, it is certain that the organic components of the

odontogenic material were removed by calcination, elimi-

nating the risk of immune rejection, and DNCPs can be

extracted from dentin as growth factors. This study makes

full use of the valuable biological resource of human

extracted teeth.

The pore size of the odontogenic BCP material is

equivalent to the size of the dentin tubules, which may

affect the osteoconduction and osteoinduction. Therefore,

in the future research, we can consider the nano-processing

of the odontogenic BCP, and combine with artificial or

natural biological polymers to make a porous three-di-

mensional scaffold loaded with DNCPs, which is believed

to provide more support for the application of odontogenic

biological materials. Although DNCPs are not pure, and

the concentration of DNCPs above 20 lg/mL can inhibit

cell proliferation and osteogenic differentiation. In view of

the animal experimental results, DNCPs and BCP alone or

in combination have been shown to play a stimulative role

in bone regeneration. Based on this study, we will improve

the extraction method of DNCPs, and further study the

in vitro experiment of proteins and materials promoting

stem cell osteogenic differentiation.

In summary, at 4 months of implantation, the bone

growth of the BCP groups was significantly increased

compared with the bone growth of the b-TCP groups. A

clear difference existed in degradation and bone quality

between these material groups. The odontogenic BCP and

DBBM have similar effects on promoting osteogenesis.

DNCPs also play a significant role in new bone formation

and bone matrix mineralization. Tissue-engineered bone

with odontogenic growth factor and scaffolds is a

promising strategy for maxillary sinus augmentation.

Supplementary InformationThe online version contains

supplementary material available at https://doi.org/10.1007/s13770-
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