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Loading of an appropriate amount of rhBMP-2 and avoiding its “burst-release” are key challenges for upgrading the biological 

performance of thin bioactive coatings on metal implants. In this study, we adopted incorporation of chitosan nanospheres into thin 

mineralized collagen coatings to enhance rhBMP-2 loading and improve releasing behavior based on the good affinity of chitosan for 10 

proteins and the large surface area of nanospheres. We realized the incorporation process by electrophoretic injection. Using chitosan 

nanospheres, we were able to increase the rhBMP-2 loading amount in the thin coating by 2.7-fold (from 446 ng/cm2 to 1186 ng/cm2), 

and showed that the rhBMP-2 exhibited sustained release behavior. MC3T3-E1 cells cultured on the rhBMP-2/chitosan nanosphere-

incorporated thin coatings (Col/Cs/BMP) showed good cell attachment and proliferative behavior, and high levels of differentiation and 

mineralization. In in vivo tests, spiral CT analysis and histological observations demonstrated that Col/Cs/BMP coatings on metal 15 

implants were able to increase bone density and accelerate new bone growth after implantation for 4 and 8 weeks, the boundary between  

host bone and new bone disappeared after implantation for 8 weeks. The pull-out tests further confirmed that the Col/Cs/BMP coatings 

could significantly enhance osseointegration. The present results indicate that incorporation of chitosan nanospheres into thin coatings is 

an effective way to enhance the loading amount properly, improve the release behavior of rhBMP-2 and finally accelerate the 

osseointegration process.  20 
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1 Introduction 

Metal implants are indispensible in orthopedic surgeries as 

metal devices are able to bear mechanical loads and to provide 

stabilization so that optimal alignment and function of bone can 

be maintained following substitution of bones and joints1. 5 

However, medical metals usually have poor biocompatibility, low 

rates of osseointegration and require a long period of 

postoperative recovery.  

Advanced strategies focus on the anchorage of bioactive 

coatings to the metal surface and on the delivery of osteogenic 10 

signaling molecules to enhance peri-implant bone regeneration2. 

Biologically active components are immobilized onto the metal 

implant surface through a variety of procedures such as 

adsorption, covalent coupling, electrochemical surface 

modifications and self organized organic layers3-5. These surface 15 

modifications can promote cell attachment, proliferation and 

differentiation, thus accelerating the growth of bone tissue at 

bone-implant interfaces6. 

Among osteogenic signaling molecules, bone morphogenetic 

protein (BMP) family members are considered to be the best due 20 

to their highly osteogenic ability7. Previous reports have 

demonstrated that BMP-2 can stimulate the proliferation, 

migration and osteogenic differentiation of mesenchymal stem 

cells8, 9. Moreover, BMP-2 has been proven to induce 

osteogenesis in vivo
10, 11. Although BMPs are potent 25 

osteoinductive growth factors, their administration for orthopedic 

applications is complicated by their short biological half-lives, 

localized actions and rapid local clearance12. Effective BMP 

treatment of bone defects requires their incorporation into 

biomaterials for locally sustained delivery at the target site13. 30 

Incorporation of BMPs into the thin coatings used on implants 

necessitates overcoming two difficulties: limitation of the loading 

amount and prevention of burst-release behavior. Recent studies 

of thin coatings using BMP-2 loaded at 200–300 ng/cm2 4found 

that 80% of the incorporated BMP had already been exhausted 35 

after the first week of release14, which may prolong the 

osseointegration period in vivo. These challenges have been 

addressed using many porous thin bioactive coatings4, 14, 15. 

We previously showed that mineralized collagen coatings on 

titanium implants have good cytocompatibility16, 17. However, the 40 

composition of mineralized collagen shows low affinity with 

rhBMP-218, and the porous structure of a mineralized collagen 

coating is not suitable for effective loading of rhBMP-2 nor for 

sustained release behavior. 

Chitosan is cationic 19 and has rich side groups (-NH2, -OH) 45 

that can be bonded to drug molecules and growth factor proteins; 

it is wildly utilized as a carrier for drugs 20 and proteins such as 

BMPs21, 22. In this study, we employed chitosan as a binding 

agent to hold BMP-2 to enhance its loading/releasing 

performances in mineralized collagen coatings. The chitosan 50 

nanospheres and BMP-2 were simultaneously incorporated into 

mineralized collagen coatings by electrophoretic injection. The 

presence of chitosan nanospheres in mineralized collagen 

coatings can reduce their porosity and increase their tortuosity17, 

and the resulting microstructural changes are greatly beneficial 55 

for sustained release of BMP-2. 

In this study, the primary purpose is to enhance the loading 

amount of rhBMP-2 to a proper amount, and the second purpose 

is to prolong the release period of rhBMP-2. After realizing the 

two purposes, the osseointegration process is hoped to be  60 

accelerated to a desirable degree.  

The microstructure of the rhBMP-2/chitosan nanosphere-

incorporated thin coatings (Col/Cs/BMP) was characterized, and 

the loading amount and release profile of rhBMP-2 were 

measured. The cytological compatibility of the Col/Cs/BMP 65 

coatings was evaluated by assessing the proliferation, migration 

and osteogenic differentiation of mesenchymal stem cells 

cultured on the coatings. Finally, the osseointegration effect was 

assessed by spiral CT analysis, histological observations and pull-

out tests of coated titanium rods implanted into New Zealand 70 

white rabbits. 

2 Materials and Methods 

2.1 Preparation of different coatings 

2.1.1 Preparation of mineralized collagen coatings 

 To prepare electrolytic solutions, type I collagen (Beijing 75 
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Yierkang Co., Beijing, China) was dissolved in 5 mM acetic acid 

to a final concentration of 0.5 mg/mL, and then stored at 4°C. 

Ca(NO3)2 and NH4H2PO4 were dissolved in distilled water and 

soluble type I collagen was added to the electrolyte to final 

concentrations of 4 mM Ca2+, 8 mM PO4
3-, and 0.4 mg/mL 5 

collagen. An NaOH solution (0.25 M) was used to adjust the pH 

of the electrolyte to 4.5 with a calibrated pH meter (Thermo, 

Benerly, MA). Titanium plates or rods (Bangnuo Co.  Baoji, 

China) (99.9% Ti, Medical grade) were cleaned ultrasonically in 

ethanol, and acid-etched by a mixed acid solution composed of 10 

2.75 M HF and 3.94 M HNO3.  

 Electrochemically-assisted deposition16
 was carried out in a 

two-electrode electrochemistry system, involving a Ti plate (rod) 

as the working electrode, i.e. the cathode, and a platinum plate 

(15 × 25 × 0.1 mm3) or a rod (3.0 mm in diameter) as the anode. 15 

The distance between the anode and the cathode was fixed at 15 

mm. During the deposition, the electrochemical cell with the 

electrolyte mixture was kept at 37°C and a constant potential (2.1 

V) was applied. 

After 30 minutes deposition, a mineralized collagen coating 20 

(referred to as Col) formed on the Ti cathode. The coated Ti was 

then dried in an oven at a temperature of 37°C.  

 

2.1.2 Preparation of rhBMP-2/chitosan nanosphere solutions 

The chitosan (degree of deacetylation: 95%, Shandong Aokang 25 

Co.) was dissolved in 166.7 mM acetic acid to a final 

concentration of 12.5 mg/mL. Tri-polyphosphate (TPP) 

(WuXiXiniu Co.) was dissolved in deionized water to a 

concentration of 12.5 mg/mL. Human recombinant BMP-2 

(Shanghai Rebone Biomaterials Co.) was dissolved in distilled 30 

water and chitosan (final concentration: 0.12 mg/mL) was added 

to the solution, then the mixed solution was flush mixed with the 

TPP solution (final concentration: 0.08 mg/mL). The chitosan-

TPP-rhBMP-2 nanospheres started to form spontaneously via a 

TPP-initiated ionic gelation mechanism. The final concentration 35 

of rhBMP-2 was 2 µg/mL. An NaOH solution (0.25 M) was used 

to adjust the pH of the mixed solution (nanospheres with rhBMP-

2) to 7, and the mixed solution (S1) was then stirred for 24 h at 

room temperature.  

Another rhBMP-2 solution (S2; without chitosan nanospheres) 40 

was prepared at a concentration of 2 µg/mL. Acetic acid (0.25 M) 

was used to adjust the pH to 7.  

 

2.1.3 Preparation of rhBMP-2/chitosan nanosphere-incorporated 

coatings 45 

After the coatings on the Ti plates were completely dried, they 

were put into the S1 or S2 solution as the electrolytic cathode for 

3 h. The solutions were kept at 37°C under a constant potential of 

1V. In this electric field, the rhBMP-2 moved into the mineralized 

collagen coating (referred to as Col/BMP) in the S2 solution. In 50 

the S1 solution, chitosan nanospheres with rhBMP-2 were 

electrophoretically injected into the coating (referred to as 

Col/Cs/BMP). The uncoated titanium was referred to as Ti (blank 

control).  

 55 

2.2 Measurements of rhBMP-2 loading amount and release  

To measure rhBMP-2 loading amount, the S1 and S2 solutions 

were centrifuged after the electrochemical process, and the 

supernatant was collected. The rhBMP-2 concentration in the 

supernatant was measured with a BMP-2 Quantikine ELISA 60 

Kit(Shanghai Yanjin Co), and the amount of rhBMP-2 loaded on 

the coatings could then be calculated from the initial rhBMP-2 

amount and the amount remaining in the supernatant.  

rhBMP-2 release from the BMP-loaded coatings was analyzed 

by immersion in 5 mL phosphate-buffered saline (PBS), and the 65 

amount of rhBMP-2 released was also measured with a BMP-2 

Quantikine ELISA Kit. The release profiles of each experimental 

set were expressed by plotting the released amount/percentage vs. 

time. 

2.3 Kinetic analysis of the release behavior 70 

The release process from thin coatings is commonly divided 

into two stages17: burst release (from the proximal surface of the 

coatings) and sustained release (from the interior of the coatings). 

Here, an empirical equation, Q = kt1/2+b, is adopted to evaluate 

the burst release degree, where Q is the release amount after time 75 

t per unit exposed area, k represents the release rate, and b is a 

constant which represents the possibility of a burst release 23. 

2.4 Characterization of coatings 

The morphologies and microstructures of the resulting coatings 

were characterized by scanning electron microscopy (FE-SEM 80 

Hitachi, SU-70, S-4800), and the phase of the coatings was 

measured by XRD (X’ Pert PRO, Cu Ka, 0.02 per step). 

 

2.5 Cell culture and seeding  

Mouse calvaria-derived, pre-osteoblastic cells (MC3T3-E1, 85 

CRL-2594, ATCC) were used in this study. MC3T3-E1 cells were 
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cultured on titanium with different coatings (Ti, Col, Col/BMP, 

Col/Cs/BMP) in alpha-modified Minimum Essential Medium 

(MEM Alpha, Gibco) supplemented with 10% fetal bovine serum 

(FBS, PAA, Australia), 1% sodium pyruvate, 1% antibiotic 

solution containing 10,000 units/mL penicillin and 10,000 µg/mL 5 

streptomycin, and 1% MEM non-essential amino acids (all from 

Gibco) under a humidified atmosphere of 5.0% CO2 at 37°C. 

Subconfluent MC3T3-E1 cells growing on tissue culture 

polystyrene (TCPS) were trypsinized with 0.25% trypsin, 1 mM 

EDTA (Gibco), and were subcultured on different coatings. 10 

Initial proliferation of MC3T3-E1 on titanium surfaces was 

evaluated by measuring the number of cells attached to titanium 

substrates after incubating for 6 and 24 h. Propagated cells were 

quantified in terms of cell density at 2 and 5 days of culture. A 

cell suspension (500 µL) with a density of 5 × 104 cells/cm2 was 15 

inoculated into a 24-multiwell plate containing the samples with 

different surfaces. After 6 and 24 h, samples were transferred to 

another 24-well plate after washing 3 times with PBS. Cell 

proliferation rate was evaluated using cell counting kit-8 (CCK-8, 

Dojindo Laboratories, Kumamoto, Japan). The absorbance was 20 

measured on a microplate reader at a wavelength of 450 nm. 

 

2.6 Cell morphological observations 

To evaluate the initial attachment behaviors of cells on coatings, 

MC3T3-E1 cell morphology was observed by SEM. After 3 h, the 25 

culture medium was removed and the specimens were fixed with 

2.5% glutaraldehyde in PBS overnight at 4°C. After dehydration 

in graded alcohols, the specimens were dried using 

hexamethyldisilazane (HMDS, Sigma-Aldrich, St Louis, MO). 

They were then sputter-coated with gold. The surface of the 30 

specimen was finally examined with secondary electrons by SEM 

at a voltage of 15 kV. 

Confocal laser scanning microscopy (CLSM) was used to 

examine cell morphology and cytoskeletal arrangement in pre-

osteoblasts seeded onto various titanium surfaces. After 3 h of 35 

culture, cells were fixed in 10% formalin and stained with goat 

anti-actin polyclonal antibody (SC-1615, Santa Cruz 

Biotechnology, Santa Cruz, CA), followed by a Dylight™ 594-

conjugated anti-goat secondary antibody (Jackson). Cultures were 

also immunochemically stained with mouse anti-vinculin 40 

monoclonal antibody (Abcam, Cambridge, MA), followed by a 

FITC-conjugated anti-mouse secondary antibody (Abcam) and 

counterstained with 10 µg/mL Hoechst 33258 (Sigma-Aldrich) at 

room temperature for 5 min. The cell morphology and 

cytoskeletal arrangement were quantified using image analysis 45 

software (Image J, NIH, Bethesda, ML). 

 

2.7 Alkaline phosphatase (ALP) assay 

To determine the osteogenic activity of the mouse MC3T3-E1 

cells, ALP activity was assayed colorimetrically. Mouse MC3T3-50 

E1 cells were cultured on different surfaces for 7 and 14 days. At 

the end of the culture period, the cells were rinsed with PBS, 

vigorously lysed in PBS containing 0.2% Triton X-100 for 10 

min, and then centrifuged. After centrifugation, the supernatant 

was used to determine the total intracellular protein and ALP 55 

activity with ρ-nitrophenyl phosphate as the substrate. The 

absorbance at 405 nm was measured with a spectrophotometric 

microplate reader (Bio-Rad 680, USA). The ALP activity was 

normalized to total intracellular protein synthesis and thus 

expressed as µmol ρ-nitrophenol/min/mg protein. The total 60 

intracellular protein content was determined with a BCA kit. 

2.8 Quantitative real-time PCR 

MC3T3-E1 cells grown on different surfaces were collected 

after culture for 7 and 14 days. Total RNA was extracted from 

cultured MC3T3-E1 cells grown on titanium (1 × 1 cm2) with 65 

different coatings using the TRIzol reagent (Invitrogen, San 

Diego, CA) according to the manufacturer’s recommended 

protocol. Real-time PCR was performed in a Light Cycler using 

SYBR green detection for expression of type I collagen and 

osteocalcin mRNA. Gene expression was normalized to the 70 

housekeeping gene GAPDH. The results were analyzed by the 2-

∆∆CT method. 

 

2.9 Quantification of mineralization 

MC3T3-E1 cells cultured on different surfaces (n = 3) were 75 

stained with alizarin red S after culture for 21 days, according to 

a previously described method4, 24. Briefly, the cells were fixed 

with cold methanol for 10 min and washed with deionized water 

prior to immersion for 3 min in 370 µL of 1% Alizarin Red S 

(Sigma) solution dissolved in a 1:100 (v/v) ammonium 80 

hydroxide/water mixture. Each stained specimen was washed 

several times with deionized water and air-dried at room 

temperature. The stained specimen was photographed to show the 

amount of calcium deposition. Bone nodule formation25 of the 

cells cultured on the different surfaces on day 21 of cell culture 85 

was observed by SEM, and the presence of calcium on the cell-
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cultured specimens was characterized by energy dispersive X-ray 

spectroscopy (EDX) mapping. 

2.10 Animals and surgical procedure 

The animal protocol was approved by the Ethics Committee 

for Animal Research, Zhejiang University, China. The rod 5 

samples (ø 3 mm × 8 mm) with different coatings (Ti, Col, 

Col/BMP, Col/Cs/BMP) were implanted into the femoral 

metaphyses of mature New Zealand White rabbits with an 

average weight of 2.5–3 kg to evaluate the osteogenic effect of 

the different surfaces (n = 20 per group). After anesthesia, the 10 

surgical areas of the rabbits were shaved and disinfected, and a 

skin incision of approximately 3 cm was created to expose the 

femoral epiphysis. A cylindrical hole (3.1 mm in diameter) was 

created in the femoral epiphysis using a surgical drill 13 mm in 

length, and the test rods were inserted into the predrilled holes. 15 

Finally, the soft tissue layers and skin were closed with 

absorbable sutures and the surgical site was disinfected again. 

Postoperatively, benzyl penicillin (40,000 U/kg) was 

administered intramuscularly daily for 3 days. The animals were 

sacrificed under general anesthesia after 4 and 8 weeks, and the 20 

femoral condyles containing the implants were fixed in 4% 

paraformaldehyde for 48 h.  

2.11 Spiral computed tomography analysis (Spiral CT) 

CT values were used to analyze the effect of bone mineral 

density around the implant. After sacrifice, the femoral condyle 25 

samples containing implants were scanned with 64-slice spiral 

CT (Philips Brilliance, Philips, Germany). The data were 

measured and assessed using the standard CT software “Dicom 

Works”. The ROI (region of interest) was restricted to a 0.5 mm 

area surrounding the implant. The CT values in the ROI were 30 

analyzed to reflect the bone mineral density. The resolution of CT 

images was 0.33 mm. 

2.12 Histological analysis 

After fixation in paraformaldehyde, the samples were divided 

into two groups. Forty specimens were soaked in 10% 35 

ethylenediamine tetra-acetic acid (EDTA) for decalcification. The 

remaining specimens were preserved in 70% ethanol for pull-out 

testing. After decalcification, the samples were cut in half 

longitudinally along the long axis of the implant, then the 

implants were gently removed. The tissues were dehydrated, 40 

cleared and embedded in paraffin. Tissue sections, approximately 

6 mm in thickness, were mounted on glass slides and stained with 

hematoxylin and eosin (H&E). The slices were examined under a 

light microscope (Olympus, Tokyo, Japan). 

2.13 Pull-out testing 45 

 A tensile pull-out test was performed to evaluate the bone-to-

implant strength. Bone specimens were kept in 70% ethanol in 

the way to mechanical test on the same day to minimize the 

influences that external environment brought. The femora were 

carefully prepared in order to fit into a custom jig. Specimens 50 

were tested at a loading rate of 1 mm/min with a 20 KN load cell 

in a universal testing machine (CMT 4000, displacement 

resolution 0.03 µm, MTS-SANS company). The peak power is 

the maximum load value that represents the biomechanical bone 

strength. The level of significance was set at P< 0.05. 55 

2.14 Statistical analysis 

 All values are expressed as means ± standard deviation. 

Statistical analyses were carried out by one-way analysis of 

variance (one-way ANOVA) and Scheffe’s post hoc test using 

SPSS software for multiple comparison tests, or using Student’s t-60 

test. Differences were considered statistically significant when P< 

0.05. 

3. Results  

3.1 Characterization of the coatings 

3.1.1 Microstructure of the coatings 65 

The as-prepared mineralized collagen coating was porous in 

morphologyand approximately 40–50 µm in thickness (Fig 1a 

and Fig.1a-1). After electrophoretic injection, chitosan 

nanosphereswere incorporated into the pores of the mineralized 

collagen coating (Fig. 1b), and the morphology and thickness of 70 

the resulting coating were not markedly changed (Fig. 1b and Fig. 

1b-1). The XRD patterns shown in Fig. 2 indicate that both the 

rhBMP-2 loaded coatings (Col/BMP, Col/Cs/BMP) contained 

hydroxyapatite (HA, JCPDS 09-0432) phases.  

3.1.2 In vitro rhBMP-2 loading/release profile of the different 75 

coatings 

As shown in Fig. 3, the loading amount of rhBMP-2 in the 

Col/BMP coating was approximately 446 ng/cm2, but in the 

Col/Cs/BMP coating it increased 2.7-fold to reach 1,186 

ng/cm2with the addition of chitosan nanospheres. After soaking 80 

for 11 days, approximately 58.5% of the rhBMP-2 had been 

released from the Col/BMP coating, while only 39.5% was 

released from the Col/Cs/BMP coating, demonstrating that this 

coating showed sustained release behavior (Fig. 4).  

3.1.3 Kinetic analysis  85 

The Q-t1/2 curves and the linear fits of curves of rhBMP-2 
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release from different coatings are shown in Fig. 5. The two 

stages could make sense in understanding the release behavior 

because BMP loading in a thin coating has a limited interior BMP 

existence. During the first release stage, parameter b 17, 23 was 

related to the initial amount of rhBMP-2 released. In comparison 5 

with coatings without chitosan nanospheres, the intercept b 

(shown in linear fit 1) decreased from 0.17 to -10.02, and this 

reduction indicates that the rhBMP-2 was dispersed more 

uniformly throughout the coating rather than only being adsorbed 

on the surface, while the negative value of b indicates depression 10 

of the trend for burst release of rhBMP-2. During the second 

stage, parameter k (shown in linear fit 2) decreased from 12.47 to 

8.74 after incorporation of chitosan nanospheres, indicating that 

the Col/BMP coating had a slower rhBMP-2 release rate and 

exhibited sustained release behavior. The burst-release depression 15 

and release retardation could be attributed to an increase in the 

affinity of chitosan for rhBMP-2 as well as increased tortuosity of 

the porous coating due to incorporation of nanospheres26. On one 

hand, the incorporation of chitosan nanospheres increased the 

affinity of coating and rhBMP-2, and this increased the bonding 20 

strength between coating and rhBMP-2, so the difficulty of 

release from coating for rhBMP-2 also increased. On the other 

hand, the incorporation of chitosan nanopheres changed the 

microstructure of the coating : the toutorsity of porous coating 

increased, directly leading to the changes of diffusion path of 25 

rhBMP-2. Both the two reasons lead to the slowing release rate of 

rhBMP-2. 

3.2 In vitro cell culture tests 

Fig. 6 shows the adhesion and proliferation of cells on the 

different coatings. Cells were cultured for 6 and 24 h in order to 30 

observe differences in cell attachment, and for 3 days and 5 days 

to observe differences in cell proliferation. When incubated for 6 

and 24 h, there were no obvious differences in cell attachment 

among the different groups. After culture for 3 and 5 days, the 

OD value of the cells cultured on the coatings increased with 35 

rhBMP-2 loading, with the Col/Cs/BMP coating showing the 

highest OD value. On the whole, the cells on the mineralized 

collagen coatings with or without rhBMP-2 demonstrated good 

cell proliferation, although that on the Col/Cs/BMP coating was 

better. 40 

Intensive and extensive vinculin expression signals appeared 

within the cytoplasm and around the edges of cells grown on the 

Col coating (Fig. 7b), and the cells spread well with filopodia 

embedded into the coating (Fig. 8b and b-1). On Col/BMP and 

Col/Cs/BMP coatings, vinculin was also well distributed in the 45 

cells (Fig. 7c and 7d), with filopodia embedded deeply into the 

coatings (Fig. 8c-1 and 8d-1), which implies that cell attachment 

was good. In contrast, only weak vinculin expression (Fig. 7a) 

and discrete cells with no extended pseudopodia could be 

observed on the Ti surface (Fig. 8a and 8a-1). 50 

3.2.2 Cell differentiation 

As can be seen from Fig. 9, the level of ALP expressed by 

cells cultured on all coatings increased over the period from 7 to 

14 days. The ALP expression level of cells cultured on the 

Col/Cs/BMP coating for 7 days was significantly higher (by 55 

approximately 20%) than that of cells on Col alone and 

approximately 50% higher than those grown on Ti (P ＜0.01), 

and this increase in ALP expression indicates the increased 

differentiation of cells cultured on the Col/Cs/BMP coating. This 

increase is thought to play a key role in subsequent 60 

osseointegration: ALP reduces phosphate-containing substances 

(mineralized collagen) to produce the free phosphate required for 

bone mineralization 27. However, there were no significant 

differences among cells cultured on the different coatings for 14 

days, which could be attributed to the fact that ALP is an early 65 

marker of differentiation, indicating that cells on the Col/Cs/BMP 

coating differentiated more rapidly but that cells on the other 

coatings later caught up so that the difference weakened with 

time.  

For the later indicators of differentiation osteocalcin28 (OC) 70 

and collagen I(Col I), the expression of OC in cells cultured on 

the Col/Cs/BMP coating for 7 and 14 days was higher than that of 

cells cultured on Col or Col/BMP coatings or Ti control (Fig. 

10a). The Col/Cs/BMP coating also resulted in a higher level of 

expression of Col I than any of the other groups (Fig. 10b) 75 

3.2.3 Cell mineralization 

Calcium-rich mineralized nodules appeared in cells cultured on 

all coatings as well as in controls (Fig. 11), but the number and 

size of the nodules in cells grown on the Col/Cs/BMP coating 

was apparently greater than that of any of the other groups. 80 

Alizarin red staining (Fig. 11 inset) and EDS mapping (Fig. 11, 

bottom row) demonstrates that the cells cultured on the 

Col/Cs/BMP coating exhibited a higher mineralization level and 

had the highest calcium phosphate content in the extracellular 

matrix. Analysis of cells on the Col/BMP coating revealed that 85 

the addition of rhBMP-2 led to only a small increase in calcium 
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content from 1.19% (Fig. 11b-1) to 1.42% (Fig. 11c-1). However, 

the calcium content increased to 2.59% (Fig. 11 d-1) on the 

Col/Cs/BMP coating, with this significant increase indicating that 

the Col/Cs/BMP coating has a greater capability to enhance 

mineralization 29. In comparison with the Col/BMP group, the 5 

increased mineralization (45.17%) of cells on the Col/Cs/BMP 

coating could help to greatly accelerate the osseointegration 

process after implantation30. 

3.3 In vivo tests 

To evaluate the role of different coatings in the growth of bone 10 

tissue on implants, spiral CT was employed to characterize bone 

density around the implant, a parameter which is considered to be 

key to the assessment of new bone formation after implantation. 

As shown in Fig. 12, the bone density around the implant 

increased with time, and the density around the implants with Col, 15 

Col/BMP and Col/Cs/BMP coatings was higher than that around 

Ti implants after 4 and 8 weeks. The density around the 

Col/Cs/BMP-coated implants at both 4 and 8 weeks after 

implantation demonstrated significant differences (P<0.01 and 

P<0.05) from the Ti group at the same time points. Although the 20 

artifacts of implants were present, the results here were only to 

show the enhancement trend of osseointegration process with the 

help of chitosan nanospheres. 

Hematoxylin and eosin (H&E) staining of decalcified samples 

was employed to evaluate osteogenesis at the interface between 25 

implant and host bone. After implantation for 4 weeks, a mass of 

fibrous and non-connective tissues could be seen around the 

implant in the Ti (Fig. 13a-1) and Col groups (Fig. 13b-1), while 

these tissues were replaced by dense bone matrix (fewer small 

blue arrows and more small black arrows) in the groups with 30 

Col/BMP (Fig. 13c-1) and Col/Cs/BMP-coated implants (Fig. 13 

d-1). After implantation for 8 weeks, the density of the bone 

matrix increased in all groups in comparison with the results at 4 

weeks; however, the bone matrix (stained red at the interface) 

was still sparse in the Ti group (Fig. 13a-2), while connective and 35 

compact bone matrix could be seen in the Col, Col/BMP, and 

Col/Cs/BMP groups (Fig. 13b-2, c-2, d-2). The results also show 

that no ectopic bone formation was observed in any of the groups. 

Importantly, the boundary between host bone and new bone 

disappeared 8 weeks after implantation (Fig. 13d-2), indicating 40 

that osseointegration had been basically completed31. 

The biomechanical properties of an implant are key 

parameters affecting osseointegration after surgical implantation. 

In biomechanics, the maximum pull-out force 32, 33 is often used 

to mechanically evaluate the bone bonding strength between the 45 

bone and the implant. In this study, the pull-out test results (Fig.  

14) revealed that the pull-out force increased over time for all 

groups. Col coating on the implant resulted in a greater bonding 

strength between the implant and the bone (53.09 N at 4 weeks 

and 74.89 N at 8 weeks) compared to the Ti group (45.80 N at 4 50 

weeks and 74.89 N at 8 weeks). When rhBMP-2 was 

incorporated into the coatings, the pull-out force increased (63.13 

N at 4 weeks and 85.13 N at 8 weeks), while enhanced rhBMP-2 

loading resulted in the coating with the highest pull-out 

strength(89.67N at 4 weeks and 107.01N at 8 weeks). This 55 

increase of pull-out strength in comparison with the Ti control 

group (48.92% increase at 4 weeks and 30.16% increase at 8 

weeks) indicates a significant effective improvement in 

osseointegration compared with previous work34.  

4 Discussion 60 

    Since the BMP loading in the coatings was obviously increased, 

there is no doubt that the chitosan nanospheres played a 

significant role. The presence of rhBMP-2 appears to accelerate 

new bone formation and enhance the osseointegration process, 

but an appropriate concentration of rhBMP-2 is required. The 65 

total release of rhBMP-2 should not be lower than 596 ng/cm2, 

otherwise osseointegration could not be essentially completed 

after implantation for 12 weeks 35. However, the release amount 

cannot be too great due to the risk of inducing ectopic bone 

formation. In addition, an effective release period is also required, 70 

and it is necessary for the loading material to be able to extend 

the release period to over 30 days in vitro14 to guarantee the 

establishment of essential osseointegration within an expected 

period (3 months) after implantation36. However, it is a challenge 

to load a thin porous coating with a desired amount of rhBMP-2, 75 

which must also exhibit appropriate release behavior as before 

mentioned. Here, we attempted to utilize rhBMP-2-

boundchitosannanospheres to modify the microstructures of the 

porous thin coating, to realize both elevated rhBMP-2 loading 

and improved release behavior. 80 

After incorporation of chitosan nanospheres into the coatings, 

the microstructure of the Col/Cs/BMP coating revealed that the 

nanospheres were present on the pore walls of the coating 

material (Fig. 1b), and the cross-section morphology was found 

to have become denser (Fig. 1b-1). In addition, the incorporation 85 
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process had almost no influence on the mineral phase in the 

coatings (Fig. 2). In the modified microstructure, more rhBMP-2 

was expected to load due to the increased affinity of its chitosan 

nanospheres, and the release behavior was expected to improve 

due to the increase in the diffusion path because of the more 5 

tortuous porosity of the coating. In this study, the incorporation 

process caused the loaded amount of rhBMP-2 of the 

Col/Cs/BMP coating to reach 1,186 ng/cm2, a significant increase 

of 2.7-fold (Fig. 3) in comparison with the Col/BMP coating, and 

70% of the total release was postponed from 15 days to 20 days 10 

as a result of the injection of chitosan nanospheres (Fig. 4). The 

reason of drastic increase in the BMP release from Col/Cs/BMP 

coating around 12 days may be attributed to the decomposition of 

chitosan nanospheres. Kinetic analysis (Fig. 5) of the release 

behaviors further proved that the modified microstructure is able 15 

to regulate rhBMP-2 release, depressing initial burst-release and 

improving sustained release. The high rhBMP-2 loading and 

reasonably sustained release behavior indicate that the present 

method is an effective way of modifying a porous thin coating, 

causing it to release rhBMP-2 in the desired manner and thus 20 

promote bone formation. 

The incorporation of chitosan nanospheres resulted in changes 

in morphology and chemical composition of the coatings, but 

these changes had no obvious effects on the adhesion (Fig. 6), 

proliferation (Fig. 6 and Fig. 7) ormorphology (Fig. 7 and Fig. 8) 25 

of the MC3T3-E1 cells cultured on the coatings, and retained the 

good biocompatibilities of mineralized collagen coatings. 

 The essential function of rhBMP-2 is to promote osteogenic 

differentiation. When expression of ALP 4 was used as a marker 

of osteoblastic differentiation, the MC3T3-E1cells cultured for 7 30 

days on the coatings showed an obvious rhBMP-2 dose-

dependent increase, and the level remained high at 14 days for 

cells cultured on the Col/Cs/BMP coating (Fig. 9). mRNA 

expression of the osseointegration-related genes osteocalcin (OC) 

and collagen type I (Col I) are often used as indicators of 35 

osteogenic differentiation at the molecular level. The OC and Col 

I expression of the cells cultured on the coatings also increased as 

the loading amount of rhBMP-2 was increased for both 7- and 

14-day culture (Fig. 10).When cell mineralization level was used 

as a late stage indicator of osteogenic differentiation24, the 40 

number of nodules, as well as the amount of Alizarin red staining 

and EDS calcium mapping (Fig. 11) of 21-day cultured cells all 

demonstrated a remarkable rhBMP-2 dose-dependent increase, 

with cells cultured on the Col/Cs/BMP coating showed the 

highest mineralization level. These in vitro results indicate that 45 

enhanced rhBMP-2 loading (1,186 ng/cm2) in the Col/Cs/BMP 

coating can preserve its essential function of promoting the 

osteogenic differentiation process at different stages. 

The aim of incorporating rhBMP-2 is to accelerate new bone 

formation. In in vivo tests, the quantity of new bone formed (Fig. 50 

12 and Fig. 13) was found to significantly increase with 

increasing rhBMP-2 loading. The boundary between host bone 

and new bone disappeared by 8 weeks after implantation (Fig. 13 

d-2) in the Col/Cs/BMP group, indicating that the implant had 

basically become integrated with the host bone. Here, the coating 55 

was biodegradable and finally the coating would be biologically 

transformed into the new bone. The results of pull-out tests (Fig. 

14) showed that the degree of osseointegration was enhanced 

dramatically with rhBMP-2 loading, with the increase in pull-out 

strength being greater after 4-week implantation than that after 8 60 

weeks. This implies that the incorporation of chitosan 

nanospheres with rhBMP-2 could make a significant contribution 

to early bone formation (4 weeks), and that this plays an 

important role in shortening the osseointegration process to 

almost 8 weeks. The new bone growth would be extremely 65 

limited after the completion of osseointegration process as the 

space for tissue growing around coating was very limited. The 

BMP loading dependent increase in the pull-out strength could 

imply that the BMP released from coating played the key role in 

osseointegration. The Col/Cs/BMP coating group demonstrates 70 

good ability to induce bone formation at its surface.  

Based on the results from both in vitro and in vivo tests, the 

enhanced amount of loaded rhBMP-2 of 1,186 ng/cm2 in the 

Col/Cs/BMP coating not only shows the highest loading value in 

this work, but also demonstrates that it is necessary to reach a 75 

desired value range in order to significantly accelerate the 

osseointegration process, which is essential to shorten recovery 

time after implantation surgeries. 

5 Conclusion 

In this study, we show that rhBMP-2 can be incorporated into a 80 

porous thin mineralized collagen coating by the electrophoretic 

injection method, and that enhanced rhBMP-2 loading can be 

obtained with the aid of chitosan nanospheres. The resulting 

coating is shown to have a microstructure of chitosan 

nanospheres tightly adhering to the pore walls of the mineralized 85 

collagen coating. The good affinity of chitosan nanospheres for 
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rhBMP-2 is mainly responsible for the enhanced rhBMP-2 

loading, and the change in microstructure causes an improvement 

in rhBMP-2 release behavior. The enhanced rhBMP-2 loading in 

this study was able to reach 1,186 ng/cm2, and resulted in 

significant increases in proliferation, differentiation and 5 

mineralization levels of cultured MC3T3-E1 cells in in vitro 

assays. The enhanced loading also intensified bone density at the 

bone–implant interface and increased osseointegration in in vivo 

tests, leading to a basic establishment of osseointegration after 

implantation for 8 weeks, and at the same time this loading 10 

amount didn’t exceed the upper limit. Hence, the enhanced 

rhBMP-2 loading is considered to reach a desirable value range, 

enabling it to significantly accelerate bone tissue growth. This 

method could be an effective route to significantly increase 

biological factor loading of porous thin bioactive coatings on 15 

metal implants. 
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Figures 

 

Fig. 1 SEM images of the coatings:(a) Surface morphology of Col/BMP coating (a-1) Cross 

section morphology of Col/BMP coating (b) Surface morphology of Col/Cs/BMP coating (b-1) 

Cross section morphology of Col/Cs/BMP coating. The arrows point to chitosan nanospheres 

 

Fig. 2 XRD patterns of different coatings: Col/BMP and Col/Cs/BMP coatings 
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Fig. 3 rhBMP-2 loading amount in Col/BMP and Col/Cs/BMP coatings. Data shown are 

means ± SD of triplicate assays. Asterisks denote significant differences between different 

coatings (* p < 0.05) 

 

Fig. 4 Cumulative release profile of rhBMP-2 of Col/BMP and Col/Cs/BMP coatings: (a) 

Release profile (ng/cm
2
) of rhBMP-2 from the coatings (b) Release profile (%) of rhBMP-2 

from the coatings. Data shown are means ± SD of triplicate assays 

 

Fig. 5 Linear fit of release curve of (a) Col/BMP coating (b) Col/Cs/BMP coating. Data 

shown are means ± SD of triplicate assays 
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Fig. 6 cck-8 activity of 6h, 24 h, 72 h, 3 day, 5 day of different groups. Data shown are 

means ± SD of triplicate assays. Asterisks denote significant differences between different 

groups (* p < 0.05) 

 

Fig. 7 Representative vinculin fluorescence images of cells on different groups: (a) Ti (b) Col 

coating (c) Col/BMP coating (d) Col/Cs/BMP coating (the scale bar is 10µm) 

  

 

Fig. 8 SEM images of cell morphology on different groups: (a) Ti (b) Col coating (c) 

Col/BMP coating (d) Col/Cs/BMP coating (the scale bar is 5 µm) 
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Fig. 9 Alkaline phosphatase expressed level of MC3T3-E1 cells cultured on different 

groups after culture for 7 days and 14 days, respectively; Data shown are means ± SD of 

triplicate assays. Asterisks denote significant differences between different groups (** p < 

0.01) 

 

Fig. 10 Relative mRNA expression of different groups:(a)Osteocalcin; (b) ColⅠⅠⅠⅠ. The value 

was normalized to GAPDH. Data shown are means ± SD of triplicate assays. Asterisks 

denote significant differences between different groups (* p < 0.05); 
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Fig. 11 SEM images and EDS mapping(calcium) of different groups: (a), (a-1) Ti; (b), (b-1) 

Col coating; (c), (c-1) Col/BMP coating; (d), (d-1) Col/Cs/BMP coating. Insets are samples 

after Alizarin Red staining .The scale bar is 10 µm. 

 

Fig. 12 CT-value of different groups. Data shown are means ± SD of triplicate assays. 

Asterisks denote significant differences between different groups(* p < 0.05, ** p < 0.01); 
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Fig. 13 Histological observations (H&E staining): a: Ti, b: Col, c:Col/BMP, d: Col/Cs/BMP. 

Large picture:×100, inset picture: ×400. The blank part represented the location of implant. 

The big arrows point to the fracture of plant pitter. The small black arrows point to the 

dense bone matrix. The small blue arrows point to the unconnective tissues. The red line 

represent the boundary of new bone and old bone. 

 

Fig. 14 Pull out strength of different groups after 4 week and 8 week implantation. Data 

shown are means ± SD of triplicate assays. Asterisks denote significant differences between 

different groups (* p < 0.05, ** p < 0.01); 
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Colour graphic: 

 

 

 

Text: 

 

Osseointegration significantly accelerated by enhanced rhBMP-2 loading 

in thin mineralized collagen coatings through aid of electrochemically 

injected chitosan nanospheres 
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