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Abstract We conducted histologic and histomorpho-

metric studies to evaluate the osteointegration of gradient

coatings composed of bioactive glass and nanohydroxy-

apatite (BG–nHA) on titanium-alloy orthopaedic implants

and surrounding bone tissue in vivo. Titanium-alloy

implants with a gradient coating (gradient coating group),

uncoated implants (uncoated group), and implants with a

conventional hydroxyapatite (HA) coating (HA coating

group) were randomly implanted in bilateral femoral con-

dyles of 36 male New Zealand rabbits. The bone–implant

contact at 12 and 24 weeks and the new bone volume in the

notch created for observing bone ingrowth at 4, 12, and

24 weeks were found greater in the gradient coating group

than those in both the uncoated group and the HA coat-

ing group (p \ 0.05). Fluorescence micrographs showed

active osteogenesis in the gradient coating group at 4

weeks after implantation. These findings indicated that

BG–nHA gradient coatings could enhance the osteointe-

gration of orthopaedic implant.

1 Introduction

Hydroxyapatite (HA) is osteoconductive and has been

widely used as a coating on metallic orthopaedic implants

to improve osteointegration between implants and bone

[1–3]. Conventional plasma spraying is now the most

widely used technique to produce a HA coating on titanium

alloy (Ti–6Al–4 V) [4, 5]. Although this process is inex-

pensive and quick, there are multiple drawbacks caused by

the high temperature at which it is done, including low and

varying bond strength with the metal substrate and some

decomposition to soluble calcium phosphate compounds

[6–8]. Delamination of the coating is usually induced by

residual stress arising from the mismatch of the coefficient

of the thermal expansion between the titanium alloy and

the HA coating [7, 9]. These shortcomings damage the

bone–prosthesis interface, which could result in long-term

prosthesis instability [1]. Although Capello et al. [10]

proves that both the femoral aseptic revision and

mechanical failure rates are 0.6% at 15-year minimum

follow up, peoples are still developing various methods to

optimize the artificial prosthesis.

Using sintering technology at a temperature lower than

800�C, we added a functional gradient coating composed of

bioactive glass (BG) and nano-HA composite ceramic to the

titanium alloy, wherein the nano-HA concentration was

gradually increased from the innermost layer to the outmost

layer. The pure BG had contact with the alloy substrate, and

the coating surface was composed of pure nanohydroxy-

apatite (nHA). BG has an excellent bioactive nature that

promotes bone formation, and its thermal expansion coef-

ficient can be controlled to match that of titanium alloy

[11–13]. Nanophase ceramics have been proved to enhance

osteoblast function and have the potential to enhance

osteointegration of orthopaedic implants and thus improve
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overall implant efficacy [14–17]. The present work was

undertaken to develop a novel coating capable of adhering

firmly to titanium alloy and forming nanohydroxyapatite

layer at the surface of coating to promote the bone forma-

tion. We have proved previously that the gradient coating

had a high bonding strength to titanium alloy and the good

compatibility to support the attachment and the growth of

human bone marrow mesenchymal stem cells [18–20].

Thus, it is expected that proper design of this multi-com-

ponent coatings will further enhance their application in

the biomedical field. In this study, we evaluated the effect

of osteointegration of BG–nHA-coated titanium alloy

(Ti–6Al–4 V) implants by comparing with that of the

conventional HA-coated and uncoated implants in vivo.

2 Materials and methods

2.1 Coatings and implants

Commercially available titanium-alloy cylinders 15 mm

long and 2.5 mm in diameter were prepared for implanta-

tion by creating a notch of 1.0 mm wide and 1.0 mm deep

along their long axis (Fig. 1). The notch was designed to

allow observations of bone ingrowth and remodeling. The

coatings were prepared by sintering technology at a tem-

perature 800�C according to our previous method [19]. The

titanium alloy was treated with sandblasting before coating,

so that the metal surface became rough and was conducive

to the combination between the metal substrate and the

coating. Nanohydroxyapatite and bioactive glass composite

powders were mixed according to the ratio of 0:10, 2:8,

3:7, 4:6, 5:5, 7:3, 8:2 and 10:0 [21], followed by spraying

layer-by-layer on the titanium surface with varying ratios

of concentration and then sintering at 800�C to form a

gradient coating. After that, the surface and a cross sec-

tion of the coating were observed by scanning electron

microscopy (SEM) and energy-dispersive spectrometer

(EDS) (JSM-6700F, JEOL Ltd, Tokyo, Japan). Implants of

the same shape and design were also prepared without

coating (sandblasted in surface) and with a conventional

plasma-sprayed HA coating to serve as controls.

2.2 Animal model

Thirty-six male New Zealand rabbits weighing an average

of 3 kg were obtained from a licensed vendor (Shanghai

Agricultural College, Shanghai, China). The animal

experiment was approved by the local Animal Care Com-

mittee of the Shanghai Ninth People’s Hospital. The rabbits

were anesthetized and placed in the supine position. After

the bilateral distal femoral condyles were surgically

exposed, the medial and lateral condyles were drilled with

3.0 mm-diameter stainless steel drill bits, which formed a

3 mm-diameter, 15 mm-long horizontal bone tunnel ver-

tical to the long axis of the femur. We randomly inserted 24

titanium-alloy implants with BG–nHA gradient coatings,

24 implants with conventional HA coatings, and 24 tita-

nium-alloy implants without coatings into the holes on the

bilateral femoral condyles of all the rabbits, resulting in a

total of 72 implants. The wounds were carefully sutured.

After the surgeries were completed, the rabbits were

hosted in cages and allowed case activities. At the following

time intervals of 2, 4, 12, and 24 weeks after implantation,

nine rabbits were sacrificed, thus six implants per time point

for the BG–nHA gradient coatings and six implants per time

point for the HA-coatings and uncoated implants were

obtained for evaluations (Table 1). At 15 days and at 3 days

before sacrificing animals, the fluorescence tracer tetracy-

cline hydrochloride (Sigma, St Louis, MO, USA) was

intraperitoneally injected with 30 mg/kg for labeling newly

mineralized bone or new bone formation [22]. The femoral

condyles with implants were harvested for radiography

prior to fixation in 10% formalin solution.

2.3 Histology and histomorphometry analysis

The femoral condyles with the implants were processed for

embedding in methylmethacrylate resin as described by

Guglielmotti et al. [23]. The resin blocks were cut using a

diamond saw (SP1600 Leica AG, Solms, Germany) into

Fig. 1 Each titanium-alloy cylinder with a 1.0 mm-wide, 1.0 mm-

deep notch along the long axis of the prothesis

Table 1 Experiment models and sample number in different groups

at four time points after implantation

Groups Time point (weeks)

2 4 12 24

Uncoated group n = 6 n = 6 n = 6 n = 6

HA coating group n = 6 n = 6 n = 6 n = 6

BG–nHA coating group n = 6 n = 6 n = 6 n = 6
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200 lm undecalcified sections, perpendicular to the

implant. The cross sections were grounded and polished to

a thickness of about 50 lm. They were examined by

fluorescence microscopy (DM 4000B, Leica) before van

Gieson staining. The bone–implant contact and the new

bone volume within the notch was determined using an

image analysis system (Bioquant Osteo, Nashville, TN,

USA) on the stained sections. Six sections per implant were

used for histomorphometric analysis. The sections from the

specimens obtained at 12 weeks after implantation were

also observed by SEM to evaluate interface bonding.

2.4 Statistical analysis

The bone–implant contact and the new bone volume were

expressed as mean ± standard deviation (SD). Results

were statistically evaluated by one-way analysis of vari-

ance, and pair-wise multiple comparisons were also per-

formed using the least-significant difference, with the level

of significance considered to be p \ 0.05.

3 Results

3.1 Characteristics of the BG–nHA gradient coating

SEM showed that the surface of the BG–nHA gradient

coating was composed of round shape crystals with a

diameter of about 100 nm (Fig. 2, A1, A2). X-ray diffrac-

tion (XRD) analyses showed that these crystals were HA and

no other crystal phase was detected (Fig. 2, A3). The SEM

micrograph of the cross section (Fig. 2, B1, B2) showed that

the thickness of the coating was about 120 lm, and the

thickness of the coating was adjustable according the

requirements. The middle layer of the coating was porous,

but the interface between the coating and alloy was dense,

and no cracks were found at the interface between titanium

alloy and coating. EDS analyses (Fig. 2, B3) showed that the

elements of Si and O in the coating had diffused into the

alloy and formed a Ti–Al–V–Si–O layer on the surface of

the alloy. The percentage of Ca and P increased with the

distance close to the outer surface of the coating.

3.2 Radiographic and histological appearance

Radiographs indicated that all implants were well posi-

tioned at the femoral condyles and there were no translu-

cent areas could be found (Fig. 3).

Fluorescence micrographs (Figs. 4, 5, 6, 7) showed

fluorescence labeling, which indicated the active new bone

formation around the implant at 2, 4, 12, and 24 weeks

after implantation. Labeling was most dominant in the BG–

nHA gradient at 4 weeks after implantation (Fig. 5).

New trabecular bone has formed around the implants

and in the notch for all groups by 2 weeks after implan-

tation under light microscope (Fig. 4). Within the notch,

the new formed bone concentrated at the lateral area and

the wall of the notch. The bone volume in BG–nHA

coating group was higher than that in uncoated group, but

there was no difference found between BG–nHA coating

group and HA coating group. Figures 5 and 6 showed that

bone contact with the implants increased gradually with

Fig. 2 SEM micrograph of the surface of the BG–nHA gradient

coating (A1 920000; A2 980000). The surface is composed with

round shape nano crystals and the diameter of crystal is about 100 nm

(arrows in A2). XRD pattern of the coating (A3) shows that the

crystals are HA, and no other crystal phase was detected. SEM

micrograph of the cross section of the BG–nHA gradient coating

(B1 9200, frame was magnified to B2; B2 95000). EDS analysis of

the cross section of the BG–nHA gradient coating (B3)
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time from 4 to 12 weeks and that most of the new bone at

the lateral and central area of the notch was disappeared at

4 weeks after surgery in three groups. Most of the new

bone was remained along the wall of the notch in three

groups, but it was obvious that the bone volume in notch of

the BG–nHA coating group was higher than that of other

two groups, especially at 12 weeks (Fig. 9). Even being

observed for 24 weeks after implantation (Fig. 7), the

bone–implant contact in the BG–nHA coating group was

most apparent among three groups. The trabecular bone

around the implants had remodeled into lamellar bone in

all groups. The newly formed bone could be hardly

observed in notch of the HA coating group and uncoated

group while that in the BG–nHA coating group was

obvious along the wall of the notch.

SEM showed that at 12 weeks after implantation, there

was good bonding at the coating-substrate interface in both

the BG–nHA coating group and the HA coating group

(Fig. 8a, c). The bone bonding in the uncoated group was

poor, and there was spacing at the bone–implant interface

in this group (Fig. 8b).

3.3 Histomorphometric parameters

As shown in Fig. 9, the average percentage bone–implant

contact in each of the three groups increased gradually

from 2 to 24 weeks; it was significantly higher in the BG–

nHA coating group than that of both the HA coating group

and the uncoated group at 12 and 24 weeks (p \ 0.05).

New bone volume in the notch in the HA coating group and

the uncoated group decreased gradually from 2 to 24 week

(Fig. 10); the volume at 4, 12, and 24 weeks for those

groups was significantly lower than for the BG–nHA

coating group (p \ 0.05).

Fig. 3 X-ray photograph of the

BG–nHA gradient coated

prosthesis in rabbit. a 2 weeks

after implantation, b 12 weeks

after implantation

Fig. 4 Micrographs of undecalcified sections at week 2 after

implantation showing the trabecular bone newly formed around the

implants and in the notch in all the groups: a BG–nHA (bioactive

glass, nanohydroxyapatite) gradient coating group, b uncoated group,

c HA (hydroxyapatite) coating group. A1, B1, and C1 are fluorescence

micrographs. A2, B2, and C2 are van Gieson–stained micrographs

(940)
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4 Discussions

Modification of the surface of metallic implants is con-

sidered to benefit their biologic fixation which allows

forming linkage between implant and living tissues.

Metallic implants which are not bioactive tend to form a

layer of fibrous tissue at the interface between the implant

and bone. Conventional HA coating has been investigated

by many researchers and has been clinically used as a

reasonable method for increasing implant osteointegration

[24–26]. However, delamination and resorption of the

coating may result in prosthesis failure in retrospective

Fig. 5 Micrographs of undecalcified sections at week 4 after

implantation, showing trabecular bone contact with implants. Some

new bone remained in the notch of the BG–nHA (bioactive glass,

nanohydroxyapatite) coating group, whereas most of the new bone in

the notch disappeared in the uncoated group and in the HA

(hydroxyapatite) coating group. Fluorescence labeling is most

dominant in the BG–nHA gradient group. a BG–nHA gradient

coating group, b uncoated group, c HA coating group. A1, B1, and C1
are fluorescence micrographs. A2, B2, and C2 are van Gieson–stained

micrographs (940)

Fig. 6 Micrographs of undecalcified sections at 12 weeks after

implantation, showing bone contact with implants. New bone

remained in the notch in the BG–nHA (bioactive glass, nanohydr-

oxyapatite) coating group, whereas most of the new bone in the notch

disappeared in the uncoated group and the HA (hydroxyapatite)

coating group. a BG–nHA gradient coating group, b uncoated group,

c HA coating group. A1, B1, and C1 are fluorescence micrographs.

A2, B2, and C2 are van Gieson–stained micrographs (940)
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clinical studies [27, 28]. In order to improve the perfor-

mance of orthopaedic implants, many researchers have

attempted to optimize coatings by adding materials such as

titanium powder, titanium oxide, zirconium oxide, Co–Cr–

Mo alloy, or biphasic calcium phosphate [29–33]. In an

early study, we used a BG–nHA composite to create a

gradient coating by sintering it at temperatures lower than

800�C. We were of the opinion that the bioactive gradient

coating was capable of improving the interfacial bonding

between dissimilar solids, minimizing thermal stresses,

reducing the effective driving force that could result in

fracture, arresting cracks, and increasing long-term stabil-

ity in the physiologic environment [34]. We found that the

bond between the gradient coating and the titanium-alloy

substrate was strong even after impact with a diamond saw

during sample processing [19]. Moreover, bone bond

directly with gradient coating and HA coating observed

with SEM in present study.

The function of nanophase ceramic grains \100 nm in

diameter is only partially understood. Compared with con-

ventional ceramic formulations, the enhanced adhesion and

proliferation of mesenchymal stem cells (MSCs) and oste-

oblasts has been observed with nanophase ceramic [35, 36].

Li [37] found that nanoapatite coatings was capable of pro-

moting bone formation and direct bone apposition in bone

chambers implanted into the lateral metaphysis of the distal

femur of skeletally mature large coonhounds. Lewandrowski

et al. analyzed the bioactivity of a nanohydroxyapatite-

augmented, bioresorbable bone graft substitute made

from an unsaturated polyester, poly(propylene fumarate), by

evaluating the biocompatibility and osteointegration of

implants placed into a rat tibial defect. They found that there

was more reactive new bone formation in a group receiving

the nanohydroxyapatite-augmented substitute than in a

group receiving a microhydroxyapatite substitute [38]. In the

present study, we found that the bone–implant contact in

group with the BG–nHA coating implant was greater than

that in HA coating group, especially at 12 and 24 weeks after

implantation, implying that the nano-HA surface might

contribute to the long-term biologic fixation of implants.

BG is a good osteoconductive ceramic and has been

found to favor osteoblast growth and its differentiation

[39–41]. Hench and Polak [42] reported that surface reac-

tions of BG facilitated the release of soluble silicon, cal-

cium, phosphorus, and sodium ions that gave rise to both

intracellular and extracellular responses at the interface of

the glass with its cellular environment. Researchers also

found that BG dissolution products exerted genetic control

over the osteoblast cycle, leading to differentiation and

proliferation of bone cells and the expression of genes that

regulated osteogenesis and production of growth factors

[43, 44]. In our current experiment, we observed similar

phenomena with new bone formation in the notch of three

kinds of implants at 2 weeks after implantation; new bone

volume in the BG–nHA coating group was higher than in

the other two groups at 4, 12, and 24 week after implan-

tation. The volume of the new bone formed in the notch in

the HA coating group and the uncoated group decreased

with time, and little was found at week 24 after implan-

tation, which might be related to the stress-shielding effect

[45]. According to Wollf’s law, bone tissue adapts itself to

the mechanical environment [46]. The bone tissue at the

Fig. 7 Micrographs of undecalcified sections at week 24 after

implantation, showing lamellar bone contact with implants. a BG–

nHA (bioactive glass, nanohydroxyapatite) gradient coating group,

b uncoated group, c HA coating group. A1, B1, and C1 are

fluorescence micrographs, A2, B2, and C2 are van Gieson–stained

micrographs (940)
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lateral and central area of the notch absorbed gradually

because of lack of stress stimuli in three groups. The sol-

uble ions released from the coating observed in the current

study might stimulate the new bone formation and subse-

quently compensate the adverse effect due to potential

stress-shielding, so we still found more bone at the area

along the wall of the notch until 24 weeks. This suggested

that the gradient coating could keep the bone volume

around itself for a longer time, in favor of maintaining

implant stability.

We were surprised to find that the percentage of bone–

implant contact in the HA coating group was not statisti-

cally different from that in the uncoated group, different to

what was reported by others [47, 48]. SEM at a magnifi-

cation of 1000 showed that the HA coating in our study

bonded tightly with bone but that there was a gap between

uncoated implants and bone. bone–implant contact was

determined on histological photographs at a magnification

of 40 times, which was rather too low to reveal such a

small gap. Therefore, we believed that the quality of the

bone–HA coating bond was superior to that of the bone to

uncoated implants as described previously by many

researchers [1–3]. Further biomechanical studies are nee-

ded to compare the osteointegration and stability of these

three kinds of implants in vivo.

5 Conclusions

Based on the findings of the present study, we believed that

the BG–nHA gradient coating was bioactively able to

enhance implant osteointegration by promoting bone for-

mation and delaying the bone absorption around the

materials, implying its beneficial effects on enhancement

of biologic prosthesis fixation over long-term.
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