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Abstract During the past years, different techniques, like

chemical treatment, plasma spraying, sputtering, enamel-

ling or sol–gel; and materials, like metals, hydroxylapatite,

calcium phosphates, among others, have been applied in

different combinations to improve the performance of

prostheses. Among the techniques, Pulsed Laser Deposi-

tion (PLD) is very promising to produce coatings of bio-

active glass on any metal alloy used as implant. In this

work the biocompatibility of PLD coatings deposited on

titanium substrates was examined by implantation in vivo.

Different coating compositions were checked to find the

most bioactive that was then applied on titanium and im-

planted into paravertebral muscle of rabbit.

Introduction

The main challenge of the implant technology is the

development of load-bearing devices with adequate

mechanical properties as well as improved fixation,

resulting in the firm attachment of surrounding tissues, and

avoiding the loosening of the implants and subsequent

revision surgery. Titanium and its alloys have arisen as

adequate materials that fulfil those requirements, i.e. good

mechanical strength and bioinertness when implanted.

Moreover, their surface can be modified to improve fixa-

tion by direct bonding with bone, thus, leading to ce-

mentless prosthesis. Chemical treatments have been

applied to induce the formation of bioactive apatite

nucleation points on the titanium surface [1–3], but the

most extended method clinically used to enhance the

adhesion of implants are the application of bioactive

ceramic coatings on their surface [4–7]. These coatings

provide the interface to which leaving tissues can attach

avoiding the formation of a fibrous capsule that provokes

the loosening of the implant. Several materials, e.g. bio-

active glasses [8–10] and hydroxylapatite [5–7], and

techniques, like sputtering [11, 12], enameling [13, 14],

electrophoretic deposition [15, 16] or sol–gel [17, 18], have

been used to produce bioactive coatings. Among them,

Pulsed Laser Deposition (PLD) of bioactive glass has

arisen as a very interesting alternative to coat metallic

substrates for implantation [19–24] due to the high adhe-

sion of the coatings to the metallic substrates and absence

of contamination and porosity [21]. The bioactive behav-

iour of the coating is guaranteed due to the ability of this

method to transfer the bulk glass composition to the coat-

ing [19–22, 24]. This fact makes the coating to behave as a

bulk bioactive glass and reproduce, in physiological envi-

ronments or fluids that mimic the human plasma compo-

sition, the same sequence of surface reactions that end with

the formation of an apatite film on top of a SiO2-rich layer.

With enough time, the amorphous apatite layer (CaP)

forms a crystalline hydroxylapatite to which living tissues

can bond directly [25]. Moreover, the bioactive glass

coatings produced by PLD do not elicit any cytotoxic

reaction on cell cultures in vitro, as it was demonstrated in

previous works [26–28]. The coatings (30 lm thick) were
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deposited on Ti6Al4V alloy by PLD and evaluated fol-

lowing the norm ISO 10993 parts 5 (Test for in vitro

cytotoxicity) and 12 (Sample preparation and reference

materials). The cytotoxicity of MG-63 osteoblast-like cells

in the presence of extracts obtained from the coated sam-

ples were compared with reference materials like Ti6Al4V

alloy, bioactive glass and Thermanox (negative control)

and Poly-vinyl chloride (positive control) following the

MTT assay. The cellular activity of the PLD coated tita-

nium alloy was at the same level of the Thermanox nega-

tive control, uncoated alloy and bioactive glass for

different extract concentration, demonstrating the absence

of any cytotoxic effect on MG-63 cells. In addition, the

cells proliferated at a high rate on the coating surface

forming a monolayer that totally covered it.

With these encouraging results, the next logical step was

to perform an in vivo study on PLD coatings. Norm ISO

10993-6 about ‘‘Biological Evaluation of Medical Devices.

Tests for local effects after implantation’’ indicate that

muscle is an adequate tissue for short-term evaluation of

biomedical materials. The aim of this study was the in vivo

evaluation of the biocompatibility of titanium implants

coated with bioactive glass produced by PLD. A previous

step to select the most adequate coating for implantation,

among different glass compositions, was carried out by

in vitro test.

Materials and methods

Glass coatings were produced by laser ablation from bulk

glasses of different compositions (Table 1). The glass tar-

gets were ablated with an ArF excimer laser (193 nm,

10 Hz, 4.2 Jcm–2) and the substrates were kept at 200 �C.

A detailed description of the experimental system can be

found elsewhere [22].

Film bioactivity has been assessed by immersion of the

samples in Simulated Body Fluid (SBF) [29] for 72 h at

37.0 ± 0.5 �C. The sample surface area to SBF volume

ratio (SA/V) was kept at 0.5 cm–1. The composition and

morphology of the bioactive layers formed after the

immersion was followed by Scanning Electron Microscopy

(Philips XL30 and JEOL JSM6700F) and Energy Disper-

sive X-ray Spectroscopy (EDAX Dx4 and Oxford INCA

Energy 300 SEM).

Concerning the in vivo study, the International Orga-

nization for Standardization (ISO) test 10993-6, ‘Biolog-

ical Evaluation of Medical Devices-Part 6: Tests for local

effects after implantation’, was followed in this test pro-

tocol. Coated Ti cylinders were implanted bilaterally into

paravertebral muscles of 12 New Zealand white female

adult rabbits. The animals were divided into three

implantation periods (1, 4, and 12 weeks). A maximum of

three samples were placed into the paravertebral muscles

on each side of the spine of each rabbit. Three animals

were used in the 1-week and 4-week study, and six in the

12-week study, providing 8 replicates at 1-week and 4-

week, and 15 replicates at 12-week point. All implants

were sterilized before implantation using gamma radia-

tion. The placement of the implants was carried out

according to the ISO 10993-6: 1994 guidelines. The

rabbits were anaesthetized using intramuscular injections

of ketamine and xylazyne. An area of skin was exposed

by removal of hair from the dorsa-lumbar region of each

rabbit. Implantation of the samples was achieved by

intramuscular injection under aseptic conditions. Implants

for the right paravertebral muscles were coated with

bioactive glass and implants for the left side were un-

coated Ti cylinders to serve as controls. The rabbits were

housed individually in standard rabbit cages with an

ambient temperature of 24–26 �C. They had 12-h light/

12-h dark cycles, and they were fed standard rabbit chow

and water ad libitum. The animals were euthanized after

1, 4, and 12 weeks.

For histological examination, the implants were re-

moved together with the surrounding muscle and fixated in

10% neutral buffered formalin. The specimens were

dehydrated in a graded series of alcohol, infiltrated and

embedded with Technovit 7200 VLC (Heraeus Kultzer,

Dormagen, Germany) and processed by the cutting–

grinding method [30]. Final sections were ground down to

the approximate thickness of 30 lm and stained with

toluidine blue staining technique. Thickness of the fibrous

tissue covering implants was calculated using a digital

image analysis system (Olympus DP12 and Microimage

6.0, Media Cybernetics, Maryland USA).

Table 1 Composition of the

bioactive glasses (wt%)
Glass SiO2 Na2O K2O CaO MgO P2O5 B2O3

BG42 42 20 10 20 5 3 –

BG50 50 15 15 15 2 – 3

BG55 55 21 9 8 2 4 1

BG59 59 10 5 15 5 3 3
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Results and discussion

Figure 1 shows the bioactive products of the surface

reactions that occurred on a bioactive glass coating after

immersion in SBF. The formation of both SiO2-rich and a

CaP layers was observed, which is a clear indication of the

bioactivity of the coating [25, 29]. A detailed EDS analysis

revealed three layers with different composition. On the

top, appeared a layer with a globular structure composed

mainly of calcium and phosphorous that was identified as

the CaP layer. A new layer type was found immediately

under the CaP film composed mainly of a mixture of cal-

cium, phosphorous, silicon and oxygen, the so-called CaP–

SiO2 mixed layer. Finally, the SiO2-rich layer was located

between the CaP–SiO2 mixed layer and the substrate sur-

face. The presence of the bioactive layers on the glassy

coatings indicates identical evolution of the surface reac-

tions as in bulk bioactive glasses.

As shown in Fig. 2, the thickness of the bioactive

products, i.e. SiO2-rich and CaP layers is highly dependent

on the content of network modifiers, i.e. alkali and alkali-

earth ions, that the original glass has in its composition [25,

31]. For coatings produced from glasses ranging from 42 to

50% (wt%) of silica content (BG42), an excellent bioactive

behavior was found. The thickest SiO2-rich and CaP layers

were obtained and no traces of the mixed layer were ob-

served. When the composition of the silica content ranges

from 50 to 55% (wt%) (BG50) the bioactive behavior is

still found. However, the thickness of the CaP layer de-

creases dramatically and the mixed layer appears between

CaP and SiO2-rich layers. For higher amounts of silica

(BG55 coating), the bioactive process is not completed and

only the mixed layer and the SiO2-rich layer are obtained,

being the thickness of the last lower than for smaller

contents of silica in the glass composition. If the amount of

silica increases to higher levels (BG59, Table 1) the coat-

ing looses its reactivity and only limited dissolution of the

surface is found. It can be concluded that the higher the

concentration of modifier ions on the glass compositions

(lower silica content) the thickness of the bioactive layers

increases [31].

Once BG42 coating was selected as the most bioactive

coating, the main objective of this work was to study its

biocompatibility in vivo. The SEM-EDS evaluation of the

CaP layer

CaP-SiO  mixed layer2

SiO -rich layer2

Substrate

Fig. 1 Typical cross-section

micrograph of the BG50 glass

coating after immersion in SBF

for 72 h at 37.0 ± 0.5 �C
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coated titanium-living tissue interface revealed that when

the coatings are implanted in vivo they develop the same

reaction pattern as in vitro (Fig. 3). The bioactive glassy

coating evolves towards the formation of the SiO2-rich

layer and a mixed CaP–SiO2 film appears between the

SiO2-rich layer and the living tissue. The mixed layer in-

creases its content on calcium and phosphorous elements

when we move from the SiO2-rich layer to the living tissue

interface, which is an indication of the direct contact of an

apatite-like layer generated by the coating and the living

tissue.

Histologically there was no evidence of an adverse tis-

sue reaction in any of the sections according to the standard

UNE-EN ISO 10993-6: 1994. No significant inflammatory

response, necrosis, granuloma formation or soft tissue

calcification around implants could be observed in both

groups, demonstrating the biocompatibility of the glass

coating surface. Around all implanted materials, light

microscopy highlighted a reactive and fibrous capsule

formation that could be caused by surgical insertion of

materials and handling of the muscular tissue. The capsule

was composed of layers of cells, mainly fibroblasts, and

collagen fibers (Fig. 4). At 1 week after implantation,

histomorphometric measurements revealed a statistically

significant stronger response, in terms of capsule thickness,

surrounding Ti implants than bioglass coated implants. In

both, coated and control implants, a progressive decrease in

capsule thickness was seen in rabbits sacrificed 4 and

12 weeks after implantation. For the 4-week group the

capsule thickness decreased sharply, but from 4 to

12 weeks, the thickness decreased slightly (Fig. 5). Com-

parisons of the groups didn’t reveal statistically significant

differences among coated and control implants at these

longer implantation times.

Histological and morphologic in vivo examinations are

well-accepted methods to assess biocompatibility. The

accepted international standard for biocompatibility testing

is ISO 10993, which is the standard used in this study with

Fig. 2 Thickness of the bioactive products obtained after immersion

of the glassy coatings in SBF for 72 h

Fig. 3 SEM micrographs and

EDS spectra obtained for a

titanium cylinder coated with

BG42 glass after 12 weeks of

implantation in paravertebral

muscle of rabbits

2374 J Mater Sci: Mater Med (2007) 18:2371–2376

123



respect to the type of animal used, study period, implant

site, surgical procedure and histologic evaluation. Measur-

ing the capsule membrane thickness around the implant is a

basic and important tool for estimating biocompatibility. In

our study, for short implantation time (1 week), beneficial

effects of the bioactive glass coating was pointed out by the

statistically significant reduction of the fibrous tissue

thickness. For a longer implantation times no statistically

significant differences were detected.

Conclusion

The bioactivity of different glassy coatings produced by

PLD was evaluated by immersion in simulated body fluid.

The most bioactive coating was used to produce films on

titanium metal and the resulting material was implanted in

paravertebral muscle of rabbit.

The most bioactive coatings are produced from glasses

with the highest amount of modifier ions. Moreover, their

biocompatibility in muscle tissue is corroborated because

they do not elicit any inflammatory response of surround-

ing tissues, but to ensure the fact of total compatibility with

other tissues, new works with different tissues need to be

performed.
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