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Study on short-term implants of a fluorinated 
glass in bone 
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The behaviour of a proposed fluorinated glass implanted in femurs of rabbits for a short time 
was studied on contact microradiographs by electron microscopy and X-ray microprobe. The 
glass appeared to be surrounded by several bony trabeculae starting from the endosteal 
surface; some trabeculae were in contact with the outer part of the glass. X-ray analysis 
showed that degradation occurs in the outer layer only, although without uniformity. Si-rich 
zones were randomly located in the deeper part of the layer that externally formed zones with 
P and Ca content higher than that in the non-implanted glass. 

1. I n t r o d u c t i o n  
Biological glasses are studied as materials that might 
give rise to direct bonding with living bone tissues. As 
is well known, 45S5 Bioglass was the first controlled- 
surface reactive glass [1], free of toxicity [2], to show 
an evident tendency towards this required capability. 
Such bonding is physiological or biological in nature, 
even though a chemical rearrangement by ionic diffu- 
sion is involved which led initially to the improper 
term of chemical bonding for it [3]. After this first 
biological glass of high alkaline content, others con- 
taining also F were proposed by the same researchers. 
The addition of fluorides to the Bioglass resulted in 
compositions with a slower biochemical reactivity. 
The F ion was thought to act as a corrosion inhibitor 
promoting the formation of a thin gel layer with a high 
surface silica concentration [4-6]. Certainly it stabil- 
izes the apatitic compounds inside the glass [7] and 
those that can form in its neighbouring areas by 
interaction with tissues. Some researchers proposed 
other kinds of glasses with low alkaline content [8, 9]. 
All proposed glasses were and are carefully tested [10- 
14], particularly in vivo to check their capability to be 
utilized for different roles and in different sites as 
prosthetic materials. A great number of new glasses 
were later proposed for use in the field of bone replace- 
ments, and systematic studies were carried out to 
explain the interaction between the host tissue and 
biological glass [4, 15]. 

Unfortunately, the mechanical strength of glasses is 
inadequate for most of the proposed uses in the fields 
of orthopaedics or dental implantation (joint replace- 
ments, dental roots, substitution of segments of long 
bones or jaw, etc.). Since in these fields of application 
the compressive and flexural strength are very high, 

the biological glasses are considered by us mainly as 
materials for coating of metallic prostheses or gran- 
ules for the repair of bone defects. Particularly in the 
granules, for which the surface/volume ratio is high, 
the degree of surface reactivity of these glasses plays a 
decisive role; if, in fact, the reactivity is high, most of 
the granules may disappear [16], in many cases with 
no possibility of occurrence of repair of the bone 
defects. It goes without saying that the degree of 
reactivity in the biological environment depends on 
the chemical composition of the glass. A moderately 
low reactivity and a suitable chemical composition are 
obviously needed also in glass coatings to avoid 
their fast break-up. However, different glass-making 
operations and different thermal treatments can also 
produce, in a glass having the same chemical composi- 
tion, different arrangements of its molecular network 
and even a precipitation of microcrystals inside.'Con- 
sequently, it will have different physicochemical prop- 
erties [17], including obviously those concerning the 
interaction with living bone tissue [18]. 

The formation of microcrystals can improve certain 
properties, and the ratio between network formers and 
modifiers is important in order to obtain proper 
characteristics from a glass system [19]. On the basis 
of these considerations, a controlled-surface reactive 
glass has been made whose chemical composition was 
adjusted to obtain good stability, osteo-inductivc cap- 
ability, low reactivity and improved stabilization of 
the apatitic layer eventually formed. To obtain all of 
these characteristic properties, 13-TCP, K +, Mg 2+ 
and F -  ions were considered for the formulation of 
the base composition of the glass. The glassy system 
obtained and studied was thermodynamically stabil- 
ized by shafting its softening temperature upwards, 
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and it is typically glass-ceramic for the high presence 
of microcrystals in it. In this paper results are reported 
for this type of glass implanted for a short time in the 
long bones of rabbit, with the aim of verifying the role 
played by the microcrystallinity dispersed inside the 
glass. 

2. M a t e r i a l s  and  m e t h o d s  
The glass used in this study had the following com- 
position (wt %): 44.3 SiO 2, 24.5 13-TCP, 18.6 CaO, 
4.6 Na20,  0.2 K20,  2.8 MgO and 5.0 CaF 2. This 
composition looks like an apatite-wollastonite glassy 
system, although it differs from that. 

High-purity powders of these compounds were 
carefully mixed and milled together to obtain a homo- 
geneous mixture that was melted at 1520 °C in a Pt 
crucible for 1 h. The molten glass was then poured 
into Tnitially cold graphite dies to obtain glass rods 
(the use of graphite prevented chemical pollution of 
foreign cations into the glass, allowed its slow cooling 
and allowed its contraction free from adhesion prob- 
lems). The rods were sawn into rectangular blocks 
(2 mmx 5 mm x 10 mm), surface polished and steril- 
ized by autoclaving. Checks by scanning electron 
microscopy (SEM)-microscope (SEM 500; Philips, The 
Netherlands) equipped with an energy-dispersive X- 
ray analyser (EDAX 9900) on some samples were 
carried out to ensure that no surface changes had 
occurred after sterilization. Ten glass blocks were 
implanted as a press-fit in a lateral fissure, previously 
made in the proximal end of the diaphysis, in the 
femurs of five white adult male rabbits kept under 
general anaesthesia. Each glass block was inserted 
intracortically in the fissure with its longest axis par- 
allel to the longitudinal axis of the femur. After 20 days 
from the implant intervention the femurs were care- 
fully dissected, fixed with paraformaldehyde, dehy- 
drated and embedded in methyl methacrylate resin. 
One after the other, thin (150 l~m thick) and thick 
(500 gm thick) cross-sections of the femurs were taken 
from the levels of the implants by means of a diamond 
saw microtome. After polishing with emery paper and 
alumina, low-resolution microradiographs of thin sec- 
tions were made under an X-ray generator (Italstruc- 
tures, Italy) at 8 kV and 4 mA on EM-Ilford film. 
SEM observations and EDAX microanalyses at 
25 kV were performed on such polished thick sections 
after sputtering their surface with a thin conductive 
layer of carbon. The ZAF correction (Z = atomic 
number, A = absorption, F--fluorescence) routine 
was always called and applied on the detected in- 
tensities, but highly reliable final values were achieved 
by comparison with those obtained for a series of 
glasses of known composition. 

3. R e s u l t s  
The SEM analyses of sections of non-implanted glass 
show that the surface of the glass obtained was not 
homogeneous: some needle-shaped structures, ran- 
domly arranged and with dimensions up to 10 lam 
x 150 lam (diameter x length), were visible in the 
glassy matrix (Fig. 1). X-ray analysis of some of these 
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Figure 1 Digital SEM mlcrograph of a cross-section of the non- 
implanted glass (field wadth 0.35 mm). 

needle-shaped structures showed an Si content about 
5% higher than that of the homogeneous part of the 
glass. Their chemical composition and shape were 
reminiscent of wollastonitic (CaSiO3) crystals. The 
majority of the needle-crystals nevertheless appeared 
to be calcium-phosphatic in nature; the Ca/P ratio 
detected by microprobe on these microcrystals was 
practically equal to that of the utilized powders of 
I3-TCP, although their crystalline habitus and 
shape were completely different. 

The microradiographs of thin sections showed that 
in all of the implants the rectangular blocks of glass 
were not in contact with the compact bone; further- 
more, a number of implants showed the rectangular 
block obliquely oriented with respect to the longitud- 
inal axis of the femur (Fig. 2a). It also appeared that 
there was a conspicuous remodelling of the whole 
compact bone of femurs; the new bone, less than 20 
days of age, showed a degree of radiopacity similar to 
that of the old bone. It should be pointed out that in 
many implants, starting from the endosteal surface, a 
conspicuous network of bony trabeculae surrounded 
the intramedullary portion of the glass (Figs 2a and 
3se). These trabeculae had a degree of radiopacity 
lower than that of the remodelled bone; some trabec- 
ulae came into direct contact with the external surface 
of the implanted glass (Figs 2b, 3se, 4se and 5se). At 
the periphery of the implant a layer (with thickness 
ranging between 100 and 150 gin) showed an in- 
creased radiopacity and a different morphology com- 
pared with the core. 

Low-magnification SEM observations confirmed 
the microradiographic findings: a layer, 100-150 ~tm 
thick, less compact than the core, was present at the 
periphery of the implanted glassy sample (Fig. 3se). 
Here the X-ray analysis showed a lack of continuous 
Si-rich layer and the presence of a P-rich layer (Fig. 3). 

At higher magnification the SEM observations re- 
vealed in the external layer of the implanted glass 
easily distinguishable needle-shaped structures (cor- 
responding to those shown in Fig. 1) surrounded by 
an apparently homogeneous material (Fig. 4se). 



Ftgure 2 Microradlographs of cross-sections of the rabbit femurs contaIn,ng an implanted sample of this glass for 20 day's (field width, a, 
12 ram; b, 2.9 ram) 

Ftgure 3 Digital SEM micrograph (se) and digital X-ray dot maps for Si ($1), P (P) and Ca (Ca) of a sample of this glass ~mplanted m the 
rabbit femur (field width 2.8 ram). Note the irregular P-rich layer at the periphery of the glass. 

Sometimes inside the homogeneous  part  of the ex- 
ternal layer there were some zones that could reflect 
the electrons less than the surrounding ones did, so the 
former are darker  in the SEM images (Fig. 5se). These 
zones were randomly  located in the layer and had a 
high content  of  Si (Fig. 5Si). The Si-rich zones 
(Fig. 6b) were connected with the non-degraded glass 

inside (a in Figs 5se and 6) and both with non-de- 
graded glass (Fig. 5Si), with Si-poor zones (c in 
Figs 5Si and 6) and sometimes with P- and Ca-rich 
zones externally (Fig. 5). Conversely, the external 
needle-shaped structures had a very low Si content  
(Figs 4, 5 and 6d) but P and Ca contents (with an 
a tomic Ca /P  ratio of 1.61) higher than those of the 
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Figure 4 Digital SEM micrograph (se) and digital X-ray dot maps for Si ($1), P (P) and Ca (Ca) of a sample of this glass implanted in the 
rabbit femur (field width 0.35 ram). Note the needle-shaped structure rich m P and Ca 

peripheral layer of the glass (with an atomic Ca/P 
ratio of 1.74) close to the bone (Fig. 6e). On the basis 
of their Ca/P ratio these external needle-shaped struc- 
tures proved to be constituted typically of hydroxy- 
apatite. No Si was detectable by this method in the 
bone and in the glass in contact with it (Fig. 6e and f); 
moreover, in the glass close to the bone, the P and Ca 
contents were higher than both in the non-implanted 
glass (atomic Ca/P ratio of 4.06; Figs 5 and 6a) and in 
the bone (atomic Ca/P ratio of 1.65; Figs 5 and 6f). 

4. Discussion and conclusions 
The non-specific host response, due to the surgical 
procedures to create space for the insertion of mater- 
ials in bone, is normally mainly responsible for results 
in short-time implants. Even if bone healing and 
regeneration of bone segments are not related to the 
chemical and physical properties of the implanted 
material, the harmful influence caused by these pro- 
cesses may lead to failure of the implant. The displace- 
ment of the rectangular glass blocks observed in the 
experiments was probably due to an intermediate 
period of bone resorption, initially pressing the glass. 
The failure of implant press-fitting leads to implant 
movability and, around the glass, normal osteogenetic 
processes may be inferred by implant movements as 
long as they are stopped again by the fibrous tissue 
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growth. Perhaps these are the reasons for the hetero- 
geneity in the degree of bony trabeculae growth 
around some of these implants. On the other hand, 
this is a question that concerns the methods of inser- 
tion of the samples into the bone. Comparisons of the 
behaviour in vivo of different glassy systems can be 
made only in the presence of equal surgical modalities 
and techniques for their implantation: equal hole or 
cut, same bone site and same kind of animal. This 
matter should be looked into for the formulation of a 
standard. 

The rich network of trabeculae and the direct con- 
tact of some of them on the glass may be indicative of 
the degree of osteoconductive capability of this tested 
material. The absence of a continuous Si-rich layer, 
the so-called "silica barrier" of 45S5 Bioglass [1, 3, 
4], does not seem to affect the capability of the glass. 
The lack of Si-rich zones can be ascribed to the 
composition of the glass: the low Na content in the 
glass, an element having a high diffusion rate, and the 
use of ]3-TCP in its preparation are probably the 
causes of the presence of very few zones having low 
Na, low Ca and high Si contents [20]. It is likely that 
the needle-shaped structures in the glass are sites 
around which glass degradation and calcium phos- 
phate precipitation quickly occur; this leads to a rapid 
formation of sites suitable to bind the bone. All 
around each microcrystal of wollastonite, the glass 



Ftgure 5 Dlgatal SEM mlcrograph (se) and digital X-ray dot maps for SI (S1), P (P) and Ca (Ca) of a sample of this glass Implanted in the 
rabbit femur (field width 0.35 ram). The letters indicate the s~tes in which X-ray spot analyses were carried out. In the P image the arrow 
points to a needle-shaped structure trans~ersally sectioned. 
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Figure 6 X-ray spot mlcroanalyses carried out in the sites indicated 
in Fig. 5, recorded with the same preset time and plotted at the 
same full scale: (a) non-implanted glass, (b) S~-rich point, (c) Sx-poor 
point, (d) needle-shaped structure, (e) glass close to the bone and (Iv) 
bone m contact with the glass. 

close to it was surely impoverished of Ca 2 + and silica, 
As a consequence it enriched itself with the other  
components  (Ca 2+, Mg 2+, Na  +, K + and F - )  that 
are easily solubilized and involved in the metabolic 
biochemical chains of the neighbouring cells; this may 

promote  a local bioactivity that leads to the formation 
of calcium-phosphat ic  precipitates. However,  the pre- 
cipitation of calcium-phosphat ic  salts from the outer  
physiological fluids was shown to be greatly increased 
on those specific sites of the glass surface where there 
come out parts of needle crystals already having a 
calcium-phosphatic  composit ion,  Such precipitation 
tends to involve all of the free surface of these crystals, 
and the precipitation seems to be favoured and the 
precipitated material stabilized by its partially direct 
incorporat ion in the growing crystals. The glass mat- 
rix also interacts with the neighbour]ng tissue, but at a 
biochemical kinetic rate slower than that of  other 
glasses with higher Na  content. 

In the glass studied, with a high annealing temper- 
ature similar to the apatite wollastonite glasses [13], 
the refractoriness corresponds to their higher thermo- 
dynamical  stability, which in turn gives rise to a 
general lower activity of ionic exchange with the 
physiological fluids of the environment.  An impor tant  
question is whether the expected lower ionic release 
permits better bone growth a round  the glass with 
respect to less-refractory glasses. In any case~ the 
amount  of external needle-shaped structures (prob- 
ably crystals of hydroxyapat i te)  observed on the sur- 
face allows a precipitate deposited from biological 
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fluids surrounding the implanted sample to be 
thought of as the unique logical source. 

In conclusion, this fluorinated glass seems to be 
promising for clinical applications. At present it may 
be used as granules for bone defect repair only; for use 
as coating, the glass must be suitably doped with 
elements conferring to it a capability of developing 
good adhesion to any specific substrate, obviously 
without loosing its biological characteristics. The 
study of its behaviour in implantation evidences the 
importance of the ingrowth of the crystalline phases 
within the matrix of the glass. On the basis of what has 
been observed, the bioactivity of this kind of glass- 
ceramic system can be controlled by intervening on 
the formulation of the composition to induce the 
formation of a suitable amount of the observed micro- 
crystals and of a suitable ratio between wollastonitic 
and calcium-phosphatic ones. 

References 
t L .L  HENCH,  R J M SPLINTER,  W C A L L E N a n d T  K 

GREENLEE,  d. Biomed. Mater. Res. Syrnp. 2 (1971) 117. 
2. J WILSON, G H PIGOTT,  F J. SCHOEN and L L 

HENCH, ,J. Btomed. Mater, Res. 15 (1981) 805. 
3. L L H E N C H a n d H .  C. PASCHALL,  d. Blomed. Mater. Res. 

Syrup. 4 (1973} 25, 
4 L L HENCH and E C, ETHR1DGE, m "Biomaterials, An 

Interracial Approach". Biophysics and Bioengineering Series, 
Vol 4 (Academic Press, New York, 1982) 69. 

5. Idem, ibld p. 126. 
6, A E C L A R K a n d  L L HENCH, USArmyMedicalResearch 

and Development Command, Contract DADA 17-70-C-0001, 
Report No. 4 (1973) 21 

7. T K O K U B O ,  S ITO, S S A K K A a n d  T YAMAMURO,  J. 
Mater. Sol. 20 (1985) 2001. 

8. H BROEMER, E P F E I L a n d  H H KAS, German Patent 
2 326 100 (1973). 

9. T K O K U B O ,  M SHIGEMATSU,  Y NAGASHIMA,  M 
TASHIRO,  T. N A K A M U R A ,  T YAMAMURO  and S 
HIGASHI,  Bull. Inst. Chem Res, Kyoto Univ. 60 (1982) 260 

10. B A BLENKE,  H. B R O E M E R a n d K .  K DEUTSCHER.J .  
Biomed. Mater. Res. 12 (1978) 307. 

11. U M. G R O S S a n d  V. STRUNZ,  ibtd. 14(1980) 607. 
12. W. VOGEL and W. HOLAND,Angew.  Chem. Int. Ed. (Engl.) 

26 (1987) 527. 

13. T. K[TSUGI ,  T YAMAMURO,  Y. NAKAMURA and T 
K O K U B O ,  d. Blomed. Mater. Res. 23 (1989) 631. 

14. A. BOYDE, E MACONNACHIE ,  C MULLER-MAY and 
U GROSS, Chn. Mater. 5 (1990) 73. 

15 U M GROSS, R KINNE,  H J S C H I T Z a n d  V STRUNZ,  
CRC Cmt. Rev. Biocompat. 4 (1989) 155. 

16. A, M GATTI and D ZAFFE,  Biomaterzals 12 (1991) 345. 
17. C. B AZZONI.  A KRAJEWSKI,  A. RAVAGLIOLI and 

PIANCASTELLI ,  m "B~omaterials and Clinical Application", 
e&ted by A. Pizzoferrato, P G. Marchetti, A. Ravaglioli and 
A. J. C. Lee (Elsevier Science, Amsterdam, 1987) p. 523. 

18 A M GATTI and D. ZAFFE,  Biomaterzals 12 (1991) 497. 
19. A KRAJEWSKI  and A. RAVAGLIOL[ ,  Vetro lnJormaz. (2) 

(1986) 19 (in Italian). 

20 D ZAFFE,  A MORONI,  V PEZZUTO,  S CONTOLI ,  A 
K R A J E W S K I a n d  A RAVAGLIOLI , in  "Ceramics in Substi- 
tutive and Reconstructive Surgery". Proceedings of the 7th 
C I M T E C - W o r l d  Ceramic Congress, edited by P. Vmcenzml 
(Elsevier Science, Amsterdam, 1991) p. 395 

Received 2 January 
and accepted 23 April 1992 

174 


