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A composite was made by adsorption of the bisphosphonate E(3-dimethylamino-1 - 
hydroxypropylidene)-l,1-bisphosphonate; dimethyI-APD] into an hydroxyapatite (HA) tube. 
Adsorbed dimethyI-APD did not change the bulk properties of the HA tube but the surface 
properties were altered. The amount of 0.1 mmol/L dimethyI-APD adsorbed into the HA tube was 
0.78 ( _+ 0.20) lag after 4 weeks. The composite tube of HA and dimethyI-APD placed after 
extraction of teeth in the premolar regions of dogs were biocompatible, stable and bonded 
strongly and intimately to the alveolar bone. Although there was no bone resorption around the 
composite tubes, no conclusion can be drawn yet from this study as far as local inhibition of 
alveolar bone resorption is concerned. 

1. In t roduct ion 
In most studies using hydroxyapatite (HA) implants, 
maintenance of alveolar bone after extraction of teeth 
was aimed at by plain HA materials [1]. However, 
clinical results have shown that HA may require bio- 
logical modification with a bone resorption-inhibiting 
agent which may be beneficial for local maintenance 
of alveolar bone [2]. Our approach was to fabricate 
an HA tube which was capable of adsorption of the 
agent [(3-dimethylamino- 1-hydroxypropylidene)- 1, 
1-bisphosphonate; dimethyl-APD] [3-7]. 

This communication describes the properties 
in vitro as well as the alveolar bone response in dogs of 
composite tubes made of HA and adsorbed dimethyl- 
APD. 

2. Mater ia ls  and methods 
2.1. Preparation of the HA tube 
The HA tube was designed in the form of a cylinder 
with a length of 7 mm and a diameter of 3 mm. A hole 
with a diameter of 2 mm was drilled inside the HA 
cylinder up to 0.5 mm from the apex, thus leaving the 
apical portion of the HA tube closed. The open end of 
the HA tube allowed for bone ingrowth. The HA tube 
was produced of commercially available HA powder 
(Merck, Darmstadt, Germany) as described earlier 
[1]. The morphology of the powder was analysed by 

scanning electron microscopy (SEM). The specific sur- 
face area of the powder was measured by the BET 
technique on a Quantasorb, Quantachrone instru- 
ment Greenvale, NY (USA). 

The surface and bulk structure of polished samples 
of the HA tube were studied by SEM. 

2.2. Characterization of the HA of the tube 
A complexometric titration method was used for 
the calcium determination while the phosphorous 
content was analysed colorimetrically. The Ca/P ratio 
was determined by quantitative X-ray fluorescence. 
Trace elements which may influence the biological 
behaviour of the HA were detected by spectrochemi- 
cal analysis. 

2.3. Stability of the HA tube in different buffer 
solutions 

The stability of the HA tube was tested in a Tris HC1 
buffered solution (280mmol/1) at 37°C at different 
time intervals. Evaluation was done by means of 
Auger electron microscopy (AES). The escape depth of 
secondary electrons was in the order of 200 nm. The 
experimental conditions were as follows: 

1. Corrosion conditions: 0, 1, 22, 97.5 and 238.5 h. The 
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sample surface to solution volume was approxim- 
ately 0.5 cm- 1. 

2. Measurements: 
(a) background pressure 1.333 x 10 -7 p,; 
(b) beam energy 3 keV; 

beam current 5 laA; 
(c) modulation voltage 5 V; 
(d) beam incident angle 45 °. 

Another stability test was carried out in 0.5% acetic 
acid solution. The weight loss of the HA tubes in the 
acid solution was measured at 22 °C over 30 min at 
pH 3. The weight loss was compared with the total 
weight of the HA tube and with the total surface area. 

2.4. Response  of the HA tube  to 
dimethyI-APD 

For this study dimethyl-APD was donated by Henkel 
Kgaa, D6sseldorf, Germany. The response of the HA 
tube as far as stability is concerned will depend on the 
concentration of the dimethyl-APD. The stability (or 
degradability) was measured in terms of weight loss 
after placement in a 0.9% NaC1 solution with the 
following concentrations of dimethyl-APD: 0.1 mol/1, 
0.01 mol/1, 1 mmol/l and 0.1 mmol/1. 

2.5. Adsorption of dimethyI-APD into the HA 
tube 

For this study dimethyl-APD was adsorbed into the 
HA tube under vacuum by placing the tubes in 2.5 ml 
0.9% NaC1, 0.1 mmol/1 dimethyl-APD solution which 
was continuously stirred at 37 °C. The solution thus 
containing 70.3 I-tg dimethyl-APD. Half the amount 
of dimethyl-APD was 14C labelled. The adsorption 
periods were 1, 4, and 8 weeks. 

2.6. Bulk and surface changes of the HA tube 
after adsorption of dimethyI-APD 

The bulk changes apply to the changes in the crystal- 
lographic structure and crystallinity of the HA. Evalu- 
ation of the possible changes was made by X-ray 
diffraction (XRD) studies. The surface changes con- 
cern the possible changes in the chemistry of the HA. 
The surface changes were determined by infrared re- 
flection spectroscopy (IRRS). Data were obtained on 
HA tubes after adsorption of different concentrations 
of dimethyl-APD (0.1 mol/1 and 0.1 mmol/1). HA tube 
blanks were used as controls. For the XRD studies 
a Philips XRD instrument (PW 1050) was operated at 
40kV and 30mA, with a scanning rate of 0.25 ° 
28/rain. A Perkin-Elmer 467 IRRS instrument re- 
corded spectra on 12 mg powdered material, embed- 
ded in 300 mg Kbr pellets while operating with 
a 10 min scanning time for the 4.000 cm- 1 range. 

All measurements and experiments described were 
performed five-fold. 

2.7. Alveolar bone response to composite 
tubes of HA and dimethyl APD 

The HA tubes were cleaned in an acetone-filled ultra- 
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sonic cleaner for 30 min and sterilized. Thereafter 
dimethyl-APD was adsorbed into the HA tubes by 
placing the tubes in a 0.1 mmol/1 dimethyl-APD solu- 
tion of 0.9% NaC1 for 4 weeks. All preparations for 
the composite tubes before insertion in the alveolar 
bone were carried out under sterile conditions. Just 
before implantation the composite tubes were re- 
moved from the dimethyl-APD solution and air dried. 

2. 7. 1. Surgical procedure 
The experimental animals were two male beagle dogs, 
over 2 years of age and with an average weight of 
18 kg. They were given a soft diet during the week 
after implantation and were kept in the Central Ani- 
mal Laboratory of the University of Nijmegen. Anaes- 
thesia was induced with an intravenous injection of 
Pentothal and the operation was performed under 
inhalation anaesthesia according to accepted stan- 
dards. The root sockets of the double-rooted third and 
fourth premolars were used for implantations. Extrac- 
tion was performed by separation of the roots with 
a high-speed drill under water-cooling. Thereafter the 
roots were gently eased out of their sockets by using 
elevators and an extraction forceps. The operation site 
was continuously irrigated with physiological saline 
and sharp ridges were trimmed. 

2. 7.2. Implantation 
A total of 16 composite tubes were placed in the 
extraction sites of the premolars in the mandible. 
Before implantation the extraction sockets were con- 
toured with a cylindrical bone drill with a diameter of 
3 mm which corresponded with the diameter of the 
implants. The composite tubes were gently placed in 
the prepared sites and a lot of effort was put into 
primary closure of the wounds thus submerging the 
tubes. 

2. 7.3. Radiographic follow-up 
An intra-oral technique was used as described earlier 
[8]. Radiographs were taken of the composite tubes 
directly after implantation and 3 and 6 months there- 
after. 

2. Z4. Light microscopy 
Composite tubes with surrounding tissues were fixed 
in buffered formalin solution, dehydrated in aethanol 
solutions (70-100%), demineralized, embedded in par- 
affin and cut in 3-5 ~tm thick sections. 

3. R e s u l t s  
3.1. HA tube 
3. 1.1. HA starting powder 
The HA starting powder consisted of agglomerates of 
powder particles with diameters of up to 123 I~m. 
Individual particles had mean sizes of 1 to 2 I~m. The 
specific surface area was 59 m2/g. The following trace 
elements (in wt%) were found to be present in the HA: 



A1 (0.06); Cu (0.0001); Fe (0.1); Mg (0.2); Mn (0.03); Na 
(0.3); Pb (0.0004); Si (0.05). 

3. 1.2. Elemental analysis 
Elemental analysis (in wt%) of the HA yielded an 
average calcium content of 37.50 and an average phos- 
phorus content of 17.30. The Ca/P (w/w) ratio thus 
being 2.167. The Ca/P (mol/mol) ratio was 1.64. Since 
most trace elements occupy Ca positions in the lattice 
it is not surprising that this figure is slightly lower than 
the normal value, which is 1.67 [-91. 

3.1.3. SEM 
SEM studies of the surface and the bulk of the HA 
tube are shown in Figs 1 and 2. 

3.1.4. Stability 
The composition of the near-surface region of the HA 
tube did not significantly change upon exposure to the 
Tris HC1 buffered solution. The Ca/P ratio, however, 
differed from that of an HA standard, where it was 6.5. 
Perhaps the uncorroded surface had already a some- 
what increased Ca concentration (Table I). The aver- 
age weight loss of the HA tube in the 0.5% acetic acid 
solution was 0.4 rag, which is 4%. This means that 
0.003 mg per mm 2 of the surface of the HA tube was 
lost. The weight loss was very close to the measuring 
error of the balance used. 

3. 1.5. Response of HA tube to dimethyI-APD 
A concentration of 0.1 mg/1 dimethyl-APD caused 
precipitation of the HA of the tube in the form of 
a very finely divided powder. Adsorption of a concen- 
tration of 0.01 reel/1 into the HA tube caused some 
precipitation and there were particles present in the 
solution. The weight loss of the HA tube was 4%. 

With a concentration of 1 mmol/1 dimethyl-APD 
there was no precipitation and only very few particles 
were present in the solution. The weight loss of the HA 

Figure 2 SEM of the bulk of an HA tube showing the pores (arrows) 
which can have diameters up to 1 gm ( x 3600). 

TABLE I Stability of the surface of HA tube in a Trls HC1 
buffered solution 

Time (h) Ca/O P/O Ca/P 

0 1.22 0.14 8.79 
1 1.31 0.15 8.75 

22 1.35 0.14 9.93 
97.5 1.31 0.13 9.85 

238.5 1 27 0.17 7.46 

Data obtained with AES were analysed by taking Auger peak- 
to-peak height ratios Ca/O, P/O and Ca/P. 
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Figure 3 Adsorption of 14C-radiolabelled dimethyl-APD into the 
HA tube after placement in 2.5 ml 0.1 mmol/1 dimethyl-APD The 
adsorption rate was between 0.83 and 1.39% of the available 
amount after 4 weeks of incubation. No difference was observed 
between loading periods of 4 and 8 weeks. 

Figure 1 SEM of the surface of an HA tube. Note the boundaries of 
the HA powder partmles and the pores left between the particles due 
to incomplete fusion of the boundaries ( x 2500). 

tube was 0.3%. The adsorption period was 1 week. 
Concentrations of 0.1 mmol/1 dimethyl-APD did not 
cause disintegration of the HA tube after adsorption 
periods up to 6 months. No weight loss occurred. 
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3.2. Adsorpt ion of 0.1 mmol d imethyI-APD 
into the HA tube 

The results  of the a d s o r p t i o n  s tudy are presented  in 
Fig. 3. The  average value of a d s o r b e d  d i m e t h y l - A P D  
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was 1.11% of the avai lable  a m o u n t  of 70.3 gg, which is 

0.78 gg. 

3.3. Bulk and surface changes of the HA tube 
After a d so rp t i on  of d i m e t h y l - A P D  no changes occur-  
red in the bulk  proper t ies  of the H A  tube accord ing  to 
X R D  (Fig. 4). However ,  the surface character is t ics  
differed f rom the H A  tube b lanks  after a d so rp t i on  of 
d i m e t h y l - A P D  (Fig. 5). 

3.4. Animal experiments 
3.4. 1. Gross observations 
The' roo ts  of the p remola r s  were very difficult to re- 
move  intact .  Consequen t ly  the socket  walls were often 
damaged .  Therefore  the compos i t e  tubes ini t ial ly did  
not  fit in the roo t  sockets. This adverse  c i rcumstance  
did  not  interfere with the u l t imate  result.  All com-  
posi te  tubes were re ta ined  in situ, covered with mu-  
cosal  tissue. Exfol ia t ion  dur ing  the obse rva t ion  pe r iod  
of 6 mon ths  did  not  occur. The a lveolar  r idges con- 
ta in ing the compos i t e  tubes looked  heal thy.  N o  
in f l ammato ry  or  o ther  adverse  processes could  be 
noticed.  

3.4.2. Radiographic results 
Direc t ly  after imp la n t a t i on  radiolucencies  were pres- 
ent a r o u n d  the compos i t e  tubes.  However ,  f rom the 
fol low-up r ad iog raphs  it could  be deduced  tha t  the 
a lveolar  bone  was depos i t ed  in very close p rox imi ty  to 
the compos i t e  tubes. After  3 mon ths  all radiolucencies  
a r o u n d  the compos i t e  tubes  had  d i sappea red  (Figs 6 
and  7). Thereaf ter  no resorp t ion  of bone  ad jacent  to 
the implan ts  could  be detected in these in t ra -o ra l  
r ad iographs .  
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Figure 4 XRD patterns of (a) an HA tube blank; (b) a composite of 
an HA tube and 0.1 mmol/1 dimethyl-APD; and (c) a composite of 
an HA tube and 0.1 mol/1 dimethyl-APD. The typical peaks for HA 
were present in all patterns. The XRD patterns of HA tube blanks 
showed that the HA was essentially a one-phase material 
( > 95.5%) with an HA structure. HA tube particles as deposits after 
placement in concentrations of 0.1 mol/1 dimethyl-APD, as well as 
intact HA tubes after placement in concentrations of 0.01 mol/1 
and 0.1 mmol/1 dimethyl-APD, showed the same patterns with HA 
characteristics. Hardly any line-broadening can be seen. This 
indicates a well-crystallized material in all specimens. 

38  

• (b) 

\( 

1500 1400 1200 1000 800 600 400 
Wave number (cm -1) 

Figure 5 IRRS spectra of(a) an HA tube blank, (b) a composite tube 
of HA and 0.1 mmol/l dimethyl-APD and (c) a composite tube of 
HA and 0.1 mol/l dimethyl-APD. The phosphate peaks of the 
composite tubes have been flattened compared to the HA tube 
blank. The IRRS spectra show absorption peaks characteristic of 
HA. However, there is a striking change in the spectra of the 
composite tubes compared to the HA tubes. The phosphate peaks of 
all composite tubes were flattened. It was evident that the chemical 
appearance of the surfaces of the composite tubes had changed. 



Figure 6 Intraoral radiograph of composite tubes of HA and 
dimethyl-APD in the third and fourth premolar regions of the 
mandible directly after implantation. The length of the composite 
tubes in the third premolar region was sometimes less than the 
standard length of 7 mm due to the bone availability. Note the 
radiolucencles around the composite tubes. 

Figure 8 Macrophotograph of cross-section of a composite tube in 
the mandible of a dog. The tube was completely embedded in bone. 
Despite the cutting procedure no dislodging of the tube was 
observed, which indicated a strong bonding between bone and 
composite tube. Bone ingrowth into the open end of the tube was 
clearly visible. 

Figure 7 Intraoral radiograph of the composite tubes 3 months 
after implantation. All radiolucencies had disappeared. The alveolar 
bone closely encased the composite tubes. The contour of the 
outline of the composite tubes had been preserved: no degradation 
of HA of the composite tube was visible. Bone resorption around 
the composite tubes had not occurred. The compatibility of the 
composite tubes with alveolar bone was striking. 

3.4.3. Macroscopic observations 
After 3 mon ths  a t t empts  were made  to remove  the 
compos i t e  tubes f rom the bone. F o r  this pu rpose  
a mucope r ios t ea l  flap was raised and in cases where 
bone  had  covered or  g rown into the tube,  this bone  
was r emoved  as much  as possible.  Elevators  and  
tweezers were used to d is lodge the compos i t e  tubes.  
These a t tempts ,  however,  a lways  failed because the 
compos i t e  tubes were s t rongly  e m b e d d e d  and  b o n d e d  
to a lveolar  bone.  A m i c r o r a d i o g r a p h  of a cross-sect ion 
of a bone -compos i t e  tube sect ion is shown in Fig. 8. 

3.4.4. Microscopic observations 
Two types of interfaces could  be observed  in the his- 
tologic sections. There  was ei ther a cor t ical  bone /com-  
posi te  tube or  a cancel lous bone / compos i t e  tube 
interface. N o  in f l ammato ry  cells, nor  cells associa ted  
with an immuno log ica l  response of the o rgan i sm 
could  be observed (Figs 9 and 10). 

4. Discussion 
H A  bonds  s t rongly  to a lveolar  bone  and  the b isphos-  
phonate ,  d i m e t h y l - A P D  is a bone-seeking  agent  tha t  
adheres  to the na tu ra l  H A  of bone  [1, 3]. Therefore  it 
was conceivable  that  a compos i t e  system of H A  and  
d i m e t h y l - A P D  was a p romis ing  concept .  D a t a  were 
presented  concerning  the charac te r i za t ion  of H A  
tubes used for a d so rp t i on  of d ime thy l -A PD .  The H A  
tube was s table in different buffer so lu t ions  and  in 
solu t ions  of d i m e t h y l - A P D  ~< 0.1 retool/1 in vitro. 

Tubes  of o ther  mater ia l s  such as the a l u m i n i u m -  
c a l c i u m - p h o s p h o r u s  systems, are resorbable ,  conse- 
quent ly  there is a poss ibi l i ty  tha t  a lumin ium is re- 
leased in the su r round ing  tissue [10, 11]. Recently 
t r ica lc ium phospha t e  implan ts  which can adso rb  
agents  have been descr ibed [12, 13]. The  long- te rm 
stabil i ty,  however,  which we advoca te  for a lveolar  
bone  implan ts  as na tu ra l  too th  roo t  subst i tutes  after 
ex t rac t ion  of teeth, is also ques t ionable  for these im- 
p lants  [14]. Therefore  H A  was the ma te r i a l  of  choice. 
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Fzgure 10 Light micrograph of a section of the mandible of a dog, 
6 months  after implantation with a cross-section of a composite 
tube. The (apical) outer surface of the composite tube was 
completely encaged in bone (straight arrows). The bone had also 
covered the inner walls of the composite tube due to bone in- and 
downgrowth all the way from the open upper end of the tube 
downwards to the closed apical portion (curved arrows) (Giemsa, 
x 25). 

Figure 9 Light micrograph of a section of the mandible of a dog, 
6 months  after implantation, showing the bone closely following the 
contour  of the outer surface of the composite tube. No  
encapsulation can be seen along the composite tube walt, nor signs 
of bone resorption around the composite tube or resorption of the 
composite tube surface itself (Giemsa, x 40). 

The average adsorbed amount of dimethyl-APD was 
0.78 gg. Taking the bone-contacting surface of the 
composite tube into account, we calculate that ap- 
proximately 0.01 gg dimethyl-APD is in interfacial 
contact with 1 mm ~ of alveolar bone. From our in 
vitro mice experiments using cultures of fetal long 
bones we estimate that 0.003 gg/mm 2 is sufficient to 
achieve inhibition of bone resorption [15]. 

Although the compatibility, stability and direct 
bonding to alveolar bone of the biologically modified 
HA tube has been proven, the effect of the composite 
system on alveolar bone resorption cannot be deduced 
from this study and will be the subject of future invest- 
igations. Prevention of alveolar bone loss may have to 
be accomplished by the release of adsorbed dimethyl- 
APD from the HA tube to the surrounding alveolar 
bone, through the modulation of osteoclastic 
resorption. 
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