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Abstract 

The ceramic form of calcium phosphate osteoconductive material such as hydroxyapatite is brittle, non-malleable and non-degradable, and 
these mechanical properties limit its clinical application in calvarium reconstruction. To improve these properties, we developed a malleable, 
biodegradable osteoconductive composite composed of tricalcium phosphate particles bound by a gelatin which is set by glutaraldehyde 
mediated cross-linking. The composite was implanted into a 15 X 15 mm full-thickness, calvarial defect in 20 rabbits for up to 3 months. 
Twelve rabbits were left unreconstructed as controls. Specimens were retrieved at 2 weeks, 1, 2 and 3 months. Five reconstructed and 3 
unreconstructed rabbits were examined for each time period. The assessment included a series of post operative gross examinations, radiographs 
and histologic evaluations. We are able to demonstrate that this composite is ( I ) biocompatible, with little tissue reaction; (2) osteoconductise, 
with progressive growth of new bone into the calvarial defect; (3) biodegradable, with progressive replacement of the composite by new 
bone, acellular matrix and bone-like material. Replacement of this composite by new bone is postulated to OCCUI- by a combination of 
osteoconduction and biodegradation. These results indicate that further experimental research to combine this malleable, biodegradable, 
osteoconductive composite with an osteoinductive agent such as bone morphogenetic protein may generate new biornaterial for full-thickness 
calvarial defect reconstruction. 0 1998 Elsevier Science S.A. All rights reserved. 
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1. Introdtlction 

The head is not infrequently a contact of entry site in high 
tension electric bums. With loss of scalp and involvement of 
the underlying calvarium, the modem approach is early exci- 
sion of the necrotic scalp and well-vascularized flap coverage 
without regard for the degree of bone devitalization [ 1 ] This 
concept regards devitalized calvarium as salvageable, acting 
as an in-situ bone graft. However, this approach is not always 
successful. Sometimes. the devitalized calvarium may 
become heavily colonized and osteomyelitic. In this situation, 
excision of the full-thickness calvarium is mandatory. 

After excision of the full-thickness calvarium, reconstruc- 
tion of rhe calvarial bone is indicated to provide brain protec- 
tion and aesthetic contour. The two most widely used 
materials for calvarial bone defect reconstruction are autog- 
enous bone graft and methyl methacrylate. Each is efficacious 
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in full-thickness calvarial bone defect repair, but both are less 
than ideal. Autogenous bone grafts can undergo unpredicta- 
ble resorption, are of limited quantity and may result in sec- 
ondary donor site morbidity [ 2-51. Methyl methacrylate can 
cause significant inflammatory response and fibrous encap- 
sulation of the implant, resulting in possible infection, loos- 
ening, and exposure of the implant [ 61. Allogenic bank bone 
from human cadavers is another alternative to the autograft 
[ 71, however, possible rejection and potential pathogens 
transmission such as HIV and hepatitis viruses diminish the 
clinical utility. Thus, the search for synthetic bone-promoting 
biomaterials as alternatives to autograft and allograft remains 
an important topic in medical research. 

In the fields of medicine and biomedical engineering, much 
effort has been directed to the development of osteoconduc- 
tive materials composed of various calcium phosphate com- 
pounds because of close chemical and crystal resemblance of 
these materials to natural bone mineral [ 8-151. The osteo- 
conductive materials would aid in the healing of the bone 
defect by acting, preferably temporarily, as a scaffold for 
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bone ingrowth.Themostly widely investigatedcalciumphos- 
phate compounds are tricalcium phosphate Ca, (PO,) z and 
hydroxyapatite Ca,o(P04)6(0H)2. They differ not only in 
their composition but also in their rate of resorption [ 16,171. 
Tricalcium phosphate degrades twice as fast as hydroxyapa- 
tite. A biodegradable osteoconductive matrix will not pro- 
duce a permanent indwelling foreign body and will eventually 
provide greater room for bone ingrowth. When shaped in 
porous blocks, calcium phosphate compounds are brittle. with 
average strengths comparable to or less than that ofcancellous 
bone [ 181, and can be easily fractured. In addition, these 
blocks are inherently non-malleable and difficult to shape so 
that they accurately replace missing calvarium. Granules of 
calcium phosphate compounds can bc packed to fit the cal- 
varial defect [ 191, but they are difficult to contain as the area 
requires reconstruction and lacks structural stability. To 
improve these mechanical properties, we developed a new, 
malleable, biodegradable osteoconductive material. It con- 
sists of tricalcium phosphate particles bound by a gelatin set 
by glutaraldehyde mediated cross-linking. The gelatin is par- 
tially hydrolyzed collagen extracted and purified from por- 
cine skin. The gelatin not only can hold the tricalcium 
phosphate particles in place, but can also increase the 
mechanical strength of the implant. We call this novel 
material ‘GTG composite’. The purpose of this study is to 
investigate the tissue compatibility, biodegradation and 
osteoconductive activity of this material in rabbit calvarial 
defects up to three months. 

2. Materials and methods 

Tricalcium phosphate powder (Merck, Germany) was 
placed in a platinum crucible and sintered at 1000°C for 1 h 
and then cooled to room temperature. The sintered powder 
was crushed in a grinding bowl and sieved in 40-60 mesh. 
Tricalcium phosphate particles with an average grain size of 
100-150 pm were obtained for material preparation. 

5 gm gelatin powder (Sigma, USA) was dissolved in 
25 ml deionized distilled water at 65°C by water bath. This 
homogeneous gelatin solution was mixed with 15 gm tri- 
calcium phosphate particles. 4% glutaraldehyde solution 
(Sigma, USA) was added to the tricalcium phosphate/gel- 
atin mixture for gelatin matrix cross-linking. The composite 
was manually packed into 15 X 15 X 1.5 mm cylindrical Tef- 
lon molds and dried overnight in an oven to make preformed 
materials. The composite was sterilized by autoclaving prior 
to use. 

Thirty-two mature New Zealand white rabbits, weighing 
3-3.5 kg, underwent full-thickness excision of the parietal 
bone, which forms the majority of the cranial vault. The 

rabbits were anaesthetized with intramuscular injection of 
sodium pentobarbital, 40 mg kg-‘. The head of each rabbit 
was shaved and disinfected with Betadine. Thecranialsurface 
was exposed by a midline incision, and the overlying parietal 
periosteum was excised. 15 X 15 mm circular, full-thickness 
defect of the parietal bone was created with a drilling burr in 
a slow-speed dental handpiece supplemented with 0.9% 
physiologic saline. The dural and superior sagittal sinus were 
not violated (Fig. 1). 

Twenty rabbits were reconstructed with a composite com- 
posed of tricalcium phosphate and glutaraldehyde cross- 
linked gelatin (GTG composite). The GTG composite was 
easily molded to the calvarial bone defect and did not require 
any fixation (Fig. 2). Twelve rabbits were left unrecon- 
structed as negative controls. The periosteum was closed with 
5-O vicryl and the skin was closed with 4-O nylon. The rabbits 
were ambulatory within 2-3 h following surgery. Post oper- 
ative analgesics and antibiotics were not required. 

2 cm 

Fig. 1. A 15 X 15 mm, full-thickness, parietal calvarial bone defect. The 
dual and superior sagittal sinus were not violated. 

Zcm 

Fig. 2. The composite was easily molded to the defect. No fixation was 
necessary. 



2.3. Histological evnlLiation 

Animals were killed by an overdose of sodium pentobar- 
bital, at 2 weeks, 1,2 and 3 months after surgery. Five recon- 
structed and 3 unreconstructed rabbits were examined for 
each time period. 

Craniectomy sites with 2-3 mm contiguous bone were 
removed from each skull. Specimens were immediately 
placed into vials with 70% ethanol, and prepared for analysis. 
After 24 h in 70% ethanol, specimens were radiographed in 
a cabinet X-ray machine (Ohmic OM-603, Tokyo) using 
high contrast X-ray film at 28 KV. 3 MA, for 40 s. The spec- 
imens were then decalcified, embedded in paraffin, cut into 
5 pm coronal sections, and stained with haematoxylin and 
eosin (H and E) for transmitted light microscopy study, 

3. Results 

All animals in the experimental and control groups sur- 
vived the entire duration of the experiment. There were no 
wound infection. scalp effusion or haematoma, and none of 
the composites became extruded. 

3. I. Gross emmirzation 

On gross examination of the whole calvarium, the GTG 
composites were intimately incorporated with the surround- 
ing host bone. The line of demarcation separating the GTG 
composite from the adjacent host calvarium became less dis- 
tinct with time. There was also a gradual loss of composite 
volume (Fig. 3). These changes were directly proportional 
to the length of time the composite had been in place. The 
brain underlying the composite did not show evidence of 
cortical inflammation or scar formation. 

Fig. 3. Radiograph of calvarial defect 2 weeks after implantation of com- 
posite. Most of the tricalcium phosphate particlesin the composite are clearly 
visualized. DF, calvarial defect; GTG, composite. 

1 cm 

Fig. 5. Radiograph of calvariai defect 3 months after implantation of com- 
posite. Most of the tricalcium phosphate particles in the composite are 
degraded. New bone is laid down in a centripetal direction with a central 
radiolucent area. DF, calvarial defect; GTG, composite; NB, new bone. 

3.2. Radiographic analysis 

In the serial postoperative radiographs, we found that the 
GTG composites tend to biodegrade with time. The degra- 
dation was coupled with new bone deposition. In the recon- 
structed groups, there was a progressively increasing amount 
of radiopaque material in the calvarial defect. The newly 
formed bone was laid down from the edge of the defect, in a 
centripetal direction, and obscured the original margin of the 
calvarial defect. However, none of the reconstructed groups 
showed complete calcification, all had a central radiolucent 
area (Figs. 4 and 5). The radiopaque material found in the 
control groups was only minimal, with clear definition of 
defect margin. 

Fig. 3. Three months after implantation of composite. The composite was 
intimately incorporated with the hoat bone with a gradual loss of composite 
volume. 

3.3. Histologicnl obsenwtriotz 

Examination of the H and E stained sections of the crani- 
ectomy sites revealed significantly greater amounts of new 
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bone ingrowth and demonstrate excellent tissue compatibility 
with the surrounding bone and underlying meninges. The 
principal limitation of calcium phosphate materials in cal- 
varium defect reconstruction is their mechanical properties. 
When shaped in porous blocks, they are quite brittle and non- 
malleable, can be easily fractured and are difficult to shape 
so that they accurately replace calvarium defects. Granules 
of calcium phosphate can be easily packed into a calvarium 
defect without shaping, but they are difficult to contain within 
the reconstructed area and lack the structural stability. To 
prevent migration of granules from the reconstructed site, a 
number of binding materials such as bovine collagen, fibrin 
glue and calcium sulphate (plaster of Paris) have been com- 
bined with the calcium phosphate materials 120,211. None 
of these mixtures has proven ideal. Constantino et al. [22] 
have employed cement of calcium phosphate in cat calvarium 
defect reconstruction. However, application of this cement 
was limited by its hydrophilic properties. If it was placed into 
a field where adequate haemostasis had not been achieved, 
the cement tended to absorb the ambient fluid and lose its 
shape. 

To improve the mechanical properties of calcium phos- 
phate osteoconductive materials, we developed a new com- 
posite. It consists of tricalcium phosphate particles bound by 
a gelatin set by gultaraldehyde cross-linking. Gelatin, the 
partially hydrolyzed collagen extracted and purified frompor- 
tine skin, not only can hold the tricalcium phosphate particles 
in place, but can also increase the mechanical strength of the 
composite, so that it can be easily molded to the calvarium 
defect without fracture [ 231. We used a 15 X 15 mm, full- 
thickness, calvarium defect model in the rabbit to study the 
biocompatibility, biodegradation and osteoconductive activ- 
ity of this composite up to three months. A defect of this size 
in a rabbit will not spontaneously heal during a lifetime and 
is thus defined as a critical-sized defect [ 24,253. The assess- 
ment involves serial post operative gross examinations, 
radiographs and histologic evaluations. 

The results of this study, we believe, are significant. 
1. The composite is malleable, unlike the ceramic form 

of calcium phosphate, it can be easily molded into the 
calvarium defect without fracture. 

2. The composite demonstrates good tissue biocompatibility. 
It can be intimately incorporated with the surrounding 
bone with time, elicits little inflammatory response, and 
has no adverse effect on the underlying brain. 

3. The composite demonstrates good osteoconductive activ- 
ity. Radiographic and histologic evaluations confirm pro- 
gressive growth of new bone into the calvarium defect in 
the composite reconstructed group. 

4. The composite is biodegradable. Histologic evaluation 
confirms progressive replacement of the composite by new 
bone, acellular matrix and bone-like material, in a centrip- 
eta1 direction. Osteoconductive material should be bio- 
degradable, thereby permitting gradual remodelling of the 
ingrowth new bone. 

The fate of the released calcium and phosphate from a 
biodegraded composite has been the subject of study. The 
results of these studies point to the conclusion that the calcium 
and phosphate derived from these composites enter the body 
pool and are utilized in a normal fashion [ 26-281. 

Despite concerns about toxicity of some of the ingredients 
in this composite, specifically glutaraldehyde [ 29,301, our 
unpublished data from co-culturing of this composite with 
rabbit osteoblasts in vitro revealed that the toxic effect of 
glutaraldehyde released from the composite can be ehminated 
by soaking of the composite in distilled water for four days 
before use. 

Although the extent of bone ingrowth in this composite 
was insufficient to bridge the 15 X 15 mm calvarial defect 
completely, and with fibrous connective tissue filling the 
remainder of the defect, we believe this composite is valuable 
in clinical application. The most exciting role of this com- 
posite will be as a carrier for bone inductive agents such as 
demineralized bone matrix or bone morphogenetic protein 
[ 3 l-401. According to Lucas et al. [ 411, an osteoinductive 
agent alone without a carrier, would fail to elicit bone for- 
mation. The bone morphogenetic protein, when implanted 
without a carrier, tends to diffuse too rapidly, before bone 
induction could occur. It would be advantageous to have a 
biodegradable, osteoconductive material which may help to 
maintain the osteoinductive agent at the wound bed, and also 
acts as an anchorage platform, allowing attachment of the 
osteocompetent cells from the wound site. We are working 
to develop materials composed of GTG composite and 
osteoinductive agents. 

In summary, we have tested a new calcium phosphate 
osteoconductive composite which fulfils most of the criteria 
for an ideal osteoconductive material. Judicious use of this 
composite, with full understanding of its limitations, offers 
the promise of generating new materials for calvarial defect 
reconstruction in high tension electric burn injury of the head. 

5. Conclusions 

GTG composite has been proven to have a good biocom- 
patibility and couid release nutrition elements for the growth 
of osteoblast in vitro cell culture test. In the study, the cal- 
varial defect model was designed for in vivo evaluation of 
the GTG composite as bone substitute. From the gross exam- 
ination of the whole calvarium, the GTG composites were 
intimately incorporated with the surrounding host bone. The 
brain underlying the composite did not show the evidence of 
cortical inflammation or scar formation. The newly formed 
bone was laid down from the edge of defect, in a centripetal 
direction, and obscured the original margin of the calvarial 
defect. However, none of the reconstructed groups showed 
complete calcification, all had a central radiolucent area, The 
radiopaque material found in the control groups was only 
minimal, with clear definition of defect margin. The results 
of this study indicated that the composite is malleable, unlike 



the ceramic form of calcium phosphate, it can be easily 
molded into the calvarium defect without fracture. The com- 
posite demonstrates good tissue biocompatibility. It can be 
intimately incorporated with the surrounding bone with time, 
elicits little inflammatory response, and has no adverse effect 
on the underlying brain. Radiographic and histologic evalu- 
ations confirm progressive growth of new bone into the 
calvarium defect in the composite reconstructed group. 
Histologic evaluation confirms progressive replacement of 
the composite by new generation bone, acellular matrix and 
bone-like material, in a centripetal direction. Osteoconduc- 
tive material should be biodegradable, thereby permitting 
gradual remodelling of the ingrowth new bone. 
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