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Abstract

ABSTRACT
During the surgical preparation of bone, prior to insertion of an implant, bone will be
traumatized which leads to local resorption. Consequently, early implant fixation
might be reduced. Impaired early fixation, as evidenced by radiostereometry, has been
associated with increased risk of late loosening. Bisphosphonates are known to inhibit
bone resorption by osteoclasts and have shown to increase implant fixation when
administered systemically or locally directly at the bone prior to implant insertion.
A method to bind bisphosphonates directly to the implant was developed. Stainless
steel screws were coated with crosslinked fibrinogen, serving as an anchor for
bisphosphonate attachment. The screws were inserted in the tibial metaphysis in rats
and implant fixation was analyzed with pullout measurements. Bisphosphonate coated
screws turned out to have 28 % higher pullout force at 2 weeks compared to control
screws with the fibrinogen coating only. The next experiment was designed to measure
at what stage in the healing process the strongest bisphosphonate effect was gained.
Bisphosphonate coated screws were expected to reduce the resorption of the
traumatized bone. However, no decreased fixation was found in the control group.
Instead, the fixation increased with time, and so did the effect of the bisphosphonates.
At 8 weeks, the pullout force was twice as high for screws with bisphosphonate
compared to control screws. By histology at 8 weeks, a bone envelope was found
around bisphosphonate coated screws but absent around control screws. Thus, the anti
catabolic action of the bisphosphonate resulted in an increased amount of bone
surrounding the bisphosphonate screws.
Titanium is generally considered to be better fixated in bone compared to stainless
steel. The coating technique was found to be applicable on titanium as well, again with
improved fixation.
A majority of fractures occur in osteoporotic bone. Despite the relatively low amount
of bisphosphonates at the screws, the bisphosphonate coating improved implant
fixation at 2 weeks also in rats made osteoporotic by ovariectomy.
In conclusion, bisphosphonates bound to titanium or stainless steel screws coated with
fibrinogen increased fixation in bone, in rats. These results suggest that the
bisphosphonate and fibrinogen coating might improve the fixation of screw shaped
implants and possibly also arthroplasties, in humans.
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Introduction

INTRODUCTION
Implant fixation, clinical aspects
Why does fixation of implants in bone need to be improved?
With improved implants, the high risk of implant failure for younger patients might be
reduced. Further, indications for orthopaedic or odontologic procedures might be
widened.

The number of surgical procedures has been increased due to improved surgical
techniques and implants. If the complications decrease further, it will be possible to
treat even less severe cases with surgical procedures.
In orthopaedics, the incidence of total knee operations has increased greatly since 1975
and can be expected to continue to increase. However, the rate of arthroplasty
revisions decreased considerably between 1979 to 1989 due to improved surgical
techniques and better choice of implants. But still, in younger patients, the revision
rate for total knee prosthesis, was approximately 25 % between 1988-1997, according
to the Swedish knee register (99) and the revision rate for uncemented total hip
prosthesis, mainly used on younger patients, was 27 % between 1992-2000, according
to the Swedish hip register (79). This brings about an increased demand for longer
implant survival.
One example of fracture fixation screws are external fixations pins, which are used in
various clinical situations with diverging results (14, 54, 82, 93). Surgical procedures
with external fixation pins are cheap and easily performed. It might thus be valuable to
improve this technique further.
In odontology, the survival rate of dental fixtures in maxillae during a 15 year period
has been reported to be 92 %, and the corresponding survival rate for mandibles was
99 %, in totally edentulous jaws (2). However, in order to achieve this high success
rate the patients often have to wait between 3 to 6 months before the abutment and
crown is inserted and function gained (21). A shortening of this healing period would
improve patient comfort.

Why do orthopaedic prostheses and dental fixtures come loose?
In both orthopaedics and odontology, early micromotion has been suggested to
contribute to implant loosening. Particle wear debris and overload are also
considered important.

Integration of implants in the jaw bone and other bones in the body follows the same
biological processes (20, 43). Early micromotion is considered to be a problem both in
orthopaedics (66, 102) and odontology (41, 87) which often results in late loosening.
5
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In odontology this problem can be diminished by protecting the dental fixtures from
premature loading before the attachment of abutment and prosthesis. In contrast, an
almost complete unloading is not possible in orthopaedics. However, the risk of
infections is higher in odontology since even the slightest motion may direct bacteria
from the oral cavity to the implant bone interface. This problem is attenuated through
the separation of bone and implant from the oral cavity by coverage with mucosa.
However, once dental prostheses are loaded they are exposed to high loads which may
cause fracture of the surrounding bone or the implant (126). Loosening of orthopaedic
joint replacements is often attributed to wear particle debris (released from the
prosthesis generated by the articulation) that creates a chronic inflammation leading to
bone resorption. However, even though chronic inflammations between the implant
and bone is a problem in odontology, particle debris does not seem to exist in this field
(4, 43).
In orthopaedics, revision of total hip and knee prostheses is mainly due to aseptic
loosening or deep infection (9, 69, 79, 99) and is more frequent in younger patients
(69, 79). External fixation pins are associated with infection and pin loosening (82,
93).
In odontology, early loosening of implants has been suggested to be mainly due to
surgical trauma, lack of sufficient bone volume, deficient bone quality, infection and
premature loading. A much higher incidence of implant failure has been reported in
the maxilla than in the mandible. This has been suggested to be due to the smaller
bone volume in maxillae, resulting in less mechanical resistance. (2) However, others
have proposed that the high failure rates might be due to other reasons, such as
severely resorbed jaws or poor bone quality, since with these cases excluded, the
outcome is as successful as for mandibular jaws (5).

Implant fixation, biological aspects
What happens initially at the cellular level around the implant?
Where the implant is surrounded by compact bone the initial response is mainly
resorption. Conversely, where the implant is surrounded by bone marrow, the initial
response is dominated by new bone formation.

Implant screws in the marrow cavity, in animals
The following description is mainly based on light microscopic observations from two
articles using a wound chamber model with titanium screws inserted in the mandible
in dogs (1, 16) and an article using titanium screws inserted in the tibial condyle in
rabbits (104).
The initial events around an implant in the marrow cavity are similar to wound
healing. In the marrow cavity, a fibrin network with embedded erythrocytes and
macrophages is formed next to the implant surface within a few hours after implant
insertion. Three or four days later, the coagulum has been replaced by yearly
granulation tissue and vascular structures have been formed around the implant.
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Further, multinuclear cells are observed removing damaged bone fragments created
during the surgical procedure. (1, 16) At 1 week, formation of new bone has started. In
the studies on dogs, bone was formed around vascular units and at the implant surface,
whereas in rabbits the formation of bone was more irregular and no formation of bone
was seen at the surface. However, this dissimilarity could be an effect of the different
implant models or animals used. At 2 weeks, the amount of newly formed bone has
increased and in the study on dogs bone was seen in close proximity to the implant
surface (1, 16, 104). Remodeling is noted after 4 or 8 to 12 weeks (1, 16).

Implant screws in the cortex, in animals
The following description is based on light microscopic observations mainly from an
article using cylindrical titanium, fluorapatite and hydroxyapatite implants (38) but
also from an article using threaded titanium implants (104) inserted in the tibial
condyle in rabbits.
Three days after implant insertion the cut cortical bone is still in close contact with the
implant. At some parts, however, there are gaps between the bone and the implant, and
here erythrocytes embedded within a fibrin network are noted. At 1 week, osteoclastic
bone resorption, represented by Howship´s lacunae appear at the endosteal side of the
cortex. Mesenchymal cells had begun to migrate into the gap and osteoclasts had
begun to resorb at the implant to bone interface. These cells had apparently originated
from the endosteal side. Woven trabecular bone is formed by apposition on the
endosteal edges and protrudes towards the surface and is sometimes fused with new
bone formed adjacent to the surface. (23, 104) At 2 weeks, formation of new bone has
begun. The bone formation at the bone implant interface is characterized by
osteoblasts on the original bone that produce osteoid that is subsequently mineralized.
Mostly bone formation starts on the original bone directed towards the implant
surface. However, for hydroxyapatite and fluorapatite coated surfaces, bone formation
starting at the implant surface directed towards the original bone was frequently
observed but more rarely seen for the uncoated titanium implants. Apart from that, up
to this point, no major difference had been noted between the different implant
surfaces.

Are there critical phases for fixation of implants in bone?
The attachment and retention of a fibrin network at the implant surface is considered
to be important for direct apposition of bone at the implant surface. If resorption of
the original bone prevails over the formation of new bone, the implant fixation might
be at risk.

One of the initial events in bone healing around implants is the formation of blood
clots at the implant surface. Several studies have shown increased bone to implant
contact on a surface with a moderate degree of roughness compared to more smooth
surfaces (23, 125). A rough surface may facilitate the attachment and improve the
retention of a blood clot or function as a reservoir for bone promoting factors (23, 33,
34). Further, a rough surface posses a higher surface area than a smooth and may thus
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contain a larger amount of adsorbed platelets that may secrete substances stimulating
for proliferation and migration of other cell types. (34)
Bone traumatized during the insertion of an implant still has to serve as a mechanical
support. However, as damaged bone is replaced by new bone, the fixation of the
implant could become critical. A decrease in bone to implant contact was detected
between 3 days and 4 weeks for cylindrical titanium implants inserted in cortical bone
in rabbits (38). Another study, with threaded titanium implants, inserted in tibial
metaphyses in rats, showed a decreased removal torque up to 4 weeks after insertion.
However, within the same time interval, the pullout force increased continually. (21)
This phenomenon has also been demonstrated in humans. Threaded titanium fixtures
were inserted in the maxilla and exposed to direct loading. Stability measurements
with resonance frequency analysis indicated that the screws were stable during the first
week but lost stability during 3 months for the smooth implants and 2 months for more
rough and oxidized implants. (49)

What constitutes the bone to implant interface?
Adjacent to titanium implants an amorphous layer has been observed suggested to
serve as an anchor for collagen fibrils. This layer might have similarities with cement
lines.

When a bone to implant interface is studied with light microscopy, no tissue between
the bone and implant might be seen. This means that the implant is osseointegrated (4).
However, in this case analysis with transmission electron microscopy could reveal the
presence of a gap between the implant and the nearest collagen filaments in adjunction
with the surrounding bone. (75) Several ultrastructural studies describe that the
interface between bone and implants, made of commercially pure titanium (8, 75, 104,
105) or titanium subjected to anodic oxidation (23), is associated with an amorphous
layer. However, the question whether these observations might be artifacts has been
raised (74). It has been speculated that the amorphous layer might be formed by
multinuclear giant cells at the surface in a similar way as when osteoclasts prepare for
osteoblastic bone formation in a resorption lacuna. This could then explain why the
amorphous layer has similar characteristics with cement lines. (104) The composition
of cement lines is still under investigation but the calcium and phosphorus content was
found to be lower compared to the surrounding bone (24, 130). The amorphous layer
has been suggested to constitute a collagen free substance containing proteoglycans
(20-40 nm) (75) or a collagen and mineral free ground substance (100-400 nm wide)
(104, 105) . Further, it has been suggested to function as an anchor for collagen
filaments (4), embedded in the layer, and has also been observed around zirconium (7)
as well as hydroxyapatite (119). With ultrastructural investigation of magnetron
sputtered stainless steel (316L) a several hundred nanometer thick proteoglycan coat
lacking collagen filaments was observed (6).
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What influence does micromotion have on endosseous implant fixation?
A theory has been proposed that explains the tissue development around implants
exposed to micromotion. Results indicate that hydroxyapatite is particularly
advantageous for loose implants whereas bisphosphonates may improve implant
fixation when the implant is exposed to smaller motions.

Implant micromotion depends on several factors such as; the surgical technique,
available bone stock, status of the available bone, implant design, implant surface
roughness, loading conditions, remodeling of host bone etc. Primarily, the biological
reaction towards micromotion of endosseous implants will be discussed and secondly
how micromotion can be prevented or halted.
Søballe et al. investigated the type of tissue formed, and how the tissue was altered
with time, in a gap between the implant and the host bone as a response to implant
micromotion. They found that initially, as the relative fluid velocity and shear tension
at the surface of implant and host bone was high in the gap, fibroblast, and later
condrocyte, proliferation was promoted and the gap was subsequently filled with
collagenous matrix. Consequently, due to the newly formed collagenous matrix the
permeability was reduced causing a higher fluid pressure and a lower relative fluid
velocity and shear tension, and further promoted condrocyte proliferation. At a certain
stage, when the implant was sufficiently stable, it was suggested that a motioncontrolled situation would be replaced by a force-controlled situation. The mechanical
environment would thus subsequently stimulate osteoblast proliferation. Alternatively,
if sufficient stability would never have been reached the motion-controlled
environment could have been preserved. Also in this case, the tissue would
subsequently have developed a steady state but consisting of a fibrous or fibrocartilige
tissue instead. (98) Van der Vis et al. showed that osteolysis occurred if fluid pressure
was applied at the interface of host bone and implant which further demonstrate how
cells are adapted to the mechanophysical environment. Peri-prosthetic loosening was
suggested to be caused by implant micromotions producing fluid pressures at the
interface of bone and prosthesis. (120)
For implants that had been continuously exposed to micromotion, the push-out
strength for hydroxyapatite coated implants was approximately one and a half times
higher compared to titanium alloy implants, exposed to equivalent micromotion.
Further, if micromotion was ceased fixation of the titanium implant increased fourfold
while the hydroxyapatite coated implant fixation only improved by 40 %. The authors
suggested that the bone stimulating effects of hydroxyapatite coated implants are
prolonged when exposed to micromotion (109). However, some studies confirm (29,
115) and some dement this theory (50). Numerous experiments show enhanced
appositional bone growth on hydroxyapatite coated implants (29, 115), a greater bone
to implant contact (26, 51), implant ingrowth (115) or interface shear strength (37, 56)
compared to titanium implants. Fluorapatite has also shown to increase interface shear
strength (37, 42) and increase bone contact (15, 26, 31) compared to titanium implants.

9

Introduction

Implant surface roughness is another factor associated with micromotion (114). Rough
implants are considered to create mechanical interlocking between the bone and the
implant (67, 106, 114). An alternative way to improve implant fixation is, as
mentioned previously, by systemic treatment (59, 89, 116, 127) of bisphosphonates or
local application of bisphosphonates directly on the bone prior to insertion of the
prosthesis (58). However, as will be described later, bisphosphonates can not stimulate
bone formation directly but inhibit the resorption of already existing bone. Indeed,
when Søballe et al. combined the model described above with systemic alendronate
treatment, the bisphosphonates were unable to increase the implant fixation when a
fibrous tissue layer had already been established in the gap between host bone and
implant (108). However, the question whether osseointegration actually has an effect
on mechanical implant stability remains to be answered. In 1979, an experiment on
dogs showed that fibrous encapsulation was not always associated with non functional
implants (22).

Bisphosphonates
What is the bisphosphonate mechanism of action?
Bisphosphonates have affinity to bone mineral. If osteoclasts resorb bone containing
bisphosphonate they might become intoxicated and in this way resorption ceases.

Bisphosphonates are used to inhibit resorption of bone in association with various
bone diseases such as osteoporosis (46, 76), tumor-associated osteolysis and
hyperparathyroidism (28). The chemical structure of the bisphosphonate (figure 1)
promotes binding to solid-phase calcium phosphates, such as bone mineral. Further,
the presence of a hydrogen atom on one side chains (R1 or R2 in fig 1) is favorable for
the affinity (118). As bone resorbing osteoclasts digest the bone, bisphosphonates
bound to the bone will become internalized. Depending on the type and dose of
bisphosphonate, the bone resorbing capacity will be reduced or the osteoclast might go
into apoptosis. The other side group on the bisphosphonate molecule regulates the
potency to reduce bone resorption. A nitrogen atom at the end of the other side chain
and especially five carbon atoms in a row have shown to be especially efficient. The
potency is further increased if other groups are added to the nitrogen atom, as for
instance in ibandronate. However, the most potent bisphosphonate known so far is
zoledronate.(44)
a)

OH R2
O P

C

OH
P

OH R1 OH

O

b)

(CH2)2(NH)2

c)

(CH2)3(NH)2

d)

(CH2)2N

CH3
(CH2)4CH3

Figure 1. The chemical structure of bisphosphonate (a). R1 and R2 signify the bisphosphonate
side chains. The chemical structure of the larger side chain for pamidronate (b), alendronate
(c) and ibandronate (d).
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Nitrogen-containing bisphosphonates are known to inhibit an enzyme,
farnesylpyrophosphate syntase, in the mevalonic pathway. As a consequence, less
isoprenoid lipids will be formed and the post translational prenylation of certain
proteins, such as Ras, Rho, Rac and Rab, will be depressed. Disruption of their
function may lead to reduced cell activity or even induce cell death. (45) Inhibition of
the mevalonic pathway also leads to accumulation of isopentenyl pyrophosphate and
subsequently formation of Appp1 which is able to induce apoptosis by the formation
of an ATP- analogue. However, the bisphosphonate itself is not part of the ATPanalogue complex and thus not metabolized. (88)
The mechanism of action for bisphosphonates that do not contain nitrogen is also
through the formation of an ATP-analogue but they have no effect on the mevalonic
pathway. In contrast to nitrogen-containing bisphosphonates, the non nitrogencontaining bisphosphonate are metabolized. The production of the ATP-analogue
causes reduced cell function and may induce cell death. (45, 88)

Do bisphosphonates influence other cells than osteoclasts?
The cell ability to take up bisphosphonates varies. Non resorbing cells might take up
bisphosphonates released during osteoclastic bone resorption or due to natural
desorption from a bone surface.

Bisphosphonates are naturally released through desorption from bone surfaces or when
osteoclasts resorb bisphosphonate containing bone. In the vicinity of a resorption pit
the concentration of bisphosphonate may become high since bisphosphonates are
trancytosed through the osteoclast which means that the bisphosphonate is released on
the opposite side of where it was originally internalized in the osteoclast. There is no
doubt that in vitro bisphosphonates may be taken up by other cells than osteoclasts and
that the protein prenylation is inhibited also in these cells. However, it was shown in
vivo that the protein prenylation of non resorbing cells was not affected while it was
extensively affected in osteoclasts. The suggested explanation was that the cells had a
different cell endocytic activity. Consequently, much higher amounts of
bisphosphonate might become accumulated in osteoclasts compared to osteoblasts due
to the higher endocytic activity. (32)
Besides inhibited bone resorption, other bisphosphonate effects have also been found.
An in vitro study showed that the bisphosphonate alendronate stimulated activation of
cell surviving substances in osteoblasts and thus prevented induction of apoptosis.
Binding of the bisphosphonate to the osteoblast membrane resulted in the opening of a
hemichannel which ultimately activated the cell surviving substances. (96) However,
an in vivo study, using a distraction osteogenesis in rabbits, indicated that the systemic
treatment with zoledronate did not induce increased osteoblast survival. On the
contrary, osteoblast number and surface in the bisphosphonate treated group was lower
at 6 weeks after surgery. (107) This might be explained by the coupling between
osteoclast and osteoblast during bone remodeling. Thus, a decreased number of
osteoclasts could have reduced the osteoblast number as well.
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Are bisphosphonates used in orthopaedics to improve implant fixation?
Bisphosphonates have been given orally or applied locally to improve fixation of
knee prosthesis and external screw pins.

Radiostereometric analysis showed that the migration of total knee prostheses was
reduced when ibandronate was applied directly onto the knee prior to insertion of the
prosthesis (58). Oral treatment with Clodronate also showed improved fixation of knee
prostheses (59). Proximal bone resorption was reduced around femoral stems after oral
treatment with risedronate for 6 months (127). Fixation screws, used to stabilize
pertrochanteric fractures in osteoporotic women, showed increased extraction torque in
patients that were given alendronate orally (89). Further, one single intravenous
infusion of zoledronate increased removal torque of metal pins in patients operated
with external fixation pins (116).

What is osteonecrosis of the jaw?
Infections in exposed jaw bones heal poorly in immune compromised patients who
have been treated with bisphosphonates for several years. Probably, normal
resorption is necessary to eradicate the infection.

A few hundred cases, referred to as osteonecrosis of the jaw, have lately been reported.
Nitrogen-containing bisphosphonates are probably incorrectly suspected to be the
cause of bone necrosis often appearing at the site of a previous dental trauma (47, 81,
100, 101). In the case of a pathogenic invasion, the antiresorptive effect of the
bisphosphonate may result in the establishment of a chronic infection. However, it is
still controversial what comes first; the necrotic bone or the infection (10, 55, 81, 101).
The anti-angiogenetic characteristics of bisphosphonates was proposed to be the major
cause of the observed osteonecrosis and a strong similarity with osteoradionecrosis
was suggested (81, 101). However, the fact that living osteocytes are often observed
within the lesion supports the hypothesis that infection is a primary and necrosis a
secondary effect (10, 55). Another important aspect is that most of the affected
patients have been treated with chemotherapeutic agents (81, 101) or radiation therapy
(55) of which the latter has shown to reduce the regenerative capacity of the gingival
mucosa (30) that otherwise shields the underlying bone and prevents it from being
infected. Further, if bisphosphonates have an anti-angiogenetic effect on the bone, this
problem should occur in other parts of the body as well. Briefly, the situation is
complex and bisphosphonate treatment is one of the contributing factors.

What has been done on bisphosphonate coated implants?
Various kinds of calcium phosphates have been used in many applications to bind
bisphosphonates to implants. Bisphosphonates promote integration of implants in
bone but a too high dose might perhaps have negative effects.

The information in the following section is shortly presented in table 1 to 3.
Bisphosphonates have affinity to calcium which is favorable for binding
bisphosphonates to implant surfaces. A number of experiments have been made on
implants coated with hydroxyapatite (table 1), which is a sort of calcium phosphate
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with low solubility (83, 85, 86, 94, 112). A less common method is implanting calcium
ions in the implant (64, 128) (table 3). Mostly bisphosphonate has been bound to
hydroxyapatite or calcium containing implants by incubation in the bisphosphonate
solution (35, 36, 64, 83, 85, 86, 94, 95, 112, 128). An alternative method has been to
apply droplets of the bisphosphonate solution and then heat evaporate the liquid (48,
112) or filling tube shaped implants with the bisphosphonate solution before insertion
(36). In contrast to the hydroxyapatite coatings, entire implants have been made by
other types of calcium phosphates (35, 36, 48, 63) (table 2). In one study,
bisphosphonate was bound to the calcium phosphate and thereby incorporated in the
implant (63). Another coating technique was to mix bisphosphonates with a
poly(D,L)-lactide matrix that was applied on the implant by dipping it into the matrix
solution and subsequently dry it (52). Supersaturation of calcium etidronate was
obtained by electrolytic deposition on a titanium implant (table 3). When the pH rises
near the titanium cathode, etidronate becomes negatively charged, reacts with calcium
ions in the solution and is deposited at the cathode.(40)

Table 1. Studies on bisphosphonates bound to implants coated with hydroxyapatite.

Bisphosphonate
type &
application

Animal or
cell

Analysis

Author and
year

Bisphosphonate
effect

Zoledronate,
incubation

Rat (ovex),
condyle

Peter et al
2006

Positive and
negative

Zoledronate,
incubation

Rat,
condyle

Peter et al
2005

Positive and
negative

Zoledronate,
incubation or
application of
droplets
Pamidronate,
incubation or
mixed with the
coating
Alendronate,
incubation
Alendronate,
incubation

Dog, ulna

Bone density,
histomorphometry
and pullout
Bone mineral
density,
histomorphometry
and pullout
Bone ingrowth,
bone density,
number and size
of bone islands
Surface analysis
(XPS) and cell
staining

Tanzer et al
2005

Positive

McLeod et
al 2006

Positive

Bone density

Meraw et al
1999
Meraw et al
1999

Positive

Osteoclast
cell culture

Dog,
mandible
Dog,
mandible

Bone implant
contact and bone
formation rate

Positive and
negative

The response from implants coated with various amounts of zoledronate was examined
on rats. However, the following results should be considered with the knowledge that
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the analysis was based on mostly three to four replicates or sometimes even 1 or 2.
The highest pullout force was obtained for the implant loaded with the third largest
amount of bisphosphonate, 2.1 µg, whereas the second largest and largest amount of
bisphosphonate, 8.5 and 16.0 µg, showed a decreased pullout force compared to the
implant without bisphosphonate (95). When this study was repeated, but on
osteoporotic rats, the highest pullout force was obtained for the implant with the
second largest amount of bisphosphonate, 8.5 µg (94). Further, the peri-implant bone
volume fraction and the bone density were increased within a distance of 200 µm from
the implant. (94, 95) However, the study on normal rats showed that the highest
amount of bisphosphonate had a negative effect on the bone density within 40 µm
from the implant (95).

Table 2. Studies on bisphosphonates bound to implants made of bulk hydroxyapatite.

Bisphosphonate
type &
application

Animal or
cell

Zoledronate,
mixed with the
coating

Rabbit
bone cells
on dentin
slices

Clodronate,
Etidronate &
Pamidronate,
application of
droplets
Olpadronate,
incubation
Olpadronate,
incubation &
filling the
implant with the
solution

Analysis

Author and
year

Bisphosphonate
effect

Josse et al
Material
analysis (NMR), 2005
surface analysis
(SEM),
resorption
activity
Rat
Cell viability
Ganguli et
osteoblasts
al 2002

Positive

Rat, tibial Bone mineral
metaphysis density
In vitro release

No

Denissen et
al 2000
Denissen et
al 1994

Positive

NA

In another study, porous hydroxyapatite implants were incubated in olpadronate
solution with two different pH and inserted in tibial metaphysis in rats. No difference
in trabecular mineral bone density and bone mineral density between hydroxyapatite
coated implants with and without olpadronate was obtained. (35).
Porous hydroxyapatite coated rod shaped implants, with our without zoledronate, were
inserted intramedullary in canine ulna. The relative difference in the fraction of bone
that had grown into the porous implant was 134 %, in favor of the zoledronate coated
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implant. Further, the size of the bone islands inside the implant was larger for the
bisphosphonate coated implants. (112)
Titanium machine-polished or hydroxyapatite coated screws with our without
alendronate were inserted in the molars of dogs. The alendronate coated implants
showed a 11 % higher bone area density compared to non coated implants (85). This
study was repeated but with different measurement techniques. The bone to implant
contact obtained for the alendronate coated hydroxyapatite implant was less than the
hydroxyapatite implant without bisphosphonate. However, the bone formation rate in
the peri-implant area was higher for the alendronate coated hydroxyapatite implant
compared to the hydroxyapatite implant without bisphosphonate. (86)

Table 3. Studies on bisphosphonate bound to implants through others methods.

Implant

Bisphosphonate Animal or
cell
type &
application

Analysis

Author
and year

Bisphosphonate
effect

Calcium ion
implantation

Pamidronate,
incubation

Rat, tibia,
cortex

Pamidronate,
incubation

Dog,
mandible

Kajiwara
et al.
2005
Yoshinari
et al.
2002

Positive

Hydroxyapatite
coating &
calcium ion
implantation
Poly(D,L)lactide matrix

Bone
formation
rate
Bone to
implant
contact

Zoledronate,
mixed with the
matrix

Greiner
et al.
2006 and
2007

Positive

Electrolytic
deposition

Etidronate

Cell
Primary
viability
human
osteoblasts
or
osteoclast
like cells
In vitro
release,
surface
analysis

Duan et
al. 2004

NA

Positive

Cylindrical hydroxyapatite coated implants, with implanted calcium ions, with or
without pamidronate were inserted in bone cavities created in the mandibular molar
region in dogs. Bisphosphonate coated implants showed to increased the bone to
implant contact (128).
Titanium rods with implanted calcium ions with or without pamidronate were inserted
in rat tibia. Measurement of the width of newly formed bone, between the implant
surface and the medullary cavity, was higher for the pamidronate coated implants after
1, 3 and 4 weeks (64).
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A novel coating technique
Adsorbing bisphosphonates to fibrinogen coated implants constituted a novel coating
technique. An advantage with this technique is that, in contrast to hydroxyapatite
coating techniques, no expensive equipment is needed. The only equipment that was
used was an ellipsometer to measure the thickness of the adsorbed molecular layers.
Otherwise, the coating technique could be performed in any laboratory. Thus, the
biological effects of this coating technique were considered worth further
investigating.
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MATERIALS AND METHODS
Screws
Stainless steel screws were manufactured of stainless steel (EN:1.4305, ASTM:303,
0.1% C, 1.0% Si, 2.0% Mn, 0.045% P, 0.15-0.345% S, 17-19% Cr, 8-10% Ni
). The titanium screws, used in paper II, were fabricated by Nobel Biocare and made of
oxidized porous titanium with a similar topography as TiUnite®. The length of the
threaded part of the stainless steel and the titanium screws were 2.5 mm and 3 mm and
the outer diameter of the threaded part 1.9 mm and 1.7 mm, respectively.

Screw coating
The screw coating technique followed more or less the same procedure in all
experiments. However, titanium screws in paper II were cleaned according to a
different scheme and the concentration of the fibrinogen solution was 10 times higher
in paper I, II and III than in paper IV and in the original article by Tengvall et al (113).
Shortly, silanes were bound to the oxidized metal surface. Glutardialdehyde was
bound to the silanes serving as an anchor for fibrinogen attachment. A few hundred Å
thick crosslinked fibrinogen matrix was chemically attached to the glutardialdehyde on
the metal screw surface. Pamidronate was chemically bound, through the amine group
on one side chain, to the carboxylic groups in the fibrinogen matrix, by peptide
binding. Subsequently, ibandronate was physically adsorbed to the fibrinogen matrix
followed by washing in water, drying and storing the screws in sealed plastic tubes.

Measurements of coating thicknesses
Null ellipsometry, was used to approximate the thickness of the fibrinogen and
bisphosphonate layers on the screws. Null ellipsometry only allows measurement on
macroscopically and microscopically planar surfaces. Therefore, flat silicon surfaces
were used for reference measurements and treated according to the same procedure as
the screws, except for the etching during cleaning. Measurements were made at
different spots at the surface in order to get a representative estimation of the film
thickness.
In situ ellipsometry, allows measurement of very thin molecular layers since the
adsorption is measured at exactly the same spot on the surface. It is therefore useful for
measurement on less plane surfaces. In paper II bisphosphonates were physically
adsorbed to titanium screws. Since thin layers were measured, in situ ellipsometry was
applied to measure the amount of molecules physically adsorbed to the titanium
surfaces.
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Mechanical measurements
Pullout measurements
The experimental set up of the pullout experiments is shown in figure 2. Sampling
started at 0.2 N and was stopped when the curve had dropped to 10 % of the maximal
force. Some representative load deformation curves are displayed in figure 4. Pullout
force signified the maximal force and energy was calculated from the area beneath the
load deformation curve. Stiffness was calculated automatically from the slope of the
curve but the slope had to be manually specified through the positioning of two marks.

Figure 2. Experimental set up for pullout measurements. The metal hook was connected to a
force transducer. The metal plate, through which the screw head points out, was connected to
a stepping motor moving down at a speed of 0.2 mm/s.

Removal torque measurements
The experimental set up of the removal torque experiment is shown in figure 3.
Sampling was started at 0.2 N and was stopped when the screw had turned 90 degrees.
Some representative load deformation curves are displayed in figure 4. Force was
transformed into torque by multiplying with the radius of the cylindrical device.
Removal torque at failure signified the maximal torque and energy was calculated
from the area beneath the load deformation curve.

Histology
The screw and rat tibia was removed en bloc, fixated, dehydrated and embedded in
plastic resin. Sections of 15 to 20 µm were prepared by sawing and grinding and were
subsequently stained with Toluidine blue. Measurements of the bone to implant
contact and bone area density were made with light microscopy. The results consisted
of mean values calculated from measurements of four threads on each side of the
implant. The percent of bone to implant contact, in each thread, was estimated by the
length of contact between bone and implant divided by the perimeter of the thread.
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The bone area density was calculated from the ratio between bone area and total area.
Measurements were made within the triangle created by a thread and within two
rectangles, with the width 250 µm, placed at 0 and 250 µm from the thread edges,
respectively.

Figure 3. Experimental set up for removal torque measurements. A metal wire was connected
to a force transducer and winded around a metal cylinder with a chuck gripping the head of
the screw. The cylinder was connected to a stepping motor moving down at a speed of 0.1
mm/s.
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Figure 4. Examples of load deformation curves illustrating pullout (a-d) and removal torque
(e-f) measurements. The force (N) is displayed on the y-axes and the displacement (mm) on
the x-axes. The irregular curves (a and b) illustrate that the mechanical failure can follow
different patterns, which can make up for parts of the biological variation of the results.
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Paper I. Surface-bound bisphosphonates enhance
screw fixation in rats - increasing effect up to 8
weeks after insertion.
The effect of the treatment was increased with time. The pullout force was higher for
bisphosphonate coated screws after 2, 4 and 8 weeks in cortical (figure 5, left) and 4
and 8 weeks in cancellous (figure 5, right) bone, respectively.
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Figure 5. The pullout force for non coated screws directly after insertion, fibrinogen screws
and bisphosphonate screws after 4 days (only for cortical bone), 1, 2, 4 and 8 weeks. The
screws were inserted in cortical (left) and cancellous (right) bone.

Paper II. Bisphosphonate coating on titanium screws
increases the mechanical fixation in rat tibia after 2
weeks.
The coating technique was applicable, not only on stainless steel but also on
commercially pure titanium. The pullout force and energy was higher for
bisphosphonate coated screws at 2 weeks, compared to uncoated (figure 6) and
fibrinogen coated screws. In buffer, approximately 60 % of the bound pamidronate
was released within 8 hours (figure 7). After 8 days the release leveled off.
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Figure 6. Pullout force for titanium screws with a fibrinogen and bisphosphonate coating.
Left; comparison with uncoated control. Right; comparison with fibrinogen coated control.

Figure 7. In vitro, estimated release of pamidronate covalently linked to fibrinogen coated
screws. Numbers are calculated from liquid scintillation measurement of the amount of 14Calendronate, bound to the screw by the same technique as for pamidronate. The release
kinetics was assumed to be equal for alendronate and pamidronate.
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Paper III. Stainless steel screws coated with
bisphosphonates gave stronger fixation and more
surrounding bone. Histomorphometry in rats.
Histomorphometric measurements showed that, at 1 week, the bone to implant contact
was higher for the uncoated screws compared to screws with fibrinogen only and
screws coated with fibrinogen and bisphosphonates (figure 8, left). At 2 weeks the
removal torque at failure was higher for bisphosphonate coated screw compared to
uncoated and fibrinogen coated controls (figure 8, right).
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Figure 8. Bone to implant contact in the threads at 1 week (left) and the maximal torque
moment at failure at 2 weeks (right).

At 8 weeks there was no difference in bone to implant contact between the uncoated
and bisphosphonate coated screws. However, the bone to implant contact was higher
for the uncoated and bisphosphonate coated compared to fibrinogen coated screws
(figure 9, left). The bone area density in the threads after 8 weeks (figure 9, right) was
higher for bisphosphonate coated screws compared to controls. The results, at 8 weeks,
probably reflect the presence of a bone envelope observed around bisphosphonate
coated screws (figure 10, right) but absent around uncoated screws (figure 10, left).
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Figure 9. Percent of bone to implant contact (left) and bone area density in the threads at 8
weeks (right).

Figure 10. A bone envelope was observed around bisphosphonate coated screws (right)
which was absent around the uncoated control screws (left). The dotted lines indicate the
border between the bone and the marrow cavity.
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Paper IV. A bisphosphonate coating improves the
bony fixation of stainless steel screws in
ovariectomized rats.
The pullout force and energy was higher for bisphosphonate coated screws (figure 11)
in ovariectomized rats after 2 weeks, compared to uncoated control screws.
Corresponding results in the sham-operated groups were not significant.

Force (N)
100
80
60
40
20
0
Bisphosphonate Control
Ovex

Bisphosphonate Control
Sham

Figure 11. Pullout force for bisphosphonate coated and uncoated screw, inserted bilaterally,
pairwise for each rat. Bilateral implants are connected by a line.
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Methodology
The strength of screw fixation in bone is dependent on the amount and quality of the
bone formed around it. Screw shaped implants are designed to transfer axial or
transverse loads to the surrounding bone and thus prevent the implant from moving.
Pullout measurement is a way of estimating the strength of the bone surrounding the
implant (21). In our work, pullout force and energy reflect implant resistance towards
axial loading. Pullout stiffness was also reported in paper I and II, but these results
were not discussed. The results showed that the stiffness was higher for
bisphosphonate compared to fibrinogen control screws and increased with time,
independently of the treatment. It is reasonable to suggest that the results were not
affected by the elastic properties of the stainless steel screw, since the modulus of
elasticity of stainless steel is considerably higher compared to bone. The stiffness
probably reflects both the amount and the elastic properties of the bone surrounding
the implant. It is unfortunately not possible to distinguish the contribution of each of
these factors.
Concerning removal torque, a strong correlation to bone to implant contact has been
reported, but a less strong correlation with the bone density 50 µm from the thread
edges. (21) Theoretically, removal torque would reflect shearing resistance if there is a
chemical bond between bone and implant or mechanical interlocking with the porous
implant surface. Otherwise, removal torque could serve as an estimate of the friction
between implant and bone surfaces.
Previous studies have shown a reduction in bone to implant contact and removal
torque within 4 weeks after insertion in rabbits and rats, respectively (21, 38). In
humans, resonance frequency measurements indicated that dental implant stability was
reduced between 1 week and 2 to 3 months, depending on the type of implant (49).
This phenomenon has been suggested to demonstrate the resorption of bone
traumatized during the surgical procedure. In paper I we intended to detect this
reduction of bone in order to investigate if the bisphosphonates could inhibit this
resorption. However, pullout measurements did not reveal any reduced fixation for the
control screws, in cortical or cancellous bone. The pullout measurement might not
have been a sufficiently sensitive method or the surgical technique might have been
too coarse.
We consider our screw model to be unloaded because the implant has no weight
bearing function. However, it is possible that the screw might be exposed to loads
sometimes. For example, when the rat is lying down, since the screw head is
protruding out of the bone under the skin. An unloaded screw model resembles the
circumstances for dental fixtures since these are generally protected from loading the
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first 3-6 months (21). Further, the small screw inserted in the rat tibia is mostly in
contact with marrow directly after insertion. This might simulate an implant in human
cancellous bone, which due to the distance between the trabecula is mostly in contact
with marrow.
A great difference between humans and rats is that Haversian systems are rarely seen
in rats (60). Anyhow, in both humans and rats a less regular bone structure will prevail
until implant stability has been established. Then, the primitive woven bone will be
remodeled and reformed into lamellar bone and, depending on the location, into
osteonal bone, in humans. Thus this species difference probably has a minor influence
on the early events in bone healing around implants.
Another difference between humans and rats is the metabolic activity, which is higher
in rats (80). This means that the cellular activity is faster in rats. However, processes
such as coagulation at the implant surface or the inflammatory response probably
proceed within the same time frame in humans and rats. Concerning bisphosphonates,
these will be stored in the bone and exert their effect directly on the osteoclasts after
internalization. During resorption of bone containing bisphosphonates, the drug is
transported through the osteoclast by transcytosis and released. Thus, it might be
bound to bone mineral again or become washed away after the release. (32) Due to the
elevated cellular activity, this “recycling” and also the depletion of bisphosphonates is
probably faster in rats than in humans.
Preliminary results with radiolabeled bisphosphonate indicate a high amount of
bisphosphonate close to the screw surface at 2 weeks. At 8 weeks, the activity was
considerably lower, but had spread, so that radioactivity was seen out to about 0.5 mm
away from the screw surface. This suggests that the bisphosphonate was initially
bound to bone near the implant, but was “recycled” by resorption, so that it could
spread to new bone formed further away (figure 12).

Figure 12. Autoradiography of screws inserted in the tibial metaphysis of rats. The samples
were cut trough the screw parallel to the screw axis. Accumulation of 14C-alendronate is
represented as darker areas around the screw. In (a), at 2 weeks, bisphosphonate
accumulation is seen near the surface. In (b), at 8 weeks, the bisphosphonate is seen at
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further distance from the surface, and probably in lower amounts. This might reflect
redistribution through “recycling” (se text).

In buffer, more than half of the bisphosphonates bound to the screws were released
within 8 hours and almost all bisphosphonates had been released within 8 days (paper
II). The bisphosphonate release kinetics is probably similar in rats and humans, but the
onset of bone formation or remodeling is probably initiated later in humans than in
rats. Thus, the initial distribution of bisphosphonate in the original and newly formed
bone might differ between rats and humans.
The bone envelope formed in the rat tibia around the bisphosphonate coated screws
seemed to have been formed by apposition of bone growing from the endosteal side of
the original cortex and from bony islands created in the medullary cavity adjacent to
the implant. The bone extended approximately 300 µm from the thread edges and the
depth of the threads is approximately 200 µm. This means that, in rats, a few hundred
micrometer of bone was sufficient to encapsulate the implant and improve fixation.
However, this might not be mechanically sufficient with larger implants used in
humans. It remains to show that the bisphosphonate coating increases the amount of
cancellous bone at a larger distance in larger animals.

Pharmacological improvement of implant fixation
Binding bisphosphonates to metal implants through a fibrinogen matrix is a novel
coating technique. Other researchers have utilized the bisphosphonate affinity to
calcium phosphates or calcium ions. Consequently, there is a lot of literature on
bisphosphonates bound to calcium phosphate coated or calcium ion modified implants.
A less common technique is to bind bisphosphonates through a poly (D, L)-lactide
matrix. This technique has similarities with the fibrinogen coating technique since both
shields the underlying metal surface of the implant. Unfortunately, no in vivo study on
poly (D, L)-lactide matrix technique was found published.
Bisphosphonates exert an anti-catabolic effect on bone, which means that the bone is
protected from resorption. When bone formation continues more or less unaffected,
the net result is that the bisphosphonates indirectly increase the amount of bone (107).
Under these circumstances, the effect of the bisphosphonates is comparable to the
effect of bone anabolic drugs. This phenomenon was clearly demonstrated in paper I,
where the effect of the bisphosphonate treatment was increased with time and in paper
III, where a bone envelope was formed only around bisphosphonate coated screws. At
4 weeks, the biomechanical pullout force of bisphosphonate coated screws (paper I)
was more or less in the same range as for rats with uncoated screws treated
systemically with a high dose of the anabolic drug parathyroid hormone (62).
Parathyroid hormone is a drug used in patients with severe osteoporosis. It is thought
to increase osteoblast number (122) due to enhanced proliferation and differentiation
of osteoprogenitor cells (91) or enhanced stimulation of bone lining cells to express
the osteoblast phenotype (39, 71). Unfortunately, parathyroid hormone has some
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disadvantages. The amount of parathyroid hormone used in the study mentioned above
was approximately 40 times larger than the amount that is applicable in humans.
Additionally, parathyroid hormone must be given intermittent to yield an anabolic
effect and is thus not applicable in association with implant coatings.
There are other potent anabolic drugs, such as the bone morphogenetic proteins, which
stimulate differentiation of osteoblasts. They may also produce ectopic bone in
muscular tissue through the induction of myogenic cell differentiation. Various studies
using bone morphogenetic protein coated implants show enhanced ectopic bone
formation when placed in muscle tissue (27, 129) or subcutaneously (53, 123).
However, bone morphogenetic proteins also stimulate RANKL-induced osteoclast
differentiation in vivo (68). In vitro studies have shown that some types of bone
morphogenetic proteins might stimulate osteoclast formation, recruitment (57) and
bone resorption (65). During certain circumstances when formation of osteoclasts is
promoted over osteoblast formation, bone morphogenetic proteins can induce bone
resorption (77). It has been suggested that a low amount of bone morphogenetic
protein should be used to enhance bone to implant contact but a higher amount to
enhance porous implant bone ingrowth or bone formation in the gaps around implants
(73). Indeed, bone morphogenetic proteins are associated with both negative (3, 78,
110) and positive (72, 73) effects on implant bone integration. Bisphosphonates have
been used successfully in combination with bone morphogenetic proteins to inhibit
unwanted catabolic responses (61, 77). Unfortunately, bone morphogenetic proteins
are very expensive. However, in the future the cost might decrease when certain
patents have run out. It would probably be possible to immobilize bone morphogenetic
proteins into the fibrinogen matrix. An appropriate amount of bone morphogenetic
protein together with the bisphosphonate coating might improve implant fixation
further.

Effects of the fibrinogen layer
In our model, at 1 week, the fibrinogen coating appeared to diminish the implant to
bone contact (paper III). Further, around screws coated with fibrinogen, trabeculae
connecting bone formed at the surface and the surrounding bone seemed to appear
more seldom. These observations indicate that the stainless steel surface promoted
osseointegration at this early stage, and that this effect was less prominent for screws
coated with fibrinogen. One explanation might be that the fibrinogen coating could
have shielded the surface and thus diminished these effects. The surface chemistry has
been suggested to alter the chemical binding of proteins and cells to the implant
surface (19) which is thought affect implant osseointegration (33, 34).
The amount of bone around the implant at 1 week was similar in all groups. However,
since the uncoated screws seemed to have a better anchor in the surrounding bone
these might have been better fixated at 1 week.
One way to improve implant stability at this early stage would be to retain close
contact with cortical bone. As mentioned earlier, the initial implant stability was
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suggested to decrease due to resorption of the cortical bone between 1 and 4 weeks in
rabbits (38) and rats (21) or after 1 week and 2 to 3 months in humans (49). Necrotic
bone containing bisphosphonates is protected from resorption (12, 111). Thus, it is
probably possible to retain the original bone with bisphosphonates and improve early
implant stability, under the presumption that a delicate surgical technique is used.
Histological results in rabbits confirm that resorption of the original cortical bone had
begun already at 1 week (38, 104). However, we did not see signs of resorption of the
cortical bone around the screws in our model at 1 week. This could mean that bone
remodeling had not started. The original cortical bone had been fractured during screw
insertion and there were thus only fragments of this bone in close proximity to the
screw. Thus, during these circumstances the bisphosphonate would probably only have
had minor influences on the implant stability.
The mechanical consequences of our histological findings at 1 week were not
measured. However, already at 2 weeks, the removal torque was higher for the
bisphosphonate coated screws compared to the uncoated and fibrinogen coated screws.
Thus, already at this time point the bisphosphonate coating seems to have improved
implant stability in spite of any negative effects of the fibrinogen.
Screws coated with crosslinked 125I-fibrinogen were inserted in tibial metaphysis in
rats and twisted out at 2 days and after 2 and 4 weeks. The radioactivity of the screws
was subsequently measured. Preliminary results show that approximately 11% of the
fibrinogen matrix is released from the screw within the first 2 days and 8-9% within 28
days. This means that in vivo approximately 80% of the fibrinogen matrix is still
attached to the screw after one month.
Until now, the bone to implant contact has only been discussed from what can be
observed with light microscopy. Although we see direct contact in the microscope, this
is not the case at the ultrastructual level (8). It remains unclear what effect the
fibrinogen coating might have on the bone to implant contact at this level. The
consequences of the ultrastructural interface characteristics, for instance on the
response towards torque moments, are not known (75). Further, it has been claimed
that it is possible that the techniques used during sample preparation for ultrastructural
analysis might create artifacts (74).

Stainless steel and titanium
Among orthopaedic surgeons, it is generally agreed that fracture fixation plates made
of titanium are more difficult to remove, than plates of stainless steel. The
ultrastructural correlate of this observation is that the amorphous interface layer is
thicker (6). Probably, the fibrinogen coating on our screws masks or out-weighs this
difference. In the long run, however, when the fibrinogen layer has disappeared, it is
possible that a titanium surface underneath the coating might be advantageous.
Therefore, it was important to confirm that the coating was efficient also on titanium,
as was done in paper II.
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Estrogen and implant fixation
Not so much is known about the effect of estrogen deficiency on the early tissue
response to implants. However, there is some literature on estrogen and fracture
healing (18, 25, 70, 84, 90, 117). As is clear from paper I and III, implant fixation
involves progressive bone formation around the implant. This formation is a response
to the insertion trauma, and can therefore be regarded as fracture healing, or rather as
an important part of this complex phenomenon. It is unclear why implant fixation was
less in the ovariectomized rat compared to normal controls. There are two possible
explanations. Either there was simply less bone at the implantation site, or the fracture
healing response was weaker. It is still debated whether the early fracture healing
activity is independent of estrogen or not (18, 70, 84, 90). Molecular analysis of tissue
adjacent to metal implants showed that the early tissue response to an implant was
associated with the upregulation of certain genes. In ovariectomized rats, enhanced
expression was only seen for 2 of these 8 genes indicating that ovariectomy-related
estrogen deficiency does affect the early tissue response to an implant (92).
We found that the bisphosphonate coating was efficient also in an estrogen deficient
situation. This might have some clinical relevance, since the vast majority of fractures
occur in osteoporotic bone in elderly people with low sex hormone levels.

Micromotion and hydroxyapatite
Cells adapt to their mechanophysical environment. Thus, if an implant is initially
stable, it is more likely that a bone matrix is formed around it. Our experiments were
performed on unloaded implants. It remains to see how implant fixation is affected by
the bisphosphonate and fibrinogen coating during loading. Concerning micromotion, it
has been shown that high amounts of bisphosphonates are needed to prevent bone
resorption created by skewing movements between bone and implant (11, 13).
Early implant fixation is generally considered to be improved by a hydroxyapatite
coating. Although still debated, many researchers now assume that the stimulating
effects on bone formation of hydroxyapatite could be explained by the dissolution of
the coating (97, 109, 119, 121). Interestingly, during micromotion more
hydroxyapatite seems to dissolve. It has been suggested that the increase in dissolution
might explain why the hydroxyapatite was particularly efficient for implant fixation
when the implant was exposed to micromotion or when mechanical interlocking was
absent. (109) If this conclusion is true, it could explain why the hydroxyapatite effect
is not always present (17, 29).
An implant with bisphosphonates bound to hydroxyapatite would probably be more
tightly fastened in bone. However, this is not always advantageous. External fixation
pins need to be removed after some time. This is sometimes difficult with
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hydroxyapatite coatings, due to the large surface shear resistance. In this case,
bisphosphonates bound to fibrinogen coated screws might be more applicable, because
removal torque would only be moderately increased, whereas the surrounding bone
would still be stronger.
It is possible that the mechanisms of action of hydroxyapatite and bisphosphonate
coatings differ, so that they would be clinically applicable for different indications
.

Osteonecrosis of the jaw
A few years ago, a “new” disease was described and given the name osteonecrosis of
the jaw. The characteristic patient had received nitrogen–containing bisphosphonates,
orally or intravenously for several years, had a previous dental trauma and had been
treated with chemotherapeutic agents. It has been suggested that the anti-cancer
treatment reduced the regenerative capacity of the mucosa which facilitated the
invasion of bacteria in the jaw bone (10). With high concentrations of bisphosphonates
in the jaw bone, the resorption of the infected bone might become compromised,
resulting in a lesion with very poor healing capacity. Treatment with antibiotics and
clorohexidine has been reported sometimes to be successful (103). However, in the
case of a bisphosphonate coated implant, in contrast to systemic bisphosphonate
treatment, only a defined area surrounding the implant will contain bisphosphonates.
Thus, osteonecrosis of the jaw is probably not a problem for bisphosphonate coated
implants: in the case of infection, the implant and the bisphosphonate-containing bone
around it can be removed.

Future experiments
We intend to investigate the radial distribution of bisphosphonates from the screw
surface in cancellous bone of larger species. This is important, since screws that “cut
out” of the bone is a problem in e.g. the fixation of pertrochanteric hip fractures. If
bisphosphonates were distributed several millimeters out in the bone around the screw,
the bone might be prevented from fracturing. A pilot clinical study has recently been
conducted on fibrinogen and bisphosphonate coated screws inserted in the maxilla.
Preliminary results indicate that these bisphosphonate screws were better fixated
compared to the uncoated screws, and a randomized trial has been initiated.
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CONCLUSIONS
Adsorbing bisphosphonates to fibrinogen coated implants constitute an alternative
binding technique to previous methods. The effects might be different from those
using hydroxyapatite for attachment of the bisphosphonate. Hydroxyapatite coating
needs expensive equipment and intricate processing (121, 124) in contrast to the
fibrinogen method, which is comparatively easy, cheap and quick. Bisphosphonates
bound to a fibrinogen coating appear to improve implant fixation.
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