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In an attempt to increase the life of cementless prostheses, an hydroxyapatite-coated 

implant which releases a bisphosphonate has been suggested as a drug-delivery system. 

Our 

 

in vitro

 

 study was designed to determine the maximum dose to which osteoblasts 

could be safely exposed.

Our findings demonstrated that zoledronate did not impair the proliferation of human 

osteoblasts when used at concentrations below 1 

  

µµµµ

 

M

 

. Murine cells can be exposed to 

concentrations as high as 10 

  

µµµµ

 

M

 

.

A concentration of 0.01% of titanium particles did not impair the proliferation of either 

cell line. Zoledronate affected the alkaline phosphatase activity of murine osteoblasts 

through a chelation phenomenon. The presence of titanium particles strongly decreased 

the alkaline phosphatase activity of murine osteoblasts. We did not detect any synergic 

effect of zoledronate and titanium particles on the behaviour of both human and murine 

osteoblasts.

 

The rate of failure of cementless implants can
exceed 30% at 15 years for patients younger
than 50 years of age.

 

1

 

 The main cause of fail-
ure is aseptic loosening after osteolysis caused
by stress shielding

 

2

 

 or by an inflammatory
reaction induced by wear particles or both.

 

3

 

 In
addition to improvement in the material and
wear properties of the implant, new therapy
using systemic treatment with bisphospho-
nates has been considered recently.

 

4

 

 However,
these drugs have important side-effects includ-
ing ulcers of the throat or stomach

 

5

 

 as well as
complicated pathology because of the poor
bioavailability of bisphosphonates.

 

6

 

 These dif-
ficulties could limit the use of bisphosphonate
therapy after total hip arthroplasty.

In order to avoid the problems of systemic
treatment implants could provide a local drug-
delivery system

 

7

 

 using a coating with a carrier,
such as hydroxyapatite combined with a bis-
phosphonate. The non-aminobisphosphonates
or the aminobisphosphonates could be used

 

8

 

since they have higher efficiency and a higher
bioavailability. They do not seem to impede the
process of bone-renewal and therefore main-
tain the strength of the bone  whereas the non-
aminobisphosphonates are thought to weaken
bone over time.

It is important to determine the concentra-
tions of drugs to which osteoblasts can be
safely exposed. The drug will be acting at the

interface between the bone and the implant
where metal debris is generated. These parti-
cles will be the principal particle population in
the months after implantation. It is therefore
important to establish whether the combina-
tion of metal particles and bisphosphonates
might impair the activity of osteoblasts.

 

In vitro

 

 studies quantifying the simul-
taneous effect of bisphosphonates and wear
particles are scarce. When considering only
bisphosphonates, it has been shown that 10

 

µ

 

M

 

 pamidronate represents the maximum con-
centration below which no negative effect is
observed either on proliferation or on the
activity of alkaline phosphatase (ALP) of
human fetal osteoblasts (hFOB).

 

9

 

 Alendronate,
another bisphosphonate, affected the viability
of human osteoblasts at concentrations of 100

 

µ

 

M

 

,

 

10

 

 but below this no adverse effects were
observed. It is of interest that bisphosphonates
can induce positive effects on osteoblasts, as
was shown with two different bisphospho-
nates (olpadronate and pamidronate), which
increased proliferation in osteoblasts derived
from calvaria and ROS 17/2.8 up to 0.1 

 

µ

 

M

 

.

 

11

 

Zoledronate is an aminobisphosphonate
which is 1000 times more potent than pamidr-
onate.

 

12

 

 Few studies have been performed to
evaluate the direct effect of zoledronate on
osteoblasts 

 

in vitro

 

.

 

13

 

 As Klein et al

 

14

 

 have
shown, different bisphosphonates induce dif-



 

1158 B. PETER, P.-Y. ZAMBELLI, J. GUICHEUX, D. P. PIOLETTI

THE JOURNAL OF BONE AND JOINT SURGERY

 

ferent effects on bone. It is difficult to extrapolate the effect
of the concentration of one bisphosphonate to another.
Zoledronate stimulated proliferation of hFOB by up to
30% after 72 hours for concentrations ranging from 0.01

 

µ

 

M

 

 to 10 

 

µ

 

M

 

.

 

15

 

 Longer term studies showed, however, that
cell proliferation was finally reduced by 40% after seven
days. The same range of concentration of zoledronate stim-
ulated ALP activity by 30%. By contrast, it has been shown
that 10 

 

µ

 

M

 

 zoledronate decreased proliferation of hFOB as
compared with a control series.

 

9

 

 Viereck et al

 

16

 

 demon-
strated that the maximum osteoprotegerin (OPG) protein
secretion in human primary osteoblasts was obtained with
concentrations of zoledronate between 0.001 

 

µ

 

M

 

 and 1 

 

µ

 

M

 

.
A concentration of zoledronate of 0.01 

 

µ

 

M

 

 increased ALP
activity by a factor of two to four in primary human osteo-
blasts. These findings show some discrepancy in the action
of zoledronate on osteoblasts.

Wear particles have recently been shown to influence the
behaviour of osteoblasts 

 

in vitro

 

17-20

 

 possibly resulting in
decreased peri-implant bone formation. Lohmann et al

 

21

 

showed that particles were found intracellularly, primarily
in the cytoplasm and that this led to extensive deformation
and damage to organelles. Particles also inhibited the func-
tion of osteoblast as shown by a reduction in the develop-
ment of mineralised nodules and in the area of ALP-positive
colonies.

 

22

 

Few studies have evaluated the simultaneous effect of
bisphosphonates and particles. One showed that by mixing
a bisphosphonate with bone cement, it was possible to
inhibit resorption caused by polymethylmethacrylate parti-
cles.

 

23

 

 Hyvonen and Kowolik

 

24

 

 developed a system of bis-
phosphonate delivery by combining hydroxyapatite
particles and clodronate. The phagocytic activity of macro-
phages was reduced by the presence of clodronate after
only 48 hours. These results support the concept of devel-
oping an orthopaedic implant which acts as a delivery sys-
tem for bisphosphonates.

Our aim was to determine 

 

in vitro

 

 the local concentra-
tions of zoledronate which could be used without a nega-
tive effect on the proliferation of osteoblasts and ALP
activity and also to verify that there was no synergic nega-
tive effect when culturing these cells simultaneously with
bisphosphonate and particles.

 

Materials and Methods

 

Cell lines. 

 

In order to evaluate in an 

 

in vitro

 

 model the local
effect of different zoledronate concentrations of murine
MC3T3-E1 cells

 

25

 

 and human MG-63 cells

 

18

 

 was used.

 

Cell culture. 

 

The culture medium for MG-63 cells was com-
posed of Dulbecco’s minimum essential medium (DMEM)
(Sigma-Aldrich, St Louis, Missouri), 10% fetal bovine
serum (Sigma-Aldrich), 1% antibiotic (penicillin, strepto-
mycin) and fungicide (amphotericin B) (Invitrogen, Carls-
bad, California). That for MC3T3-E1 cells consisted of 

 

α

 

-
MEM (BioConcept, Allschwill, Switzerland), 2.2 g/l of
NaHCO

 

3

 

 (Sigma-Aldrich), 0.5% essential amino acids

(BioConcept), 10% fetal bovine serum (Sigma-Aldrich),
1% L-glutamine (BioWittaker, Rutherford, New Jersey), 50

 

µ

 

g/ml of L-ascorbic acid (Sigma-Aldrich) and 10 m

 

M

 

 

 

β

 

-
glycerophosphate (Sigma-Aldrich).

 

26

 

 Ethylenediaminetetra
acetic acid (EDTA) (Sigma-Aldrich) at a concentration of
0.01 

 

µ

 

M

 

 was used to control the effect of chelation on the
cells since the decrease in Ca

 

+2

 

 ions has an influence on ALP
activity.

 

27

 

 Zoledronate (1-hydroxy-2-(1H-imidazole-1-yl)
ethylidene) 1-bisphosphonic acid disodium salt) was sup-
plied by Novartis Pharmaceuticals AG (Basel, Switzerland).
It was dissolved in sterile nanopure water and added to the
culture at the first medium exchange.

The cells were collected by trypsinisation and were
seeded at a density of 5000 cells per well on 96-well plates.
They were incubated at 37˚C, 5% CO

 

2

 

 and 100% humid-
ity. The cell and particle system had been optimised in pre-
vious studies.

 

18,28,29

 

 After 24 hours, the medium was
replaced with 200 

 

µ

 

l of medium containing zoledronate in
concentrations of 0, 0.1, 1.0, 10.0 and 50.0 

 

µ

 

M

 

. Half of all
the wells contained titanium particles. Half of the medium
was changed every three days for fresh culture medium not
containing any zoledronate or particles. Proliferation, ALP
activity and total protein were measured after four hours
and on days 2, 7, 14, 21 and 28. Every condition was tested
in triplicate and in three temporally separated culture series.

 

Titanium particles. 

 

Commercially pure titanium particles
were purchased from Johnson & Matthey Company
(Karlsruhe, Germany). The distribution of particle size was
performed by laser diffraction using Malvern MasterSizer
equipment (Malvern Instruments Ltd, Malvern, UK). The
mean particle size was 4.5 

 

µ

 

M

 

 and the surface area was 0.5
m

 

2

 

/mg. The particles, autoclaved at 135˚C for 15 minutes,
were mixed with the culture medium under sterile condi-
tions. Based on a particle-weight-to-medium-volume ratio,
a concentration of 0.01% titanium particles was prepared.
There were approximately 60 000 particles in 1 ml of par-
ticle suspension of 0.01%. The titanium particle suspen-
sions were sonicated for 30 minutes in sealed sterile
containers before being added to the cell culture. The
threshold for titanium particles above which proliferation
decreased and below which proliferation was the same as
the control was 0.01%.

 

18

 

 This concentration was used to
quantify a hypothetical synergic effect of zoledronate and
titanium particles on the behaviour of osteoblasts.

 

Proliferation. 

 

At every time point, the medium was com-
pletely removed by careful pipetting and then replaced with
100 

 

µ

 

l of fresh medium. In parallel, three wells with fresh
medium but without cells were prepared and used as
blanks. A proliferation array was performed by adding 10

 

µ

 

l of CellTiter 96 Aqueous One (Promega, Madison, Wis-
consin) to every well. The resulting solution was then incu-
bated for one hour at 37˚C, 5%CO

 

2

 

 and 100% humidity.
From each well 100 

 

µ

 

l were then transferred in a new 96-
well plate and the absorbance measured at 490 nm in a Vic-
tor plate reader (Wallac, Turku, Finland). To calculate the
proliferation, the formula given by Promega was used. The
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proliferation was normalised by dividing the proliferation
of every condition at every time point by the proliferation
of the cells not exposed either to zoledronate or to particles
at the same time point.

 

Total protein. 

 

At every time point, the medium was com-
pletely removed by careful pipetting. All the wells were
rinsed twice with phosphate-buffered saline. The plates
were stored at -80˚C until being processed. To ensure
proper cell lysing 100 

 

µ

 

l of 1% Triton-X aq were added and
pipetted several times. Using the Bio-Rad protein assay
(Bio-Rad Laboratories, Hercules, California) and comply-
ing with the manufacturer’s instructions, the total protein
content was measured for every well.

The calibration was made using six dilutions in triplicate
of a fetal bovine albumin solution contained in the Bio-Rad
Protein Assay II (Bio-Rad Laboratories).

 

ALP. 

 

To determine if differentiation of the cells had taken
place, the ALP activity was quantified since it is one of the
earliest markers of the differentiation of osteoblasts.

 

30

 

Since MG-63 cells are known to produce very low amounts
of ALP, only the ALP activity of MC3T3-E1 cells was mea-
sured. The cells were located on the same plates as the cells
used for the total protein assay and followed the same treat-
ment; 2 

 

µ

 

l of lysate were added to 100 

 

µ

 

l of p-nitrol tablets
as substrate (Sigma-Aldrich). The ALP activity was given by
the slope of the absorption 

 

vs

 

 time curve (see Sigma, Pro-
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cedure N245) and was normalised for the total protein con-
tent which was determined as described above and
expressed as nM p-nitrophenyl phosphate (PNP)/min/mg
protein.

 

Statistical analysis. 

 

One-way ANOVA and Student’s 

 

t

 

-test
were used to determine the statistical significance of the dif-
ferences in the results. A probability value of p < 0.05 was
considered to be statistically significant.

 

Results

 

Proliferation. 

 

Figure 1 shows the evolution of proliferation
of MC3T3-E1 cells exposed to various concentrations of
zoledronate and titanium particles. Four hours after seed-

ing proliferation was the same for all the different condi-
tions (Fig. 1a). After two days, it slightly decreased for the
cells treated with 0.1 

 

µ

 

M

 

 and 1 

 

µ

 

M

 

 zoledronate (Fig. 1b).
This finding was independent of the presence of titanium
particles. The exposure of the cells to 10 

 

µ

 

M

 

 and 50 

 

µ

 

M

 

zoledronate significantly decreased the proliferation of cells
(p < 0.001). After seven days, concentrations of zoledronate
of 0.1 

 

µ

 

M

 

 and 1 

 

µ

 

M

 

 only slightly decreased the proliferation
(Fig. 1c). When the MC3T3-E1 cells were exposed simulta-
neously to 10 

 

µ

 

M

 

 zoledronate and titanium particles, the
proliferation became close to the level of that measured on
cells treated with the lower doses. When 10 

 

µ

 

M

 

 zoledronate
alone was present, proliferation decreased, but was statisti-
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cally not significant. At a concentration of 50 

 

µ

 

M

 

 it stopped
completely and was inhibited for all subsequent time
points. After 14 days, all the zoledronate-treated cells,
apart from those treated with 50 

 

µ

 

M

 

, were at the same level
as the control cells. This profile remained the same after
exposure to zoledronate for 21 and 28 days (Figs 1d to 1f).

Figure 2 shows the evolution of the proliferation for
MG-63 cells exposed to various concentrations of zole-
dronate and titanium particles. During the first 48 hours,
no difference in proliferation was seen as a function of
treatment with zoledronate or the presence of titanium par-
ticles (Figs 2a and 2b). At 7 and 14 days, the concentra-
tions of 0.1 

 

µ

 

M

 

 and 1 µM of zoledronate gave the same
proliferation as the control (Figs 2c and 2d). At concentra-
tions of 10 µM and 50 µM, proliferation is strongly
decreased in a dose-dependent manner (p < 0.0001). This
profile was repeated at incubation for 21 and 28 days (Figs
2e and 2f).

EDTA did not show any influence on proliferation for
both cell lines (data not shown). No synergic effect of

zoledronate and particles was detected on the proliferation
of osteoblasts (p < 0.08).

Light microscopy showed that at higher concentrations
of zoledronate the osteoblasts were rounded but still
attached. At lower concentrations, they did not show any
morphological differences as compared with the control
group.
ALP. Figure 3 shows the evolution of ALP activity for
MC3T3-E1 cells exposed to various concentrations of
zoledronate and titanium particles. For the sake of clarity,
the curves obtained with 10 µM and EDTA are not shown
because the 10 µM curve was very close to the 50 µM curve
while the EDTA curve was close to the 1 µM curve. In the
absence of titanium particles, the ALP activity of the cells
decreased with increasing concentration of zoledronate
(p < 0.0001) (Fig. 3a). Two patterns were observed. First
the control cells, those treated with 0.1 µM and 1 µM

zoledronate and those treated with EDTA, showed an
increase in ALP activity as compared with that at day 0.
This culminated after seven days before falling until day 28.
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Secondly, the cells treated with 10 µM and 50 µM zole-
dronate showed a small increase after incubation for 48
hours before decreasing to low levels until day 28. In a
dose-dependent manner, the maximum ALP activity
decreased from 0.274 to 0.114 nM PNP/min/mg protein
when the cells were exposed to no zoledronate and 1 µM

zoledronate, respectively. When MC3T3-E1 cells were
exposed to titanium particles, the evolution of ALP activity
with time and concentration of zoledronate was very close
to that when no particles were present, apart from the max-
imum values which were two to five times lower than when
the particles were absent (p < 0.0001) (Fig. 3b). The largest
decrease in maximum ALP activity after adding particles
was for the control cells. The maximum ALP activity was
0.060 nM PNP/min/mg protein. No synergic effect of
zoledronate and particles on ALP activity was detected
(p < 0.01).

Discussion

Our study was performed to determine in vitro to which
concentration of zoledronate osteoblasts could be safely
exposed and to quantify the possible synergic effect of wear
particles and zoledronate on the proliferation and differen-
tiation of osteoblasts. This information is important in
regard to the development of an orthopaedic implant as a
drug-delivery system. Peri-implant bone resorption after
total hip arthroplasty has been shown to reach 14% during
the first three months after surgery.31 The presence of local
bisphosphonate is important for avoiding initial bone
resorption and instability of the implant. A recent in vivo
study has demonstrated the beneficial effect of local treat-
ment on stability.32 Even after a short duration in the body,
wear particles are created at the implant-bone interface. It
is therefore important to verify that there is no negative
synergic effect of particles and zoledronate on osteoblasts.

Few studies have been performed to determine in vitro
the effect of zoledronate on the behaviour of osteoblasts
while virtually no information is available when bisphos-
phonate and wear particles are present together. The effect
of zoledronate on proliferation was dependent on its con-
centration, with a clear cut-off concentration below which
the proliferation was the same as in the control group,
whereas above the cut-off concentration it was close to
zero.

The proliferation of osteoblasts treated with zoledronate
followed the same profile shown using other bisphospho-
nates.9,16,33 This observation was valid for both cell lines
which were used, human and murine. However, two differ-
ences were observed in the effect of zoledronate on both cell
lines. The first was the cut-off concentration which was 10
µM for murine osteoblasts and 1 µM for human osteoblasts.
This different sensitivity to concentration of the bisphos-
phonate has already been observed between mouse and
man with alendronate.34 The cut-off concentration of
zoledronate on the proliferation of human osteoblasts was
comparable to that obtained in a previous study.9 The

second difference was the temporal behaviour at 10 µM.
For human osteoblasts, the proliferation decreased after
seven days and stayed at a low level. By contrast for murine
osteoblasts exposed to 10 µM zoledronate it decreased from
day two but then recovered starting from day seven to
reach the control level at day 14. One explanation of this
recovery effect may be that proliferation is not suppressed
in the murine osteoblast but only slowed down. Cell divi-
sion during the experiment would result in the production
of more osteoblasts which would lead to a concentration of
zoledronate that could cross the cut-off level.

As has been shown by Farley et al,27 the ALP activity of
osteoblasts is inversely proportional to the amount of cal-
cium in the medium. Since zoledronate is known for its
ability to precipitate divalent metal ions such as calcium,
the concentration of calcium in the medium decreases with
increasing concentration of zoledronate. This explains the
decreasing ALP activity with increasing zoledronate
observed in our study. Moreover, this observation was sup-
ported by the result that treatment with EDTA, a known
chelating agent, induced a decrease in ALP activity. How-
ever, in vivo, this decreased calcium concentration in the
presence of zoledronate would probably be counter-
balanced by calcium homeostasis.

In previous studies, the effect of particles has given wide-
spread results, but in the main it has been shown that the
presence of particles stimulated bone resorption3,35,36 and
inhibited bone formation.17,19,20,37 Using the same titanium
particle concentration, similar results were obtained with
MG-63 cells.18

Im et al38 showed that the proliferation of osteoblasts
and ALP activity was increased when the cells were treated
with risedronate and etidronate. This difference in this
study may be related to the different bisphosphonate used
as well as the different concentrations. However, both stud-
ies showed that there was a bisphosphonate concentration
which did not impair cell activity. The lowered ALP activity
as a result of the presence of particles was significantly
stronger than the decrease to zoledronate. Lohmann et al21

suggested that the presence of particles either induced the
osteoblasts to stay in a less differentiated stage or slowed
down protein synthesis in general. They showed also that
most of the phagocytosed particles were located in the parts
of the cells involved in the assembling and packaging of
protein and not in the nucleus. This is supported by the fact
that we did not find any effects of the particles on the quan-
tities of mRNA isolated from MC3T3-E1 cells (data not
shown). Rodrigo et al39 concluded that post-transcriptional
events were influenced by the presence of particles.

In our study, the culture of osteoblasts with zoledronate
and titanium particles had neither a positive nor a negative
synergy on the behaviour of osteoblasts. We showed that
the presence of titanium particles decreased ALP activity
more than zoledronate at all concentrations of zoledronate.
In the case of a zoledronate-loaded coating or with systemic
zoledronate treatment after total hip arthroplasty, the pres-
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ence of zoledronate at a concentration lower than 1 µM
would not decrease the proliferation or affect the differen-
tiation of osteoblasts.

We conclude that zoledronate decreased proliferation at
concentration above 10 µM for MC3T3-E1 cells and above
1 µM for MG-63 cells. The presence of titanium particles
almost completely suppressed ALP activity, while zole-
dronate influenced the ALP activity in the absence of parti-
cles, probably through the chelation of calcium.
Importantly, no synergic effect of zoledronate and titanium
particles was observed on osteoblasts.

We wish to thank Arlette Kottelat (Laboratory for Orthopaedic Research) for
valuable laboratory work and Dr. J. R. Green (Novartis Pharma Research, Basel)
for the generous gift of zoledronate.

No benefits in any form have been received or will be received from a com-
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