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The formation of titanium (Ti)-wear particles during the lifetime of
an implant is believed to be a major component of loosening due
to debris-induced changes in bone cell function. Radiographic
evidence indicates a loss of fixation at the implant–bone interface,
and we believe that the accumulation of Ti particles may act on the
bone-remodeling process and impact both long- and short-term
implant-fixation strengths. To determine the effects of various
sizes of the Ti particles on osteoblast function in vivo, we measured
the loss of integration strength around Ti-pin implants inserted
into a rat tibia in conjunction with Ti particles from one of four
size-groups. Implant integration is mediated primarily by osteo-
blast adhesion�focal contact pattern, viability, proliferation and
differentiation, and osteoclast recruitment at the implant site in
vivo. This study demonstrates the significant attenuation of os-
teoblast function concurrent with increased expression of receptor
activator of nuclear factor �B ligand (RANKL), a dominant signal for
osteoclast recruitment, which is regulated differentially, depend-
ing on the size of the Ti particle. Zymography studies have also
demonstrated increased activities of matrix metalloproteinases
(MMP) 2 and 9 in cells exposed to larger Ti particles. In summary,
all particles have adverse effects on osteoblast function, resulting
in decreased bone formation and integration, but different mech-
anisms are elicited by particles of different sizes.

implant stability � focal contact � integration strength � receptor activator
of nuclear factor �B ligand � matrix metalloproteinase

Aseptic loosening is emerging as the most common cause of
failure for total joint replacements (1, 2). The condition is

characterized by an area of osteolysis found at the bone–prosthesis
interface and can be identified radiographically as the presence of
radiolucent zones at the bone–implant interface (3–6). Previously,
aseptic loosening was thought to be a purely mechanical event
resulting from the instability of the prosthesis (7–9). However, a
biological mechanism of aseptic loosening has recently been pro-
posed that focuses on the bone–prosthesis interface (10, 11). To
gain insight into the mechanisms by which particular wear debris
induces osteolysis, a number of investigators have studied tissue
from revision-surgery patients who have developed aseptic loos-
ening (12–14). Willert and coworkers (15) have reported that the
release of wear debris into the bone–implant bed leads to the
development of a foreign-body reaction. This reaction is often made
worse by repetitive exposure to the foreign substance.

In conjunction with the recent literature (16) describing the
evidence of abrasion and burnishing in failed cementless implants,
the particles generated from micromotion between bone and
implant in the femoral bone bed at the bone–implant interface are
believed to be the major cause of numerous osteoblast functional
changes that eventually result in improper participation of bone-bed
formation and remodeling (16).

Evaluation of the bone–metal interface in terms of bone on-
growth has been limited to a few in vivo methods (17–20). Metallic
devices of a particular design are implanted in animal models and
retrieved at set periods after implantation. One parameter fre-

quently used in our measurements is pull- or push-out strength,
which reflects the strength of fixation and, consequently, bone
ongrowth (14, 21).

The effects of debris presence in bone and surrounding tissue
have been tested directly by osteoclastic cells in contact with
particles (22) and indirectly by the quantification of potent osteo-
lytic factors produced by particle-loaded macrophages, lympho-
cytes (23, 24), and giant cells (25). Although osteoblasts are one of
the first cell lines exposed to debris from the prosthesis, the effects
of wear-particle size on osteoblasts have not been closely investi-
gated. Cytokines (from monocytes and macrophages) and matrix
metalloproteinases (MMPs) (from fibroblasts) can affect the at-
tachment (26, 27) and synthetic (28, 29) activities of osteoblasts and
cause the reduction of bone matrix and mineral deposition (24, 30).
Ti particles can also induce local bone remodeling by osteoclast
recruitment through increased expression of receptor activator of
nuclear factor �B ligand (RANKL) on osteoblasts. These func-
tional changes of osteoblasts can influence bone-bed remodeling
and ongrowth around the implant site. Thus, to characterize the
contribution of catabolic processes to remodeling, in vitro zymo-
graphic tests were performed to evaluate the matrix activity of
MMP-2 and MMP-9, two proteolytic activities involved in the
degradation of the organic matrix in bone bed.

The overall objective of this study was to assess the effect of
various sizes of Ti particles on bone ongrowth and implant fixation
in vivo and in vitro. After loading various sizes of Ti particles into
the implant-insertion site, the integration strength in the animal
model was measured, and the degree to which particles obstructed
bone ongrowth and osteoblast function was evaluated. Variations in
MMP activity, RANKL expression, and osteoblast viability and
proliferation among control and experimental groups were used as
mechanisms by which to measure how differently sized Ti particles
affected implant integration. Potential bone defects and the quality
of the bone–implant interface were also assessed during the mi-
croscopic visualization of the insertion site after pin extraction.

Materials and Methods
Size Profiling, Composition, and Concentration of Ti Particles. Pure Ti
particles were purchased from Alfa Aesar (Ward Hill, MA) in a 25
g�100 ml of water mixture, with 90% of the particles �20 �m in size.
The particles were suspended in deionized distilled (DD) H2O,
vortexed, and separated according to the variable sedimentation
rates of the variously sized particles. After sedimentation, the size
distribution of the particles was examined under video-enhanced
oil-immersion-lens microscopy (�4,000). The sedimentation pro-
cedure was repeated until �90% of the particles were within the

Abbreviations: FDA, fluorescein diacetate; MMP, matrix metalloproteinase; PI, propidium
iodide; RANKL, receptor activator of nuclear factor �B ligand; TIRFM, total internal reflec-
tion fluorescence microscope.
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desired size-group. The desired size-group was determined by
taking the mean of the particle’s maximum length and minimum
width. The size-groups (I, II, III, and IV) were selected according
to the size of the osteoblast cell. Three smaller particle sizes were
chosen for phagocytosis (�1.5 �m, �1.5 �m and �5.0 �m, and
�5.0 �m and �10.0 �m) and one larger size (�10 �m and �15.0
�m) to serve as a control (Fig. 1). After separation, the particles
were boiled in 1% acetic acid for 90 min, washed three times with
DD H2O, and autoclaved at 135°C for 3 h to minimize endotoxin
contamination. In preparation for pin integration, the particles
were air-dried and resuspended in PBS to a concentration of 5 wt
% Ti. The Ti suspensions were then sonicated for 30 min imme-
diately before the insertion.

Pin Material and Location. Smooth Ti alloy (Ti-6Al-4V) cylindrical
wire with a 1.2-mm outer diameter was cut into rods 3.5 mm long.
The rod ends were sanded with 330-mesh sandpaper, and a notch
was made at one end for attachment to the step-force loading
apparatus during pin extraction. Each pin was carefully examined
under the dissecting microscope to ensure a smooth surface and
equal implant length. Implant pins were rinsed in 70% ethanol and
autoclaved before insertion. To determine the optimal pin-insertion
point, we screened four implant locations on the tibia. A Dremel bit
(outer diameter 1.5 mm) was used to drill a series of holes along the
tibia on the medial side from the proximal to the distal point of
the bone. Three holes were made, at �12, 8.5, and 4.8 mm from the
most prominent point of the tibial crest on the proximal side.
Another hole was made 1 mm below and distal to the prominent
point of the tibial crest. The three proximal holes were 3.0–3.4 mm
deep, and the single distal hole was 1.5–2.5 mm deep. The magni-
tude of pull-out force varies with the locations of the pins. A medial
insertion parallel to the articulating surface of the knee and 7 mm
above the most prominent part of the tibial crest was found to
provide the most consistent degree of integration, the most optimal
for this study. This protocol involved the use of adult Wistar rats and

was approved by the Animal Subjects Committee at the University
of California at San Diego.

Implantation Procedure. Forty-four adult Wistar rats (�400 g) were
anesthetized with sterile pentobarbital (50 mg�kg). The medial side
of each tibia (from the knee-joint line to the prominent portion of
the tibial crest) was exposed. Four holes were drilled into each tibia
under a dissecting microscope at the predetermined locations (see
previous section). Four suspensions of Ti particles in PBS were
prepared. On the experimental leg, 3 �l of a PBS suspension
containing 5 wt % Ti particles in one of four different size ranges
(�1.5 �m, �1.5 �m and �5.0 �m, �5.0 �m and �10.0 �m, and
�10.0 �m and �15.0 �m) were injected into the spaces surrounding
the four pins. An equivalent volume of PBS was injected into the
opposite leg as the control. The Ti pins were subsequently inserted
into the holes, and the subjects were allowed to recover. On days 30
and 41 after the procedure, 44 and 18 rats, respectively, with pins
in different locations but without particles, were killed.

Determination of Integration Force and Integration Strength. The
tibia was dissected and anchored in a clamp to maintain a vertical
orientation normal to the medial surface. At a step-loading rate of
1 N�15 s to determine the pull-out force, the tibia was kept in place,
and weights were added until the pin was dislocated from the bone.
After dislocation, the tibias were cross-sectioned at the integration
site. The site was carefully measured under a dissecting microscope
and photographed with a charge-coupled device camera to record
the degree of bone ongrowth by using National Institutes of Health
software program IMAGE. The integration area was calculated with
the measured pin diameter and insertion depth, and the degree of
ongrowth was subtracted from the total surface area. Integration
force and integration strength were calculated by normalizing the
integration area with respect to the control group.

Total Internal Reflection Fluorescence Microscope (TIRFM) Studies of
Osteoblasts. A 4.1- � 4.7-cm anodized aluminum plate milled
with a 3.8- � 1.8-cm opening and 0.1-cm thickness was sealed to
the cell-plated coverslip surface by a layer of silicon lubricant
(Dow Corning, Midland, MI) and then secured with screws to the
12.3- � 7.2-cm fluid cell. This produced a 0.2-cm-deep liquid
reservoir into which growth medium was added to maintain cell
viability. The medium was changed periodically to control the
temperature and pH. The ends of the slides were cleaned with
lens paper immersed in 70% ethanol to remove growth medium
and cell debris from the surface. A small drop of coupling oil
(refractive index n � 1.515; Cargill Labs, Cedar Grove, NJ) was
placed on one end of the coverslip to accommodate the coupling
prism (BK-7 glass, n � 1.515; Karl Lambertech, Chicago). The
entire assembly was fixed to the stage of the TIRFM apparatus,
which was secured to the stage of an inverted microscope (Zeiss
Axiovert 100 TV inverted microscope).

DiI Carbocyanine Dye Staining. Before being plated, cells were
labeled with DiI, a carbocyanine dye that partitions into the cell
membrane. The cells were cultured overnight on fibronectin-coated
surfaces. Cells from groups I and II were incubated with Ti (0.05%)
for 4 h, whereas the control group was not.

Osteoblast-Proliferation Assay (Promega CellTiter Assay). Initial cell
populations were calculated after trypsinization, and 20,000 cells
per well were seeded onto a 96-well UV spectrophotometer plate.
Total volume of medium, cells, and Ti particles was 200 �l per well.
At least three wells and two replicates were prepared for each
combination of variables. A number of cell�Ti-particle-loading
techniques were tested (data not shown). Simultaneous loading
provided the most consistent results and was, therefore, selected for
this experiment.

Relative proliferation data (0.1 wt % particle compared with 0 wt

Fig. 1. Particle size separation. (a) Alfa Aesar Ti particles: �1.5 �m (group I),
�1.5 �m and �5.0 �m (group II), �5.0 �m and �10.0 �m (group III), and �10.0
�m and �15.0 �m, (group IV). (Scale bars, 20 �m.) (b) Left is an enlargement
of a particle from aI, illustrating axial measurements (indicated by arrows)
used in size determination of particles from group I. Right is an enlargement
of a particle from aIV, illustrating axial measurements of a particle from group
IV. The ratio of long to short axial measurement is 1 (Left) and 2 (Right).
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% control) were collected at 72 h after loading with Promega
CellTiter one-step assay. CellTiter was added to the cell culture for
a final concentration of 1:5 reagent to medium. The cells were
incubated, and the dye was allowed to develop for 90 min. The
medium�reagent mixture was removed to a 96-well spectropho-
tometer reader plate and centrifuged for 7 min at 200 � g to pellet
cellular debris and any contaminated Ti particles. The supernatant
was collected in clean wells on the 96-well plate and read at 650 nm
(background) and 490 nm (CellTiter reagent absorbance) by using
an EMax spectrophotometer (Molecular Devices). The dye dem-
onstrated a linear relationship between absorbance at 490 nm and
viable cell population.

Osteoblast-Viability Assay with Fluorescein Diacetate (FDA)–
Propidium Iodide (PI) Staining. Viability data were collected after
trypsinizing the particle-loaded cells for 72 h and preparing them
for visualization with FDA and PI. Cells were prepared after cell
culture medium was removed, and the cells were washed twice with
warmed PBS. The medium and washes were collected in a micro-
centrifuge tube to ensure that no dead cells were discarded before
staining. Cells were then trypsinized with 300 �l of trypsin solution
and incubated for 3 min. The trypsin–cell mixture was then added
to the microcentrifuge tube containing the medium and PBS and
centrifuged at 200 � g for 5 min. The supernatant was carefully
removed, and the pellet was resuspended in 200 �l of FDA and 200
�l of PI working solutions (25 �g of FDA per ml of PBS and 1 mg
of PI per ml of PBS). Cells were incubated in the solution for 4–5
min and then visualized by UV microscopy at 510 nm (green, live)
or 546 nm (red, dead) for cell counts. Approximately 150 cells were
counted per field with a total of 12 fields viewed for each data point.

Real-Time PCR for RANKL mRNA and 18S rRNA Expression. ST2 cells
were plated at 105 per well in six-well plates with vitamin D-
excluded culture medium. Control groups consisted of cells in
culture medium alone, whereas experimental groups consisted of
cells in medium containing 0.1 wt % Ti particles in one of the
following three size-groups: �1.5, �1.5 and �5.0, and �5.0 and
�10.0 �m (groups I, II, and III, respectively). ST2 cells were
exposed to Ti particles for a total of 24 and 48 h. Total RNA (0.5
�g) from ST2 cells was reverse-transcribed with primers for
RANKL and 18S RNA, followed by PCR in the presence of SYBR
green, and the cycle threshold was assessed. Standards and samples
were run in triplicate. RANKL was normalized for the amount of
18S in the reverse-transcribed sample, which was also standardized
on a dilution curve from a control reverse-transcribed sample (31).
The primers specific for RANKL and 18S and the methods of
analysis used were similar to those described in refs. 32 and 33.
Amplicon 150-bp forward and reverse of RANKL primers were
5�-CAC CAT CAG CTG AAG ATA GT and 5�-CCA AGA TCT
CTA ACA TGA CG, respectively. Real-time analysis was per-
formed on a Bio-Rad iCycler with SYBR green as readout. Control
cell RANKL and 18S reached thresholds between cycles 22–26
(94°C, 56°C, and 72°C cycles per 30 sec). From the relative standard
curves for control RNA and 18S RNA, the efficiencies of reactions
for both RANKL and 18S RNA were found to be �90%.

Zymography Assay. Studies of MMP-2 and MMP-9 activities in rat
osteoblasts exposed to Ti particles were done in vitro by using the
same size-groups of particles. One-half-million osteoblasts from
passages 3–5 were cultured in a 24-well plate in 10% FBS high-
glucose complete DMEM containing different concentrations
(0.01 wt %, 0.05 and 0.1 wt %) of each size-group of particles. Two
additional wells without particles were seeded as controls. The
activities of MMP-2 and MMP-9 were examined at time steps of 8,
24, 48, and 72 h by gelatin zymography (34). The samples were run
on a polyacrylamide gel made with the addition of gelatin, which is
a substrate of MMP-2 and MMP-9. Once the samples were loaded,
the enzymes were allowed to digest the gelatin. The gel was

subsequently stained with Coomassie blue (0.25%) to detect the
presence of MMP-2 and MMP-9, which was reflected in the
unstained regions of the gel where the protein (gelatin) level was
low because of the digestion of gelatin by MMP-2 and MMP-9.

Results
Particle Separation. The size of each particle was determined by
taking the mean of its long axial length and short axial width (see
Fig. 1b). Subsequently, we sorted all particles into four groups
according to size: group I, �1.5 �m; group II, �1.5 �m and �5.0
�m; group III, �5.0 �m and �10.0 �m; and group IV, �10.0 �m
and �15.0 �m. Separation results were verified by video-enhanced
oil-immersion lens microscopy (�4,000), which confirmed that
�98% of particles in group I and �80% of particles in group IV
were within the desired size range (Fig. 1).

Location of Pin Insertion. In a preliminary study, we examined the
effects of pin depth, cortical thickness, the density of spongy
(trabecular) bone, and duration of incubation on integration
strength. The results from this study showed a uniform pin depth
in the proximal three holes and less depth in the distal fourth hole
(Fig. 2). The integration force of mixed-size-particle experiments
measured by step loading was higher in the middle two holes than
in the other holes (Table 1). The pin inserted with mixed-size
particles at the middle of the bone for 41 d (7.8 mm above the
prominent point of the tibial crest) had uniform insertion length
and integration strength with less variance than the other pin
placements (Table 1) and, therefore, was used as the insertion point
for subsequent implant procedures.

Gross Description of Pin Insertion Site. The pins were surrounded by
thin callus-like new bone in all cases. No difference in the callus
bone among experimental groups and the control was found. The
control groups had a smooth surface and complete bone ongrowth
with no sign of defects or incomplete growth shown in the cross

Fig. 2. Rat tibias with multiple insertion sites. The arrow indicates the
selected position for pin insertions (7 mm proximal to the prominent point on
the tibial crest). This location provided the optimal and most consistent
integration when measured by extraction force. The arrowhead indicates the
prominent portion of the tibial crest from which measurements were made.
The holes, from left to right, are 12, 8.5, 4.8, and �1 mm relative to the point
on the tibial crest (left leg).

Table 1. Preliminary study of integration force and strength of
tibial implants (without Ti-particle loading) at different locations
after 41 d (mean � SD)

Proximal distance
from tibial crest,* mm

Insertion
length, mm

Integration
force, N

Integration
strength,
N�mm2

11.5 (n � 5) 2.7 � 0.2 8.56 � 5.05 1.04 � 0.61
7.8 (n � 5) 2.7 � 0.1 9.40 � 3.22 1.13 � 0.33
4.8 (n � 4) 3.8 � 0.4 12.5 � 3.50 0.88 � 0.31
�1 (n � 4) 1.6 � 0.2 1.25 � 0.35 0.36 � 0.22

*Distance above and below tibial crest is reflected by positive and negative
values, respectively.
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section. Experimental legs exhibited various bone defects around
the newly formed areas of bone ongrowth (Fig. 3).

Integration Force and Integration Strength Determination. In all
groups presented in Table 2, smaller forces were required to extract
pins from experimental legs (loaded with particles) than from
control legs. The �1.5 �m, �1.5 �m and �5.0 �m, �5.0 �m and
�10.0 �m, and �10.0 �m and �15.0 �m size-groups had 36%,
60%, 36%, and 34% of the integration strength of the control
group, respectively.

TIRFM Studies of Osteoblast Adhesiveness. Like other attached cells,
focal contacts of osteoblasts were located near the cell periphery.
Focal contacts were extremely stable after application. Osteoblasts
treated with Ti particles appeared to be in disorganized random
arrangement and had fewer focal contacts than did control cells
(Fig. 4).

Osteoblast Proliferation Assay. The data shown (Fig. 5) represent
results from three wells prepared for each particle size (n � 5). Our
figures depict data from the 0.1 wt % proliferation studies at 72 h
under conditions of loading with all four particle-size-groups and
control, normalized relative to the control group of untreated cells
from each time interval. A significant decrease in proliferation for
all groups was shown.

Osteoblast Viability Assay. The results from the 72-h viability assays
by FDA–PI staining and fluorescent microscopy examination are
depicted in Fig. 5. At least 150 cells were counted in each of six fields
per data point (two replicates) and analyzed for these results. Ti
particles were clearly visible in the cytoplasm of the �1.5 �m and
the �1.5 �m and �5.0 �m size-groups (I and II). The �10.0 �m
and �15.0 �m size-group (IV) had no visible phagocytosed cells;
rather, these particles appeared too large to be internalized and
were, instead, attached to the plasma membrane of the viable cells.
Some particles of the �5.0 �m and �10.0 �m size-group (III) were

present within the cytoplasm, whereas other particles in the same
group attached themselves to the outside surface of plasma mem-
brane. Consistent with these observations, a significant decrease
in viability was confirmed for all groups, with the exception of
group IV.

Real-Time PCR Analysis of ST2 Cells for RANKL Expression. The levels
of RANKL expression in cells loaded with a 0.1 wt % Ti-particle-
loaded cell-culture medium were compared with a control, non-
particle-loaded cell-culture medium in each of three size-groups;
�1.5 �m, �1.5 �m and �5.0 �m, and �5.0 �m and �10.0 �m.
Data from this study are represented in Fig. 6. Particles in the �5.0

Fig. 3. Cross section of the proximal portion of a rat tibia. Distances proximal
to the prominent point on the tibial crest and medial to the tibial crest are
8.1 � 0.62 mm and 2.2 � 0.27 mm, respectively (mean � SD). Insertion depth
and pull-out force for each particle-size-group are from control (no particles;
3.8 mm, and 9.44 N) (a), �1.5 �m and �5.0 �m (4 mm and 8.4 N) (b), and �5.0
�m and �10.0 �m (4 mm and 10.62 N) (c), respectively. Pin extraction was
performed at 41 d after implantation.

Table 2. Integration strength at 7.8 � 0.5 mm above tibial crest
location under conditions of Ti-particle loading for 30 d
(mean � SD)

Particle size group, �m
Insertion

length, mm
Integration

force, N

Integration
strength,
N�mm2

Control (n � 26) 2.95 � 0.44 9.04 � 3.40 0.90 � 0.25
�1.5 (n � 7) 3.10 � 0.24 4.21 � 1.58 0.40 � 0.16*
�1.5 and �5.0 (n � 7) 2.90 � 0.38 6.63 � 1.37 0.67 � 0.14*
�5.0 and �10.0 (n � 5) 2.92 � 0.22 4.00 � 0.91 0.40 � 0.07*
�10.0 and �15.0 (n � 7) 2.71 � 0.27 3.57 � 1.40 0.38 � 0.15*

*Significant relative to the control group; P � 0.05.

Fig. 4. Focal contact arrangement of normal osteoblast (Upper) in a well
organized peripheral arrangement vs. Ti-treated osteoblast (Lower) in an
unorganized random arrangement.

Fig. 5. Effects of Ti-particle size on osteoblast proliferation and viability at 0.1
wt % for 72 h (n � 5). Four groups are particle size �1.5 �m (group I), �1.5 �m
and �5.0 �m (group II), �5.0 �m and �10.0 �m (group III), and �10.0 �m and
�15.0 �m (group IV), measured as percentage of proliferation and viable cells,
normalized relative to control (without particle loading). Error bars, �SD. *,
Proliferation study done with P � 0.01; **, viability study done with P � 0.05.
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�m and �10.0 �m size-group caused the highest expression (2.5
times that of control cells), and particles in the �1.5 �m size-group
had no significant effect on RANKL expression. Ti particles in the
midsize-group (�1.5 �m and �5.0 �m) doubled the RANKL-
expression level, compared with the control. The levels attained by
the largest-size particles are equivalent to RANKL mRNA induced
by 1 nM vitamin D (data not shown). The effect on RANKL
expression was maximal after the first 24 h and did not continue to
increase with 24 h of additional exposure. This result may suggest
that the particle effect was not due to the secretion of a secondary
mediator of RANKL expression.

Zymography Analysis. The results of the MMP-2 and MMP-9 study
show clear relationships among particle size (0.01 wt %), incubation
time, and proteolytic activity (Fig. 7). There was a noticeable
difference among the control group and groups III and IV (Fig. 7).
The activities of MMP-2 and pro- and active-forms of MMP-9 also
increased at 48 and 72 h in groups III and IV (Fig. 7). The active
form (groups III and IV) of MMP-9 at 72 h was significantly
increased over the control group, but no difference was observed
among the control group and groups I and II. Other concentrations
of Ti particles (0.05% and 0.1%) also had a significant effect on
proteolytic activity (data not shown), consistent with patterns
obtained with 0.01 wt %.

Discussion
This study clearly demonstrates that the integration strength due
to bone ongrowth around a Ti-pin implant is adversely affected
by the presence of Ti particles and that the adverse effect varies
with the particle size. The pits and defects seen at the bone-
integration site in the experimental groups are believed to be the
result of direct and indirect effects of Ti-particle loading on
osteoblasts and osteoclasts, respectively. Despite the excellent
biocompatibility characteristics of Ti in bulk form (35), the
adverse effects of Ti particles on osteoblast function have been
characterized by a number of researchers (11, 36, 37). The gross
reduction in implant-integration strength may be the result of a
number of tissue responses in the periprosthetic bone bed,
mediated, at least in part, by osteoblasts, whose proper function
is critical to successful bone-tissue ongrowth and, therefore,
integration strength. Results from TIRFM studies suggest that
the difference in contact area between control and Ti-particle-
treated osteoblasts may explain the reduced adhesion after
ingestion of Ti particles. Ti-treated osteoblasts showed a dis-
rupted focal adhesion arrangement and no clear nuclear region,
as compared with the untreated osteoblasts. The focal adhesion

and stress fiber arrangement were clearly disrupted, compared
with untreated cells, and may have contributed to the reduced
adhesion force in Ti-treated osteoblasts (28). Furthermore,
results from our studies support the hypothesis that all sizes of
particles (not limited to groups I and II) are obstacles to normal
osteoblast function. In our in vitro proliferation and viability
experiments, the Ti particles having the most harmful effect on
osteoblast function were groups I, II, and III (38). The lowered
integration strength in these groups could be the result of specific
events triggered by phagocytosis, and that caused by the largest
particle size �10 �m and �15.0 �m (group IV) through a
separate mechanism of stereohindrance. The large size and high
concentration of large particles prevent the integration of the pin
by physically retarding the formation of a secure implant–bone
interface at the extracellular level rather than by phagocytotic
activities. In addition, this group of particles can be phagocy-
tosed by osteoclasts, cells that can increase bone absorption.

The most common sizes of metal particles found in the retrieval
studies after total joint replacement were 1–10 �m (39), and this
metallic-wear debris can disseminate to systemic organs of the body
(40). Recently, it has been shown that proinflammatory cytokines
(i.e., TNF-� and interleukins-1 and -6) are released after phago-
cytosis by resident macrophages and the development of an erosive
pannus that stimulates bone resorption by osteoclasts (41). It is also
known that bone resorption and the differentiation of macrophages
into bone resorbing osteoclastic cells are more extensive in the
presence of metal-particulate debris (40, 42). Therefore, the pres-
ence of Ti particles can elicit osteolytic responses from both
osteoclasts and osteoblasts in bone tissue.

The murine stromal cell line ST2 is an indicator of cellular
responses from primary osteoblasts and is well known to respond to
osteoactive factors such as vitamin D (43) and TNF-� (44) with
regulated RANKL mRNA expression (45). Because debris wear
can induce local bone remodeling by recruiting osteoclasts through
the regulation of RANKL expression (43), RANKL mRNA ex-

Fig. 6. Plot of real-time PCR data of RANKL levels after loading with 0.1 wt
% Ti particles of three size-separated groups (relative to control) for 24 and
48 h. The number of assays measured for each data point ranges from n � 10
to n � 4. Error bars, �SEM. *, P � 0.01 compared with control.

Fig. 7. Results from zymography. The results present a clear increase in
MMP-2 activity in groups III and IV at 48 and 72 h, but small particles (groups
I and II) have no effect at 8 and 24 h. MMP-9 pro- and active-form activities are
increased at 48- and 72-h incubation periods. (Particle concentration 0.01
wt %.)

4582 � www.pnas.org�cgi�doi�10.1073�pnas.0500693102 Choi et al.
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pression of ST2 cells in response to particle loading was explored by
a quantitative real-time PCR assay in the present study.

We found that the ST2 cells in their basal state express very low
levels of RANKL and do not support osteoclastogenesis until
treated with osteoclastogenic factors such as vitamin D (43).
Ti-particle loading increased RANKL expression to significant
levels. Particles of �1.5 �m caused significant increases in RANKL
expression with increased response to the largest Ti-particle group.
These results suggest that ST2 cells recognize particle size, and
particles of �1.5 �m cause a response consistent with the initiation
of local bone remodeling. Although the smaller particle size did not
cause noticeable changes in RANKL expression, osteoblast cell
function was impacted in other ways. In our in vitro study, prolif-
eration results showed that particles of �1.5 �m cause significant
inhibition (�40% by 0.1% particle loading) and viability decrease
(15% for 72-h loading). Also, in our in vivo study, particles of this
size-group inhibited bone ongrowth and recovery by 40% after
loading particles with pin insertion. Hence, Ti particles of different
sizes appear to be able to generate different functional responses in
bone osteoblast and stromal cells.

Our previous osteoblast biorheological studies indicate that
phagocytosed Ti particles and actin filaments form a complex in the
cytoskeleton, which, in turn, decreases cellular adhesion and cell
spreading and, therefore, cellular-attachment area (28). Attach-
ment-dependent cells, including osteoblasts, rely on interactions
with extracellular substrates to maintain critical cell functions such
as proliferation, expression of structural and adhesive proteins (type
I collagen and fibronectin, respectively), and other activities related
to cell viability and apoptotic behavior. It is reasonable to attribute
a large degree of the loss of implant-integration capability of
particle-loaded bone tissue in vivo to these effects of the particle
loading of osteoblasts in vitro. A decrease in osteoblast viability,
adhesion, protein secretion, and proliferation would greatly reduce
the capability of the cell to integrate with an otherwise biocom-
patible implant, and it is the attenuation of these functions to which
we attribute the reported loss of integration force.

The study of the activity of MMP-2 and MMP-9 demonstrated
that an increase in the proteolytic activity of MMP-2 protein
occurred with increasing particle size at 48 and 72 h. Increased size
of particles (group III) or large particles (group IV) can change
cellular adhesive behavior, which can significantly activate MMP
activities. Cells exposed to particles in the size range �1.5 �m and
�5.0 �m had less activity than control cells, but the activity at larger
particle sizes from 5.0 �m to 15.0 �m is increased relative to the
control. The MMP-9-active-form study shows an obvious depen-
dency on particle sizes in 48- and 72-h collections. This deteriora-
tion of bone-matrix proteins would be an obstacle to bone forma-
tion at the site of bone ongrowth and cause a decrease in integration
strength.

The most frequently observed feature of the periprosthetic bone
tissue in failed total joint arthroplasties is a bone surface with
evidence of substantial defects and resorption (30). Examination of
cementless implants retrieved from failed arthroplasties indicates
that significant scoring and burnishing of the implant surface can
release a large number of Ti particles in a short period after
implantation (16). It is reasonable to conclude that Ti-wear particles
generated at this interface are likely to contact the bone-forming
cells around loose implants. If functions of osteoblasts, such as
viability, proliferation, differentiation, and production of bone
formation-related proteins are suppressed by wear particles, the
bone growth–bone resorption equilibrium mediated by osteoblasts
and osteoclasts will be disturbed, resulting in a net reduction of bone
mass and ongrowth. This study highlights the association between
pin implants and the size of particles, which increase the potential
for osteolysis. Increased awareness of this destructive process is
becoming more important with the growing aging-related popu-
larity of total hip and knee arthroplasty.
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