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Abstract The purpose of this first generation investiga-
tion is to evaluate the in vitro cytotoxicity, cell-materials
interactions and tribological performance of Spinel and
ALON® transparent ceramics for potential wear resistant
load bearing implant applications. Besides their non-tox-
icity, the high surface energy of these ceramics signifi-
cantly enhanced in vitro cell-materials interactions
compared to bioinert commercially pure Ti as control.
These transparent ceramics with high hardness in the range
of 1334 and 1543 HV showed in vitro wear rate of the
order of 107 mm® Nm™! against Al,O3 ball at a normal
load of 20 N.

1 Introduction

Total hip arthroplasty (THA) and total knee arthroplasty
(TKA) are the most clinically successful interventions in
health care, with numerous investigations reporting excel-
lent long-term results in terms of reducing pain, improving
functionality and quality of life in patients with debilitating
hip/knee diseases [1-3]. However, despite continuous
improvement in implant materials, designs and surgical
techniques, the number of revision arthroplasty cases in the
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United States is still very high [4]. Recent statistics of
THA/TKA [5, 6] further suggests that significant research
efforts are needed to improve materials, surfaces and
designs for load bearing implants. The most common
reason for bone loss and therefore aseptic loosening is
implant-derived wear particles, and other wear products,
which induce a foreign body inflammatory response in the
joint capsule and along implant-bone interfaces.

For THA/TKA implants, Co-based alloys are common
because of their excellent mechanical and wear properties
[7]. However, the release of metal ions in vivo is still a
serious concern for these Co-based alloys in load bearing
implants. Klapperich and co-workers [8] reported incidents
of metal-on-metal total hip arthroplasty failures as a result
of progressive osteolysis. Although the ultra high molec-
ular weight polyethylene (UHMWPE)-on-metal bearings
are extremely durable and have performed well in the vast
majority of patients, surgeons are more conservative about
performing these procedures in younger patients, as patient
weights and expectations concerning any activity limita-
tions are different from those today. As patient demand for
the procedure increases, and the average age at which a
THA is decreasing, the problems with implant failure can
further be magnified in the future. It has been shown that
ceramic-on-ceramic types of devices exhibit significantly
lower wear rates than other material combinations such as
metal-on-metal and metal-on-polyethylene [9-11].

Use of ceramic-on-ceramic articulations can further
eliminate the UHMWPE liner and allow a larger diameter
femoral heads for a given acetabular diameter, which can
increase the range of motion and also reduce the risk of
instability/dislocation—a major cause for revision surgery
[9]. The ceramic-on-ceramic configurations showed extre-
mely low wear rates [10] and good survival rates [11]. In
addition, the ceramics can readily chemisorbs lubricating
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compounds due to their higher surface energy and wetta-
bility providing low friction surface compared to metals
[12, 13]. Compared to other ceramics such as Al,O3 and
ZrO, used for load bearing orthopedic applications, alu-
minum oxynitride (Al;30,7Ns5, AION), and magnesium
aluminate (MgAl,O,4, Spinel) ceramics offer high pro-
cessing flexibility in terms of achieving full density and
complex shaped implant components, with comparable
hardness and fracture toughness. Spinel found to exhibit
R-curve behavior [14, 15] and does not show substantial
subcritical crack growth behavior [16], which suggests its
superior resistance to service or processed induced flaws.
Superior wear resistance has also been reported for Al,O3
when reinforced with AION [17]. Whereas, Al,O5 usually
suffer from subcritical crack growth behavior and in vivo
metastability/polymorphic transformation of ZrO, and
stresses arising from that strongly affect ZrO,’s structural
performance [18-20]. Finally, the transparent nature of
ALON® and Spinel ceramics enable possible optical
monitoring of micro/macro defects and implant fixation/
cellular activity. Therefore, in this work we have explored
the potential for commercially available transparent Spinel
and ALON® ceramics towards load bearing implant
applications and evaluated their in vitro tribological and
biological properties.

2 Materials and methods

Transparent ceramic discs (99.7-99.8% pure) with ¢
25.2 mm namely, Spinel (MgAl,04) and ALON®
(Al,30,7N5) having 1.2 and 2.1 mm thickness, respectively
were processed at Surmet Corporation (Burlington, MA,
USA) and used in this study. The samples were made
following conventional powder processing route, i.e., dry
isostatic pressing followed by sintering and final grinding
and polishing to achieve optically smooth surface finish
(surface roughness (r.m.s) = ~0.001 pum). The relative
density of present samples was between 99.49 and 99.62%.
These transparent ceramics were evaluated for their in vitro
tribological properties and bone cell-materials interactions.

2.1 Tribological properties

One of the main causes of the aseptic loosening may be
attributed to fretting wear in the joint, where the released
wear debris stay inside the contact and/or spread around the
prosthesis. Recently it has been shown that sliding wear
between two articulating surfaces under normal loading
condition is one of the major factors causing the loosening
of joint prostheses [21]. Therefore, linear reciprocating ball-
on-disc wear testing, according to ASTM G133, was per-
formed using a tribometer (NANOVEA, Microphotonics
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Inc., CA, USA) with ¢ 3 mm Al,O5 ball rubbing against
Spinel and ALON® test samples. We have chosen Al,Oj3 as
counter articulating material due to non-availability of
commercial Spinel and ALON® balls. As shown in Fig. 1,
the test samples had superfine optically smooth surface
finish (surface roughness (r.m.s) = ~0.001 pm) in as-
received condition and therefore, no further surface prepa-
ration steps were used. However, before starting the wear
tests, these samples and counter Al,O3 ball were ultrason-
ically cleaned in acetone. In all wear experiments, a con-
stant linear oscillatory motion of 10 mm in length (the full
cycle represents 20 mm of travel) with a constant speed of
5000 mm/min and constant normal load of 20 N were used.
The sliding speeds used in the present work are significantly
higher than the sliding speeds during a walking cycle in a
total hip prosthesis with 28 mm diameter [22] and are so
chosen to study the wear rate under extreme conditions.
Similarly, under 20 N normal load, the initial maximum
Hertzian contact pressure was found to be 3.42 and
3.59 GPa for Spinel and ALON® samples, respectively, and
such a contact pressure is a result of a hip joint peak loads
up to 5 times the body weight during level walking [23].
The wear rate of each test samples was calculated as
mm® Nm~' for 1000 and 3000 m of sliding distance. All
tests were carried out in aseptic condition in freshly pre-
pared simulated body fluid (SBF) at 37°C. We have selected
SBF as a test medium based on several earlier reports,
where SBF has been used as an articulating media to sim-
ulate wear on joint replacement devices [24—27]. Although
the addition of proteins to SBF can change the wear
behavior, present wear tests in SBF can also quantify the
response of present articulation surfaces under present
experimental loading conditions. The ionic concentrations
of the SBF used in present study are as follows: 2.5 mM of
Ca®", 1.5 mM of Mg*", 142.0 mM of Na™, 5.0 mM of K™,
147.8 mM of C17, 4.2 mM of HCO;™, 1.0 mM of HPO42_,

Fig. 1 As-received ALON® and Spinel samples showing transpar-
ency and superfine optically smooth surface finish
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0.5 mM of SO,*~. The top surface hardness of the test
samples was measured using a Vickers microhardness tester
(Shimadzu, HMV-2T) at 300 g load for 15 s and the aver-
age value of 7 measurements was reported.

2.2 Contact angles and surface energy

The surface energy of as-received Spinel and ALON®
samples was calculated from experimentally determined
contact angles. Prior to the test, all the samples were ultra-
sonically cleaned in an alcohol bath. Contact angles were
measured using the sessile drop method with a face contact
angle setup equipped with a microscope and a camera.
Images were collected with the camera and the contact angle
between the drop and the substrate was measured from the
magnified image. For each sample and liquid combination,
an average of 6 measurements is reported. Surface energy of
transparent ceramic samples was calculated based on con-
tact angle measurements, which were conducted with two
liquids with polar and non-polar characteristics: distilled
water and diiodomethane. In this study, Fowkes’ equation
was used to calculate the energy [28]:

7.(1 4 Cos0)
nUACol) _ i+ i 0
Vs = "/g + % (2)

where, ) is the total surface energy of solid, y; is the total
surface tension of liquid, y¢ and 7f are respectively the
dispersive and polar components of the solid surface
energy. Equation 1 was used to calculate dispersive (79)
and polar (y%) components of solid surface energy from the
contact angle measurements with diiodomethane and dis-
tilled water, respectively. Equation 2 was used to calculate
the total surface energy of the solid ("/‘sj + 9.

2.3 In vitro bone cell-materials interactions

In vitro cytotoxicity behavior of Spinel and ALON®
samples was evaluated for a maximum incubation period of
5 days using human fetal osteoblast cell (hFOB) line
(CRL-11372, ATCC, VA, USA). Each sample (3 samples
for each composition and culture duration) was sterilized
by autoclaving at 121°C for 20 min prior to cell culture
experiment. Following this, cells were seeded onto sample
surfaces, placed in a 6-well plate. 4 ml of DMEM cell
media enriched with 10% fetal bovine serum was added to
each well. Cultures were maintained in an incubator at
37°C under an atmosphere of 5% CO, and 95% air. The
culture media were changed every alternate day.

Cell morphology on test samples was assessed after 3
and 5 days of incubation period using SEM. Cultured
samples for SEM observation were rinsed with 0.1 M

phosphate-buffered saline (PBS) and fixed with 2% para-
formaldehyde/2% glutaraldehyde in 0.1 M cacodylate
buffer overnight at 4°C. Following this, post fixation for
each sample was made with 2% Osmium tetroxide (OsOy4)
for 2 h at room temperature. Fixed samples were then
dehydrated in an ethanol series 30, 50, 70, 95 and 100%
three times, each followed by a hexamethyldisilane
(HMDS) drying procedure. Dried samples were then
mounted on aluminum stubs, gold coated and observed
under an FESEM.

The proliferation of viable hFOB cells attached on the
sample surfaces after 3 and 5 days of incubation period
was assessed by the MTT assay (Sigma, MO, USA). For
comparison, polished commercially pure Ti (CP-Ti, 99.9%
purity, (surface roughness (r.m.s) = 0.0074 £ 0.0001 pm)
was used as a control. Five samples for each composition
and culture duration were used to evaluate cell proliferation
using MTT assay. MTT solution [3-(4,5-Dimethylthiazol-
2-y1)-2,5-diphenyl tetrazolium] of 5 mg/ml was prepared
by dissolving MTT in PBS, and filter sterilized. MTT
solution was diluted (i.e. 400 ul MTT solution into 3.6 ml
DMEM culture media enriched with 10% fetal bovine) and
added to each sample to form formazan by mitochondrial
dehydrogenases. After 2 h incubation at 37°C, samples
were transferred to a new 6-well plate and 4 ml of solu-
bilization solution made up of 10% Triton X-100, 0.1 N
HCI and isopropanol were added to dissolve the formazan
crystals. Then 100 pl of the resulting supernatant was
transferred into a 96-well plate and three data points were
obtained from each sample. The optical density of the
solution in each well was measured at a wavelength of
570 nm using a microplate reader (Cambridge Tech., MA,
USA). In the MTT assay study, polished CP-Ti (surface
roughness (r.m.s) = 0.0074 £ 0.0001 pm) was used as a
control sample.

2.4 Statistical analysis

Data for wear rate, Vickers microhardness, contact angle,
surface energy and MTT assay are presented as
mean =+ standard deviation. Statistical analysis was per-
formed on MTT assay results using Student’s ¢ test and
P value <0.05 was considered significant.

3 Results and discussion

3.1 Wear rate and hardness

In vitro wear rate, in mm°> Nm ™!, of ceramic discs was cal-
culated from the wear track dimensions measured using

SEM images of the worn discs. Table 1 shows the influence
of sliding distance on the wear volume of Spinel and ALON®
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Table 1 Wear rate (x 107° mm® Nmfl), volume loss (mm3 ) and surface hardness (HV) of transparent Spinel and ALON® samples

Sample Wear rate Volume loss Hardness

1000 m 3000 m 1000 m 3000 m
Spinel 472 £ 122 5.27 £ 0.85 0.094 + 0.02 0.316 + 0.05 1334.57 + 73.03
ALON® 125 £ 2.16 10.1 £ 0.27 0.250 + 0.01 0.606 + 0.03 1543.85 + 47.30

samples. The wear volume of Spinel and ALON® samples
was found to be in the range of 0.094-0.316 and
0.250-0.606 mm®, respectively. The wear volume increased
with increasing sliding distance for both the samples. At both
sliding distances of 1000 and 3000 m the ALON® samples
showed higher volume loss than Spinel samples. Figure 2
shows experimentally determined wear rate of transparent
Spinel and ALON® samples for sliding distances up to
3000 m. Experimental data clearly indicate that Spinel has
superior wear resistance compared to ALON®. From Fig. 2,
it can be seen that after 1000 m sliding, ALON® sample
exhibited roughly three times higher wear rate
(~12.5 x 107® mm® Nm™") than Spinel, which showed a
lower wearrate of 4.7 x 107° mm® Nm™'. A smallincrease
in the wear rate to ~5.3 x 107® mm® Nm™' was observed
for Spinel with an increase in sliding distance from 1000 to
3000 m although the statistical analysis revealed that this
difference is not significant. Interestingly, after 3000 m
sliding distance, ALON® exhibited a reduction in wear rate
(~10 x 107° mm?® Nm_l), which is two times higher than
what observed for Spinel under identical wear test condi-
tions. In general, materials exhibit high initial running-in
wear rate. It was observed that with an increase in the sliding
distance, the wear rate gradually decreases and reaches at a
constant value (steady-state wear regime) [29]. Fig. 3 shows
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Fig. 2 Wear rate of Spinel and ALON® samples after 1000 and
3000 m sliding distance
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the variation of friction coefficient of Spinel ALON® sur-
faces against Al,O5. For 1000 m sliding distance tests the
coefficient of friction for Spinel was found to increase from
0.31 to 0.44 (average: 0.42 £ 0.02) and for ALON® it
increased from 0.37 to 0.48 (average: 0.45 %+ 0.02). The
results of 3000 m sliding distance (Fig. 3) show that the
friction coefficient of ALON® gradually increased and
appears to reach steady state at ~ 1700 m sliding distance.
The Spinel samples showed a small decrease in the coeffi-
cient of friction from ~0.45 to 0.42 around 500 m sliding
distance, which remained more or less constant up to 3000 m
sliding distance. From these results it appears that ALON®
and Spinel samples reached steady-state wear regime after
approximately 1700 m and 500 m sliding distance, respec-
tively. The lower wear rate of Spinel than ALON® correlates
with their respective friction coefficients, i.e., 0.43 £ 0.009
for Spinel and 0.46 + 0.02 for ALON®.

The wear rate of the order of 107® mm® Nm ™" observed
on present materials is significantly lower than ZrO, sliding
against ZrO,, which showed a wear rate of 107* to
1072 mm?® Nm~' under test conditions close to present
experimental conditions [30]. Another study on sliding wear
of plasma sprayed Al,O; coatings on mild steel showed a
wear rate between 3.5 and 9.5 x 107> mm® Nm~' when
tested against Al,O5 balls [31]. Recent study on wear sim-
ulation of Al,O3-on-Al,O; prosthetic hip joints using a
multidirectional motion pin-on-disk device showed that the
wear rate of Al,Oj; is of the order of 1078 mm?® Nm™! [32],
which is significantly lower than the wear rates of Spinel
and ALON® used in the present work. However, it is
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Fig. 3 Variation of coefficient of friction as a function of sliding
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important to note that the present experimental conditions,
with initial maximum Hertzian contact pressure of 3.42 and
3.59 GPa for Spinel and ALON® samples, respectively, are
close to severe wear region of Al,O3 wear, where the wear
rate of Al,O5 has been shown to be of the order of 107 to
10~* mm® Nm™! [33]. In the earlier work [32] on wear
simulation of Al,O3-on-Al,O3 pins with 26.83 mm radius
were used against Al,O3 disks with a normal load of 1 N
corresponding to a initial maximum Hertzian contact
pressure of only 220 MPa. Therefore, the present Spinel
transparent ceramics with a wear rate of ~5.3 x
107% mm® Nm ™" show significantly higher wear resistance
and have potential to be use wear resistant load bearing
implant applications.

Table 1 show that the average hardness of Spinel was
1334 HV, while ALON® has relatively high hardness of
1543 HV. Generally the wear resistance of a material has
been directly related to its hardness, i.e., higher the hard-
ness higher the wear resistance. However, there are specific
situations and materials where hardness has been shown
not to correlate with wear [34-37]. Although the observed
difference in wear behavior between the two ceramics is
not fully understood yet, but high magnification SEM
images of the worn tracks clearly indicates more wear on

ALON® surface. Fig. 4 illustrates the worn surfaces of
both Spinel and ALON® samples after 3000 m sliding.
Evidently, an evenly worn deep track with distinct
boundaries is clearly visible on ALON® surface (Fig. 4b,
d) compared to a relatively shallow and smoother worn
track observed on Spinel surface (Fig. 4a, ¢). From the high
magnification SEM images of the worn tracks, parallel
arrays of fatigue cracks, oriented perpendicular to sliding
direction, were observed on both samples’ surface indi-
cating fatigue type wear. Often such tiny microcracks
coalesce to form a longer crack, one of such evidences can
be found in Fig. 4d. However the degree of flaking and
formation of wear debris are appeared to increase and
become more visible on ALON® surface (Fig. 4d). Earlier
investigations indicate that the dominant wear mechanism
of ZrO, sliding against ZrO, [30] and Al,Oj; sliding against
plasma sprayed Al,O; coatings was abrasion and brittle
fracture. The high wear resistance of present transparent
ceramics compared to ZrO, [30] and plasma sprayed Al,O3
[31] is believed to be due to formation of lubricating films
on the articulating surfaces during the wear tests performed
in SBF, while in the earlier investigations the tests were
performed in air (dry wear). Another study on wear sim-
ulation of Al,O3-on-Al,O3 prosthetic hip joints using a

Fig. 4 Wear track morphology after 3000 m of sliding distance (a) Spinel and (b) ALON® samples. High magnification SEM images of worn

areas for (c¢) Spinel and (d) ALON® samples
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multidirectional motion pin-on-disk device in distilled
water and calf serum [32] also showed mild abrasion as
dominating wear mechanism. Finally, the differences in
surface roughness/preparation of present materials and that
of materials used in the earlier investigations [30-32] could
have also contributed to the observed differences in the
wear mechanisms and wear rates.

3.2 In vitro bone cell-materials interactions

In Fig. 5, sample surfaces imaged after 3 days of culture to
investigate bone cell attachment, and spreading on different
surfaces are shown. On both Spinel (Fig. 5a, b) and ALON®
sample (Fig. 5c, d) surfaces, hFOB cells were found to
assume a flat spread shape morphology and well attached to
the samples. Here, it can be recalled that osteoblasts are
attachment-dependent cells, i.e., they must attach first on
the surface then spread and mineralize their extracellular
matrix. Dense growth of cells on both the surfaces with
numerous cell—cell contacts clearly suggests that Spinel and
ALON® surfaces are biocompatible and cause no inhibition
to bone cells (hFOB) adhesion and growth. Interestingly,
the formation of small white granular apatite nodules on cell
surface as observed from the high magnification SEM

image (Fig. 5b) indicates that cells are becoming matured
on Spinel surface. FESEM images of samples cultured for
5 days are presented in Fig. 6 to show the cell proliferation
and early-stage cell differentiation. On Spinel surfaces,
cells formed a confluent layer covering the entire surface as
shown in Fig. 6a, b. Cells are seen to adhere to each other
with cellular micro extensions and connected to substrate in
addition to the neighboring cells (Fig. 6b). On ALON®
surfaces, cell growth was observed to be less pronounced in
comparison to Spinel surface. From a low magnification
image (Fig. 6¢), it can be clearly seen that cells are still in
the process of confluent layer formation on ALON® unlike
Spinel surface (Fig. 6b), where cells have already started to
mineralize their extracellular matrix with the abundance
deposition of apatite minerals [38, 39].

hFOB cell proliferation on both Spinel and ALON®
samples has been studied using MTT assay. Commercially
pure Ti (CP-Ti), which is one of the most widely used
metallic biomaterial, was used as a control sample in an
attempt to compare in vitro biocompatibility with that of
proposed transparent Spinel and ALON® ceramic samples.
MTT assay is a measure of mitochondrial activity that
reduces MTT to formazan dye giving purple color. The
optical density of the solution is a measure to quantify the cell

Fig. 5 SEM micrographs showing the cell adhesion after 3 days of culture on Spinel (a, b) and ALON® (¢, d) sample surfaces
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Fig. 6 SEM micrographs illustrating the cell adhesion and proliferation after 5 days of culture on Spinel (a, b) and ALON® (¢, d) sample
surfaces. Arrows in high magnification SEM images indicate apatite mineral formation

viability/living cell count on the surface using MTT assay. A
higher optical density represents a higher concentration of
living cells. In case of human osteoblast cells, a higher
number of living cells relates to better biocompatibility of a
material. Fig. 7 compares the cell density observed on dif-
ferent samples after 3 and 5 days of culture. Both the Spinel
and ALON® samples exhibited excellent biocompatibility
and superior growth kinetics of osteoblast cells in compari-
son to CP-Ti sample for both 3 and 5 day data points. Among
the two ceramics, it can be seen that cell proliferation is
always higher on Spinel surfaces than on ALON®, and sig-
nificant difference in mean optical density is always present
as confirmed by Student 7 test.

The cell attachment and growth are primarily associated
with material’s chemistry and surface characteristics such
as roughness, wettability and surface energy. Since both
the samples used in the present work had superfine opti-
cally smooth surface finish (Fig. 1, 0.001 pm) comparable
to polished CP-Ti sample (0.007 um), we hypothesize that
the cellular activities on these samples are more of mate-
rialistic phenomenon rather than due to surface roughness.
Recently, it has also been reported that the surface energy
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Fig. 7 Optical density measurement illustrating hFOB cell prolifer-
ation on Spinel, ALON®, and control Cp-Ti samples. A higher
optical density represents a higher concentration of living cells and
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ences in cell densities among Spinel and ALON® samples are
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Table 2 Contact angles (°), polar and dispersive components of total surface energy (mN m™') of transparent Spinel and ALON® sample

surfaces

Surface Distilled water Diiodomethane Polar component (yP) Dispersive component (3%) Total surface energy
Spinel 553 £ 231 48.8 £ 1.16 18.68 £ 4.81 34.96 £ 0.64 53.64 £ 1.15
ALON® 493 £ 1.29 48.5 £ 1.12 20.70 &+ 1.02 35.11 £ 0.62 55.81 £ 0.65

CP-Ti 69 + 1.5 55.0 £ 3.0 10.91 & 1.90 31.38 £ 0.59 4229 + 0.95

is a more influential surface characteristic on cellular
adhesion and proliferation [38, 40] for high surface energy
materials such as metal and ceramics. In addition,
enhancing the polar component of the surface energy via
compositional or surface modifications is also shown to
enhance the cellular adhesion and proliferation [41, 42].
Therefore, transparent ceramics and CP-Ti samples have
been characterized in terms of polar and dispersive com-
ponents and total surface energy.

The experimental results shown in Table 2 indicate rel-
atively lower contact angles for transparent ceramics than
for CP-Ti, thus improving the wettability of Spinel and
ALON®. Since the cell media are water based, the cellular
attachment will be relatively poor on any hydrophobic sur-
face with high contact angles. Moreover, a low contact angle
of ceramic surfaces suggests their high surface energy,
which is another factor that can contribute to better cell
attachment [38]. Table 2 also shows different components
of surface energy of CP-Ti and transparent ceramics studied
in this work. Both the ceramic samples showed significantly
higher surface energy than the surface energy of CP-Ti,
which is consistent with the observed cell-materials inter-
actions on these samples. However, Spinel with little lower
surface energy of 53.64 & 1.15 mN m~' found to exhibit
better living cell density (Fig. 7) than observed on ALON®
with a total surface of 55.81 & 0.65 mN m~'. The
enhanced cellular adhesion and proliferation on Spinel is
hypothesized due to the positive influence of polar compo-
nent of the surface energy [41, 42], which is comparable to
that of ALON®. Present results show that both Spinel and
ALON® transparent ceramics are non-toxic with better cell-
materials interactions than CP-Ti. Excellent in vitro wear
resistance of these ceramics shows their potential as wear
resistant contact surfaces for load bearing implant applica-
tions such as in ceramic ball or acetabular cup for hip
prosthesis. However, further in vivo studies are needed with
these materials to fully understand the tissue-materials
interactions.

4 Conclusions
For the first time, commercially available Spinel and

ALON® transparent ceramics have been evaluated for their
in vitro biocompatibility and wear resistance to explore

@ Springer

their potential to be used in contact surfaces for load
bearing implant applications. The in vitro biocompatibility
study using hFOB cells showed non-toxicity and superior
cell-materials interactions of Spinel and ALON® trans-
parent ceramics than CP-Ti. The in vitro wear rate of these
ceramics was found to be in the range of 5.3 to
10 x 107® mm® Nm~'. Among these two ceramics, Spinel
exhibited relatively high wear resistance and superior cell-
materials interactions than ALON®. The enhanced cellular
adhesion and proliferation on Spinel is hypothesized due to
the positive influence of polar component of the surface
energy.
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