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Inthe last few decades with the introduction of bioceramics, a special class of ceramics o perform taitored functional
i biological / chemical activities in living systems, treatment procedure through raconstructive surgery has been
revolutionized and this has resulted In marked improvement in quality of life ¢f the rehabllitated persons. The procedure
involves an innovative use of speciaily designed ceramics for reconstruction of diseased / damaged parts of body,
e.g. hips, knees, wrists, spines, [aws, diseased long-bones and repair for maxillofacial, periodontal disease, etc.
Bloceramics are produced in a variety of compositions, forms and phases and are often used in the form ot bulk
materials of specific shape to perform a special function, which are cafled implants, prostheses or prosthetic devices.
They are also used in powder / granule forms to fill space of the damaged hard tissues, which through natural repalr
process get infegrated and restore function, and as coatings to provide bio-friendly interface oh substrate for cement-
less fixation and sometimes also as a second phase In composites. In this review, different classes of bloceramics,
their chemlcal compositions, structures, tailored functions and broad application areas have been outlined and the-
effects of their usage on treatment of different trauma / degenerative diseases have been discussed. Along with the

current research status of the advanced laboratories around the world on this emerging subject, the developments
made so far at CGCRI, Kolkata have also been outlined.
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Introduction

Since long, ceramics have been used in different health
care systems although their usages are restricted within
external applications only, particularly for manutacture of
eyeglasses, diagnostic instruments, chemical ware, ther-
mometers, chromatographs, tissue culture flasks, etc. In
addition, the domain has covered the wide spectrum of
dental restorative materials, e.g. gold porcelain crowns,
glass filled ionomer cements and many other materials used
for bridges and crowns. The use of ceramics in vivo as
implants is a newly explored area (s 30 years), which are
generally used to alleviate pain and restore function of the
diseased / damaged part of the body. Figure 1 depicts vari-
ous parts of the human skeletal structure, which raquire
replacement by prosthetics on damage. A major contributor
to the need for ‘spare paris’ for the body is progressive
deterioration of tissue with age. With growing age, the natu-
ral hard tissues in our systems, which are natural living
composites of calcium phosphate based ceramics and
collagen are especially vulnerable to fracture because the
osteoblasts (bone growing cells} become less productive
in elderly persons that lead to reduction of bone density
and strength.' This effect is observed to be more severe
on women because of hormonal changes associated with
menopause. In this stage the progressive reduclloq inder-
sity greatly deteriorates the strength of trabeculat / cancel-
lous bones of vertebrae, which are even otherwise very
porous and fragile (Fig.1). This leads to the fracture of hip,
knee joints, collapsed vertebrae / spine which needs to be
repaired immediately to restore the normal function of the
limb. In recent years, it has been noted that with increasing
rate of average fife expectancy, the need of replacement
of old/ damaged bones has significantly increased. Further,
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rapid sconomic globalization has compaelled people fo adopt

 a faster life-style that in turn has increased the number of

accidents manifold, leaving trauma victims who require re-
placement of their damaged limbs. To address the need
forintervention inthese cases, many materials are currently
in use, which include natural autografts (fissue harvested
from the same patient) and allografts ftissue harvested from
a similar species) as well as a variety of biomaterials based
‘on ceramics, metals, polymers and a host of composites.
The use of allografts is limited by the possibility of an im-
munological response and risk of disease transmission
whersas autografts are restricted by a limited number of
donor sites and are associated with an additional trauma
resuiting from the collection of the bone tissue. In this sce-
nario, man-macle materials stand out as a potential solution,
being easily available as also amenable to processing and
modification 1o suit the needs of a given application, though
many problems persist resulting from the inability to match
exactly the natural tissue.? Metals suffer from inferior cor-
rosion / wear resistance and higher elastic modutus far
exceeding those of bone that in turn leads to stress shield-
ing and subsequent weakening of the host bone lissue,
making it susceptible to re-fracture. Polymers used for simi-
lar application lack rigidity, hardness and ultimate mechani-
cal prgnemes required in load bearing applications. Many
bice f'compositions have been tested for use in the
bocly.i‘r “however only few have been studied up to human

‘dinical application. Clinical success in this regard requires

simultaneous development of a stable interface with con-
nective tissues and a match of mechanical behaviour of
the implant with the tissue to be replaced. Moreaver, high
chemical inertness, absence of adverse effects on the
surroundinn tiaane lanntarm lifa axnactaney tatinna

strength and absence of effects on the free metabolic
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Fig. 1 - Various parts of the human skeletal structure, which require replacement by prosthatics on damage.

process are some other criteria, summarized under the term
‘biocompatibility’ for these materials that need to be studied
in detail prior te insert them to living system. The clinical
success of bioceramics has led 1o a remarkable improve-
ment in the quality of life for millions of people. The bio-
ceramic materials represent one of the most important of
the ceramic research, development, preduction and quality
assurance in this century and have opened a worldwide
market with an annual turnover of $12 billion with a current
growth rate of 7-12% per annum.

The success of bioceramics in hard tissue replacement
primarily depends on the fact that natural bone is a sup-
portive living tissue composed of a carbonate containing
calcium apatite (~80 wt%) in type | collagen {(~30 wi%)
matrix. It also contains ~10 wt% water. The mineral com-
ponent of bone is a form of calcium phosphate / calcium
apatite known as hydroxyapatite (HAp}. Stoichiometric HAp
has a molecular formula Ca,o(PO,)s(OH},, whereas the
bone minerai contains many substitutions like magnesium,
sodium, potassium, fluoride, chloride and carbonate ions.
This apatitic mineral is closely associated with collagen
fiores (highly aligned, anisotropic structure) to yield flat,
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renders the tensile strength whereas the mineral compo-
nent gives risa to compressive strength of bone. Two types
of bone can be distinguished: cortical bone which has ~90%
solid bone tissue and trabecular bone which is spongy and
contains 80% marrow filled with voids. Bene is a dynamic

tissue subject to constant deposition by osteoblast activity

and subsequent resorption by osteoclasts. When a new
surface is introduced into the bone tissue, a sequence of
complex interactions is triggered.®

Implanted in vivo, all prosthetic materials elicit a res-
ponse from the host tissue which varies with the bulk /
surface properties of that particular material. The bio-
ceramic materials are classified according to this propeny
which is surmmarized in Table I.

In addition, in some cases, when a bioinert / bivactive
bioceramic is porous, bone in-growth occurs which me-

. chanically attaches the bone o the material. This type of

attachment may be termed ‘biological fixaticn' at the site
of the damaged tissus.

Biolnert Ceramics

Although usage of ceramics for bone and tocth repair
hanan in medieal snne it intrach ntinn gnd nnstopera-
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Table | : Classification of bioceramics

Sl.y Typeof Machanism of Type of Example
No.{ bioceramics attachmant attachment
A Bioinert [ Bone growth occurs | Morpholo- ALO,/
into the surface | pical fixation]  ZrO,
irregutarities by
comanting / press
fitting into a defect
B | Bicactive | Attached directiy by| Bicactive | Bioactive
chemical bonding fixation glasses/
at the surface glass-
caramics/
densa HAp
C | Resorbable | Stowly replaced by — Calcium
bone suiphate,
tricalcium
phosphate,
some bio-
active
glasses

tive follow-up have been scientifically reported at first as
the femoral head of a hip prosthesis in the |ast decade of
nineteenth century. In 1890, the first experimental pros-
thesis used by Gluck in Gemmany consisted of a carved
ivory ball and socket fixed in place with bone glue com-
posed of resin, pumice powder and plaster of Paris. How-
ever, these early experimentations on human patients and
many others were not successful as during those days the
knowledge of stress analysis at the hip under different dy-
namic postures was not perfect and in addition the mate-
" rial avaitable was with inadequate strength and limited re-
liability. During the period 1890-1850, there were a num-
ber of changes in the design and development of hip im-
plants. In 1938, Wilas in London used total hip prosthesis
made of stainless steel consisting of a femoral and an ac-
etabular component. In 1948 and 1950, McBride and Eicher
introduced smooth intramedullar stem and a femoral neck
collar. In 1951, Haboush in New York used self curing acrylic
cement for fixation of vitallium total hip prosthesis. In 1850,
Thompson developed vitallium prosthesis, which had a
flared collar below the head and a vertical cemented in-
tramedullary stem. This design, though modified, is still in
use. In 1952, Austin Moore, with Bohimann, developed a
‘self-locking’ prosthesis, which featured a fenestrated stem
to allow bone in-growth. This design has stood the test of
time and is still used for selected femoral neck fractures.
In 1962, introduction of stainless steel femoral stem and a
high-density polyethylene cup, both cemented into place
by methacrylate cement improved long-term results dra-
matically. In 1968, Charnley prosthesis was released for
general use, which is still very much in existence without
any major changes in the design. Cobalt-chromium alloy
{27-30% Cr, 5-7% Mo, balanca: Co) was first introduced
by Freeman as an altemative io stainless steel in implant
manufacture. The material has better wear properties than
stainless steel. This is designed to be used without ce-
ment and hence, there ara holes in the structure for bone

wi-yruwde, 1 ne 1op section of the prosthesis is roughened
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to increase friction and stability while the bottom surface is
polished to prevent the stem from rubbing against the bone
tissues inside the bone canal, which may generate wear
debris. Further, it was noticed that titanium and its alloys
havse very high strength, excellent corrosion resistance and

- low stiffnass in comparison to stainless steel or cobalt-chro-

mium altoys. Therefore, it reduces the effect of stress shield-
ing. It has been universally accepted as the best suitable
metal for any prosthetic application. Recently, the trend is
to combine the best mechanical properties of all the mate-
rials described above and to adopt appropriate engineer-
ing design in order to develop an implant with the optimum

chance of long-term clinical survival. The process started

with a cobalt-chromiurn based Freeman implant with nitride
surface finish, fitted with ceramic femoral head. The stems
were coated with hydroxyapatite to harden the surface of
the stem, prevent scratching and in turn reduce refease of
the metal wear debris.

However, along with the changes in life-style, the ideal
design of hip-prosthesis has never been obtained and even
taday the search is on for the most suitable one. A few of
the newer variety with the ceramic components are
prasented in Fig. 2. The major long-term problem with
cemented hip replacement is the loosening of the bond

. between implant and the bone that often needs a second

surgery to fix it once again. This has led to the development
of the cement-lass hip replacement in which the surface of
the metal part is porous. The most remarkabls avolution
has baen in the area of porous coating along the stem and
number of porous layers. Initially it was a full-length coat-
ing and with two to three layers, while the current trend is
to give single layer coating towards proximal-end. Only a
‘few years ago bone in-growth fixation was most desirable,
while currently more importance is given to tissue stabili-
zation at the interface. Judging from the multiple interre-
lated factors of fixation and durability, it is believed that the
ideal prosthesis would have a tight fitting that stabilizes
itseif and achieves equilibrium. Since fibrous interpesition
is an inevitable biglogical consequence under dynamic foad
against implant material, the crucial issue is how one can
make the fibrous tissue remain stable, thin and inactive.
Absence of macro-motion of the implant is expected to play
a vital role. Thus, if the design of the implant follows the
anatomic shape and size of recipient bone, the interfer-
ence fitis possible to resultin a pain-free joint, which would
serve for a long time.

At present, every year about 0.8 million hip repfacement
operations takes place globally while in India alone the
number is around 50,000. This figure in India may rise to
an average of 0.4 million once common people become
economically strong enough to bear the huge medical ex-

‘penses, associated with such operations. Women, of 55-

60 yoars of age group, who usually after menopause suffer
from osteoporosts, specifically need these prostheses to
serve for mere than 25 years cof their life span. The con-
ventional hip joints made out of stainless steel / Co-Cr alioy
/ Ti-6Al-4V alloy last only for about 10-15 years and there-
fore need to be replaced sevaral fimae S 4iab tar
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and enormous expenditure. For the purpose, mainly with
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Fig. 2 ~ Evolution of hip implant designs.

an expectation to provide ionger trouble-free life, bioinert
ceramics are replacing metals, particularly for femoral head
applications, and at present globally about 10% of the femo-
ral components of total hip joints are made out of caram-
ics. Tetragonal zirconia polycrystals (TZP), zirconia tough-
ened alumina {ZTA), zirconia and fine-grained alumina are
the most widely used bioinert {that exhibit minimum inter-
action with the surrounding tissues) ceramic materials that
can render trouble-free service for more than 20 years.
Although properties like inherant hardness, chemical in-
ertness, low deformation and creep are favourable, very
fow fracture toughness / strength has restricted further use
of the material in musculo-skeletal prosthetics. As a resuft
of an extensive research, bioinert cerarmics with average
grain size of 200 nm have been obtained that offer very
high strength (>1000 MPa} and fracture toughness {5
MPa'?). These nano-structured ceramics with much im-
proved properties are expected to be used by the practic-
ing surgecns in large scale and with much higher degree
of confidence. Though the previous applications of the
bioinert ceramics were confined ta the articulating surfaces
of artiticial joints and load bearing skeletal components,
recently, efforts are also being made to develop ceramic-

based acetabular cup of a hip joint. This is expected to
avtand the life .qpan nf a "\i‘ﬂ jh;ﬁ" "_:’ hoatetard “‘,’.‘.“. N vaare
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and the item has already been introduced in the human
system in 2002. Also, to meet the requirements of knee
joint prostheses, bioinert ceramic femoral components have
been used in Australia recently that may provide a lenger
servige life over the conventional metallic ones (10-12
years} (Fig.3).

Alumina (Al,O,)

Al,Q; (o-Alumina) has been used in orthopaedic sur-
gery for more than 20 years in total hip prosthesis and
dental implants. The other clinical applications of this bio-
material include knee prosthesis, bone screws, alveolar
ridge and maxitlofacial reconstruction, ossicular bone sub-
stitution, keratoprosthesis and segmental bone replace-
ment etc. All these are due to combination of a range of
structural properties — corrosion resistance, biocompati-
bility, wear resistance, low friction and high strength.® &
Medical grade alumina offers two main advantages over
other materials (e.g. metals / polymers), : {i} low wear rates
and (i) low concentration of wear particles (debris} in the
surrounding tissue. The corrosion resistance of alumina
ceramics is also very high (rate of corrosion 10~*g.cm™2/
day corresponding to a maximum corrosion rate of 1 mm

in 10 years) and therefore the material is termed as
‘hintoaicailvy inert’.

TRANSACTIONS OF THE INDIAN CERAMIC SQCIETY
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Fig. 3 — Total knee-joint prosthasis showing (clockwise from left) : femoral components, SEM of surglcal grade alumina,
XRD of the prosthesls, side view and raar view.

The biocompatibility of surgical grade alumina has been
ensured by means of animal tests and clinical experience
over a long period of time. Superior tribological properties
of high-density, small grain size (<4 pm, having a very
narrow size distribution) resulted in an excaptionally low
coefficient of friction and minimal wear rate® 7 2 and this
has established the credentials of the material as the ar-
ticulating surface in total hip / knee prostheses. Extensive
characterization of the material to predict suitability for long
time usage under typical biological condition points out that
Al O, that meets or exceeds ISO (International Standards
Organization) specifications has excellent resistance to dy-
namic¢ / impact fatigue and also to sub-critical crack
growth, 213 Detailed gate analysis of human hip has pointed
out' that during walking, the maximum load encountered
by a hip of a 100 kg body weight person is about 4.3 KN
(Fig. 4a). To assess the troubla-free sesvice life of these
prostheses, the ceramic based hip joint balls were exposed
to 10° walking cycles {which is equivalent to 20 years of
walking} of the persons with varied body waeight up to 400
kg and it was observed that the balls could withstand the
test parameters. The average breaking load of the balls
before and after the fatigue study was determined follow-
ing the IS0 specified parameters to observe that up 1o 300
kg body weight parsons there was no degradation of prop-
erties which indicate that even after such a stringent stress
expasure there was no appreciable sub-critical erack growth
within these balls. However, expeosure to the eguivalent
stress experienced from a person with 400 kg body weight
degraded the properties of the balls to some extent and
the resuits of this sludy are reflected in Fig. 4b. The study
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average grain size would improve the fatigue properties of
these balls even further and aventually fatigue life of the
prostheses would be longer. An increase in average grain
size to »7 pm can decrease the mechanical properties by
a considerable amount. Therefore, a small amount of MgO
{<0.9%} is used as a sintering aid o limit the grain growth
during the sintering process,

The strength requirements of alumina are met by the
production process that yields a pore free structure main-
taining a very low rate of grain growth. Hot isostatic press-

. ing (HIP) post compaction are sometimes adapted for fur-

ther reduction of pore size and volume as in ceramics each
pore acts as a notch, reducing inert strength and long-term
fatigue strength. Alumina with a density of >3.95 (typically
3.97) g.cm™ is generally diamond-ground and polished to
obtain a surface finish of the following specifications : R,
(average surface roughness) of ¢.02 ym; R, {(maximum
value of surface roughness) of 0.5 pm. Recently, in total

‘hip prosthesis, alumina non-cemented cups are press fited

into the acetabulum (socket) of the hip. The cups are
stabilized by bone growth into grooves or around pegs.
The mating femoral ball surface also is alumina, which is
press fitted into the metallic stem (Fig. 5a). Long-term
results of this new generation of hip joint are excellent,
particulary for the younger and active patients, although
stress shielding can occur.’” This is due to the high Young's
modulus of alumina'®which prevents the bone from being
loaded. Alumina has 10-50 times higher Young's modulus
than the cortical bone (7-25 GPa}. This may lead to stress
shielding that in turn results in cancellous bone atrophy
and loosemng of the acetabular cup in older patients with
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Fig. 4 — (a) Typical stress pattem experienced by a human hip
during walking {body weight of the person has been assumed to be
100 kg and {b) fracture strength of the ceramic heads after baing
exposed to walking cycles of varied conditions.

follow-up of the patients is needed before claiming its
phenomenal success.

In India, attempts were made by Central Glass and
Ceramic Research Institute, Kolkata, to develop hemi / to-
tal hip joint prostheses, in which the femoral heads made
of high purity alumina were fitted with modified ‘Austin
Moore’ stainless steel stem for in vivoimplantation. Table Ii
summarizes the properties of the material and Fig. Sb
shows the total and the hemi hip joint prasthesis developed
at CGCRI. This has heen clinically tried in more than 40
patients in different reputed hospitals in Kolkata and Delhi
and the results are very encouraging.® '® Also, hip joint
implants fitted with Thomson, Chamley and Talwalker type
stainless steel stems and alumina based ceramic heads
fitted into Ti-6Al-4V alloys have been developed subss-
quentlty and tried in hurman patients, successfully.

Zirconla (ZrO,)

The interest in zirconia derives from its high fracture
toughness and tensile strength. These properties make it
possible to manufacture femoral heads for total hip pros-
theses that are smaller than present generation Al.0-
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Table Il : Typical properties of a high-purity alumina for surgicat
implants (CGCRI) and their comparison with ISO spacified values

Properfias Material / itemn | Medical grade alumina
developed as specified
at CGCRI by ISO 6474
Density 3.97 g.om™ 3.90 g.om™
AlLO, 99.9% 99.5%
Si0; + Na,O 0.05% 0.1%
Microstructure ~1ypm < 7 pm
{graln size)
Microhardness 2300 HY 2300 HY
Compressive strength 4500 MPa 4000 MPa
Flaxural strength > 420 MPa 400 MPa
Young's modulus 400 GPa 380 GPa
Gorroslon resistance | 0.008 mg.m™= 0.1 mg.m2 per day
par day

heads. The stable form of pure zirconia at room tempera-
ture is monoclinic. In tetragonal form, it is stabilized by al-
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Total Hip

Fig. 5 — {a) Medical grade Al;O, used in total hip replacement — {ieft):
Al 04 acetabular cups matad with Al,C, femoral balls, {centre) :
ALO, balls also can be used with ultra-high-molecular weight poly-
ettylene (LIHMWPE) cups. {right) : alternative metallic stern designs
for morphological / cement fixation and (b) Surgical alumina-based
total and hemi hip joint prosthesis with UHMWPE acetabular cup
and modified “Austin Moore” S5 stem, developed by CGRRI
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kaline earth (calcium, magnesiumn) and rare earth (yttrium)
oxides. Tetragonal zirconia polycrystals (TZP), an ad-
vanced zirconia, is characterized by extremely small grain
size (0.5 pm) after sintering. Also, it has higher bending
strength, fracture toughness and lower Young's modulus.
However, TZP has a lower hardness (1250 HV vs 2300
HV for alumina) and the presence of small traces of tho-
rium / hafnium (present in source minerals) renders car-
tain level of radigactivity in this materiat. Though biocompa-
tibility of the material is not well documented, it may serve
as an additional load bearing material for orthopaedic im-
plant. Aiso, it may reduce diameter of the femoral head,
which improves 3D-mobility of the implant.

Biocarbons

Some of the crystalline forms of carbon are highly
biocompatible, chemically inert and thrombo-resistant that
make them a preferred matarial where interface to blood
flow is required or as a prerequisite for various biomedical
devicaes. In the form of a bioinent coating, three different
classes of carbon are used in biomedical devices : pyro-
Iytic carbon (LTI, low temperature isctropic), vapour de-
posited carbon (ULTI, ultra low temperatura isotropic) and
glassy (vitreous) carbon.'”'? Except LTI, all other carbon
materials in clinical use are pure elemantal carbon. The
_ extremely well wear resistance and inherent toughness
are due to their two-dimensional turbostratic crystal struc-
tures (density ~1400-2100 kg.m™3),

The LTI pyrolytic carbon is produced by chemical vapour
deposition at temperatures above 1000°C whereas ULTI
carbon is produced by vacuum deposition from gaseous
precursors containing carbon. Glassy carbon is made by
controlled heating of carbonaceous precursors {(e.g. cellu-
losics / phenol-formaldehyde resin) and subsequent alimi-
naticn of volatile constituents.2%22

Bokros was the pioneer in the medical use (1967) of
pyrolytic carbon coatings on metal substrates 3 its pro-
cessing and application in heart surgery.?* The first LT
carbon coatings used in human body as a prosthetic heart
valve was in 1969 (De Bakey).2* Other than prosthetic heart
valve 22 LTl carbons are also used in percutaneous access
devices for dialysis 2 for dental implants."” Glassy carbons
also have application in the same area. ULT| carbons are
used as coatings in pacemakers® and on sealing rings for
heart valves.'”

Bioactive and Resorbable Ceramics
Calcium Phosphate Ceramics

Calcium phosphate ceramics is a well-known inorganic
constituent of normal {bones, teeth, fish enamel and some
species of shells) and pathoelogical (dental and urinary cal-
culus, stones, atherosclerotic lesions) calcifications. In
bene, they occur mainly in the form of poorly crystallized
non-stoichiometric sodium, magnesium and carbonate con-
taining HAp (termed as ‘biological apatite’ or ‘dahllite’).
There are a number of biologically relevant calcium phos-
phate ceramics in normal human calcified tissues.® At body
temperature, in aquecus media (body fluid), the stable
PHASE (3 WAMFUg.£F gl (WIUS1 NG, @ p 1 Sy, midieas at
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PH >4.2, the stable phase is Cas(PO4)s(OH), (hydroxya-
patite, HAp). At higher temperatures, other phases, e.g.
Cay(PO,); {B-tricalcium phosphate, whitlockite), Ca,P,04
{tetracalcium phosphate) are formed. These anhydrous,
high temperature calcium phosphate phases interact with
water, body fluids at optimum temperature (37°C) to form
HAp. The importance of Ca : P ratios in determining the
solubility and tendency for resorption in body has been dis-
cussed by De Groot, 2 Williams?” and Le Geros et al?® it has
been observed that presence of microporses in the sintered
material increases the solubility of these phases.?* The
induction time to form crystallized carbonated apatite in-
creases as follows : Ca-deficient HAp (cdHA) < poorly ¢rys-
tallized HAp (pcHA) < crystallized HAp (cHA) < coralline
HAp {I-HAp) < B-tricalcium phosphate (B-TCP)} < calcium
carbonate marine coral (I-CC) < B-calcium pyrophosphate

.{I-B-CP). Among these, the B-TCP and HAp are the two

ceramics used widely for clinical application.

Among the different phases of calcium phosphates dis-
cussed so far, hydroxyapatite is the main mineral constitu-
ent of bone, biocompatible, exhibits no reaction to foreign
bodies and is integrated 1o bone. It is used as an implant
materiak-in varicus forms : as a solid body with little poros-
ity, as granular particles, as porous structure or as coating
on metallic implants. Pure HAp can be prepared wet chemi-
cally, by solid state reactions or by hydrothermal treat-
ment. 3 The synthesis technique has a significant effect
on the powdar morphology, specific surface, stoichiometry
and crystallinity. Wet chemical method of synthesis by
Klyuchnikov® is given as:

1 Oca(N03)z + 6KH2PO4 + 14NaOH — Ca|°(PO4)6 (OH}Z
+ 14NaNOy+ BKNO, + 12H,0 .. (1)

After gradual crystal growth from the solution, the HAp
precipitate is collected on a filter, washed with water and
ethanol, and dried at 40° to 50°C. Kibar'chits and Komarov>

"described high speed HAp synthesis using potassium

compounds instead of sodium and ammonium compounds.
Here, HAp is obtained by rapidly mixing Ca(NO;), and
Ca,{PO,), solutions, The Ca : P atomic ratio, initially
1.58, increases to 1.67 over a period of 6 h, Turova and
Yanovskaya® reported HAp synthesis through the forma-
tion of a solution of calcium ethoxide, followed by reaction
with phospharic acid and annealing of the product in air:

Ca — Ca(Et0}, — Ca,{PO,),(EtO),.nEtOH
— Cag({PO, ), OH .. (3)

in each of these synthesis routes prior to annealing, the
reaction product is amerphous as determined by X-ray dif-
fraction. The wet chemical techniques of HAp synthesis in-
volve many process variables, which have adverse effects
on the reproducibility of the process and make it difficult to
maintain tha stoichiometric Ca : P ratio during synthesis and
to obtain HAp powder with contralled chemical and physical
properties. The main process parameters are the pH of the

“solution, the reaction temperature and duration.

Dry processes of HAp synthesis inveive solid-state dif-
fusion during calcinations of mixtures c:ontanmng appropnate
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In this case, generally the mixtures of Cas{PO,),; and
CaCO;/ CaP,0, and CaCO,/ CaHPO,.2H,0 and CaO ara
calcined between 900° and 1300°C in presence of water
vapaur.*® Dry processes ensure the formation of stoichio-
metric HAp {Ca : P = 1.67) but require much power (high
temperatures) and time. Moreover, the products of such
processes typically lack homogensity.

Hydrothermal synthesis of HAp involves reactions at
high temperature and pressure and requires expensive
equipment.3® 4 4 According to Yubao et al.,** stoichio-
metric HAp can be prepared under hydrothermal condi-
tions by the following reaction:

3Ca,P,0; +4Ca0 + H,0 — Cao(PO,)(OH): .. (3)

Yubao et al*3*have also anaiyzed the effact of NH,OH
on the growth rate of HAp crystals. In the absence of
NH,OH, the growth of the prismatic crystals took 96 h even
at 500°C and 80 MPa. The intraduction of NH,;OH was
found to substantiaily raise the reaction rate. Hydrothermal
synthesis is commonly carried out in gold capsules. In this,
tha starting reagents and H,0 must occupy 50-60% of the
autoclave volume, depending on the synthesis temperature,

Apart from the above techniques, a number of pro-
cesses are used less frequently; HAp can be obtained by
(a) hydrolyzing a 2:1 mixture of K,P,0; and CaCl, for two
weeks:* (b) freeze drying a mixtura of calcium acetate and
triethyl phosphate.®® These methods offer possibility of pre-
paring fine-particle, high-porosity material.

The solution combustion method for synthesis of
nanccrystatline HAp powder is based on the principle of
thermochemical concepts used in propellant chemistry. In
this, a self-sustaining, self-propagating, non-explosive exo-
thermic, fast combustion reaction between the fuel-oxidizer
(metal salt, especially nitrates in aqueous solution) mixture
{in stoichiometric ratio) takes place. Urea, tetraformal triaz-

ine,** carbohydrazide,” etc are used as fuels. The choice
depends on their ‘reducing power’ and the amount of gases
(CQy H0 and N,) generated. In order to release maximum
energy, the stoichiometric composition of the precursor redox
mixture is calculated on the basis of the total oxidizing and

reducing valences of the oxidizer metal sait and of the fuel.

In CGCRI, synthesis of nanccrystalline Ca-hydroxya-
patite has been attempted following the solution combus-
tion route:

3003(“03)2.4H20 + 18(NH4)2HP04+ 5OCO(NH2)2+
270, — 3Ca4,(PO)6(OH); + 50C0, + 298M,0
+ 98N, . (4)

Heat required for the synthesis as above is provided
mainly by the combustion reaction of urea-metal nitrate
mixture. This has led to the formation of nanocrystalline Ca-
hydroxyapatite powder (size 60-150 nm) and of hydroxya-
patite-tricalcium phosphate composites using fuel-rich
batches.*” The Ca/P atom ratio {range 1.45-1.67) obtained
governs the thermal stability of the HAp phase so formed
and there is a transformation to tricalcium phosphate phase
to vield the composite materials by this process.

HAp has a hexagonal structure (space group P6,/m,
two formula units per unit cell) with lattice parameters a =
0.942 nm and ¢ = 0.687 nm. The ideal formula of HAp is

" Cay(PO)(OH). The Ca atoms reside in two positions :

six atoms per unit cell are in position Ca(ll} and four atoms
in position of Call). Ca(l} is located on the three fold axis
and is coordinated by nine oxygens of the phosphate
groups (Fig. 6). The Ca(il) atoms form equilateral triangles;
within aach trangle, a fluorine atom lies on the hexagonal
axis, the OH- group resides in an off-centre position.®

To produce implants capable of withstanding mechani-
cal loads, it is reasonable to use densely sintered ceram-
ics, which surpass porous ceramics in strength. For load

Fig. 6 — Crystal structure of stoichiometric HAp {Ca / P molar ratio : 1.67, Ca / P weight ratio : 2.151, crystal structure : hexagonatl,

r=sra araun - PG/ . coll parameters : a=9.424 A ~=RR70 4
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bearing applications, ceramics should consist of fine grains
because, according to the well-known Hall-Petch formufa,*®
mechanical strength increases with decreasing grain size.
Dense ceramics can be produced by pressing or slip cast-
ing followed by pressure-less sintering or hot uniaxial or
isostatic pressing.*®>? In this, the density of the ceramics
is ~3.16 g.cm™2* Addition of 5% NayPO, has been shown
to reduce the sintering temperature necessary for prepa-
ration of dense HAp ceramics by about 50°C. The use of
bioglass (2.6 mol% P,0s, 26.9% Ca0, 24.0 mol% Na,O,
46.1 mol% Si0,) as a sintering aid has made it possible
not only to improve mechanical properties of HAp ceramics
but also their behaviour in biclogical environments,
Generally, the porous ceramics are produced by buming
out organic pore formers (polyurethane sponges). Porosi-
ties of 50-60% in thase items are achievable when sodium
dodecylbenzene sulphonate along with about 80% giycine
or agar” is used. Pore morphology is critical to the
osteointegration process. Cylindrical channel pores up to
500 pm diameter and more than 5 mm in length are
produced* by burning out pore formers. At physiological
temperature, porous ceramics having a low strength can
be produced without sintering. The compressive (2-100
MPa) and bending strength {2-11 MPa} of the material drop
with increasing porosity and are kept in the range 2-100
MPa and 2-12 MPa respectively depending on their
application area. However, fibrous porous ceramics with
improved strength can be produced following various
methods,* 565 g g (a) sintering of HAp fibres or hydro-
thermal treatment of o-TCP, (b) dynamic densification of
caicium orthophosphate and B-calcium meta-phosphate
fibres ete, though the mechanical properties of the materials
prepared by these procedures are below necessary level.

The granulation techniques generally adopted can be
classified as follows:58

(a) powder agglomeration in presence of aliquid phase,
followed by pelletizing and consolidation of the agglomer-
ates upon removal of the liquid phase

(b) vapour deposition with the formation of solid granules

(c) chemical reaction in a vapour-liquid mixture

(d} pressing of a solid phase, followed by grinding into
granules of desired size

(e) spraying of a liquid phase followed by crystalliza-
tion upon drying or cooling etc.

The granulation efficiency depends on the mechanism
of the process. In the last method, an anhydrous melt is
sprayed to produce approximately monosized drops which
then crystallize on cooling in an inert medium such as wa-
ter, oil or fiquid nitrogen. Komlev et a/.5%-% used gelatin as
a binder for good bonding between the powder particies.
A HAp suspension in aqueous gelatin solution was dis-
parsed in an inert liquid {vegetable oil). Due to surface ten-
sion, the resulting granules had a spherical shape, prefer-
able for avoiding inflammatory processes and achieving
ostecintegration. HAp granules with a size range of 50 to
2000 ym can be obtained for commarcial grades, e.g.
interpore 200 (425-1000 pm), Pro Osteon {1-9 mm) and
Setevygstt LUV W UM
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In surgery, both dense and porous HAp caramics are
used depending on requirements of bearing strength of
the implants. The various clinical, dental and medical ap-
plications of dense HAp (39.68 wt% Ca, 18.45 wi% P, Ca:P

wt ratio 2.151, Ca : P molar ratio 1.667) are mainly : {a)

repair of bony defects in dental and orthopaedic applica-
tions,®? {b) immediate tooth root replacement,® (c) adju-
vant to the placemant of metal implants® and {d) enhance-
ment of guided tissue regeneration etc.® Porous ceramics
have low strength and therefore, are suitable for implanta-
tion into lissues which experience no substantial stresses
(middle ear and some maxillofaciat applications) and for
local drug delivery. Pores in implants are necessary for
ostecintegration, a process which depends on the pore
size, volume and interconnectivity. The minimum pore size
for bone in-growth into the implants is 100 to 135 ym to
ensure blood supply to contact surfaces and tissue in-
growth and fixation.5>* Smaller pores favour protein ad-
sorption and adhesion of osteogenic cells. So, a bimodal
pore-size distribution in porous ceramics is necessary.
There are different forms of porous HAp commercially
known as HA200 and HAS500, which have undergona ma-
jor clinical trial in maxillofacial and orthopaedic surgery.

Long bone reconstructions using HA500 followed by sta-

bilization with plate and screw fixation are done in case of
some traumatic defects like road accident, gunshot injury
etc. In restorative surgery also granules are used in treat-
ing parodontopathy (local and generalized, moderate and
acute parcdontitis and idiopathic parodontopathy accom-
panying insulin-independent diabetas meliitus), periodon-
tal, follicular and residual maxillary cysts. In implantable
drug delivery systems, presence of a large number of small
interconnectad poras and the small diffusion coefficient of
the drug in the porous HAp granular matrix owing to the
capillary action® lead to the stabilization of the drug con-
centration at the dasired level for a targeted time period.
The use of CAD / CAM {computer aidad design / computer
aided manufacturing) systems is also emerging in cases
where medical interventions favour the application of an
anatomic custom-made implant. The anatomic shapes of
degenerated / damaged human bone system (marrow
cavity etc) can be interpreted and identified on the basis of
computer tormography (CT) data, which can be digitized
and transferred to a CAD / CAM model. This possibility
allows the surgeons to perform a mock operation to per-
fect the process prior 10 the actual operation and take the
final decision on selection of prosthesis from the standard
set. Further, by adopting rapid prototyping route through
selective laser sintering efforts are being made to develop
bicactive patient specific porous prosthesis as per the sur-
geons’ needs which would decrease the operation time
and in tum, the risk of the operation.

HAp powder of high purity and stoichiometric (CaO
55.60 mass% and P,05 41.52 mass%) nature was synthe-

- sized by chemical precipitation methed at CGCRI, Kolkata

having a meridian particle size of 0.47 um and a size distri-
bution of 10-0.2 pm, At a pressure of 120 MPa, uniaxial
compaction of the powder alone led to the formation of the
gense granules whereas presence of pore-forming agents
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formed the porous granules. Both the above specimens
were sintered at 1250°C. The dense granules (relative
intensity 98.7%) exhibited a fine-grained microstructure
(Fig. 7) and the porous varety (50% open porosity) showed
pore size distribution in the range of 1.7 to 0.2 ym, These
ceramic materials were examined for their efficacy as bone
substitutes in filling traumatic or pathological bone defects.
The patients aged 2, 52 and 54 years were implanted with
the porous HAp granules for bone tumour / fracture. Both
the young and the older patients were found to have satis-
factory progress in the fracture union with increase in ra-
diographic density at the ceramic implant sites.®® There
were no toxic eftects, and evidence of bone formation
around HAp granules with good incorporation into the host
bone was noticed. Thase radiographic results are consis-
tent with those other studies of fracture.™

in continuation to the above application areas, CGCRI,
Kolkata and others® have developed porous synthetic hy-
droxyapatite-based integrated ocular implants for applica-
tion in the field of ophthalmology. First effort to develop
artificial orbital implants was initiated in the late 19th cen-
tury basically to fill-up the void left in the orbital socket
after the removal of the infected / diseased eye through
avisceration or enucleation surgery. For this cosmetic re-
habilitation, different materials were tried which were slowly
discarded for various disadvantages. A history of this de-

nsa, thermalily etchad HAp caramic
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Table Il : Yearwise development of artificial orbital implants

Era Material Comments

Before | Metal

19th

century

1884 Hollow glass sphere Unable fo religve the
{P. H. Muhle) chronic downward

« Gold, » Cartilags, » Xeno- | pressure on the
geneic animal eyes, « Siiver,| lower lead
+ Aluminium, = Silicona

and « Glass beads Fully buried in the orbit
1941 Acrylic based » Partially exposed .
{A. 0. Ruadamann) _| and partially buried

» Manufactured

before each operation

» Secondary strabismus
procedures required to
correct lata problems

1947 Prosthesls comprising an High rates of infaction
implant with a peg to
completely support the
waight of the artificial eye
and transfer all its latent
movement 1o the eye

1976 Implants having interac- « Good maotility
tion with an extemally « Howsver, prone to
piaced contact lens type infection and extrusion
artificial eye through pegs,

pins or screens
{H. P. Gougelmann)

1989 Porous crystalline » Fibra-vascular
onwards | hydroxyapatite from coral in-growth

» Providing resistance
to infection, migration
and extrusion

« But rugged surface

Hydroxyapatite based artificial eyeball was designed
and developed with the purpose of not only filling the or-
bital cavity volume to prevent deformation of the eye but
also to provide movement of the fellow eye to improve cos-
metic rehabilitation of the patient.”! Figure 8 depicts the
design of the actual implant along with one such patient
inserted with the implant. Presently, clinical trials of the
indigenous implant in human patients have been under-
{aken at various medical institutions like All India Institute
of Medical Sciences and Moulana Azad Medical College,
New Delhi, Shankar Netrataya, Chennai, Sarojini Devi Eye
Hospital, Hyderabad and Eye Care and Research Centre,
Kolkata. Nearly 40 human patients have undergone eye-
ball implantation without any complication til! date. It has

‘been found in all the patients that the artificial eye was

with adequate mofility and mimicked the other eye for both
horizontal and vertical movements.® Periodic MR (magnetic
resonance imaging} after 4, 6 and 8 months of the surgery
revealed the location and degree of fibro-vascularization.
Tha images of gadolinium contrast have exhibited that early
peripheral activities start within 4 months whereas 70% of
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Fig. 8 — Design of the hydroxyapatfite based integrated orbital implant developad at CGCRI along with one
such patient inserted with the implant showing the movement of her arificial eye.

the centrally located implants.

Another newer application area of hydroxyapatite (HAp)
is coating on implants for cement-less fixation. Hydroxya-
patite coatings are osteo-conductive in nature, increase
the kinetics of tissue in-growth and enhance the strength
of the interface. HAp coated stems have been shown to
have fess micro-motion and subsidence than porous coated
and cemented stems. Concerns with regard to HAp delami-
nation and third body wear have not materialized with thin
dense plasma-sprayed coatings. The results demonstrate
excellent lasting fixation to a grit blasted tapered titanium
stem with a dense highly crystalline pure proximal HAp
coating. These stems have performed well in young and
active patient population and have already become popular
within the orthopaedic surgeons. The bioceramic coating
onh porous metal surfaces for fixation of orthopaedic pros-
theses in the osseous surrounding may be achieved by
various means,® 2¢ 3 of which plasma-sprayed coatings
are generally preferred.” This method provides substan-
tial early stage interfacial bond strength which in tum en-
sures rigid fixation of the implants (coating thickness be-
ing ~50 ym}. Indigenous activity in this field is also led by
CGCRI and the programme is being pursued in collabora-
tion with IIT, Kharagpur and M/s INOR Orthopedics Ltd,
Mumbai. This research activity is aimart t~ davalnn nlasma.
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sprayed bioactive coatings on different implant materials
for their cement-less fixation which are being character-
ized in detail.’ HAp / bioglass-coated dental implants havé
also been developed and implanted in human subjects and
the preliminary post operative results are encouraging.®
However, there are some potential problems assodi-

-ated with cement-less prosthesis in bone in-growth fixa-

tion, which are as follows:

* According to Wolif's law of bone remodelling, load is
concentrated at the area of rigid fixation and would bypass
a large area resulting in stress shielded bone resorption.

* During revision surgery, removal of such a stem with-
out destruction of bone would be difficult.

* Varying degrees of heat treatment required for sinter-
ing process of porous surfaces substantially reduces the
fatigue strength of the implant due to various microstructural
as well as other transformations. In addition, porous layer

_substantially increases the surface area of the metal, resuit-

ingin the acceleration of the corrosion process, which may
lead to prosthesis loosening and metal ion releasing. Accu-
mulated metal ion may cause adverse systemic effect.
Therefore, at present, to eliminate the problems asso-
ciated with heat treatment, biomimetic coating has emerged
as a promising technique that overcomes some of the in-
trinsic drawbacks of the plasma-spravina mathr 4 18 ~lak~
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rates a dense, uniform and homogeneous hydroxyapatite
coating on metal substrates at room temperature. The coat-
ing thickness varies in the range of 30-50 ym. in this,
bicactive metal implants (Ti metal, Ti metal alloys, stain-
less steel, Co-Cr alloys) are soaked into a solution called
simulated body fluid (SBF) at physiological pH (7.4) and at
room temperature (37°C) conditioris. The SBF has similar
ionic {inorganic) concentrations as human blood plasma.”®
Under such experimental conditions it is possible to coat
heat-sensible materials, e.g. polymers and to cover com-
plex shaped materials, e.g. porous implants. Also, this tech-
nique allows the covering of implants with new Ca-P
phases™ that could not be produced at high temperatures.
Depending on the crystal size of the precipitating phase,
the biomimetic coating have different structures, dissolu-
tion behaviour™ and phase compasition. These spacific
characteristics of the method can be highly beneficial for
bone formation as compared with the HAp-plasma-sprayed
coating. The time consumption factor in this process is short-
ened / overcome by chemical treatment of the substrate /
increasing the concentration of the SBF solution.

In india, also CSIR (Council of Scientific and Industrial
Research), New Delhi has initiated a network project in-
volving CGCRI, Kolkata and National Metallurgical Labo-
ratory {NML}, Jamshedpur to develop HAp coating on metal
substrates adopting biomimetic method. The work is in
progress and Fig. 9 depicts some of the early resuits.”®

With a nominal chemical composition of Caz(PQ,},, 8-
TCP has a Ca ; P ratio of 1.5. There are four potymorphs of
anhydrous TCP — a-Cay(PO,); (o-TCP), the stable phase
between 1120° and 1470°C but metastable below 1120°C;
o-TCP, stable above 1470°C; B-Caz{PO,), (B-TCP), stable
below 1120°C; and p'-TCP, stable at high pressures.” Struc-
tures of o- and B-TCP have been classified as glaserite-
type, named after the mineral glasetite (K;Na(S0,}),}, while
B-TCP crystallizes in the rhombohedral space group Ric
with unit celt parameters a=10.439(1) A, c=37.375A, Z=
21 (hexagonal setting).”® The structure of B-TCP has been
described as a distorted version of the Bay{PQ,), stiucture

by LS *_
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which has identical columns of PO,-Ba-Ba-Ba-PQ, in a
hexagonal arrangement. Due in part to its crystalline struc-
ture, biodegradation rate of TCP is much greater than that
of HAp. Though the exact mechanism of biodegradation
is not clear, it has been reported' that B-TCP dissolves in
situ in acidic environment or cellular breakdown by mac-
rophages take place among the osteoclast-like cells at-
tached to the implanted TCP. Consequently, the function
of these totally biodegradabie (resorbable) biomaterials is
merely to serve as a scaffolding / filler of space, therehy
permitting tissue infiltration and replacement. This leads
to efimination of a second surgical procedure as is evident
in autologous bone grafts, though there is a serious re-
duction in strength that occurs during the resorption pro-
cess. The chemical interaction of the implanted TCP with
the bady fluid to form HAp may be given as:

4Cay(PO,); (8) + 2H,0 — Cayy(PO,)g(OH), (surface)
+ 2Ca® + 2HPOZ .. {5)

This reaction decreases the pH of the soluticn adjacent
to the implant which in turn, increases the solubility of TCP.

. Therefore, after implantation, TCP progressively degrades

and is slowly replaced with natural tissues. It is important
that it leads to regeneration of tissues instead of their re-
placement and thus renders good interfacial stability.
Though an ideal implant material, some limitations restrict
further extensive use of TCP for clinical applications.> ™
As indicatad abave, another potential application area
of the porous HAp and TCP blocks.is in ths form of matrix

‘for sustained release of anticancerous drugs, e.9. cis-

platinum® and methotrexate.®! A concentration of 0.1 to 1
Ha.mL™t invitro, effective against tumour cells, is delivered
in a sustained manner for over 12 days in methotrexate
loaded ceramic matrix drug. Porous blocks of HAp are aiso
studied for sustained release of antibiotics, e.g. gentamycin
sulphate, cefoperazone sodium®® etc. Ceramic delivery
systems with TCP and HAp have been develeped for
azidothymidine (AZT) in AIDS patients, by compressing
the mixturas at low load of 300 Ibs.®? A coating of vitamin

Fig. 9 - The AFM and SEM microstructuras of the biomimetic coating (HAp) on TiGAI4V substrate, developed at CGCRI, Kolkata.
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E oil has lowered the release rate in vive when implanted
in Sprague Dawey rats. HAp microspheres with an irregu-
lar porosity of 1 to 30 pm and pore volume of 0.3 mL.g™"
have been used for protein and peptide drug delivery ap-
plications. These have been loaded with insulin and coated
with polyethylene vinyl alcohol for sustained release ®

In a study with the TCP ceramic capsules it has been
seen that capsules prepared from small particle size pow-
ders are denser and the release rate is slower. Compress-
ing the homogeneous material of TCP ceramic capsules
with amino acids incorporated at 500 kg load the capsule
delivers progesterone in a sustained manner. Here, the
releass is dependent on the physicochemical characteris-
tics of the amino acid used.® Other than HAp and TCP,
calcium phosphate cements, nontoxic and biccompatible
ALCAP (alumino calcium phosphorus oxide), ZCAP (zinc
calcium phosphorous oxide)® have also been studied as
drug delivery devices. ZCAP, when used as matrix for dia-
betic patients releases zinc in traces that helps wound
healing,” ALCAP ceramic capsules have been investigated
in vitro for sustained delivery of azidothymidine (for AIDS
patients) that has severe side sffects including toxic effect
on bone marrow.®® In vitro drug release from a self-setting
bioactive calcium phosphate cement containing the anti-
cancer agent, 6-mercaptopurine (6-MP), was investigated
as a model compound. /n vitro drug releass profites from
loaded cement pellets {0.9 to 4.8% by wt} in phosphate
buffer at pH 7.4 and 37°C followed Higuchi equation.®®

The major advantages of ceramic drug delivery vehicles
are : (a) targeted local delivery of drug at a constant rate,
{b) less drug required to treat the disease state, (¢) minimi-
zation of the possible side effects, and (d) enhanced effi-
cacy of the treatment. Protein drugs may become denatured
within the polymeric matrix® due to interaction between
the drug and the matrix, resulting inloss in biological activity
and changes in immunogenecity. So, the above biocormpa-
tible, resorbable and porous ceramics serve as good can-
didates for drug delivery applications.®® Moreover, these
delivery systems can protect the drugs that are unstable in
vivo and require frequent dosing intervals. Though the cost /
benefit ratios of these drugs are too high, in future, it is
expected that low cost implantable systems would be de-
veloped for delivery of anticoagulants, anticancerous drugs,
insulins, vaccines and steroids etc which would revolution-
ize the treatment procedure.

Bioactive Glasses and Glass-Ceramics

Bioactive glasses are manufactured by conventional
glass manufacturing methods.! The choice of raw materi-
als here can affect the properties of the glass which are
tailorable as per their application area. Basicaily, the most
well studied composition of these materials is 45 wt% SiQ,
24.5 wt% Na, O, 24.5 wt% CaQ, with a constant 6 wt% of
P,Og. Under the trade names 4535, 4555.4F etc, these
glasses, termed as ‘bioglasses’, are known to form stable
bonding (chemical bonding of hydroxyapatite, embedding
coltagen fibres and bone cells) to bone when implanted in
vivo for repair and reconstruction of diseased and dam-
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Na,O-Ca0 diagram (Fig. 10) represents the bioactive-bond-
ing-boundary compositions. At the centre, the composition
A is most suitable for the rapid formation of apatite and
hence termed as ‘bicactive region'. 4585, 4555.4F, 5554.3,
Ceravital (see later), AW glass-ceramics (P,0;, 6.2 wi%)
all belong to this region which also comprises region E
(dashed ling) meant for bioactive glasses / glass-ceramics
undergoing soft tissue bonding specifically. Earlier, it was
believed that P,Og is an essential constituent of glass to
make it bicactive, though, it has been shown presently that
the minimal melt-derived glass compositional system for

~ bioactivity is Ca0-8i0, {compositional limit — 60 mol%)

(Kokubo et al)) and for gel-derived glasses, itis Si0,-Na,O-
Cal (compositianal limit — 85 mol%) (Li et al) . The role of
phosphate in the glass is to aid in the nucleation of cal-
cium phosphate phase on the surface of the glass sub-
strate. Compositions at region B are ‘biginert’ as they are
Si0O,-rich and lead to the formation of a non-adherent fi-

‘brous capsule. Region C with poor CaC content comprises

the resorbable glass / glass-ceramics,

fn all kmown bioactive implants including bicactive glass
and glass-ceramics, it is essential that a layer of biclogi-
cally active hydroxycarbonate apatite (HCA) must form on
tha surface to form a bond with the surrounding tissues. A
sequence of chemical reactions like leaching and dissolu-
tion is followed by precipitation of an amorphous calcium-
phosphate (CaP) rich layer on the surface that later crys-
tallizes to a HCA structure slowly by incorporating carbon-
ate ions from the body fluid.'® Rapid growth of HCA ag-
glomerates incorporates collagen, monopolysaccharides

" and glycoproteins consequently into the active surface layer

forming an organic-inorganic composite.¥ Within a week,
the mineralizing bone appears at the interface of the more

Si0,

Resorhable

4555
— Bioglass

Ca0 (MgQ) Na,C (K,0)
Fig. 10 ~ The temary $i0,-Na,0-Ca0 diagram : Compositional
dependence (in wi%) of bone bonding and soft tissue bonding of
bioactive glasses and glass-ceramics. All compasitions in region
A are bioactive and bond to bone. They have a constant 6 wt’% of
P,O.. AW glass-ceramic has higher P,0, content. Compoasitions
in region B are bicinert and lead Yo formation ¢f a non-adherant
fibrous capsule. Composilions in region C are rescrbable. Ragion
D is restricted by technical factors. Region E {soft tissue bonding)
15 015U (g JasTitu 10T WISIo UIe HILEA Ui LIUALUYILY, 1D, 1S >,
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reactive bioactive glass substrate and by four weeks, the
interface is completely bonded to bone without any inter-
vening fibrous tissues.'® Studies on bone-bonding to
bicactive glasses and glass-ceramics by various research
groups (Florida group, Kyoto group, Andersson group, etc)
exhibited very high interfacial strength values using difter-
ent mechanical test methods. Bioglass (4555) implants in
rat tibia (4 x 4 x 1 mm?®) were tested for pull-out force after
various periods of implantation time. After 30 days, 100%
of these showed a pull-out force of ~ 30 N. In comparison,
control implants of stainless steel and alumina showed no
bonding and pull-out forces of less than 10 N. So, it is
evident that the bonding ability and the bond strength of
bioactive glasses (4555) to both hard and soft tissues of
our musculoskeletal system are distinctly higher than other
bioactive implants (HAp) that do not bond to soft tissues.

Soma of the important characteristics of the bioactive
glasses used clinically are as foliows:

(a) a rapid rate of surface reaction that leads to fast
tissue bonding in vivo,

(b) a low elastic modulus of 30-35 GPa which is close
to that of a cortical bone,

{c) mechanical weakness and low fracture toughness
due to an amorphous two-dimensional glass network,

(d) low tensile bending strength (40-60 MPa).

The last two properties make them unsuitable for load

" bearing applications, though they can be used as coating,

buried implants, low-loaded / compressively loaded de-
vices, in form of powders / bicactive phase in composites.
Strength of bioglasses can be increased by preparation of
a fine-grained ap atite-containing glass-ceramic, comprising
10-15 wit% P,0sin a high-Si0, and high-Ca0 glass, termed
as 'Ceravital.®! Another bicactive glass-ceramic, termed
as A/W (Apatite, Wollastonite, commercial name —
Cerabone) that consists of 38 wi% apatite, 34 wi% wolias-
tonite and 28 wt% residual glassy phase (MgO 16.6 wt%,
Ca0 24.2 wt%s and Si0, 59.2 wt?%) has an especially im-
portant load bearing clinical application in the replacement
of vertebrae (Kokubo et al, 1982).92% Previously, autograft
or allograft in combination with metals, PMMA {polymethy!
methacrylate) bone cement or Al,O, ceramics were atiem-
pted for reconstruction of extensively damaged vertebral
column {Fig. 11). All these were often unsatisfactory be-
cause of limited availability / non-bonding resuiting in loos-
ening and dislocation of the implant during use.”* The

" high compressive and bending strengths (1080 MPa and

215 MPa respectively), fracture toughness (2.0 MPa'?),’
high interfacial bond strangth to bone and the excellent
resistance to degradation when applied in vivo have es-
tablished the utility of the material to replace surgically re-
moved vertebrae since 1983. 1t is a crack and pore free,
dense, homogeneous glass-ceramic made by densifying
5 um sized glass powders into desired shapes followed by
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Fig. 11 — Glass-ceramic and composite materials used as vertebral implants.
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precipitating oxyfluorapatite (Ca,o{P0.)s(0O, F2)) and wol-
lastonite {Ca0-5i0,) phases in the matrix.

At an intermediate stage, after extraction of teeth and
pricr to fitting of dentures, preservation of jaw-bone of pa-
tients is essential and is dona by endosseous ridge main-
tenance implant (ERM, Stanley et al.).® ' Another clini-
cal problem called ‘conductive hearing loss','?"'™ causaed
by chronic infection of ossicles (small bones of the middle
ear) is met by ‘ossicular prosthesis’, using 4585 bioactive
implant {Fig. 12). Here, the bioglasses bond both with the
collagen of the eardrum and the bones of the stapes
footplate, thereby anchoring the implant firmly on both ends.
This pravents extrusion possibility and the micro-maotion of
the implant-tissuse interface that occurs when biocinert im-
plants are used. Also, there is no growth of fibrous tissue
to impair the sound transmission, so the sound conduction
is excellant in a patient.'™ Because of disadvantages of
autograft materials and homograft implants, alloplastic
materials (biocompatible, bioinert or bicactive) have re-
placed the fermer in ossicular prostheses. Stainless steel,
titanium and gold are biocompatible materials used for os-
sicular reconstruction. The prototype bioinert matenal,
dense aluminium oxide does not release any detectable
trace substances, when used in ossicular implants. This
material was popular in Germany and Japan and the im-
plant can fit the undersurface of the tympanic membrane
without cartilage coverage. The high surface energy and

extremnely low surface roughness result in fast and strong
adsorption of biological melecules in alumina. These
adsorbed molecules limit the direct contact of the articulat-
ing solid surface. Plester and Jahnka'*® have developed
partial ossicular bone replacements made of alumina. It
showed better performance in comparison to polymeric
components. The bicactive implants (HAp, bioglass) react
favourably with the body tissues to promote soft tissue at-

" tachment. ltis a direct chemical bond to the surface of the

material unlike the mechanical attachment that occurs with
bicinert and biocompatible materials and as a consequence
it is expected to offer better property and longer life.

Composites
it was Hulbert! who reasoned that bioactive metals when

implanted in vivo wara not in their highest oxidation states,

and so might undergo ionization that might produce some
degree of effect in the body. On the contrary, for a number
of biomedical applications, ceramics alone, either bicactive
or inert, could not meet the diverse requirements of sate
and effective in vivo functioning. This turned attention
towards composite materials, which could take advantage
of the desirable properties of each of the constituent
materials, Table IV lists the material combinations of the
composites of various natures that are already in use and
their possible applications.

Qur cortical bone at the ultrastructural level is a

Fig. 12 = Qssicular prpsthesis using 4555 bioglass.
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Table IV : Composites containing ceramics
for medical applications

Ceramic Partner Composite Application
material material structure
Alumina Stainless steel, Coating Tissue in-growth
titanium
Bioglass Stainless stasl, Coating Bone banding
titanium
Bioglass | PMMA (ploymathyl Cement Chemical bord
methacrylate) to bone
HAp Cancelious bone Mixture Alveolar ridga
augmentation
HAp | PLA (Polylactic acid) | Elastomer | Tissua in-growth
Carbon PLA Laminate |Tendons, ligaments
Carbon PLA Laminatg Bone plate

hydroxyapatite (HAp) reinforced collagen composita.! The
anisotropic deformation and fracture characteristics of the
cortical bone lead to high critical stress and strain intensity
and Young's modulus in the range 7-25 GPa. Most
bioceramic materials are stiffar than bone and exhibit poor
fracture toughness. Therefore some additional biocompa-
tible materials with lower elastic modulus are often added
to HAp ceramics to form a composite to enhance strength
and reduce britleness of the material. Of these, polyethyl-
ene based composites containing 40% HAp offers Young's
modulus of 1-8 GPa, close to that of living bone. However,
polysthylene is bivinert and this weakens the bonding be-
tween the implant and the bona tissue.

The HAp-collagen composite can be produced by mix-
ing HAp powder and collagen solution followed by curing
the mixture under UV radiation / pressing at 40°C under a
pressure of 200 MPa. This results in a low-strength mate-
rial with tensile strength of 6.5 GPa and Young's modulus
of 2 GPa. A new approach has been introduced by Ordovskii
ot. al.* 10 incorporate-desired quantity of polymer into a
continuous ceramic skeleton that leads to much improved
biological and mechanical properties in comparison to the
conventicnal polymer-caramic compasites. Inrecent years,
a wide research effort has been devoted to develop new
ceramic-matrix composites reinforced with particles, fibres,
metals, apart from HAp-polymer composites like HAp-poly-
ethylene, 1% HAp-coliagen,'” HAp-polylactide,'®® HAp-
PMMA'® and many others.

Other Devices / Implants with
Bioceramic Hardwares

Ceramic materials have been given alot of attention as
biemedical implants since long ago as they possess some
highly desirable characteristics for some specific applica-
tions. Other than their extansive medical application in the
field of orthopaedics, they have been used in dentistry for
their inertness to the body fluids, high compressive strength
and resemblance to natural teeth. Also, for blood interfac-
ing applications like heart valves, the high specific strength
of carbon fibres and their blooompat:blllly has been utilized.
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ceramic materials comprising carbon fibres as reinforcing
component are applied in tensile loading applications.
Porous resorbable alumino calcium phosphorus oxide
(ALCAP) ceramic capsules have been used effectively to
deliver stercids at constant rates for along period of time.'"?
Such drug delivery systems are extremely useful in cases
where (a) the drugs are degraded on ingesticn in the
digestive tract, thereby greatly reducing or eliminating the

- intended effect of the drug, (b) slow release of the drug is

intended in a sustained manner over a prolonged period
of time. Traditionally, the patients having spermatogenesis
are treated by the steroid androgen, either orally or by
injection."'® In this, large amount of hormones have to be
administered to overcome poor absorptien and degradation
in the G-l tract problems. " "2 To overcome such problems,

implantation of ALCAP ceramic devices {intraperitoneally)

containing 40-80 mg of testosterone (T}, dihydrotesto-
sterone (DHT), danazol (D} or combinations of these an-
drogens have been observed to maintain nomal spemato-
genesis by providing the extra amount of steroid needed
for the same. ' Thus, the ceramic steroid delivery system
regulates the male spermatogenesis in a reversible manner
without causing undesirable side effects.

Relinal Implants

The physiology of vision is very complex and despite
encormous efforts and advances in clinical treatment of eye-

_diseases there is no established method to prevent / cure

degenerative processes in eye, e.9. aye refated macuia
degeneration (AMD) and retinitis pigmenlosa (RP}. In this,
RP is an inherited condition which involves progressive
decay of the photoreceptor cells of the outer retina (the
rads and cones that hormally converts light into electrical
impulses are damaged) though the neuronal network in-
cluding optical nerve and optical ganglia may survive for

‘an extended time period. The symptoms at first are night

blindness subsequently followed by a gradual decay of the
peripheral vision. This.condition.slowly ends up in complete
blindness, as, the over-reacted rhodopsin pigment in the
patients ultimately damages / kills the retinal cells. The
average age at which patients become legally blind with a
central visual field diameter of less than 20 degree is
about 60, with a minority as less as 30. In these cases,
ophthalmoscopic findings may range from normal 1o
attenuated retinal vessels, intra-retinal pigment and waxy
pallor of the optical disc in more advanced cases.

The retina in the eye converts lightinformation into neu-
ral electrical signals, which the optic nerve transports to
the visual cortex of the brain. The visual cortex decodes
the neural signals into a meaningful image perception. The
retina is composed of approximately 126 million photore-
ceptors which have sizes ranging from 2 to 3 ym. The
photoreceptors provide an analogue graded potential to
the attached bipolar neural cell layer which converts the

‘electrical signal into electrical pulse train maintaining

spatioternporal information.
Scientists wondwide have devoted substantial research

capacity to develop micro-technical retina implants. In USA,
imnlantable ratina etirilatear 14 10 toas - 1155 A cebentiail6
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and in Germany "' artificial retina prosthesis / artificial retina
/ bicnic eye to combat retinal dystrophies are being devel-
oped. In one approach, ultra-thin and flexible micro-photo-
diode arrays (MPDA) have been developed on the amor-
phous silicon of thickness 1 to 5 um''? for sub-retinal im-
plantation. Here, an amorphous sificon photoconductor is
used for local light induced enabling of the stimulation cur-
rent which is driven by a crystalline solar cell acting as an
infrared receiver. Thus the enhancement of stimulation
power is done by the additional conversion of the near in-
frared radiations, as, the visible light alone cannot gener-
ate a sufficiently high charge transfer to the retina cells.
The thin oxide films are photo lithographically patterned
inta the micro-detector arrays that mimic the size and dis-
tribution of cones in human retina. The pattemed array is
then transferred to a dissolvable polymer carrier layer that
can be surgically handled for implantation into the eye.

In another approach, micromechanical implants inte-
grated into flexible and rigid substrates for stimulation of
epiretinal and subretinal space have been fabricated. In
the epiretinal project, a thin (15 pm} polyimide cabie with
embedded platinurm conductors connects the receiver chip
with the stimulator die.'*® The flexible polyimide foil serves
as a carrier and the insulation layers that hold platinum /

gold / irdium based microelectrodes, conductive lines and
interconnection pads.

Biostability of MPDA in vitro and in vivo exhibits disso-
lution ot silicon oxide passivation layer'!” within a period of
6 to 12 months and subsequent corrosion of the underly-
ing silicon. So, this material has been replaced by stimula-
tion microelectrode consisting of planar titanium / gold or

nanoporous Ti / TiN which have been well preserved both
in vitro and in vivo.

Recently, ceramic optical detectors based on photo-fer-
roelectric effects are being developed for direct implanta-
tion into eyes of the RP patients,”® These detectors solve
a major problem plagued by the silicon implants. In this,
the naturally porous structure of the ceramic allows nutri-
ents to flow from the back to the front of the eye, prevent-
ing atrophication of the retina. Also, unlike silicon, a ce-
ramic does not require encapsulation and in addition, no
wire connection is required to the bipolar layer of cells
neighbouring the human cones, The micro-detectors are
simply placed in the sub-retinal space as an array of indi-
vidual micro-detectors of the size of one twentieth of a
human hair, an assemblage so small that surgeons cannot
safely handle it. So, the arrays are attached to a polymer
film, one milimeter by one millimeter, that is designed to
be dissolved in a couple of weeks leaving the array in
position on the retina. These ceramic heterostructures
show excellent bioccompatibility and under optical ilumina-
tion can generate local photocurrent / photovoltage that
excites the retinal neural circuit resulting in a signal at the
optic nerve that may be translated by the cortex of the brain
into a visual perception. Figure 13 depicts the retinal im-
plants which has been conceived presently. In this case,
the ultrathin layers of oxide films comprising PbLaZrmiQ,
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laser deposition process, exhibit a strong photo-response

in visible range overlapping eye response from 380 to
650 nm. -

Reart Valves

The heartis a vital part of the human anatomy as it func-
tions as a pump to circulate blood throughout the body.
Heart valves allow the heart to pump blood to specific loca-
tions of the body. These valves are prone to disease and
malfunctioning, e.g. stenosis and incompetence. In steno-
sis, the heart valve does not open fully due to stiffened valve
tissue, hence more work is required to push blood through
the valve. An incompetent valve causes inefficiant blood
circulation as a result of backflow of blood in the heart.
Although medication is the bast alternative, prosthesis is
required in some cases for normal life of the patients.

Innar retina

Outer retina

Imptant in the
subretinal space

)

Fig. 13 — Subretinal implants : {}) microelectromechanical system
W LA usicuiw) (I Lelanng QpTical getsctor.
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Broadly, there are two main categories of prosthetic
heart valves : {i) mechanical and (ii) bioprosthetic.

(iYThe mechanical valves have excellent durability but
are hindered by a tendency to coagulate blocd. So, they
are applied in younger patients so that they last for life-
time. The first mechanical prosthetic heart valve was im-
planted in 1952. A wide evolution of design of these valves
has taken place from simple caged valves to bileaflet valves
(Fig. 14). The caged-ball valve completealy blocks the den-
tral flow of blood and damages blood cells due to collision.
These blood cells release blood-clotting ingredients caus-
ing the patients to take anticoagulants lifelong. Next, dur-
ing 1960's, tilting-dise valves with a tilting angle of 60° and
a close shut completely at a rate of 70 times/min reduced
the damage to the blocd cells though there was a tendency
of fracture of the outlet struts on repeated ramming of the

From body

— To lung
=
To lung From
-4 lung
From ~-jp- &

lung—¥»

From hody

Suture ring

Leaflets

Hinges

(i

(i)

struts by the disc. In 1979, bileaflet valves with two semi-
circular carbon leaflets were designed that pivot on hinges,
exhibit high strength, exceflent biccompatibility and open
completely parallel to the direction of the blood flow. As
they do not ¢lose completely, some backflow of blood takes
place, though these valves provide the closest approxima-
tion to the central flow achieved in a natural heart valve.
The most commonly used materials for the fabrication of
these valves are stainless steel alloys, molybdenum al-
loys, pyrolytic carbon for the valve housings and leaflets,
silicone, teflon and polyester (dacron) for sewing rings.
(i) Bioprostheticheart valves have better hemodynam-
ics, do not damage blood cells and can be subdivided into

‘human tissue valves (homograft, transplanted from one

human being to another, and autograft, transplanted from
the same patient that they are implanted into) and animal

Pulmonary valve
Aortic valve

Suture fing

1 (i)

Natural heart tissue

Polymer scaffold

Fig. 14 — Cross-section of heart showing valve Yocations and purnping and circulatory functions. Mechanical heart vatves showing
{i} caged ball, {iit bilaaflat cdasion fii} hinnensthetic heart valve and (iv) porcing valve,
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tissue valves (heterograft or xenograft valves). The high-
est quality leaflet tissue is preserved and stitfened using
glutaraldehyde (porcine { bovine pericardial tissue). Here,
the valve tissue is sewn to a metal wire stent (porcine valve,
Fig. 14) made of cobalt-chromium alioy. The wire is bentto
form three U-shaped prongs. A dacron cloth sewing skirt
is attached to the base of the wire stent, the stent them-
selves are also covered with cloth.

imachi et af. fabricated jellyfish valve 0.2 mm thick, made
of card iothane by casting. It has 12 spokes to prevent pro-
lapse of the membrane, and is made of solution casted poly-
urethane and coated with cardiothane. Under specific cir-
culation condition (pump output = 8 L.min™", inlet prassure
=4 mm Hg, outlet = 210/160 mm Hg, pulse rate = 100 bpm}
no thrombus was formed on or around the valve membrane.'®

In an another attempt, a central fiow trileaflet valve has
been fabricated using flexible material strong enough to
withstand high stresses exerted on valve leaflets in a working
heart. The composite material [EPDM (ethylene propylene
diene terpolymer)-rubber {has high flex life and good abrasion
resistance)], that has both flexiblity and strength of a natural
aortic valve (fibre-reinforced leaflets) has been used here.'?!

In still another attempt, self-assembled polymer mono-
layers that carry photoreactive groups, e.9. benzophenone
unit have been used for attachment of prefabricated poly-
mers (photochemical approach).'? These layers mask the
toxic groups generated at the surface of the bicimplants (ani-
mal tissue valves) during a glutaraldehyde treatment needed
to improve mechanical stability of these xenografts.'®

Vertebral Implants

The loss of bone in the spine often presents serious
difficulties not seen in other areas of the body. Vast ad-
vances in fusion techniques and instrumentation have
markedty facilitated the treatment of various spinal disor-
ders. Discs are the cartilages that lie betwesn the bony
vertabral bodies of the spine; they are the most vulnerable
component of a human vertebra. Since mation occurs in
this area, these are considared as joints and in aging pro-
cess, discs lose their water content and are degenerated.
Tear oceurs in the outer lining of the disc (annufus), caus-
ing degenerative disc disease {DDD) that requires artifi-
cial disc replacement. In this, a polyethylane core (Fig. 11)
slides between two metal end plates that are attached to
the vertebral body with anchoring teeth built along the rim
of the end plates. This replaces the injured disc and the
polyethylene core allows movement of the spine unlike
fusion that prevents normal movement.

When a disc nuptures, it is not able to support the body
weight and the space between the vertebrae narrows. This
causes the nerves to be pinched, and slowly the facet joints
become arthritic, get larger and develop bone spurs. This
is spondylolisis that leads one vertebra to slip on other.
This is a dynamic process and the disc is to be removed
(by laminectomy / disectomy} to relieve pressure on the
nerve. In this, spinal fusion relieves pressure on the nerve
and keeps vertebrae from slipping. A fusion cage can be
put either from the back or front. A BAK (Bagby and Kuslich)
cage device is a hollow threaded cylinder with holes and is

VoL, 64 {;l}' OCTOBER - DECEMBER 2005

made of titanium. The holes are filled with bones taken
from the lamina. Bone grows through the holes to fusa tha
vertebrae from above and below. On the other hand, a car-
bon fibre cage is a composite of long carbon fibres and a

‘polymer matrix {polyether ether ketone), designed in the

shape of a trapezoidal hollow box (Fig. 14). As in the pre-
vious case, the upper and the lower surfaces of the cage
arg open to allow packing with bone graft and to provide a
wide area of contact between the graft and the adjacent
vertebra. The cage is radiolucent with one radic-opaque
tantalum bead incorporated at each corner.'®*

In active younger individuals, pressure on lumbar spine
may be greater than what the cages can support. Also, for
patients who already had back surgery, it is very difficult to
create enough room for twa titanium cages without risk of

. nerve injury. In these cases a 360° fusion is used with only

one implant (Ti / bone / carbon fibre) placed between the
vertebral bodies at an angle. Once the bone heals, the
strength of one cage at an angle (360° fusion) has been
seen to be as strong as two cages straight in.

The use of bioabsorbable implants, e.g. alpha-polyes-
ters in current development of spinal instrumentation and
surgery is widespread. Polylactide and polyglycolide, whose

‘breakdown products are lactic and glycolig acids respec-

tively, are familiar to the physiological milieu of the body. Van
Dijk et al.,'® evaluated the compressicn strength and me-
chanical properties of titanium lumbar interbody cages with
resorbable PLLA (ploy-L-lactide) cages. The latter had a po-
tential advantage over the former, as their modulii of elas-
ticity are closer o that of vertebral bone. As a result, with its
gradual resotptive properties, bioresorbable implants gradu-
ally decrease the stress shielding, seen with rigid metallic
implants. Also, flexible and less rigid bicabsorbable im-
plants stabilize motion segments, while allowing a greater

. transfer of load to the host spine during resorption, poten-

tially minimizing junctional degeneration.'2®

in another approach, hydroxyapatite-collagen compos-
ites having a bone-like nanostructure was synthesized and
shaped into implant. This study was to develop artificial
vertebra using this novel implant for anterior fusion of the
cervical spine. Histological and radiographical analysis af-
ter initial studies on beagle dogs suggested that the com-

‘posite material adsorbing rhBMP (bone morphogenic pro-

tein}-2 might be a suitable replacement for the existing ce-
ramics in anterior inter body fusion of the cervical spine.'?

Summary

The full potential of bioceramics has only begun to be
recognized presently, as an integral and vital segment of
cur modem heaith care delivery system. Based on a theo-
retical foundation, most of the developments to date are
done by trial and error experiments. The mainienance of a
pain-free life is made possible through devices designed

_and produced from bioceramic materials. The tailoring of

composition, microstructure and molecular surface chem-
istry of varicus types of bioceramics to match the specific
biological and metabolic requirement of tissues or disease
states is being undertaken subsequently. The desian of
biocaramics on the hasis of this molecular-based pharma-
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ceutical approach may be coupled with tissue and genetic
engineering, sensor technology and information process-
ing for advanced applications. These materials have ad-
vantages over metals and polymers, as they have the same
ionic constituents as bone, and exhibit excellent wear char-
acteristics leading to absence of wear debris in vivo. Hence,
there lies an endless future scope for the researchers and
organizations working in the field of biomaterials to improve
the performance and quality of these materials.
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