In Vitro Changes of Hydroxyapatite Coatings
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The stability and degradability of hydroxyapatite coatings on dental implants depends on the dissolution of the
individual chemical phases. Hydroxyapatite-coated dental implants exhibit a range of amorphous-phase content.
Two tests were conducted to observe the course of coating degradation. The first test showed degradation of both
crystalline and amorphous coatings by cracking and dissolution after immersion in Ringer's solution. Concomitant
saturation of the implants in the solution modified the coated surface with precipitated crystalline apatite. A sec-
ond test, intended to replicate the conditions of infection by decreasing pH, illustrated preferred dissolution of
the amorphous phase, liberating crystalline segments. It is expected that morphologic changes could influence

the rate of bone bonding and therefore could alter or control implant-tissueinteractions.

(INTJORAL MAXILLOFAC IMPLANTS 1997;12:589-597)
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the different types of implants that have been

sed for replacément of the completely or par-
tially edentulous dentition, including subperiosteal,
transosteal, and endosseous, the current trend has
been to use endosseous implants. These are available
in both plate and root forms, the latter being the
most popular since long-term studies have shown
that such implants maintain osseointegration. The
term "osseointegration” was introduced in the litera-
ture by Branemark,! who described the intimate con-
tact between atitanium implant surface and the sur-
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rounding bone. One accepted definition for osseoin-
tegration is "a contact established between normal
and remodeled bone and an implant surface without
the interposition of non-bone or connective tissue, at
the light microscopic level.”2 This phenomenon is
essentially what Schroeder et al described as "func-
tional" ankylosis.> Osseointegrated implants usually
do not have 100% of their surfaces in contact with
bone, and are often reported to have between 25% to
85% bone contact.*

Another class of implants interacts with bone by a
process known as "biointegration.” This concept uti-
lizes a bioactive surface to stimulate bone growth,
thus encouraging a direct bond between the implant
and the surrounding bone. Bioactivity can be defined
as a characteristic of an implant material that allows
attachment to living tissues, whereas a nonbioactive
material would form a loosely adherent layer of
fibrous tissue at the implant interface. It has been
proposed that covering a titanium implant with a
coating made of bioactive glasses, or hydroxyapatite
(HA),would promote this “biointegration.”> Because
it has a chemical structure similar to that of bone,
hydroxyapatite is biocompatible, nontoxic, and forms
a bond with bone. Hydroxyapatite materials have also
been used clinicaly in the augmentation of aveolar
ridges and in various spinal-fusion applications.5 It
has been shown to be an osteoconductive, as opposed
to an osteoinductive, material, and it is this osteocon-
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ductivity that is believed to be responsiblefor its abil -
ity to promote bone growth toward the implant sur-
face.” Gaps of up to 1 mm between HA coating and
the bone are bridged by the healing process, |eading
to asurgical fit or " primary fixation.”8-16

Clinical evidenceindicatesthat bone bondsdirect-
ly to sintered HA,™19 to HA particlesin a polyethyl-
ene matrix,20 and to HA coated on titanium.2! Unlike
biointegrated implants, which have no transition
layer between the bone and the HA, on the scale of
atomic resolution osseointegrated implants are sepa-
rated by a 20-nm layer adjacent to the titanium sur-
face.22 Apatite crystals grow epitaxially from the crys-
talline HA surface and meet with randomly oriented
mineralized collagen fibers.2> Thomas et al showed
that attachment to bone was achieved for HA-coated
implants in haf the time (ie, 3 weeks) required for
noncoated implants, but that this difference dimin-
ished over the next 10 weeks.® While increased bond
strength associated with bone attachment may be
short term, it may be very important clinically.
Inasmuch as the success of implants has been linked
to their primary fixation and initia stability, HA-coat-
ed implants may provide earlier take and fixation,
which could then increase the success rates in areas
where the quality or quantity of existing bone make
traditional uncoated dental implants less feasible.
However, controversies exist regarding long-term
effects of the possible dissolution of HA coatings in
conjunction with pen-implant disease, which could
lead to loss of osseointegrationand to implant failure.

Coating properties depend on the manufacturing
process used to make them. Thermal-spray process-
ing can be set to produce a coating with a high amor-
phous-phase content or a crystalline coating. In the
present study, three coatings were examined: a coat-
ing with a high amorphous-phase content, a crys-
talline coating produced by heat treatment of the
amorphous phase, and a coating with an intermediate
amorphous content. The purpose of this paper is to
provideevidence that the presence and proportion of
the amorphous phase plays an important role in the
dissolution behavior of the coating on dental
implants.

M ethods
Coating Production. Hydroxyapatite powder was

both synthesized®* and supplied by Osteonics
(Allendale, NJ). Coatingsfor in vitro testing were pro-

duced using the synthesized powder (55t085p ~ ) ,

but the coatings for accelerated-aging experiments
used powder (sieved to 10 to 40 pm) supplied by
Osteonics. The smaller particle size was necessary to
produce a coating with a higher amorphouscontent.
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An SG100B gun (Miller Thermal, Appleton, W1)
with a plasma gas mixture of argon and helium was
used to apply approximately 100-pm-thick HA coat-
ings onto grit-blasted stainless-steel substrates (316
grade) of 17 X 17 mm geometry for the in vitrostudy.
Since a long spray distance favors the formation of
the amorphous phase, a spray distance of 20 cm was
chosen to produce coatings consisting of the amor-
phous phase. Compressed air was used to aid rapid
solidification of the deposited lamellae and to reduce
residual stress development. Crystallinity for the in
vitro specimens was controlled by heat treating the
as-received coating at 800°C in aflowing nitrogen gas
to yield acrystalline coating.?> This process of crystal-
lization was chosen so that the lamellae or splat mor-
phology that is controlled by the spraying operation
would be identical, and thus changes in the perfor-
mance of the coating could be related solely to differ-
ences in crystallinity. Coatings with an intermediate
amorphous-phase content were produced on titanium
substrates with argon and nitrogen plasmagasesin a
Metco 3MB gun (Sulzer Metco, Westbury, NY) in the
usual fashion by adjusting spray parameters.

In Vitro Tegting. Ringer's solution was prepared
by adding 8.0 g sodium chloride, 0.37 g potassium
chloride, 0.2 g magnesium chloride hexahydrate,
0.16 g sodium monohydrogen orthophosphate, 0.29¢g
calcium chloride, and 2.0 g sodium bicarbonate to
double-distilled water to make up 1 L of solution.
Carbogen gas (95% oxygen and 5% carbon dioxide)
regulated the pH to 7.35and replicated the dissolved
gases found in the body. An immersion heater kept
the temperature of the 20-L bath to 36.6°C while the
stirrer was constantly circulating the solution.

The reference substrates (not grit-blasted), as-
sprayed coatings, and heat-treated HA coatings were
immersed for periodsof 1, 2, and 4 daysand 1, 2, 4,
8, and 12 weeks. Coatings and reference samples
were removed, treated in an ultrasonic bath for 1
minute to remove any loose debris from the coating
surface, and then dried in an oven at 180°C. The
coating surface was inspected by scanning electron
microscopy (SEM),and compositionand amorphicity
were determined by x-ray Iffraction (aCu K, radia-
tion source was used for x-ray diffraction).

Accderated Degradation. Citric acid was pre-
pared to a 0.5 wt% concentration. A coating with an
intermediate amorphous-phase content (- 50 wt%)
was ground and polished to a flat smooth surface,
planar to the substrate. This enabled identification of
the crystalline regions, which appeared as light areas
in the light microscope. The coating was then
immersed in the citric acid for periods of 2 and 5
minutes and then observed with light microscopy and
andyzed by x-ray diffraction.



Reaults

Weight M easurements. Both the crystalline- and
amorphous-coated samples exhibited a distinct trend
in weight change. The as-sprayed coating, represent-
ing the amorphous calcium phosphate, showed a
weight loss with time (Fig 1) that approached a
steady state after 4 weeks. The thickness axis has
been calculated from the HA density and specimen
geometry. It has been presented to indicate the over-
al response of the samples; however, it should be
cautioned that localized regions of the specimen
might have accelerated responses. The total weight
loss after immersion for 12 weeks correspondsto a30
wt% coatingloss.

Heat-treated coatings, representing the crystalline
phase, exhibited a weight increase that amounted to
9% of the coating weight. Most of the weight
increase occurred in the first 8 weeks. The results
indicate that crystalline coatings are more stable, at
least under the conditions of these in vitro tests, and
will have alonger life.

Structure and Composition M easurements.
The x-ray diffraction pattern of the as-sprayed coating
reveaed adiffuse peak, typicd for amorphous materi-
as. The amorphous-phasecontent was about 90 wt%.
Heat treatment of this amorphous phase produced a
crystaline materia, verified by the diffraction peaksin
the spectra. Characterization studies of the amor-
phous phase have shown that it can be hydroxyl defi-
cient,?6 and so heat treatment in the absence of mois-
ture will produce an oxyhydroxyapatite, ie, a hydroxyl-
deficient hydroxyapatite. The x-ray diffraction pattern
of oxyhydroxyapatitewill have the same peak positions
as HA, with dight broadening because of a marginal
change in lattice parameters. Upon exposure to mois-
ture, aweight increase corresponding to the uptake of
hydroxyl ions takes place, and HA forms.

The coating consisting primarily of an amorphous
phase contained small amounts of tricalcium phos-
phate, tetracalcium phosphate, calcium oxide, and
HA. According to the x-ray diffraction pattern (Fig
2), these lower solubility phases were till detected
on the surface at a dightly higher concentration after
1 week dissolution of the amorphous phase.
Furthermore, the calcium oxide has reacted with
water to produce calcium hydroxide. After 4 weeks of
immersion, x-ray diffraction recorded a noticeable
increase in hydroxyapatite content, which continued
to rise with immersion time (Fig 3). The x-ray dif-
fraction pattern of crystalline HA did not show dis-
cernible changesafter immersion.

Surface Mor phology Examination. Amorphous
Coatings. The appearance of the coating displayed
changes after immersion in Ringer's solution.

Gross et al

a

E 40 T T T T 1 i 10

6 ________________________ .

E 20 I’IMI """"" (] Crystalline 3

% —9

e o 10 %

x 2

5 -20 I\I @

g {-10 2

S —40 \E\——I\ Amorphous 5

S 60 TT—aw 420 T

:E-_, PRI | i ) PSR URTINS AN UNT W ST S S N R R

g 0 2 4 6 8 10 12
Immersiontime (weeks)

Fig 1 Weight change for amorphous and crystalline samples
aged in Ringer's solution. The degradation of the coating is also
assessed in terms of thickness.
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Fig 2 Crystallinity and composition for as-sprayed (amor-
phous) and heat-treated (crystalline) coatings after 1 week's
immersion in Ringer's solution. The amorphous phase has dis-
solved, revealing the tricalcium phosphate, tetracalcium phos-
phate, and calcium hydroxide. The calcium hvdroxide has
formed from the reaction of the calcium oxide with the water.
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Fig 3 Increase in the coating's hydroxyapatite content with
immersion time in Ringer's solution.
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Fig 4a Surface morphology of an as-sprayed hydroxyapatite
coating.

Fig 4c  After 4 weeks in Ringers solution, the coating begins
to show signs of dissolution. Arrows indicate rounded lamellae.

Initially, the surface was covered with well-molten
splats and fine cracks (Fig 4a). The surface topogra-
phy, after 1. day in Ringer's solution, displayed crack-
ing of the lamellae. Cracking progressed with time,
imparting a rougher appearance to the surface (Fig
4b). An increasein crack size and population has aso
been reported by Klein et al.2” Fractured splats then
become more rounded with time, suggesting a disso-
lution process (Fig4c).

After aperiod of 4 weeks, small spheres containing
calcium and phosphorus (as ascertained by energy-
dispersive x-ray anaysis) appear on lamellae bound-
aries, where a higher nucleation rate is expected.
These small 2 to 5 pm spheres appear with a higher
frequency after 6 weeks (Fig 4d) and form a dense
blanket after 8 weeks, thus nearly masking the visual-
coating morphology.

Crystalline Coatings. The crystalline coatings
exhibited wide cracks, about 0.8 pm wide, as a result
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Fig 4b The surface topography exhibits cracking after 1 day in
Ringer's solution. Arrows indicate fractured lamellae.

Fig 4d After 8 weeks in Ringer's solution, precipitation of
apatite can be observed. Arrows indicate spherical precipitate.

of heat treatment, which occasiondly penetrated the
coating thickness to the substrate. Otherwise the sur-
face morphology appeared identical to the as-sprayed
coatings. Upon immersion, cracks open up further
and eventually lead to delamination of some particles;
however, the frequency of this event was low. The
appearance of the crystalline coating resembles Fig
4b except that the dislodged particles may be larger
asaresult of the more extensive crack network.

In the same fashion as the amorphous coatings,
the spheres appeared on sites requiring a lower acti-
vation energy for nucleation. Since the detection of
apatite spheres occurred only a little later on crys-
talline coatings, it appears that nucleation of apatite
is initially dependent on the saturation level of the
surrounding liquid and only then on the type of calci-
um phosphate. Therefore, a coating with both amor-
phous and crystalline regionsshould be covered with
hydroxyapatitespheres at similar times.
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Figs 5ato 5d A hydroxyapatite coating viewed with a light microscope (a) after polishing, showing the
crystalline phase, and (b) after accelerated dissolution with 0.5 wt% citric acid for 2 minutes, and (c)
after accelerated dissolution with 0.5 wt% citric acid for 5 minutes. The arrows in (a) and (b) show crys-
talline regions that have detached from the coating. A map of all crystalline areas is shown in (d);
detached crystalline segments are colored black. (Bar = 20 pm.)

Accelerated Degradation. The crystalline
regions that appear within the coating were randomly
distributed in the amorphous phase. The black regions
in the amorphous calcium phosphate represent either
(1) crystallineareasthat were removed during the pol-
ishing process or (2) porosity, when located within a
splat. This porosity was present in the powder used to
prepare the coating and hence directly transferred to
the coating (Fig5a). The arrowsshow small crystalline
regionsthat are removed after immersion in 0.5 wt%
citric acid (Figs 5a and 5b). After 3 minutes, only
those crystallineregionsthat are largest in size remain
anchored in the coating (Fig 5¢). A map of al crys
talline areas is shown in Fig 5d; the black areas repre-
sent a cavity left by detached crystallinesegmentsas a
result of degradation. An x-ray diffraction pattern of
the coating before and after 5 minutes' immersion
indicates that the amorphous phase was preferentially
removed, reveding the underlying crystalline material

(Fig6).
Discussion

Quantitative Analysis. The weight-changeresponse
exhibits three main regimens: (1) initial cracking and
de-adhesion of lamellaeon immersion; (2) dissolution
of lamellae; and (3) nucleation and growth of apatite
spheres. The first two mechanisms produce a weight
loss, but the latter leadsto a weight gain. The inflec-
tion point at 4 weeks and the general shape of the
curve have also been observed by Klein et al?® by
measuring an increase of calcium and phosphorusion
concentration in a simulated body fluid. This point
will be moved to a shorter time period for a smaller

After dissolution
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Fig 6 An x-ray diffraction pattern of the as-sprayed polished
coating and after immersion in 0.5 wt% citric acid. The
decrease in the diffuse background as indicated by the dashed
line and the increase in peak height after dissolution suggest
that the amorphous phase was preferentially dissolved.

volume of solutionthat can be saturated more quick-
ly. A decrease of 10 mg/mm?® can be interpreted as
the removal of one lamellalayer from the surface of
the coating, taking one lamella to be 5 pm thick.2
The weight loss can then be thought of in terms of
the number of splats that are removed from the coat-
ing (seeFigl).

An overal 5.3 wt% increase for the heat-treated
coatings can be attributed to different phenomena.
The apparent rise in weight that took place in the
first couple of days could be attributed to the uptake
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of hydroxyl ions into the lattice, the adsorption of
moisture into the cracks and pores of the coating,3°
and the reaction of calcium oxide to form calcium
hydroxide. The water adsorbed in pores cannot be
removed by heat treatment at 180°C, so the large
crack population could represent the initial weight
gain. The weight gain that occurred after 4 weeks
could be attributed to corrosion of the heat-treated
stainless steel in the grit-blasted areas located in the
root of cracks passing through the coating to the
substrate.

Degradation Mechanisms. The initial coating
has both interlamellar (ie, between) and intralamellar
(ie, within) cracks. Upon immersion, the crack densi-
ty increases, producing jagged lamellae segments
(Fig 4b), which de-adhere from the surface. This
cracking, arising from the release of residual stresses,
has also been documented with rat bone marrow
cells®! and simulated body fluid.32 The cracks form
randomly and give rise to the initial weight loss.

The second mechanism of weight loss occurs by
dissolution. Other workers?%3334 measured dissolu-
tion by following the calcium and phosphate concen-
tration in the solution and found an initial rapid rise
followed by a plateau. The same tendency was also
observed in the present study (Fig 1).Cracked coat-
ing areas and delaminated segments add to the avail-
able surface area for dissolution. Furthermore, amor-
phous coatings dissolve more readily than do crys-
talline coatings, creating rounded lamellae from the
jagged morphologies. The presence of other calcium
phosphate phases (eg, B-tricalcium phosphate and
oxyapatite) aso have a high resorbability and could
aid in the fragmentation of lamellae.

In the case of a coating with an intermediate
amorphous-phase content, the degradation is dictat-
ed by the more rapidly dissolving amorphous phase.
The amorphous phase may be located adjacent to the
substrate or interspersed throughout the coating.
Smadll crystalline regionswill be released as the amor-
phous phase is dissolved from the coating, but the
removal of larger crystalline areas will occur after a
longer time. The accelerated degradation indicates
that in an infected site, where the pH islowered, the
implant can be rendered nonfunctional by preferen-
tially resorbing the coating and hence compromising
any established bone-coating contact.

Apatite Precipitation. A thin layer of crystalline
apatite microspheres, as evidenced by x-ray diffrac-
tion, appear on the surface of the coating. Thisis a
general feature observed on calcium phosphate coat-
i n g ~sintered HA,3 tricalcium phosphate,® calci-
um carbonate,3® calcium phosphate-based glass
ceramics,3® apatite-wollastonite-containing glass
ogarics'  Bioglass (Gainesville, FL),442 and bioac-
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tive glasses.®® In vitro resultsin this study indicate an
increase in crystalline content after 4 weeks; this is
shown in Fig 3 as the nucleation time. The induction
time before apatite deposition is dependent on the
presence of certain ionic speciesin the solution,*446
material purity, composition, specific coating surface
area (ie, porosity and roughness), residual stresses
within the coating, and the implant site. The apatite
spheres will appear earlier for the amorphous coat-
ings, which dissolve more readily to create the
required calcium and phosphorus concentration for
nucleation. This suggests that bone attachment will
occur more rapidly with amorphous coatings.3
Animal studies have indicated that carbonate is
included in the precipitating apatite to form carbono-
apatite crystals.#”48 This modified apatite has a high-
er solubility than HA and facilitates faster bone
remodeling.

Microstructural Considerations. It has been
shown that coating degradation occurs initially by
cracking and dissolution. Dissolution is more domi-
nant for amorphous coatings. Features such as
cracks, pores, unmolten or respheroidized molten
droplets, which are transferred to the coating, are
sites where dissolution can begin to dislodge pieces
of the coating into the solution. Lamellae can have
isolated areas of no contact with the underlying
material. These micropores, together with micro-
cracks that may occur at the lamellae boundaries,
explain the delamination of single lamellae. The
lamellae size, which is related to initial particle size,
is also an important parameter. Small splats confer a
lower coating roughness and a larger interlamellae
boundary area, which increases the number of sites
for dissolution. The delamination of smaller coating
fragments thus prolongs the life expectancy of the
coating by creating a larger effective surface area,
which assgtsin saturating the coating environment.

Most coatings are acombination of the amorphous
and crystalline phases. Present research is directed at
identifying the distribution of the amorphous phase,
the size of crystalline areas within the coating, and
the variation of the amorphous phase with coating
thicknessand at various|ocations on theimplants.

Clinical Implications. Hydroxyapatite coatings
on endosseous implants are subjected to chemical
and cellular activity, physical stressesduring function,
and the risk of infection. All of these clinical factors
affect the coating and modify the in vitro response,
which will either lead to degradation of the coating-
bone interface or to good fixation. The rough nature
and lower crystallinity of HA coatings will enhance
osteoblast attachment**-5! but promote osteoclastic
resorption during infection,32-5¢ |eading to coating
resorption.?® The more rapid changes at the surface
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of coatingswith alower crystalline content is accom-
panied by higher rates of bone remodeling,* which
leads to faster fixation. The effect of higher bone
remodeling rates on bone quality remains to be
determined.

Any study of the behavior of HA coatings must
include in vitro tests. By evaluating the characteris-
tics of amorphous and crystalline coatings, an HA
coating can be designed that will accomplish a specif-
ic purpose in the body. There is much controversy
concerning the long-term stability of the HA coating
to the titanium substrate. It has been suggested that
this interface may be the "weak link” of the coated
implant and eventually will be the failure site of the
HA-coated implant years after apparent " osseointe-
gration." The amount of amorphous-phase content
should be reduced to increase the longevity of the
coating, but equally important is the location and dis-
tribution of the amorphous phase within the coatings.

It has been shown that the amorphous phase can
encompass crystalline regions. The degradation of
such a coating will occur by dissolution of the amor-
phous phase, followed by detachment of crystalline
segments from the coating into the area around the
implant. Small crystalline regions are more likely to
prevent a foreign-body response and maintain suffi-
cient attachment of the bone to the implant for stabi-
lization. Based on thisfinding, an advantageous coat-
ing design will utilize the amorphous phase as the
outer layer of the coating to promote faster bone
attachment and ensure that crystalline materia is
adjacent to the substrate for good coating attach-
ment. Removal of the amorphous phase could then
be rapid to aid fixation, and further resorption of the
crystalline layer will occur dowly under conditionsof
bone remodeling.

The performance of hydroxyapatite-coated hip
appliances will undergo a similar course of resorp-
tion, being modified by the different biologic moi-
eties, stress environment, bone type, and metabolism
rate in that implant site. A cavity prepared for place-
ment of afemoral stem is moreintricate in geometry,
and thus the surgical fit will be more difficult to pro-
duce. Any gap between the prosthesis and the bone
can transport dislodged hydroxyapatite particles,
resulting in third-body wear®” between the femoral
head and polyethylene inserts of acetabular cups.
Reports of third-body wear suggest that HA-coated
devices are no more a problem than the porous or
cemented prosthesis.>® A good hydroxyapatite coat-
ing will decrease the likelihood of third-body wear,
prevent particle migration-%° by establishing bone
attachment in a well-prepared cavity,®! and provide
less pain for the recipient by minimizing downward
migration of the prosthesis.5?
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Conclusions

The in vitro behavior of HA coating depends on its
chemical phase and lamellae structures. Crystalline
coatings are more stable than amorphous coatings.
They show no signs of degradation except cracking,
which is attributable to the release of residual stress-
es. Amorphous coatings undergo a weight loss, which
has been shown to occur by de-adhesion of cracked
lamellae and dissolution of lamellae on the coating
surface. Crystalline apatite nucleates and grows in
the form of spheres on both amorphous and crys-
talline coatings. The formation of apatite spheres
appears first for the amorphous structure. The differ-
ent mechanisms of degradation operating on amor-
phous and crystalline HA coatings may play an
important rolein the successful osseointegrationwith
bone and the long-term maintenance of the coated
implant.
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