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S Thi's_ inVéntion-'-rel_atcs to novel coating materials for biomedical applications, particularly for the use on biomedical im-
plants, siid coating material comprising gel-derived titania wherein said material is capable of inducing calcium phosphate for-
mation onto its surface under in vitro conditions, e.g. in a simulated body fluid and/or under in vivo conditions. The invention

further includes processes for the preparation of the coating materials as well as their use in biomedical implant technology.
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NOVEL BIOACTIVE COATINGS AND THEIR PREPARATION AND USE

. oA

This invention relates to novel bone-bonding gel-derived
titania-based coatings. The invention also includes
processes for the preparation of such coatings and their
uses as surgical implants.

Titanium and its alloys are extensively used in

reconstruction surgery as dental and orthopaedic implants

because of their excellent blocompatlblllty'wlth bone
tissue (P.I. Bradnemark, J. Prosthetlc Dent '50:399-410,
1983° D.I. Bardos, D. Williams (ed), Concise Encyclopedia
of Medical & Dental: Materlals, Pergamon Press, Oxford 1990,

pp 360- 365 R. van Noort, J. Mater. Scl' 22:3801-3811,

 ,<;1987) Tth can be explalned by the unlque characterrstlcs
’to of tLtaniumrbone 1nterface. ‘The extremely slow growth of

"' bt1tan1um.oxide'was observed durlng the lmplantatlon The

TLOH groupS'wlthln the hydrated oxrde layer'were consrdered
to be lnvolved in the events leadlng to osse01ntegratlon of

o  'the tltanlum.rmplants (P Tengwall & I Lundstrom, Cllnlcal

'- prMater1alS 9:115- 134,,1992) The calcrum.and phosphorous

";"';pgroups'were identlfled in the feW'nanometer tthk oxlde

h.r20pslayer (D Mcqueen et al Cllnlcal appllcatlon of

T fB1omater1als, John'Wlley & Sons,.Chlchester, 1982, pp.

, Gotenburg, Gotenburg, Sweden, 1991). To enhance the bonding

- 167- 177) Although tltanlum.lmplants could be flxed in bone
‘bed through osse01ntegratlon by us1ng appropriate surglcal
"technlques, the flxatlon proceeds slowly and depends

largely on surgery'(L.*Sennerby, PhD thesrs, University of

 .process and.rmprove the bondxng strength, the

11 .plasma—sprayed coatlngs of apatite, more particularly

'  ;hydroxyapatite,*were developed and approved for clinical
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appllcation (K. de Groot, J. Ceram. Soc. Japan 99:943-953,

 *j199l) However, from a technical p01nt of view, plasma

"spraylng 18 cumbersome and essentially complex, because
‘apatlte powder is chemically unstable at elevated

temperatures.
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Implants can chemically bond to bone through'apatite
because bone mineral is hydroxyapatlte These bone-bonding
implants could be wholly apatite ceramlc or coated'wlth
apatite using specific techniques such as plasma spray
coating process. Furthermore, apatite can also be used as a

bioactive phase in some composrtes tOtmake them‘bond to

V,bone (K. Verheyen, Resorbable'materlals W1th bone bondlng

10

abllrty,_PhD thesis, Lelden Unrversxty, Holland, 1993). In

..contrast to those apatrte-based materials, bloactlve
 glasses and glass-ceramlcs develop apatlte layer onto thelr-

.“g; surfaces after rmplantatlon'WLthln bone tlssue (L. L.

'i:15_,

 Hench, Bloceramlcs..from concept to CllnlCS, J Am. Ceram.
~ Soc. 74:1487-510, 1991; T. Kokubo, Bioactive glass

_ceramlCS°ipropertles and. appllcatlon, Bromaterrals 12:155-
;163, 1991) Thls klnd of apatlte glves the glasses and

,ddf;jrgglass-ceramlcs a bone-bondrng strength stronger than
f:.i,gptapatlte ceramacs (T Kokubo, BloaCtLVltY of glasses and

‘h' 'tﬁglass-ceram1cs, 1n Bone-bonding Bromaterrals, P Ducheyne,
:] T.,Kokubo and C Au_van letterswljk (eds), Reed Health-

if}??opfcare Communlcatlon, Holland, 1992 pp 31-46) ThlS bone-

.. like apatmte formatlon results from.the rnteractlon of

{?fﬁfﬁ;?these bioactlve glasses and glass-ceramlcs wmth the .
| ",dfcsurroundlng b101091081 trssue and especrally'w1th body
i ;flu;d AT A
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The potentlal for apatlte formatlon can be evaluated for

u’7df{fimater1&18 by‘usrng a metastable calcrum phosphate solution,
called a s:.mulated body flu.rd (SBF ; Na 142 "K' 5.0, Mgz*

1.5, _Caz* 2.5, c1' 1148, Hco;* 4.2, HPO42' 1.0 and s0,2” 0.5 :in,

;;‘jgjngmM) The fluld has been used in ln'vrtro studles to provrde

f’lrQO l1n£ormat1on about the process of bone-llke apatrte

f?fﬂ?Vféformation on these broactrve glasses and glass ceramlcs

gf{:ohllbecause of lts ron concentratxons nearly equal to those of
il;ffﬂfﬁhuman blood plasma (T‘Kokubo et al J Biomed Mater Res 24,
-tf“f7}b721-734 1990) Mbreover,_ it does help a great deal to
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;assess the possibillty'of bone-bondrng for'materrals before

'77h +the1r in vrvo study Those materials which can induce

dr”lapatite formatlon on thelr surfaces in SBF can be placed in
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the list of candidates for bone-bonding materials.
Recent research showed that besides bioactive glass and

glass-ceramics, also pure silica prepared by sol-gel method
can successfully induce bone-like apatite formation on its

surface whereas pure silica glass and quartz both
synthesized at high temperature cannot (P Li et al "Apatite
formation induced by silica gel in a simulated body fluid",
J. Am. Ceram. Soc. 75: 2094-2097, 1992). One difference 1in
characteristics‘among these three silica exists 1in the

~density of silanol groups (SiOH). The gel-derived silica

has abundant SiOH groups whereas both silica glass and
guartz do not have. Furthermore, bioactive glasses prepared
by sol;gel proceSS‘were reported to form apatite faster
than the same glasses but prepared~through conventional

'meltlng'methods (R Li et al J'App Blomater 2 231 233,
: 1991) ' o

_Based on these flndlngs,'we suspected that tltanla is also

  llan apatlte inducer if it is prepared by 501“991 method. In
«- jv1tro study W1th the tltanla gel showed evrdence tc support
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our speculatlon..It was found that apatite is induced by
'”the tltanla gel when soaked in SBF both as bulk and as
t_coatlng. Flgure 1 represents scannlng electron microscopic
~ (SEM) macrographs shoW1ng a) hydroxyapatlte formatlon on
T _elthe bulk (above) and b) coatlng (below) of gel-derived
flh7*.-251-t1tanxa after they are soaked in SBF. The lmplantatlon with
i ' W}egel-derlved tltanla coated txtanlumbplugs in the femura of
~_goats revealed that ca1c1um,phosphate could accumulate and
'fdepOSLt onto. and/or within the titania gel coatlng As |
:_shown in Flgure 2, this calcxum.phosphate layer brldges the

~bone and the coating so that they can bond to each other.

‘We consider that abundant TiOH groups remained in gel-
 derived titania are responsible for ltS hlgh affinity for

'” ca1cium.and phosphate.

'Swedish Patent No. 464911 describes a Ti-gel film produced
by treatlng the tltanlum surface with hydrogen peroxide
"under certain conditions. The reaction was considered to
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alter TiO, into Tio4_x(OH)x.' The patent claimed such a
surface to possess anti-inflammatory properties. The
inventors suggested that "such a gel-surface resulting from
the reactions in vivo might have something to do with a
formation of chemical bonding of the bone to the titanium
implants". However, the document did not show any evidence
or indication that the treated titanium surface might be
biocactive. There is no mention of a Ca,P-layer, which is
generally accepted as a prerequisite for the bone bonding
to occur. Our experiments clearly demonstrated that a Ca,P-
layer forms onto the titania-gel derived coating both in
vitro and in vivo, which is a basic difference from the Ti-
gel surface described in the Swedish patent.

The apatite induction capacity of gel-derived titania could
be enhanced by the corporation of, for instance, CaoO, P,0¢,
Na,0 or Si0, into the titania. They can be introduced during
the process to make titania-based materials. As a matter of
fact, the effect of these additive compounds on. bone-
bonding has been determined for bioactive glasses and
glass-ceramics (L.L. Hench: "The compositional dependence
of biocactive glasses and'glass ceramics", P Vincenzine
(ed), Ceramics 1in substitutive and reconstructive surgery,
Amsterdam, Elsevier, 1991, pp. 259-274). Al,C;, B,0O,, MgO and
K,0 may be added as well. They can remain in the oxide form
within the coating or, at least to some extent, release the

corresponding ions.

In addition to the sol-gel process used for the preparation
of titania having sufficient TiOH groups, a galvanic
process can also be considered. Our studies have shown that
the gel-like surface formed on a negative titanium pole
when two pieces of titanium plates were placed at a
distance in a hydroxide SO_lution (Ca(OH), in this case) with
a proper pH value under certain voltage. Figure 3 shows SEM
photograph of Ti-gel formed on the negative Ti-pole where
SEM-EDX showed the accumulation of Ca and P when soaked in
SBF (original magnification: 680x, bar (white) 100 wm).
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This gel was thus capable of attracting Ca and P ions from
surrounding calcium phosphate solution. Such surface could
be expected to promote bone-bonding compared to untreated
titanium surfaces. Oxides of Ca, P, Na, Si, Al, B, Mg and K
may also be added during the galvanic process to improve the

coatings.

It can be expected that a strong bonding between titanium
implant and gel-derived titania-based coating can be
developed through a passivating titanium oxide layer which
could secure a lasting strong bone bonding. Furthermore, 1t
is simple in technique to develop the gel-derived titania
coating on titanium and its alloys compared with
plasmasprayed technique. Hence, the development of gel-
derived titania-based coatings on titanium and 1ts alloys 1s
highly interesting from both scientific and application
points of view. Such gel-derived titania-based materials are
believed to give rise to an-entirely new generation of bone-

bonding materials.

SUMMARY

In one aspect of the invention, there 1s provided a novel
coating material for a biomedical application, characterized
in that it comprises mainly a gel-derived titania-based
material that has been treated at elevated temperature,
wherein the material i1s capable of inducing calcium
phosphate formation onto its surface under in vitro

conditions and/or under in vivo conditions.

In another aspect of the invention, there 1s provided a

process for the preparation of a coating material for use on
a biomedical implant characterized in that a gel-derived
titania-based coating is formed according to a sol-gel

method.
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In a further aspect of the invention, there is provided a
process for the preparation of a coating material for use on
a biomedical implant characterized 1n that gel-derived
titania-based coating 1s formed according to a galvanic

method.

In yet a further aspect of the invention, there is provided
an implant for biomedical use comprising a substrate and a

bone-bonding coating material thereon characterized i1n that
the coating material is a gel-derived titania-based coating

material that has been treated at elevated temperature.

In yet a further aspect of the invention, there 1s provided
an implant for biomedical use comprising a substrate and a
bone-bonding apatite layer thereon characterized 1in that the
apatite layer has been grown on a gel-derived titanila

coating i1n an in vitro solution.

In yet a further aspect of the invention, there is provided
an implant for biomedical use comprising a substrate and a
bone-bonding layer thereon characterized in that the bone-
bonding layer is essentially a mixture of gel-derived
titania and apatite, the apatite component having been grown

on a gel-derived titania coating 1n an 1n vitro solution.

DETAILED DESCRIPTION

Thus, one object of the invention i1s a novel gel-derived
titania-based coating material having abundant TiOH groups
for biomedical application, sald coating material has been
treated at elevated temperature and being capable of
1nducing apatite formation onto i1ts surface under in vitro

conditions, e.g. in a simulated body fluid, and/or calcium

phosphate deposition under i1n vivo conditions. According to
one aspect of the invention, the coating material can

further comprise one or more of the following elements
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elther as 1ons or as oxides: Ca, P, Si, Na, K, B, Mg and Al.
These additives are introduced to enhance calcium phosphate

formation and improve the stability of the coating.

Another object of the invention i1s a method for the

preparation of a gel-derived titania-based coating material

according to a sol-gel method.

Another object of the i1nvention 1s a method for the
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preparation of a gel—derivéd titania-based coating material
by a galvanic process. Preferably the process is carried
out in @ hydroxide solution where titanium is used as the
positive as well as the negative pole. According to this

5 process a titania gel surface is formed on the negative
pole.,

Another object of the invention i1s a method for the
preparation of a gel-derived titania-based coating material
according to a sol-gel method or the galvanic method

10 wherein one or more of the following oxides are added to
the process: CaO, P,0;, Na,O0, Si0,, K,O, A1203. g20; and MgO.

A further object of the invention is an implant for
biomedical application comprising of a substrate and a gel
derived titania-based coating material thereon, said

15 coating material has been treated at elevated temperature and

being capable of inducing apatite formation onto its surface
under in vitro conditions, €.g. in a simulated body fluid,

-

and/or calcium phosphate deposition under in vivo conditions.

According to one aspect of‘the invention the substrates are
20 tooth, hip or other joint implant substrates, or other
biomedical implant substrates.

According to another aspect of the invention the substrate
1s a polymeric, metallic, ceramic, carbon substrate or a
composite substrate comprising one or more of said

25 components.

According to a preferred aspect of the invention the
substrate is titanium or a titanium alloy.

A further object of the invention is an implant for
biomedical application comprising of a substrate and a gel-

30 derived titania-based coating material thereon, said
coating material being capable of inducing calcium

phosphate formation onto its surface in vitro e.g. in a
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simulated body fluid and/or in vivo, wherein the coating

material further comprises one or more of the following

elements either as ions or as oxides: Ca, P, Sl, Na, K, B,

Mg or Al.

5 .According'to a further aspect of the invention the implant

e 1 . - . = . .
. ‘. . . . . \
. ’\’"‘\htfi..\\."nf‘ L R . . . " *
L3000 LI T A Q Vet e e " . ' . ’
P TR I R x e . .
P Py SR .

.......
,,,,,,,,,,,

L 4 L A S L1 N N
- }f.::\v. {A\f‘ ;}:J .. .1-'_ r s .; t
e ) AR TR AU R TP LN

L A I St vy

4 xy

v ey

-
- - ’ g e . .o ¢
! H . ~ . - - -, D
0 an . ‘. = . - .
‘ - - -
e I - . . 8 R
. -
. . .. : . . >
. . .
. - . . ot ‘ . & o
‘e . e, . - . v
' - .
- r oA . - o
. r .. * - .
" - 0 . L
. r - r -

o o ol e 2 AN~ A 2P Wt W SRR ARER S B8 -0 B B W A W gk P A e Ay T W

fcompriseS‘a substrate and an apatite layer, said layer
having been grown on a gel-derlved titania coatlng in a

synthetic solution, preferably a SBF solutlon.

,Accordlng to a further aspect of the lnventlon the lmplant
10

comprlses a substrate and a layer belng essentlally a
maxture of gel-derived tltanla and apatrte, said apatite
component. havxng been grown on a gel-derlved titania
coatlng 1n a synthetlc solutlon, preferably a SBF solutlon.

.Accordlng to the sol-gel method, a tltanra gel coatlng'was
prepared by a dlpplng process. A.substrate lS drpped in a

,?f?d7f°75f7of about 5 50 cm/man.lAfter kept at amblent temperature for '
= "htS lO:anutes, the gel film‘on the substrate was treated at
e _nf350 750°C fors3 30 manutes and then allowed out the oven tod
;g;j;  .2o§¥coo1 1n alr..Subsequently, the coatlng'was given a j ,
u l £1 a 8 on 1. C C l e an i ng .'I..n o (a) acetone for 3 1 0 m;nutes ; (b))
fr;iffnefffethanol for 3 10'mlnutes 'After that, the coatlng'was .
. ’f"‘lrlnsedfw1th dexonlzed*water and drled The devrces can be
  c-hfrepeatedly'coated for several tlme to obtaln thlcker
l25fﬁ
@]by hydrolyzatron of,tetralsopropylhorthotltanate -
(Ti(C3I-I70)4) 5-20 grams of th:.s titanium alkoxide was
:¥Qdissolved into 10-30 grams of absolute ethanol The
‘Clhydrolyzation of tltanium.alkoxide takes place when the
B p fabove solutlon iS‘maxed at 0°C'w1th another ready-to-use
fiifpf“fjlﬁsolutxon‘with the composrtzon. absolute ethanol 5-15,

s v - 'ethylenglycolmonoethylether (cqnmoz) 2-5, 1'120 0.5-1.5 and
iRy ”  1condensed HC1 0.5-1.5 in gram. The titania sol solution is
';dthen used for coating after its aging for 0 5-30 hours. A

35*fbulk tltanla gel was prepared by evaporatlng HCl-peptized

;tltanla gel coatlngs. The tltanla sol solutlon was prepared

P AT T RN T OE AP g ., Pma St o w R e A g Al CB- P 3w e A TP (T MR NN Ae e A e s

:-to-use titanla sol solutlon and wmthdrew'at the speed 
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amorphous titania sol 50 nm in size in an oven at 80°C. The
gel was heated at 400-700°C for 2 hours. A silica gel was
prepared by hydrolysis of tetrahydroxysilane in an aqueous
solution containing polyethylene glycol with average
molecular weight of 10,000 and small amount of nitric acid.
The organic phase was leached out in ethanol-water
solution. The gel was heated at 400°C for 2 hours. An
alumina gel was prepared'by evaporating HCl-peptized
amorphous alumina sol 100 x 10 nm in size in an oven at
80°C. The gel was heated at 450°C for 2 hours.

A rectangular piece 6 x 6 x 1.5 mm’ of the gels was soaked

in 12 ml of SBF. The concentrations of Ca and P in the
fluid were monitored with inductively coupled plasma (ICP)
emission 5pectroscopy durlng the soaking. After various

~perlods, the gel pleces'were removed from.the fluld and"
 the1r surfaceS‘were analyzed'W1th a thln-fllm.x-ray

'°fdlffracticn (TF-XRD), Fourler transform infra-red

"Lreflectron spectroscopy (IRRS) and scannlng electron

' m;croscopy (SEM)

,ICP measurements showed that Ca and P concentratlons in the
3 ~f1u1d apprecxably decreased'W1th soaklng of the titania and

‘ . 's s1l1ca gel Soaklng of alumlna gel drd not affect the Ca
~ and P concentratlon.!Flgure 4 shows SEM photographs of the
_*”t]surfaces of the smllca gel (top) "and tltanra gel (bottom)

~ that a certaln klnd of deposxtlon is formed on the surfaces
"of both srllca and t;tan;a;gel No depOSttlon'was observed

on an alumlna gel The deposrt on the silica and titania

soaked 1n SBF for 2'weeks; It can be seen from Figure 4

”'-._tgeIS'was xdentrfled as a carbonate-contalnrng hydroxy-

apatite of small crystallltes and/or defective structure,

‘ 5 81mu1ar*to the apatlte rn the natural bone, by the TF-XRD

: m?’pkf?and IRRS. It is apparent from the results that both gel-

i'derived silica and gel-derlved titania lnduces apatite

35

1format10n.

WAQmodel is produced to explain the apatite induction from
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physiological-related fluids. It 1is considered that both
silica gel and titania gel are capable of inducing apatite
formation due to their abundant OH groups and negatively
charged surfaces at physiological pH 7.4. The surfaces with
5 negative charge has high affinity for Ca ions which can be
accumulated around the surfaces because of Coulomb’s force.
Meanwhile, phosphate groups are attracted by abundant OH
groups as a result of hydrogen bond. Therefore, both
calcium ions and phosphate ionic groups rally around the

10 surfaces and accumulate to such extent that heterogeneous

nucleation of apatite occurs.
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CLAIMS:

1. A novel coating material for a biomedical
application, characterized in that it comprises mainly a
gel-derived titania-based material that has been treated at
elevated temperature, wherein the material is capable of
inducing calcium phosphate formation onto its surface under

in vitro conditions and/or under in vivo conditions.

2. The coating material according to claim 1
characterized in that it further comprises as additive one
or more of the following elements either as ions or oxides:

Ca, P, Si, Na, K, B, Mg or Al.

3. The coating material according to claim 1 or 2,

wherein the in vitro conditions are a simulated body fluid.

4 The coating material according to claim 1, 2 or 3

for use on a biomedical implant.

5. A process for the preparation of a coating
material for use on a biomedical implant characterized in
that a gel-derived titania-based coating is formed according

to a sol-gel method.

6. A process for the preparation of a coating
material for use on a biomedical implant characterized in

that gel-derived titania-based coating is formed according

to a galvanic method.

7. The process according to claim 6 characterized in
that the process is carried out in a hydroxide solution
where titanium is used as the positive as well as the

negative pole.
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8 . The process according to claim 5, 6 or 7
characterized in that one or more of the following oxides
are added to the process: CaO, P,0s5, Na,0, Si0,, K,O0, Al,0,,
MgO oxr B,0j3.

9. An implant for biomedical use comprising a
substrate and a bone-bonding coating material thereon
characterized in that the coating material is a gel-derived
titania-based coating material that has been treated at

elevated temperature.

10. The implant according to claim 9 characterized in
that the substrate is a tooth, hip or other joint implant

substrate.

11. The implant according to claim 9 characterized in
that the substrate is a polymeric, metallic, ceramic or

carbon substrate or a composite thereof.

12. The implant according to claim 9 or 11
characterized in that the substrate is titanium or a

titanium alloy.

13. The implant according to any one of claims 9 to 12
characterized in that the coating material further comprises
one or more of the following elements either as ions or as

oxides: Ca, P, Si, Na, K, B, Mg or Al.

14 . An implant for biomedical use comprising a
substrate and a bone-bonding apatite layer thereon
characterized in that the apatite layer has been grown on a

gel-derived titania coating in an in vitro solution.

15. An implant for biomedical use comprising a

substrate and a bone-bonding layer thereon characterized in

. AWMe




10

15

CA 02118036 2004-03-29

74583 -5
12

that the bone-bonding layer 1s essentially a mixture of gel-
derived titania and apatite, the apatite component having
been grown on a gel-derived titania coating in an in vitro

solution.

16. The i1mplant according to claim 14 or 15, wherein

the in vitro solution is a simulated body fluid solution.

17. The coating material according to claim 1, 2, 3 or 4,

wherein the elevated temperature is less than 750°C.

18. The coating material according to claim 1, 2, 3, 4

or 17, wherein the elevated temperature is greater than

350°C.

19. The implant according to claim 9, 10, 11, 12 or 13,

wherein the elevated temperature is less than 750°C.

20. The i1mplant according to claim 9, 10, 11, 12, 13

or 19, wherein the elevated temperature is greater than

350°C.

SMART & BIGGAR
PATENT AGENTS
OTTAWA, CANADA
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