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Abstract: The biomimetic coating process in comparison with other processes is reviewed. This processing shows

advantages in the surface bio-modification, such as low cost and flexible processing, wide range of apatite composi-

tion and thickness, nonlineof-sight characteristic and possibility to coat polymers and porous implants. The bio-

mimetic apatite coating is made up of larger number of globules with size of 1 =5 Hm. Each globule is a group of

numerous flakes with a size range of 100 = 200 nm to 30 Hm in length and 0. 1 = 1 Hm in thickness. In-vitro and

in-vivo studies show that the biomimetic apatite coating can promote an early and strong bonding to bone or promote

the bone in-growth into the porous structure, which will be beneficial to the cementless stable fixation of orthopaedic

implants. Recently developed co-precipitation of a kind of protein molecules into the HA coating shows much

promising.
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1 INTRODUCTION

In the recent years, there is a huge develop-
ment in biomaterials that are specially designed to
repair and reconstruct damaged or diseased parts of
the human bones''™ . Biometallic materials, such
as titanium and titanium alloys, have been mainly
used as bone implants due to their good biocompat-
ibility. However, a fibrous tissue was normally
detected at the interface between bone and bio-
material due to its poor osteoconductivity, which
finally would result in the lossening of the bone
implant. On the other hand, calcium phosphate,
especially hydroxyapatite, Caio(PO4)s(OH)2 or
HA, has demonstrated good biocompatibility and
osteoconductivity as well as excellent wear proper-
ties. However, a component made of solely HA
was found to be lack of toughness and tensile
strength, and can fail catastrophically. As a re
sult, HA coated titanium components, which com-
bine the high mechanical strength of titanium and
the bioactivity of HA, are developed and reckoned
to be one of the most promising groups of implant
materials in orthopaedic and dental fields.

Many processes have been developed to coat
HA onto the titanium substrate. The most widely
used coating technique is plasma spraying'™",
which has been used as a commercial processing
technique. However, the plasma-spraying tech-
nique presents several drawbacks. Many research-
ers focus on developing a low cost, high efficiency
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such as electro-
[ 11713]

and low temperature process,
phoretic deposition'” "', biomimetic and elec
trochemical deposition'™"". In pervious paper, we
have reviewed the application of electrophoretic
deposition in HA coating'™®'. In this paper, we will
discuss the application of biomimetic deposition in

the bone implant surface modification.

2  BIOMIMETIC COATING PROCESS
ADVANTAGES

AND

2.1 Biomimetic coating process

The biomimetic coating process was developed
on the base of the heterogeneous nucleation of
Ca P from simulated body fluids( SBF), which has
a similar inorganic content as human blood plasma
(HBP). Based on the above mechanism, many
processes have been developed. In a so-called one
step process“g]
um implants, were soaked directly into a buffered
SBF solution (pH= 7.4) at 37 C. However, the

development of such biomimetic Ca-P coatings was

, implant materials, such as titani-

limited by long immersion periods of about 7~ 14 d
with daily refreshments of SBF solution.

Kokubo et al'®*! developed an alkalr and
heat treatment process. A bonelike apatite layer
was formed on the surface of pure titanium metal
and Tr6AF4V in SBF within 3 d after being trea
ted by soaking in 5 mol/L NaOH solution at 60 C
for 24 h with subsequent heat treatment at 600 C
for 1 h. Kato et al'’® has applied this process to
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tantalum, but it took 7 d to deposit CaP onto the
surface. Some researchers ever have successfully
metal im-

applied this

[27]

technology to porous
plants

Further research indicated that the acid etch-
ing provides a higher precipitation rate of apatite
2521 In addition,

high temperature and high pressure were also ap-

onto the surface of titanium

plied to the alkaline treatment in order to promote
the deposition of apatite on the substrate from
SBF' .

In order to reduce the soaking time and en-
hance the deposition of apatite-like layers, a so-
called two-step process has been developed''" >,
In this process, implant materials were first soaked
into a supersaturated Ca P solution with high con-
centrations of salts (SBF1 in Table 1) in order to
pretreat the substrate with CaP nuclei. CO2 gas
was evolved through the solution in order to in-
crease the pH value and induce the deposition of a
thin and amorphous calcium phosphate( ACP) coat-
ing on the titanium samples. Then, the implants
were immersed into a more concentrated SBF solu-

tion (SBF2 in Table 1) in order to grow the bio-

mimetic coating. It was reported that uniform and
wellFattached Ca P coatings could be deposited on
titanium implants within 5h"* | much shorter than
that in the former processes. By changing the com-
position of the SBF2, different calcium phosphate
apatites can be deposited onto the substrate, such
as carbonate apatite coating( CA) and OCP coat-
ing'* . In addition, the phase composition, the
crystallinity and the adhesion of biomimetic CaP
coatings on titanium were strongly related to the
ionic strength, carbonate and magnesium contents
in the SBF1 solution.

Table 2 summarises several methods which
have been applied to the biomimetic deposition of
Ca P coating in literatures.

One of the new developments in the biomimet-
ic calcium phosphate coating is co-precipitating a
kind of protein molecules, such as bovine serum al-
bumin( BSA), with the inorganic components and
then they become incorporated into the crystal lat-

tice!"™ * . This facility means that biomimetically
prepared matrices can be used as carriers for organ-
ic molecules with bone-healing properties (such as

bone morphogenetic proteins or growth factors).

Table 1 Inorganic composition concentration (mmol/ L) of HBP,
supersaturated CaP solution and SBF'*

Composition Na' Mg™ Ca™ cl HPOi HCO3 pH
BP 142.0 1.5 2.5 103.0 2.0 27.0 7.4

SBF1 140. 4 - 4.0 142.9 2.0 -
SBF2 733.5 7.5 12.5 720.0 5.0 21.0 5.8
ACP 733.5 7.5 12.5 720.0 5.0 21.0 5.8
BCA 733.5 1.5 12.5 720.0 5.0 10.0 5.8
oCP 140.5 - 4.0 144.5 2.0 - 7.4
ECA 140.5 - 4.0 144.5 2.0 - 7.0
SPS 137.0 - - 177.0 - - 7.3

HBP —Human blood plasma; SBF —Simulated body fluid; ACP —Amorphous carbonated calcium phosphate;

BCA —Biomimetic carbonated apatite; OCP —Octacalcium phosphate; ECA —Electrolytic deposited carbonated apatite;

SPS —Simulated physiologic solution

Table 2 Summary of several biomimetic processes reported in literatures

Process

Main procedure

Characteristics

Onestep process

T wo-step process

Alkalr and

heat treatment

Acid and

alkali treatment

SBF soaking

SBF1 soaking + SBF2 soaking
NaOH 60 C soaking+ 600 C, 1 h+
SBF soaking

HCI etching + NaOH 60 C soaking+
SBF soaking

Simple and easy-control process;
Being limited by long immersion time of 7~ 14 d

1)

2)

1) Complex process;

2) Different apatites can be deposited onto
substrate

1) Being limited to Ti metal;
2) High temperature

Being limited to Ti metal
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These protein molecules are released gradually
from these coatings rather than in a single rapid
burst, which renders biomimetically prepared coat-
ings as slowly drug-released systems do.

2.2 Advantages of biomimetic coating

1) One of the great advantages of this tech-
nique is that it imitates the mode, in which
hydroxyapatite bone crystals are formed in the
body. The coatings thereby generated are com-
posed of small crystal units, which are more readi-
ly degraded by osteoclasts.

2) Another major advantage is that protein
molecules can be co-precipitated with the inorganic
components and thereby become incorporated into
the crystal lattice rather than being merely depost
ted on the surface. The protein molecules are re-
leased gradually from these coatings rather than in

3) The third advantage is that it can be used
to deposit even coatings on heat-sensible sub-
strates, such as polymer, and to cover complex
shaped materials, such as porous implants, due to
its nomline-of-sight and low temperature charac
teristics.
this technique allows the
covering of implants with new Ca P phases that

4) Furthermore,

could not be produced at high temperature, such as
carbonate apatite( CA) and octacalcium phosphate
(OCP). These coatings have different structures
and dissolution behaviours.

Table 3 compares the advantages and disad-
vantages of different coating processes. However,
it must be pointed out that the bonding strength of
the biomimetic HA coating to the substrate is still
lower than that prepared by other processes, such
as plasma spray. Further research has to be done

a single rapid burst.

to improve the bonding strength.

Table 3 Comparison of several Ca-P coating processes

Coating process

Advantages

Disadvantages

A pplication

Plasma spray

Electrophoretic
deposition

Biomimetic

deposition

Electrochemical
deposition

Ton beam
implantation/ sputter/
deposition

Flexible coating process; High
deposition rate; Porous micro-
structure, which is beneficial
to in-growth of bone cell and

biological interface bonding.

Low-cost and flexible coating
process; Norr line of-sight
coating process; Wide range
of coating thickness from < 1
Pm to > 100 Pm with a high
degree of control over coating
thickness and morphology;
Rapid deposition ( from sec-
onds to minutes); Wide com-

position of apatite.

Low cost and flexible coating
process; Nomrline of-sight
coating; Wide range of apatite
composition; Incorporation of
protein molecules into crystal
lattice of apatites.

Flexible coating process; Nomnr
Welk
controlled thickness and HA

line-of-sight  coating;

composition; Low operation

temperature.

Thin coating ( several microm-
eter); Highly dense coating;
Superior adhesion strength of
coating to substrate; Func-
tionally graduated coating if

necessary.

Line of-sight coating process,
not suitable for substrate with
complete surface; Decomposi
tion of HAp due to high oper-
ation temperature; High cost
due to the expensive equip-

ment.

Cracks between substrate and
coating caused by post-sinte-
ring; Decomposition of HAP
to T CP catalyzed by the metal
substrates; Decrease in me-
chanical properties of sub-
strate caused by high-tempera-

ture sintering.

Relatively long immersion
time (from hours to days);
Relatively low bonding
strength.

Poorly crystallized HA; High
temperature treatment is nee-
ded sometimes to get the most
interesting HA and high bond-
ing strength.

Near lineof-sight coating

process;  Decomposition of
HA during deposition; Poorly
crystallized CaP; Difficultly
controlled

coating composr

tion.

Metal substrate with simple
shape and surface morpholo-

gy-

Metal substrate with complex
shape or surface morphology;

Porous substrate.

Metal and polymer substrate
with complex shape and sur-
face morphology; Porous sub-

strate.

Metal substrates with complex
shape and surface morphology

Metal substrate with simple
shape and surface morphology
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3 MICROSTRUCTURE AND BIOLOGICAL PER-
FORMANCE OF BIOMIMETIC APATITE
COATING

The biomimetically deposited calcium phos-
phate film is made up of larger number of globules,
with size of 1~ 5 Bm, fused together'™ "', Each
globule is a group of numerous flakes uniting and /
or clustering together. The size of the flakes is in
the range of 100 = 200 nm to 30 Hm in length and
0. 171 Pm in thickness depending on the processes,
as shown in Fig. 1 and Fig. 2. The molar ratio of
Ca to P was estimated to be (1. 44 £0.09), lower
than the stoichiometric 1. 67 of hydroxyapatite.
XRD results suggested that the apatite was crystal-
lized but the crystals were very small. Some re
sults showed that the Ca P crystals have grown on
the substrate with the favourite orientation of

[ 101] and [ 002] while Ca-P crystals were all per-
pendicularly oriented to the substrate ( columnar
crystal) .

Fig.1 SEM micrographs of Ca P obtained by

one step process at different magnifications' "

Being one of the main advantages mentioned
above, the biomimetic coating can be used to de-
posit CaP coating on substrates with complex
shape or surface morphology due to the nomnline
of-sight, B8 Du et
al”® deposited apatite coating on the porous poly-

active 1000 PEGT 70PBT 30 implants by use of the

biomimetic coating process.

such as porous substrate

A uniform apatite

Fig.2 Morphology of CaP coating produced by

two-step process after 48 h soaking'*

coating with 20 = 25 Hm in thickness was formed on

the outer surface. Pamela et al”” applied this
process to porous Ti6A14V implants. A two-CaP-
layer coating (an OCP layer inside and a high crys-
talline OCP layer outside) was successfully depost
ted on porous Ti6A14V substrate as shown in Fig.
3. However, the thickness of the coating was not
the same throughout the implant. It varied be
tween 20 Pm at the interior of the implant and 60
Pm at the implant periphery. Large OCP crystals
were oriented perpendicularly to the surface of the

metal.

Fig.3 ESEM photographs of
OCP-coated porous Ti6A14V implant'””

(a) —Low magnification; (b) —High magnification

Histological examination of the imvivo dog
studies has shown that new bone was formed in the
gap between the biomimetically Ca-P coated titani-
um implant and the bone after 4 weeks implanta-
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tion. On the other hand, only an intervening fi-
brous layer or a small amount of bone was in direct
contact with the untreated titanium implant'™’.
Animal studies have shown that after 4 weeks
implantation abundant bone in-growth into the
centre of the biomimetic CaP coated porous poly-
mer implant was observed in all sections'™ . The
coating fragments were integrated into new bone
tissue. Comparative studies on the biological re-
sponse to the uncoated and coated Tr6AF4V por-
ous implant have shown that in the total implant
area OCP coated Ti6Al4V gave a significantly
higher amount of bone compared with the uncoated
Ti6A 14V after 6 weeks and 12 weeks implanta-
tions, as shown in Fig. 4. However, in cortical ar-
ea, no significant difference existed after 12 weeks
implantation for bone contact. Measurements of
the bone contact in inner and outer zone of the cor-
tical area showed a significantly higher bone con-
tent in the outer zone than in the inner zone after 6
weeks of implantation for each kind of implant.
After 12 weeks, no such difference could be found

*
HES
===

(2) w6 weeks
100 | 12 weeks

B

Bone contact/%

20

Ti OCPTi BCP Ti OCPTi BCP

Implant

(b)  wm 6 weeks z
o0 % em 12 weeks

Ti "OCPIi BCP Ti
Implant

OCPT1 BCP

Fig. 4 Histomorphometrical results of

percentage of bone contact(a) and
percentage of bone in total implant area(b) '’
(OCPTi—OCP coated Ti6A14V;
Ti—Ti6A14V; BCP —Biphase calcium

phosphate ( BCP) coated Ti6A14V)

any more.

In-vivo rabbit study'*
the bone/implant interface of alkalr and heat-
treated and untreated tantalum implants indicated
that the treated implants showed weak bonding to
bone after 8 weeks, and exhibited significantly
higher tensile failure loads compared with untreat-
ed tantalum implants after 16 weeks. In contrast,
the untreated implants showed almost no bonding,
even after 16 weeks. The bonebonding shear
strengths of the alkalr and heat-treated and un-
treated Ti implants measured by push-out test
showed that after 4 weeks all types of the alkalr
and heat-treated implants showed significantly
higher bonding strength (2. 4 = 4.5 MPa) than
their untreated counterparts (0.3 ~ 0. 6 MPa)'*',
as shown in Fig.5. After 12 weeks the bonding
strength of the treated implants showed no further
increase, while that of the untreated implants had

increased to 0.6~ 1. 2 M Pa.

! on the bone bonding at

—
7+ (a) — Untreated
M — Alkali- and heat treated

Shear strength/MPa
N
T

3 =
2|
] 2
0 e e
Ti Ti6Al4V Ti6Al2- Til5Mo5-
NbiTa Zr3Al
8 Db) — Untreated I

M — Alkali- and heat treated

Shear strength/MPa

lM6AI2- Til5Mo5-

NblTa  Zr3Al

Fig. 5 Results of push-out strength between
bone and Ti alloy substrates after 4 weeks

implantation(a) and 12 weeks implantation(b) '
All results showed that the biomimetic apatite
coating could promote an early and strong bonding
to bone without intervening fibrous tissue or pro-
mote the bone in-growth into the porous structure,



* 1204 -

Trans. Nonferrous Met. Soc. China

Dec. 2005

displaying a very good osteoconductivity, especial-
ly at the early stage, which could be useful in es-
tablishing cementless stable fixation of orthopaedic
implants. It is suggested that the biomimetic coat-
ing technique has the potential to become an ac
cepted method of promoting and enhancing the
bone-bonding abilities of metal orthopedic implants
although further studies are needed to determine
the optimal conditions for the biomimetic coating,
and evaluate the biological and mechanical proper-
ties of the Ca P coating.
5 CONCLUSIONS

As a surface coating technique, biomimetic
has shown significant advantage in the preparation
of calcium phosphate coating on metal and polymer
substrate for biomedical application, including low
cost and flexible process, wide range of apatite
composition and thickness, and nonline of-sight
characteristic. Due to the physiological conditions,
it is possible to coat heat-sensible materials such as
polymers, and to cover complex shaped materials,
especially the porous implants. Furthermore, this
technique allows the covering of implants with new
Ca P phases that can not be produced at high tem-
peratures. These new biomimetic coatings have
different structures and dissolution behaviour de-
pending on their crystal size and phase compost
tion. Invitro and in-vivo studies have shown that
the biomimetic apatite coating could promote an
early and strong bonding to bone without interve-
ning fibrous tissue or promote the bone in-growth
into the porous structure, showing a very good os-
teoconductivity, especially at the early stage,
which will be useful in establishing cementless sta-
ble fixation of orthopaedic implants. However, the
bonding strength between the apatite coating and
the substrate is still low, and much research has to
be done in order to apply this technology to the
practice.
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