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Abstract

Multilayered plasma sprayed coatings on the surface of Ti}6Al}4V alloys have been prepared, which were composed of an
underlayer of HA and a surface layer of a CaO}P

�
O

�
glass}HA composite, with 2 or 4wt% of glass. Contact angle and surface

tension variation with time, for both water and a protein solution, were determined by the sessile and pendent drop methods
respectively using the ADSA-P software. Wettability studies showed that hydrophobicity of the coatings increase with the glass
addition. The work of adhesion of albumin was also altered in a controlled manner by the addition of the CaO}P

�
O

�
glass, being

lower on the composite coatings than on HA. Zeta potential (ZP) results showed that composite coatings presented a higher net
negative charge than HA coatings and that ZP values were also in#uenced by the content of the glass. This study demonstrated that
the surface properties of those coatings may be modi"ed by the addition of CaO}P

�
O

�
glass. � 2001 Published by Elsevier

Science Ltd.
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1. Introduction

Plasma-sprayed hydroxyapatite (HA) coatings applied
onto metallic substrates are currently being used as im-
plants and prostheses in many dental and orthopaedic
applications. These coated biomaterials combine high
strength and fracture toughness of the metallic substrate
with the bioactivity of the HA coatings. Several studies
have shown that this system is more e!ective than
Ti}6Al}4V alloys [1}6].

Recent studies have demonstrated that multilayered
coatings composed of mixtures of CaO}P

�
O

�
glasses

and HA may present several advantages over HA coat-
ings alone [7,8]. In fact, HA although being bioactive
presents slow osteoconduction in vivo, requiring long-
term immobilisation periods after surgery. The use of
multilayered coatings of HA/CaO}P

�
O

�
glass com-

posite allows for a faster Ca and P ionic exchange with
the local environment after implantation, due to the high
solubility induced by the CaO}P

�
O

�
glass. This highly

soluble phase is expected to facilitate the mineralisation
process, as observed for biphasic calcium phosphates, for
example. On the other hand, the presence of an under-
layer of HA, which will be more stable than the
CaO}P

�
O

�
glass, facilitates long-term osseointegration

and therefore stabilisation of the prosthesis.
Previous in vitro bioactivity testing using simulated

body #uid (SBF) has shown that during the immersion of
glass reinforced HA coatings, dissolution of the coating
surface occurred and apatite layer formation on the sur-
face took place faster than on purely HA coatings [8].
This is a strong indication that composite coatings in-
duce faster mineralisation in vitro than HA coatings.

The e!ects of the glass reinforcedHA coatings on bone
cell growth and function have also been previously
studied [9]. Human bone marrow cells cultured on coat-
ings, previously immersed in �-MEM, proliferate and
secrete extracellular matrix. In contrast, signi"cant di!er-
ences were found in cell behaviour in contact with non-
immersed coatings, where the formation of a continuous
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Table 1
Coating composition (wt%) and thickness (�m)

Sample Composition (wt%) Coating thickness (�m)

First layer Second layer First layer Second layer

HA HA * 120 *

HA/G
�
2 HA 98% HA#2% G

�
60 60

HA/G
�
4 HA 96% HA#4% G

�
60 60

cell layer was observed on the surface of composite coat-
ings but not on HA coatings.

The di!erences in cell behaviour of bone marrow cells
may re#ect di!erences in surface characteristics. There-
fore, surface properties such as surface free energy and
surface charge could be critical for assessing the biolo-
gical performance of composite coatings given that the
formation of a protein layer adsorbed on the surface of
biomaterials is the "rst step in the interaction process of
implanted material and host biological tissues. In fact,
cell attachment, spreading and function development is
strongly in#uenced by the protein adsorption, and ulti-
mately by surface characteristics like hydrophobicity and
electric surface charge [10,11].

Contact angle measurements can be used for studies of
wettablility, interfacial free energy and in situ studies of
protein adsorption [12]. The pendent and sessile drop
methods are the most commonly used techniques for the
measurement of surface tension and contact angle, re-
spectively.

The time dependence of wetting phenomena involving
biological model #uids and the surface of coated im-
plants has a fundamental importance in the understand-
ing of biological process leading to osteointegration.
Adsorption of blood proteins on arti"cial implant mate-
rials is the "rst step of a sequence of events that may lead
to biocompatibility of the implant. Blood is the "rst
medium encountered after surgical procedure thus gov-
erning the subsequent cell attachment, and albumin is
one of the proteins present in higher percentage in the
human body.

In this work, wettability and zeta potential studies
were performed to characterise the hydrophobicity, sur-
face free energy, and surface charge of glass reinforced
HA coatings. For the wettability studies a solution of
bovine serum albumin (BSA) in SBF was used.

2. Materials and methods

2.1. Materials preparation

A CaO}P
�
O

�
based glass (G1), with the following

chemical composition (in mol%): 35P
�
O

�
}35CaO}

20Na
�
O}10K

�
O, was prepared from reagent grade

chemicals using a conventional melting technique. Glass
and HA powders (P120 batch, Plasma Biotal, Tideswell,
UK) were wet-mixed in methanol and a content of 2 and
4wt% of glass was added to HA. The method used to
prepare the glass reinforced HA composites has been
fully described elsewhere [13]. Mixed powders were then
dried, isostatically pressed at 200MPa and sintered.
Samples were then milled and sieved to provide a particle
size distribution between 53 and 150�m.

Titanium alloy samples (Ti}6Al}4V) of 10�20 and
2mm thick were coated using atmospheric plasma spray-

ing employing HA and composite powders. An atmo-
spheric plasma spraying technique was performed using
a Plasma Technik automated equipment and all substra-
tes were coated at the same time, in order to ensure the
same coating thickness. Coating thickness was deter-
mined by micrometer and SEM measurements. Three
types of coatings were prepared as in Table 1. Uncoated
Ti}6Al}4V substrates were used as a control in all per-
formed tests.

2.2. Quantitative phase analysis

X-ray di!raction (XRD) analysis was performed on the
coated samples, in a Siemens D5000 di!ractometer. Us-
ing #at geometry, data were collected from 53 to 1103 2�
values, with a step size of 0.023 and a count time of
12 s/step. Quantitative phase analysis was performed by
Rietveld method using General Structure Analysis Soft-
ware (GSAS; Los Alamos National Laboratory). A com-
plete description of the methodology used has been fully
given previously [14].

2.3. Zeta potential measurements

For zeta potential measurements coatings were
detached from the Ti}6Al}4V substrate after
plasma spraying and milled in an agate ball mill pot.
Particle size distribution and zeta potential (ZP)
were measured in a Brookhaven ZetaPlus instrument.
Particle size was below 1.3�m, with 90% of the particles
below 1�m. Zeta potential was calculated automatically
by the ZetaPlus instrument based on Smoluchowski's
equation

ZP"4�
�
D

EM, (1)

where � is the viscosity of the suspending liquid, D the
dielectric constant of the suspending liquid, and EM the
electrophoretic mobility. Triplicate measurements were
performed for each testing material at pH 7.2 using
10��MKCl solution.
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2.4. Roughness measurements

Roughness measurements were performed on coated
samples using a laser rugosimeter Pertometer S3P. Arith-
metical mean roughness (R

�
) values were taken at three

di!erent points on each sample. For each material six
samples were analysed; therefore a total of 18 areas were
recorded. Measurements were performed along 1.75mm
long lines on the surface, through "ve times in 0.250mm
steps.

2.5. Surface tension and contact angles determination

The time evolution of the liquid surface tension was
obtained from the analysis of the change in the shape of
pendent drops kept inside a closed thermostatted stain-
less-steel chamber, whose atmosphere was saturated with
a pool of the liquid sample. The drops were generated at
the tip of a Te#on capillary "tted to the metallic needle of
a micrometric syringe (Gilmont Instruments). The "rst
drop was recorded as soon as stabilisation was achieved
and images were taken every 10 s in the initial 60 s and
every 20 s in the following 20min. The drop image was
recorded using a videocamera mounted on a microscope.
The pro"le of the drop was analysed by the program
Axisymmetric Drop Shape Analysis-Pro"le (ADSA-P) de-
veloped by Neumann and co-workers [15,16], consisting
of the construction of an objective function which ex-
presses the deviation of the physically observed pro"le of
a drop from a theoretical Laplacian curve, and numer-
ically minimises it with the liquid surface tension as one of
the adjustable parameters. The measurements were car-
ried out in 10 di!erent drops, at room temperature (253C)
inside the above-mentioned thermostatted chamber.

Contact angles were obtained by the sessile drop
method using the equipment described above, in 10 dif-
ferent samples. Drops were deposited with the micromet-
ric syringe on the materials, which were inside the
thermostatted chamber, previously saturated with a pool
of the liquid in use. The drop was recorded as soon as
stabilisation was achieved, and images were taken every
5 s in the initial 20 s, every 10 s till 60 s and every 30 s in
the following time (200 s).

The total solid surface free energy and its components
were determined, using distilled and deionised water and
diiodomethane as testing liquids (Merk Schuchardt,
'99%) doubly distilled under vacuum. This determina-
tion was based on Young's equation (2) which relates the
surface tension of a liquid in equilibrium with its vapour,
�
��

with the contact angle of the same liquid drop on the
surface of a solid, � [17]:

�
	�

"�
	�

!�
��

cos �, (2)

where �
	�

is the interfacial free energy between the solid
and the liquid, �

	�
the surface free energy of the solid in

equilibrium with liquid vapour, �
��

the surface tension of

the liquid in equilibrium with its own vapour, and � the
contact angle. The di!erence �

	�
!�

	�
may be obtained

from Eq. (2), with �
��

and � being the only parameters
that can be experimentally measured.

The work of adhesion (the negative of the Gibbs en-
ergy of adhesion) for a liquid and a solid in contact, W,
may be achieved using the Young}DupreH equation [18]

="�
��

#�
	�

!�
	�

"�
��

(1#cos �). (3)

According to Owens and Wendt [19], the solid}liquid
interfacial tension can be calculated based on the as-
sumption that the total surface free energy is expressed as
a sum of two components arising from dispersive and
polar contributions, �

�
and �

�
respectively. Furthermore,

the work of adhesion may be treated according to the
geometric mean approach [19] which implies that the
solid}liquid interfacial free energy is written as

�
	�

"�
	�

#�
��

!2���
	�

��
��

!2���
	�

��
��

. (4)

�
	�

and �
	�

can be calculated from Eqs. (2) and (4) using
experimental values of contact angles measured with
a pair of testing liquids with known polar and dispersive
components.

Protein studies were performed using bovine serum
albumin (BSA) (Serva, ref. 11930, standard grade,
lyophilised) dissolved in simulated body #uid (SBF),
pH"7.2, with the following ionic concentrations:
142.0mM Na�, 5mM K�, 2.5mM Ca��, 1.5mM Mg��,
4.2mM HCO��

�
, 148.0mM Cl�, 1.0mM HPO��



and

0.5mM SO��



. Protein adsorption studies were based on
contact angle and surface tension variation with time of
a 4mg/ml albumin solution, which was prepared im-
mediately before use. Contact angles and surface tensions
were determined on six samples by the sessile and pen-
dent drop methods, respectively.

3. Results

Results from quantitative phase analysis of HA and
HA-glass composite coatings obtained by XRD patterns
using the Rietveld method are shown in Table 2. The
relative proportion of �-Ca

�
(PO



)
�
(�-TCP) in the struc-

ture of the composite coatings increased as the level of
glass content added to HA increased. �-TCP was formed
by the reaction of P

�
O

�
glass with HA. However, HA

coatings were also partially converted into �-TCP, due to
phase transformations taking place during thermal cycle
imposed by plasma spraying.

In Table 3 arithmetical mean roughness (R
�
) values are

shown. No signi"cant di!erences were observed between
coatings; however uncoated sand blasted Ti}6Al}4V
alloy presented a higher R

�
value. Therefore, the di!er-

ences in wettability and surface charge of the coatings
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Table 2
Quantitative phase proportions of coatings determined by Rietveld
analysis

Quantitative phase proportions

HA �-TCP CaO

HA 87.2$0.5 6.4$1.3 6.4$1.8
HA/G

�
2 84.7$0.9 10.9$0.8 4.4$0.4

HA/G
�
4 75.3$0.3 22.5$3.7 2.2$0.1

Table 3
Arithmetical mean roughness (R

�
) for uncoated Ti}6Al}4V, HA and

composite coatings (�m)

Material R
�

Ti}6Al}4V 6.90$0.7
HA 1.37$0.2
HA/G

�
2 1.42$0.2

HA/G
�
4 1.43$0.1

Table 4
Zeta potential values of HA and composite coatings powders detached
from the substrate$standard deviation (mV)

Materials Zeta potential

HA !9.9$1.2
HA/G

�
2 !12.5$1.0

HA/G
�
4 !14.7$0.9

Fig. 1. Contact angle measurements for water on uncoated Ti}6Al}4V,
HA, HA/G

�
2 and HA/G

�
4 coatings.

Table 5
Surface free energy �

	�
(mJ/m�), dispersive ��

	�
and polar ��

	�
compo-

nents and polarity ��
	�
/�

	�
for uncoated Ti}6Al}4V, HA, HA/G

�
2 and

HA/G
�
4 coatings

Ti}6Al}4V HA HA/G
�
2 HA/G

�
4

��
	�

(mJ/m�) 35.1 26.4 21.8 23.3
��
	�

(mJ/m�) 1.8 11.2 8.5 2.5
�
	�

(mJ/m�) 36.9 37.6 30.3 25.8
Polarity 0.05 0.3 0.28 0.1

should be attributed to physico-chemical phenomena
and not related to morphological surface di!erences.

Zeta potential of HA and composite powders are
shown in Table 4. The composites presented lower values
of ZP than HA and an increase in the percentage of
�-TCP in the structure induced a more negative charged
surface. This phenomenon will be discussed later. ZP
value for titanium was not determined but literature
reports ZP"!32.6mV at pH"7.15 [20].

The variation of the contact angles with acquisition
time using water as testing liquid is shown in Fig. 1. After
a certain acquisition period the slope of the curve de-
creased and the contact angle tended towards a constant
value. The behaviour of Ti}6Al}4V appears to be some-
how di!erent, with the stabilisation period being much
shorter and presenting a much higher contact angle than
the ceramic coatings. The water contact angle value
around 1213 found for the Ti}6Al}4V alloy is higher
than that reported in literature for the same alloy when
polished, which should be attributed to the high surface
roughness (Table 3). Concerning the coatings, the HA
coating presented the lowest contact angle and HA/G

�
4

the highest one. HA/G
�
2 exhibited an intermediate be-

haviour between these materials.
The contact angles obtained using diiodomethane

reached a plateau in few seconds, and remained constant,
with values of 49.7$1.63, 57.4$3.23, 65.9$2.93 and
66.9$2.73 for Ti}6Al}4V, HA, HA/G

�
2 and HA/G

�
4

respectively (data not shown).
The observed decrease of the water contact angle with

time was certainly due to the absorption of the liquid
drop through the microscopic pores of the coatings. In
contrast, the diiodomethane molecules being larger were
not able to penetrate into the pores leading to constant
contact angles. All coatings presented some CaO phase
although in very small contents, ranging from 2.2 to
6.4mol%, as described in Table 2. This phase is known as
being quite reactive and therefore could have also con-
tributed to the initial time-dependent changes observed
in water measurements. However, the absence of any
marks on the surface after the drops having been re-
moved rules out the possibility of any signi"cant chem-
ical reaction of the substrate.

As shown in Table 5 solid surface free energy varied
between 37.6 and 25.8mJ/m� for HA and HA/G

�
4 re-

spectively, while HA/G
�
2 and the uncoated Ti}6Al}4V
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Fig. 2. Surface tension of SBF#BSA solution (in mJ/m�) as a function of time.

Fig. 3. Contact angle measurements for SBF#BSA on uncoated
Ti}6Al}4V, HA, HA/G

�
2 and HA/G

�
4 coatings.

presented intermediate values. In previous work [21],
di!erent values were determined on composites of similar
type but samples were fully dense ceramics, which were
obtained through a sintering route. Therefore, both cry-
stallinity and morphological characteristics of these sam-
ples were di!erent from the plasma sprayed coatings in
this study.

Although the dispersive component of the surface free
energy is the predominant one for all materials, the polar
component gives a signi"cant contribution, especially in
the HA and HA/G

�
2 coatings. Considering that polarity

is a quantitative indicator of hydrophilicity, the uncoated
Ti}6Al}4V with minimum polarity was the most hy-
drophobic surface. Among the coatings, the composite
HA/G

�
4 is the most hydrophobic coating. Comparison

of Tables 2 and 5 shows that this coating is the one with
the highest percentage of �-TCP which con"rms the
direct relationship between the percentage of �-TCP and
the hydrophobicity of P

�
O

�
glass-reinforced hy-

droxyapatite composites found in previous studies [21].
In Fig. 2 the evolution of the surface tension �

��
of the

SBF#BSA solution with time is shown. The observed
decrease is typical of protein aqueous solutions [22,23]
and derives from the migration and subsequent adsorp-
tion of the BSA molecules on the solution/air interface.
The time dependence of the contact angles of the protein
solution is shown in Fig. 3. Considering the
Young}DupreH equation (3) to be valid in a dynamic
situation, the time dependence of the work of adhesion,

W, may be evaluated from the values of �
��

(t) and �(t) for
the albumin solution. Fig. 4 represents adhesion work for
the materials under study in contact with the
SBF#BSA solution. The adhesion work value found for
uncoated Ti}6Al}4V was considerably lower than for
the coatings. Concerning the coatings, HA was found to
present the highest adhesion work with respect to the
BSA solution, HA/G

�
4 being the one with the lowest

value. Once again the adhesion work value for the
HA/G

�
2 was between HA and HA/G

�
4.

M.P. Ferraz et al. / Biomaterials 22 (2001) 3105}3112 3109



Fig. 5. Adhesion work (mJ/m�) between water and the materials as
a function of time.

Fig. 4. Adhesion work (mJ/m�) between SBF#BSA solution and the
materials as a function of time.

To understand the in#uence of the presence of the
protein on the behaviour of the solid/liquid interface, we
compared the work of adhesion of the aqueous solution
SBF#BSA (Fig. 4) with the work of adhesion of pure
water shown in Fig. 5. The analysis of both "gures
showed the same ordering for the work of adhesion,
meaning that the addition of the protein does not change
the relative surface wettability. However, for each coating
the addition of protein leads to a decrease in the work of
adhesion, this e!ect being more signi"cant on the com-
posites. In contrast, the presence of albumin leads to
a slight increase of the work of adhesion of Ti}6Al}4V,
the most hydrophobic surface.

Finally, we should comment on the time dependence of
the work of adhesion involving both water and the BSA
solution. The signi"cant increase in the work of adhesion
between water and the coatings observed during the "rst
minute of solid/liquid contact is the result of the decrease
in the water contact angle. In the case of the BSA solu-
tion, the opposite e!ects of the decrease in the contact

angle and in the surface tension upon the adhesion work
(see Eq. (3)) yield much smaller variations of W.

4. Discussion

The interactions among biomaterials, the physiolo-
gical #uids, and the host tissue after implantation are
in#uenced by their chemistry, morphology and surface
characteristics. Bioactivity and biocompatibility of these
new coating materials have previously been evaluated
[8,9], and relevant di!erences were detected between the
composites. This study is a tentative attempt to elucidate
the surface properties that may in#uence their biological
behaviour.

In the plasma spraying process, the heat generated by
the plasma partially decomposes the HA powder into
�-TCP, which is a high temperature phase, according to
the CaO}P

�
O

�
phase diagram. This transformation

leads to the liberation of OH� groups from the
Ca

��
(PO



)
�
(OH)

�
structure, with production of �-TCP.

Some authors have previously shown that P
�
O

�
glasses

react with HA powder resulting in the formation of
�-TCP. Therefore, in composite coatings a higher per-
centage of this phase was expected than in HA coatings,
due to the synergistic e!ect of P

�
O

�
glass and the heat-

induced transformation of HA.
It is presumed that cell adhesion is controlled by the

mutual interactions between cells and implanted mate-
rials, such as hydrophobic bonding, hydrogen bonding
and ionic a$nity. Generally, in ceramics it is considered
that electrostatic interaction plays an important role
because of their unsatis"ed oxygen ions. The surface
charge of calcium phosphates has a strong e!ect on cell
adhesion, as has recently been proved [24,25]. Therefore,
it is important to analyse the actual state of the interface
between the material and the solution (material surface
charge, ionic concentration and polarity of the absorbed
ions), with zeta potential measurements being a unique
method to achieve these properties [25].

The negative values of ZP obtained for these materials
are in accordance with published results for calcium
phosphate ceramics. Previous works in dense ceramics
have shown that for similar conditions the net negative
surface charge for �-TCP is higher than for HA [21]. In
the studied coatings, the percentage of �-TCP seemed to
be related to the surface charge, given that the higher the
percentage of �-TCP, the higher net negative surface
charge for the coating.

At physiological pH both the materials under study
and albumin exhibited a net negative charge [20]. More
importantly, composite coatings presented a higher net
negative charge than HA. Protein adsorption is a very
complex process; however it is generally accepted that it
is partially governed by hydrophobicity and electric sur-
face charge [21,24,26]. Both the HA and composites

3110 M.P. Ferraz et al. / Biomaterials 22 (2001) 3105}3112



presented net negative surface charge and albumin is also
negative at pH 7.2 (Table 4). Although no de"nite state-
ment can be made regarding the mechanism that govern-
ed protein adsorption, it may be speculated that albumin
adsorption to HA coating was somehow more e!ective
due to its lower negative charge than that of the com-
posite coatings. Previous studies have demonstrated that
protein adsorption tends to be higher on hydrophobic
materials [26], so if this phenomenon was only regulated
by hydrophobicity, composite coatings would have pre-
sented higher protein adsorption than HA coating.

Although the work of adhesion, W, cannot be con-
sidered a direct measurement of protein adsorption, it
quanti"es the decrease in the interfacial free energy,
�
	�

due to protein adsorption. The analysis of Figs. 4 and
5 showed that the values of the work of adhesion of both
the protein solution and water are higher for HA than for
the composite coatings, being minimum for Ti}6Al}4V.
For each coating the addition of protein leads to a de-
crease in the work of adhesion, this e!ect being more
signi"cant on the composites. Considering that adsorp-
tion is associated with a decrease in �

	�
and a concomi-

tant increase in the work of adhesion, W (Eq. (3)), the
observed decrease in the work of adhesion seems to
indicate that adsorption was not signi"cant. However,
BSA is known to adsorb onto inorganic surfaces, namely
HA [27]. The observed decrease in the work of adhesion
should then simply mean that the protein molecules
su!ered structural rearrangements during adsorption. In
contrast, the presence of albumin leads to the expected
increase in the work of adhesion on Ti}6Al}4V, the most
hydrophobic surface [26]. This increase should result
from the known tendency for the proteins to adsorb on
hydrophobic surfaces.

In previous work [21], it has been observed that the
work of adhesion of vitronectin solutions was higher on
dense composites than on HA. However, the samples are
of a di!erent nature not only in terms of the chemical
composition of the P

�
O

�
-glass used and surface mor-

phology of the samples, but also due to the fact that
plasma sprayed coatings are non-equilibrium materials
which result from rapid cooling from the extremely high
temperature of the plasma #ame.

This study has clearly demonstrated that wettability
and surface charge of plasma sprayed HA coatings may be
changed in a controlled manner with additions of
CaO}P

�
O

�
glass, whichmay lead to relevant modi"cations

in the biological behaviour of this type of biomaterials.
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