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The aim of this paper was to study the influence of precalcification process on the nucleation as well as growth of calcium-
phosphates crystals (Ca-P) on the surface of Ti alloy. Ti alloy was precalcified by the calcification solutions (SCS1-3) with
different content of Ca’* and (PO,)* ions and compared with the non-precalcified sample. The results of Ca** and (PO,)*
analysis indicate that precalcification step accelerates the consumption of both Ca** and (PO,)* ions from simulated body
Sfluid (SBF) solution. The deposition of Ca-P phase was completed approximately 6 days earlier when compared it with the
non-treated samples. Analytical measurements as well as the surface observation enable to find optimal calcification solution
marked as SCS2 containing (mmol/dm’) 4.0 Na*, 5.0 Ca’", 10.0 CI, 2.5 H,PO, and 1.5 HCOj5. The influence of S/V ratio (sur-
face area / volume of soaking media) changes on the nucleation and thickness of Ca-P layer formed in the SCS2 solution has
been studied in the second part of this work. It was found out that 4 days immersion in SCS2 solution at S/V ratios at 0.1 and
0.5 cm, respectively, is enough time for complete deposition by Ca-P phase on the alloy surface. The changes of the S/V ratio
allow adjusting the thickness of Ca-P layer on the surface.

INTRODUCTION

Materials based on calcium-phosphate, such as
hydroxyapatite, have been shown to enhance bone
apposition to orthopedic implants; they do not form
fibrous tissues, but instead an extremely thin, epitaxial
bonding layer with existing bone. These materials have
an excellent bioactive behavior but due to their low
mechanical properties they are mostly used as coatings
on implant surfaces of substrates such as Ti6Al4V and
other medical alloys [1]. Biomimetic coating processes
overcome many of the shortcomings of conventional
vapor phase coating techniques and are designed to
mimic biomineralization processes based on using of
the calcification solutions [2-4]. Uniform coatings can
be applied to any surface that has access to an aqueous
solution. The process involves controlled crystal nucle-
ation and growth. All surfaces within a porous implant
can be uniformly coated without dogging or filling the
implant.

Titanium materials have been used successfully in
orthopedic and dental surgery due to their good
mechanical properties for many years. However, in
order to successful bonding to hard tissue the Ti alloy
surface has to be treated before applying by strong acid
and base (HF or HCI and NaOH) at the first step. After
this chemical treatment a thin TiO, gel-like layer with
presence of Na" ion is formed on the alloy surface. Pres-
ence of this layer gives bioactive properties to Ti [5-6].
Chemical analysis of the supersaturated solutions with

the time of exposure of tested materials confirmed con-
tinuous but very slow consumption of Ca*" as well as
(PO,)* ions [7]. The objective of this work was to
choice the more advantageous supersaturated calcifica-
tion solutions (SCS1-3) and the second part of work was
focused on calcium-phosphate growth in SCS2 solution
depending on S/V ratio (surface area / volume of soak-
ing media). The quality of calcium-phosphate layer
depends on the concentration and ratio of both Ca** and
(PO,)* as well as the presence of NaHCO; in the role of
buffer in SCS. Subsequent in vitro testing in SBF indi-
cated an acceleration of new calcium-phosphate form-
ing (probably hydroxyapatite).

EXPERIMENTAL

Chemical treatment: The Ti6Al4V alloy surfaces
with the dimension of 10x10x0.7 mm (figure 1) were
etched in HF (1:10) for 1 min, 5-times washed by dem-
ineralized water. Pre-treatment continued by soaking in
10M NaOH solution at 60°C for 24 hours with subse-
quent (5-times) gentle rinsing by demineralized water
(figure 2).

Precalcification: The samples were precalcified in
supersaturated calcification solutions (SCS1-3) (table 1).
The Ti alloy samples were soaked in SCS solutions under
static condition at 37°C for 7 days at S/V = 0.5 cm’
(S = sample surface (cm?), V' = volume of soaking solu-
tion (cm?)).
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Table 1. The ion concentration of the SCS solutions
(mmol/dm’®).

solution Na* Ca* Cl H,PO, HCOy
SCS1 6.5 5.0 10.0 5.0 1.5
SCS2 4.0 5.0 10.0 2.5 1.5
SCS3 4.0 10.0 20.0 2.5 1.5

Exposition in SBF: The effect of Ti alloy pre-treat-
ment and precalcification on calcium phosphate forma-
tion was examined in simulated body fluid (SBF) which
simulates inorganic part of human blood plasma (table 2).
The SBF solution was prepared by dissolving reagent
grade KCl, NaCl, NaHCO,, MgS0,, CaCl, a KH,PO,
into demineralized water and buffered at pH = 7.3 with
TRIS [tris(hydroxymethyl)aminomethan] and HCI at
37°C. The samples were exposed into SBF solution
under static conditions in a biological thermostat at
37°C. The sample without precalcification was soaked
in SBF at §/V'= 0.5 cm™ for 14-20 days and precalcified
ones at S/V = 0.5 cm™ for 7-14 days.

Analytical measurement: Sample-solution interac-
tions were quantified on the basis of solution analysis.
To evaluate the ability and rate of Ca-P formation, the
concentration of phosphates and calcium ions in the
solution were performed by spectrophotometric meas-
urement and atomic absorption spectroscopy (AAS),
respectively.

The analysis of Ca*" ions concentration were per-
formed at A = 442 nm by AAS. The KCl releasing buffer
with concentration of 4000 ppm was added to each sam-

ple. The (PO,)* analyses were performed by spectro-
photometric method. The analysis was based on deter-
mination of phosphate ions on the yellow form at
460 nm. Reproducibility of results was 5-10 %. Error
bars in time dependences represent maximum differen-
ce for 2 independent measurements.

pH measurement: Value of pH was measured at
25°C by glass electrode.

Analysis of sample surface: Ti alloy surfaces after
chemical treatment and exposure in precalcification and
subsequently in SBF solution were observed by scan-
ning electron microscope Hitachi S4700 (SEM-EDS)
and by optical microscopy using image analysis with
software LUCIA. The thickness of the calcium-phos-
phate layers was observed on the cross section of the
samples fixed in resin and subsequently polished by
3 um grains of diamond paste. WAXS-GI XRD methods
confirmed crystal character of newly formed layers.

RESULTS AND DISCUSSION

Figure 2 shows the morphology of Ti alloy surface
changed by chemical treatment. Leaching of titanium
alloy in NaOH results in the formation of a hydrated
titanium oxide gel layer containing alkali ions in its sur-
face. This interlayer has thickness up to 5 um. EDS
analyses detected small amount of Na™ ions in the sur-
face (table 3). The amorphous character of TiO, layer
was confirmed by WAXS-GI XRD method.

Table 2. The ion concentrations of SBF compare to inorganic part of blood plasma (mmol/dm?).

Na* K* Ca> Mg* Cr HCOy HPO,~ SO~
plasma 142.0 3.6-5.5 2.1-2.6 1.0 95.0-107.0 27.0 0.7-1.5 1.0
SBF 142.0 5.0 2.5 1.0 131.0 5.0 1.0 1.0

57 B o T O )
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Figure 1. SEM micrograph of Ti alloy original surface.

Figure 2. SEM micrograph of Ti surface after treatment in HF,
NaOH (detail of the structure in the corner).
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Table 3. Chemical composition of the surface before and after chemical treatment.

Method of analyses Surface treatment Ti (at.%) Al (at.%) V (at.%) Ti/Al Ti/vV Al/V Na (at.%)
SEM-EDS before 83.5 12.1 4.4 6.9 19.0 2.8 -
SEM-EDS HF, NaOH 30.0 1.7 0.9 18.2 34.9 1.9 5.5

Analysis of the SCS1-3 solutions
after precalcification process

Results of SCS1-3 solutions were published and
discussed in [7]. The significant decrease of the Ca** and
(PO,)* ions was detected already after the first day of
the exposure in SCS1-2 solutions. The ions consump-
tion stopped after the 4th day of the exposition. We can
assume that the nucleation period of the Ca-P precipita-
tion started in the first minutes of the samples exposi-
tion and Ca-P phase formed continuously till the solu-
tion is supersaturated to precipitated calcium-phos-
phate. The solution named SCS3 was unstable and cal-
cium-phosphates precipitated before exposition of the
Ti-alloy sample.
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In vitro test (exposition in SBF solution)

In vitro test compares results of the precalcified
samples with the non-precalcified sample in SBF solu-
tion. Analysis confirmed that precalcified samples
(figures 3b-d) had absorbed Ca** and (PO,)* ions imme-
diately after immersion till the 7" day of exposition
in SBF. In the case of the non-precalcified sample
(figure 3a) this phenomenon had occurred on the 6" day
after immersion and finished till the 14™ day. The resi-
dual concentration of the both ions was about
40-50 mg/dm’ and subsequently the Ca-P precipitation
stopped.

Analysis of SBF solutions after exposure of Ti
alloy samples had only informative character (figures
3a-d). In spite of this fact, there is evident phenomenon
- shortening of incubation period of forming Ca-P if the
samples were precalcified.
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Figure 3. Time dependence of Ca** and (PO4)* concentrations a) of the non-precalcified sample in SBF (20 days) and precalcified
ones in b) SCS1 (7 days), ¢) SCS2 (7 days), d) SCS3 (7 days) solutions with subsequent exposure in SBF (14 days).
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Study of Ca-P layer on the surface
after exposure in SBF

The quality and thickness of the formed layers
seems different (figures 4-5). Ca-P spherulites formed
on non-precalcified surface are distributed non-homo-
genously on the sample surface containing of Ca-P layer
(figure 4). This fact was confirmed by SEM-EDS [8].
However, only 7 days of exposition in SBF in the case
of precalcified sample (SCS2) is enough time for com-
plete covering of the sample surface by homogenous
Ca-P layer (figure 5). This layer shows the crystalline
character. Needle-like crystals are spherically seated.

Thickness of the Ca-P layer was approximately
5 um after 20 days in the case of non-precalcified sam-
ple and 13 pum on the precalcified surface after 14 days
in SBF, respectively (both under static conditions). Stu-
dying of the layers by optical microscopy after immer-
sion in SBF confirmed that precalcification treatment
had positive influence on the Ca-P growth. The analyti-
cal measurement (figures 3a-d) confirmed the layer
observations (figures 4-5).

Figure 4. Optical micrograph of the surface of non-precalcified
sample after soaking in SBF (20 days).

Figure 5. Optical micrograph of the precalcified surface in
SCS2 (7 days) with subsequent exposure to SBF (7 days).

It has been concluded that using SCS2 solutions
can help to precipitate of the Ca-P phase in SBF solu-
tion. Consequently, the Ti alloy surface with nucleated
Ca-P phase is good base for next growth of crystalline
Ca-P phase in SBF as well as human plasma solutions.

The effect of S/V ratio on the thickness
and quality of Ca-P layer

The SCS2 solution was chosen as the base for the
precalcification process with the aim to study the in-
fluence of S/V ratio on nucleation and growth of
Ca-P layer. Ti alloy samples were immersed in SCS2
solution under static condition at 37°C for 7 days and
at S/V=0.1; 0.3 and 0.5 cm™.

Results of precalcification analysis
for various aspect of the S/

The results of analysis confirmed (figures 6a-c),
that the ions consumption with time of exposure have
analogous trend for each S/V ratio in SCS2 solution. The
absorption of ions was stopped on the range of about
160-170 mg/dm’ for Ca’** and 140-150 mg/dm’ for
(PO,)* after the 4™ day of exposure in SCS2 solution
independent on S/V ratio. Measurement of pH value
confirmed that pH decreased continuously from 6.4 to
5.8 in all cases. It means that SCS2 solution had become
under saturated to Ca-P which is formed on the surface
on the 4" or 7™ day, respectively. The optimum time for
Ca-P phase formation seems to be the 4™ day of expo-
sure, when the Ca/P molar ratios (calculated from con-
sumed amount of ions) achieved 1.72; 1.81 and 1.67
(1.67 is the theoretical value for hydroxyapatite) for S/
0.1; 0.3 and 0.5 cm™, respectively (figure 6d).

Study of the Ca-P layers (thickness and morphology)
after precalcification process by optical microscopy

Ti alloy surfaces are completely covered by fine
grain minerals of Ca-P phase at S/7'=0.1 cm™ as well as
0.5 cm™ (figure 7). Differences are in thickness and
probably quality of this layer. The thicknesses continu-
ously grow from 25 pm (S/V = 0.5 cm”) to 50 pm
(S/V'=0.1 cm™). Figures 7 and 8 demonstrate the thick-
ness of the layer (cross section) on surface after the
7™ days of exposure at S/V = 0.1 and 0.3 cm™', respective-
ly. Spherulites formed in SCS2 solution at /¥ = 0.3 cm™
do not covered of the sample surface completely. The
diameter of these spherulites is approximately of 30 pm
(figure 8).
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Figure 6. Time dependence of changes in Ca** and (PO.)* concentration after exposition in SCS2 solution - a) S/V = 0.1 cm’,
b) S/V'=0.3 cm™, ¢) S/V'=0.5 cm™, d) calculated Ca/P molar ratio of consumed ions under various S/V.

Figure 8. Optical micrograph, cross section of the spherulit.

Figure 7. Optical micrograph, cross section of the layer formed
in SCS2.
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CONCLUSION

1) Precalcification process has significant influence on
shortening of incubation period of Ca-P precipitation
in SBF, resulting Ca-P layer is twice thicker com-
pared to the non-precalcified samples.

2) The thickness of the Ca-P layer nucleated by precal-
cification depends on S/V ratio and can be predicted.

3) Precalcification process is finished where the solution
became under saturated for formation of Ca-P and in
our experiments it was on the 4" day, consequently
static conditions for in vitro testing are not satisfying
because of quick consumption of Ca** and (PO,)> ions
as well as decrease of pH value in supersaturated
solutions.
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PRIPRAVA KALCIUMFOSFATU NA Ti SLITINE
PREKALCIFIKACNIM PROCESEM ZA STATICKYCH
PODMINEK

RENATA HORVATHOVA, DANA ROHANOVA,
ALES HELEBRANT

Ustav skla a keramiky,
Vysokad Skola chemicko-technologickd v Praze
Technicka 5, 166 28 Praha 6

Bioaktivnim materidlem v souvislosti s ndhradami kostni
tkané rozumime material, ktery je schopen za dostate¢né krat-
kou dobu vytvofit s kostni tkani pevnou vazbu. Titanové mate-
ridly (Ti6Al4V) vyuzivané k ortopedickym nebo dentalnim
nadhraddm jsou materidly inertni. Chemickou upravou jejich
povrchu pomoci silnych kyselin a zasad se docili pokryti
povrchu tenkou vrstvickou TiO, gelu. Nasledné nékolikadenni
expozici v pfesycenych roztocich ozna¢enych SCS1-3 (vysoky
obsah Ca** a (PO,)* iontli a vhodné pH) se na povrchu gelu nuk-
leuje a srazi dostateéné silna vrstva kalcium-fosfatu. Pfitom-
nost této rozpustné kalcium-fosfatové vrstvicky nasledné
urychlil cca o 6 dnli proces tvorby kalcium-fosfatu pfi in vitro
testech v statickém usporadani. Prekalcifikace tak mize urych-
lit proces vyhojovani. Druha ¢ast prace byla zaméfena na vliv
poméru S/V (plochy vzorku ku objemu kapaliny (SCS2)). Z
méfeni koncentrace ionta Ca** a (PO,)* vyplynulo, Ze nejvétsi
zmény se v prekalcifikacnim roztoku odehrdvaji 1. den po
vlozeni vzorku a prakticky ukoncuji do 4. dne od zacatku
expozice. Roztok prestava byt piesycen vici kalciumfosfatu,
ktery se na povrchu vysrazel od¢erpanim Ca* i (PO,)” ionti a
snizenim jeho pH. Tloustka i velikost vzniklych jehlicovitych
krystalkl sféroliticky uspotadanych je zavisla na poméru S/V.
Odcerpané mnozstvi Ca i P a jejich pomér se jiz po 4. dnu blizi
teoretickému poméru v HAp. Z naméfenych dat také vyplyva,
ze k testovani bioaktivnich materiali je vhodngjsi tzv. dynam-
ické uspotadani testu, kde bude zarucen ptivod Cerstvého roz-
toku SBF (simulated body fluid) po celou dobu testovani
materialu.
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