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ABSTRACT

Coating of titanium-based biomedical devices with a laygt o-f carbonated, apatitic

;;iffi phosphate (CaPy increases their bone-bonding ability.. Synthetic or simulated

U"aV nriar aSgD have the ability of forming apatitic.calcium phosphate.s on lh:
immersed titanium alloys within few days to 2 weeks. Apatite-inducing ability of 5

f,l NaOU-etched surfac"es of Ti6Al4V stiips (10 x 10 x 1 mm)_were tested by using

three different SBF solutions all concentratedby a factor of 1.5.-SBF solutions used

in this comparative study were D !_2_mtt{_HCO. TRls-HCl-buffered sBF (conven-

tioiit ssp br c-SBF), iii 27 mM HCoj TRIS-Hd buffered SBF (Zas-SB!), and iii)
jt ;M HCO. HEPES-NaOH buffered'SBF lrevised SBF or-r-SBF). c-SBF (4:? r:.:,NI

tfCCi":i *^ ,iott. rfow in forming CaP on Ti6A14V strips after 1 week of soaking at

iz; C','*tt"i"ls fcs-SBF of 2'7 iM HCO3 was able to fully coat the immersed sam-

oles. Cell viability, protein concentration a?rd cell attachment were tested on the coated

Ti6A14V strips by using mouse osteoblasts (7F2)'

INTRODUCTION

SBF solutions are able [1-3] to induce apatitic calcium phosphate formation on metals'

,iro*i6 or polymers iiti propr, tr6orr. treatments) immersed in them. SBF solu-

,ioii, i" ctoie iesembionc" to ihe origtnat Eqrle's (EBSS) [4] and Hanks' Balanced

Silt'sotution (HBSS) [5], were prepaied to simulate the ion concentrations of human

i,l;'"; ii;;;a'. EBS's,"iiirn nis io mM of Hgo.; !!! " .Ca/p motar ratio of L8,
,ioutiU" considered as a close ancestor oitodayi SBF solutions [3]. HBSS solution
t,o-, a Ca./p ratio oJ I.62. EBSS and HBSf solutions are derived from the plrysiologi-,

cal saline first developed by Ringer in 1882 t6l. It was recently reportg/-that HBSS
solutions ire also able to ilowly"induce apatite formation on titanium [7], due to its

low Ca,/P ratio.
po,r if,mfcking the ion concentrations of human blood plasmq, -SBF solutions have'ri*;iiii-n*'cii 

ond-ipion, concentiations of 2.5 mlrtt- arld 1.0 mM, respectively

iCl. pn'rol"es of SBF soluti\ns were ftxed at the physiolo_g_i9-va^lue of 7.4 ly uliytg

i,in[it, ,irlh o, rRls (tris-hydroxymeihyl-aminomethane)-HCl [3] or HEPES (2-(4'

d:;y;r;;yethyl)-1-piperazinyi;"tttun" sulph_o_nic 2c_i!.)-NaOH t9, 101'

flt Lin"iihg ogrnt TnIS presert in conventionat SAp &-SBF) formulations, .for in-

llo"rriwashp"orted titl'n form soluble complexes with several cations, including-go2., 
,7ir1, firtherciarirt tlhe concentration of free- Ca2* ions available for the real

tii" .olctiui phosphate coating. To the best of o,ur knowledg,e, .this behavior has not

itiUiri" iipoitrdTo, HEPES. itgg, concentrition in SBF solutions has been between

l.Z *Ut (equal to"thot of UnSg tll hnd 27 r,nM in revisited SBFs [12-14]. c-SBE which

;;t i;t)-pipularized oly xok"Li in 1990 []1, can be regarded as a, TRlS/HCl-buffered

,iiiiil "i A3SS, whose Ca/p molar ratio was increased from 1.62 to 2.5,



HBSS and c-SBF solutions have the same low carbonate ion concentrations (i.e., 4.2
mM). Tas et al. [12, 13] was the first in 1999 to raise the carbonate ion concentra-
tion in a TRIS-HCI buffered sBF solution to 27 mM, while Bigi et al. [9] have been
the first to do the same in a HEPES-NaOH buffered SBF solution.
Table I summarizes these SBF solutions. Eagle's minimum essential medium (MEM)
[15] and Dulbecco's phosphate buffer saline (PBS) t161, which are used in cell culture
studies, may also be added to this table.
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K2HPO4.3H2O
Na2HP04
MgCl2.6H2O
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HEPES
CaCl2.2H2O
NazSO+
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12.0s40
0.5280

0.337s
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0.4665
l5 mL

0.5822
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50 mL

9.8184
3.4023
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50 mL
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1 . 1  1 0 0
3.0690
0.337s
0.3450

0.4665

17.8920
0.5822
0.1080

O.S *I-

Table I lon concentrations of human plasma and synthetic solutions (mM)

Dorozhkina et al. llTl studied the influence of HCO,- concentration in SBF solutions
and concluded that "increasing the HCo., concentratibn in c-sBF from 4.2 to 27 mM
resulted in the formation of homogeneous and much thicker carbonated apatite lay-
ers." The same fact was also reported by Kim et al. ll4l on PET substrates immersed
into r-SBF.
Dorozhkina et al. |71emphasized that HEPES was rather unstable, in comparison to
TRIS, and it easily lost some of the initially present dissolved carbonates. Kokubo er
al. U0l, who developed the HEPES-buffered r-SBF recipe, also reported that r-SBF
would release Co, g-as from the fluid, causing a decrease in HCo. concentration,
and an increase in pH value, when the storage period was long.
Furthermore, they clearly stated that r-SBF would not be suitable for long-term use
in the biomimetic coating processes owing to its instability t101. To accelerate the
SBF-coating processes, solutions equal to 1.5 times the ionic concentration of SBF
were often used [2].
The aim in coating otherwise bioinert materials (such as, PET ti4l or prFE [18])
should have been the formation of bonelike, carbonated (not greater than 6 to
8vo by weight) calcium phosphate layers with calP molar ratios in the range of
1.55 to r .67 l tgl .
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The in vitro apatite-inducing ability of neither Tas-SBF [12] nor /-SBF t10l has yet

u""n i"pott"d fn Ti6AiaV iubstr#s, in direct comparison to .c-SBF. The motivation

ioi tfr" pr"r"nt study stems from our interest in finding experimental evidence to the

i;il;;itig questions: (a) do the use of different buffers (TRIS or HEPES) in SBFs

c.auSe fernarkable changes in the morphology or thickness__ojlhe calcium phosp^h^ate

.oui tuy"rt formed on ii64t+V? ftl does the variation,in HCOr-..concentration affect

,f" "pltit*irducing ability of SBlsi and (c) how would the in iiffo tests with mouse

osteoblast discriminate between caP coatings of different SBFs?

EXPERIMENTAL PROCEDURE

Ti6Al4V strips (Grade 5, McMaster-carr), with the dimensions of 10 x 10 x 1 mm'

were used as substrates. the strips were first abraded with a #1000 SiC paper (FEP+

e*ibOO, Struers), and then wasired three times, resp-ectively with acetone, ethanol,

and deionized water in an ultrasonic bath. Each one oT such strips was then immersed

in 50 mL of a 5M Nucjg rotution at 60oC for 24 hours in a glass bottle, followed

by washing with deionized water and drying at 40" C'

Details of the SBF preparation routines are given in Table 2' .Freshly prepared, 1'5x--Sdf' 
tfl, Ias-SBF't12i, and r-SBF [10] s.olutions were used in coating experiments,

unless otherwise noted. tn" otae. of aOdltion of the reagents to water is given in the

first column of Table 2. The reagent amounts were reported in columns 3 through 5

of Table 2.

Blood Tas;^ Bigi;

prasma nine# nesla= HPsiss c-lsJl sP*'�- sn-r'. r-sPi!'l
142.0 142'a ]41'5 142'0

* s.o 4.0 s.37 5'33 5.0 s'o s'o 5'o

6u'* 2.5 1.4 1.8 r.26 2'5 2'5 2's 2'5

Mgr.| 1.5 0.8 0.9 1.5 1.5 1.5 1.5

C f 1 0 3 . 0 1 0 9 . 0 | 2 3 , 5 1 4 6 . 8 | 4 7 . 8 | 2 5 . 0 | 2 4 . 5 1 0 3 . 0
HCO:- 27.0 26.2 4.2 4.2 27'0 27'0 27'0^#;-1 

1,o 1.0 0.78 1.0 1.0 1.0 1.0

aoo" 0.5 o.B 0.41 0.5 0.5 o.s 0.5

CalP 2'5 1.8 l'62 2'5 2'5 2'5 2'5

Buffer TRIS TRIS HEPES HEPES
7.4 6.5 7.2-7.6 6:l-6.9 7.4 7.4 7 '4 7 '4

Table II 1.5 x SBF PreParation

NaOH-treated Ti6Al4V strips were soaked at37oc in 50 r-nl of 1.5x c-SBR Zas-SBF

,rJr:SgF in tightly sealed Pyrex bottles of 100 ml-capacity, for a period of 7,14

iidZi days. Al"1 th; SBF solutions were replenished at every.48 hours' Strips were

removed fiom the SgF ;tutions at the ena bf respective soaking times, and washed

with deionized water, followed by drying at 37" c. The strips were placed either
;t-ir*tuffy" on the base of the"immers-ion bottles or dipped "vertically" into the

solutions with a stainless steel wire.



coated strips w€re,examined by using an X-ray diffractometer (XDS 2000, Scintag
corp., sunnyvale, cA), operated at 40 kv and 30 mA with monochromated cu Ka
radiation. X-ray data were collected ar 2q values from 10" to 40' at a rate of 0.01.
per minute. FTIR analyses were performed directly on the coated strips (Nicolet 550,
Thermo-Nicolet, Woburn, MA). Surface morphology of the sputter-coated (w/Pt) strips
was evaluated with a scanning electron microscope (FE-SEM; 5-4700, Hitachi Corp.,
Tokyo, Japan).

Mouse osteoblast cells, designated 7F2 (ATCC, Rockville, MD), were used for cell
attachment studies on the SBF-coated strips. Cells were first grown at 37"C and 57o
co, in alpha MEM, augmented by l07o FBS. The culture medium was changed every
other day until the cells reached a confluence of 90-95Vo.
Osteoblasts were seeded at a density of 10s cells/cm2. Cell cytotoxicity measurements
were carried out after 24 hours, cell viability assessment was performed after 72 hours
and total protein amount were measured after 7 days. Adhesion of the cells was
quantified 24 hours after seeding. Trypan blue was added and the cells were counted
using an Olympus BX60 light microscope.
Only cells that stain blue were deemed necrotic because of plasma membrane dam-
age. For statistics, all experiments were performed in triplicate where n=3. Analysis
of variance was performed using the Tukey-Kramer multiple comparisons test.
Osteoblast morphology after attachment was further examined using SEM. Prior to
SEM invest igat ions, samples were soaked in the pr imary f ixat ive of 3.5vo
glutaraldehyde. Further, the cells were dehydrated with increasing concentrations of
ethanol (50vo, 75vo, 90vo and l00vo) for 10 minutes each. Critical drying was per-
formed according to the previously published procedures [20].
Samples were sputter-coated with Pt prior to the SEM imaging at 5 kV.

RESULTS AND DISCUSSION

During our preliminary studies, we also prepared IxSBF solutions (i.e., c-, r-, and
Zas-SBF) and tested the formation of calcium phosphates (CaP) on alkali-treated
Ti6Al4V strips for 1 week of soaking at 37" C.
There was almost no coating observed, regardless of the replenishment rate with these
IxSBF solutions. For IxSBF solutions, more than 3 weeks of soaking is required to
observe only the onset of coating. To accelerate the coating process, 1.5xSBF solu-
tions were then prepared.

When the Ti6Al4v strips were placed horizontally (i.e., the strips were laying flat at
the base of the bottles) in the l.5xSBF-immersion bottles, precipitates forming in the
SBF solutions coalesce on the surfaces of the strips to form a grape bunch-like
morphology.
The solution to this problem was sought by vertically immersing the strips into the
1.5xSBF solutions. Vertically-placed strips did not touch the bottom of the glass bottles,
and they were placed at the halfway point along the entire height of the solution
level. Vertical placement of the strips eliminated the problem of irregular formation
of globules of apatitic CaP growing perpendicular to the coating surface, in all three
SBF solutions tested.
vertically-placed strips were also coated on both sides. SEM micrographs given in
Figures 1(a) through 1(c) showed the uniform CaP coatings obtained.
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'Ti6Al4V peuks

r.-SBF solr-rt ions with 4.2 rnM HCO. yielded a thin layer of calciunr phosphate (CaP)

coat ing,  F ig.  l (a) ,  in  cornpar ison to ?7r . r -SBF solut ions,  F ig.  l (b) .  The micro-moryhol-
. ,gy. t i lL- . .o-cc t rctwccn thc CaP cort ings of  Zr .s-  lnd r-SBF solr - r t ions was qLr i te s ig-

nif iCant, Figs. l(b) end l(c). XRD treces 01' the vert ical ly-placed, I week-coated
Ti6Al4V strips are given in Figure l(d). r '-SBF solutions sti l l  fbrnred a lesser quantity

of apatit ic CaP on the strips as compared to those fbrmed by the Zr.s- and r-SBF.

These data clearly showed that (a) the carbonate ion concentratiott in l.5xSBF soltt-

t ions of pH 1.4 r.r-rust be raised to the level of human blood plasn-ra. i.e., 27 rnM, to

fbrnt a coating layer which fr-rl ly covers the available strip surface in abor-rt I week,
(b) the geometrical placement of the samples in SBF solutior.rs has a strong ef'fect on

the morphology of the coatings. and (c) nano-r.norphology of the coatings obtained in

HEPES-buft-eiecl r-SBF solutions were significantly dif l 'er-ent than those obtained in

TRlS-bufl 'ered c- and ft,s-SBF solutions. The init ial progress of the SBF-coating, as

a ftnction of soaking time, on vertically-placed Ti6Al4V strips was also studied.

SEM micrographs of Figures 2(a) to 2(d) demonstrated the norphology difl 'erelces

between the-CaP coatings of Tus- and I-SBF solutions, both having 2l nM HCO'

afier 2 and 4 days of soaking. FTIR data of the 3 weeks-soaked sarnples showed that

all the coatings were consisted of carbonated (CO.,r ion absorption bands seen at

1410-1420 and 875 cm-r) calciutn phosphates, Figure 2(e).



The absence of the stretching and the vibrational modes of the O-H
and 639 cm-l confirmed [21] that these coatings cannot simply"hydroxyapatite." From the FTIR data alone, it is rather difficult to
tween the coatings of different SBF solutions.
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Mouse osteoblasts showed significant differences in terms of the number of attached
cells, cell viability, and protein concentration, as presented in Figures 2(f through
2(h), between the apatitic calcium phosphate layers obtained by using the SBF solu-
tions of this study. The number of attached cells, 7o viability, and protein concentra-
tion were all found to yield the highest values in the case of using a 27 mM HCO,
-containing, TRIS-HCI buffered SBF solution (i.e., Zas-SBF).

Osteoblast attachment on the surfaces of the SBF-coatings (on 3 weeks-soaked samples)
was monitored by SEM, and given in Figures 3 (a) through 3 (f). Osteoblast behavior
is sensitive to biochemical and topographical features (i.e., microarchitecture) of their
substrate. The ideal and most preferred sutface used by osteoblasts in vivo is the osteoclast
resorption pit 122]. However, one may speculate that the surfaces of nanoporous, apatitic
CaP coatings formed in an SBF solution at 37' C and pH 7.4 represents the next-to-the-
best 'bioceramic' substrate for the osteoblasts to respond to. The cytotoxicity, Vo viabil-
ity and the protein content histograms given in Figures 2(fl to 2 (h) showed that the
CaP-coated (in Zas-SBF) Ti6Al4V strips always performed better than either bare Ti6Al4V
or NaOH-treated TiAl4V strips. Mouse osteoblasts were able to differentiate between
CaP coatinss of different SBF solutions.
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a inaterial determines the init ial in t ' i tro interactions of proteins. such as flbronectin
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On coating surfaces, cells were flattened and spread with clear actin fibers associated
with vinculin adhesion plaques (Fig. 3). The SEM micrograph of Fig. 3 (d), recorded on
a Zas-SBF-coated Ti6Al4V surface, clearly showed the actin cytoskeleton and the stress
fibers. Micrographs of 3(b) and 3(f) displayed the vinculin adhesion plaque formation
on samples produced by using c-SBF and r-SBB respectively. Cells are seen to produce
fewer adhesion plaques while still in the process of migration than once permanently
settled in place. Sun e/ al. I23l exposed cells to calcium phosphate particles and re-
ported that HA particles (100 nm) or B-TCP particles (100 nm) inhibited the growth of
primary rat osteoblasts, while causing an increase in their expression of alkaline
phosphatase. In addition, Pioletti et al. [24] observed a decrease in growth, viability,
and synthesis of extracellular matrix in primary rat osteoblasts that were exposed to b-
TCP particles (l-10 mm) or CaHPO,.2H,O particles (1-10 mm). The absence of such
effects in our case proved the biocompatible nature of the SBF-coatings studied. Figures
3 (a),3 (c) and 3 (e) revealed the extension of osteoblasr filopodia.

Fig. 3 SEM micrographs for the osteoblast attachment/adhesion on CaP coatings (3
weeks of soaking time) of dffirent SBF solutions, (c) - (d): Tas-SBF, (e) - (f): r-SBF

CONCLUSIONS

This study enabled the direct comparison of HEPES and TRlS-buffered SBF solu-
tions with one another, as well as with those of different HCO.- concentration. Apa-
tite-inducing ability of NaOH-treated Ti6Al4V strips were compared when these strips
were soaked al 37" C, from 2 days to 3 weeks, in three different SBF solutions,
namely, c-SBF, r-SBF, and Tas-SBF. Although r-SBF and Tas-SBF both match the
HCO3 concentration of human blood plasma, i.e., 27 mM, the former was buffered
with HEPES, while the latter with TRIS.
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The findings are: 1) There is a significant difference in coating morphology between the
l'- and Zas-SBF solutions both of 27 mM HCO, . r-SBF formed more solution precipi-
rares in comparison to TRlS-buffered SBF solutibns (Tas-SBF); that would limit its long
reffn use in ioating substrates. 2) T\e nominal HCO. concentration of an SBF solution
is of crucial impoiance; an SBF solution containing 

"4.2 
mM HCO3 can not contend in

coating Ti6Al4V surfaces with an SBF solution of 27 ntNI HCO3. The apatilig_Cq
tbrmation rate of c-SBF on NaOH-fieated Ti6A14V was inferior to that of Zas-SBF. 3)
SBF-coating process was considerably affected by the placement geometry of substrates
in the SBFiolutions; horizontally-placed substrates exhibited a growth pattern extending
upwards in the solution, while the vertically-soaked strips were coated uniformly. 4) 1le
r irro tests with rat osteoblasts cultured on the apatitic CaP coatings of this study unques-
tionably favored the TRlS-buffered, 27 mM SBF solutions (i.e., Zas-SBF) in terms of
rrsteoblast attachment, cell viability and protein concentrations.
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