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ABSTRACT

Bioactive glass of the quaternary system; SiO,-Na,O-CaO-P,O, similar to
45S5 Bioglass® was prepared using sol-gel chemistry from fused silica
sand. The monolith was sintered at 950 °C before subjecting to immersion
in simulated body fluid (SBF). The sintered monolith and immersion
specimen were characterised by scanning electron microscopy (SEM),
energy dispersive X-ray analysis (EDX) and Fourier transform infrared
spectroscopy (FTIR). Thedensity of the as-sintered glass was 1.056 g/cm?®
and porosity 61%. Immersion study of the glass monolith in simulated
body fluid confirmed steady change in pH of the SBF solution, increasein
Ca, Pand C on the surface of the monoalith, with corresponding decreasein
Si attributed to the formation of carbonated hydroxyapatite (HCA). The
compositionally controlled glass material prepared shows promise as a
candidate scaffold material for bone tissue engineering.
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INTRODUCTION

Human tissue and organ failure caused by defects,
injuries, diseasesor any other typesof damageimpact
subgtantialy onthehedlth and qudity of lifeof the popu-
lation and assuch, impose hugefinancia burdenonthe
economy. Among these, muscul oskel etal conditions
occur frequently asamajor reparative probleminre-
congtructivesurgery. Oneof thesurgical strategiespur-
sued to remedy this problem include utilization of
autograftsor allograftd¥. Whilethe use of autograft
materid isthe preferred technique, therearelimitations
such asdonor site morbidity, limited donor bone sup-
ply, anatomical and structura problems, and elevated
levelsof resorption during hedling@. Allograftshavethe

disadvantage of dicitingimmunologica responsedue
to genetic differencesand therisk of inducing transmis-
siblediseases®4. Therefore, considerableattention has
been directed towards regeneration of damaged bones
invivo andin vitro using bioactive glasses and engi-
neered biomaterid 959, Bioceramic cacium phosphates
such as hydroxyapatite (HA), tricalcium phosphate
(TCP), biphasic cal cium phosphate (BCP) and rel ated
composites of bioactiveinorganic materialswith bio-
degradable polymers™¥ are someof themost promis-
ing materia sfor agpplicationin bonetissueengineering.

Bioactiveinorganic materid sarebiocompdtiblere-
actingwith physiologicd fluidsformingtenaciousbonds
to bonethrough theformation of bone-like HA layers.
Several authors have proposed athree-step mecha
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nism of HCA formation when abioactive glasswith
composition in the system SI0,~Na,O-CaO-P,O,
comesinto contact with physiological fluidstoinclude;
ion exchange, dissol ution and precipitation’>*2, This
phenomenonfadilitatesstronginterfacid fixation of bone
tissuewith thematerid surfacewithout diciting adverse
immunological responses**4, For example, silicate
bioactive glasses such as 45S5 Bioglass®* (compo-
stioninmol %: SO, (46.1); Na,0 (24.4); CaO (26.9);
P,O;(2.6)) inducestherelease and exchangeof critical
concentrationsof solubleSi, Ca, Pand Naions, which
lead to favourableintracel lular and extracel lular re-
sponses promoting rapid bone formationl*514,

Sol-gel derived bioactive glassed'’?Y have been
reported to show better activity over themelt-derived
glassmaterial?>%, Also, sodium containing bioactive
glasses have some advantages over their non-sodium
bioglass, for exampleaddition of Na,0 or K, Olowers
the temperature during processing of melt-derived
bi oactive glasses. Furthermore, inclusion of Namakes
thefina materia more solublein aqueous media?+
and enhancesits mechanical strength duetothecrys-
talization of sodium calciumsilicate phaseswhichare
biodegradable?!. Additionally, the sol-gel processing
method facilitateshighintrins c surface ared?%" result-
inginhighreactivity inphysiologicd fluids.

Most sol-gel reactionsto givebioactiveglasses uti-
lize as precursors silicon alkoxides like trimethyl
orthosilicate (TMOS) and tetraethyl orthosilicate
(TEOS) asstarting materials. These alkoxidesare not
only expensive, but aso toxic oninha ation®-3Y, In con-
tinuation of our interest inthe synthesisof bioectiveglass
scaffoldssuitablefor bonetissuerepair, wereport herein
the preparation of bioactiveglassinthequaternary sys-
tem containing SiO,-Ca0-Na,0-P,O, frominexpen-
siveand readily availableslicarich sand asaprecursor
viathesol-gel process.

EXPERIMENTAL

Materials

The sand used as starting material was obtained
fromIfoin Ogun State, Nigeriahaving thecomposition
showninTABLE 1. Anaytical gradereagentsinclud-
ing; Ca(NQ,),.4H,0 (Loba Chemicals, 98 %),
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NaH,PO,.2H,0 (Kermel, 99 %), HNO,, HCI (Riedel -
deHaen, 60%), H,PO, NaCl, NaHCO,, KClI,
K,HPO,3H,O0, MgCl,6H,0, CaCl, and
trishydroxymethyl aminomethane [Tris-buffer,
(CH,OH),CNH,] were used as appropriate to pre-
pare either the bioglass or SBF sol ution respectively.

Prepar ation of sodium metasilicatefrom sand

The silica sand sized by passing through sieves
ranged between 159-595um was washed to free it from
clay and other impurities before being oven-dried at
120 °C. Sodaash was added to the sand to obtain the
ratioNa,0: SO, of 1: 2inthefina product. Themix-
ture after thorough mixing was fused in afurnace at
1300°Cfor 1 hto form water glass, sodium metasili-
catemelt.

Preparation of bioactiveglass

To preparethe bioactive glasswith composition
(mol %); 31.39Si0,: 28.70Na,0: 36.86Ca0:
3.05P,0,, the sodium metasilicate melt (water glass)
was added slowly while using a magnetic stirrer to
0.05M HNO,. Themixturewasstirred for 1 hfor com-
plete hydrolysis, thereafter under stirring conditions
H.PO,, NaH,PO,.2H,0 and Ca(NQ,),.4H,0 were
added dowly inthat order. Each reagent wasadded in
amolar ratio of 1:20 of water and allowed reaction
time of 45 minutes before adding the next reagent. Af-
ter thelast addition, themixturewasstirred further for
1 h before pouring theresulting sol into teflon moulds
and kept at room temperature for 72 h for gelation.
Thereafter, the gel was maintained at; i. 70°C/72 h,
130°C/42h,ii. 700°C/2 h, andiii. 950 °C/3 hto age,
dry, stabilize and sinter respectively. The heating and
cooling rateweremaintained at 5°C/min.

Characterization

Thedensity of thebioactiveglassp goss W3S deter-
mined from the mass and dimensions of the sintered
materia. The porosity P wasca culated asfollows;
P=(1- pglasslpw“d) x 100 (@)
wheredensity p_. .= 2.7 g/cm? of 45S5 Bioglass®I®.
Furthermore, microstructure of the glasswas charac-
terized before and after immersion in simulated body
fluid (SBF) using EVO/MAIQO scanning el ectron mi-
croscope (SEM) equipped with energy dispersive X-
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ray analyzer (EDX). The sample was carbon-coated
and observed at an accel erating voltage of 15kV. Fou-
rier transforminfrared (FTIR, Shimadzu 8400S), with
the wave number range of 4000-400 clemploying
KBr pelletsoperatingin areflectancemodewith adcny
resolution was used to investigate the nature of bonds
present inthe glass network.

Bioactivity test

Assessment of bioactivity was carried out using the
standard in vitro procedure described by Kokubo et
al.l?. SBF was prepared using analytical grade re-
agents; NaCl, NaHCO,, KCI, K,HPO,-3H,0,
MgCl,-6H,0, CaCl,, trishydroxymethyl aminomethane
[ Tris-buffer, (CH,OH),CNH,], and 1M HCl withions
concentrations shown in TABLE 2. Monolith glass
sampleswereimmersed in acdllular SBF at concentra
tion of 0.01g/ml in clean plastic bottles, which had pre-
viously been washed using HCI and dei oni sed water.
Thebottleswere placed inside an incubator at acon-
trolled temperature of 36.5°C and pH wasmaintained
at 7.4. without refreshing the SBF solution for amaxi-
mum of 14 daysand thepH recorded daily for thefirst
9 days using a pH meter (Hanna, HI96107). The
sampleswere extracted from the SBF solution after 7
and 14 days, rinsed with deionised water and |eft to
dry a ambient temperaturein ades ccator. Thesamples
weretheredfter investigated for formation of gpatitelayer
ontheglasssurfaceby SEM/EDX and FTIR.

RESULTSAND DISCUSSION

Densification, bulk density and por osity

Chemical analysisof thesand used inthisstudy is
shownin TABLE 1. Theresult reveasthat thesandis
richinsilica, approximately 98%. Most of the other
metal oxidescomponentsin the sand occur in minor
amount making this sand satisfactory for the desired
purpose. Water glasswas obtained using standard pro-
cedure. Thequaternary bioactive glassof desired com-
position was obtal ned asdescribed. Thedensity of the
as-sintered glasswas 1.056 g/cm? while porosity ob-
tained by applying Eq. (1) was 61 %, indicating that
only partia densification occurred after heatingtheglass
at 950°C for 3h. Thisresult isquantitatively smilar to
Chen et al.*2 who showed that complete densification
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of Biogl construct may be obtained after sintering
above 950 °C. Implicitly, extensive densfication leads
to hardening of amaterial by strengthening the pore
srutsand overdl reductionin porosity. Significant den-
sfication of theglassmay causefull crystallization for
which abioactive glassmay revert into aninert mate-
rid™, Itisasoimperativeto notethat insufficient den-
gfication may occur at low temperaturewhich canlead
to avery fragilescaffold containingloosdly packed par-
ticles. Consequently, it isdesirablethat the material
should besintered at atemperaturewhere crystalliza-
tion does not occur to agreat extent to maintain bioac-
tivity of the glass and should be highly porous, both
whichareidedl for tissueengineering scaffold.

TABLE 1: Composition of silicasand.

Element S|Oz Fe,0O3 MgO A|203 K,O Na,O CaO
(Yo)mass 98 0.97 0.046 0.53 0.35 0.043 0.061

SEM/EDX characterisation of bioactiveglassbe-
foreand after immersionin SBF

SEM micrograph of thesol-gel glassafter sintering
at 950°Cisshownin Figure 1(a). Theglass material
shows heterogeneous surfaces of flaky particleswith
littlecrystdlinity and someporousstructure. After 7 days
immersionin SBF solution, the surfaceistransformed
into agglomerated ballsof HA growthin Figure 1(b)
and 1(c). The composition of the surface as shown by
EDX indicatesthat the concentration of sodiuminthe
bi oactive glass decreases based on the di ssol ution theory
inphysiological fluidg'*?, whileconcentrationsof Ca
and Pincrease dueto the formation of HAR*38, After
14 days in SBF solution, the HA particles appear
coarser shownin Figure 1(d) with many small protu-
berances growing out from the apatitelayer. Thereac-
tion process proposed for the formation of HA onthe
surface of aglasssampleimmersed in SBF*" involves;
exchange of the network moditer calcium with pro-
tons, dissolution of solublesilicaat theglass solution
interface, condensation andre-polymerizationof aSO,-
richlayer onthe surface, finally migration of Ca?*and
PO,*ionstothesurfacetoformaCaO-P,O,-richfilm.

Furthermore, fromthe EDX (Figure 1(d) inset), it
isevident that the composition of S onthesurfacehas
reduced considerably, while Ca, Pand C haveall in-
creased. Thelow detection by EDX of Si asshownin
TABLE 3isdueto the apatite cover on the bioactive
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glass. Furthermore, thevariationinboth Ca, Pand C
withincreased immersontimein SBFisdueto chemi-
sorption to explainthe HA dissol ution/redeposition
theory®* TABLE 3.

TABLE 2: lon concentr ations(mM ) in human plasmain com-
parison with SBF.

HCOs HPO,> SO,%
25 1478 42 10 05
25 1030 270 10 05

lon Na© K Mg? ca®t cr
SBF 1420 50 15
Human Plasma 142.0 50 15

pH changesduringimmersionin SBF

Changesin pH of the SBF solution after immers-
ing thebioactive glassfor thefirst 9 daysisshownin
Figure 2. ThepH of the solutionincreased sharply for

(a)

-

EHT = 15.00KV SQnal A = VWPSEGY
WO = 65mm Mog= 200KX

Date |13 Mar 2012
Tire 141531
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thefirst two days reaching avalue of 8.4 compared
withtheinitia pH of 7.4, then remains constant until
the4th day. Thisisdueto thefast release of Na“and
Ca?*ionsinto the surrounding solution through ex-
changewith H* or H,O* iong*l. Withthe H* ions be-
ing replaced by cations, thereisaconcomitant increase
in hydroxyl concentration of the solution that resultin
attack on the silicaglass network and formation of
silanolsat theglass solution interface. After day 4 the
pH increasesmore gradual ly because some of there-
leased calciumionsare used to form CaO-P,O,-rich
film, decreasing the Carel ease kinetics. With pro-
longed immersion, the pH reaches asaturated state
(pH =8.7).

Signal A = VPSE G3
Mag = 100K X

Date 13 Mar 2012
Tuwve 14:28.07

.
Cate 13 Mar 2012
Time 142724

EHT = 1500k
WD 70mm

Signal A = VPSE B3
Mag= 200K X

-

Ca

EHT = 15.00 kv Signel A = VPSE 63
WD = 65 mm Mag= 100K X

Date 15 Mar 2012
Time 1143632

Figure1l: SEM micrographswith EDX insets of the bioactive glasssurfaceat (a) O day, (b and c) 7 déys at different
magnificationsand (d) 14 days showing growth of HA and increasein Pwith increasing immersion timein SBF.

FTIR evaluation of bioactivity of theglass

Figire 3 showsthe FTIR spectraof samplesim-
mersed in SBF solution for O, 7 and 14 days respec-
tively. Asobserved, the spectrum of the parent glass
beforeimmersion revealsbandsat 1119, 1038, 964,
930, 901, 797, 681, 641, 617, 567, 511 and 475 cm
!, Thebands 1119 and 1038 cm™* are associated with

S—O-Si and P—O vibrational modes*”; 900-964 cm
1 are related to S—O non-bridging oxygen bonds
(NBO). Thebandsat 797 and 475 cm* are attributed
to Si—O-Si bending vibrations. The peak at 612 cm™
can be assigned to the presence of crystallinephasein
the sampl €Y, After soaking for 7 daysonly two bands
appear in the region 1100-900 cm?; asharp band at
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1082 and ashoul der at 959 cm? suggesting the disrup-
tion of theNBO bondsdueto leaching of Caand disso-
lution of solublesilicaat theglassinterface during the
period of immersionin SBF solution“?. Several new
peaks emerge at 1427, 872cm®, which can be attrib-
uted to the presence of CO 2, and the peak at 573
cm? isassigned to P-O bend in amorphous calcium
phosphate. Thissuggeststhe onset of incorporation of
CO,> into HA. After 14 daysof immersion, thebands
between 950-1120 cm'* increasein number which may
bedueto re-polymerization of SO, toformsilicarich-
layer on the glass surface and incorporation of Ca?*.
Additionally, the CO,> band becomesbroader and de-
velops asecond band at 1470, while the peak at 573
cmrt splitsinto two sharp modes at 604 and 554 cm'?,
which arecharacteristic of apatite crystaline phase®,
indicating that HCA now dominatestheapatite phase.

TABLE 3: Composition (in atomic %) of thebioactiveglass
surfacebeforeand after immer sonin SBF measured by EDX.

Immer sion time (days)

0
Element (%) 0 7 )
Ca 7.90 10.58 14.45
P 131 3.33 7.20
S 6.68 5.58 2.10
C 13.62 15.28 16.62
Na 12.25 1.58 1.83
Cl - 0.34 1.13
S - 0.08 0.33
Mg - 0.49 0.25
Al 0.28 0.16 -
I - - 0.18
9.4+
9.0+
8.6
8.2
7.8
7.4 T T T f T T T T T

Immersion time (days)
Figure?2: Variation in pH of bioactive glassimmersion in
SBF solution with timeat initial pH =7.4.

T T T
4000 3000 2000 1500

Wavenumber (cm)

Figure3: FTIR spectraof thebioactiveglassimmersed in
SBF solution for 0-14 days.

CONCLUSION

Bioactive glass materia of the quaternary system
Si0,~Na,0-CaO-P,O, hasbeen obtained by the sol—
gel techniqueusing sand obtained from Ifoin Nigeriato
prepare the water glass precursor. The monolith ob-
tained was sintered at 950 °C in order to attain reason-
ablecrygd linity without achieving full densificationto
ensurethematerial isalso resorbablein physiological
fluids. Evidencefrom thisstudy showsthat pH of the
SBF changesgradually from 7.4, reaching avalue of
8.7 after 14 days, which will imply acontrolled rate of
degradation leading to HCA formation that will facili-
tate osteoconductivity. Finally, thelow cost precursor
used and thelow-temperature sol—gel processing con-
ditionscould serveasanovel inexpensive approachto
prepare quaternary bioactiveglasseswith potential sfor
rgpid commercidizationin bonerepair therapy.
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