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Abstract

Bioactivity testing of dental materials 

Alexander Eriksson

Ever since Hench et al. first discovered bioactive glass in 1969, extensive interest was
created because of the materials ability to chemically bond with living tissue. In this
project the bioactivity of three different compositions of the bioactive glass
Na2O-CaO-SiO2 have been studied. The compositions of the different glasses were
A (25% Na2O, 25% CaO and 50% SiO2), B (22.5% Na2O, 22.5% CaO and 55% SiO2)
and C (20% Na2O, 20% CaO and 60% SiO2). Their bioactivity was tested through
biomimetic evaluation, in this case by soaking samples of each glass in simulated body
fluid (SBF) and phosphate buffered saline (PBS). After soaking, the samples were
analyzed with Scanning Electron Microscopy (SEM), Energy-Dispersive X-ray
Spectroscopy (EDS), Grazing Incidence X-ray Diffraction (GIXRD) and
Fourier-Transform Infrared Spectroscopy (FTIR) to analyze if hydroxyapatite formed
on the glass surfaces. Both the A and B glass showed bioactivity in SBF and PBS, while
the C glass did not. Further work is necessary to determine which of the A and B
glass has the highest apatite formability and the reason why the C glass were not
bioactive.
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Bioaktivitetstestning av dental material 
 

Alexander Eriksson 
 

Forskning	 och	 utveckling	 världen	 över	 inom	 tandvård	 har	 lagt	 stor	 vikt	 på	 att	
förbättra	 tandfyllningars	 egenskaper	 och	 förlänga	 deras	 livslängd.	 I	 Sverige	 görs	
mer	 än	 3,3	miljoner	 kompositfyllningar	 varje	 år	 (2013).	 Antalet	 ingrepp	 har	 ökat	
markant	under	den	senaste	tiden.	Detta	kan	bero	på	att	man	i	Sverige	2009	förbjöd	
dentalmaterialet	amalgam	med	vissa	undantagsfall	(förbjöds	helt	1	juli	2018).	Detta	
då	de	potentiellt	visade	sig	vara	giftiga,	då	de	till	störst	del	består	av	kvicksilver.	Den	
främsta	orsaken	till	att	kompositfyllningar	lossnar	är	att	de	krymper	när	de	härdas.	
Detta	 kan	 leda	 till	 att	 de	 blir	 en	 spricka	 mellan	 själva	 fyllningsmaterialet	 och	
tandvävnaden.	 I	 dessa	 sprickor	 kan	 det	 i	 sin	 tur	 samlas	 bakterier	 som	 karies,	 så	
kallad	sekundärkaries.	En	annan	orsak	till	att	kompositfyllningar	spricker	är	att	de	
är	väldigt	mjuka	i	jämförelse	med	människans	naturliga	tänder.	Den	genomsnittliga	
personen	tuggar	omkring	600	000	gånger	per	år,	från	detta	har	studier	visat	på	att	
dessa	kompositfyllningar	har	en	genomsnittlig	 livstid	på	enbart	6	år.	Det	gör	dem	
mer	 känsliga	 än	 amalgam	 som	 är	 betydligt	 hårdare	 och	 krymper	 mindre	 vid	
härdning	vilket	gör	att	de	håller	i	flera	årtionden.		
	
Mycket	 forskning	 och	 utveckling	 har	 utförts	 på	 bioaktivt	 glas	 sedan	 det	 först	
utvecklades	1969	av	Hench	et	al.	Detta	på	grund	av	sin	förmåga	att	kemiskt	kunna	
binda	till	mjuk	och	hård	vävnad	i	kroppen.	På	senare	tid	har	vissa	kompositioner	av	
bioaktivt	 glas	 även	 visat	 på	 antimikrobiell	 effekt.	 Detta	 då	 glaset	 bland	 annat	 kan	
släppa	ut	 joner	 av	 kalcium	och	 fosfater.	Dessa	 joner	 har	 visat	 sig	 vara	 giftiga	mot	
bakterier	 som	 förekommer	 i	 munnen	 och	 tenderar	 även	 att	 neutralisera	 sura	
omgivningar.	
	
Idag	 inom	 tandvården	 kan	man	 hitta	 bioaktivt	 glas	 i	 tandkräm.	 Där	 består	 de	 av	
mikrometer	stora	partiklar	som	hjälper	till	att	remineralisera	områden	på	tänderna	
som	 skadats	 och	 orsakar	 ilningar.	Omfattande	 forskning	pågår	 även	 för	 att	 kunna	
förbättra	 och	 förlänga	 livstiden	 av	 de	 befintliga	 material	 som	 används	 idag	 för	
exempelvis	fyllningar	och	dentalimplantat	med	hjälp	av	bioaktivt	glas.	
	
Syftet	med	detta	projekt	är	att	få	en	bättre	förståelse	av	det	bioaktiva	glaset	Na2O-
CaO-SiO2	 och	 dess	 potentiella	 framtid	 inom	 tandvård.	 Därför	 har	 tre	 olika	
sammansättningar	 av	 bioaktivt	 glas	 studerats	 genom	 in	 vitro	 biomimetik	 för	 att	
efterlikna	hur	materialen	skulle	agera	 i	människan.	Detta	gjordes	med	hjälp	av	en	
blötläggningsstudie,	 där	 prover	 av	 olika	 glasformuleringar	 placeras	 i	 tuber	 med	
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simulerad	 kroppsvätska	 och	 fosfatbuffrad	 saltlösning	 som	 liknar	 människans	
blodplasma	 både	 i	 jon-koncentrationer	 och	 pH.	 Proverna	 placerades	 även	 i	 en	
inkubator	för	att	hålla	en	kroppstemperatur	på	37	℃.	Efter	att	proven	förvarats	i	1	
och	 4	 veckor	 så	 analyseras	 de	med	 SEM,	 EDS,	 GIXRD	 och	 FTIR	 för	 att	 se	 om	 det	
bildats	apatit	på	ytan	av	de	olika	glasen.	Resultaten	från	denna	studie	visa	på	att	två	
av	glasen	var	bioaktiva.	
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1	Introduction		
	
This	master	 thesis	was	performed	at	 the	Department	of	Engineering	Sciences,	 the	
Division	of	Applied	Materials	Science	at	Uppsala	Univeristy.	The	project	carried	on	
for	a	period	of	20	weeks,	which	corresponds	to	30	credits.		
	

1.1	Background		
	
Hench	 et	 al.,	 first	 discovered	 in	 1969	 that	 some	 compositions	 of	 glasses	 have	 the	
ability	to	chemically	bond	with	hard	tissue,	in	that	case	bone,	when	being	implanted	
to	 living	 tissue.	Because	of	 the	bioactive	property	he	 called	 this	material,	Bioglass	
[1].	 When	 a	 material	 gives	 biological	 response	 and	 forms	 a	 bond	 between	 the	
material	 and	 tissue,	 the	 material	 is	 bioactive.	 Specifically,	 bioactive	 glasses	 are	
silicate	based	with	 calcium	and	phosphate,	 but	may	also	 include	other	 substances	
[2].	 Later	 some	 other	 types	 of	 bioactive	 glasses	 were	 developed,	 which	 had	 the	
potential	 to	 bond	 with	 soft	 tissue	 (e.g.	 tendons,	 skin	 and	 muscles)	 [3].	 These	
materials	 became	 an	 alternative	 to	 the	 biomaterials	 used	 at	 that	 time.	 The	
biomaterials	used	until	the	mid	1960s	to	replace	diseased	and	damaged	tissue	were	
supposed	 to	 be	 as	 bioinert	 as	 possible,	 which	 means	 having	 as	 little	 chemical	
interaction	between	the	material	and	host	as	possible.	An	alternative	material	to	the	
commonly	used	metals	within	dentistry	and	orthopedics	was	essential	at	that	time	
[4].	 After	 evaluating	 the	 bonding	 strength	 between	 the	 glass	 and	 cortical	 bone,	 it	
turned	out	that	the	strength	was	equal	or	even	greater	than	the	strength	of	the	host	
bone	[5].		
	
The	first	clinical	application	of	bioactive	glass	was	performed	in	1986	as	middle	ear	
prosthesis	 to	 restore	 conductive	 hearing	 loss.	 Some	other	 early	 applications	were	
for	 spinal	 fusion,	 autograft	 harvesting	 when	 reconstructing	 the	 iliac	 crest	 and	 in	
several	different	cases	as	a	filler	of	bone	defects	in	orthopedics.	The	success	of	these	
early	 applications	 showed	 the	 potential	 for	 the	 future	 of	 bioactive	 glass	 as	 an	
excellent	 compatible	 implant.	 [6]	 It	was	 obvious	 that	 the	 primary	 advantage	with	
these	 bioactive	 glasses	 were	 their	 ability	 to	 bond	 to	 tissue.	 Unfortunately,	 the	
disadvantages	that	restrict	these	materials	are	brittle	mechanical	properties.	Their	
bending	and	 tensile	 strength	 is	usually	within	 the	 range	of	40	 to	60	MPA	and	 the	
elastic	 modulus	 30	 to	 35	 GPa.	 This	 makes	 them	 inappropriate	 load	 bearing	
applications	 [5].	 Today,	 bioactive	 glasses	 are	 used	 as	 scaffolds	within	 bone	 tissue	
engineering,	in	regenerative	medicine	and	in	dental	products	[1].	
	
In	 dentistry,	 bioactive	 glass	 can	 be	 found	 in	 a	 variety	 of	 different	 products,	
everything	 from	 dental	 restorations	 (for	 example;	 fillings,	 crowns	 and	 liners)	 to	
your	everyday	 toothpaste.	About	35%	of	patients	seeing	 the	dentists	are	suffering	
from	 dentinal	 hypersensitivity	 [4].	 Dentinal	 hypersensitivity	 is	 defined	 as	 pain	
caused	 by	 exposure	 of	 the	 dentine	 due	 to	 removal	 or	 demineralization	 of	 the	
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enamel.	Different	 types	of	occasions	may	 lead	 to	 removal	of	 the	enamel;	 the	most	
common	 ones	 are	 attrition-	 (chewing),	 abrasion-	 (tooth	 brushing)	 and	 erosion	
damages	 (acidic	 conditions).	 Underneath	 the	 enamel	 is	 the	 dentin,	 and	 inside	 the	
dentin	there	are	a	lot	of	canals,	called	dentinal	tubules.	These	tubules	are	open	and	
lead	 into	 the	 dental	 pulp	 consisting	 of	 living	 tissue	 and	 cells,	 called	 odontoblasts,	
which	are	connected	to	nerves	and	blood	vessels.	The	reason	we	feel	pain	when	the	
enamel	is	removed,	is	not	yet	fully	established.	But	there	are	a	lot	of	theories,	such	
as	the	Ondontoblastic	transduction	-,	Neural	–	and	Hydrodynamic	theory.	The	most	
acknowledge	 theory	 is	 the	hydrodynamic,	 proposed	by	Brannstrom	et	 al	 [7].	 This	
theory	state	excitements	of	nerve	fibres	by	movement	of	dentinal	fluid	through	the	
tubules,	which	 result	 in	 pain.	 The	movement	 of	 dental	 fluid	 occurs	 from	different	
external	 stimuli,	 for	 instance	physical	 contact,	 thermal	 changes	 (e.g.	 hot	 and	 cold)	
and	osmotic	divergence	(e.g.	sugar	and	acid)	 [7].	Bioactive	glass	 is	used	to	restore	
and	 heal	 dentinal	 hypersensitivity,	 for	 example	 in	 the	 shape	 of	 particles	 (in	
micrometer	 size)	 as	 a	 repairmen	 agent	 in	 toothpaste	 (e.g.	 the	 most	 common	
Sensodyne	Repair	 and	 Protect	 [8]).	 These	 toothpastes	 allow	 the	 glass	 particles	 to	
adhere	onto	the	dentine	and	eventually	form	a	Hydroxyapatite	(HAp)	layer	in	a	few	
weeks.	 This	 HAp	 layer	 block	 the	 tubules	 to	 relieve	 the	 pain,	 this	 process	 is	 also	
called	remineralization	of	the	enamel	and	dentin	[6].		
	
Bioactive	 glass	 has	 been	 observed	 to	 have	 an	 antibacterial	 effect;	 it	 is	 originated	
from	 the	 raise	 of	 pH	 during	 their	 dissolution.	 Doping	 and	 mixing	 of	 other	
components	 in	 the	 glass,	 like	 silver	 has	 also	 been	 examined	 and	 indicated	 on	
antibacterial	effect.	Another	problem	within	dental	restorations	are	the	arising	of	a	
gap	 between	 the	 tooth	 and	 restoration.	 This	 gap	 is	 exposed	 to	 various	 kinds	 of	
bacteria	 occurring	 in	 the	 mouth.	 This	 may	 cause	 several	 different	 complications,	
such	as	pulp	irritation,	caries	and	cement	dissolution.	Implementing	bioactive	glass	
to	 completely	 seal	 the	 now	 existing	 gap	 and	make	 the	 bond	 stronger	 could	 be	 a	
solution	 [9].	 Researchers	 at	 Oregon	 State	 University	 have	 also	 found	 promising	
advantages	 when	 incorporating	 bioactive	 glass	 in	 tooth	 fillings	 to	 prolong	 and	
reduce	 bacteria	 outburst	 to	 composite	 tooth	 fillings	 [10].	 The	 future	 of	 bioactive	
glass	is	looking	bright	with	research	for	new	and	improved	products.		
	

1.2	Aim	
	

The	 objective	 with	 this	 master	 thesis	 is	 to	 study	 bioactivity	 and	 mineralization	
properties	of	bioactive	glass	 as	 a	dental	 restorative.	 In	 this	project	 three	different	
compositions	 of	 bioactive	 glass	 have	 been	 studied	 using	 bench	 testing.	 Both	
bioactivity	and	mineralization	can	be	tested	through	biomimetic	evaluation,	 in	this	
case	by	soaking	samples	in	simulated	body	fluid	(SBF)	and	commercial	phosphate-
buffered	 saline	 (PBS).	 The	 samples	 are	 then	 analyzed	 to	 investigate	 if	
hydroxyapatite	can	precipitate	on	the	surface.	
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2	Theory		
	

2.1	Bioactivity		
	
The	 bonding	 between	 bioactive	 glass	 and	 bone	 is	 achieved	 due	 to	 formation	 of	
apatite	 on	 the	 surface	 of	 bioglass.	When	 bioactive	 glass	 is	 immersed	 in	 solutions	
containing	 calcium	 and	 phosphate	 (e.g.	 human	 blood	 plasma)	 a	 layer	 of	 hydroxyl	
carbonate	apatite	(HCA)	is	formed	on	the	surface.	This	biomimetic	apatite	is	similar	
in	 composition	 and	 structure,	 as	 the	 naturally	 occurring	 hydroxyapatite	 (HA)	
mineral	 that	bone	and	enamel	 are	mainly	 constructed	of,	 this	 allow	 them	 to	bond	
[11].	The	Ca/P	ratio	of	stoichiometric	hydroxyapatite	is	1.67.	But	in	humans	it	may	
vary	between	1.50-1.70	pending	of	age	and	bone	site.	Many	studied	in	vitro	and	in	
vivo	hydroxyapatite	materials	have	been	in	the	range	of	1.30-2.00	[12].	
	
The	 mechanism	 of	 bioactivity	 for	 bioactive	 glasses	 is	 explained	 according	 to	
following	steps,	illustrated	in	figure	1:	
	

1. When	the	bioactive	glass	is	immersed	in	SBF,	PBS	or	human	blood	plasma	an	
almost	 immediate	 exchange	 of	 Ca2+	 and	Na+	 cations	 from	 the	 glass	 surface	
with	protons	from	the	solution	occur.	The	leach	from	the	glass	causes	a	rise	
of	 pH	 in	 the	 solution	 and	 an	 establishment	 of	 SiOH	 (silanol)	 groups	on	 the	
surface	of	the	glass.	

2. Hydrolysis	 of	 Si-O-Si	 bonds	 leads	 to	 a	 fragmented	 silicate	 network	 on	 the	
surface	of	the	glass,	according	to	following	reaction:	Si-O-Si	+	H2O	à	2SiOH.	
This	increases	the	concentration	of	silanols	in	the	glass	at	the	same	time	as	it	
releases	Si	species	to	the	solution	as	Si(OH)4.	

3. Now	 through	 condensation	 and	 re-polymerization	 a	 layer	 of	 SiO2	 together	
with	the	SiOH	is	formed	on	the	glass	surface.	

	
These	first	3	steps	describe	the	formation	of	the	hydrated	silica-gel	layer,	which	
is	believed	to	trigger	the	heterogeneous	nucleation	of	CaP	on	the	surface	of	the	
glass	that	will	be	described	in	the	next	steps:		
	
4. From	 the	 solution	 (in	 this	 case	 SBF	 and	 PBS)	 and	 the	 glass	 itself	 Ca2+	 and	

PO!!!	ions	 are	 released	 and	 migrated	 to	 the	 top	 of	 the	 silica	 layer.	 On	 the	
silica	layer	an	amorphous	CaO-P2O5	(ACP)	film	is	formed	[13].	

5. The	 amorphous	 layer	 crystalizes	 to	 hydroxycarbonate	 apatite	 (HCA)	 with	
help	 from	 carbonate	 anions	 in	 the	 ACP	 phase,	 which	 originates	 from	 the	
solution.	This	nucleation	and	growth	mechanism	of	HCA	can	be	seen	 in	 the	
same	way	in	vitro	and	in	vivo	[1].	

	
The	 first	 5	 steps	 describe	 the	 growth	 and	 formation	 of	HCA	on	 the	 surface	 of	 the	
bioactive	glass.	The	 following	will	 shortly	explain	how	 the	HCA	can	bond	 to	 living	
tissue:	
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When	these	materials	are	 implanted	 in	vivo,	 there	are	also	proteins	and	biological	
moieties	that	will	be	adsorbed	and	included	for	the	first	steps,	but	is	considered	to	
promote	 the	 nucleation	 and	 growth	 mechanism	 of	 HCA.	 The	 HCA	 layer	 on	 the	
implanted	glass	will	be	crystalized	within	3-6	hours,	and	make	it	possible	to	directly	
bond	with	 living	 tissue.	But	usually	 the	bonding	zone,	which	 is	 the	HCA	 layer,	will	
grow	to	a	thickness	of	100-150	𝜇m.	This	surface	reaction	of	the	glass	will	last	and	be	
achieved	in	12-24	hours	when	being	implanted.	Within	24-72	hours	osteogenic	cells	
will	reach	the	defected	part	of	the	bone,	and	encounter	the	bone-like	HCA,	which	by	
that	time	has	been	formed.	These	stem	cells	will	attached	on	the	HCA	and	generate	a	
matrix	 between	 the	 implant	 and	 bone.	 When	 the	 matrix	 has	 been	 generated,	
mineralization	 between	 them	 starts	 and	 bonds	 together.	 When	 something	 is	
implanted	macrophages	will	accumulate	the	defected	bone	area	in	the	early	stages	
as	 well	 for	 damages	 and	 inflammatory.	 But	 it	 is	 shown	 that	 the	 duration	 of	 this	
process	is	minimized	for	bioactive	glass	materials	[13].	
	
	
	

	
Figure	1:	Following	steps	describe	the	formation	of	hydroxyapatite	on	glass	surface.	[13]	
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2.2	Scanning	Electron	Microscopy	
Scanning	 Electron	Microscope	 (SEM)	 is	 a	 commonly	 used	 electron	microscope	 to	
study	both	the	topography	and	composition	of	materials	surfaces.	The	magnification	
in	 a	 SEM	 ranges	 from	10	 –	 100	 000	 times	with	 a	 resolution	 of	 20	 –	 50	Å	 [21].	 A	
common	construction	of	a	SEM	can	be	seen	in	figure	2.		
	
	

	
Figure	2:	An	illustration	of	a	typical	SEM.	[22]	
	
The	high	resolution	images	produced	with	a	SEM	are	obtained	by	first	generating	a	
electron	 beam	 from	 the	 electron	 gun,	 often	 referred	 as	 the	 electron	 source.	 The	
electron	beam	 is	accelerated	 towards	 the	anode	with	5-30	keV.	The	anode	directs	
the	electron	beam	through	the	condenser	lenses,	where	the	beam	gets	focused	into	
the	 objective	 lens.	 In	 the	 objective	 lens	 there	 are	 deflector	 coils,	 which	 makes	 it	
possible	 to	move	 the	electron	beam	over	 the	sample.	There	are	also	other	coils	 in	
the	 SEM,	 which	 are	 used	 to	 correct	 the	 astigmatism	 of	 the	 objective	 lens	
electromagnetic	 field.	 When	 the	 electron	 beam	 reaches	 and	 interact	 with	 the	
samples	surface,	an	activated	volume	is	created	see	figure	3.	This	activated	volume	
shows	the	different	scattering	processes	that	take	place	when	the	electrons	from	the	
beam	 interact	 with	 the	 sample.	 The	 signal	 detected	 from	 the	 top	 layer	 of	 atoms	
originates	 from	 the	 auger	 electrons	 with	 a	 depth	 of	 approximately	 10	 Å,	 the	
secondary	electrons	emerge	from	a	depth	between	0-(50-100	Å),	the	backscattered	
electrons	from	a	depth	between	0-(0.5-3	𝜇m)	and	characteristic	x-ray	from	a	depth	
between	 0-(1-6	𝜇m).	 The	 depth	 of	 the	 detected	 signals	 depends	 on	 the	 electron	
energies	 and	 the	 material	 being	 analyzed.	 Through	 these	 different	 scattering	
processes	 it’s	 easier	 to	 understand	 the	 different	 detectors	 present	 in	 a	 SEM.	 The	
secondary	 electron	 detector	 gives	 better	 images	 of	 the	 topography	 because	 the	
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electrons	 scatter	 at	 an	 area	 closer	 to	 the	 surface.	 The	 backscattering	 electrons	
instead	gives	better	information	of	the	samples	composition,	this	is	because	atoms	
with	higher	 atomic	number	 gets	 brighter	 than	 atoms	with	 lighter	 atomic	number.	
SEM	can	also	be	combined	with	EDS	 to	detect	 the	characteristic	x-ray.	This	whole	
process	 takes	 place	 in	 vacuum,	 which	 means	 that	 the	 sample	 must	 be	 able	 to	
manage	vacuum,	the	electron	beam	and	be	electrical	conductive	[21].		
	
	

	
Figure	3:	Illustration	of	the	activated	volume.	[23]	
	

2.3	Energy-Dispersive	X-ray	Spectroscopy	
	
Energy-Dispersive	 X-ray	 Spectroscopy	 (EDS/EDX)	 is	 an	 analytical	 technique	 often	
used	combined	with	SEM	to	 identify	elements	 in	a	sample.	The	characterization	of	
elements	 in	 a	 sample	 is	 obtained	 by	 detecting	 x-rays	 that	 are	 emitted	 from	 the	
sample	 during	 a	 bombardment	 with	 an	 electron	 beam.	 When	 the	 electron	 beam	
bombard	the	sample,	electron	vacancies	of	 the	atoms	 in	 the	sample	are	 filled	with	
electrons	from	a	higher	state.	To	balance	the	energy	differences	of	the	two	different	
electron	states,	x-rays	are	emitted,	see	figure	4.	Each	x-ray	energy	is	unique	to	each	
element,	because	all	elements	have	a	unique	atomic	structure	[24].		
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Figure	4:	The	principle	used	to	detect	the	elements	with	EDS.	[25]	
	

2.4	Grazing	Incidence	X-ray	Diffraction		
	
When	using	conventional	X-ray	diffraction	(XRD)	on	thin	films,	usually	the	analysis	
results	in	a	weak	signal	from	the	thin	film	and	a	great	signal	from	the	substrate.	To	
avoid	this,	GIXRD	can	be	used	to	get	a	better	measurement	of	the	thin	film.	This	is	
done	 by	 using	 small	 incident	 angels	 of	 the	 X-ray	 and	 having	 it	 fixed,	 while	 the	
detector	sweep	over	large	values	of	2𝜃.	The	fixed	angle	is	usually	selected	close	to	
the	critical	angle	of	total	reflection	to	make	it	as	surface	sensitive	as	possible	[26].	
The	principle	of	GIXRD	is	shown	in	figure	5.		
	
	

	
	
Figure	5:	Schematic	illustration	of	the	principle	of	GIXRD.	[27]	
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2.5	Attenuated	Total	Reflection	–	Fourier-Transform	Infrared	Spectroscopy	
	
Attenuated	Total	Reflection	-	Fourier-Transform	Infrared	Spectroscopy	(ATR-FTIR)	
is	a	technique	based	on	measuring	absorption	of	infrared	radiation.	The	advantage	
with	ATR	 is	 that	 it	 can	analyze	both	solids	and	 liquids	without	any	preparation	of	
the	sample.	A	schematic	illustration	of	the	principle	is	shown	in	figure	6.	The	sample	
is	placed	on	the	ATR	crystal,	which	is	an	IR	transparent	material	with	high	refractive	
index	 (for	example	a	diamond).	An	 internal	 infrared	beam	 is	directed	 through	 the	
ATR	 crystal	 to	 the	 sample.	 A	 reflection	 occurs	when	 the	 infrared	 beam	 reach	 the	
sample,	 the	 fraction	 of	 the	 infrared	 beam	 that	 penetrates	 the	 sample	 is	 called	
evanescent	 wave.	 The	 depth	 of	 the	 penetrated	 infrared	 beam	 is	 about	 0.5-3 𝜇m	
depending	on	the	material	of	the	sample.	The	evanescent	wave	will	be	attenuated	at	
the	spectral	regions	where	the	sample	absorbs	energy.	When	the	infrared	beam	has	
reflected	one	or	several	times,	the	infrared	beam	is	directed	to	the	detector	[28].		
	
	
	

	

	
Figure	6:	The	basic	principle	of	ATR-FTIR.	[28]	
	

2.6	Inductively	Coupled	Plasma	–	Optical	Emission	Spectrometry	
	
ICP-OES	 is	 a	 technique	 based	 on	 atomic	 spectroscopy,	 used	 to	 determine	 trace	
concentrations	 of	 elements	 in	 a	 sample.	 This	 is	 done	 by	 first	 pumping	 the	 liquid	
sample	into	the	spray	chamber.	In	the	spray	chamber	the	liquid	sample	undergoes	a	
process	 called	 nebulization,	 which	 converts	 the	 liquid	 to	 an	 aerosol.	 Delivering	
argon	 gas	 to	 the	 torch	 coil	 while	 a	 high	 frequency	 electric	 current	 is	 applied	 to	
create	an	electromagnetic	 field	on	 the	 tip	of	 the	 torch	 tube	generates	plasma.	The	
aerosol	solution	of	the	sample	is	transported	to	the	plasma	through	the	center	of	the	
torch	tube.	The	temperature	of	 the	plasma	 is	about	10	000K	and	have	a	very	high	
electron	density.	This	high	energy	makes	the	atoms	of	the	sample	to	excite	and	then	
return	 to	 their	 low	 energy	 position.	 When	 the	 atoms	 return	 to	 their	 low	 energy	
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position,	 emission	 rays	 of	 each	 atom	 are	 released.	 The	 emission	 rays	 that	
correspond	to	the	desirable	photon	wavelength	are	measured.	Based	on	the	position	
of	the	photon	rays	the	element	can	be	determined	and	the	rays	intensity	determine	
the	 content	 of	 each	 element	 [29].	 In	 figure	 7,	 one	 can	 see	 an	 illustration	 of	 the	
instrument.	
	
	
	

	

	
Figure	7:	Schematic	illustration	of	a	conventional	ICP-OES	instrument.	[29]	

3	Experimental	
	
Bioactive	glasses	were	evaluated	for	their	bioactive	and	remineraliation	properties	
using	a	biomimetic	method.	Both	SBF	and	commercial	PBS	were	used	to	resemble	
the	human	blood	plasma	in	an	in	vitro	soaking	experiment.	The	glass	samples	were	
soaked	 for	 1	 and	 4	 weeks	 in	 an	 incubator	 at	 37	℃	to	 mimic	 the	 human	 body	
temperature.	These	solutions	have	a	pH	of	7.40,	which	is	the	same	as	in	the	human	
body	and	important	for	the	apatite	formation.	The	surfaces	were	then	analyzed	with	
Scanning	Electron	Microscopy	(SEM),	Energy-Dispersive	X-ray	Spectroscopy	(EDS),	
Grazing	 Incidence	 X-ray	 Diffraction	 (GIXRD),	 and	 Fourier	 Transform	 Infrared	
Spectroscopy	(FTIR)	to	determine	bioactivity	and	remineralisation	properties	of	the	
glasses.		
	
In	 this	 section	 the	methods	 of	 the	 preparation,	 testing	 and	 analyzing	 used	 in	 this	
project,	are	described.	
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3.1	Soaking	experiment	
	
This	 experiment	was	done	 according	 to	 the	 ISO	23317	 “Implants	 for	 surgery	 –	 In	
vitro	 evaluation	 for	 apatite-forming	 ability	 of	 implant	 materials”	 guidelines	 with	
some	modifications.	
	

3.1.1	Sample	preparation	
	
Three	different	compositions	of	the	glasses	were	made,	see	table	1.	When	preparing	
the	 glasses,	 the	 powders	 mass	 loss	 after	 burning	 had	 to	 be	 taken	 into	 account.	
Therefore,	 before	 the	 glasses	 could	 be	 prepared	 each	 reagents	 mass	 loss	 were	
calculated	at	selected	temperatures	according	to	the	ISO	23317	(Na2CO3	at	1000	℃	
for	10	hours,	CaCO3	at	600	℃	for	2	hours	and	SiO2	at	500	℃	for	1	hour).	The	mass	of	
each	 component	 for	 the	different	glasses	A,	B	and	C	when	 taking	 the	mass	 loss	 in	
consideration	can	be	seen	in	table	2.	The	total	mass	for	each	glass	was	20	grams	in	
order	to	 fit	 in	the	platinum	crucible	where	the	glasses	were	melted.	The	weight	of	
each	glass	prepared	was	also	listed	in	table	2.	In	figure	8,	the	bioactive	glasses	A,	B	
and	C	that	was	prepared	is	represented	in	a	ternary	phase	diagram.		
	
When	 the	 powders	 had	 been	 weighed	 according	 to	 table	 2	 with	 a	 mass	 balance	
scale,	 the	 reagents	were	mechanically	mixed	with	a	mortar	and	pestle	 for	20	min.	
Then	the	powder	was	collected	in	the	platinum	crucible	for	annealing.	The	powders	
were	put	 in	 the	oven	at	1400	℃	for	 a	dwell	 time	of	1.5	hours,	using	a	 ramp	of	10	
℃/min.	Meanwhile,	a	stainless	steel	mould	(two	different	forms	were	used,	seen	in	
figure	9)	was	pre-heated	at	500	℃.	When	the	powders	had	been	melted	they	were	
directly	poured	in	the	mould	and	pressed	with	a	stainless	steel	plate.	Later	when	the	
glass	 cooled	 down	 it	 was	 cut	 to	 smaller	 pieces	 with	 appropriate	 sizes	 of	
approximately	 2mm	 in	 height	 and	 10mm	 in	 diameter.	 Half	 of	 the	 samples	 were	
polished	with	320-grit	sandpaper	and	the	other	half	were	left	as	they	were.	
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Figure	8:	Zone	1	represent	the	glass	formation	are,	zone	2	is	a	non	glass	formation	area,	the	
white	 circles	 represent	 areas	 where	 the	 glass	 supposed	 to	 have	 apatite	 formability	
(bioactivity),	 the	black	 colored	ones	have	no	 apatite	 formability	 and	 the	 grey	marked	are	
glasses	which	are	dissolutional.	(it	is	not	properly	scaled)	[20]	
	

	
Figure	 9:	 Stainless	 steel	 forms;	 a)	 cylindrical	 wells	 with	 2mm	 height	 and	 a	 diameter	 of	
10mm	and	b)	height	2mm.	
	
	
Table	1.	List	of	the	bioactive	glasses	and	their	targeted	molar	composition.	
Bioactive	glass	 Molar	composition	%	

													Na2O																																						CaO																																						SiO2	
Bioglass	A	 25	 25	 50	
Bioglass	B	 22.5	 22.5	 55	
Bioglass	C	 20	 20	 60	
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Table	2.	Listed	are	the	amount	needed	to	fulfill	the	target	molar	composition,	as	well	
as	the	weight	of	each	prepared	batch.	
		 Batch	 Na2CO3	(g)	 CaCO3	(g)	 SiO2	(g)	

Bioactive	glass	A	 Targeted	 	6.52	 	6.21	 	7.35	

		

1A	 	6.52485	 	6.21554	 7.35078	
2A	 	6.52978	 	6.21064	 7.35440		
3A	 	6.52254	 	6.20964	 7.35670	
4A	 	6.52235	 	6.22040	 7.35120	

Bioactive	glass	B	 Targeted	 	6.03	 	5.74	 	8.31	

		

1B	 	6.03715	 	5.74209	 	8.31340	
2B	 	6.03017	 	5.74017	 	8.31619	
3B	 	6.03139	 	5.74216	 	8.31732	
4B	 	6.02924	 	5.73828	 	8.31094	

Bioactive	glass	C	 Targeted	 	5.51	 	5.24	 	9.32	
		 		 1C	 	5.51428	 5.24407	 	9.32006	
		 		 2C	 	5.51092	 5.24971	 	9.32024	
		 		 3C	 	5.51248	 5.24086	 	9.32173	
	

3.1.2	Preparation	of	SBF	
	
The	preparation	of	SBF	must	be	done	cautiously	and	with	extreme	accuracy.	If	the	
solution	at	any	point	deviates	from	being	transparent	during	the	preparation,	that	is	
if	it	change	color	or	it	becomes	murky	and	starts	to	precipitate,	the	solution	must	be	
discarded	and	the	process	must	restart	from	the	beginning.		
	
The	apparatus	used	in	this	project	to	prepare	the	SBF	is	illustrated	in	figure	10.	The	
required	reagents	 to	prepare	1	 liter	of	SBF	can	be	 found	 in	 table	3.	 It	 is	of	utmost	
importance	 that	 the	 equipment	 used	 for	 the	 preparation	 of	 the	 SBF	 is	 cleaned	
properly,	because	it	will	have	a	direct	impact	of	the	content	of	the	solution	if	there	
are	any	residues.	In	this	case,	the	equipment	with	direct	contact	to	the	solution	was	
first	put	in	a	hydrochloric	acid	bath	before	being	washed.		
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Figure	10:	The	apparatus	used	to	prepare	SBF	with	a	Melter	Toledo	to	keep	track	of	the	
solutions	pH.	

	
	
	
Table	 3.	 List	 of	 the	 reagents	 and	 their	 amount	 to	 prepare	 the	 targeted	 SBF	
concentrations.	
	 Reagent	 Amount	(grams)	 Purity	 of	

reagent	(%)	
1	 Sodium	chloride,	NaCl	 7.955	 99.5	
2	 Sodium	hydrogen	carbonate,	NaHCO3	 0.351	 99.5	
3	 Potassium	chloride,	KCl	 0.225	 99.5	
4	 Di-potassium	 hydrogen	 phosphate	

trihydrate,	K2HPO4	∙	3H2O	
0.231	 99.0	

5	 Magnesium	 chloride	 hexahydrate,	 MgCl2	 ∙	
6H2O	

0.311	 98.0	

6	 Hydrochloric	acid,	c(HCl)	=	1	mol/l	 39	ml	 1	mol/l	
7	 Calcium	chloride,	CaCl2	 0.266	 96.0	
8	 Sodium	sulfate,	Na2SO4	 0.072	 99.0	
9	 Tris-hydroxymethyl	 aminomethane	 (TRIS),	

(HOCH2)3CNH2	
Regulator	 for	 pH-
adjustment		

99.8	

	
	
1	L	of	SBF	was	prepared	according	to	the	following	steps:	
	

1) 700	 ml	 of	 commercial	 deionized	 water	 was	 measured	 with	 a	 graduated	
cylinder	and	then	poured	into	a	1	L	beaker,	made	out	of	Teflon.	The	reason	
using	a	Teflon	beaker	was	because	on	the	surface	of	a	glass	beaker	or	on	the	
edge	of	scratches,	apatite	nucleation	can	be	induced,	which	would	make	the	
solution	unusable.	The	deionized	water	was	then	heated	and	stable	at	36.5	±	
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0.5	℃,	 with	 a	 magnetic	 stirrer	 to	 get	 homogeneous	 temperature	 in	 the	
solution.		

	
2) The	 reagents	were	 then	 dissolved	 in	 the	 solution,	 in	 the	 order	 1	 to	 8.	 The	

reagents	must	 be	 completely	 dissolved	 before	 proceeding	 to	 the	 next	 one.	
Note	that	the	calcium	chloride	should	be	added	carefully,	 little	by	little,	due	
to	its	great	impact	of	precipitation	of	apatite.		

	
3) When	 the	 reagents	 1	 through	 8	 had	 been	 dissolved,	 the	 electrode	 of	 the	

Mettler	Toledo	pH-meter	to	the	solution	was	inserted.	The	TRIS	was	carefully	
added,	little	by	little	to	adjust	the	solutions	pH	to	exactly	7.40.	

	
4) When	the	solution	had	been	regulated	at	a	pH	of	7.40,	this	was	poured	into	a	

1	L	volumetric	flask	and	left	to	be	cooled	down	to	room	temperature.	When	
the	solution	had	cooled	down,	commercial	deionized	water	was	added	to	the	
marked	line	(which	illustrates	1L).	At	last	the	SBF	was	filtered	(pore	size	of	
0.2	𝜇m)	to	remove	any	dust	particles	or	bacteria.	Since	dust	particles	could	
contribute	and	 facilitate	 to	heterogenous	nucleation	of	 apatite	 and	bacteria	
may	perform	phagocytosis	on	the	apatite	or	any	other	particles.	

	
Preservation	of	prepared	SBF	was	stored	in	a	closed	plastic	bottle	at	7.5	±	2.5	℃	in	a	
refrigerator.	The	SBF	had	a	shelf	life	of	30	days	after	preparation.	A	small	amount	of	
the	prepared	SBF	was	analyzed	with	ICP-OES	to	confirm	that	the	ion	concentrations	
are	correct.		
	
The	differences	of	human	blood	plasma,	SBF	and	PBS	can	be	seen	in	table	4.	These	
ion	concentrations	were	aimed	and	targeted	using	the	reagent	amount	and	recipe	of	
the	SBF	preparation	above.	
	
Table	4.	Comparison	of	ion	concentrations	in	human	blood	plasma	and	SBF.	
		 Ion	concentrations	

		 Na	 K	 Mg	 Ca	 Cl	 HCO3	 P	 S	

Human	blood	plasma	(mmol/L)	[17]	 142	 5	 1.5	 2.5	 103	 27	 1	 0.5	

SBF	(mmol/L)	 142	 5	 1.5	 2.5	 -	 -	 1	 0.5	

SBF	(mg/L)	 3264.6	 195.5	 36.5	 100.2	 -	 -	 31	 16	
	

3.1.3	Preparation	of	tubes	
	
The	bioactive	glass	samples	were	put	vertically	in	a	hanging	position	inside	a	falcon	
tube,	 shown	 in	 figure	 11.	 The	 reason	 the	 samples	 were	 accommodated	 vertically	
was	 due	 to	 avoid	 different	 levels	 of	 exposure	 to	 ions	 on	 both	 surfaces.	 The	 tubes	
were	made,	by	first	cutting	an	opening	on	the	lid	using	a	scalpel	and	then	putting	a	
cable	 tie	 through	 the	 opening.	 The	 cable	 tie	 was	 at	 last	 fixed	 by	 winding	 it	 with	
Parafilm,	to	avoid	the	cable	tie	from	being	displaced.		
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Figure	11:	a)	illustrates	the	falcon	tube	with	the	hanger.	b)shows	how	the	glass	was	placed	
in	the	hanger,	in	this	case	a	non-polished	sample.		
	

3.1.4	Soaking	study	
	
When	the	glass	samples,	SBF	and	the	 tubes	had	been	prepared.	Each	glass	sample	
was	put	in	a	tube	vertically	in	the	cable	tie,	shown	in	Figure	5.	The	tubes	were	then	
filled	with	35	ml	of	pre-heated	(to	37	℃)	SBF	or	PBS,	and	placed	in	an	incubator	at	
37	℃.	The	samples	were	stored	in	the	incubator	for	a	time	period	of	1	and	4	weeks,	
the	samples	stored	for	4	weeks	were	refilled	with	35	ml	of	new	pre-heated	SBF	or	
PBS	weekly	(to	keep	a	persistent	ion	level	of	the	body	fluids).	A	small	amount	of	SBF	
were	 saved	 for	 ICP-OES	 analysis,	 to	 make	 sure	 the	 ion	 concentrations	 were	
appropriate.	 When	 the	 samples	 had	 completed	 their	 soaking	 time,	 they	 were	
removed	and	dried	for	12	hours	in	room	temperature.	Afterwards,	half	the	samples	
were	put	 on	 aluminum	stubs	with	 carbon	 tape	 and	 silver	 tape	 as	well	 as	 sputter-
coating	it	with	gold	and	palladium	to	make	the	samples	electrical	conductive	when	
observing	with	SEM.	The	other	samples	were	kept	and	analyzed	with	XRD	and	FTIR.	
	
A	list	of	the	samples	that	were	analyzed	is	shown	in	table	5.		
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Table	5.	List	of	the	samples	with	designated	batch,	treatment	and	soaking	time.	
Sample	No.	 Glass	(+batch	and	treatment)	 SBF	batch	or	PBS	 Soaking	time	(weeks)	
01	 A	(4A)	 SBF1	 1	w	
02	 A	(4A	+	polished)	 SBF1	 1	w	
03	 B	(3B)	 SBF1	 1	w	
04	 B	(4B	+	polished)	 SBF1	 1	w	
05	 C	(3C)	 SBF1	 1	w	
06	 C	(1C	+	polished)	 SBF1	 1	w	
07	 A	(4A)	 SBF1,	2	&	3	 4	w	
08	 A	(4A	+	polished)	 SBF1,	2	&	3	 4	w	
09	 B	(2B)	 SBF1,	2	&	3	 4	w	
10	 B	(2B	+	polished)	 SBF1,	2	&	3	 4	w	
11	 C	(2C)	 SBF1,	2	&	3	 4	w	
12	 C	(3C	+	polished)	 SBF1,	2	&	3	 4	w	
13	 A	 PBS	 1	w	
14	 B	 PBS	 1	w	
15	 C	 PBS	 1	w	
	

3.1.5	Risk	analysis	
	
The	 possible	 risk	 with	 this	 section	 was	 that	 the	 purity	 of	 the	 reagents	 used	 for	
preparing	the	bioactive	glass	and	SBF	were	incorrect,	and	that	the	instruments	used	
were	not	well	calibrated.	
	

3.2	Analyzing	methods	

3.2.1	Scanning	Electron	Microscopey	
	
The	images	used	in	this	thesis	to	study	the	microstructure	of	the	samples,	were	all	
acquired	on	a	Zeiss	Merlin	SEM	using	an	HE-SE	detector	at	an	acceleration	voltage	of	
5	kV	and	an	approximate	working	distance	of	5.5	mm.		
	

3.2.2	Energy-Dispersive	X-ray	Spectroscopy		
	
The	EDX	maps	and	elemental	analysis	of	the	samples	were	acquired	on	a	Zeiss	1550	
SEM	using	an	EDX	80	mm2	silicon	drift	detector	and	AZtec	(INCA	energy)	software.	
The	 elemental	 mapping	 was	 performed	 at	 an	 acceleration	 voltage	 of	 7	 kV,	 an	
approximate	working	distance	of	6.5	mm	and	an	aperture	of	60	𝜇m.	
	

3.2.3	Grazing	Incidence	X-ray	Diffraction		
	
The	SIEMENS	Diffraktometer	D5000	(Th-2Th	Parallel	Beam)	was	used	to	study	the	
surfaces	on	the	samples	and	confirm	apatite	growth.	Since	the	purpose	was	to	study	
a	formation	of	apatite	thin-film	on	the	surfaces	of	the	glass,	a	low	angle	of	2	degree	
was	used.		
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3.2.4	Fourier	Transform	Infrared	Spectroscopy		
	
The	Bruker	TENSOR	27	and	OPUS	7.0	software	was	used	for	FTIR	analysis.	The	ATR-
mode	 was	 used	 for	 a	 second	 surface	 characterization	 of	 the	 glass	 samples	 and	 a	
compliment	for	XRD.	

	
3.2.5	Inductively	Coupled	Plasma	–	Optical	Emission	Spectroscopy	
	
To	confirm	 that	 the	 ion	concentrations	of	 the	prepared	simulated	body	 fluid	were	
correct	(in	appropriate	concentrations	similar	to	the	human	blood	plasma)	ICP-OES	
analysis	was	performed.	This	was	done	using	the	instrument	ICP-OES	Avio	200	and	
the	software	Syngistix	by	PerkinElmer.	The	ions	analyzed	in	the	SBF	were;	Sodium	
(Na),	Potassium	(K),	Magnesium	(Mg),	Calcium	(Ca),	Phosphorus	(P)	and	Sulfur	(S).	
The	 other	 ions	 Chloride	 (Cl)	 and	 Bicarbonate	 (HCO3),	 could	 not	 be	 analyzed	with	
this	instrument.		

4	Result	and	discussion	

4.1	Scanning	Electron	Microscopy		
	
Following	SEM	images	are	arranged	in	the	same	order	as	in	table	5.	The	SEM	images	
of	the	soaked	glasses	showed	that	something	had	formed	on	all	the	A	and	B	samples,	
but	not	the	C	samples.	It	resembles	the	texture	and	shape	of	hydroxyapatite,	which	
was	 expected	 to	 have	 grown.	 The	 same	 results	 were	 obtained	 for	 the	 samples	
soaked	 in	 PBS.	 To	 examine	 if	 these	 layers	 that	 have	 formed	 on	 the	 glass	 surfaces	
were	hydroxyapatite,	GI-XRD	and	FTIR	(ATR-mode)	were	used.	
	

	
Figure	12:	01.	Bioactive	glass	A	4A	SBF	1w	(magnitude:	500X	and	10kX)	
	



18		

Figure	13:	02	Bioactive	glass	A	4A	SBF	1w	polished	(magnitude:	1kX	and	50kX)	
	
	
	

	
Figure	14:	03	Bioactive	glass	B	3B	SBF	1w	(magnitude:	1kX	and	10kX)	
	
	

	
Figure	15:	04	Bioactive	glass	B	4B	SBF	1w	polished	(magnitude:	500X	and	10kX)	
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Figure	16:	05	Bioactive	glass	C	3C	SBF	1w	(magnitude:	500X	and	30kX)	
	
	

	
Figure	17:	06	Bioactive	glass	C	1C	SBF	1w	polished		(magnitude:	500X	and	30kX)	
	
	

	
Figure	18:	07	Bioactive	glass	A	4A	SBF	4w	(magnitude:	100X	and	30kX)	
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Figure	19:	08	Bioactive	glass	A	4A	SBF	4w	polished	(magnitude:	100X	and	10kX)	
	
	

	
Figure	20:	09	Bioactive	glass	B	2B	4w	(magnitude:	5kX	and	30kX)	
	
	

	
Figure	21:	10	Bioactive	glass	B	2B	polished	4w	(magnitude:	500X	and	50kX)	
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Figure	22:	11	Bioactive	glass	2C	SBF	4w	(magnitude:	1kX	and	30kX)	
	
	

	
Figure	23:	12	Bioactive	glass	3C	SBF	4w	(magnitude:	1kX	and	30kX)	
	
	
All	 the	A	and	B	surfaces	showed	evidence	of	 formation	of	a	surface	coating.	When	
studying	the	microstructure	of	both	A	and	B	glasses	that	have	been	immersed	for	1	
week,	no	difference	between	 the	 surfaces	 could	be	detected.	But	when	comparing	
the	samples	 that	have	been	 immersed	 for	4	weeks,	 the	apatite	on	 the	A	glass	was	
more	 consistent	 than	 on	 the	 B.	 Hench	 et	 al.,	 proposed	 that	 sodium	 is	 the	 most	
critical	 component	 for	 apatite	 formation,	 but	 when	 implemented	 for	 biomedical	
applications	 a	 high	 sodium	 oxide	 content	 makes	 the	 glass	 hygroscopic	 (absorb	
moisture	 from	air),	which	 is	not	good	 for	dental	applications.	However,	 calcium	 is	
required	for	the	apatite	formation	and	keeping	the	calcium	content	high	instead	of	
sodium	in	the	glass,	will	keep	the	bioactivity	high.	This	could	be	the	reason	there	are	
more	consistent	apatite	growth	on	the	A	than	on	the	B	glass	[14].	
	
The	reason	the	C	glass	did	not	 form	any	apatite	when	being	 immersed	 in	SBF	and	
PBS	could	be	explained	due	to	it	contained	the	lowest	amount	of	calcium	out	of	the	
three	 glasses.	 This	 can	 be	 realized	 when	 looking	 at	 the	 ternary	 diagram	 at	 the	
preparation	section,	a	low	calcium	oxide	and	a	high	sodium	content	will	result	in	no	
apatite	formability	for	the	glass.	The	C	glass	contains	60%	of	SiO2,	due	to	deviations	
of	mass	loss	when	preparing	the	glass,	wrong	purity	or	weighing	of	the	reagents	it	
might	be	over	60%.	A	bioactive	glass	that	contains	more	than	60%	of	SiO2,	loses	its	
bioactivity	 and	does	 not	 bond	 to	 tissue	 according	 to	Abbasi	 Z.	 et	 al.	 [6].	 Recently,	
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researchers	have	 found	a	way	to	keep	bioactivity	 in	glasses	with	higher	 than	60%	
SiO2	 content.	This	 is	done	by	using	 sol-gel	methods	when	preparing	 the	glass	and	
not	melt	derived	methods.	The	 reason	 the	glasses	made	with	 sol-gel	methods	 still	
are	bioactive	over	60%	SiO2	are	because	they	are	more	porous	and	therefore	have	a	
higher	surface-area	for	hydroxyapatite	formation	[6].		
	
Polishing	of	the	samples	had	no	major	impact	of	apatite	growth,	at	least	that	could	
be	observed	with	SEM.	
	

4.2	Energy-Dispersive	X-ray	Spectroscopy		
	
All	samples	that	were	analyzed	with	EDS	were	soaked	for	1	week	in	SBF.	Each	glass	
type	and	treatment	had	the	same	result:	both	glass	A	and	B	was	bioactive,	while	C	
was	 not.	 In	 table	 6,	 their	 Ca/P	 ratio	 is	 calculated	 from	 the	 wt%	 of	 each	 sample	
spectrum	 obtained	 with	 EDS	 analysis.	 This	 was	 done	 to	 identify	 what	 kind	 of	
hydroxyapatite	 that	 had	 been	 formed	 on	 the	 samples.	 However,	 these	 values	
received	 from	 the	 EDS	 analysis	 are	 a	 crude	 approximation	 and	 is	 not	 completely	
accurate.	This	is	because	EDS	tends	to	give	different	result	when	changing	the	probe	
current	 and	 acceleration	 voltage.	 Using	 higher	 acceleration	 voltage,	 may	 lead	 to	
damage	 of	 the	 sample	 due	 to	 heat.	 Also	 higher	 beam	 energies	 result	 in	 higher	
penetration	depth,	consequently	giving	measurements	deeper	into	the	sample	[32].		
In	this	case,	this	wants	to	be	avoided,	because	the	area	to	be	analyzed	is	a	thin	film	
formed	on	the	surface	of	the	substrate.	Another	cause	of	reduced	accuracy	for	EDS	is	
inhomogeneous	and	rough	samples	[33].	The	samples	that	were	analyzed	were	not	
that	flat	and	homogeneous,	therefore	they	should	have	been	polished	flat	for	better	
measurements.	But	 in	 this	 case	 this	 could	not	be	done	because	 the	objective	 is	 to	
analyze	the	layer	formed	on	the	surface	of	the	sample.	In	the	elemental	mapping	of	
the	 bioactive	 glass	 B,	 seen	 in	 figure	 24.	 One	 can	 clearly	 see	 that	 the	 analysis	was	
done	both	on	the	layer	and	glass	substrate.	This	needs	to	be	taken	in	consideration	
when	looking	at	the	quantitative	analysis	of	the	elements,	even	though	the	calcium	
and	phosphorus	were	more	concentrated	at	 the	 formed	apatite	 layer.	Because	one	
can	 see	 that	 calcium	 and	 phosphorus	were	 detected	 on	 the	 entire	 surface,	 this	 is	
because	 the	glass	contained	calcium	and	during	 the	drying	process	elements	 from	
the	 SBF	 could	 be	 left	 on	 the	 surface.	 This	 is	 showed	 on	 the	 sodium	 and	 chloride	
maps,	since	sodium	and	chloride	have	been	settled	on	the	top	of	the	glass.	
	
Table	6.	The	samples	shown	in	this	table	has	only	been	soaked	in	SBF	for	1	week.	
Material	(Glass)	 Ca	(wt%)	 P	(wt%)	 Ca	(at%)	 P	(at%)	 Ca/P	ratio	
Non-soaked	sample	 8.80	 -	 -	 	 -	
A	(2A)	 18.60	 9.90	 12.16	 8.36	 1.45	
A	(2A	+	polished)	 14.70	 6.60	 9.42	 5.46	 1.73	
B	(4B)	 22.10	 11.70	 14.97	 10.24	 1.46	
B	(2B	+	polished)	 16.80	 8.80	 11.09	 7.51	 1.48	
C	(3C)	 -	 -	 -	 	 -	
C	(1C	+	polished)	 -	 -	 -	 	 -	
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Figure	24:	Elemental	mapping	over	a	bioactive	glass	B	(batch	2B)	that	have	been	polished	
and	soaked	for	1	week	in	SBF.	
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In	figure	25,	the	elemental	mapping	of	a	non-bioactive	glass	C	after	soaking	can	bee	
seen.	Calcium	appears	on	 the	glass	 surface	but	 there	are	no	 traces	of	phosphorus,	
this	 indicates	 on	 no	 apatite	 formation.	 Instead	 only	 sodium	 and	 chloride	 have	
settled	on	top	of	the	glass	surface.	For	that	reason,	the	detected	calcium	comes	from	
the	content	of	the	glass. 
 
	
	
	

 

 

 
Figure	25:	Elemental	mapping	over	a	bioactive	glass	C	(batch	3C)	that	had	been	soaked	for	1	
week	 in	 SBF.	
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In	 table	 6,	 the	 representative	 Ca/P	 ratio	 has	 been	 calculated	 through	 the	 EDS	
elemental	analysis.	 In	 table	7,	different	calcium	phosphate	compounds	were	 listed	
with	 their	 respective	Ca/P	ratio.	 In	 theory,	one	can	calculate	 the	Ca/P	ratio	of	 the	
apatite	 layer	 on	 the	 glass	 surfaces	 in	 this	 study	 and	 connect	 it	 to	 a	 calcium	
phosphate	phase	 in	 the	 table.	 In	 that	case	 the	phase	 formed	on	the	2A,	4B	and	2B	
(polished)	 corresponds	 to	 either	 a-TCP	 or	 b-TCP,	 and	 the	 2A	 (polished	 to	
stoichiometric	hydroxyapatite.	But	in	practice	this	does	not	work,	because	although	
the	relative	Ca/P	ratio	can	be	calculated	from	the	EDS	analysis.	Bone-like	apatite	is	
for	 the	 most	 part	 nonstoichiometric	 and	 consists	 of	 nonapatitic	 layer	 of	 divalent	
ions	 such	 as	 HP𝑂!!!	instead	 of	 P𝑂!!!.	 	 Thus	 can	 the	 EDS	 results	 not	 be	 used	 to	
confirm	 tha	 apatitic	 nature	 of	 the	 formed	 layer,	 and	 additional	 characterization	
methods	are	needed	[34].	
	
	
Table	7.	Calcium	phosphate	phases	with	their	Ca/P	ratio.	[15]	
Ca/P	ratio		 Phase	 Formula	
1.00	 Dicalcium	 phosphate	

(DCP)	
CaHPO4	

1.33	 Octacalcium	 phosphate	
(OCP)	

Ca8H2(PO4)6	*	5H2O	

1.50	 b-tricalcium	phosphate	 (a-
TCP)	

b-Ca3(PO4)2	

1.50	 b-tricalcium	phosphate	(b-
TCP)	

b-Ca3(PO4)3(OH)	

1.67	 Hydroxyapatite	(HA)	 Ca6(PO4)3(OH)	
2	 Tetracalcium	 phosphate	

(TTCP)	
Ca4(PO4)2O	

	
	

4.3	Grazing	Incidence	X-ray	Diffraction		
	
To	 characterize	 the	 apatite	 growth	 on	 the	 samples,	 Grazing	 Incidence	 X-ray	
Diffraction	was	used.	Unfortunately,	 some	problems	occurred	when	 this	analyzing	
method	was	used.	Most	samples	showed	no	signal,	the	reason	for	that	could	be	due	
to	the	fact	that	the	glass	samples	were	not	flat	enough	or	that	the	apatite	formation	
were	not	consistent	over	the	entire	surfaces.	However,	one	sample	of	the	bioactive	
glass	 A	 (batch	 2A	 immersed	 in	 SBF1	 for	 1	 week)	 showed	 indication	 of	
hydroxyapatite	growth,	seen	in	figure	26.		
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Figure	26:	GI-XRD	spectrum	of	apatite	on	a	bioactive	glass	A	surface	that’s	been	soaked	for	1	
week	in	SBF.		
	
The	peaks	located	at	26°	and	32°,	are	very	similar	to	the	reflections	of	stoichiometric	
hydroxyapatite	(JCPDS	74-0566).	They	are	assigned	to	(002)	and	(211)	reflections	
according	 to	 Yashar	 Rezaei	 et	 al.	 [18],	 and	 are	 typical	 to	 a	 calcium-deficient	
hydroxyapatite	 [30].	 The	 broadness	 of	 the	 peaks	 describes	 the	 crystal	 size	 and	
lattice	strain	of	the	material	being	analyzed.	Consequently,	broader	peaks	indicated	
that	the	crystal	was	smaller	and/or	less	perfect.	This	combined	with	a	low	intensity	
of	 the	peaks	suggested	that	 the	signal	came	from	a	very	thin	 layer.	Also	a	broader	
apatite	reflection	suggest	on	a	poor	crystalline	phase	 formation	[18]	 [19].	Quentin	
Picard	 et	 al.,	 suggested	 that	 these	 broad	 peaks	 in	 fact	 comes	 from	 crystalline	
disorder	induced	by	substitution	of	phosphate-	and	hydroxyl	ions	by	carbonate	ions	
[30].	

	

4.4	Fourier	Transform	Infrared	Spectroscopy		
	
A	typical	FTIR	spectrum	of	a	bioactive	glass	A	 immersed	in	SBF	for	1	week	can	be	
seen	in	figure	27.	Similar	spectrums	were	obtained	when	analyzing	bioactive	glasses	
of	 A	 and	 B	 with	 different	 treatments.	 Around	 525-650	 cm-1	 a	 band	 split	 can	 be	
observed	 with	 maxima	 at	 565	 cm-1	 and	 607	 cm-1.	 These	 originate	 from	 bending	
modes	of	P-O	bonds,	which	are	characteristic	indication	of	apatite	crystals	of	HA	(or	
HCA)	 [13][19].	 The	 other	 band	 at	 1070	 cm-1,	 was	 caused	 due	 to	 symmetric	
stretching	vibration	of	PO4	 [18].	According	 to	Y.	Yu	et	 al.,	 bands	 centered	 close	 to	
562	cm-1,	602	cm-1,	and	1044	cm-1	are	evidence	of	a	well	crystalline	hydroxyapatite	
[31].	In	this	case	peaks	are	found	at	565	cm-1,	607	cm-1	and	1060	cm-1,	which	makes	
it	a	great	possibility	of	a	hydroxyapatite	layer.	
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Figure	 27:	 FTIR	 spectra	 of	 a	 bioactive	 glass	 A	 immersed	 for	 1	 week	 in	 SBF.		
 
4.5	Inductively	Coupled	Plasma	
	
The	 content	 of	 the	 used	 SBF	 batches	 are	 presented	 in	 table	 8.	 The	 ion-
concentrations	of	 the	used	 SBF1,	 SBF2	and	SBF3	differ	 slightly	 from	 the	 expected	
SBF	that	was	similar	to	the	human	blood	plasma.	The	reason	for	this	could	be	due	to	
wrong	 purities	 of	 the	 used	 reagents	 or	 waste	 products	 in	 the	 used	 equipment.	
However,	 in	 this	 project	 these	 SBFs	were	 used	with	 the	 argument	 that	 all	 people	
have	different	ion-concentrations	to	some	extent.	All	the	prepared	SBF	as	well	as	the	
PBS	had	a	pH	of	7.40.	
	
Table	8.	Results	from	ICP-OES	analysis	of	the	prepared	SBF	compared	to	human	blood	
plasma	and	the	targeted	SBF	concentrations.	
		 Ion	concentrations	

		 Na	 K	 Mg	 Ca	 Cl	 HCO3	 P	 S	

Human	blood	plasma	(mmol/L)	[17]	 142	 5	 1.5	 2.5	 103	 27	 1	 0.5	

SBF	(mmol/L)	 142	 5	 1.5	 2.5	 -	 -	 1	 0.5	

SBF	(mg/L)	 3264.6	 195.5	 36.5	 100.2	 -	 -	 31	 16	
SBF1	(mg/L)	 4233.3	 242.8	 31.5	 72.4	 -	 -	 33.2	 18.5	
SBF2	(mg/L)	 4160,0	 257,5	 37,8	 95,7	 -	 -	 45,1	 21,3	
SBF3	(mg/L)	 4026,73	 329,1	 45,8	 104,6	 -	 -	 49,8	 21,8	
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Conclusion	
	
The	 images	 and	 elemental	mapping	 obtained	 from	SEM	and	EDS,	 indicated	 that	 a	
layer	formed	on	the	surface	over	all	A	and	B	glasses,	but	not	the	C	glass.	Polishing	
the	 samples	made	no	 significant	difference	on	apatite	 growth,	 except	 for	 the	non-
polished	B	 glass	 that	was	 soaked	 for	 4	weeks	 in	 SBF.	 The	 formed	 apatite	 on	 that	
glass	did	not	 cover	 the	 entire	 surface	 as	 a	 layer,	 instead	 it	was	 formed	 in	 smaller	
groups	 around	 the	 surface	 of	 the	 glass.	 The	 SEM	 images	 of	 the	 layers	 showed	
resembling	 texture	 and	 appearance	 to	 apatite,	 and	 the	 EDS	 mapping	 proved	 the	
layer	 to	 consist	 of	 calcium	 and	 phosphorous.	 The	 GIXRD	 and	 FTIR	 result,	 further	
proved	 the	 layer	 to	 be	 apatite.	 No	 traces	 of	 apatite	 growth	 were	 found	 on	 the	 C	
glasses.	 In	 terms	of	 the	different	glass	 contents;	A	 (25%	Na2O,	25%	CaO	and	50%	
SiO2),	B	 (22.5%	Na2O,	22.5%	CaO	and	55%	SiO2)	and	C	 (20%	Na2O,	20%	CaO	and	
60%	SiO2).	 It	generally	showed	that	glasses	with	higher	sodium	oxide	and	calcium	
oxide,	and	lower	silicon	dioxide	content	showed	higher	bioactivity.	
	
Bioactive	glass	has	 received	great	 attention	within	dentistry	as	 a	 remineralization	
material	for	dentin	and	enamel.	Even	though	these	bioactive	glasses	that	have	been	
studied	in	this	project	show	promising	apatite	growth,	further	studies	need	to	show	
its	potential	as	a	remineralization	material.	
	

Further	work	
	

- Cross-sections	to	study	the	thickness	of	the	apatite	on	the	different	glasses.	
- Prepare	 these	 glass	 compositions	with	 sol-gel	method	 and	 compare	 to	 the	

melt	derived.	
- Study	the	glasses	antimicrobial	and	remineralizing	properties.	
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